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PREFACE 

 

Welcome to the joint meeting that combines the 37
th

 annual Symposium of the Society for 

Astronomical Sciences, and the 2018 Meeting of the Association of Lunar & Planetary 

Observers!  This year’s agenda reflects the broad diversity of interests among SAS and 

ALPO participants, with papers covering photometry, spectroscopy, interferometry and 

astrometry; instruments ranging from eyeballs to CCDs and spectrographs; and projects 

ranging from education to citizen-science to a variety of astronomical research activities. 

It takes many people to have a successful conference.  The SAS Program Committee 

members are: 

Robert Gill  Robert D. Stephens 

Wayne Green              Jerry Foote 

Robert Buchheim        John Menke 

 

We thank the staff and management of the Ontario Airport Hotel for their efforts to 

accommodate the Society and our activities. 

SAS Membership dues and Registration fees do not fully cover the costs of the Society and 

the annual Symposium.  We owe a great debt of gratitude to our corporate sponsors:  Sky and 

Telescope, Woodland Hills Camera and Telescopes, PlaneWave Instruments, Software 

Bisque, DC-3 Dreams, QHYCCD, and Sierra Remote Observatories.  Thank you! 

Finally, there would be no Symposium without the speakers and poster presenters, the 

attentive audience, and the community of practice in small-telescope research.  We thank all 

of you for making the SAS Symposium one of the premiere events for professional-amateur 

collaboration in astronomy. 

 

 

2018 June 
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Beginning Spectroscopy 
First Year Learning Spectroscopy with a Shelyak LISA 

Forrest Sims 

Gilbert, AZ 

forrest@simsaa.com 

Abstract 

This is a story about my adventures in learning spectroscopy, the evolution in equipment, the people I have met, 
and the things I have learned along the way. I briefly starting out with an SA200 Star Analyzer and a Canon 
DSLR and ended up with a Shelyak LISA slit spectrograph attached to a PlaneWave CDK14 on an 
Astro=Physics AP1100GTO mount. This story involves a cast of characters, SAS Symposiums, the ARAS 
Spectroscopy forum, the British Astronomy Association (BAA), and the AAVSO. Add in old college Physics 
books, a stack of new to me Astrophysics books, numerous web links, and I am eager to begin Year 2. 

1. Introduction 

What follows describes how I went from Riches 

to Rags and have the spectra to prove it. It all started 

with a Star Analyzer 200 and a Wolf-Rayet star. Well 

actually the first star was Vega but you probably all 

know the reason for that. The Star Analyzer 

diffraction grating, adapters and RSpec software were 

acquired from Tom Fields, at Field Tested Systems. I 

experimented with a piggy-backed Canon DSLR 

equipped with a diffraction grating. This allowed me 

to get a taste for finding targets, focusing, testing 

exposure times, acquiring data and then processing it 

in RSpec. Processing the spectrum data taught me 

about the concepts of wavelength calibration and 

response correction. However, the maximum 

resolution you can get with this configuration is on 

the order of 30-60 Angstroms. 

The image in Figure 1 was taken with a 

C11EdgeHD on a Astro-Physics mount.  The camera 

was a color ATIK460ex with the SA 200 attached to 

the front of the camera. Wolf-Rayet (WR155) also 

known as HD214419 is the star in the center of the 

field. The SA200 is a blazed transmission diffraction 

grating. This design produces multiple spectra order, 

the first order being the brightest are clearly visible 

on both the left and the right of the stars in the image. 

The only difference is that the right-side 

spectrum is much brighter due to the blazing. Using 

this brighter spectrum increases our Signal to Noise 

Ratio. With a diffraction grating the target star in the 

center becomes the zero order. The bright spectrum, 

orientated by rotating the camera to put it on the 

right-hand side is the first order spectrum we are 

interested in for processing to extract our profile. As 

it turns out, this is a pretty good configuration for 

taking spectra of faint targets such as novae and 

supernovae. 

 

 
Figure 1:  SA200 diffraction grating spectrum of 
HD214419 (WR155) 

 

I started to see that there was science that looked 

interesting but would require higher resolution.  So I 

started reading about spectrographs that utilized a slit 

to increase resolution. 
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Figure 2:  LISA Mounted on C8 on CGEM 

 
 

Figure 3:  LISA mounted on C11EdgeHD on AP1100 

 
 

Figure 4:  LISA on PlaneWave on AP1100. 

 

1.1 LISA/Telescopes 

So, after months of reading and studying the 

various options for a spectrograph with higher 

resolution than the Star Analyzer 200, I narrowed it 

down to two Shelyak Products. I looked into the 

Spectra L200 kit and found that it had changed hands 

and appeared to be no longer available. I investigated 

the Starlight Xpress spectrograph but could find no 

detailed specifications nor anyone who was using 

one. I also considered the Shelyak Alpy, a fine 

instrument but wanted a larger increase in resolution 

and flexibility. The Shelyak LHires III is capable of 

delivering high resolution R = 18,000 utilizing a 

2,400 line/mm diffraction grating. But at this high 

resolution and depending on the camera, you may 

only be able to view a 100 Å portion of the spectrum 

at a time.  In the LHires III you can swap out 

diffraction gratings and use a lower line/mm grating 

which will increase the wavelength range of spectrum 

you can capture but at the expense of lower 

resolution. The LHires III performs best however at 

the highest resolution. 

It became clear the more I read and with the 

discussions I had with SAS member, David Boyd, 

which instrument to choose would depend on what 

science I wanted to do. The LHires III would 

produce high resolution spectrum of a narrow 

wavelength range of stars maybe up to Magnitude 8. 

The LISA would produce much lower resolution, 

R=1000 spectrum of the full visible spectrum and a 

bit beyond, but this could be done on much fainter 

targets.  At the end of this paper, in Figure 17, you 

will see a spectrum taken with the LISA of ASASSN-

17oz with an estimated V-mag of 16.3!  There is a lot 

of noise and probably a couple of hot pixels, but the 

H and H emissions are clearly visible as well as 
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some sense of the shape of the Nova continuum.) I 

finally decided I wanted to be able to see the whole 

visible spectrum in one image without having to 

fiddle with the instrument. So, I chose the Shelyak 

LISA, Figure 5. LISA is a low resolution high 

luminosity spectroscope that has a Resolution of near 

1000 across the visible spectrum. 

Resolution power is defined as R = λ/∆λ where 

∆λ is the smallest visible detail and λ is the reference 

wavelength. 

 

 

 
 

Figure 5:  The LISA and optional Calibration module with 
Science and Guide cameras installed 

Best to share the unwrapping of new toys!  The 

first thing I did when my LISA arrived from France 

was to take it to Pie Town, NM to do initial setup and 

configuration on a table top with longtime SAS 

member, Mr. Moon.  Moon is the person who got me 

started 4 years ago down this path when I said, ‘it 

might be kind of fun to get a telescope”. He 

recommended I start with a pair of binoculars. You 

can see how that went!  Following the LISA setup 

instructions, we attached science and guide cameras. 

Using an adjacent table lamp to provide a light 

source, we moved the science camera, in my case an 

Atik414ex monochrome camera, in and out until we 

achieved focus on the lines that were visible in the 

spectrum.  Then we rotated the science camera until 

the lines were vertical on the CCD chip. Next, we 

used the Neon/Argon calibration lamp in the Shelyak 

Calibration module to fine tune the focus to reach 

minimum FWHM on the emission lines. Then Flats 

were taken to test the included Tungsten lamp in the 

Calibration module and to determine approximate 

exposure times to get about 40k peak ADU count.  

Next, we took Bias and Darks to begin building a 

library of calibration images. 

Then, we moved to adjusting and tuning the 

Starlight Xpress LodestarX2 guide camera.  As with 

the science camera, the guide camera is moved in and 

out to achieve best focus.  Then the camera is rotated 

until the image of the slit is horizontal on the chip.  It 

is important to take some time on these steps to get 

the best result possible and then to preserve the 

adjustments by locking down the retention screws. 

 

2. Equipment Evolution 

2.1 LISA and the Celestron 8 XLT on a 

CGEM mount. 

I bought a used C8 XLT OTA, Figure 2, and 

mounted it on my Celestron CGEM mount in the 

garden. The idea here was to learn how to use the 

LISA, collect and process the data while not 

upsetting my observatory configuration which I was 

still actively using for astrophotography.  The LISA is 

designed for an f5 focal ratio system.  It worked well 

with a C8 using the Celestron f/6.3 focal reducer with 

an effective focal length of about 1280 mm. Note that 

some starlight is lost when the LISA is not receiving 

the designed f/5 input beam. I could reasonably guide 

5-minute images and keep the star on the center of 

the slit.  The main problem was that this was a 

portable setup on a garden patio. Therefore, the 

classic lost time in setting up, 2+4 Star Alignment 

and polar aligning the mount reduced the time left for 

collecting science data. 

 

2.2 LISA and the Celestron 11EdgeHD on 

an AP1100GTO mount. 

So, after working with this configuration for 

several months, I decided it was time to “upset” the 

pretty picture imaging configuration and install the 

LISA in my roll-off roof observatory. I attached the 

LISA to the C11EdgeHD using the Celestron .7 Edge 

focal reducer in Figure 3. This put the focal length at 

around 1950 mm. This worked well with the 

additional benefit that comes from the superior 

pointing and tracking offered by the AP1100GTO  

mount. 
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Figure 6:  The Desert Celestial Observatory 

Further, the greater light gathering capability of 

the C11 over the C8 expands the potential targets. 

However, this configuration seemed to introduce a 

new problem. In Arizona the temperature drop can be 

very rapid after dusk. This has a large impact on 

focusing the C11EdgeHD OTA. Often within 20 

minutes I would see my spectrum images drift out of 

focus. I tried various things in an attempt to eliminate 

or mitigate this problem. I had already installed a 

portable air conditioner in the observatory to protect 

the electronics from Arizona summer heat and to 

reduce the time the mirror would take to cool down 

in the evening. I open the roof at least an hour or 

more before any observation to give the system a 

chance to cool down and reach equilibrium with the 

outside air. I tried implementing temperature 

compensation on my focuser. I finally ended up, on 

these nights with rapid temperature changes, stopping 

and manually refocusing every 20 - 30 minutes 

before continuing with my data acquisition. With 

hindsight, I think switching to a carbon fiber tube for 

the C11EdgeHD would have gone a long way to 

solve this problem. 

 

2.3 LISA and the PlaneWave CDK14 on 

the AP1100GTO mount. 

At the SAS Symposium in 2017, an opportunity 

came along to pick up a used PlaneWave CDK14, 

Figure 4, from one of the vendors and the lure of 

large glass and carbon fiber was too much. (Hence 

further contribution to riches to rags …) The fixed 

mirror in the CDK14 provided better pointing and 

tracking than the C11 with its movable primary 

mirror. The carbon fiber truss design has virtually 

eliminated the temperature change focusing problem. 

In the last 6 months I have checked focus of the 

spectrum a few times but have only made one minor 

change in focus that entire time.  This matches Paul 

Luckas’s experience with the Spirit II CDK17 at the 

University of Western Australia. This configuration 

has made an amazing difference in my productivity. 

Focusing went from being a major issue and time 

consumer during an evening of data collection to 

something I almost never think about anymore. 

So, what were the challenges with this 

configuration? Well, the 2563 mm focal length of the 

PlaneWave CDK is the first one. A longer focal 

length can make tracking more difficult. The 

AP1100GTO mount and the rigidity of the CDK14 

were up to the task and this has not been a problem. 

The second challenge is (FOV) field of view. As 

previously mentioned, I use an Atik414ex 

monochrome science camera with an image area of 

8.98 mm x 6.71 mm and a Starlight Xpress 

LodestarX2 guide camera with an image area of 6.4 

mm x 4.75 mm.  Finding the target star is challenging 

with this configuration. With this focal length, the 

LISA produces an image on the guide camera with a 

FOV of only 8.6’ x 6.4’. That is not a lot to work 

with! Still, the AP1100GTO and CDK14 allowed me 

to put the target star on the guider image most of the 

time.  

So, what can one do to improve this? First, I 

created a small 40 Point telescope pointing model.  

To build a pointing model, the telescope is slewed to 

different positions across the sky and a table is built 

of actual pointing position versus the targeted slew 

position.  The pointing error is the difference between 

the actual and targeted positions.  The mount 

software can then use these pointing errors 

throughout the sky to correct pointing and tracking.   

This helped, and I was seeing the target star on the 

chip after a slew more often. So, this encouraged me 

to see how much improvement might be achieved 

with a large pointing model.  Again, using APCC-Pro 

(Astro-Physics Command Center) with its included 

APPM point mapping/modeling software, I created a 

model with about 360 points. Once I determined a 

practical exposure time for the system (7 seconds 

exposures with the camera binned =2x2) I started the 

modeling process which took a good portion of the 

evening. This model was a definite improvement and 

the model should be good until I make a 

configuration change. Now I am able to place the 

target on the guider image 99% of the time and often 

quite near the center of the image. This saves a lot of 

time. 

I use MaximDL Pro to point the telescope and 

image the target stars. When pointing to the star, 

MaximDL takes a 15 second image and calls 

PinPoint to plate solve the image. With this small 

FOV, I use the USNO-A2.0 Catalog. Most of the time 
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I am able to plate solve the image in which case 

MaximDL will initiate a refinement slew to center up 

the target and take an after-slew image. Using the 

APCC telescope controls, I then make the fine 

adjustments to place the target star exactly on the 

center of the slit. In the few cases where it is not 

possible to plate solve, I use old fashion star hopping 

with the aid of the AAVSO Variable Star Chart to 

center the target on the guider image. Again, using 

the APCC telescope controls I make the fine 

adjustments to place the target star exactly on the 

center of the slit.  Note that all of this plate solving 

exercise is not necessary as you can usually identify 

your target using the star chart.  But I have an ulterior 

motive of someday automating spectrum acquisition 

using Bob Denny’s ACP Advanced Observatory 

Software. 

 

3. Data Acquisition Planning 

Once I have chosen a Target star and confirmed 

that it is within the unobstructed portions of the sky 

available to my observatory, Figure 6, the detailed 

planning begins. A suitable Reference star must be 

found. The Reference star is used to determine a 

Response curve to make appropriate spectrum 

corrections for the combination of atmosphere, 

telescope optics, spectrograph, and science camera. 

This response correction is later applied to both the 

Reference star and the Target star spectral profiles. 

This is a critical step which allows the spectrum to be 

compared to the spectrum produced by others with 

various equipment configurations. 

I use one of several Excel spreadsheet tools 

available, Figure 7, with thanks to Paulo Berardi and 

François Teyssier, to find a suitable Reference star. 

Let me digress for a moment. One of the real 

pleasures in this “sport” are the wonderful people you 

meet. Last fall my wife and I had the opportunity to 

visit François Teyssier and his wife at their home in 

Rouen France. Their generosity and his enthusiasm is 

contagious!  Using one of these spreadsheet tools, the 

first thing to do is to customize it to the location by 

entering the latitude and longitude for the 

observatory. Choose the date and time for the 

proposed observation. Next enter the RA and DEC 

values for the target.  Click the Find Stars button and 

a list of stars that are within 5 degrees in Altitude to 

your Target star will be listed. (5 degrees is a default 

and can be adjusted by the user if necessary). 

 

 

 
Figure 7:  Miles_Search Excel tool with ASASSN-18ey data 

 

The next step is tricky!  How to choose the best 

Reference star for your Target star from the list of 

candidates displayed in the spreadsheet? There are a 

number of factors to consider including:  

1) Does the Reference star have a MILES 
Catalog entry; 

2) Is the Air Mass similar to the Target;  

3) Is the Reference star a late B or early A type 

star;  

4) Is the V band magnitude of the Reference star 

dim enough that you can take at least a 15 second 

(Preferably 30 second minimum) exposures without 

saturation and bright enough that it does not take too 

much of your observing window;  
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5) Does the Reference Star have a low E(B-V) 

value;  

6) Is the azimuth of the Reference star within 30 

degrees of the Target star;  

7) Does the Reference star, at the chosen time of 

observation require a pier-flip from that position 

which will be used for the Target star;  

8) Does the Luminosity Class of the Reference 

star match that of the Target star. 

 

 This may not always be the best order to rank 

these factors in choosing among the choices for the 

Reference star. The more common problem is finding 

a Reference star that satisfies some of these 

conditions. The MILES catalog consists of 

approximately 1000 stars which sounds like a lot 

until you are trying to find a good one to match to 

your Target star location at the time you hope to 

collect data. There are those who will disagree in 

prioritizing the requirement that the Reference star be 

a MILES star. I hope to better understand this issue in 

Year 2! In practice beyond selecting a MILES star 

within an air mass difference less than .05, I prioritize 

late B or early A type and an E(B-V) value less than 

.05. There is much more to learn about choosing a 

Reference star. 

I plan on 15 minutes between beginning 

acquisition of the Reference star images and 

beginning acquisition of the Target Star images. 

(Sometimes if the target star is new to me or it is very 

dim, my plan will allow more that 15 minutes to 

positively identify and center the Target star.) This 

means that when I choose a potential Reference star 

from the Excel list, I need to check the air mass of the 

Reference star at the planned acquisition time and 

knowing my Target star exposure duration, check the 

air mass for this target at mid-point of the set of 

Target images. So, for example if I want to begin 

acquiring Target data at 20:15 and am planning to 

take 8 300sec images of the target, I need to check 

the air mass of the target at approximately 20:35 and 

compare this with the air mass for the Reference Star 

at 20:00. (Note that in some situations, clouds for 

example, I may acquire the Target star images before 

the Reference star images.) 

 

4. Data Acquisition 

Now that I have determined the best choice for a 

Reference star and have defined the start times for 

acquiring the images, I can plan the rest of the 

acquisition process. I start by filling in information 

on my Spectroscopy Acquisition/Processing Log 

Sheet. (See attached). This includes information such 

as the planned acquisition time, RA and DEC and 

visual magnitude for the Reference star. From the V 

magnitude, I make an educated guess, reviewing past 

log sheets for the same or similar magnitude star, 

provides a good starting value as to the exposure time 

required to get an acceptable SNR. The Reference 

stars I choose typically have a V magnitude between 

5.0 and 6.0. This usually allows me to meet the 

criteria of exposure times between 15 and 30 

seconds. This V magnitude value also helps me to 

determine an initial value for the autoguiding 

exposure. Note that I auto guide even for these short 

exposures.  Next, I fill in these same fields on the 

Log sheet for the Target star. 

Now to the actual process of acquiring the 

spectra.  As stated earlier, I try to open the 

observatory roof 1-2 hours before the time I plan to 

begin collecting data. At least half an hour before 

acquisition time, I power up the cooling fans on the 

CDK.  Built-in temperature sensors in the CDK help 

me track the backplane, primary and secondary mirror 

temperatures as well as ambient temperature.  Next, I 

power the camera and begin cooling the chip down to 

-10C in the winter and 0C or +10C in the spring 

and fall.  The next task is to power the mount and 

start the necessary control software, APPC Pro and 

Maxim DL. I use a Digital Loggers Inc. WebPower 

Switch to control power to all the observatory 

equipment. Also, at this time, I start PHD2 auto 

guiding software and make connections to the mount 

and camera. I have found two advantages in using 

PHD2, over MaximDL guiding for spectroscopy. The 

first is that I can overlay a predefined rectangle 

representation of the slit onto the guide camera image 

presented by PHD2. The second advantage is that I 

can, on the fly while guiding, adjust the guide camera 

exposure time. 

At this point it is a good idea to check the focus 

of the spectrograph. This is particularly important if 

you believe that the ambient temperature has changed 

significantly from the last use of the spectrograph. 

With the LISA, I do this by turning on the 

Neon/Argon lamp and taking a 10 second image with 

the Science camera. I then open the FITS file in ISIS 

and measure the FWHM value of the line at 

5944.834Å (more on why I use this line below in 

Spectrum Processing). A FWHM of about 1.65 is the 

best value I have achieved with my Atik414/LISA 

combination. 

To adjust the focus on the LISA requires 

removing the thumbscrews that hold the doors on 

both sides of the instrument. Carefully set these aside 

and loosen the white plastic screw that locks the 

LISA’s main optics. Then make very small 

adjustments (1/10th of a turn) and carefully lock the 

lens in place with the white plastic screw, reattach the 

two doors and repeat the process above with a 10 

second exposure of the Neon/Argon lamp and check 
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the FWHM.  Repeat this process until you get the 

smallest value of FWHM that your patience allows. 

Next, I slew the telescope using the Observatory 

control in MaximDL to the RA and DEC position for 

the Reference star. After centering the star on the slit 

in the guider I take Flat calibration images. I 

remotely control the calibration lamps built into the 

LISA.  This eliminates the need to physically push on 

the buttons on the side of the Calibration Module and 

risking some unforeseen movement.  I take ten 15-

second Flat images. I have found that 15 seconds 

gives an average ADU values around 40K. Next, I 

take a single 30 second Neon/ Argon lamp calibration 

image. (Remember to turn off the calibration lamps 

before proceeding to the next step!) Now check and 

recenter the Reference star if necessary on the center 

of the slit.  Check the focus of the telescope and 

adjust as necessary to maximize ADU count in the 

target spectrum.  A good way to do this (suggested to 

me by David Boyd) is to take a 10 second image with 

the science camera.  In MaximDL, you can use the 

Graph Window and draw a long rectangle around the 

spectrum.  MaximDL will display a graph of the 

spectrum profile.  Take note of the peak ADU value 

of the continuum.  Now make a slight adjustment to 

the telescope focus and repeat the image and graph 

steps until you have maximized the ADU counts. 

 Now start auto guiding. When auto guiding is 

locked in, begin the Reference star acquisition. I take 

7 Reference images. While this process is proceeding 

I check the spectrum images in MaximDL to be sure 

that the spectrum is not saturated at any point. 

While the Reference star images are being 

acquired, I pre-enter the RA and DEC values for my 

Target star. So, after the Reference star data collection 

is complete and auto guiding is stopped, I 

immediately begin the slew to the Target star. The 

same process as for the Reference star is repeated 

with obvious differences being typically longer 

exposure time for the Target, 30 seconds for bright 

Targets and 300 to 600 seconds for dimmer targets.  I 

always try to take a minimum of 8 spectrum images 

of the Target. Since the data acquisition process for 

the target can take in most cases 40 to 80 minutes, I 

will take a second (trailing) Neon/Argon calibration 

frame that during the Spectrum Processing steps can 

be used as a check for shifting calibration due to 

temperature changes or flexure of the OTA/ 

Spectrograph. 

 

5. Folder and File Naming Conventions 

I tried the method recommended in the Shelyak 

LISA User Manual of using a folder named 

“AstroTonight”. I found it involves too much 

copying/moving/deleting files from folder to folder. 

What I prefer is to use the following structure. A top-

level folder names “Spectroscopy Data”. Within this 

folder each Target object has a folder with the Target 

name.  See Figure 8.  

 

 
 

Figure 8:  Folder and File naming example for Target 
star AG Dra 

Within each Target folder is a Date subfolder. 

This folder contains all the Flat, Reference and Target 

images for this date for the given Target.  In addition, 

I copy my ISIS-rename.ps1 script file, described 

below, into this Date folder. If you use acquisition 

software other than MaximDL this rename task may 

not be needed or may need to operate differently to 

name files in the form that ISIS requires.  This Date 

folder in turn contains a \Calib sub folder which 

contains the relatively static calibration files 

described later in Spectrum Processing. This folder 

scheme is particularly helpful when you are trying to 

process multiple target file sets from a single 

observing session. 

I have found it essential to stick to a standard file 

naming system. The standard I use is as follows: The 

Flat images in MaximDL are always named “Flat”. 

The Neon/Argon images are always named 

“XYZ_NeAr” where “XYZ” is either the Reference 

star name, for example HD143807_NeAr” or the 

Target star name, for example “AG Dra_NeAr”. And 

following these examples the Reference and Target 
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star spectrum image file names are simple 

“HD143807” and “AG Dra”. Note that MaximDL 

version 6.x and later will add a sequence number “-

0001.fit” to each file. I let MaximDL auto create the 

file folder using the current date. 

 

6. Spectrum Processing 

There are numerous choices that I am aware of 

for processing spectrum data such as RSpec, BASS 

and IRAF. I use the software program ISIS created by 

Christian Buil. It is designed to produce scientifically 

accurate data from raw spectrum data. ISIS seems to 

have a pretty broad user base in the amateur 

spectroscopy community. Conveniently, it can be used 

with preconfigured settings for all of the different 

Shelyak spectrographs as well as for some other 

brands and one-off homemade spectrographs. 

 

I personally found learning ISIS to be 

intimidating. But with lots of help and 

encouragement from fellow SAS members David 

Boyd and Paul Luckas, François Teyssier, Christian 

Buil’s LISA tutorial, and help from fellow ARAS 

Spectroscopy Forum members, I have gained some 

confidence in processing LISA data. To consolidate 

these learnings, I created a “Spectrum Processing 

using ISIS” document specific to my system and 

needs to aid as a checklist when processing spectra. I 

won’t go into all the details of using ISIS as it would 

take far too much time and exceed my understanding, 

but I will hit on some key steps for processing LISA 

spectrum data. 

The first thing is to get the MaximDL files 

moved from the Observatory computer to my 

Synology Diskstation using the folder naming 

convention described earlier and then to get the file 

names translated into the ISIS naming convention. 

ISIS uses a Working Directory, see Figure 9, scheme 

where it expects to find all necessary files and with 

names matching its convention. So, I created a 

Window PowerShell command script “ISIS-

rename.ps1” mentioned above, to rename my 

MaximDL data files to align with the name formats 

ISIS expects to see. 

I create this Working Folder and copy a 

previously created “\Calib” folder (more on this in a 

minute) to this Working Directory along with my 

ISIS-rename.ps1 PowerShell command script. I then 

run the script and all of my data files in the Working 

Directory are renamed. ISIS does not want nor; can it 

use the leading zero’s in a MaximDL file name. So, 

for example the file name “AG Dra_NeAr-0001.fit” 

is renamed to AG Dra_NeAr-1.fit”. The benefit of 

my script over the utility included in later versions of 

ISIS to convert MaximDL files is that the individual 

raw data files retain the original date and time rather 

than taking on the date and time when the file was 

renamed. 

Now to the “\Calib” folder. This folder contains 

my Offset (Bias) and Dark calibration master files 

and in addition a Cosmetic file that identifies hot 

pixels and a Spectral Calibration file. I have found 

that I can typically use these same files for several 

months as long as I have not changed my 

configuration and I am able to cool the camera to the 

temperature that was used for the Offset, Dark and 

Cosmetic files. It is always good to keep an eye on 

the possible development of new hot pixels as the 

science camera ages. ISIS has tools on the Master 

tab, Figure 10, that allow creating the Offset, Dark 

and Cosmetic master calibration files. 
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Figure 9:  ISIS Settings Tab with ASASSN-18ey data 

 
 

Figure 10:  ISIS Masters Tab with ASASSN-18ey data 
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Figure 11:  ISIS General tab with ASASSN-18ey data 

 
 

Figure 12:  ISIS Calibration Tab with ASASSN-18ey data 
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The Spectral Calibration file is one way to 

provide ISIS with the information it requires to 

perform wavelength calibration. To use this method 

the text file must contain the following values: 

 Row 1: an integer for the order of polynomial to 

use for curve fitting. I use the value “4”. 

 Row 2: The approximate dispersion in 

Angstrom’s/pixel of my spectrograph with the 

 Atik414ex science camera. I use the value 2.594” 

for the LISA. 

 Rows 3+: The wavelength of a known line in the 

Neon/Argon calibration lines. I typically have 15 

lines identified. I have only changed this when I 

have made adjustments to the internals of the 

LISA spectrograph. 

 

Next using the General Tab, Figure 11, the 

Reference star file names are identified.  Then using 

the Calibration Tab, the first raw spectrum image is 

viewed to identify the Tilt angle of the spectrum to 

the X-axis of the camera pixels. 

The first Neon/Argon calibration image is used 

to identify the pixel location of a known line in the 

image. I use the line at 5944.834Å in Figure 12. Once 

you train yourself a few times this line is very easy 

and unambiguous to spot in the calibration image. 

This line is then also used to calculate the Slant angle 

and the FWHM of the line. 

The next step is to process the Reference star 

data to Bias, Dark, Flat and wavelength calibrate it. 

This calibrated Reference data will later be used to 

determine an Instrument and Atmospheric correction 

profile. ISIS calibrates the spectrum data using the 

Offset, Dark and Cosmetic file data it finds in the 

\Calib subfolder and the stacked master Flat file 

found in the Date folder. Then ISIS uses the data in 

the Spectral Calibration file to wavelength calibrate 

the data and produces a “raw” spectral profile. Using 

the Response tool in ISIS, the raw spectrum is 

divided by the Miles spectrum for this Reference star 

to produce an instrument and atmospheric response 

correction profile. This resultant profile is very noisy 

and must be smoothed to remove strong 

absorption/emission features. This is done using the 

ISIS Continuum tool. This is where a certain amount 

of “art” guess work is involved.  The output of the 

Continuum tool allows you to save the Response 

correction profile.  I always name it “response” so 

that the file is easy to find and apply in the next step. 

Now enter the name of this file “response” into 

the “Inst. Responsivity” box on the General Tab.  

ISIS now simply reruns the Reference star data and 

applies the “response” file correction to the raw 

Reference star profile. I save this result to a file. For 

example, HD072660_response corrected”. 

This Response corrected Reference star profile 

produced by ISIS can then be compared to the very 

accurate MILES star profile included in ISIS or to a 

more generic Pickles reference spectrum. How well 

these two profiles match, provides a good predictor 

of how well your processed Target spectrum will 

reflect the actual spectrum of your Target star. At this 

stage I record on my Spectroscopy 

Acquisition/Processing Log the values ISIS 

calculates for spectrum Resolution and RMS (Root-

Mean-Square error). 

So, the last step in ISIS is to Process the Target 

star data where ISIS again stacks and calibrates (with 

Offset, Dark, Flat, Cosmetic data and Spectral 

Calibration file data) and applies the previously 

determined Response Correction Profile. Save the 

result which is written as a 1-Dimensional FITS file 

in the Working Directory. Again, I record the ISIS 

calculated values for Resolution and RMS.  I 

typically get Resolution values for the LISA between 

about 900 and 1,050 and RMS values at the worst of 

about 0.15 and the best being around 0.10. When the 

calculated resolution drops below 900 it may be a 

hint to check the LISA main optics focus. 

 

 

 
Figure 13:  PlotSpectra with BX Mon profile and expanded scale view.  
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7. Data Analysis 

I am sure there are numerous software tools 

available for data analysis. The ones I have heard of 

are Excel, VSpec and home-grown programs written 

in Python (I added this specifically for Wayne Green).  

I have never been able to get VSpec to run under 

Windows 10 on my iMac, so I have given up trying to 

use it for now.  I use the tools in ISIS and the very 

fine PlotSpectra software created by fellow ARAS 

member Tim Lester. I think it began mainly as a tool 

to visualize profile data but as it has evolved, it has 

included more tools for analysis. This program 

allows you to load one or more 1D FITS files and see 

the resultant profile plots. You can, using a 

customizable drop-down list of elements, ions, 

Balmer lines, etc. to identify absorption and emission 

line features in your profiles. The same star profile 

can be shown along with the addition of an expanded 

scale version of the same profile as shown in Figure 

13.  If more than one Fits file of the same target are 

added at one time, a stacked chart can be displayed 

that offsets the profiles vertically aiding in looking 

for possible changes over time as shown in Figure 14. 

Other measurements such as determining Equivalent 

Widths and measuring velocity features in the 

spectrum are also provided in PlotSpectra. 

 

 

 
 

Figure 14:  PlotSpectra displaying many R Aqr observations 

 

See Figure 15 for an example of using 

PlotSpectra for calculating the radial velocity toward 

the observer of a jet of H gas. The upper panel 

shows the full spectrum of the Symbiotic star V694 

Mon. Looking at H in the lower left panel you can 

see the dark squiggles on each side of the P-Cygni 

feature that defines the continuum. 

Plotspectra places a red line on the profile to 

show the continuum. Look to the Velocity panel to 

the lower right to see the calculated radial velocity. 

The velocity is read from the graph where the red and 

blue curves intersect. In this example, the velocity is 

about 2,100km/sec. François Teyssier has measured 

during an active phase, a velocity as high as 

approximately 7000 km/sec! 

Plot Spectra is also a good tool for sharing your 

spectra results with others as you can title and 

annotate the spectra data and save them as .png files. 
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Figure 15:  Maximum velocity of V694 Mon jet, measured from the radial velocity of the absorption of H line 

 

I did state at the beginning of this paper that this 

was my first-year learning Spectroscopy with the 

Shelyak LISA and so here in Data Analysis is where 

my knowledge grows ever so thin. 

This is where it is time to get out the 

Astrophysics books, search the web and hit up your 

friends to help you interpret the data you have just 

acquired. 

Helpful books on spectroscopy: 

Ken M. Harrison | Astronomical Spectroscopy for 

Amateurs 

Jeffrey L. Hopkins | Using Commercial Amateur 

Astronomical Spectrographs 

 

I have found the following books to be very 

helpful in learning more about interpreting the 

spectrum profiles and beginning to get a grasp of the 

underlying Astrophysics. 

 

John R. Percy | Understanding Variable Stars 

Keith Robinson | Spectroscopy The Key to the Stars 

James B. Kaler | Stars and their Spectra 

Richard O. Gray and Christopher J. Corbally | Stellar 

Spectral Classification 

James B. Kaler | Extreme Stars 

James B. Kaler | From the Sun to the Stars 

 

 

 

 

8. Share your data 

Of course, share the data with your friends! For a 

wider possible benefit to others, I share my data with 

the ARAS Spectroscopy Forum managed by François 

Teyssier and with the British Astronomy Association 

(BAA) Spectroscopy Database managed by Andy 

Wilson. The AAVSO is also bringing online a 

Spectroscopy Database. 

 

 

9. Highlights of what I have learned so 

far 

Leave your Science and Guider cameras installed 

on your spectrograph. Otherwise you will lose way 

too much time aligning the slit, spectrum and 

focusing the cameras. If you must remove the 

spectrograph from the OTA, carefully remove it as a 

package complete with cameras and adapters. 

When creating the Continuum in ISIS, check for 

extreme vertical lines at the left and right end of the 

profile. These can be caused by division by a small 

number and can have a negative effect on the 

resultant curve continuum.  So, use the crop tool in 

ISIS to remove or crop these tails before using the 

continuum tool to fit the response curve. 
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The LISA can go deep. Take advantage of this to 

follow up on AAVSO, BAA and Astronomer 

Telegram recent discoveries. 

When you see a sharp vertical emission feature 

in your processed target spectrum, first think Hot 

Pixel rather than the possible discovery of a new 

element! 

Use a checklist for data acquisition and 

processing to reduce the likelihood of mistakes that 

corrupt your data and waste your time. 

 

10. Conclusion 

I have found so far that Spectroscopy is holding 

my interest more than Astrophotography. There is no 

limit on the number of targets available to amateurs 

with amateur class equipment. I have found 

Symbiotic Variable stars and Novae to be of 

particular interest.  Symbiotic Variable stars usually 

involve a small, hot, dense star such as a White 

Dwarf and a Red Giant class star with both stars 

immersed in a nebula created by a wind from the 

giant star.  An accretion disc, if present, will be 

around the White Dwarf only.  The spectrum which 

includes absorption and emission features of all three 

components can vary rather suddenly.  With our 

amateur equipment and a flexible schedule we can 

acquire useful scientific data on these objects.  Thus, 

it is important that we have long term and high 

cadency monitoring of Symbiotics.   

Novae and SuperNovae are exciting 

(Occasionally a moment of fame is possible. See 

Figure 16) and a break from the routine as they 

usually popup with no notice and benefit from 

prompt follow up observation. In this regard, the 

Astronomers Telegram service is a good way to get 

an early warning. 

Clear Skies and many spectra with interesting 

wiggles! Thank you. 

 

11. Web References: 

D. Boyd, Spectroscopy of Symbiotic Stars. The 

Society for Astronomical Sciences.  Proceedings for 

the 36
th

 Annual Symposium on Telescope Science 

(2017) 

 

American Association of Variable Star Observers 

Aavso.org 

 

Astro-Physics 

Astro-physics.com 

 

Shelyak Instruments. 

shelyak.com 

 

ARAS Spectroscopy Database.  

astrosurf.com/aras/Aras_DataBase/DataBase.htm 

 

The Astronomers Telegram 

www.astronomerstelegram.org 

 

François Teyssier website. 

http://www.astronomie-amateur.fr 

 

BAA Database. 

Britastro.org/specdb/index.php 

 

MILES Catalog. 

 iac.es/proyecto/miles/  

 

Pickles Atlas 

www.stsci.edu/hst/observatory/crds/pickles_atlas.htm

l 

 

Cornell University Library 

arxiv.org/archive/astro-ph  

 

PlaneWave Instruments 

planewave.com 

 

MaximDL Software 

Diffractionlimited.com 

 

Digital Loggers Inc. 

Digital-loggers.com 

 

ACP Observatory Control 

Dc3.com 

 

PHD2 

Openphdguiding.org 

 

Rspec 

Rspec-astro.com 

 

 

12. Attachments: 

http://www.shelyak.com/
http://www.astrosurf.com/aras/Aras_DataBase/
http://www.astronomie-amateur.fr/
http://www.iac.es/proyecto/miles/
https://arxiv.org/archive/astro-ph
http://www.astronomerstelegram.org/


15 

 

 
 

 



16 

 

 
Figure 16:  Atel #10558 ASASSN-17hx 

 

 

 
 

Figure 17:  ASASSN-17oz spectrum 
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Why I Observe Asteroid Occultations 
Wayne Thomas  

AAVSO, IOTA 

P.O. Box 25953, Tempe, Arizona, USA 

tomwaymas@gmail.com 

Abstract 

An asteroid occultation occurs when the light from a distant star is blocked by an asteroid coming between an 
observer and the star. This paper describes: (1) The benefits of timing asteroid occultations, (2) The tools used 
for planning, for recording, and for analyzing the results of the observation; and (3) Some pitfalls the author has 
encountered along the way. What Possibly Could Go Wrong? 

1.  Why Time an Asteroid Occultation? 

It’s a kick to be observing a star and watch it 

wink out before your very eyes, all according to a 

prediction. Then again, maybe it doesn’t wink out. 

“An occultation occurs when a solar-system 

body passes in front of a more distant object (e.g. a 

star or another solar system body), partially or totally 

hiding the more distant object and momentarily 

blocking its light. Each occultation can be seen only 

at the right time and from a limited part of the Earth.” 

(IOTA, 2014) Many of the half million or so known 

asteroids have orbits with sufficiently known orbital 

elements to make predictions of when and where the 

shadow cast by that particular asteroid will touch the 

earth. However, each asteroid’s orbit has an 

uncertainty which increases with time, and each star 

has a positional uncertainty (although it is usually 

much smaller). The activity of timing the 

disappearance and reappearance of the star behind the 

asteroid is one of the best ways to improve the orbital 

elements, and maybe discover something interesting 

as well. 

One interesting type of discovery is that some 

asteroids have satellites. With luck the shadow of the 

satellite can be detected. Last year Amalthea 

provided just such an example with a negative 

observation positioned between positive 

observations. Another type of interesting discovery 

may be that the asteroid is double or “dogbone” 

shaped. With a sufficient number of observers, the 

profile of the shadow of such a double asteroid can 

be observed. With an asteroid satellite, its size can be 

approximated. 

Not only can the asteroid be double or have a 

satellite, but the star being occulted may be double or 

even multiple. Observing such an event may show a 

step dip in disappearance and again a step in 

reappearance. When I see a light curve with these 

features, it can be really exciting, as it can tell things 

like the relative brightness and separation of the 

companion star. 

For me, personally, I get satisfaction seeing any 

light curve showing an occultation. I enjoy chasing 

the shadow. And I get satisfaction in contributing in 

my own way to the science of astronomy. 

 

2.  My Foe, Murphy – Some of my 

planning/execution failures 

Murphy (as in Murphy’s Law) and I are well 

acquainted. He especially likes to show up when I am 

attempting asteroid occultations. One of my first 

encounters was when I fried my 100 watt inverter 

while powering my LCD TV monitor. My emergency 

conversion to a visual observation missed the 

disappearance and I was only able to observe the 

reappearance with an accuracy of +/- 1 second – 

insufficiently accurate to be valuable. 

Some advise having a secondary recording 

mechanism in place in case the primary system fails. 

Alternatively, careful planning may be a better 

solution, including having spare parts. (However this 

won’t help when a telescope tracking capability dies 

unless a spare tracking mount is available.) 

 

3.  Planning 

 3.1  Equipment List and Time Line 

A good plan cannot be overemphasized. My past 

failures have included many instances of insufficient 

planning or of not following my plan carefully. A 

critical part of any plan execution is to know how 

much time is remaining compared to how much time 

is yet required to be on target. See Appendix A for 

my equipment list, and Appendix B for my example 

Time Line.  
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 3.2  Selecting which Occultation to 

Observe 

I rely heavily on the IOTA (International 

Occultation Timing Association) OccultWatcher 

computer program (Pavlov, Hristo, V4.5). This 

program gives me personalized predictions based on 

my location and other criteria. The columns in 

OccultWatcher’s Main Screen (Figure 1) display 

those parameters I have selected as important to my 

ability to select an event for observation. It also 

displays the planned observing locations of other 

astronomers across the path and a detailed “canned” 

section at the bottom. For predicted occultations with 

many favorable characteristics, I am willing to travel 

unless the increase in value (probability) is small 

compared to observing from my home observatory. 

See Appendix C for those parameters I consider 

important. 

 

 

 
Figure 1. OccultWatcher shows details for the selected occultation by (50) Virginia including the marked location 

at Lake Roosevelt near the centerline of the predicted shadow from where the author plans to observe. 

 

 

3.2.1  Home or Travel? 

If the probability for a given occultation is 

greater than about 10%, I check my calendar. If it is 

clear then I’ll see if traveling would be a significant 

advantage. If so and I feel like traveling, I’ll select a 

location – usually a state park or a campground – and 

enter that location in OccultWatcher. (There are 

others who remain flexible up to the last minute; 

however, I prefer to have reservations made for 

where I will spend the night and observe from there.) 

For the predicted occultation of TYC 1198-00160-1 

by (29) Amphitrite on 2015 November 11, I chose 

Picacho Peak State Park in Arizona in order not to 

duplicate a chord among other announced observers 

as shown in Figure 2. 
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Figure 2. (29) Amphitrite 2015 Nov 11 profile shows the 
spread of cords which avoid duplication. (IOTA, 2018c) 

For example, (2421) Nininger is to occult 4U 

316-113069 on Thursday, 07 June 2018, at UT 

05:31:35. The probabilities for observing from 

Catalina State Park in Arizona compared to observing 

from my home observatory increase from 17.2% to 

25.0%. For an increase in probability from 1 in 6 to 1 

in 4, it is not worth the extra effort. I would choose to 

observe this one from my home observatory, weather 

permitting (clear skies and not too hot). See Figure 3. 

 

 
Figure 3. The road trip to Catalina State Park to observe 
the occultation by (2421) Nininger is shown in blue with 
a telescope icon displayed at the park location. (Pavlov, 
v4.5) 

Another example is the occultation by (734) 

Benda of TYC 4664-00256-1 on Tuesday 2018 June 

12, at UT 03:05:50. The probabilities for observing 

from the CherryIII site in Arizona compared to 

observing from my home observatory increase from 

7.4% to 60.6%. For an increase from 1 in 14 to 1 in 2, 

I would travel (again weather permitting).  See Figure 

4. 

 
Figure 4. The road trip to CherryIII to observe the 
occultation by (734) Benda is shown in blue with a 
telescope icon displayed at the CherryIII location. 
(Pavlov, v4.5) 

3.3  Opportunity – Two for the price of 

one  

Another possibility is to travel to a location 

where two or more occultations will occur with 

acceptable probabilities, and occur on the same or 

successive nights. Such a “convergence” occurred 

2010 December 24 while I was traveling to 

California for the holidays. (93) Minerva and (2260) 

Neoptolemus were predicted to have occultations 

within a couple of hours of each other. I discovered 

this by following the predicted tracks and noting that 

they crossed in southern California. I knew that 

Cottonwood campground, Joshua Tree National 

Monument (now National Park) was within a half 

hour’s drive from I-10 so my plan was to observe 

from there. See Figures 5 and 6 for path locations.  
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Figure 5. The path for the occultation by 93 Minerva is 
shown crossing Southern California. (IOTA, 2018c) 

 

 
Figure 6. The path for the occultation by 2260 
Neoptolemus is shown crossing Southern California. 
(IOTA, 2018c) 

 

For (93) Minerva occulting TYC 2445-01074-1, 

I observed a positive (along with nine others from 

CA, AZ, and MD) near the predicted time of UT 

05:07. For (2260) Neoptolemus occulting HIP 20605, 

two of us observed positives from North of the 

predicted centerline near the predicted time of UT 

06:49. See Figures 7 and 8. 

 

 
 

Figure 7. Cords for observations by astronomers of the 
93 Minerva occultation. (IOTA, 2018c) 

 
 

 
 

Figure 8. Cords for observations by astronomers of the 
2260 Neoptolemus occultation. (IOTA, 2018c) 

3.4 Discovery 

While preparing for a camping trip to the Anza 

Borrego Desert State Park in California, I had noted 

that (57) Mnemosyne would occult TYC 0126-

00781-1 at UT 04:18 on 2012 March 11 at my park 

location. See Figure 9 for the predicted path. Even 

though there were high thin clouds moving through, I 
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was able to observe a positive event. While reducing 

the data, I noted the disappearance was not the usual 

abrupt drop. It was more gradual, and the 

reappearance was also more gradual as shown in 

Figure 10. I commented on this in my report which 

led Tony George to perform his magic to compensate 

for the clouds moving through requiring 6
th

 order 

smoothing as shown in Figure 11. Following this 

adjustment to the data, an improved light curve was 

obtained as shown in Figure 12. This observation, 

together with another by R. Jones from near Salton 

City, in Southern California, resulted in the discovery 

of a previously unknown double star. The profile in 

Figure 13, shows our double entries representing the 

separate occultations of the two component stars. 

Also note the representation of the double star. In 

Figure 14, the separation of 3.7 milli-arcseconds at 

position angle 56.8 degrees is shown. Figure 15 

shows the list of observers. Imagine being able to 

detect a double star with a separation measured in 

milli-arcseconds simply by timing an asteroidal 

occultation!  

 

 
Figure 9. Predicted path of (57) Mnemosyne across 
Southern California. (IOTA, 2018c) 

 

 

 

 

Figure 10. Uncorrected Light Curve of the (57) Mnemosyne Occultation. (George, 2018) 
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Figure 11. Magic – 6
th

 Order Correction to take out the effect of clouds passing through during the (57) Mnemosyne 
Occultation. (George, 2018) 

 

Figure 12. Corrected Light Curve of the (57) Mnemosyne Occultation. (George, 2018) 
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Figure 13. Profile of Cords of the occultation by (57) 
Mnemosyne showing two with double events and 
showing the relative position and brightness of the two 
stars. (IOTA, 2018c) 

 
Figure 14. Resulting values for the separation and 
position angle of the secondary star. (IOTA, 2018c) 

 

 

 

 

 

 

 

 
Figure 15. The names of those who participated in the 
occultation by (57) Mnemosyne. (IOTA, 2018c) 

Again with the observation of (191) Kolga 

occulting TYC 0755-02073-1 on 2018 February 09, 

another double star was discovered. My observation 

was a miss so did not directly contribute to the 

discovery. See Figure 16. 

 

 
Figure 16. The significant coverage of the path of (191) 
Kolga was sufficient to discover that TYC 0755-02073-1 
is a double star. (IOTA, 2018c) 

Then there are times when a miss is as good as 

gold. On 2014 August 23 at UT 06:11 I observed a 

miss of the predicted occultation by (49) Pales of 

2UCAC 23992062 from my Florence, Arizona 

observatory. However, my miss and two others 

misses along with one positive cord constrained the 

location of the asteroid. Had there been no misses, 

the mirror image of the asteroid would have been as 

valid as the one shown. See Figures 17 and 18. 
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Figure 17. The negative observations of (49) Pales 
constrain the location of the asteroid. (IOTA, 2018c) 

 
Figure 18. The major and minor diameters derived from 
the observations of (49) Pales and the list of observers. 
(IOTA, 2018c) 

Similarly, I was one of 10 observers of (113) 

Amalthea occulting TYC 1878-01081-1 on 2017 

March 14 at UT 04:00 which supported the discovery 

of a previously unknown satellite. The miss observed 

by S. Insana flanked by positives confirmed the 

existence of the satellite as shown in Figure 19. The 

list of the participants is shown in Figure 20. A 

thorough analysis by many concluded the validity of 

an asteroid satellite and not that of an unknown 

secondary star. (Green, 2017) 

 

 

 

 
Figure 19. The profile of the occultation by (113) 
Amalthea with a miss between two positive 
observations indicating an asteroid satellite. (IOTA, 
2018c) 

 
Figure 20. The satellite parameters and the list of 
observers for (113) Amalthea. (IOTA, 2018c) 

3.5 Filling a void 

For the occultation on 2015 November 11 of 

TYC 1198-00160-1 by (29) Amphitrite at UT 04:47, 

I traveled to Picacho Peak State Park, Arizona to 

make my observation. As stated earlier, my decision 
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was not to duplicate chords by other announced 

observers. Having several distinct chords will result 

in a better profile of the asteroid as shown in Figure 

2. This asteroid also has an ISAM (Interactive 

Service for Asteroid Models) shape model 

(Marciniak 2012) and the profile either validates the 

model, or provides an opportunity to improve upon 

the model. Note that in Figure 21, the model does not 

match the cords well, whereas after revising the 

model, the match is much improved as shown in 

Figure 22. 

 
Figure 21. The cords on the East edge of the ISAM 
shape model for (29) Amphitrite match poorly. (IOTA, 
2018c) 

 
Figure 22. The revised ISAM model of (29) Amphitrite 
match the profile much better. (IOTA, 2018c) 

4.  How I record an Asteroid Occultation 

Once my telescope is set up and aligned, I use 

the Precise GOTO feature of my Celestron CGEM™ 

mount to acquire my target star. When acquired, I 

verify the star field using a hardcopy star chart 

printed from Guide (Project Pluto, 2016), a star 

charting program linked from OccultWatcher. 

Alternatively, if missing from OccultWatcher, I use a 

printed chart from TheSkyX (Software Bisque, 

2014). I start recording with sufficient lead time to 

accommodate the occultation duration and the 

uncertainty in time. (This lead time is usually 

between one and two minutes.) I record an equivalent 

time past the predicted event time. I use IOTA’s 

video capture software (IOTA, 2018a) to start and 

stop recording. The program outputs an .avi file 

stored in a directory of my choosing on my laptop. 

See Appendix D for my configuration. 

 

5.  Data Reduction 

The two main programs I use for data reduction 

are LiMovie (Miyashita, 2011) and PYOTE (IOTA, 

2018b) both free IOTA programs. 

LiMovie measures the brightness of the star 

enclosed in a user defined ring on the screen 

compared to a measured background adjacent to the 

ring as shown in Figure 23. LiMovie also allows for 

an additional one or two comparison stars to be 

measured. The output from LiMovie is an Excel® 

.csv file of the measured values and (hopefully) the 

timestamps associated with each reading. This file is 

input to PYOTE which performs statistical analysis 

of the data to determine if an occultation has 

occurred. PYOTE outputs both a light curve as 

shown in Figure 24, and a report as shown in Figure 

25. The results are then reported to the IOTA North 

American Coordinator, Brad Timerson. 
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Figure 23. LiMovie screen showing the aperture and the background area for the measurement of the occultation 
by (246) Asporina 2018 Mar 30 (Miyashita, 2011) 

 

Figure 24. (246) Asporina 2018 Mar 30 light curve from PYOTE with the event encircled including error bars. Te 
data for the comparison star is shown below. (IOTA, 2018b) 
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Figure 25. (246) Asporina 2018 Mar 30 Text file from PYOTE with measured values of Disappearance, 
Reappearance, and Duration together with Error Bar values for 1-sigma, 2-sigma and 3-sigma for each of the 
measured values. The Signal to Noise Ratio and other notes are also reported. (IOTA, 2018b) 

 

 

6.  Lessons Learned and 

Countermeasures  

Some of my more memorable failures include 

the following: 

Fried my 100 Watt inverter – The power 

requirements of my TV monitor were too great for 

my inverter. I had insufficient time to fully convert to 

a visual observation with WWV time signal to 

salvage the observation. My next time solution was to 

acquire an inverter with sufficient power to handle 

the demand. 

Forgot to push the record button – Having an 

observer at the Grand Canyon in winter may have 

contributed to this failure. Dividing my attention 

between the task at hand and explaining what was 

happening interfered with my focus on following my 

script. My lesson learned is that having an observer is 

a liability to be avoided. 

Canon camcorder appeared to be recording, but 

when I attempted to play back the recording, nothing 

had been recorded. After two such failures with my 

Canon ZR80, I quit attempting to record occultations 

with it. 

Arrived on target late – Should have acquired my 

target before using the restroom. Normally I focus on 

“getting on target” first, and then if I have time, take 

care of other business. My lesson is to focus on the 

goal and allow extra time when observing in the wee 

hours of the morning. At 3 a.m. my clarity of 

thinking may be impaired. 

Discrepancy between Celestron database star 

names and TheSkyX star names – My target 

acquisition sequence has successively fainter stars for 

star hopping if necessary with the brightest ones 

listed by name. When my star name isn’t listed in my 

Celestron database, I have to scramble to find an 

equivalent name or skip that star. 

Overslept, late start – Sometimes I can recover, 

sometimes I can’t.  

Unable to locate target star in time – The 

inability to positively identify the star to be occulted 

prior to the predicted occultation time is extremely 

frustrating for me. I find a hard copy star chart 

showing stars to the limiting magnitude of my 

equipment an absolute necessity for validating the 
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target star. Any of the following can complicate 

matters: low altitude, faint star, sparse star field, 

Moon nearby, thin clouds (thick clouds means abort). 

 

7.  Conclusion 

Each week I expectantly check OccultWatcher 

for new announcements of upcoming asteroid 

occultations which I may want to observe. Once on 

my checklist, the planning gets me started. Next there 

is either setting up at home or traveling to a specified 

site to observe. Finally, the payoff is seeing a positive 

occultation show up on my analysis screen, or seeing 

others with positives even though my observation 

may have been a miss. I hope to enjoy this chase for a 

long time to come. 
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APPENDIX A: Example Equipment List for an equatorially mounted telescope 

Tripod & Spreader 

Mount (Head, Counter Weight & Shaft) 

OTA & Dew Shield 

Accessory Box (Hand Paddle, GPS, Finder Scope, & etc.) 

Camera, Adapter & Focal Reducer 

Cable (power and signal) 

IOTA VTI 

Laptop & Video Capture software 

S-video/Composite video to USB cable 

Batteries including extras 

Inverter & Power cables 

Documentation of Occultation event 

Headlamp, Red 

Box of spare parts including cables & adapters (RCA to/from BNC, battery clips & etc.) 

Tool kit 

Cell Phone 

Portable table 

Camp stool 

Tarp & Bungie Cords 

 

 

APPENDIX B: Example Time Line for a Successful Occultation Recording 

-90 minutes – arrive at observing site 

-50 minutes – telescope set up & powered up 

-30 minutes – computer powered up & displaying stars 

-25 minutes – telescope focused & aligned 

-15 minutes – on target & field verified 

-2 minutes – record location data 

-1 minute – start recording target star and asteroid 

+1 minute – stop recording target star and asteroid 
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APPENDIX C: OCCULTATION PARAMETERS 

Date and Time 

I attempt to avoid calendar conflicts. Then I add the occultation to my personal calendar. 

 

Combined Magnitude 

My faintest detectable occultation is about 14
th

 combined magnitude (requiring integration). At the faintest, this 

also required the target to be reasonably high in a dark sky. 

 

Rank and Probability. 

I like my chances to be one in 10 or better. However, if a campaign of several observers has been established, 

obtaining a positive on a lower ranked event would be more valuable. It takes a minimum of two or three 

stations for me to commit to a lower probability event. 

 

Sky Darkness (Sun’s negative altitude, Moon’s altitude either + or -). 

The ideal is to have no twilight and to have the Moon below the horizon. However, if the Moon is not too close 

and the sky is somewhat dark, an observation may still work. 

 

Magnitude drop. 

If the magnitude drop is less than one or two tenths of a magnitude, the event is difficult to distinguish from 

noise. This requires a brighter star or a longer integration time. 

 

Occulted Star’s Altitude and Azimuth. 

I exclude events with an altitude less than 10 degrees. Even events with an altitude of less than 30 degrees 

means more air to observe through resulting in loss of brightness.  

 

Maximum duration in seconds. 

For durations less than a second, detecting an event compared to noise becomes more of a problem.  

 

Uncertainty in time (usually in seconds). 

Larger uncertainties in time translates into longer recording times to cover the possible deviation from the 

predicted event time. I don’t attempt any occultation with the uncertainty measured in minutes instead of 

seconds. 

 

 

Appendix D – Configuration 

Telescope – 11”SCT on an equatorial mount (Celestron® on CGEM™ Mount) 

Video Camera – RunCam® Night Eagle 2PRO-A Astro Edition (RunCam.com/IOTA) 

Video Time Inserter including GPS Receiver –IOTA VTI v3, (www.videotimers.com, 2015) 

S-Video/Composite Video to USB Video Capture Cable – StarTech SVID2USB23 (www.StarTech.com, 2017) 

Laptop Computer –  (Toshiba, Satellite® S55 Series, Intel inside™ CORE i7, running Windows 7(c), 2009)  

 

http://www.videotimers.com/
http://www.startech.com/
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Abstract: 

This paper presents theoretical models of W UMa type eclipsing contact binary star systems derived using the 
modelling software Binary Maker 3.0. The light curves were obtained through unfiltered CCD observations using 
a 20-inch telescope. An initial estimation of the temperatures of the stars was established using the B-V 
magnitude and the initial value for the mass ratio was obtained from observing the relative depths of the two 
eclipses. Then the parameters in the theoretical model were adjusted to obtain a synthetic light curve that best 
matched the observed data. 

Introduction: 

We present the result of modelling three 

eclipsing W UMa binary star systems: USNO 1030 

0725830, USNO 1287 0180792 and GSC 5581 450 

based on their observed light curves. The star systems 

were chosen on the basis of quality of the data and 

the completeness of the light curves. 

W UMa stars are the contact or overcontact 

eclipsing binary stars, the prototype of which is W 

Ursae Majoris. These stars are primarily of F or G 

spectral types. W UMa stars comprise about 95% of 

all eclipsing binaries in the solar neighborhood and 

about 1% of all F and G stars[1]. The study of such 

binary star systems is important because it allows us 

to directly study vital stellar parameters like mass 

ratio, temperatures, contact nature and mass transfer. 

 

Method:  

Most of the data was obtained by Clark in the 

course of asteroid studies at the Preston Gott 

observatory of Texas Tech University between 2010 

to 2016. The data was analyzed, and the light curve 

obtained through differential photometry using the 

software Canopus. Supplementary observations were 

made for obtaining more complete light curves. 

The modelling software used to model the binary 

star systems is a commercial packet called Binary 

Maker 3.0. The program outputs a light curve, a 

radial velocity curve and a three-dimensional model 

of a binary star system from user input data and gives 

a numerical measure for the extent to which the 

synthetic curve matches the observed light curve. 

Initially, the mass ratio was estimated by 

observing the relative depth of the eclipses. The 

initial values for effective temperature were 

approximated from the temperature vs color index 

table [2]. Since the values of temperature 

corresponding to a given B-V magnitude were not 

obtained for a specific phase, a deviation from the 

recorded value of temperature was expected in the 

synthetically obtained parameters.  The starting value 

used for omega potential was 3.3 after which a light 

curve was obtained and the residual value, which is 

the sum of the differences in the observed and the 

modelled values for brightness in the light curve, 

calculated. Once a light curve was obtained, different 

values for mass ratio were input in the program to 

minimize the residual value and the process was 

repeated for omega potential, temperatures and the 

inclination of the orbital plane with respect to our line 

of sight. 

Limb darkening, gravity brightening, reflection 

coefficients and spot variables were then entered 

wherever deemed necessary. Due to a non-zero 

temperature gradient along the radial direction, stars 

are hotter towards the center. Hence, the edge (or the 

limb) of the star appears darker than the center 

because we can see deeper into the star at the center 

compared to edge, and this phenomenon is called the 

limb darkening. For rapidly rotating stars, the flux at 

from the equator is smaller than the flux from poles 

mailto:radhikari@troy.edu
mailto:maclark@troy.edu
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which results in the equatorial region appearing 

darker than the polar region which is called gravity 

brightening. The limb darkening coefficient and 

gravity brightening coefficient have values ranging 

from 0.0 to 0.3. 

 

Result: 

The following are the resulting light curves for 

the aforementioned star systems:  

 

Figure 1. The light curve of star GSC 5581 

 

Figure 2. The light curve of star USNO 1030 

 

 

 

 

 

 

Figure 3. The light curve of star system USNO 1287 

 

  

 

 

Table 1. Modelled stellar parameters 

The following are the three-dimensional models 

for the star GSC 5581 at different phases of rotation. 
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Figure 4. Three-dimensional model of GSC 5581 star 
system at different phases  

 

 

 

 

 

Figure 5. Three dimensional model of USNO 1030 star 
system at different phases 

 

 

 

 

 



34 

 

 

Figure 6. Three dimensional model of USNO 1287 star-
system at different phases 

 

Figure 7. Residuals of the star-system GSC 5581 

 

Discussion: 

The following are the residuals curves for the 

star systems. 

 

 

Figure 8. Residuals of the star-system USNO 1030 

 

 

 

Figure 9. Residuals of the star-system USNO 1287 

 

For the GSC 5581 star system it was observed 

that the synthetic curve very accurately fit the 

observed light curve except from phase 0.6 to 0.8 

where the synthetic curve showed higher value for 

the brightness than the observed curve. Hence, the 
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presence of photospheric dark spots was assumed in 

the secondary star and different position and 

temperature factors were tried and the spot that best 

fit the light curve was obtained. 

In Binary Maker 3.0, the position of a 

photospheric spot is specified by colatitudes and 

longitudes. colatitude is the angle from 0° to 180° 

measured along a meridian from the upper pole to the 

lower pole whereas longitude is the angle from 0° to 

360° measured counterclockwise from the meridian 

along the line connecting the mass centers as seen 

from the upper poles. The size of the spot is defined 

by the radius which is the approximately circular 

radius in degrees of the spot region centered at the 

colatitude and longitude. The temperature of the spot 

is given by the spot temperature factor which is 

defined as the percentage hotter or cooler that the 

spot temperature is relative to the local temperature, 

i.e., a spot temperature factor of 0.60 means a spot 

which is 60% the temperature of its surrounding 

photosphere, and a factor of 1.25 means a spot with a 

temperature 25% hotter than its surroundings. 

 

 

 

Figure 10. Light curve GSC 5581 star-system without the 
spots 

 

Similar procedures were carried out for the 

USNO 1030 star systems where the spot was found in 

the primary star. 

 

 

 

 

 

Figure 10. Residual of the GSC 5581 star-system without 
the spots 

 

Table 2. spot variables 

 

Further Analysis 

The light curve models presented here are for a 

particular wavelength, namely unfiltered CCD 

observation that approximately corresponds to a red 

filter. Since, parameters like limb darkening and third 

light are wavelength-dependent, the synthetic curve 

derived for one wavelength may not fit the light 

curve of the same source obtained using a different 

filter. For obtaining a coherent solution that fits all 

wavelengths, a light curve in a different bandpass 

should be loaded and the wavelength-dependent 

parameters should be adjusted accordingly in the 

synthetic curve and if the first model fits the new 

light curve then the solution works for all 

wavelength. If not, the wavelength-independent 

parameters must be adjusted so that only wavelength-

dependent parameters have to be changed in the 

synthetic model to fit a light curve at a different 

bandpass. [3]  

Further observations of the binary star-systems 

are planned in order to obtain light curves in different 

Name GSC 5581 USNO 1030

position of the spot 2 1

Colatitude 40 105

Longitude 270 125

Spot radius 15 20

Temperature factor 0.6 0.61
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bandpass so as to derive a coherent light curve that 

fits all wavelengths. 

 

Conclusion 

Using the data from the photometric 

observations of the three binary star-systems, 

synthetic light curves fitting the observed one were 

derived and from the synthetic light curves important 

stellar parameters like mass-ratio, temperatures, 

orbital inclination etc. were determined. 

It is fascinating that various significant stellar 

properties can be determined by simple analysis of 

photometric observations of temporal brightness 

variations without the need of spectroscopy. 

The program Binary Maker 3.0 is user friendly 

and lets researchers with a modest background in 

astronomy pursue genuine and interesting research. 
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Abstract 

RR Lyrae stars of sub-class RRd exhibit two radial pulsation modes, which result in harmonics that contribute to 
the lightcurve morphology.  While the raw lightcurves initially appear chaotic, their behavior can be modeled by 
summing the contributions of each of the harmonics.  Photometry of the RRd stars NN Boötis and V363 Draconis 
in B, V, and I bands was carried out over an 8-month period.  Period solutions as well as amplitude and period 
ratios are compared to those obtained from literature and sparse survey data.  Lightcurve models were created 
from the new data, with very good agreement.  The mismatch of the third frequency with that obtained by 
combinations of harmonics of the first two make a convincing case that V363 Dra is a rare, triple-mode RR Lyrae 
star.  Phased lightcurves and color-magnitude diagrams are presented for both stars. 

1. Introduction 

The majority of RR Lyrae variable stars exhibit a 

single mode of radial pulsation, but a small subset, 

identified as sub-class RRd, pulsate simultaneously in 

both fundamental and first-overtone modes. 

The first double-mode RR Lyrae star, AQ 

Leonis, was identified 41 years ago (Jerzykiewicz & 

Wenzel (1977).  Even as recently as 2014, only 

roughly 50 RRd stars were known.  More recent data-

mining efforts have produced an explosion in 

discoveries, increasing the quantity into the 

thousands 

Double-mode RR Lyrae stars are astrophysically 

useful in constraining masses and metallicities of 

horizontal branch stars.  Stellar masses and radii 

depend directly on the frequencies of oscillation.  

These frequencies and their harmonics can be 

determined by period analysis of photometric 

measurements.    

The behavior of double-mode RR Lyrae stars is 

not stable.  Since their discovery, some of them have 

begun or terminated double-mode oscillation.  In 

other cases, amplitudes of the fundamental and first-

overtone modes vary greatly. 

NN Boötis and V363 Draconis were selected as 

suitable candidates for observation, as they are 

northerly and bright, both varying between V = 12 

and 13.  NN Boo was identified as a double-mode 

variable star by Koppelman et al. (2004), who also 

performed photometric observations on 32 nights.  

Hoffman et al. (2009) identified V363 Dra as a 

double-mode RR Lyrae star.  No follow-up 

observations are available in the literature. 

BVI data for NN Boo was acquired at Command 

Module Observatory on ten nights in 2017 May and 

June.  During these same months, BVI images of 

V363 Dra were captured on eleven nights.  Due to 

telescope scheduling constraints, only sparse V-band 

data were acquired in the following eight months.  

Period solutions and lightcurve models were derived. 

Color-magnitude diagrams were created from the 

BVI data.  

 

2. Image acquisition, calibration, and 

data reduction 

Photometric observations were performed at 

Command Module Observatory (MPC V02) in 

Tempe. Images were taken using a 0.32-m f/6.7 

Modified Dall-Kirkham telescope and an SBIG 

STXL-6303 CCD camera with BVI filters. Exposure 

time for all the images was 2 minutes. In order to 

maximize exposure time, images were unguided.  

The image scale after 2x2 binning was 1.76 

arcsec/pixel. 

Images were calibrated using a dozen bias, dark, 

and flat frames. Flat-field images were made using an 

electroluminescent panel. Image calibration and 

alignment was performed using MaxIm DL software 

(Diffraction Limited 2018). 

Data reduction was accomplished with VPhot 

(AAVSO 2018a), the online photometry tool at the 

American Association of Variable Star Observers 

(AAVSO) web site.  A 9-pixel (16 arcsec) diameter 

measuring aperture was used for targets and comp stars.  

For both targets, four comparison (comp) stars and one 

check star were selected. 

Comp stars of suitable color were chosen using the 

SeqPlot sequence-plotting tool (AAVSO 2018b), 

downloaded from the AAVSO web site. B and V 

magnitudes for stars were obtained from the APASS 

DR9 (Munari et al. 2015) catalog.  The TASS MkIV 
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survey (Droege et. al., 2006) was consulted to acquire 

I magnitudes of the comp stars. 

 

3. V-band observations of NN Boo and 

V363 Dra 

NN Boo was imaged through a V filter on 18 

nights between 2018 May 19 and 2018 January 18. A 

total of 1539 observations were acquired during this 

interval.  On 17 nights from 2017 June 2 through 

2018 March 30, 1218 images were obtained for V363 

Dra.  In both cases, the observing frequency was 

greatly reduced after the first month, and the 2018 

observations were made to increase the precision of 

the computed oscillation periods. 

 

3.1  Raw lightcurves 

Figures 1 and 2 show the raw V data from the 

first month of observations of the two stars.  Data are 

plotted as three 10-day strips vs. heliocentric Julian 

Date. Their multi-mode nature of the oscillation is 

apparent by the non-repeating peaks. 

 

 
Figure 1.  V data for NN Boo – first 13 nights 

 
Figure 2.  V data for V363 Dra – first 14 nights 

4. Period analysis – primary and 

secondary 

The task of determining the periods of the 

fundamental and first-overtone frequencies was 

accomplished with Period04 software (Lenz et al. 

2005).  Peranso software (Vanmunster 2018) 

produced the best graphical representations of the 

phased lightcurves.  Period analysis is done by 

successively pre-whitening each of the preceding 

frequency peaks.  For double-mode pulsators, the 

highest amplitude is typically associated with the first 

overtone, and the fundamental is the next highest.  

Following these two frequencies are harmonics, 

which are combinations of integer multiples of the 

primary and secondary frequencies. 

 

4.1  Period analysis results for fundamental 

and first overtone frequencies 

Tables 1 and 2 show the fundamental and first-

overtone periods and errors for NN Boo and V363 

Dra, respectively.   In addition, the table provides 

ratios of the periods and amplitudes, as well as 

amplitude errors.  Note that period errors are on the 

order of tenths of a second due to the long time-

sampling baseline. 

 

 
Table 1. NN Boo, first two frequencies 

   

 
Table 2. V363 Dra, first two frequencies 

 

Several other photometry datasets were available 

for NN Boo.  The same period determination 

methodology was performed for comparison with the 

recently acquired data.  Sparse survey data from 

SuperWASP (NASA 2018) over a three-year period 

was downloaded.  Also freely available is the ROTSE 

data that was used to create the Northern Sky 

Variability Survey (Woźniak et al. 2004).  

First Overtone Fundamental Ratio

Period (d) 0.35298 0.47459 0.7437

Period error (s) 0.07 0.16  -- 

Amplitude (mag) 0.207 0.159 0.771

Amplitude error (mag) 0.00058 0.00058  -- 

First Overtone Fundamental Ratio

Period (d) 0.40320 0.54082 0.7455

Period error (s) 0.07 0.36  -- 

Amplitude (mag) 0.198 0.070 0.353

Amplitude error (mag) 0.00064 0.00064  -- 
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Koppelman’s raw data was kindly provided by 

Patrick Wils (private communication). 

Table 3 compares our results.  Both periods are 

remarkably stable to within 1 second.  The same 

cannot be said for amplitudes.  While amplitude 

ratios of double-mode stars are known to vary, these 

results are confounded by all four sets using different 

(or no) filters.  Insufficient data exists for V363 Dra 

to enable a similar comparison. 

   

 
Table 3. NN Boo, comparison with other datasets 

 

Phased plots for the first two periods were 

created in Peranso by imposing values that were 

obtained in Period04.  They are provided for NN Boo 

and V363 Dra in Figures 3 and 4.  The waveforms of 

these periods for the two stars are similar. 

 

 

 
Figure 3.  NN Boo phased lightcurves 

 

 
Figure 4.  V363 Dra phased lightcurves 

 

SuperWASP Koppelman ROTSE Polakis

Epoch 2007 2004 1999 2017

Begin 5/2/2004 6/12/2004 4/5/1999 5/19/2017

End 6/28/2007 8/31/2004 3/29/2000 1/18/2018

# Nights 87 32 108 18

# Observations 5157 2906 259 1476

1st overtone period (d) 0.35298 0.35297 0.35298 0.35298

1st overtone error (s) 0.02 0.23 0.31 0.07

Fundamental period (d) 0.47459 0.47460 0.47458 0.47459

Fundamental error (s) 0.04 0.52 0.81 0.16

Period ratio 0.7438 0.7437 0.7438 0.7437

Amplitude ratio 0.764 0.789 0.694 0.771
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4.2  Petersen Diagram 

Before the first discovery of a double-mode RR 

Lyrae star, J. Otzen Petersen (1973) developed a 

useful method for computing stellar masses of 

double-mode Cepheid variable stars based only on 

their periods.  First-overtone/fundamental frequency 

is plotted against fundamental frequency.  Stellar 

mass increases as we move toward the upper-right 

corner of the plot. 

In their paper describing the RRd star CU Com, 

Clementini et al. (2000) presented a Petersen diagram 

with a large sample of RRd stars, mostly in globular 

clusters and dwarf galaxies.  In Figure 5, I have 

adopted this figure, and overlaid points representing 

NN Boo and V363 Dra, illustrating a significant 

differences in their masses. 

 

Figure 5. Petersen Diagram for program stars 
 

5. Period analysis beyond primary and 

secondary frequencies 

After determining the contribution of frequencies 

of lower amplitude than the primary and secondary 

periods, a raw lightcurve model can be created that 

closely matches the seemingly chaotic nature of the 

data.  The equation to model the raw lightcurve is: 

 

m(t) = m0 + Ai*sin[2(f*t+)] (1) 

 

where m = magnitude, m0 = average magnitude, 

A = amplitude, f = frequency, and  = phase 

 

The first ten frequencies computed by Period04 

were used to create raw lightcurve models for NN 

Boo and V363 Dra.  They are tabulated for the two 

stars in Tables 4 and 5. 

 

 
Table 4. NN Boo - first 10 frequencies 
 

 
Table 5. V363 Dra - first 10 frequencies 

 

Returning to our raw lightcurve data described in 

Section 3, we can use these frequencies and Equation 

1 to create models.  Figures 6 and 7 show the raw 

lightcurve models overlaid on the data.  The RMS 

errors of the fits for NN Boo and V363 Dra are 0.015 

and 0.014 mag., respectively. 

Freq. (c/d) Amp (mag.) Phase

F1 2.833 0.207 0.841

F2 2.107 0.159 0.263

F3 4.940 0.064 0.963

F4 0.726 0.044 0.385

F5 5.666 0.031 0.389

F6 4.211 0.027 0.711

F7 7.773 0.025 0.477

F8 9.880 0.014 0.787

F9 8.499 0.014 0.731

F10 7.051 0.015 0.710

# Freq. (c/d) Amp (mag.) Phase

F1 2.480 0.197 0.116

F2 1.849 0.073 0.866

F3 3.961 0.032 0.162

F4 4.329 0.025 0.499

F5 0.631 0.024 0.772

F6 6.441 0.017 0.336

F7 1.112 0.010 0.496

F8 5.820 0.011 0.291

F9 8.653 0.007 0.732

F10 6.255 0.008 0.198
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Figure 6. NN Boo raw lightcurve model and data 
 

 
Figure 7. V363 Dra raw lightcurve model and data 

 

 

5.1  V363 Dra, a possible triple-mode RR 

Lyrae star 

For a double-mode star, frequencies of lower 

amplitude than the first overtone and fundamental are 

created by their integer harmonics.  For NN Boo, 

Table 6 compares frequencies F3 through F10 

computed by Period04 to calculations based on 

integer harmonics of F1 and F2.  Terms j and k are 

simply coefficients applied to F1 and F2.  In the case 

of NN Boo, we see a good agreement, indicating that 

it is a double-mode pulsator. 

Table 7 has the same structure as Table 6, but 

applies to V363 Dra.  Here we see a poor agreement 

with harmonics other than those of the first order.  In 

particular, F3 appears to be a stand-alone frequency, 

and was not found to match any combination of 

harmonics to the fifth order. 

While it is tempting to conclude that V363 Dra is 

a rare triple-mode RR Lyrae star, this third frequency 

has been found to typically have very low amplitude 

in the cases of the dozen known cases (Kurtz et al. 

2016).  Further, the ratio of the third period to that of 

the first overtone ranges from 0.6107 to 0.6211 for 

the known triple-mode RR Lyrae stars.  In the case of 

V363 Dra, this value is 0.6261, slightly outside of the 

known range.  However, Neither of these concerns 

invalidate V363 Dra as a convincing case for a triple-

mode RR Lyrae star, according to Robert Szabó 

(private communication).   

 

Table 6. NN Boo – F3 through F10 compared to 
harmonics of F1 and F2 

 

 
Table 7. V363 Dra – F3 through F10 compared to 
harmonics of F1 and F2 

 

6. BVI Photometry 

Despite their astrophysical interest, there is little 

multi-color photometry of double-mode RR Lyrae 

stars in the literature.  Clementini et al. (2000) used 

spectroscopy and BVI photometry in their study of 

the metal-poor RRd star CU Com.  Dékány et al. 

(2007) physically modeled BS Com using BVRI 

photometric results.  The brightest double-mode RR 

Lyrae star, V372 Ser, was photometrically observed 

in UBVRI by Benkő and Barcza (2009). 

NN Boo was imaged in BVI on ten nights, 

during which 703 data points in each color were 

gathered.  Similarly, 494 images of V363 Dra in B, 

V, and I were obtained on 11 nights.  The raw BVI 

lightcurves for the two stars are given in Figures 8 

and 9.  These data are available at the AAVSO 

Lightcurve Generator site (AAVSO 2018c). 

Period04

Frequency (c/d)
# j k

Freq. calculated from 

harmonics (c/d)*
Delta**

2.10706 F1 1 0 2.10706 0.00000

2.83304 F2 0 1 2.83304 0.00000

4.94011 F3 1 1 4.94011 -0.00001

0.72589 F4 -1 1 0.72598 0.00009

5.66637 F5 0 2 5.66609 -0.00028

4.21142 F6 2 0 4.21413 0.00270

7.77338 F7 1 2 7.77315 -0.00023

9.88028 F8 2 2 9.88022 -0.00007

8.49882 F9 0 3 8.49913 0.00031

7.05119 F10 2 1 7.04717 -0.00402

*Calculated frequency = j*F1 + k*F2

** Delta is freq. calculated from harmonics - Period04 calculated frequency

Period04

Frequency (c/d)
# j k

Freq. calculated from 

harmonics (c/d)*
Delta**

1.84905 F1 1 0 1.84905 0.00000

2.48015 F2 0 1 2.48015 0.00000

3.96124 F3

4.32919 F4 1 1 4.32919 0.00001

0.63110 F5 -1 1 0.63110 0.00001

6.44088 F6

1.11209 F7

5.82005 F8

8.65260 F9 2 2 8.65839 0.00579

6.25466 F10

*Calculated frequency = j*F1 + k*F2

** Delta is freq. calculated from harmonics - Period04 calculated frequency
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Figure 8. NN Boo BVI lightcurves 

 

 
Figure 9. V363 Dra BVI lightcurves 

 

Using the first overtone period, folded 

lightcurves as a function of phase were created.  They 

are shown in Figures 10 and 11. 

 

 
Figure 10. NN Boo BVI phased lightcurves (1

st
 overtone) 

 

 
Figure 11. V363 Dra BVI phased lightcurves (1

st
 

overtone) 
 

Finally, color-magnitude diagrams showing both 

B-V and V-I color indices are provided for the two 

stars in Figures 12 and 13. 

 

 
Figure 12. NN Boo color-magnitude diagram 

 

 
Figure 12. V363 Dra color-magnitude diagram 
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7. Conclusions 

The bright, double-mode RR Lyrae stars NN 

Boo and V363 Dra have had little follow-up 

photometry since their identification in the past two 

decades, and very little multi-color photometry has 

been done on this entire sub-class of stars. 

Period analysis for these two stars secured the 

fundamental and first-overtone periods to within 

tenths of a second precision.  For NN Boo, results 

agree well with earlier study and survey data.  

Masses of the two variable stars were estimated 

based on their positions on a Petersen Diagram.  The 

first eight harmonics of the primary and secondary 

periods were  computed, and used to create a raw 

lightcurve model, which correlates very well to the 

data.  For V363 Dra, the third frequency does not 

correlate with any harmonics of the first two, 

resulting in a tentative conclusion that it is an 

uncommon triple-mode RR Lyrae star. 

The first BVI photometry of either of these stars 

was performed.  Raw and phased BVI lightcurves as 

well as color-magnitude diagrams were created. 
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Abstract 

Typically, the characteristics of supernovae and supernovae impostor progenitors are pieced together post-hoc 
from disparate sources after the event. Regular monitoring of luminous stars in nearby galaxies provides a more 
detailed and uniform source of information about those stars leading up to a significant event.  We present 
Johnson/Cousins BVRI photometry from the first five years (2012 - 2017) of a targeted ground-based monitoring 
campaign of luminous stars in M31 and M33 including: likely supernovae and supernovae impostor progenitors, 
luminous infrared sources, classical LBVs, and warm and cool hypergiants. We have constructed a pipeline 
capable of quickly mining our images for photometry of additional targets.  The survey will continue to image 
most of M31 and M33 on an annual basis for the foreseeable future. 

1. Introduction 

The post-main sequence evolution the highest 

mass stars is poorly constrained compared to low-

mass stars.  On the HR Diagram of a star cluster, 

hundreds to thousands of low mass stars literally 

trace out their evolutionary paths, placing clear 

observational constraints on stellar models.  

However, a single star cluster typically contains very 

few or maybe no high mass stars.   Super-massive 

stars are even more scarce; at most a few dozen 

spread among the tens of billions of stars in a single 

galaxy.  Building a well-observed sample of super-

massive stars in our own galaxy is hampered by dust 

and gas because of their tendency to be found in and 

near star formation regions in the galactic plane.  

Practically speaking, one must look to nearby 

galaxies to grow the sample of well-studied massive 

stars. 

The upper HR Diagram is populated by a variety 

of different evolved stars whose evolutionary paths 

crisscross creating confusion about the order of post 

main sequence evolution. Two big questions are the 

primary driver of our curiosity. First, which masses 

and evolutionary states are associated with non-

terminal giant massive stellar eruptions known as 

supernova impostors (Van Dyk & Matheson, 2012)?  

Second, which evolutionary steps precede the 

terminal states for the most massive stars? 

Very little is known about the progenitors of the 

SN impostors.  The physical mechanism behind these 

events remains a mystery unaddressed by models. 

Luminous Blue Variables (LBVs) have been 

considered possible progenitors due to their 

proximity on the HR Diagram and the high mass-loss 

S Doradus eruptions which define them.  But not all 

the stars in that area of the HR Diagram show 

evidence for high mass loss.   That leads to questions 

regarding the association of LBVs with OB super-

giants, Of/late-WN stars, B[e] super-giants (Be[sg]) 

and post red-supergiant stars dubbed Warm 

Hypergiants found near the “yellow void” (Gordon et 

al. 2016).  Building a spectroscopic and photometric 

baseline of their behavior and physical parameters for 

a large sample of the most massive stars could yield 

more insight into both LBV behavior and giant 

eruptions. 

 

2. The Survey 

In 2012 as part of National Science Foundation 

Grant AST-1108890, we began a photometric 

imaging survey of the most luminous stars in M31 

and M33.  Collaborators at the University of 

Minnesota used the Large Binocular Telescope 

(LBT) to identify 72 targets in M31 and 127 targets 

in M33, classify them spectroscopically, and 

determine their extinctions and luminosities 

(Humphreys et al. 2013, 2014; Gordon et al. 2016; 

Humphreys et al. 2017). 

Unlike previous surveys of M31 and M33 we do 

not intend to catalog every star down to a limiting 

magnitude at each epoch.  Our survey targets the 

most luminous stars in order to characterize and 

monitor their variability into the foreseeable future.  

The images also serendipitously capture information 

outside the intended scope of the survey.  Other 

surveys of these galaxies to date have operated with a 

high cadence over no more than 1-3 years.  Our 

cadence is less frequent, guaranteeing coverage of a 
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target in V and at least one other filter at least once a 

year.  At five years duration and counting, our survey 

is currently the longest contiguous survey of M31 

and M33. 

 

2.1  The Images 

The survey so far includes 346 images of M31 

and 130 images of M33.  Images are obtained using 

an Apogee U42 CCD Camera with a back-

illuminated E2v CCD42-40 chip on the F/13 20-inch 

(0.51 m) telescope at the University of Illinois 

Springfield Henry R. Barber Research Observatory 

near Pleasant Plains, IL.  The images are 19.4 x 19.4 

arcminute squares with a pixel scale of 0.57 

arcseconds per pixel.  The image positions vary from 

year to year in order to efficiently cover the targets 

and ensure spatial overlap at different epochs.  

Imaging is done from late July to January on 

moonless nights when M31 and M33 are at least 40 

degrees above the horizon. 

Exposures are recorded in four high-throughput 

broad-band filters manufactured by Astrodon:  

Johnson B and V and Cousins R and I.  The B filter is 

of the post-2013 design that does not have a red-leak.  

At every epoch, images are taken in V and at least 

one other filter.  The R filter has been used to take 

images since 2012.  Imaging with the B filter began 

in 2013 and imaging in the I filter started in 2015. 

All images are exposed for 600 seconds.  They 

are bias-corrected, dark-subtracted and flat-fielded.  

Bias-correction is done using a bias over-scan on 

each individual image.  Dark-subtraction is 

performed with a master-dark composed each night 

from no fewer than three independent dark frames.  

Prior to 2016, flat-fielding was done with dome flats.  

Since it has been performed with sky-flats taken at 

dusk on the same nights as the images.  The 

magnitude limit on the images (for a SNR of 20) is 

about 19.5 in B and V and 19.0 in R and I 

corresponding with an absolute magnitude of about -

4.5 in M31 and M33.   

 

2.2  Photometry 

A full description of photometry extraction is 

outlined in Martin & Humphreys (2017a). It is 

common for the target PSF to overlap with one or 

more nearby stars since average atmospheric seeing 

ranges from 3 – 5 arcseconds and the targets are 

mostly found in or near star forming regions.  The 

LGGS catalog (Massey et al. 2006) is used as a guide 

to identify all the overlapping sources.  Then PSF 

fitting is done by IRAF DAOphot (Stetson, 1987) 

using an elliptical gaussian PSF determined using no 

fewer than 20 bright stars hand-selected for each 

image.  Each image has between 6 and 35 

photometric comparison stars from the AAVSO 

Photometric All-Sky Survey DR9 (APASS; Henden 

& Munari 2014; Henden et al. 2016) selected using 

the method of Toone (2005).  Our list of comparisons 

stars is static across all epochs (listed in Martin & 

Humphreys (2017a) Table 3).  This method yields 

photometric errors for targets between 0.05 – 0.07 

mag.  For some targets fainter than 19 mag the errors 

are as much as 0.10 mag but almost never more than 

0.15 mag.  The errors in observed “check” stars in the 

vicinity of both galaxies confirm that the random 

errors in the photometry are on average 0.06 mag or 

less. 

Color corrections are computed and applied 

using terms determined for the 

telescope/filter/camera combination from separate 

observations of star cluster M67 done at least once a 

year.  We employ a time average of these terms since 

there has been no significant change in them for more 

than six years (Martin, 2017a). 

When a target is imaged more than once in the 

same filter on the same night, the independent 

measurements are averaged in our catalog.  Those 

overlaps are also monitored as a check on the 

photometric solutions.  Using the LGGS catalog we 

also flag the photometry published in our catalog 

according to the degree targets may be influenced by 

unresolved blends. 

A hypertext version of the catalog, including the 

data from the 2017-18 observing season, can be 

found online at: 

http://go.uis.edu/m31m33photcat  

 

3. Variability of Targets 

Our goal for this survey is to build a baseline of 

observations for the targets so that sudden changes or 

trends over many years can be detected and analyzed.  

The precision of the photometry allows detection of 

variability with an amplitude greater than 0.1 – 0.2 

mag.  The variability of each target is assessed by 

analyzing the correlation of brightness fluctuations in 

separate filters.  The limits employed are intended to 

minimize false detection and provide an objective 

result.  Note there is a bias in our analysis toward 

detecting variability in brighter targets (with smaller 

photometric errors) while missing it in fainter targets. 

Linear correlation coefficients (R
2
) are calculated 

comparing BV, VR and BR band pairs for 175 targets 

with at least four epochs of each pair to correlate.  

Here, thanks to the addition of data from the 2017-18 

season, we present 29 more targets than analyzed for 

variability in Martin (2017a).  I-band observations 

(which began in 2015) have been excluded from the 

http://go.uis.edu/m31m33photcat
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analysis because of their significantly shorter 

temporal baseline.   

Targets with correlation between bands that 

could indicate variability are classified as “very 

likely” (R
2
 > 0.70 in all three band pairs) or “likely” 

(R
2
 > 0.70 in two of three band pairs).  In this data 

release, twenty-five (25) targets are classified “very 

likely” variable and fifteen (15) targets are classified 

“likely” variable compared with 13 “very likely” and 

20 “likely” previously identified in Martin (2017a).   

As expected, adding epochs to the survey has 

enhanced our capability to detect variability with 

greater confidence.  Of the 20 targets previously 

classified as “likely” 10 were promoted to “very 

likely” while just three were removed.  Ten of the 

targets classified as “very likely” or “likely” in the 

most recent analysis were not previously identified as 

possible variables.  

Table 1 gives the breakdown of variability found 

by the type of target.       

 

3.1  Classical LBVs 

Eight of the nine classical LBVs in our survey 

show significant signs of variability.  In order to be 

classified an LBV, a star must undergo a S Doradus 

type outburst.  Those outbursts are characterized by 

brightening 1-2 magnitudes and changing spectral 

type from OB to and A or F type while undergoing 

enhanced mass loss.  Stars that share characteristics 

of known LBVs in quiescence (‘Of’ spectral type 

with a free-free IR continuum but no warm dust) are 

considered candidate LBVs.  But they are not 

considered true LBVs until they are observed in 

eruption.  

The survey includes all the candidate LBVs 

identified in Table 7 of Humphreys et al. (2017).  

Over the first five years we have discovered one new 

LBV, M31-004526.62 (Humphreys et al. 2015), and 

observed outbursts in two known LBVs:  Var C 

(Humphreys et al., 2014) and AF And (Martin et al., 

2017b, 2017c).   

With the addition of the latest data we note: 

 Known LVBs Var A1 and Var 15 (both in 

M31) began to brighten in 2017.   

 LBV M31-004526.62 has fallen in brightness 

and may have ended its first observed 

eruption.   

 LBV candidate M31-004425.18 has decreased 

about 0.4 mag in brightness since 2016, which 

is unusually large variability for stars of its 

spectral type (OB Supergiant).  See Figure 1. 

 PSO-J11.2574+42.0498, classified as an OB 

Supergiant, has continued a four-year 

brightening trend of more than half a 

magnitude. Its color has grown slightly redder. 

See Figure 2. 

 

We are confident that continued monitoring of 

candidate LBVs will catch future outbursts, 

determining which of the candidates are true LBVs, 

and further defining the evolutionary state of these 

stars. 

 

 
Figure 1.  Brightness and color changes in LBV 
Candidate OB Supergiant M31-004425.18 
(J004425.18+413452.2) 

 

 

 
 

Figure 2. Brightness and color of OB Supergiant PSO-
J11.2574+420498 (J004501.83+420259.0) over the last 
four years. 

3.2  Warm Hypergiants 

Analysis by Gordon et al. (2016) showed that 

about 30-40% of the yellow super-giants in our 
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survey exhibit strong wind absorption and/or 

evidence for warm dust.  These indicate that they are 

probably post-red super-giants on their second (or 

later) crossing of the HR diagram.  Var A in M33, 

found near the Yellow Void on the upper HR 

Diagram is an example of this class of warm 

hypergiants.   

Like yellow super-giants, these later-type stars 

exhibit greater variability than earlier spectral types 

with similar luminosities (OB super-giants and 

Of/late-WN, see Table 1).  Due to their location on 

the HR Diagram, there is some speculation that warm 

hypergiants are progenitors of low-mass LBVs.  Two 

warm hypergiants in our sample are classified as 

“likely” variables:  V-093351 (Figure 3) and V-

125093 (Figure 4).  While others (i.e. Var A) show 

some indications of variability that have not yet risen 

to a level of significance in our survey. 

 

 

 
Figure 3. Brightness and color of Warm Hypergiant V-
093351 (J013352.42+303909.6) 

 

 

Figure 4. Brightness and color of Warm Hypergiant V-
125093 (J013415.42+302816.4) 

 

3.3  Relationship of B[e]sg With Other 

Classes 

B[e]sg are OB super-giants with forbidden [O I] 

and [Fe II] in their spectrum along with indications of 

warm circumstellar dust. They are much more 

massive than normal Be stars.  Humphreys et al. 

(2017) argued that B[e]sg are probably not 

progenitors for LBVs.  The warm dust seen in 

evidence around B[e]sg is not normally associated 

with quiescent LBVs.  Also, most B[e]sg have 

luminosities much lower than LBVs in quiescence, 

implying lower masses. 

Almost half the B[e]sg in our sample are fainter 

than 19 mag.  The lower luminosities of B[e]sg make 

it difficult to compare their variability with other 

targets in our sample since their photometric errors 

are significantly larger as some of our faintest targets.  

Larger photometric errors bias our analysis against 

detecting their variability.   

In Table 1 we have given the variability statistics 

for a sub-sample of B[e]sg with V brighter than 19.0.  

The rate of detected variability in that sample (20%) 

is much more consistent with the variability seen in 

later spectral types and less consistent with other OB 

supergiant’s and Of/late-WN.  B[e]sg may share a 

closer association with yellow super-giants or warm 

hypergiants than OB super-giants. 

 

4. Conclusions and Looking Forward 

Our photometric survey of luminous stars in 

M31 and M33 is the longest duration survey of the 

stellar populations of the two galaxies to date.  After 

five years we have detected variability with an 

amplitude of 0.1 mag or greater in a number of 

targets, including outbursts of three known classical 

LBV and the discovery of one new classical LBV.  

As we continue to add epochs, the baselines for the 

most luminous stars in those galaxies will grow and 

provide us forewarning and improved context when 

significant evolutionary changes occur.  Our 

expansion of the sample of well-studied high mass 

stars should contribute to notably improving 

understanding post-main sequence evolution of the 

most massive stars. 
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   Median 

Vmag 

Percent 

Variable 

Detection Bin 

Class
a
 N N (V > 19.) Very Likely Likely 

OF/late-WN 13 0 17.95 0% 0 0 

OB Super-giants 46 1 17.67 13% 2 3 

Yellow Super-giants 32 2 17.36 31% 7 3 

Warm Hypergiants 10 1 18.12 20% 0 2 

Classical LBVs 9 0 16.99 89% 7 1 

Candidate LBVs
b 

21 1 17.86 19% 0 3 

B[e] Super-giants (All) 18 8 18.85 11% 1 1 

B[e] Super-giants (V < 19) 10 0 18.17 20% 1 1 

Unknown 19 3 17.75 36% 2 5 

Peculiar 3 0 17.11 0% 0 0 

Table 1: A Summary of variability Detected in Survey Targets.  Notes: 
a
 Spectral classification from Humphreys et al. 

(2017).  
b
 Candidate LBVs are stars which have never been observed in eruption that have the spectral characteristics 

of classical LBVs in quiescence (Table 7 in Humphreys et al. (2017) 
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Abstract 

An initial step in confirming the existence of an exoplanet is the determination whether a light-curve produced by a 
photometric time-series analysis is caused by the transit of a planet or is blended light coming from other sources that 
might mimic an exoplanet transit. Such detection of false positives is especially needed when target stars are 
identified as possible exoplanet candidates by space-based telescopes that have large photometric apertures, such 
as TESS (Transiting Exoplanet Survey Satellite). With large-scale surveys such as TESS, the use of professional 
observatories to conduct such time-consuming times-series measurements becomes impractical. Fortunately, 
ground-based surveys such as KELT have established the value of using small (sub-meter diameter) telescopes to 
help detect exoplanet false positives. 

This paper will describe the false positive detection scenarios commonly associated with all-sky surveys such as 
TESS, as well as methods used to detect them. Best practices, especially those associated with the differential 
photometry and transit modeling phases, will be discussed as they apply to false positive detection. This paper is 
intended to be especially useful for observers with sub-meter telescopes who wish to participate in large-scale 
exoplanet pro/am collaborations, such as the TESS follow-up program. 

1.  Introduction 

The role that amateur astronomers have played in 

exoplanet research is well established (Conti et al. 

2016). With small (i.e., sub-meter aperture diameter) 

telescopes, amateur astronomers have conducted time-

series analysis of exoplanet transits with enough 

precision to help refine the ephemerides of known 

exoplanets. The Exoplanet Transit Database (ETD 

2018), maintained by the Czech Astronomical Society 

(Poddany et al. 2010) represents several years of 

exoplanet observations by amateur astronomers. Such 

observations have been conducted in seeing-limited 

conditions – i.e., where the limitations on photometric 

precision have been governed more by the atmospheric 

conditions of the observing location than by the 

diffraction limitations of the telescope being used. 

In addition to refining the ephemerides of known 

exoplanets, amateur astronomers have also participated 

in ground-based, large scale surveys such as KELT 

(Kilodegree Extremely Little Telescope) (Pepper et al. 

2007) to help distinguish false positives from true 

exoplanet transits. Such follow-up observations by a 

network of observers with small telescopes have 

relieved the need for precious time at professional 

observatories. In the case of KELT, a global network of 

amateur and professional astronomers, in both the 

Northern and Southern hemispheres, have provided 

both the temporal and geographic coverage needed to 

provide follow-up observations of the KELT all-sky 

exoplanet survey. The success of the KELT Follow-up 

Network (KELT-FUN) is evidenced by the number of 

false positives detected by observers (Collins et al. 

2018). 

With the advent of TESS (Transiting Exoplanet 

Survey Satellite) (Ricker et al. 2014), the need for 

ground-based, seeing-limited, follow-up observations 

will especially be useful. In fact, such observations are 

the first step in the TESS pipeline leading to the 

confirmation of an exoplanet candidate. For TESS, such 

observations will help identify false positives, as well 

as help refine the ephemerides of confirmed exoplanet 

candidates. 

This work will use the following definitions of 

“candidate exoplanet” and “confirmed exoplanet.” as 

stated in the Glossary of the TESS Science Writers’ 

Guide (NASA 2018a): 

 

Candidate exoplanet: A signal in the data that 

exhibits the characteristics of a transiting exoplanet 

but has not yet been confirmed.  

Confirmed exoplanet: A signal in the data that 

exhibits the characteristics of a transiting exoplanet 

and has been confirmed, typically with additional 

data from complementary surveys or statistical 

analyses of existing data. 

 

mailto:dennis@astrodennis.com
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Section 2 provides a short overview of the TESS 

mission, since this will be used as the basis for 

discussion in subsequent sections. Section 3 describes 

the reason why false positives are of such high 

occurrence for all-sky surveys such as TESS. Section 4 

discusses the photometric factors used to identify false 

positives. Section 5 presents various false positive 

scenarios and the false positive detection factors 

associated with each scenario. Section 6 includes an 

example of a false positive detection. Section 7 

discusses some of the best practices associated with 

false positive detection.  

 

2.  TESS Overview 

TESS is the next generation of space telescopes 

devoted to exoplanet science.  Therefore, a review of 

the challenges that the TESS mission faces will be 

instructive in helping to understand the need for and the 

role of ground-based, follow-up observations in 

distinguishing false positives from true exoplanet 

transits. 

TESS follows the very successful Kepler mission. 

Kepler concentrated on  150,000 stars in a small area of 

the constellation Cygnus (Figure 1) and has confirmed 

to-date over 2,300 exoplanets (NASA 2018b). 

 
Figure 1: Kepler’s Field-of-View (Courtesy NASA) 

However, due to the loss of the second of its four 

reaction wheels, Kepler was then repurposed to conduct 

observations along the ecliptic plane (Figure 2). 

 
Figure 2: K2’s Field-of-View (Courtesy NASA) 

Named K2, this repurposed use of Kepler has to-date 

confirmed over 309 exoplanets (NASA 2018b). 

Unlike its Kepler predecessors, TESS will conduct 

an all-sky survey of near-by, bright, cool stars. TESS 

was launched on April 18, 2018. The main science 

objective of TESS is to “measure the mass of 50 small 

(less than 4 Earth radii) transiting planets.” A 

measurement of mass, along with radii measurements, 

will help exoplanet researchers determine the average 

density of the planet, and therefore whether or not the 

planet is rocky. This will then provide the James Webb 

Space Telescope (JWST) (NASA 2018c) with Earth 

and super-Earth size targets for which it can 

characterize their atmospheres. For this reason, TESS 

has been called a “finder scope” for JWST. 

TESS operates in a unique elliptical orbit called 

P/2. The orbit is not aligned with the ecliptic plane, but 

rather is at an angle to it (see Figure 3). 

 

 
Figure 3:  TESS Orbit (Courtesy Michael Richmond) 

Also, TESS orbits the Earth in a 2:1 resonance with the 

Moon, so that for every orbit of the Moon around the 

Earth, TESS makes two orbits. Furthermore, at the 

LAHO (Low Altitude Housekeeping Operations) point 

in its orbit when it is closer to Earth, TESS will transmit 

to Earth the data it collected during the HASO (High 

Altitude Science Operations) portion of its orbit. 

TESS consists of four 4” aperture cameras, each of 

which simultaneously looks at a different declination 

range of the ecliptic sphere (see Figure 4). 
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Figure 4: TESS Imaging per Sky Sector (Courtesy NASA) 

Each camera has an f/1.4 lens and four (4) CCD 

detectors (see Figure 5). 

 

 
Figure 5:  A Single TESS Camera 

Each CCD detector consists of an array of 2048 x 2048 

15 micron pixels. The combined focal length and pixel 

size result in an image scale of 21 arc-seconds (21”) per 

pixel. 

Exposures are taken every two (2) seconds and are 

combined into two stacks (see Figure 6): sixty (60) 

images are stacked together to form a 2 minute 

combined exposure, and nine hundred (900) images are 

stacked together to form a 30 minute combined 

exposure. 

 

 
Figure 6:  TESS Images 

From the 2 minute combined exposure, “postage 

stamp” images of the pre-defined TESS targets are 

extracted, each nominally representing 10 x 10 pixels. 

From the 30 minute combined exposures, the “full-

frame” images will be useful for other exoplanet and 

astrophysical research. As part of the TESS pipeline, a 

nominal 1 arc-minute (1’) photometric aperture is 

applied around each target. 

 

3.  Occurrence of False Positives 

In order to efficiently conduct an all-sky survey of 

exoplanets in a reasonable amount of time, a large field-

of-view (FOV) is needed for each captured image. This 

is true for both space-based and ground-based all-sky 

surveys. 

For example, whereas a typical amateur astronomer 

performing deep sky imaging, might capture an image 

with a FOV of, say, 23’ x 18’, an image in all-sky 

survey such as TESS would be on the order of 6° x 6°. 

Even with such a large FOV, it will take TESS two (2) 

years to complete its survey of both ecliptic 

hemispheres. 

Furthermore, for an all-sky survey such as TESS, 

its relatively large photometric aperture and pixel scale 

means that the light from multiple stars will be blended 

together. For example, a TESS photometric aperture 

will nominally have a radius of 1’, whereas a ground-

based photometric aperture might have a much smaller 

photometric aperture of, say, 7”.  

Figure 7 depicts a ground-based image showing a 

TESS aperture and pixel overlaid on it. As can be seen, 

several stars would be blended into the TESS aperture 

and two stars that are resolvable from the ground would 

even be blended together in the same TESS pixel. In 

fact, as we shall see in the example in Section 6, the star 

in the upper left of the TESS pixel in Figure 7 is 

actually a near-by eclipsing binary (NEB) that, when 

blended with the light of the (target) star in the lower 

right, mimics an exoplanet transit. 
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Figure 7:  TESS Aperture and Pixel 

With such a large photometric aperture, the light 

from a number of stars are blended together with the 

target star and the light from a near-by eclipsing source 

could “contaminate” the aperture such that the target 

star mimics an exoplanet transit. As a result of this 

blending, except for a few cases (Santerne et al. 2013), 

data from the all-sky survey itself may not be sufficient 

to resolve the source of a periodic dip in light. 

The following example, derived from Santerne et 

al. (2013), demonstrates how the light of an eclipsing 

binary (EB),  blended with a brighter nearby star, can 

mimic a transiting exoplanet. 

Assume that the flux of a target star is blended with 

that of a neighboring EB and that  the blended system is 

10 magnitudes greater than the light of the EB alone. 

Furthermore, assume that the EB contains two stars of 

equal mass and radius. Each eclipse of the binary 

system would then result in a 50% reduction in the 

combined flux of the EB.  Now, let: 

δeb = the transit depth of the EB system itself, 

meb = the magnitude of the EB system, 

δt = the transit depth of the blended target and EB, 

mt =  the magnitude of the blended target and EB.  

Since 

meb – mt  is approximated by 2.5* log10(δeb/ δt) and 

δeb = 0.5 and meb – mt = 10 

then: 

δt = 0.00005. 

Namely, the blended system could mimic a transiting 

exoplanet with a transit depth of 0.005%. 

Ground-based observations, even in seeing-limited 

conditions, have proven to be a valuable asset in 

resolving the source of light curve dips and therefore 

identifying false positives. Coupled with other 

techniques such as precise radial velocity 

measurements, a true exoplanet transit can then be 

distinguished from a false positive. 

 

4.  Photometric Factors Used to Detect 

False Positives 

There are a number of photometric indicators used 

to help identify exoplanet false positives. This section 

discusses the more common ones. Section 5 will 

discuss how these indicators are used in various false 

positive scenarios. 

 

4.1  Shape of the Light Curve 

The shape (“morphology”) of the light curve itself 

can provide a clue as to whether a dip in the light curve 

is caused by an exoplanet transit or by an eclipsing 

binary. For example, a bucket-shaped light curve is 

more indicative of a small body transiting a star than a 

V-shaped light curve (see Figure 8 below). 

Figure 8. Bucket-shaped curve (indicative of a transiting 
exoplanet) vs. a V-shaped curve (indicative of an eclipsing 
binary) 

This is due to the fact that an eclipsing body with a 

much smaller radius than the star it is eclipsing will 

have a fairly quick drop in light, followed by a constant 

reduction in light of the host star, and followed again by 

a fairly quick return to the nominal out-of-transit value. 

Hence, a bucket-shaped curve results. 

On the other hand, a transit caused by an object 

such as a grazing planet or a star, either of whose disk 

is never completely inside the disk of the host star and 

will reach the opposing limb of the host star rather 

quickly, will result in very little, if any, of a flat bottom. 

Hence, a V-shape curve results. 

 

4.2  Alternating Depths 

If alternating (“odd-even”) eclipses of a target 

exhibit different, deep V-shaped depths, then this is 

usually indicative of two  transiting stars (Figure 9). 

 

 
Figure 9: Alternating V-shaped curves indicative of an 
eclipsing binary system 
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Furthermore, if such odd-even eclipses are not evenly 

spaced, this is usually indicative of two eclipsing stars 

in an elliptical orbit. 

 

4.3  Depth Variations in Different Passbands 

If the eclipse of a target exhibits depth differences 

of a few mmag or greater when imaging is done in two 

passbands, say with a Johnson-Cousins’ B filter and I 

filter, then this is usually indicative of two eclipsing 

stars. This is especially true of two stars of different 

stellar types (Figure 10). 

 

 
Figure 10: Color differences indicative of eclipsing stars 
 

4.4  Depths Indicating a Non-planetary Body 

The depth of the light curve itself, combined with 

the knowledge of the approximate radius of the star, can 

help determine if an eclipse is possibly being caused by 

a non-grazing planet. For example, the depth of the 

light curve = (Rp/R*)
2
, where Rp=the radius of the 

putative planet and R* = the radius of the host star. 

Thus, given R* and the light-curve depth, one can 

estimate Rp. If Rp is >  2.5 times the radius of Jupiter, 

then the eclipsing object is likely to be of a non-

planetary nature. For a grazing planet, the depth 

represents a lower limit of the planet’s radius. 

 

5.  False Positive Scenarios 

This section includes various false positive 

scenarios and how the factors described in the previous 

section are used to identify them. These identification 

techniques can be used by observers even in seeing 

conditions of 3.5”- 4.0” or less. 

The terms EB and NEB below refer to an eclipsing 

binary star system and to a “near-by” eclipsing binary 

system, respectively. An NEB is an EB that is near the 

target being observed. Here, the EB and the NEB are 

themselves assumed to be eclipsing stars that are so 

tightly bound that their primary and secondary stars are 

not resolvable by the ground-based observation. 

 

5.1  Target Star Has a Distinguishable NEB 

In this scenario, the target star and a NEB are 

blended together in the survey’s photometric aperture 

such that there are periodic dips in the survey’s light 

curve. However, ground-based observations are able to 

resolve the target star from the NEB (see Figure 11). 

Furthermore, the NEB itself generally shows depth 

changes on alternating observations and each light 

curve usually shows a deep, V-shaped curve.  

 

 
 
Figure 11: Target Star and a NEB 

In addition, if the V-shaped curves are not evenly 

spaced in time, this could be indicative of a NEB that is 

in an elliptical orbit. Note that this scenario can also 

occur if the target and NEB appear in the sky as close 

companions due to a chance alignment. 

 

5.2  Target Star and a NEB are not 

Distinguishable 

In this case the target and the NEB are blended 

together in the survey’s photometric aperture, however, 

they are also indistinguishable even in ground-based 

observations (see Figure 12). 

 
Figure 12: Target Star Blended with a NEB 

In this case, if a periodic eclipsing event taken in two 

different passbands– ideally, one in the blue end of the 

spectrum and the other at the red end – shows a 

difference in depths of a few mmag or more, then it is 

likely that this represents a blend of the target star and a 

NEB. Here the same or different observers would use 

filters in each passband either on the same night or on 

successive occurrences of the periodic eclipsing event 

to capture any such light curve differences. Section 7.7 

discusses some of the techniques for capturing such 

observations in different passbands.  Note that this 

scenario can also happen if the target and NEB are not 

gravitationally bound, but rather represent a chance 

alignment. 
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5.3  Target Star and a NEB are a Hierarchical 

Triple 

In this situation, the target star and the NEB are 

orbiting each other – i.e., they represent a so-called 

hierarchical triple  (Figure 13). 

 
Figure 13: A Hierarchical Triple 

The same detection method is used for this scenario as 

the one used to identify the above scenario, namely a 

periodic eclipsing event showing a few mmag or more 

depth difference in two different passbands. 

 

 

5.4  Target is Actually an EB with Blending 

from a Neighbor 

Here the target star and a near-by star are spatially 

resolvable by ground-based observations, but the target 

is actually an EB (Figure 14). 

 
Figure 14: Target is an EB with Neighbor 

This is indicated by its light curve usually showing a 

deep, V-shaped pattern. 

 

5.5  Target is an EB and the Secondary Star 

Mimics a Planet Transit 

In this case the target is an EB and the secondary 

star is small enough relative to the size of the primary 

star that it results in a bucket-shaped light curve (Figure 

15). 

 

 
Figure 15: Small Secondary Star in an EB 

However, if the radius of the transiting object is 

estimated to be greater than 2.5 times the radius of 

Jupiter, then the object is more likely of a non-planetary 

nature (see Section 4.4). 

 

5.4  Target is an EB and the Secondary Star 

Grazes the Primary Star 

As in the previous scenario, the target is actually an 

EB, however the secondary star “grazes” the primary 

star (Figure 16). This would typically result in a V-

shaped vs. a bucket-shaped light curve, thereby 

identifying this as a potentially non-planetary transit. 

However, a radial velocity study would be needed to 

confirm this. 

 

 
Figure 16. A Grazing Secondary Star 

 

6.  Example: False Positive Detection 

This section contains an example of the detection 

of a  false positive of the form described in Section 5.1. 

As will be seen, factors described in Sections 4.1, 4.2, 

and 4.4 were used to confirm this detection. That is, a 

combination of the shape of the light curve, alternating 

depths, and the non-planetary size of the eclipsing 

object helped confirm that there is a NEB 

contaminating the photometric aperture of the target 

star. 

In this example, the target (identified by T1 in 

Figure 17) was a 11.28 V-magnitude star in the TESS 

input catalogue. 

 
Figure 17: Original target T1 and detected NEB T2 
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This target was also previously a target identified by the 

KELT project as having periodic eclipses every 0.63 

days.  

As described below, two observations confirmed 

that there was a NEB (identified by T2 in Figure 17) 

causing the KELT pipeline to initially identify the 

target as an exoplanet candidate. 

One observation was conducted by Rick Schwarz 

and Harvey Patashnick using the Patashnick 

Voorheesville Observatory (PVO) with a V-filter 

(Figure 18). 

 
 

Figure 18: Observation of NEB by Patashnick 
Voorheesville Observatory 

This was followed 11 eclipses later by the author’s 

observation of the NEB using a V filter (Figure 19). 

 
Figure 19: Observation of NEB by Conti Private 
Observatory 

Both observations showed no variability in the target 

star, however, as seen in Figures 18 and 19, both 

showed a deep, V-shaped light curve for a star 19” 

away. 

When the two observations of this nearby star are 

overlaid on each other, a depth difference of 

approximately 3% percent is seen (see Figure 20). 

 
 

Figure 20: Both NEB observations 

This depth difference of “odd-even” eclipses, along 

with the V-shape of both light curves and the amount of 

transit depth, confirmed this NEB as the reason that the 

target was originally and correctly identified in the 

KELT pipeline as a potential candidate. 

 

7.  Best Practices for Detecting Exoplanet 

False Positives 

Best practices associated with exoplanet observing 

have been well-documented elsewhere (Conti 2017a 

and Gary 2014). Also, “A Practical Guide to Exoplanet 

Observing” by the author (http://astrodennis.com) 

provides a step-by-step approach to exoplanet 

observing using AstroImageJ (AIJ). AIJ (Collins et al. 

2016) is an all-in-one software package for image 

reduction and exoplanet transit analysis. In addition, 

online courses sponsored by the American Association 

of Variable Star Observers (AAVSO) provide training 

material for conducting high, precision exoplanet 

observing. To-date, however, such documentation and 

training have been primarily oriented toward the 

observation of confirmed exoplanets. 

This rest of this paper will concentrate on those 

best practices and observational methods related to the 

detection of false positives associated with  candidate 

exoplanets.  

http://astrodennis.com/
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For large-scale surveys such as TESS, false 

positive detection is an important part of the overall 

exoplanet confirmation process. For example, Figure 21 

depicts the pipeline associated with  the confirmation of 

exoplanets for the TESS survey. 

 

 
 

Figure 21: The TESS Planet Confirmation Pipeline 

 

As can be seen, the first step in the pipeline, is “Seeing-

Limited Photometry.” This step consists of ground-

based observations of TESS Objects of Interest that are 

first classified by automated and human means as 

potential exoplanet candidates. 

The observational challenges facing the detection 

of false positives includes: resolving NEBs from the 

original target, characterizing the depth of such NEBs, 

and observing color dependent depths of the target. 

This section will address the best practices associated 

with these challenges. 

 

7.1  Objective of the Observation 

First, the purpose of the observation should be 

understood. For example, is the purpose: 

1. To detect if any EB’s exist in the vicinity of 

the target star? 

2. To determine the transit depth in a particular 

passband? 

3. To determine if the transit depth at an odd 

period is different from the depth at an even 

period? 

4. To refine the midpoint of when an eclipse 

occurs? 

For professionally conducted surveys such as 

TESS, observers will often be given guidance as to the 

purpose of an upcoming observation for a particular 

target.  

If the objective is to detect any NEBs, guidance 

will typically be given as to the distance from the target 

star that neighboring stars should be checked for a 

detectable transit. A program such as AIJ easily allows 

for such checks to be done. With AIJ, stars around the 

target are initially designated as comparison stars 

during the differential photometry process. One by one, 

each can then be treated as target stars themselves to 

see if they exhibit the characteristic deep, V-shaped 

light curve of an EB. 

 

7.2  Resolving an EB from the Target Star 

In the case of a close-in EB, the ability to conduct 

differential photometry on it will be a function of 

whether it can be resolved sufficiently enough from the 

target star to be able to conduct differential photometry 

on it. The ability to resolve the EB from the target will 

be determined by a number of factors. Although the 

aperture of the telescope itself defines the theoretical 

resolution limit, the following are the factors in practice 

that limit the observer’s resolving power: 

1. The atmospheric seeing and transparency 

conditions at the time of the observation. 

2. The focus precision. 

3. The amount of image shift caused by polar 

misalignment and/or inadequate auto-guiding. 

4. The exposure time of each image capture. 

The observer can control all but the first factor. 

However, setting the appropriate exposure time does 

have its challenges, as discussed below. 

 

7.3  Setting the Appropriate Exposure Time 

If the target will be ascending at the beginning of 

the observation, then the exposure time should be set 

such that its brightness does not reach the saturation or 

non-linearity points of the imaging camera before it 

reaches the local meridian. 

If a faint neighbor is close to the target, then setting 

the exposure time is more problematic, as described 

below. 

 

7.4  Dealing with a Bright Target and Faint 

Neighbors 

If one or more neighboring stars are much fainter 

than the target and they are to be tested along with the 

target star to see if there are signs of any detectable 

transits, then a second observation run would normally 

have to be done with an exposure time large enough to 

achieve sufficient SNR on the fainter stars, at the 

expense of saturating the target star. 

An alternative approach, however, would be as 

follows. If the observer’s image capture software allows 
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for it, alternating series of images can be taken with 

different exposure times. For example, the exposure 

time for Series 1 would be set to provide high SNR for 

the target, while the exposure time for Series 2 would 

be set to provide a higher SNR for the faint star(s), at 

the expense of saturating the target star. Images would 

be captured alternating between each series. Two 

separate differential photometry runs could then take 

place on the two separate sets of images: the first would 

be used to detect a transit associated with the target star, 

and the second to detect any transits of the fainter 

star(s). 

 Although this approach will result in the reduction 

in cadence of both exposure series, if the objective is to 

detect a NEB and a short exposure time is all that is 

needed for the bright star, then the cadence may not be 

that critical. 

For front-illuminated CCD detectors, however, one 

should first conduct a test to see if the CCD detector 

exhibits any RBI (residual bulk image) effects due to 

the target star being saturated. If present, RBI could 

affect the photometric precision of the target, even  at 

the reduced exposure times on a subsequent image. An 

explanation of RBI can be found at NASA (2009). 

 

7.5  Establishing an Out-of-Transit Baseline 

In establishing an accurate measure of the transit 

depth either of the target star or of a NEB, an adequate 

out-of-transit baseline should be established. Ideally, 

this would include 30 minutes of pre-ingress and 30 

minutes of post-egress imaging. Even if only a partial 

observation is possible, a sufficient amount of pre-

ingress or post-egress baseline is necessary. 

 

7.6  Conducting a Meridian Flip 

In the case of a German equatorial mount, a 

meridian flip (MF) may be necessary due to the target 

passing from East to West across the local meridian. 

Ideally, the MF should be timed as close as possible to 

the mid-point of the transit. Furthermore, the time lost 

in conducting the MF and getting back on target should 

be minimized. 

A program such as AIJ can later be used to correct 

for (“detrend”)  any artificial increase or decrease in 

flux measurements as the star field is flipped across the 

diagonal of the detector. 

The extent of the correction needed is also related 

to the ability of flat-field correction to compensate for 

differences in the responsiveness of photosites and the 

effects of dust donuts on the detector. It should be noted 

that flat-field correction is also helpful in increasing 

overall photometric precision in the presence of image 

shift. 

 

7.7  Determining Chromatic Differences 

As described in Section 4.3, one of the factors in 

determining whether an eclipse is a true exoplanet 

transit or an EB, is to determine any detected transit 

depths in different passbands. This could be 

accomplished by observing the target at the predicted 

transit times in two different filters. Often the survey 

that the observer is participating in will give guidance 

as to which filter(s) to use. As described below, two 

techniques can be used to image the target in two 

different filters during a single observing session. 

One approach is to alternate between two filters 

installed in the observer’s filter wheel. This can be done 

using popular capture software or automated control 

software. The disadvantages of this approach include: 

the reduction in cadence in each of the passbands, the 

possible need to image with different exposure times 

and to refocus when each filter is used, and possible 

systematics introduced in moving between filters in the 

filter wheel. 

An alternative approach is to image simultaneously 

in two passbands, specifically in both the near-infrared 

(NIR) and any of the standard filters available in the 

visible spectrum. This has been demonstrated (Conti 

2017b) using two imaging cameras along with the 

commercially available  On-Axis Guider (ONAG) – see 

Figure 22. 

 
Figure 22: Use of an ONAG to simultaneously image in two 
different passbands 

This approach overcomes all of the disadvantages 

of the above filter wheel approach. However, it does 

require an additional imaging camera and the ONAG, 

although the imaging camera on the ONAG’s guide 

port can also be used to conduct high-precision 

autoguiding. 

 

7.8  Image Reduction and Analysis 

Consider the following three phases involved in 

analyzing the observation of a confirmed exoplanet: 
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1. The image calibration phase, where bias, dark 

current, and flat-field corrections are applied 

to the raw science images. 

 

2. The differential photometry phase, where the 

flux of a target star is computed relative to the 

total flux of an ensemble of suitable 

comparison stars. Here a photometric aperture 

is selected whose radius is at least two (2) 

times the number of pixels of the target star’s 

full-width-at-half-maximum (FWHM). An 

appropriate size annulus is also selected that 

typically contains four (4) times the number of 

pixels in the aperture. 

 

3. The transit modeling phase where an attempt 

is made to fit an exoplanet transit to the 

relative flux of the target star. This phase also 

includes steps to optimize the fit using some 

limited number of “detrend” parameters, of 

which airmass is the most typical, as well as 

deselecting some comparison stars and 

perhaps even redoing the differential 

photometry phase with a different size 

aperture. 

The same best practice techniques dealing with 

image calibration of confirmed exoplanet observations 

(Conti et al. 2017a) apply to false positive detections as 

well. However, for observations where false positive 

detection is the principal focus,  then slightly different 

approaches to the differential photometry and transit 

modeling may be needed. Furthermore, these 

approaches  may vary depending upon the particular 

objective of the observation (see Section 7.1). This 

section provides some examples. 

 

7.8.1  Detecting an EB or NEB 

If the objective is to determine whether the target 

or a near-by star is an EB, the observer will typically be 

given guidance as to the area around the target star to 

be tested. First, differential photometry in the normal 

way is performed on the target star and all surrounding 

stars, the latter all being considered initially as 

“comparison stars.” Next, one by one, each comparison 

star is designated as a “target” star to detect any transits 

it might exhibit.  For AIJ, this is easily done by 

alternately deselecting each comparison star using AIJs 

Multi-plot Reference Settings window. AIJ then treats 

this (former) comparison star as a new target.  

If the resulting light curve for either the original 

target star or one of the comparison stars shows a deep, 

V-shaped transit, then there is less a need for an 

accurate transit fit, except to determine approximate 

transit depth. 

 

7.8.2  Determining the transit depth in a particular 

passband 

If the objective is to determine any chromaticity 

differences associated with a transit, then three 

observation scenarios are possible, as described in 

Section 7.7: (1) the observation is done with only one 

bandpass filter and later compared with observations 

done using another filter by other observations at the 

same time or subsequent times; (2) an observation is 

conducted with two alternating filters by a single 

observer; or (3) a single observation uses two imaging 

cameras to record a transit simultaneously in two 

different wavelengths. In each of these scenarios, 

differential photometry is conducted separately for each 

bandpass run. The transit depths in each bandpass are 

then compared to see if they meet the “few mmag or 

greater” difference criteria specified in Section 4.3. 

 

7.8.3  Refining the Midpoint of a predicted transit 

If the objective of the observation is to refine the 

midpoint of a predicted transit, then the differential 

photometry and transit modeling phase would be 

performed in the normal way for confirmed exoplanets, 

as outlined in Conti (2017). 

 

8.  Summary 

An overview of the TESS mission is presented as 

an example of an all-sky survey and the challenges it 

presents with detecting true exoplanet transits. In 

particular, the blending of light from multiple sources 

can, in a number of different ways, mimic the transit of 

an exoplanet transit. The various scenarios and methods 

for detecting such false positives are presented. To 

demonstrate the application of several of these methods 

to a single observation, the actual detection of an EB is 

presented. 

Best practices with exoplanet false positive 

detection are presented, specifically as they apply to the 

differential photometry and transit modeling phases. 

This paper is intended to be useful to observers 

with sub-meter telescopes who wish to participate in 

all-sky exoplanet surveys such as TESS. 
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Abstract 

Photometric observations of astronomic targets that vary in apparent brightness, including variable stars, 
exoplanets, and solar system minor planets, share most elements of observation technology and even of early 
data reduction steps. But photometric time-scales can vary from minutes to months, their target colors may range 
from blue to extremely red (with V-I from < 0 to ca. 8), and their variability in B or V passbands may vary from low 
millimagnitudes (exoplanets) up to 7-10 magnitudes (Mira LPVs). This means that measurement precision and 
accuracy, systematic vs random/stochastic errors, and even time base accuracy affect the different 
measurement types very differently. This presentation offers some suggestions on accounting for precision and 
accuracy arising from random and most uncorrected systematic errors in amateur photometrists’ different 
measurements, so that multiple observers can merge data coherently, to provide the greatest combined scientific 
value. 

1.  Introduction 

Success in difficult measurements may start with 

first evaluating several broad elements, in 

approximately this order: purpose of the measurements; 

risks to the measurements’ precision and accuracy and 

efficient means to avoid or correct them; and adopting 

sustainable execution practices, including cadence and 

scheduling of one’s observations.  

This work very briefly addresses these general 

elements of amateur photometry, emphasizing common 

risks to precision and accuracy, with the proviso that 

one’s purpose in attempting the measurements at all 

should drive one’s choices in allocating efforts to 

address data quality and scientific utility. 

 

2.  Precision and Accuracy 

Precision is the typical agreement between 

independent measurements of the same target or (with 

more risk) of targets known to be identical. If 

measurements can be repeated, precision can be 

estimated; otherwise, an precision can be estimated 

either from adding standard deviations of known errors 

(usually in quadrature) or from relevant experience with 

this or similar measurement practices (which amounts 

to Bayesian priors). Precision expresses reproducibility 

of a given measurement practice, but it does not directly 

indicate measurements’ asymptotic agreement with the 

true value. 

Accuracy is, strictly defined, a single 

measurement’s agreement with the true value. 

Disagreement comprises two kinds of error: bias of the 

measurement, which is the average deviation from the 

true value; and “random” error (imprecision) which is 

the typical deviation of individual measurements from 

each other. Thus, strictly speaking, accuracy cannot be 

better than precision, but in common usage, accuracy is 

meant to refer to the bias, which can be estimated if the 

true value is known and if precision is high enough. 

In short: averaging of individual measurements can 

improve the aggregate precision, whereas averaging 

cannot improve measurement bias but can only help 

estimate it.  

Figure 1 makes the common distinction between 

precision and accuracy. 

 
Figure 1:  Accuracy vs precision when the true value is 
known (e.g., standard stars). 

The bad news in this distinction is that one cannot 

know the accuracy of a target (unknown) 

measurement—at best, the precision sets a limit on 

accuracy of a single observation. But the good news is 

that by averaging observations with well characterized 

precision, one can eventually beat down random error 

of the aggregate or average, and when the aggregate 

precision is sufficiently reduced, the measurements’ 

bias will be exposed and can be addressed. 
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Figure 2:  Accuracy vs precision when the true value is not 
known (e.g., target stars). 

In Figures 1 and 2, the targets were illustrated with 

arbitrary offset to remind the reader that, by itself, 

excellent precision does not confirm even acceptable 

accuracy in measurements, just as repeating the same 

statement in conversation does not confirm its accuracy. 

Very reproducible data may well contain bias. Causes 

of measurement scatter (lack of precision) are 

commonly called random error (though they need not 

be statistically random). Causes of measurement bias 

(lack of measurement accuracy) are called systematic 

error.  

To the extent that random error is independent 

from observation to observation, and when the 

observations can be repeated, precision is improved by 

averaging. However, averaging does not much improve 

accuracy: eliminating or correcting for systematic errors 

are much more effective. 

The real difficulty is that systematic errors usually 

need to be discovered by measuring bias (using 

standard targets), so that the data need to be already 

precise enough to detect the bias. This is a formidable 

bootstrap problem. So when striving to launch new 

measurements or to markedly improve them, whether in 

astronomical photometry, laboratory sciences, or even 

software debugging, one ends up reiterating a universal 

pattern of: (1) ensuring acceptable reproducibility 

(“First, get control of the system”), and only then (2) 

entering a cycle of improving accuracy against 

standards, to further stabilize the system, to get more 

precision, to correct more systematic errors, and so on. 

 

2.1  Differentiation by Time Scale 

In CCD astronomical photometry, image-to-image 

random errors are relatively independent, meaning that 

causes of random error tend to have short time scales, 

whereas systematic errors tend to have longer time 

scales. This useful rule of thumb arises because, almost 

by definition, random errors by definition vary between 

consecutive images (order of minutes), but systematic 

errors persist between consecutive measurements (from 

hours to years), for example those done under a given 

night’s sky, or with a given camera or set of filters.  

Certain short-term, random errors may well call for 

longer-term remedies, for example, in choosing a better 

guide star long-term to sharpen star profiles for more 

consistent individual observations. Even so, the 

timescale rule of thumb holds far more often than it 

doesn’t. 

 

2.2  The Role of Purpose 

The greatest single boost to efficiency and value of 

any difficult measurements comes from first evaluating 

motives for attempting the measurements at all. Why 

one makes measurements—the scientific value one 

hopes to gain—will guide how they should be done. 

An example of the link between purpose and 

technical method is in measuring distance vs measuring 

velocity, for example in measuring the distance from 

earth to moon vs its rate of change. Both probably use 

the same lasers, moon-surface reflectors, atomic clocks, 

and electronics. But when reporting absolute distance 

the absolute time scale without systematic errors 

(accuracy) is critically important, whereas when 

reporting velocity (closure rate), the absolute time scale 

becomes much less important, but reproducibility 

(precision) is much more important.  

Variable-star target types differ so profoundly that 

they call for profoundly differing photometric purposes. 

These differing purposes among target types lead to 

differing measurement risks and recommendations to 

alleviate those risks. 

This work sets aside—without minimizing it— 

amateur photometry’s purpose of pure joy and justified 

sense of accomplishment, the motive for many or most 

amateur photometrists’ making a start at all. But here 

we will concentrate on the scientific value of 

contributed photometry data.  

 

3.  Photometry of Variable Stars 

Differential CCD astronomical photometry as 

considered here requires measuring the photon flux of 

resolved target-star profiles and resolved comparison-

star (comp star) profiles, in the same image. Target 

brightness is considered to be unknown and possibly 

variable. Comp (comparison) stars are secondary 

standard stars with constant brightness. Each comp 

star’s brightness is known from previous 

measurements, ideally against a primary standard star 

such as a white dwarf.   

Experienced photometrists understand the general 

sources of individual-image precision in CCD-based 

photometry, and these sources have been widely 

covered in detail. Common sources of image-to-image 

irreproducibility (“random error”) in measured 

magnitude include: 

 Shot noise (statistical counting error) 

 CCD background noise (read, thermal) 

 Sky background noise 
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 Sky scintillation. 

Certain other error sources are not quite random 

but may be treated as random: 

 Short-term pointing/guiding instability or 

vibration, leading to target imaging on 

differing pixels (and not calibrated away) 

 Clouds, smoke, and other short-term sky 

transmission fluctuations. 

To average away random errors and improve 

precision, each target or comp star may be measured 

several times, to average either raw data (pixel 

matrices) or derived data (magnitudes). If available, 

larger apertures and longer exposure times also address 

most photometric random errors. 

Systematic errors cause bias on a timescale longer 

than image exposure times, and these include: 

 Comp star magnitude errors 

 Sky extinction, especially when measuring 

through varying airmasses (addressed through 

extinction coefficients) 

 Lack of agreement between optical system 

transmission (including filter) and standard 

passbands (addressed through transforms) 

 Inaccurate flat calibration of images 

 Internal reflections within optical system, 

especially when bright light sources (moon, 

planets) are near scope’s field of view  

 Drift of pointing/guiding, especially when 

image calibration is poor 

 Poor choice of measuring aperture or point 

spread function during data reduction 

 Coma or chromatic aberration in images, 

especially when using point spread functions 

or small measuring apertures 

 Time base inaccuracy. 

 

Many systematic errors are addressed and accuracy 

improved by applying well-known correction 

techniques including image calibration (flats, darks, 

etc.), color transforms, and extinction coefficients. 

Errors in comp star catalog magnitudes deserve a 

special mention in differential photometry, as they are 

seldom treated even though they cause two different 

and especially treacherous cases of systematic error. 

The first case always arises even when a uniform 

comp star set can be applied to all observations with the 

same filter in the same series. Even if one could 

perfectly remove all other systematic error, comp star 

systematic errors will accrue directly to all reported 

target magnitudes. This is not very important to 

exoplanet observations, but when different observers 

attempt to merge their point observations on Miras and 

other LPVs, they will differ if the observers have used 

different comp star sets, as is likely. This systematic 

error and scatter in resulting light curve will emerge 

even if each observer used the same comp stars for all 

his or her own observations, throughout a given LPV’s 

cycle—which for high-amplitude Miras is generally 

impossible. 

The second case arises when different comp stars 

are applied within one exoplanet or eclipser event, or 

when different comp stars are applied at any time for 

LPVs. Exoplanet observations will definitely benefit 

from ensuring that the same comp star set is applied to 

all observations throughout one event. Target 

magnitude changes below 20 millimagnitudes are 

commonly sought, but stated precisions of many comp 

stars are already greater than this. When a comp star’s 

image is damaged by a cosmic ray or the like, the 

observer should consider removing the entire image 

from one’s reported data; or, when doing ensemble 

photometry and using enough comp stars without 

imaging artifacts (if they are available), one can 

exclude the affected comp star from photometry for all 

that series’ images.  

Eclipser observers should consider this same 

exclusion of affected images or affected comp stars so 

that a uniform comp star set is applied to the entire 

series; the author’s automated data reduction software 

(Dose, 2018) enforces uniform comp-star sets for all 

eclipser observations.  

By contrast, Mira and most other LPV targets can 

almost never enjoy a constant comp star set over the 

wide magnitude range of each cycle, and so 

paradoxically, comp star accuracy becomes paramount 

for LPVs even though photometric accuracy demands 

are far less stringent in magnitude units than for 

exoplanets and eclipsers. The author’s experience is 

that excessive comp star inaccuracy is the most frequent 

reason to reject Mira photometry candidates, as well as 

frequently dominating the error in reported data for the 

candidates that are studied. Variable star organizations 

looking to improve the scope and quality of reported 

data on Miras are urged to begin by addressing this 

dominant obstruction. Additionally, comp stars very 

often fail to cover a Mira’s entire magnitude range, 

especially in filters other than V, so that photometric 

light curves for those targets are out of the question, 

even with excellent imaging; correcting this widespread 

deficit presents another opportunity. 

 

4.  Risks to Precision and Accuracy, by 

Variable-Star Type 

We limit ourselves here to exoplanets, Miras, and 

eclipser double stars. Among these, the most vivid 

difference in purpose and observation styles is found 

between exoplanet and Mira targets, so we consider 

these first. 
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4.1  Exoplanets (by transit photometry) 

Purpose in observing known exoplanet stars by 

transit photometry is first in measuring transits’ 

magnitude depth, beginning time, end time (AAVSO, 

2018b). Monitoring such reduced data over years offers 

detection of any gradual change in transit light curve 

shape as well as better predictions of future transit 

times. Each transit’s observations are reduced 

independently from those of other transits, and reduced 

data (rarely individual image observations) are 

aggregated among observers. 

When one can observe really precisely in 

magnitude and accurately in time base, one improves 

the derived data, for example in the shape of the ingress 

(leading) and egress (trailing) edges of the transit 

(Gary, 2014). 

Precision of individual exposures (or stacked 

exposures) dominates risk to quality of exoplanet transit 

data. Over several hours, the entire magnitude range is 

limited to a few millimagnitudes, so millimagnitude 

precision is ardently sought. Exoplanet observers focus 

their greatest efforts on beating down random errors of 

individual observations by improving: CCD shot noise 

(by cooling the camera) polar alignment, tracking 

stability (sub-pixel where possible), choice of filter 

(Gary, 2014, c.f. chapter 7), image flat-field calibration, 

aperture-based data reduction, and anything else that 

might threaten short-term reproducibility (Conti, 2017).  

Not to be overlooked is the importance of choosing 

appropriate targets. A scope of 10-inch aperture cannot 

really characterize a 15
th

 magnitude star’s transit of 1-

hour duration and 3 millimagnitude depth: there simply 

are not enough photons. Fortunately, regularly updated 

compilations of prospective exoplanet targets are 

available online (e.g., AAVSO, 2018c; Czech 

Astronomical Society, 2018). 

 
Figure 3:  Exoplanet observation (WASP-10) [AAVSO AID 
database]. 

For exoplanets, most systematic errors in 

magnitude, especially errors persisting longer than the 

transit, are less important because multiple observers’ 

reduced data (rather than independent data points) are 

considered together when characterizing a target’s 

behavior. Transforms, rigorously defined zero-points, 

and other systematic corrections that serve to put one’s 

observations on a common magnitude scale or standard 

passband basis are not very important to the reduced 

data of interest, and many systematic errors arising on 

timescales longer than an eclipse may not even need to 

be addressed. For example, to increase light to the 

CCD, filters are commonly omitted from the optical 

train altogether, yet no transform need be made if the 

comp stars’ color are reasonably close to the target’s 

color. 

However, exoplanet observation must control 

systematic errors occurring on timescale shorter than 

the transit, including but not limited to these two: (1) 

extinction corrections when the observations must be 

taken over a range of airmasses (sky elevations), and 

(2) thermal focus drifts that change the ratio of star 

profile diameter to measurement aperture diameter. 

And because reported event times are a central 

goal, time base accuracy is mandatory, preferably to 

one second or better (see Section 5). 

 

4.2  Miras (and other LPVs) 

The purpose of observing Miras and other very red, 

high-amplitude Long Period Variables is first in 

describing quantitatively the shape and uniformity of 

periodic magnitude fluctuations, preferably in two or 

more standard color passbands. By contrast to 

exoplanets and other observations that result in one-

night light curves, individual Mira data points, often 

from multiple observers, get merged into a single 

master light curve.  

So, systematic errors thus dominate risks to quality 

of Mira light curve data in a way that they do not for 

most other variable star types. Only by correcting every 

significant systematic error can one seamlessly merge 

individual observations taken by different observers on 

uncoordinated schedules. Most of these systematic error 

risks arise from two Mira characteristics: very large 

amplitude and extremely red color. 

Miras’ large amplitude, typically from 4 to 8 

magnitudes in V and from 2 to 5 in I, complicates 

photometry for two main reasons. First, unlike for 

photometry of other variable-star types, optimum 

exposure times differ every night they are observed. 

This means that one must estimate the magnitude and 

program a new exposure time separately for each Mira 

in each filter for each observation night. Second, this 

places extreme demands on the set of comp stars to be 

used. Comp stars used at Mira maximum necessarily 

differ from comp stars at minimum, so that the comp 

star set or a given Mira must cover a much wider range 

than for other photometric target types. Indeed, for 

many Miras, the available comp star sets within a 

reasonable field of view prevent collection of complete 

CCD light curves at all, in any filter. Further, for most 
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Miras a consistent check star throughout a light curve is 

out of the question. 

Miras’ very red color, typically V-I (or B-V) of 3 

to 8 and strongly depending on magnitude (cycle 

phase), risks additional bias from at least the three 

following systematic errors. 

First, Miras’ extremely red color mandates color 

transforms for any close work, to give first-order 

correction of the system’s spectral sensitivity to the 

reported standard passband. Miras will always be much 

redder than comp stars (simply because all very red 

stars should be assumed variable and thus ineligible as 

comp stars or standards). The accessible means for 

amateurs to connect comp stars’ magnitudes to Miras’ 

is through transforms. Once applied, one’s transformed 

data does merge quite well with other observers’ 

transformed data (Figure 4), enormously enhancing the 

value of all the observers’ contributions.  

 

 
Figure 4: Mira observation (UZ Cam, multiple observers) 
(lower curve=V, upper curve=I) [AAVSO AID database]. 

But untransformed data is difficult to merge with 

well-transformed data from other observers. And 

because the target star dramatically changes color 

during each cycle, a zero-point offset cannot realign the 

data series (Figure 5). 

 

 
Figure 5: Mira observations with differing treatments of 
systematic errors, primarily of color transforms. (T Com, 
multiple observers) (lower curve=V, upper curve=I) 
[AAVSO AID database]. 

Second, the extreme color further extends the 

magnitude range and required exposure times, even 

beyond the nominal V range often listed. The light flux 

range and rough exposure-time range (B-minimum to 

I-maximum) of a single Mira may reach 100,000 in 

ratio. Few comp star sets and few observation rigs 

could hope to accommodate this. 

And third, every Mira observation night needs an 

accurate sky extinction, and every image needs an 

accurate airmass, both in order to properly connect 

comp star magnitudes to those of the much redder 

Miras under differential extinction. Without this, a bias 

in color will lead to bias in transform correction, which 

is significant (and phase-dependent), given the color 

difference between Miras and their comp stars. 

Precision in magnitude is, fortunately, much less 

important for Miras than for most other variable star 

observations. This is because random error sources like 

shot noise result in much less than 1% of Miras’ huge 

periodic amplitude.  

 

4.3  Eclipsers 

Eclipsing double stars are most often observed to 

time eclipse minima, in an effort to detect changes in 

period over several years.  

Low-amplitude eclipsers (as Figure 6) markedly 

resemble exoplanet observations in both purpose and 

resulting light curves. Observation practices therefore 

resemble those for exoplanets, focusing on minimizing 

random error (maximizing point-to-point precision), 

while limiting systematic errors in airmass effects and 

reported observation times. 

 

 
Figure 6: Low-amplitude eclipser (DE CVn, V filter, author’s 
data) [AAVSO AID database]. 

Most eclipsing variables present a secondary 

minimum as well, when the fainter star is eclipsed by 

the brighter star. For circular orbits, this secondary 

minimum is expected at the exact midpoint time 

between primary eclipse times, and timing the 

secondary minimum does not help constrain the 

system’s ephemeris. But until the eclipsing pair is 

shown through modeling to have circular orbit (or 

elliptical orbit aligned with Earth), it is useful to 

observe at the expected secondary minimum time 

occasionally, to confirm that the secondary minimum is 
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in fact midway between primary minima, and to define 

its own light curve shape and color. 

High-amplitude eclipsers (as Figure 7) present 

certain observation demands of both exoplanets and 

LPVs. High precision in magnitude is more useful than 

one might expect—though surely not as demanding as 

for exoplanets, high precision is still very useful in 

defining small details in the light curve around both 

minima. Time base accuracy to at least one second is 

also important, as for exoplanets and for other eclipsers. 

But the higher amplitude also calls for controlling 

extinction effects. And although in Figures 6 and 7 we 

include only one filter, second-filter observations and 

applications of transforms are also advised unless the 

target color has been demonstrated to be uniform 

throughout its cycles.  

 
Figure 7: High-amplitude eclipser (BM UMa, V filter, 
author’s data) [AAVSO AID database]. 

Mid- to high-amplitude eclipsers may also be 

observed in several filters for the purpose of modeling 

the physical binary star system. High demands on 

magnitude precision and imaging cadence often restrict 

this work to larger amateur telescope apertures. But 

also importantly, because standard magnitudes and 

color indices in several filters are required, such 

observations demand meticulous attention to systematic 

errors. The types of systematic errors to be addressed 

are the same as those of timing-purposed eclipser 

observations cited above, but for example, inexact 

extinction corrections over a wide airmass range will 

cause only very small errors in detected minimum 

times, but may induce significant bias in a model’s 

extracted parameters; and if the model successfully 

converges, the bias from raw-data systematic error may 

go unnoticed. 

 

5.  Cadence and Scheduling of Variable-

Star Observations 

While only indirectly linked to precision and 

accuracy, the purpose of observing each variable-star 

type is well served by careful observation scheduling. 

Exoplanet and eclipser observations should almost 

always capture the dimming, minimum, and 

rebrightening phases; longer events may require 

coordination among observers at different longitudes. 

Scheduling requires forecasts of minimum times, so 

each newly observed object will likely require early 

“bootstrapping” observation sessions to establish an 

unambiguous working ephemeris. 

Exposure times and cadence of exoplanet and 

eclipser observations must be long enough to meet 

precision demands and short enough to capture the 

event’s shape. If there is no cadence that can satisfy 

both, then the observer must consider these remedies: 

choosing a less demanding target (i.e., brighter, higher 

amplitude, or longer minimum), and/or improving the 

optical system’s performance (e.g., stabilize the 

tracking, lower CCD noise, remove filters, observe with 

a system of larger aperture). 

Mira observation cadence and scheduling depend 

on completing a successful bootstrapping period, 

usually requiring months of observations with multiple 

exposures per night, possibly covering 6-10 magnitudes 

in each filter. Once the period, epoch, and nominal 

magnitude ranges are known, each Mira is best 

observed once every few nights, perhaps observing 

every 3% of the period for very repeatable cycles with 

little harmonic content (near sine-wave), and perhaps 

every 1-1.5% for those with more unusual cycles 

(AAVSO, 2012). Each night, exposure times must be 

recomputed from forecast magnitudes for each Mira, in 

each filter. 

The author currently monitors 214 Miras with 

periods of 118 to 611 days, using original scheduling 

software. Each Mira’s priority is incremented daily 

after 1% of the period has passed since the latest 

qualifying observation reported to AAVSO by any 

observer (Dose, 2018). This software affords horizon- 

and moon-avoidance, computes all exposure times, and 

prepares nightly plans based on the author’s target 

choices. These plans are formatted for immediate use 

by ACP (Astronomer’s Control Panel, DC-3 Dreams) 

as run on the remote observatory’s computer. Figure 8 

illustrates the advantage of systematic observation 

scheduling (beginning JD ~2457800-8000). An 

additional advantage is that redundant observations on a 

single Mira are minimized; if a target has been recently 

observed, its scope time is reallocated to a target with 

greater current need. 
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Figure 8: Importance of scheduling and advantageous on 
quality of Mira observation (AI Cam) [AAVSO AID 
database].  

6.  Time Base Accuracy 

Time base accuracy is important to all variable-star 

photometry, and especially important to reported 

exoplanet and eclipser event times. Sometimes 

overlooked is the importance of accurate timekeeping 

to observing LPVs as well, to compute accurate airmass 

values in correcting for differential extinction. 

To this end, the author has used Meinberg’s NTP 

(Network Time Protocol) daemon and monitor software 

for several years. This lightweight software runs in 

background with no user effort after set up, periodically 

queries several remote NTP servers, and adopts and 

enforces a consensus time base. 

 

 
Figure 9: Monitoring NTP server reception and resulting 
time base consensus (rightmost 3 columns are in 
milliseconds) (Meinberg).  

The Meinberg agent adjusts both PC clock offset 

and rate, several times per hour. The first days’ rate 

corrections will probably be coarse, in tens of parts per 

million (seconds per day), but they eventually settle to 

corrections in the hundreds of parts per billion. With 

urban internet connections one can achieve very low 

millisecond accuracy, but even with the author’s 

previous rural connection (3-mile radio link to a rural 

cell tower), time was always held within 20-40 

milliseconds of reference NTP servers. 

After convergence, the observatory’s time base is 

robust to internet outages, computer reboots, and 

remote NTP server outages. Adjustments to the PC 

clock rate are frequent and small, so the time base is 

stable to weather changes; Figure 10 shows the 

adjustments and resulting microsecond-scale time base 

accuracy of the outdoor (boxed but unthermostatted) 

consumer laptop during a cold front passage (author’s 

remote observatory).  

 
Figure 10: Timekeeping performance of an observatory 
(outdoor) laptop after clock stabilization (Meinberg). 

PCs operated in office or other thermostatted 

environments would be expected to keep even better 

time. 

 

7.  Summary and Recommendations 

Consideration of the precision, accuracy, and 

purpose of one’s advanced amateur photometry 

suggests attention to these elements, in something like 

this sequence: 

First, decide the purpose of your observing efforts, 

at least approximately. Detecting very small brightness 

changes and very accurate event times, as for 

exoplanets? Detecting very accurate event times and O-

C curves over many years, as for eclipser timing? More 

descriptive measurements over very wide magnitude 

ranges, to be directly merged with others’ 

measurements, as for Miras and other high-amplitude 

LPVs? Or even hunting and characterizing new variable 

stars, which may require most of the above skills?  

Consider in some detail what a successful 

observation set will look like. Also: will my individual 

data points be merged with others’ (usually for long-

period targets), or will one’s fully reduced data be 

merged (one-night series)? So then, what are the real 

precision and accuracy needs?—the answer to these 

will dictate how you allocate your efforts. 

Then, get control of the observing apparatus. First, 

eliminate all obvious sources of systematic error, for 

example polar alignment, mount stability, and a 

commitment to image calibration. Image-to-image 

reproducibility (precision) will need to be good enough 

to uncover and correct systematic errors. In this way, 

continually improving precision will allow for 

continually improving accuracy. 
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Understand the data reduction process. What do 

others do? How much automation? More automation 

means more work at the beginning, but refined 

automation is a great aid in preventing transcription, 

calculation, and other errors. The customary advice is 

try calculations by hand a few times before automating 

them, to ensure one understands the process and its 

traps. 

Finally, as with many skills, one has probably 

arrived when (1) results on standard targets are 

consistently sound, and (2) results on unknown targets 

compare encouragingly with those of more experienced 

practitioners. Ultimately, an example of the second high 

standard might entail two independent observers at 

different sites who report simultaneous observations of 

the same target, as illustrated in Figure 11. 

 

 
Figure 11: Two sites’ independent and simultaneous 
observations of eclipser/cataclysmic variable FO Aqr, 
showing excellent cross-confirmation [from AAVSO AID 
database]. 
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Abstract 

Photometry of the “third star” eclipse of b Per was done using an 80mm refractor and Canon EOS/Rebel DSLR.  
The observing run provided a clear view of the beginning of the “third star” eclipse, and a fair lightcurve of the 
ellipsoidal variation of the inner binary pair.  This project also provided a case study in some well-known 
considerations for DSLR photometry of bright variable stars:  the interplay of exposure duration, de-focus, and 
camera linear range; selection of the size of the measuring aperture; the risk that the size and shape of the PSF 
might vary across a relatively wide field-of-view; and the merit of averaging/binning observations to reduce 
photometric scatter.  In this case, everything went very well, and provided excellent internal consistency and 
photometric precision of 0.01 mag over 10 nights of observing. 

Background  

AAVSO Alert # 610 requested monitoring of b 

Per (= HIP 20070 = AUID 000-BBG-774) to detect 

and characterize the “third star” primary eclipse 

,which was predicted for 12 February, 2018.  b Per is 

a three-star system.  The inner pair (“A”-“B”) has an 

orbital period of ≈ 1.52 days.  These do not eclipse, 

but do exhibit a continuous periodic brightness 

variation caused by the ellipsoidal distortion of the 

stars.  The third star (“C”) orbits this pair with a 

period of ≈ 704.5 days, and does display 

transits/eclipses as it passes across/behind the inner 

pair.  The star is bright (V ≈4.6).  The third-star 

eclipse depth was expected to be about Δmag ≈ 0.25 

mag, and the ellipsoidal variation is about Δmag ≈ 

.07 P-P.  Each observer was requested to monitor the 

star  with long observing runs each night, spanning 

the interval from a week before to a week after the 

eclipse, in order to characterize offsets between 

observers, and to ensure that the ellipsoidal-variation 

could be properly treated in each observer’s data 

An image of the field, with target, Comp, and 

Check stars identified, is shown in Figure 1. 

 
Figure 1:  Field of b Per in DSLR 

 

 

Equipment 

I have recently moved to Gold Canyon, AZ, and 

haven’t yet built a permanent observatory.  For this 

project, I cobbled together a simple portable setup:  

an 80 mm F/6 refractor, an old Canon EOS/Rebel 

DSLR, and an even older Celestron Polaris mount.  

The equipment was placed on the roof deck of our 

house, as shown in Figure 2. 
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Figure 2:  Portable photometry setup 

 

Several cheap accessories were needed to bring 

this together.  As shown in Figure 2, the telescope 

rings aren’t intended for this mount, so a short length 

of 1X3 Birch lumber was used to balance the 

assembly and attach it to the Polaris German 

Equatorial mount.  There is no capability for guiding, 

but the mount tracks well enough for 30 second 

unguided exposures at this image scale.  The 

telescope’s focuser cannot lift the weight of the 

DSLR without slipping.  This was dealt with by 

rigging a spring arrangement between the camera and 

the telescope ring that carries about half of the 

camera’s weight.  In the Figure, you can barely see 

this spring arrangement reaching the underside of the 

camera. 

Polar alignment was done “by eye” (and not very 

well, as it turned out).  There is not a “Go-To” 

mount, so target acquisition was done by offset-

pointing and star-hopping each night. 

The good results of this project show that 

scientific astronomical observations can be gathered 

with surprisingly simple equipment. 

Planning and Preparation 

This project presented challenges that are typical 

of bright-star photometry, compounded by the 

limitations of the DSLR camera:  

(a) The target, Comp, and Check stars must be 

well within the linear range of the camera (i.e. 

unsaturated) on the images.  This implies a peak-

pixel << 3500 ADU for my old DSLR camera, with 

12-bit output, which makes it very important to select 

appropriate exposure duration to avoid saturation of 

the star images.  (A newer 14-bit camera would be 

more forgiving, but still a critical step in planning 

DSLR observations is to select the “right” exposure 

duration.)  

(b) With such a bright target, a small aperture 

telescope is preferred, to avoid being forced to very 

short exposures. 

(c) Exposures of at least 15 seconds are desired, 

to minimize the effect of atmospheric scintillation on 

the photometry. 

(d) For DSLR photometry, a low ISO setting 

(ISO 100) is almost always preferred.  The low ISO 

setting permits longer exposures without saturating 

the star image, and also increases the dynamic range 

of the system. 

(e) It can be very useful to defocus the imager, 

for two reasons:  First, it is mandatory that the star 

images be well-sampled (say, ≥4 pixels per FWHM); 

and a bit of defocus can help meet this criterion.  

With a DSLR sensor, the sampling requirement must 

be met after the image is “de-Bayered” to select just 

the Green channels, which implies a FWHM of at 

least 8-10 pixels before de-Bayering.  Second, the 

defocus reduces the peak pixel count in the star 

image (compared to a “best focus” image), which 

might then permit the use of a longer exposure 

without saturating.  See, for example Mann, et al 

(2011) and Conti & Gleeson (2017). 

(f) With a bright target, a fairly wide field-of-

view (FOV) – a degree are larger –  is usually 

needed.  Bright stars are widely spaced on the sky, 

and a narrower FOV won’t comfortably encompass 

the target, a comparably-bright Comparison star 

(“Comp”), and a good Check star.  In the case of b 

Per, there is only one good comparison star nearby, 

over 17 arc-min from the target; and the most 

convenient check star is over half a degree from the 

target.  The setup that I used for this project provided 

a FOV of 1.7 X 2.5 degrees. 

 

Focus:  With the setup I was using, a well-

focused image gave a point spread function FWHM ≈ 

4 pixels (before de-Bayering).  This is “too sharp” to 

be well-sampled after de-Bayering, and would 

present the risk of significant artifacts in the 
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photometry (changing collected light as the star shifts 

by fractions of a pixel between images).  Hence, I 

spent a fair amount of time learning how to get a 

fairly-consistent de-focus, to FWHM ≈ 10-14 pixels 

(before de-Bayering) on each night, before starting 

the photometry run. 

The PSF profile of a star on a tightly-focused 

image is compared to a de-focused, well-sampled 

image in Figure 3: 

 

 

 

 

 

 

 

 (Top) Tightly focused star image (not well-enough 

sampled for photometry) FWHM ≈ 4 pixels. 

 

 

 

 

 

 

 

 

 

 

(Bottom) De-focused star image (well-sampled for 

photometry) FWHM ≈ 12 pixels. 

Figure 3:  PSF Illustration of de-focused star image 

 

This de-focusing makes rather “ugly” images, 

with big bloated stars, but defocusing to provide 

well-sampled star images is important to getting 

precise and accurate photometry. 

It turns out that for the bright target and comp 

star of this project, the defocusing also was useful for 

permitting relatively longer exposures.  On the “well 

focused” images, the target star PSF was saturated 

with an exposure of just 8 seconds.  The de-focused 

image stayed in the camera’s linear range for a 30 

second exposure (which was my goal). 

 

Linearity and exposure tests:  In order to select 

the exposure to use for the science images, I devoted 

a night to making a series of images of the target 

field, at different exposure durations and different 

ISO settings.   

All of these were made with the telescope de-

focused by a bit, to FWHM ≈12 pixels. The results 

using ISO 100 are shown in Figure 4.  The 

combination of low ISO and de-focus permits the use 

of a 30 second exposure while keeping the peak pixel 

value in the target star’s PSF safely below the 

linearity limit of the camera (which for this camera is 

about 3500 ADU). 

 

 
 

Figure 4:  Linearity test (peak ADU vs. exposure 
duration). 

 

I like to use the “peak pixel” test of linearity, 

because it is most sensitive to the problem of non-

linearity and saturation (despite showing a bit wider 

scatter in the results, that is driven by small pointing 

and tracking changes or small seeing changes during 

the exposure). 

An alternate test, using the integrated “star-

minus-sky” ADU in the star image, is shown for 

reference in Figure 5, confirming that a 30 second 

exposure keeps the target star in the linear range of 

the camera. 

 

 

Figure 5:  Linearity test (integrated ADU vs exposure 
duration). 
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As things worked out, most photometry runs had 

a bit more de-focus than the night of exposure-

testing, which amounted to erring on the safe side:  

lower peak pixel values, and more protection against 

saturation. 

 

Size of the Measuring Aperture:  The concept of 

differential, aperture photometry is deceptively 

simple: Pick a measuring aperture size that 

encompasses the star PSF, and an annulus that 

captures the background sky (without any starlight in 

it).  Add up the ADU counts within the measuring 

aperture (“star plus sky”), and the ADU counts in the 

annulus (“sky” only) and calculate the “star” (only” 

ADU counts by subtracting the annulus from the 

measuring aperture (with appropriate adjustment if, 

as is usual, the sky annulus contains more or fewer 

pixels than the star measuring aperture).  Do this for 

both the Target and the Comp star.  The intensity 

ratio of the Target and the Comp star is then 

 

 
𝐼𝑡𝑔𝑡

𝐼𝑐𝑜𝑚𝑝

=
∑(𝑡𝑔𝑡 𝐴𝐷𝑈)

∑(𝐶𝑜𝑚𝑝 𝐴𝐷𝑈)
 

 

so the magnitude difference is  

 

𝑀𝑡𝑔𝑡 − 𝑀𝐶𝑜𝑚𝑝 =  −2.5 ∗ 𝑙𝑜𝑔 (
𝐼𝑡𝑔𝑡

𝐼𝐶𝑜𝑚𝑝

) 

 

 

There are at least three approaches to selecting 

the size of the measuring aperture for photometry.  

One is to select it “by eye” – big enough to collect 

almost all of the star PSF, but not so big that too 

much sky glow is collected.  This works surprisingly 

well in many situations, despite being poorly 

characterized (how much is “almost all” of the star 

PSF?  how much is “too much” sky glow?). 

A second approach is to examine the shape and 

size of the PSF, and select a measuring aperture that 

encompasses ≈100% of the PSF, including the faint 

“wings” that surround the main star image.  It is easy 

to show that in most situations, this approach yields a 

lower SNR than might otherwise be achieved 

(because the large measuring aperture is collecting 

quite a bit of sky glow and dark-noise). 

A third approach is to try to pick a measuring 

aperture that will maximize the Signal-to-Noise ratio 

(SNR).  This may sound like a good thing:  all other 

factors being equal, better SNR is always desirable.  

In typical situations, the “optimum” measuring 

aperture size is one that captures about 90% of the 

starlight (leaving about 10% of the starlight outside 

of the measuring aperture, because that “signal” in 

the wings is smaller than the “noise” contribution 

from the pixels in the wings. 

However, all things are not necessarily equal.  If 

you have a near-perfect system (all stars have 

identical PSFs, pointing and tracking errors are 

insignificant) or if you have a very faint target, then 

“optimizing” in terms of maximum SNR might be the 

right thing to do.     But suppose that your system has 

some field-dependent aberration, so that star images 

near the edge are different (broader? elliptical?) than 

images near the center of the field.  Further suppose 

that there is some pointing/tracking drift (polar 

alignment error?), so that your Target and Comp drift 

across the field, and their PSFs change (differently) 

as the night goes on.   If one star’s PSF broadens, 

then more of its light falls outside of the measuring 

aperture; if the other star’s PSF remains unchanged, it 

will appear as if the “broadened” star has grown 

fainter, simply because more of its light falls outside 

of the measuring aperture. 

Such a situation isn’t unusual with small-

telescope backyard setups – stars in the center of the 

image are “tighter” than those at the edges, and both 

focus and tracking might change over a few-hour 

observing run. On this particular project, I very 

nearly fell into this trap. 

On several nights’ photometry, I saw unusual 

trends, at the 0.05 mag level, but it wasn’t 

immediately obvious what was happening.  One 

particular night provided the essential clue:  UT 

2018-02-06.  Here’s the scenario:  polar alignment 

was several degrees off, so that the stars drifted 

across the field (going northward), moving roughly 

half of the field in 2 hours.  Then I re-aimed the 

telescope (to bring the target back to near the center 

of the FOV), took one set of images to check the 

pointing, then re-aimed again to move the target star 

a bit south of the center of the FOV. 

The photometric reduction of that night’s data is 

shown in Figure 6.  Obviously, the jump in brightness 

that coincides with re-aiming the telescope is an 

artifact, not a real change in the star.  But it raises the 

important question, “is the gradual fade in the star 

over the course of the night real, or is it also an 

artifact?”  The fact that the check star brightness is 

also changing suggests that these changes in 

brightness are artifacts, but the check star (HIP 

20730) is identified as an RS-type variable in the 

AAVSO VSX, so it is just barely conceivable that the 

slow brightness trend in the check star is real 

(although the “jump” when the telescope is re-aimed 

must be an artifact). 
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Figure 6:  Lightcurve from UT 2018-02-06 (using 15 pixel 
radius measuring aperture) 

 

What is going on?   I first suspected that there 

might be a problem with the flat frames or with the 

flat-subtraction algorithm.  I made several 

evaluations of the flat frames, including taking a 

whole new set of flats, without identifying any issues.  

I repeated the photometric reduction with and without 

flats, and the curves were essentially identical.  I ran 

the photometry in Maxim DL instead of AIP4Win, 

and saw the same effect.  So whatever was going on, 

it wasn’t a problem with the flats or with the  

photometry algorithm. 

Suspect #2 was darks, but after examining the 

dark frames, and re-running photometry with and 

without darks, the effect never went away or even 

changed noticeably. 

Suspect #3 was that something in the images 

themselves was involved – perhaps clouds or hot 

pixels, or something to do with the de-Bayering 

algorithm.  The FOV is about 2.5 degrees wide, and 

on partly-cloudy nights I could see the cloud-edge 

moving across the field over the course of a few 

minutes, but the drop in instrumental magnitude was 

obvious and those changes never coincided with re-

aiming of the telescope, so it was hard to implicate 

atmospheric effects. 

Visual examination of the images before, during 

and after re-aiming didn’t show any noteworthy 

issues. 

Finally, I thought more carefully about the 

interplay between star images and the measuring 

aperture.  Recall that I de-focused each night, to a 

FWHM of about 12-14 pixels.  I had selected a 

measuring aperture radius of 15 pixels as a rough 

approximation to the size that would maximize SNR.  

However, that decision came with two bad effects.  

First, the classic “optimize SNR” concept is usually 

based on the assumption of a Gaussian-shape PSF (or 

something similar).  But defocused PSFs are not even 

approximately Gaussian.  Indeed, some of my 

defocused images PSFs are more like a top-hat, 

which would significantly alter the size of the 

optimum measuring aperture (although does not, in 

itself alter the general concept).  Second – and more 

importantly – the size and shape of the de-focused 

PSF changes a bit across the field of view (and also, 

occasionally over time, probably because gravity 

and/or temperature changes shift the focal plane 

position slightly).  It isn’t surprising that the 

size/shape of the PSF may be different at different 

points in the FOV.  Piotrowski et al (2013) discuss 

the implications of field-dependent aberrations on 

photometry and ways to correct for them. 

Examples of the “curve of growth” (radial 

integral of the PSF as a function of measuring 

aperture size) for two stars on the same image are 

shown in Figure 7.  In this example, the Comp star 

PSF s “broader” than the target star PSF, so the 15-

pixel radius measuring aperture contains significantly 

smaller fraction of the Comp star light than it does of 

the Target star light.  This makes the target star 

appear brighter than it really is. 

 

 

Figure7:  Comp star PSF (toward edge of FOV) is 
noticeably wider than Target PSF (near center of FOV) 

 

If the target star PSF and the Comp star PSF 

change in different ways or by different amounts, 

then differential photometry will observe a fictitious 

brightness change in the target.  If the size of the PSF 

of one star grows, then a slightly larger fraction of 

light falls outside of the measuring aperture.  If the 

details of the star drift across the image result in a 

slightly larger fraction of “target star” light falling 
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outside of the measuring aperture, while a slightly 

lesser fraction of “comp star light” falls outside of its 

aperture, then it appears as if the target got fainter ... 

and vice versa. 

The message seemed (to me) to be clear:  use a 

larger measuring aperture – one that captures ≈100% 

of the PSF plus a little to spare, so that the 

photometry will be insensitive to field-dependent 

aberrations and time-dependent aberrations, and will 

accommodate the PSF shape of a significantly out-of-

focus star.  Increasing the measuring aperture from 

15 pixels to 22 pixels (radius) made the artifact on 

photometry completely disappear!  A 22-pixel radius 

measuring aperture ensured that essentially 100% of 

each star’s light was collected, the changes in PSF 

width (and shape) were always completely contained 

within the measuring aperture, and hence there were 

no spurious differences in collected light between the 

target (or check) and comp stars. 

The simple change to a 22-pixel radius 

measuring aperture resulted in a clean lightcurve, and 

eliminated evidence of the spurious shift associated 

with re-aiming the telescope, as shown in Figure 8. 

 

 

Figure 8: Lightcurve from UT 2018-02-06 (same as 
Figure 6), but using 22 pixel radius measuring aperture.  

 

This effect can be insidious, and it may not be 

straightforward to recognize it.  The only reason that 

I double- and triple-checked all of this was because 

the image drift (caused by my relatively poor polar 

alignment) made the “jump” show up in the 

photometry.  If the polar alignment had been perfect, 

then I wouldn’t have seen the mysterious jump in 

differential photometry when I re-aimed the telescope 

during a night.  But there would still have been a real 

risk of small night-to-night differences that would 

have translated into spurious night-to-night 

photometry shifts, which would have been much 

more difficult to recognize. 

The moral of this story (for me, anyway) is:  It is 

better to err in the direction of a “too large” 

measuring aperture than having one that is too small.  

This amounts to striving to “maximize robustness 

against aberrations”, rather than “maximize SNR”. 

 

DSLR Time: Welty et al (2013) reported that 

DSLR camera internal clocks may not be stable over 

long time periods, showing typical drift rates of up to 

a few seconds per day.  I made habit of setting the 

camera clock to USNO’s web time service (± 1 sec) 

each evening just before the start of imaging, and 

checking the camera-time against USNO the 

following morning.   There was always a small 

difference, with the camera running a bit fast – on 

average about 2 sec per day. 

This is acceptable accuracy for this project, but 

might not be for some projects.  It certainly implies 

that the camera’s clock should be checked before and 

after each observing run.  (This old Canon EOS 

Rebel does not have a GPS link.  I don’t know if GPS 

might improve the clock-stability of newer models). 

 

Software and Processing:  Photometry was done 

using the “TG” (Green) pixels only, which gives a 

reasonable match to V-band.  

Image processing, de-Bayering, and aperture 

photometry were all done with AIP4Win software, 

with its “MMT” (Magnitude Measurement Tool) that 

conveniently performs photometric analysis on a 

large set of images. 

AIP4Win will output the results in several 

different formats.  The “AAVSO Report” can be 

directly uploaded to AAVSO’s WebObs facility.  

However, I always ran the “Raw Photometry” report 

also, because it includes the peak ADU count for 

each star (Target, Comp, Check) on each image.  

This is a handy check to be sure that no images with 

saturated stars are used for photometry.  It also easily 

identified times when clouds or contrails passed 

through the image, so that affected images could be 

dropped from the photometry. 

Because my imaging sequence created a wealth 

of data point (several hundred each night), I exported 

the AAVSO report into Excel, and did two processes 

in Excel.  First, there were almost always some time 

intervals where thin clouds obscured the stars.  Those 

time intervals are easily recognized by plotting Comp 

and Check star instrumental magnitudes vs time.  

Intervals where the instrumental magnitudes were 

noticeably faint were eliminated from the data set.  

Second, the data was grouped into sets of 9 

consecutive images, and the 9-point average was 

calculated (time, target standard magnitude, comp 

and check instrumental magnitudes, air mass).  This 

9-point average yields a noticeable reduction in 
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random “noise” in the photometry report.  For each 

group of 9 images, I also calculated the time span 

(from first to ninth image), and if it was longer than 

15 minutes, I simply dropped that group from the 

report (e.g. when the 9 images spanned an interval of 

poor sky transparency). 

The censored, 9-point averages were reported to 

AAVSO. 

 

Results 

I was pleased – and a bit surprised – by the 

quality of photometry that was achieved with a small 

telescope, a low-end DSLR, and a primitive setup. 

Censoring of data was done only to deal with 

poor sky transparency, and obviously-flawed images 

(poor tracking or saturated images caused by 

temperature-induced focus shift).  Figure 8 (above) 

shows a single-night run, spanning almost 5 hours 

and built up from roughly 400 images, each a 30-sec 

exposure.  This was a perfectly clear night.  On other 

nights, when variable sky transparency was seen to 

be affecting the photometric results, periods of poor 

transparency were deleted from the data. 

The complete record of my observations is 

plotted in Figure 9. 

 

Figure 9:  10-night lightcurve of b Per 

 

The nightly variations reflect the ellipsoidal 

variation, and the strong, consistent fall in brightness 

on the final night marks the beginning of the third-

star eclipse.  Alas, the next two weeks were cloudy at 

my location, so the start of the eclipse marked the end 

of my observations.  Happily, quite a few other 

people scattered around the world were able to 

continue observing throughout the duration of the 

third-star eclipse. 

The 9-point-averaged data had quite good 

precision and internal consistency.  Taking the “out-

of-eclipse nights, and phasing the photometry to the 

1.5273643 hr period of the inner pair, the ellipsoidal 

variation  in brightness (≈0.07 mag, P-P) is clearly 

visible, as shown in Figure 10.  The scatter amounts 

to about ±0.02 mag over 9 nights, which seems quite 

good. 

 

Figure 10:  Phased lightcurve of ellipsoidal variation of b 
Per 
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Abstract 

W Corvi is a confusing object:  it seems to be a close contact binary, but the two stars are not the same 
temperature.  It most likely has a hot spot, but its lightcurve changes pretty significantly, on time scales of months 
to years.  We propose a an effort to monitor the lightcurve (in multiple bands) with small telescopes, augmented 
by spectroscopy, to help unravel the nature of the star and of its changes. 

The object 

W Crv (12
h
07

m
34

s
, -13

o
08'59", V ~ 11.3-11.9) 

is a close, probably contact binary star with period 

9.31 hours, which shows differing eclipse depths 

(hence different temperatures of the components).  A 

longstanding puzzle about contact binaries is how 

they remain in both physical and thermal contact.  W 

Crv was proposed to be a case where physical contact 

had been established, but not yet thermal contact (the 

so-called broken-contact phase) of a cyclic behavior.   

 

The History 

In the last few years, it has become apparent that 

W Crv has large and variable spot activity.  From 

January to July 2016, the maxima (phase 0.25 and 

0.75), which should be equal brightness, went from 

being equal to differing by 10%.  Between December 

2016 and December 2017, the difference 

disappeared, the light curve becoming symmetric 

again.  It is hard to imagine how spots that can 

change the system's brightness by 10% can develop 

and disappear on a timescale of months, but the star 

somehow manages.   

The symmetric light curves of January 2016 and 

January 2018 are not at all the same, with the primary 

eclipse about 0.2 mags deeper in the latter year, and 

the secondary eclipse 0.06 mags brighter.  Any 

symmetric light curve has been taken in the past to 

indicate the unspotted configuration – but this is 

clearly not the case.   

The Plan 

Ongoing effort to monitor the lightcurve of W 

Crv will help to characterize its activity, and will 

hopefully contribute to understanding what the star is 

up to.  Thanks to its period of 9.3 hours, the complete 

lightcurve can be gathered in just two consecutive 

nights. 

Observers are encouraged to collect lightcurves 

of W Crv every month between December to July, 

for several years.  The objectives are 

 Photometric accuracy ≈ 0.01 mag 

 Multiple filters (B, V, R, I) 

 Imaging cadence:  as rapid as feasible consistent 

with achieving the photometric accuracy. 

 Ideally, each observing run will consist of two 

consecutive nights (to gather a cmplete 

lightcurve. 

 Schedule observing runs at least monthly during 

the star’s observing season 

 

We suggest that observers stay with a single 

filter through two nights.  Different filters can be 

used on subsequent pairs of nights, to build up a 

multi-color lightcurve.  

We will need many lightcurves, at least one per 

month, for several years. 

The small-telescope photometric monitoring will 

be augmented by photometry on larger telescopes, 

and by high-resolution spectroscopy with the goal of 

better characterizing the nature, location, and changes 

of the putative hot spot. 

If you can contribute to this effort, please contact 

the lead author. 
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10. Abstract 

A new optical SETI Camera has been designed, constructed and placed into service at the author’s Owl 
Observatory. This completely new device builds on the previous instrument used since 2011 and presented to 
the SAS in 2015. It incorporates many new features that offer a substantial improvement in sensitivity and 
operational efficiency. 

Among the improvements are new photomultipliers that allow detection of laser transmissions in longer 
wavelengths and with higher quantum efficiency. Additionally the instrument is designed for remote operation 
and features mechanized realignment of the optical elements for target acquisition and tracking. Completely new 
software has been developed to take advantage of the above improvements. 

1.  Optical SETI Overview 

OSETI is a systematic search for Laser 

transmissions purposely sent by an extraterrestrial 

civilization. Reception is based on the idea that the 

transmitting laser will outshine the host civilization’s 

star by several orders of magnitude for a duration of 

nanoseconds or possibly even picoseconds.  

The signal would consist of a packet of photons 

arriving in a window of a few nanoseconds. There are 

no known natural sources of such a signal to 

complicate detection. 

It is not necessary to presuppose that the 

transmitting civilization possess scientific knowledge 

or technology beyond what is presently available on 

Earth at the present time. Transmitting equipment is 

unavoidably large and expensive. However receiving 

equipment is lesser so and its design and fabrication 

is well within the capability of dedicated independent 

researchers.  

There are two basic subsets of OSETI – a 

targeted search and an all sky search. Of the two the 

targeted is best adapted to the amateur as the 

equipment is less complicated and a smaller aperture 

telescope is adequate for a limited search. This is the 

type of program the author has underway at the Owl 

Observatory. The number of candidate stars is limited 

with smaller telescopes. However even a 16 inch is 

adequate to observe thousands of stars with planets 

potentially harboring intelligent life.  

 

 

2.  History of Optical SETI at the Owl 

Observatory 

Optical SETI searches began in 2011 at the Owl 

Observatory. Equipment used was the CATNIP 1 

SETI Camera and the observatory’s 16 inch 

Cassegrain telescope. Hundreds of observations have 

been made with this equipment. As with all new 

apparatus, some deficiencies have been noted in the 

SETI camera and the supporting equipment and 

software. Minor improvements were made to the 

camera which then became CATNIP 2. However it 

was decided in late 2016 to completely redesign the 

entire system including hardware and software. The 

redesigned system is the focus of this paper. 

 

3.  Design Goals for a New Optical SETI 

Instrument 

The original CATNIP 1 SETI Camera used three 

miniature photomultiplier tubes (PMT) as detection 

elements. A positive signal is registered when the on 

board electronics sense a multiple photon arrival in 

all three tubes within a 5 nanosecond interval. False 

positives are rare as the possibility of a random 

arrival of photons simultaneously in all three tubes 

within a 5 ns window is vanishingly small. This 

arrangement works well enough but does have 

limited sensitivity. Several mirrors and beam splitters 

are needed to direct and split the incoming beam 

between the three detectors. Each optical element 

attenuates further the already modest beam from the 

16” telescope. So the first design goal was to replace 

the three miniature tubes with two larger and more 
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sensitive devices. Due to the gradual replacement of 

PMTs with solid state devices, some high 

performance tubes have appeared on the surplus 

market at prices approachable to amateur scientists. 

The tubes selected for CATNIP 3 have improved 

quantum efficiency and extended spectral response. 

The use of two, or potentially one, detector in place 

of three requires additional processing in both 

hardware and software. The new detection protocol 

provides increased sensitivity with adequate rejection 

of false positives. 

 

Although similar in exterior appearance to earlier 

embodiments, CATNIP 3 is significantly different in 

construction and includes more features while 

reducing weight and volume. The aperture selection 

and rotating mirrors have been automated to facilitate 

operation from a remote control room. The detector 

housing has been modified to increase rigidity and 

now includes a motorized slide to select from one or 

two detector operation.  

 

The ancillary equipment in the optical train has 

also been upgraded and adapted for remote operation. 

A previously used previewer and guider has been 

motorized and a new CCD camera added. In addition 

a new beam attenuation device has been designed and 

built. This allows very bright stars to be observed 

without saturating the detectors.  

Many of the new features and technology 

presented here have been jointly developed by the 

author and the Boquete Optical SETI Observatory in 

Boquete, Panama. A 20 inch telescope in this facility 

has a similar program to the author’s and 

collaboration has led to new features and 

technologies now adopted at each location. 

 

 
 

Figure 1.   A view of the SETI device attached to the 
previewer and telescope. 

4.  Hardware Design and Modifications 

The goal of the mechanical redesign was to 

reduce weight and add new features including 

mechanized mirrors, apertures and a new detector 

assembly.  

 

Weight reduction was accomplished by slightly 

reducing the overall envelope and trimming the mass 

of the component parts. This was accomplished by 

using thinner section elements where possible and 

machining cavities in those parts where reducing the 

cross section was not acceptable. Stainless steel parts 

were replaced with hard anodized aluminum where 

the use allowed. Altogether 5.5 pounds were shaved 

of the complete device leaving the final weight at 

11.5 pounds. This has double benefits as now fewer 

counterweights are needed and reduced weight limits 

flexure as the telescope targets different parts of the 

sky.  

 

 
 

 

   Figure 2.     View of the interior arrangement.  Notice 
the mechanized stages and cover joints. 
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 The plastic box contains the amplifiers. 

A rotating mirror is used to select the direction 

of the incoming beam. For signal detection the mirror 

is rotated out of the beam and for targeting and 

testing it is in the rotated position. Previously the 

rotation was done manually but now it is driven by a 

small servo motor. Manual operation is still available 

as the drive torque is transferred through a slip 

clutch. Automated operation is controlled from the 

integrated software package. 

 

 

 
Figure 3.  Interior view of the rotating mirror in the target 
and test position. Here the telescope beam is directed 
upward to a CCD camera. 

 
 

Figure 4.   Exterior view of the rotating mirror drive 
mechanism illustrating the manual control knob and 
drive belt arrangement 

4.1 Details of the New Detector 

Assembly 
A new detector and cooler assembly was 

designed and built to allow the remote selection of 

either one or both detectors. This is accomplished by 

mounting the cube beam splitter to a mechanized 

stage so that it can be placed in, or removed from, the 

optical path. This concept has already been used by 

professional astronomers at the Lick observatory. 

Another design goal was to place the elements in a 

rigid and precisely machined housing. This avoids 

the necessity of collimation with adjustment screws 

or shims.  

 

 
 

Figure 5.   View of the integrated detector package with 
two cooled PMT detectors, field lens housings and 
movable 20mm beam splitter.  Shown in the single 
detector mode.  Thermal insulation is not shown for 
clarity. 

 

The temperature of the tubes can be regulated at -5 C 

using the thermo cooling system and liquid heat 

exchangers. This is only necessary with high ambient 

temperatures or the need to view extremely faint 

sources where the signal to noise ratio is degraded by 

the dark count of the tubes. 

 

The beam splitter movement is provided by a screw 

thread driven by a small DC motor. End of travel is 

detected by Hall Effect switches. Control is from the 

integrated software package. 

 

Each detector assembly consists of a Hamamatsu 

R636-10 PMT in a socket with integral voltage 
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divider, Field lens holder from plastic laminate 

containing a 15mm diameter x 30mm F/L Fabry lens, 

thermoelectric cooling module and a liquid heat 

exchanger. The entire assembly is insulated by 

refrigerator tape approximately 6mm thick. 

 

 

4.2   PMT Replacement 
 

An important motivation in replacing the PMTs 

was to expand the sensitivity at the beginning of the 

near infrared. The attenuation in the interstellar 

medium of a laser signal at longer wavelengths is 

significantly reduced making this an attractive spot 

for communication. These tubes offer expanded 

response at longer wavelengths without a significant 

increase in dark current. In general use cooling is not 

needed to achieve an adequate signal to noise ratio. 

An additional benefit is the larger size of the photo 

cathode. This measures 8 x 24 mm and reduces the 

need for extremely accurate alignment. The tubes 

have response into the UV as well but other optical 

elements restrict the short end to about 300 nm due to 

the standard optical glass used in the beam splitter 

and the field lenses.  

 

 
Figure 6.   R6358 PMT used in earlier versions of the 
SETI device. Note the lack of response beyond 700 nm  
[Graphs taken from the Hamamatsu catalog.] 

 
 

Figure 7.   R3896 PMT in current use. Expanded spectral 
response and higher QE at all wavelengths. 

 

 

 

4.3   Optical Train Enhancements 

 
The small CCD camera attached to CATNIP 3 

has a field of view restricted to about 3 x 4 minutes. 

This is not adequate for the initial alignment of the 

telescope or for creating the pointing model. 

To overcome this limitation a previewer has been 

build and placed between the photometer and the 

telescope back plate. Originally it was manually 

operated but now it has been mechanized to allow 

operation from the control room. The larger camera 

mounted to this device has a still limited 15 minutes 

square field of view. Although small this has proven 

to be adequate as the telescope has reasonable 

accuracy prior to initial alignment. 
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Figure 8.  View of the SETI device connected to the 
previewer. The larger mirror and CCD camera permit a 
larger area of the sky to be viewed during centering of 
the telescope and when generating a pointing model. 

 

5.0    Control Software 
  

    The original software package was completely 

redone and now features one screen to control the 

mechanics and optics of the photometer as well as 

data storage and preliminary result evaluation. 

This package was written in VB.Net replacing the 

original in the now unsupported VB6. 

Communication with the instrument is through USB 

extender cables from the control room to the 

electronic box in the observatory. Additional cables 

carrying signal and power extend from the electronic 

box to the instrument. Time is synchronized between 

the various parts of the system by the 1PPS signal 

from a GPS timing receiver located in the dome. 

 

 
 

Figure 9.   Control Software Screen 

5.1   Description of the Software 

Screen 

 
       Target stars are selected on the left from a 

database of potential habitable stars drawn from 

numerous sources. 

The center section has the controls for the 

various elements of the photometer and also selects 

the parameters for data acquisition. All data are 

written into a file and a preliminary assessment can 

be made from the event analysis section in the center 

of the screen. The right side displays standard 

astronomical data useful for data logging and general 

situational awareness.  

 

6.0    Control Room 

 
In 2016 the control room was build in a corner of 

my workshop. This is a major improvement in 

comfort and efficiency. An observation session can 

be conducted from start to finish including opening 

and closing the dome. The computer on the left 

drives the telescope with Stellarium and Sidereal 

Technology. The center screen is displaying the 

integrated control package described above and the 

TV on the right is a display for security cameras used 

to ensure the telescope is not driving to the floor and 

the shutter has not detached from the tracks. 

 

 

 

 
 

Figure 10.   Heated control room. 
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Figure 10.  Author’s Owl Optical SETI Observatory in 
Michigan, USA 

                                                                                                     

 

 

 
 

Figure 11.  Boquete Optical SETI Observatory 

Boquete, Panama.  The angle of the equatorial mount 
appears unusual until you remember the latitude is 8 
degrees north in this town. Both observatories are 
Members of the METI group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.0   Conclusion 

 
      These improvements have added utility and 

function to my Optical SETI program. Most are 

evolutionary in nature and the program remains 

basically as it was in 2011. As was the case in the 

beginning I accept the chances of a detection are very 

small. However the chance is zero if nobody is 

looking. The program is within reach of many 

amateur astronomers who enjoy hardware and 

software development as well as actual observation. 

 

 

 

 

 

 

 
Figure 12.  Interior view of the Owl Observatory  
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Abstract 

The advent of add-on thermal cameras for smart phones motivated a study of their potential for use in 
astronomy. Infrared cameras provide images based on heat emitted (or reflected) by an object. Using exotic 
materials for lenses or pure reflective system to focus infrared (IR) “light,” they provide an image on a sensor that 
changes its characteristics when absorbing IR photons. IR cameras available from Seek Thermal have been 
tested with a variety of telescopes to assess their potential. The cameras and the telescopes are described and 
considerations for the designs, necessary accessories, and modifications, are presented. The successes, pitfalls, 
and limits of these cameras are presented with discussion and images. 

1.  Introduction 

Thermal imaging cameras are exactly what the 

name says: they provide images based on heat 

emitted (or reflected) by an object. Exotic materials 

shaped as a lens focus infrared (IR) “light” to 

provide an image on a sensor that changes its 

characteristics when absorbing IR photons. The 

sensor’s surface is made up of many pixels, as with 

visual cameras, which can be read out and presented 

as an image on a screen in a variety of false color 

palettes. In other words, colors or a grey scale are 

assigned to the temperatures calculated for the 

objects in the field of view.  

The biggest difference, operationally, between a 

thermal camera and a visual-light camera is that the 

thermal camera is actually a video camera that 

captures still images or video. Most visual cameras 

(mobile phones excluded) are typically still cameras 

that capture video. (Non-imaging IR thermometers 

have a single, giant “pixel” that present temperature 

based on the IR photons captured by the detector. 

They are much less expensive than thermal cameras 

but also less sensitive, making even the full Moon 

hard to detect with a medium size telescope.) 

When Seek Thermal’s 

(http://www.thermal.com/) $200 infrared camera 

attachment for smart phones entered the market in 

2014, a wide range of opportunities opened for 

potential users. Infrared cameras, in the past, cost 

well in excess of $1000. This report describes 

astronomical imaging experiments with three 

models of the camera, the original 2014 Android™ 

Camera, and the more recent models, the 

CompactXR, and the CompactPRO purchased in 

2016 and 2017, respectively.  

Imaging of the Sun, Moon, and their eclipses 

proved possible. But limitations in the sensitivity 

and control of the cameras limits IR imaging to 

these brightest objects in the sky. Venus, Jupiter, 

and Sirius, the next brightest celestial objects are 

barely or, simply, not detectable. Seek Thermal 

offers a developer’s kit for download that one hopes 

might someday be used to upgrade the control of the 

cameras permitting a wider range of objects to be 

studied with telescopes. 

 

1.1 Seek Thermal Cameras  
 

Seek Thermal’s specifications for its cameras 

are listed in Table 1. Note the small bolometer 

arrays compared to typical cell phone (visual 

wavelength) camera sensor arrays. But with one 

smart phone exception, the cameras in mobile 

phones don’t work in the thermal infrared: Seek’s 

Compact model cameras detect infrared 

wavelengths from 7.2 - 13 micrometers, 10x - 18x 

longer than deep red visible to the eye. These 

cameras are advertised as long wave infrared, 

LWIR, by their manufacturer. But to astronomers, 

their operational wavelength range is called the mid-

infrared, MIR. 

  

http://www.thermal.com/
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The Seek Thermal website lacks some very 

useful information and the company has not 

responded to queries. It has been difficult to confirm 

these specifications and to ferret out additional 

specifications of  the MIR (and smart phones’) 

cameras that would have made designing telescopes 

for MIR use quicker and easier. 

All of the Seek camera fields of view (FOVs) 

are narrower than the FOV of the cell phone’s 

camera so IR images are magnified on the screen 

compared to visual images from the built-in camera. 

Figure 1 compares the screen view of a night scene 

with the mobile phone’s camera and the Android™ 

Camera. The cell phone’s no-zoom visual view of 

the Moon on the right covers more than a dozen 

pixels vertically and horizontally. (This pair of 

images have equal scale because they were both 

taken via the IR camera app which offers this 

feature.) 

 

 Figure 1. The full moon covers only 2x2 pixels in the IR 
view on the left taken with the Android™ Camera that 
had a fixed focus lens. (The current Compact version 
and its brothers now have a focusing lens, a great 
improvement.) 

  

 

Table 1 

Seek IR Camera Parameters 

Android™ Camera  

(original, 2014) 

Compact 

(2018) 

CompactXR 

(2018) 

CompactPRO 

(2018) 

“…true thermal 

imaging camera detects 

infrared light that all 

objects emit, and uses 

the data from over 

32,000 thermal 

pixels…” 

“…combines an 

excellent balance of 

price, resolution, and 

thermal tools.” 

“…provides the same 

thermal performance as 

Compact but utilizes a 

narrow field-of-view 

lens…” 

“…unprecedented 

thermal resolution…” 

Raytheon EXC001 

VOx microbolometer 

Raytheon EXC001 

VOx microbolometer 

Raytheon EXC001 

VOx microbolometer 

? 

206 x 156 Array 206 x 156 Array 206 x 156 Array 320 x 240 Array 

12μ Pixel Pitch 12μ Pixel Pitch 12μ Pixel Pitch ? 

-40C to 330C 

Detection 

-40C to 330C 

Detection 

-40C to 330C 

Detection 

-40C to 330C Detection 

Chalcogenide Lens Chalcogenide Lens* Chalcogenide Lens* Chalcogenide Lens* 

Fixed Focus Focusable Focusable Focusable 

16 mm, f/2.7* 16 mm, f/2.7* 9 mm, f/1.5* 9 mm, f/1.5* 

36° Field of View 36° Field of View 20° Field of View 32° Field of View 

LWIR [sic] 7.2 - 13 μm  ? (4.8 – 12.5 μm)* ? (4.8 – 12.5 μm)* ? (4.8 – 12.5 μm)* 

< 9Hz Frame Rate < 9Hz Frame Rate < 9Hz Frame Rate > 15Hz Frame Rate 

 Auto Mode Only Auto Mode Only Auto & Span/Level 

Control 

 Auto Emissivity Auto Emissivity Adjustable Emissivity 

* Values inferred from other specifications and may not be correct. 

Mostly extracted from https://www.thermal.com/compact-series.html.  

 

https://www.thermal.com/compact-series.html
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2. Astronomical Instrumentation 

 

2.1 Telescope 
Because the Seek cameras’ operating wavelength 

range is absorbed by most transparent (to the eye) 

glass and plastic, only a pure reflecting telescope 

like a Newtonian (Figure 2) or Cassegrainian will 

deliver IR images to the camera. (A Schmidt-

Cassegrain or Maksutov-Cassegrain will NOT work, 

though you can determine the temperature of the 

telescope’s corrector lens by attaching the camera to 

the telescope and looking backward along the 

telescope’s light path to the corrector. A thermal 

camera aimed at a sliding glass door or a picture 

frame with glass in it will often present a weak, 

thermal selfie showing the warm photographer 

reflected by the cold glass.) 

 

  

Figure 2. (Left) The Android™ Camera was used for the 
left thermal image. (Middle) This 25.4 cm f/6.8 
Newtonian telescope was used for some imaging of the 
Moon. (Right) The diagram (not to scale) shows the 
light path that includes reflections on the primary and 
secondary mirrors, through the POLY IR® 1 Fresnel 
transfer lens and finally focus with the IR camera’s 
chalcogenide lens. For other imaging, an 11.4 cm f/3.8 
Newtonian and a ZnSe IR refractor were used.  

Alternatively, an IR refracting system can be 

built. Fresnel Technologies offers a variety of 

aspheric Fresnel lenses (minimizing spherical 

aberration) in a wide range of focal lengths. Across 

the collection, there are lenses that will work as 

transfer lenses (equivalent of eyepieces, see below), 

telecompressors, tele-extenders (equivalent to visual 

Barlow lenses), and objective lenses up to a focal 

length of 610 mm. Lens f/numbers range from <1 to 

about f/3. Yellow zinc selenide (ZnSe) singlet 

objective lenses are also available for use in an IR 

refractor. An example is described in more detail 

below. 

The IR camera has its own lens for focusing 

images, which is used at infinity with a telescope. 

Just as our eyes require an eyepiece to present 

telescopic views to us, the IR camera needs an 

“eyepiece” to parallelize the rays before they can be 

focused by the IR camera’s lens (focused at 

infinity). The telescope, similar to its use for visual 

observations, must be double telecentric (or bi-

telecentric). Afocal imaging is the optical set-up to 

use that satisfies these requirements. It is the same 

approach as when using a cell phone camera held up 

to the eyepiece of a telescope (e.g., at a public star 

party). 

 

2.2 Afocal Imaging 

For all of the testing described here, a sample 

Fresnel Technologies (FT) 1” diameter f/1 POLY 

IR® 1 Fresnel lens was reversed (grooved surface 

towards the camera’s IR lens, away from the 

telescope mirrors and the sky) and used as an 

“eyepiece” (transfer lens; Figure 2, right). Its image 

quality is not great and the lens significantly 

reduced the IR throughput of the optical system 

(Figure 3) but it has been more than adequate for 

demonstrating the cell phone IR camera with a 

telescope.  

 

 Figure 3. Transmittance of POLY IR® 1 material as a 
function of wavelength, including the visible and near–
infrared portions of the spectrum. Sample thickness 
0.38 mm (0.015" nominal). Note the reduced and 
variable transmission shortward of 15 micrometers. 
The Seek Camera spectral range is highlighted. Fresnel 
Technologies also offers POLYIR® 2 material with 
somewhat better overall transmission in the range of 
interest, while retaining other useful properties. 
Transmission curve ©2003, Fresnel Technologies, Inc. 
All rights reserved. www.fresneltech.com  

For the initial tests, an assembly using the Seek 

camera, FT transfer lens, and a Snapzoom® 

digiscoping adapter (that held the smart phone) were 

combined with a custom-(garage)-built transfer lens 

adapter (Figure 4). All of the components included 

with the Snapzoom, including its very helpful 

counterweighting accessories, were used.  

The Seek’s camera lens extends beyond the 

back of the cell phone. A small piece of 3/16” foam 

was added to elevate the camera slightly in its cradle 

http://www.fresneltech.com/
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on the Snapzoom, which accepted the spacer easily. 

This removed the chance of stress damage to the 

microUSB connectors on the Seek camera and the 

cell phone.  

 

 
Figure 4. Left: The Snapzoom holds the added white 
foam spacer. A portion of the white top of the IR 
transfer lens cell is visible just below the foam spacer, 
near the right clamp arm of the Snapzoom. The 
counterweight bar and ball extend off the bottom. 
Middle: The chrome tube of the transfer lens assembly 
extends (up) to the right in this view. The white 
“tongue” is the finger end of the focus screen. No paint 
is used inside the tube. Right: The transfer lens 
assembly includes the cannister that holds the transfer 
lens (visible at the top) inserted in the tube. A screw 
holds the cannister in place. The viewport on the side 
beneath the focus screen provides clearance for the 
focusing screen and the sightline necessary to see the 
lunar image focused on it. 

 

The first version of the transfer lens assembly 

(Figure 4, Right) started off as a 1.25” diameter 

(matching a standard eyepiece holder) chrome-

plated brass plumbing tube about 2.5” long. A 

circular saw was used to drill a hole in the side of 

the tube to provide a viewport centered about 1” 

from the end of the tube. As luck would have it, a 

rigid, flip top plastic canister was found that nicely 

fit inside the chrome tube. A circular hole was 

drilled in the flip-top of the canister and the bottom 

was cut off.  

The IR transfer lens was cut out of the square 

piece of plastic it was manufactured on and fitted to 

the top of the open canister. The flip top comes 

down and holds the lens in place. One inch down the 

canister (the focal length of the IR lens), a slot was 

cut into the canister just wide enough for the 

thickness of a credit card to pass through. An old 

plastic membership card (like a credit or debit card) 

with a matte white back was cut to size to match the 

slot (chord about 0.75”) and rounded at the bottom 

so it could slide fully into the canister’s side slot. 

The card serves as a focus screen, visible through 

the viewport in the chrome tube. The bottom of the 

canister is cut off, with enough length between its 

top and the slot in the tube to preserve the canister’s 

structural rigidity. The cannister is held in place 

with a short screw (aquarium cement would also 

work well). The Snapzoom’s eyepiece jaws close 

around the tube as designed, though some cardboard 

was added between the chrome tube and the jaws to 

account for the extra diameter of the top of the 

canister. The viewport was oriented to be visible 

through the opening between the jaws.  

With the cell phone’s camera centered over the 

IR transfer lens (follow the Snapzoom’s 

instructions) and clamped in place, the assembly 

was slipped into the telescope’s eyepiece holder. 

With the focus screen in the camera adapter, the 

Moon was projected onto the focus screen and was 

also centered up in the finder. The focuser was 

racked to put the image of the Moon in focus on the 

screen (where it was also at the focal point of the FT 

transfer lens (when the screen is removed). The 

screen is then removed for IR imaging.  

It turned out, though, that the images (Figure 5) 

illustrate that focusing the assembly doesn’t require 

the focus screen. (Infinity focus of the IR camera 

should be set in advance on a distant object, like a 

tree or distant sharp horizon.) The screen does get 

focus very close before imaging begins and helps 

with the initial interpretation of the images. 

Forgoing use of the screen shows that the IR camera 

will not show a very out-of-focus image of the 

Moon on the screen. If the pointing is correct, the 

focus may be way out if the target is not visible on 

the cell phone screen. 

 

 
Figure 5. A section of the limb of the Moon is seen 
against dark sky. Left: Outside focus. Middle: At focus. 
Notice the narrow spacing between the dark and bright 
zones, indicating the limb was sharp. Right: Inside 
focus. The Moon was greatly oversized compared to 
the detector so only a limited arc crosses the field of 
view with cold sky across the bottom. The bright 
“snail” structure in the image is generated in the optics 
(and discussed in more detail later). Android™ Camera 
thermal images. 

This full camera assembly used available 

materials and functioned well for initial testing. But 

it proved to be heavy and ungainly. Touching the 

mobile phone’s screen to capture an image 

threatened to shake the whole telescope. In addition, 

the card focus screen turned out to be unnecessary if 
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reasonable spacings were made based on the 

telescope’s and transfer lens’ known focal lengths.  

For wider angle imaging (shorter focal length) 

than possible with the two Newtonians available, an 

IR refractor (Figure 6) was developed to take 

interchangeable objective lenses with an axial 

focuser (like those on camera lenses) on the back 

end which accepts the 1-1/4” transfer lens assembly. 

The assembly is mounted on aluminum U-channel 

so it can ride piggyback on another telescope or 

directly on an equatorial mount or tripod by itself. A 

cell phone holder for car vents was adapted and 

mounted on the back of the telescope’s spar. A 6” 

microUSB extension cable connects the Seek 

camera to the smart phone. 

 

 
Figure 6. IR Refractor and Objective Lenses (Left) The 
heart of the IR refractor is the coupling with attached 
axial focuser that is clamped to the U-channel 
aluminum spar. The finders have their attachment point 
on the far side of the spar. (Right) The telescopes’ 
tubes are a mix of PVC (white) and ABS (black) pipe of 
appropriate lengths with couplings and end caps and 
slip into the “heart coupling.” The pipe lengths, not 
seen well from this perspective, were different for all 
three lenses based on their focal lengths and lens cell 
construction. 

 

Mid-range focal length lenses including a ZnSe 

singlet and two lenses from FT can be used as 

objective lenses. The objectives are a yellow ZnSe 

lens (focal length 102 mm, f/4.1, used at T/5.1) and 

two translucent Fresnel lenses, focal lengths 102 

mm (f/0.9, used at T/1.85) and 183 mm (f/2.8, used 

at T/3.33). The two FT lenses were cut with scissors 

down to 55 mm diameter from their manufactured 

diameters to fit into their pipe fitting cells.  
At the time the IR refractor was being built, an 

improved transfer lens assembly was also designed 

and constructed. This version 2 transfer lens 

assembly was built by cutting sections (matching the 

cross-section of the body of the Seek camera) out of 

the side and top of a new plastic canister so the Seek 

camera lens is centered and faces the bottom of the 

canister. This allows the camera secured in the 

canister to drop in to the 1-1/4” chrome plumbing 

tube (and that slides into the eyepiece holder of a 

telescope). A cylindrical plastic spacer holds the 

camera lens centered in the canister. The bottom of 

the spacer also can hold the Fresnel Tech lens in 

position at the (inside) bottom of the canister if a lip 

is left along the edges of a large hole in the bottom.  

The new transfer lens assembly (Figure 7) can 

also easily be used on the Newtonian telescopes 

with a 3’ or 6’ microUSB extension cable. The 

length to use depends on the distance from the 

telescope focuser to a convenient shelf for the smart 

phone on a telescope or its mount. This transfer lens 

assembly, extension cable, and telescope are much 

like a mirrorless camera used with a cable release. 

Shaking the telescope is reduced since the smart 

phone can he handheld when triggering the IR 

camera. (Now one can purchase a cable release for 

their smart phone camera, too, but it may not trigger 

the IR camera.) 

 

 

 
Figure 7. The updated transfer lens assembly. A later 
modification notched the chromed nosepiece to fit 
some of the camera body’s depth. This way the camera 
can slide into the chrome nosepiece which can be 
more easily be clamped at a desired position angle in 
the telescope focuser. 

 

Additional transfer lens assemblies have been 

built to experiment with getting higher 

magnification using a chalcogenide close-up lens 

offered on eBay and a spare Seek CompactXR 

chalcogenide lens.  

 

 

3. Imaging Considerations 
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3.1 Telescope Objective Choice 

Infrared telescopes can use refractive or 

reflective optics. If refractive optics are desired, 

special materials like zinc selenide (ZnSe), 

chalcogenide, or Fresnel Technologies’ POLY IR® 

materials must be used. The choice may ultimately 

be based on which type of telescope can be found 

(or made) with the required optical parameters.  

Two considerations are the quality and the 

reflectivity or transmissivity of the telescope’s 

planned objective optic. Figure 8 shows examples of 

the results of experiments with different objectives 

on the gibbous Moon. Take note of the additional 

scattering of the translucent POLY IR® materials 

compared to ZnSe and the Newtonian telescope 

(best seen in the lower set of daytime streetlight 

images). Transparent POLY IR® materials will not 

share this effect. Also, note the size, position, and 

sharpness of the warmest part of the Moon (white, 

in the lower set of Spectrum palette images). The 

sharper image of the Newtonian places the highest 

temperature near the area at local noon on the 

Moon. In the other images in the set, the white area 

is more or less centered on the image of the Moon. 

 

 

 
Figure 8. These sets show a visual light image and images (left to right) taken with three refractor and one reflector 
telescope. The translucent lenses are Fresnel Technologies POLY IR® 2 material. Note the difference in resolution between 
all of the MIR images and the visual image and between the ZnSe lens and the translucent lenses.  The Newtonian image is 
the best MIR image. Top: The IR Moon recorded in White palette (upper) and Spectrum palette (lower) and four telescopes. 
All the lunar images have been adjusted to have similar scales, regardless of telescope focal length. Bottom: A nearby 
streetlight in daylight was imaged with three refractors. These IR images have their native scales. The changing pattern in 
the blue ring above the cobra head is due to the changing area of cold blue sky revealed by the motions of the clouds in 
the background. 

 

3.2 Image Artifacts 

 

Besides the blurring and glare from refractive 

optics, the two most obvious artifacts in many images 

are the bullseye structure of the FOV and the “snail” 

often seen near the center. Some of their effects on 

the images are apparent. Laying out all of the optics 

with more knowledge of their optical parameters and 
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making lens substitutions, if possible, can reduce 

these effects. 

The structure in the in-focus image of the Moon 

(Figure 5, Figure 11 Left and Middle, and Figure 18 

Left and Middle) may have been due to the behavior 

of the IR sensor, the transfer lens, the calcogenide 

lens, or the combination of them. There may be 

variations in sensitivity among the pixels (and, less 

likely, IR wave interference within the sensor’s 

surface). Internal reflections in the transfer lens, 

sensor, or within the camera are also possible. The far 

side of the telescope’s tube or the internal walls of 

the focuser assembly may contribute background 

thermal glare as well (Figure 9). The snail structure 

seen Figure 5 is much better displayed by lunar 

images made with the higher resolution 

CompactPRO (Figures 11 and 18).  

Some improvements can be made by optimizing 

the optics from camera lens to telescope objective. 

Such design changes would include limiting the view 

of the camera lens to the clear aperture of the transfer 

lens with better spacing. Next limit the camera lens + 

transfer lens combination to view only the secondary 

mirror and not its surroundings. In turn, confirm that 

only the primary mirror and thus the sky is visible 

from the combined IR camera with lens, transfer lens, 

and secondary mirror. This will probably require 

optimizing the spacing of the diagonal (and maybe 

changing its size) and the primary, which is likely to 

affect the fully illuminated field of view for visual 

wavelength cameras. This described optimization 

presents only the reflected sky (no telescope tube in 

the IR FOV).  

 

3.3 The Bullseye 

 

Placing the CompactPRO camera (without transfer 

lens) at different depths in the focuser illustrates the 

visibility of heat-emitting telescope parts. With the 

camera barely inserted in the focuser drawtube, the 

walls, most likely of the focuser, show their warmth. 

By sliding into the middle, the cold sky portion 

increases in size. With full insertion, the area of dark 

sky is maximized (Figure 9). 

 

 
Figure 9. The cold sky is dark in this series of images. 
From left to right, as the CompactPRO camera (without 
transfer lens) is pushed further into the telescope, the 
warmth of the focuser draw tube and telescope tube 
walls is moved further out of the camera’s FOV until 
cold sky dominates. 

 

The bullseye can affect an image directly (Figure 

10). The camera self-adjusts to smoothly represent 

changes in temperature across the FOV so it’s not 

clear if the detected warmth is the glow from the 

adapter and focuser tubes, the telescope wall, or all of 

those parts. As soon as the Moon is in the FOV it 

changes the temperature and thus the color range 

presented by the camera. What may be the snail even 

has an effect on the crescent moon when it is 

centered in the sky area. 

 

 
Figure 10. The crescent moon was swept in declination 
from North to South in this series of images. Notice how 
the crescent is apparently distorted by the optics as well 
as by other sources of heat, like the inside walls of the 
telescope and the focuser. These images of the Moon 
were made with the 114 mm f/3.8 Newtonian. 

 

3.4 The Snail 

 

The snail structure seen in the proof-of-concept 

images is much better displayed by lunar images 

made with the higher resolution CompactPRO 
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(Figure 11). They show the snail in the same position 

in the two frames (left and middle) but with different 

characters, likely related to the different positioning 

of the Moon. The equivalent afocal projection using 

the chalcogenide close-up lens has a reduced FOV 

compared to the FT transfer lens but it also presents a 

hot spot which has a different character (Figure 11, 

Right). Because these are thermal images, one can 

consider the snail and similar artifacts to be places 

where IR radiation is more concentrated, thus they 

are hot spots in a literal sense, not just bright in terms 

of intensity on the image presented.  

 

 
Figure 11. The white “snail” (crawling downward in the 
Left image) has different characters in the Left and 
Middle lunar images. The Left and Middle used the FT 
transfer lens while the Right used a chalcogenide close-
up lens as the transfer lens. The snail’s origin is likely 
due to the FT lens’ Fresnel design. These images of the 
Moon were made with the 10” f/6.8 Newtonian.  

 

3.5 Strategies to Reduce Artifacts 

 

Purely reflecting Cassegrainian telescopes will 

have the added design issue of their (warm) baffles if 

thermal imaging is going to be attempted. The 

optimization described can limit the thermal camera’s 

field of view to the Cassegrainian secondary mirror 

and solve most or all of the problems. 

An alternative Newtonian design reduces the 

telescope’s visible components emitting thermal 

energy visible to the camera. Custom Newtonians 

have been built with no tube opposite the focuser. 

Using such a design requires that the focuser would 

have to be aimed up toward the cold sky, not the 

warmer ground or floor. 

There’s no guarantee that this optimization is 

even possible with the optics pulled together from so 

many different sources and their use in ways not 

envisioned by their sources. A small Cassegrainian-

Mersenne system, in place of the IR Fresnel lens, 

could probably be designed and built but the expense 

might be considerable. A pure IR refracting system 

should be optimizable with the correct choice of IR 

lenses and careful design and construction. 

A particularly appealing solution is to remove 

the thermal camera’s lens completely so the camera’s 

sensor is at the telescope’s first focus. Doing so 

obviates the need for the transfer lens, increasing the 

overall throughput and simplifying the set-up. A 

suitably designed camera nosepiece might be able to 

limit the camera’s view to the secondary mirror (or 

refractor objective) only, with its reflection of the 

primary mirror collecting photons from the source in 

the sky. Potentially, this would maximize the view of 

the cold sky through the telescope. It would also 

remove artifacts generated by the transfer lens. The 

uncertainty is how well the thermal emission from 

the camera nosepiece, focuser, and telescope tube 

walls can be prevented from entering the field of 

view of the camera’s sensor. 

For those willing to void the Seek Camera 

warranty, the camera sensor can be used at the 

telescope’s first focus by simply removing the 

camera’s lens. Twist the camera lens counter-

clockwise until it stops turning, then gently but firmly 

continue as a plastic pin breaks until the lens mount 

stops rotating. Lift the lens straight off the camera 

body and deposit it somewhere safe for future use. 

A new cannister can be modified to hold and 

center the Seek Camera with its lens removed and 

camera body open. The bottom of the cannister will 

not use the relay lens but can retain the internal lip to 

support the centering spacer. Focus the camera as one 

would any lensless or DSLR camera body used at the 

first focus of a telescope. The geometry of the 

camera’s placement will need to be considered, as 

noted in the optimization discussion, with respect to 

the visibility of the telescope’s walls as seen by the 

camera sensor.  

Note that the IR sensor is a very small chip so 

the field of view at first focus is quite limited. A 

well-collimated finder or a trustworthy go-to 

telescope mount will be very helpful for aiming 

purposes.  

Reminder: The common Schmidt-Cassegrainian 

and Maksutov-Cassegrainian telescopes as well as 

refractors cannot be used with the thermal camera. 

Their front lenses (and any internal correctors) absorb 

thermal infrared wavelengths. 

 

4. Celestial Imaging 

 

4.1 Solar Images 

 

The ZnSe refractor was used for partial eclipse 

images on 21 August 2017. For the eclipse, a solar 

filter had to be found that would block most or all of 

the Sun’s visual photospheric emission but not all of 
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the Sun’s photospheric IR emission. After testing a 

wide variety of plastics, a suitable filter material was 

found: the top of a noosa yoghurt cup (Figure 12), 

found in some grocery stores.  

Figure 13’s images demonstrate that the full 

FOV presented on the mobile phone screen can be 

affected by the auto-exposure system and the 

placement of a bright source in the field of view (and 

any change in its position over time). The limitations 

of the optical system, including distortion, also can 

affect the results. Proper centering on the optical axis 

of the telescope is critical to reduce distortion. 

In Figure 13, the crescent Sun may have been too 

bright for the Seek CompactPRO camera, as the 

image bleed shows in some of the images. A 

narrower crescent shows its shape better. The 

reduced signal from a thinner crescent may 

demonstrate limb darkening, also observed in visual 

wavelengths, but it may simply be because the image 

is placed differently on the camera sensor.  

 
Figure 12. This plastic yoghurt cup cover material 
serves as a filter that appears opaque at visual 
wavelengths and has high optical density at IR 
wavelengths for solar observations, protecting the 
telescope and the IR camera. The plastic can be cut to 
the desired size with a pair of scissors. 

 

The partial solar eclipse images also illustrate 

some of the limitations of the automatic exposure 

system of Seek Thermal cameras. Note especially the 

changes in the bottom row (4 of 7 frames taken at 

12:36 MDT). The temperature range changes across 

the first three of the four. In the third and fourth in 

that same row, the camera switched the image 

rotation and the bullseye pattern changes shape even 

though the temperature range stayed the same.  

 

 

 
Figure 13. Changes in the brightness of the crescent Sun taken 21 August 2017 affect the whole FOV and make it difficult 
to visually interpret some images. Images taken with the IR refractor using the ZnSe objective and FT transfer lens. 
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4.2 Lunar Images 

 

It is important to realize that there are significant 

limitations to image quality with the IR camera. The 

sensor’s pixels are large and few. That means that for 

showing the whole disk of the Moon (in whatever 

phase), the focal length must be short enough to not 

fill the whole sensor. But this is complicated by the 

need for the relay lens and the optical power it adds 

to the system. Seeing even gross detail like the maria 

is challenging at short focal lengths because of both 

pixel size and the small variations in temperature 

across the Sun-illuminated Moon. More 

magnification with a longer focal length telescope 

and higher resolution with the CompactPRO, along 

with a careful choice of screen color palette, shows 

lunar detail including highlands and craters (Figures 

14 and 15). 

 

 

 
Figure 14. The region around the crater Tycho shows less contrast than in the visual image. 
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Figure 15. Fairly uniform temperatures are found along this swath of latitude and longitude spanning the crater Copernicus 
through the Apennine and Caucasus Mountains. The camera’s autoexposure changed for the last frame, which includes 
the Moon’s limb. 

Early experience with the Android™ Camera 

and the full moon left a number of questions open. 

Away from full moon, will the terminator (separating 

the Moon’s day and night sides be as obvious as it is 

when it is seen visually? Will the cooling along the 

evening terminator (Moon age > 14.5 days) be 

resolvable by the current demonstration hardware? 

To address these questions, the Moon was imaged 

near third quarter (half moon, Figure 16). The series 

of images suggests that the lunar surface cools off in 

a bit more than 24 hours after sunset on the lunar 

surface. The decreasing size of the white+red areas 

demonstrates the cooling due to the lower angle of 

solar illumination. 

 

 
Figure 16. From left to right, images taken on February 7, 6, and 5, 2017 show the terminator in similar but not identical 
positions in this comparison of MIR and visual images. The CompactPRO camera was used with the 11.4 cm f/3.8 
Newtonian. 
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While the Android™ Camera appears not to 

have the resolution necessary to see residual warmth 

on the Moon’s sunset terminator, the effects of the 

Moon’s ingress into a total lunar eclipse were quite 

apparent with the CompactPRO (Figure 17). 

(Unfortunately, most of the Moon’s egress from 

Earth’s shadow was below the horizon for most of 

North America so the warm-up of the surface was not 

observed.) 

Each pair in the set has a visual image with a 

MIR image sized to similar scale. The pair typically 

were taken within 1 minute of each other. The 

illustrated stages of the eclipse span from the first, 

invisible, penumbral shadow impingement on the 

Moon to just before the onset of umbral totality.  

The (cropped) bullseye pattern, from black near 

the center to yellow and red along the edges and in 

the corners is MIR glow from the warm telescope. 

The Moon in the MIR is the large blob that starts out 

in the set as red and white with a rainbow fringe. 

Being off-center (in the black part of the bullseye) 

optically distorts the image a little. A portion of the 

snail is visible in some of the images including the 

last image, where the Moon is nearly invisible. In the 

MIR, the Moon disappeared during totality.  

 

How do other transfer lenses with other focal 

length lenses do for magnifying the final image? A 

chalcogenide close-up lens was available for the 

experiment. The focal length of the close-up lens is 

about 25 mm, the same as the FT transfer lens. Not 

surprisingly, the magnification was similar but the 

edges of the field of view were sharpened (Figure 18, 

Left). For comparison, using the same telescope and 

the FT transfer lens, a screen-filling view of the 

Moon was provided (Figure 18, Middle). The spare 

CompactXR lens substituted for the FT transfer lens 

with exciting results (Figure 18 Right and Figures 15 

and 16 above). The different colors of the mare may 

be indicating lava flows of different ages or other 

properties. Closer to the terminator, large craters with 

shadowed interiors and portions of a mountain range 

can be distinguished with this magnification (Figures 

15 and 16). 

 

 

 

Figure 17. (To Right) The 31 January 2018 lunar eclipse. 
The visual images were made with a Celestron 1250 f/10 
telephoto lens and a Canon 60Da digital SLR camera. 
The mid-infrared images were made with a 114 mm f/3.8 
Newtonian telescope (F = 436 mm) to feed a Seek 
Thermal CompactPRO.  

 

 
Figure 18. CompactPRO and 10” f/6.8 Newtonian 
telescope images of the waxing Moon with differing field 
lens magnification. North is up, East is left in these views. 
Left: The waxing Moon’s equator is shown against the 
cold sky and telescope interior warmth in this view 
captured using a chalcogenide close-up lens. The field of 
view is well defined but no surface detail can be 
discerned. Magnification 1.35x. Middle: The waxing 
Moon’s equator is shown against the cold sky in this view 
captured using the usual Fresnel Technologies POLY IR® 
1 transfer lens. Magnification 1.38x Right: Mare Crisium is 
the dark feature below center in this view captured using 
the lens from a CompactXR camera as the transfer lens. 
Magnification 11x.  
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5. Conclusions 

The imaging tests reported here demonstrate: 

1. Reflecting optics provide sharper images than 

transmitting optics (Figure 8). 

2. Afocal imaging is an effective way to make 

astronomical IR images of the Sun and Moon 

with a smart phone IR camera. Limited tests 

(not reported here) suggest that removing the 

IR camera’s lens and using the camera sensor 

at the first focus of the telescope will work 

well. 

3. Different transfer lens designs and materials 

affect the magnification of MIR images and 

the artifacts in them (Figures 11 and 18). 

4. Image quality is limited by the number of 

available pixels on the thermal sensor.  

5. Crisp focus is important overall (Figure 

5), and for each individual optical 

component.  

6. Align all optical elements centered on the 

telescope optical axis. 

7. Fresnel lenses function reasonably well as 

transfer lenses. They exhibit, in the IR, the 

same resolution and distortion limitations 

that one sees visually with Fresnel lenses. 

Visually transparent lenses can be used 

but translucent lenses should be avoided 

(Figure 8). ZnSe is probably satisfactory 

for a transfer lens but has not been tested. 

8. Having control of the sensitivity and 

contrast of the sensor might make details 

on the Moon visible with short focal 

lengths as well as fainter objects. Jupiter 

was just barely detected in the bullseye of 

the Android™ Camera. Sirius and other 

bright stars were not visible with the 

telescope + CompactXR or CompactPRO.  

9. Simple image processing of the MIR 

images might be able to remove artifiacts 

and improve the visibility of features in 

images. The processing must be able to 

deal with the native jpg images. 

10. Optimizing the optical design (transfer 

lens and lens holder/eyepiece tube) to 

limit the camera’s view of the inside of 

the telescope would be very helpful.  

11. Long imaging sessions on cold nights will 

drain the cell phone battery rather quickly. 

The observer should be prepared to plug 

in the smart phone to recharge during 

extended sessions. An OTG-capable smart 

phone may be able to charge and image 

with the IR camera at the same time.  

12. Another manufacturer now offers an 

attachable thermal camera for smart 

phones. There is significantly more 

information on camera capabilities and on 

accessories, including a choice of 

removable lenses. Visit http://www.i3-

thermalexpert.com/. 
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7. Sources and Resources 

Cameras: 

Seek Thermal:  https://www.thermal.com/ 

Thermal Expert:  http://www.i3-thermalexpert.com/ 

 

Lenses & Materials: 

Fresnel Technologies: http://www.fresneltech.com/ 

https://en.wikipedia.org/wiki/Chalcogenide_glass   

https://en.wikipedia.org/wiki/Zinc_selenide   

 

Sensor:  

https://en.wikipedia.org/wiki/Microbolometer   

https://www.prnewswire.com/news-releases/seek-

thermal-infrared-camera--raytheon-ir-

microbolometer---reverse-costing-analysis-

300037895.html   
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101 

 

The Observers Notebook Podcast for the  
Association of Lunar and Planetary Observers 

Tim Robertson 

ALPO Podcast Host and Coordinator of the ALPO Training Program 

195 Tierra Rejada Rd, Unit 148, Simi Valley, CA 93065 

cometman@cometman.net 

Abstract 

The ALPO has been experiencing the same problems that all types of organizations like ours are seeing right 
now: the ‘graying’ of our members, declining membership numbers, inability to bring in younger members. In an 
effort to grow our membership and bring it to a wider audience, the ALPO has started a podcast. 

1.  Introduction 

So…. What is a podcast? 

A podcast is an audio program, like a radio 

show, that is made by someone and then posted to the 

Internet for you to download and listen to via iTunes 

or some other method to an iPhone or iPod or other 

listening device. It is a form of media that started way 

back in 2004. There are thousands of free podcasts 

available via iTunes and other media outlets. 

Most podcasts are free for you to download and 

listen to. 

Why did the ALPO (Association of Lunar and 

Planetary Observers) start a podcast? 

The ALPO reviewed the current way information 

is disseminated and found these reasons pertinent: 

• Print media is becoming a thing of the past 

• “Online” is where most people get their 

information 

• This format can reach a younger audience 

• It allows for immediate release of new 

discoveries and observations  

• This could grow the membership of the 

ALPO 

• This reaches a worldwide audience 

• This introduces “how to” observe to 

everyone. 

 

2.  The Observer’s Notebook 

The first episode dropped on January 20, 2017. 

That was an interview with the Secretary Treasurer of 

the ALPO Matt Will that discussed the history of the 

ALPO.  

To date I have recorded over 50 episodes of the 

Observers Notebook podcast with various members 

of the ALPO. Most have been with section 

coordinators to highlight the programs within each 

section. The length of the podcast averages around 30 

minutes in length. The longest podcast thus far is 

over 1 hour and 20 minutes. We can record longer, 

there is no time limit and the hosting service that I am 

using has unlimited space available for podcasts. 

 

 
Figure 1:  Graphic for the Observer’s Notebook Podcast 

3.  The Topics Currently Covered  

The podcasts that are currently online include: 

 A conversation with Matt Will about the history 

of the ALPO,  

 Wayne Bailey talks about the Lunar Section 

programs,  

 Rik Hill on the Solar section,  

 Ken Poshedly gives us an update and history of 

the JALPO and a chat with Steve Tzakis, a past 

student and graduate of the ALPO Training 

Program 

 Mike Reynolds gives some valuable insights into 

the 2017 Total Solar Eclipse, 

 Julius Benton and I have a chat about both the 

Venus and Saturn sections in two separate 

podcasts, 

 Bob Lunsford tells me all about the Meteor 

section,  

 Jerry Hubble from the Lunar Topographical 

Studies section enlightened us on the workings 

and observations within his section, 

mailto:cometman@cometman.net
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  In our longest podcast so far I had a very in-

depth discussion with Astronomy Historian Tom 

Williams on the History of Amateur Astronomy 

in the US.  

Other topics covered include The Remote 

Planets Section and Jupiter Section, Comets Section, 

Lunar Transient Phenomena, the 2018 SAS 

Symposium, plus many more. 

Some of the most popular topics thus far have 

been Bright Comets for 2018 with Carl Hergenrother, 

Mars 2018 with Roger Veneble and a follow-up 

podcast about the 2017 Total Solar Eclipse and 

Minor Planet light curves with Brian Warner. 

The podcast is also used to ‘get the word out’ on 

any breaking astronomy news or events happening in 

the night sky. i.e. Meteor Showers, Nova, Comets, or 

a call for observations. 

 

4.  Downloading and Listening 

The podcast is released every 2 weeks, and if 

you subscribe to it via iTunes it will automatically be 

downloaded to your mobile device.  

The podcast is available on a variety of outlets,  

• iTunes 

• Stitcher 

• SoundCloud 

• GooglePlay 

• iHeart Radio 

• Amazon Echo (My Cast) 

 

But…. If you don’t have a smart phone and still 

want to listen?  

You can listen on your computer by going to: 

https://soundcloud.com/observersnotebook 

 

5.  Who Is Listening to the Observer’s 

Notebook Podcast? 

We have listeners from all over the globe.  

Outside of the US we have the most downloads from: 

The United Kingdom, Canada, Costa Rica, Ireland, 

Australia, and Germany. 

The first month we had 25 downloads. We are 

now averaging 25 downloads per day!  We have over 

200 subscribers worldwide on various formats that 

automatically receive the new episodes when they 

become available.  We have a 5-star rating on iTunes 

as well.  

 

6.  What is the Cost? 

There is no cost to subscribe or listen to the 

podcast. 

The cost for recording, producing, advertising, 

and having it online is not cheap. This includes 

monthly service fees for the bandwidth, podcast 

storage space, equipment upgrades. The ALPO does 

not give any money to support the podcast. It is 100% 

self-sufficient.  The podcast ONLY survives by 

donations from our listeners. 

To supplement the cost, we use a service called 

Patreon, where monthly donations are made that help 

support the podcast. 

We have four levels of Patreon donations: 

• $1 a month 

• $5 a month (Early access to the podcast) 

• $10 a month (to receive “The Novice 

Observers Handbook”) 

• $35 a month (Become a producer on the 

podcast and FREE membership into the 

ALPO) 

To date we currently have 6 Patreon supporters 

(2 who are not even members of the ALPO) that give 

the podcast a total of $60 every month. While this 

covers most of the monthly expenses, it still does not 

cover the amount of money that has been put into the 

podcast to date.  

You can help us as well by going to: 

https://www.patreon.com/ObserversNotebook 

 

How can you help today? We are selling podcast 

pins during the symposium for only $5 each!  

See me anytime during the symposium to get 

yours.  Thank you for supporting the Observers 

Notebook Podcast. 

 

Figure 2:  Podcast Pin available at the Symposium for a 
$5 donation. 

7.  Conclusion 

Upcoming episodes include discussions on the 

following topics: 

 Changes in Amateur Astronomy over the 

years 

 Lunar Meteoric Impact Search 

 Discovering Comets with Don Machholz 

https://soundcloud.com/observersnotebook
https://www.patreon.com/ObserversNotebook
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 How to use color filters in visual observing 

 The Mercury Section of the ALPO 

 

Since the Observers Notebook podcast began, we 

have had over 8,000 downloads from all over the 

world. It has received great feedback from a number 

of great resources.  

In addition, we have seen a slight bump in our 

membership that appears to be directly attributed to 

the success of the podcast.  

Listening to a podcast has replaced the radio for 

many listeners. During a long commute one can 

enjoy listening to a podcast on a subject that they 

enjoy. Take a dive into listening to podcasts. I think 

you will be very surprised on the content that is out 

there for your enjoyment. And while you are at it, hit 

the subscribe button to continue to enjoy the 

Observers Notebook Podcast! 
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9 New Variable Stars 
Dr Maurice Clark 

Troy University 

Troy AL 

maclark@troy.edu 

Abstract 

I report the discovery of 9 new variable stars discovered during the course of asteroid lightcurve observations. 
Four W UMa-type eclipsing, (GSC 0519:0898; USNO 0948-0542130; USNO 1021-0749276; USNO 1028-
0368462), two that are probably Algol-type eclipsing, (USNO 0957-0550277; USNO 1044-0259355), one RR Lyr, 
(USNO 0836-0590574), one δ Scuti (USNO 1082-0628252) and one that could not be determined, but is 
possibly an RR Lyr (USNO 1295-0192642). 

1. Introduction  

This paper presents data on 9 new variable stars 

that I have discovered during the course of my 

asteroid observations. Typically, these observations 

are around 4 - 7 hours on a single field. While these 

observations are made continuously for many hours 

on a single field, that field is almost always covered 

only for one night due to the motion of the target 

asteroid. This means that any new variables found are 

mostly of short-period, especially W UMa eclipsing 

binaries. 

 

2.  Instrumentation used 

The data were obtained using two PlaneWave 

20in f/6.8 Cassegrain telescopes operating at prime 

focus. Both telescopes were located at the Preston 

Gott Observatory, which is run by the Physics 

Department of Texas Tech University, and located at 

coordinates 33° 44' 53'' N 101° 57' 30'' W, about 

25km north of Lubbock, Texas. One of these 

telescopes is the personal property of the author 

while the other is the main instrument of observatory.   

Both telescopes are equipped with SBIG STL 1001E 

CCD cameras. These cameras use a Kodak Enhanced 

KAF-1001Emonochrome sensor equipped with an 

array of 1024 × 1024, 24μ pixels, for a resulting 

image scale of 1.43arcsec/pixel. Skies at the 

observatory are relatively dark with zenith limiting 

magnitudes typically around 6.7. Under these 

conditions, it is possible to reach 20th magnitude 

with unfiltered 3 minute integrations. 

 

3. Data collection 

All images were unfiltered. This is normal for 

asteroid photometry since the spectrum is basically 

solar in the visible and near infra-red.  The spectral 

response of the CCD chip means that the photometry 

approximates Johnson-Cousins R. 

Normal exposure times were 180 seconds with 

an average download time of about 3 seconds per 

frame. The CCD control program was CCDSoft v5 

(Software Bisque 2012). The images were calibrated 

using darks and sky flats. 
 

4.  Data analysis 

After analyzing any asteroids in the field, the 

images are then examined using the "Variable Star 

Search" routine in MPO Canopus. (Warner 2012) 

This routine scans a set of images and looks for 

objects that vary in brightness, compared to a number 

of comparison stars selected by the observer. The 

results are then displayed as a Magnitude-RMS 

diagram for the observer to check. Most detections 

turn out to be simply hot pixels, however from time 

to time real variable stars are found. Many of these 

turn out to be already known, but sometimes a new 

variable star is found. 9 such new variable stars are 

reported here. 

Once any likely variable stars were found, they 

were then analyzed using the photometry routines 

within “Canopus” to yield more precise lightcurves 

and where possible, periods. Comparison stars were 

chosen from those in the images that had solar-type 

spectra. 5 such comparison stars are used for each 

variable. Where possible, follow-up observations 

were made to better determine variable type and 

period. 

 

5.  Results 

The details of each new variable star are given 

below in order of increasing Right Ascension. 
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USNO 1295-0192642 

Cross Identification: 08005119+3933183: SDSS 

J080051.19+393318.3 

Position USNO B1 (J2000) RA 0800 51.195  

Dec3933 18.79 

Discovered in images taken January 3, 2012 

Variability Type: RR Lyr? 

Catalogue Magnitude: (USNO B1)  15.93R 

Period: 45.22? 

Amplitude  0.7? 

Epoch:  2455929.660188   HJD 

 

USNO 1044-0259355 

Cross Identification: 2MASS 

15274259+1426048; UCAC4 523-059123 

SDSS J152742.58+142604.6 

Position USNO B1 (J2000) RA 15 27 

42.593Dec18 14 14.10 

Discovered in images taken November 9, 2014 

Variability Type: Eclipsing. Algol? 

Catalogue Magnitude: (USNO B1)  14.9 R  

Period:  24.38h?? 

Amplitude  0.55 

Epoch:  2457176.657781   HJD 

 

USNO USNO 1028-0368462 

Cross Identification: 2MASS 

17401895+1253372; UCAC4 515-067533 

Position USNO B1 (J2000) RA 174018.942  

Dec125337.18 

Discovered in images taken June24, 2012 

Variability Type: WUMa 

Catalogue Magnitude: (USNO B1)  15.69 R  

Period:  ~9.5h 

Amplitude  0.48 

Epoch:  2456102.712353   HJD 

 

USNO 0836-0590574 

Cross Identification: 2MASS 19565642-0618523: 

UCAC4 419-134243 

Position USNO B1 (J2000) RA 19 56 56.415 Dec 

-06 18 52.34 

Discovered in images taken August 12, 2015 

Variability Type: RR Lyr 

Catalogue Magnitude: (USNO B1)  14.8 R  

Period: 14.612h 

Amplitude  1.00 

Epoch: 2457280.643918 HJD 

 

 

 

 

 

 

 

 

USNO 0948-0542130 

Cross Identification: 2MASS 

20375238+0448020; UCAC4 475-121031;  

SDSS J203752.38+044802.0 

Position USNO B1 (J2000) RA 20 37 52.39  

Dec04 48 02.42 

Discovered in images taken September 7, 2015 

Variability Type: W UMa 

Catalogue Magnitude: (USNO B1)  15.9 R  

Period: 9.6282h 

Amplitude  0.40 

Epoch: 2457307.611010  HJD 

 

GSC 0519:0898 

Cross Identification: USNO 0948-0544434: 

2MASS 20420018+0449532 

UCAC4 475-121656: SDSS 

 J204200.18+044953.2 

Position USNO B1 (J2000) RA 20 42 00.254 Dec 

04 49 51.12 

Discovered in images taken August 14, 2015 

Variability Type:WUMa 

Catalogue Magnitude: (USNO B1)13.7R 

Period: 9.15492 

Amplitude  0.70 

Epoch: 2457248.633039HJD 

 

USNO 1082-0628252 

Cross Identification: 2MASS 

20520254+1814138; UCAC4 542-134701 

Position USNO B1 (J2000) RA 20 52 

02.557Dec14 26 05.10 

Discovered in images taken November 9, 2014 

Variability Type: δ scuti 

Catalogue Magnitude: (USNO B1)  15.1 R  

Period: 2.74162 

Amplitude  0.54 

Epoch:  2456971.279570   HJD 

 

USNO 0957-0550277 

Cross Identification: 2MASS 

20541944+10543362: UCAC4 479-124372 

SDSS J205419.44+054336.1 

Position USNO B1 (J2000) RA 

205419.45Dec0543 36.5 

Discovered in images taken July 26, 2015 

Variability Type: Eclipsing. Algol? 

Catalogue Magnitude: (USNO B1)  14.6R 

Period: 35.48h? 

Amplitude1.1 

Epoch:  2457229.704545   HJD 
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USNO 1021-0749276 

Cross Identification: 2MASS 

22131837+1207368: UCAC4 511-140551 

SDSS J221318.37+120736.7 

Position USNO B1 (J2000) RA 22 13 18.38  Dec 

12 07 36.8 

Discovered in images taken June 21, 2015 

Variability Type: W UMa 

Catalogue Magnitude: (USNO B1)  14.4R 

Period: 6.9739 

Amplitude  0.18 

Epoch:  2457194.788089   HJD 
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Appendix:  New Variable Star Lightcurves and Findercharts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure (1)  Finderchart for USNO 1025-0192642                                       Figure (2)  Lightcurve for USNO 1025-0192642 
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  Figure (3)  Finderchart for USNO 1044-0259355                                     Figure (4)  Lightcurve for USNO 1044-0259355 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure (5)  Finderchart for USNO 1028-0368462                                    Figure (6)  Lightcurve for USNO 1028-0368462 
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Figure (7)  Finderchart for USNO 0836-0590574                                     Figure (8)  Lightcurve for USNO 0836-0590574 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (9)  Finderchart for USNO 0948-0542130                                     Figure (10)  Lightcurve for USNO 0948-0542130 
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        Figure (11)  Finderchart for GSC519:898                                              Figure (12) Lightcurve for GSC519:898 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure (13)  Finderchart for USNO 1082-0628252                                 Figure (14)  Lightcurve for USNO 1082-0628252 
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   Figure (15)  Finderchart for USNO 0957-0550277                                  Figure (16)  Lightcurve for USNO 0957-0550277 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  Figure (17)  Finderchart for USNO 1021-0749276                                 Figure (18)  Lightcurve for USNO 1021-0749276 
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Is sCMOS Really sCMAS? 
Gary Walker 

AAVSO and Maria Mitchell Observatory 

Abstract 

The world of Astro Imaging has seen several technology changes.  The Author has experienced Tri-X film, push 
processing, Fuji 400, hyper sensitizing, CCD monochrome, CCD with colored filters, and now sCMOS (“scientific 
CMOS”).  Many CCD chip manufacturers have shut down their factories--many to make space for new CMOS 
fab lines.  Leveraging from the computer chip industry fabrication technology, CMOS chips offer small pixels, 
high speed, low noise, high dynamic range and most important, lower cost.   While this works well for DSLR's, 
cell phone cameras, security cameras, and machine vision applications, how does this affect Astro Imaging?  At 
the 2016 NEAIC, the word from vendors was, "that for the point and stare applications of long exposures 
common to Astronomy, the CCD was still the detector of choice".  The evolution of the CMOS technology may 
have closed the gap.  The author investigates how CMOS can best be used for the point and stare applications 
that Astro Imagers need.   

The author explores a Paradigm Shift in imaging 

enabled by the advent of the extraordinary low read 

noise from sCMOS detectors with reads approaching 

1 e- rms.  The current sCMOS detector is the G-sense 

4040/G-sense 400 family, which have bucked the tide 

of the very small pixels that we have come to know 

from sCMOS.  The pixels in these detectors are 9 and 

11 microns respectively, while the size pixels in most 

of the commercial CMOS detectors is now 2.4 

microns.  The 9 and 11 micron pixels are well suited 

to Photometry with telescopes with focal lengths of 

1-4 meters.  This gives sub arc second per pixel 

resolution without excessive storage capacities and 

long readout times.  While the small pixels can 

certainly be binned, that adds read noise which we 

are trying to avoid.   

The author developed a theory that this extra 

ordinary low read noise could be used to advantage 

by time constrained stacking.  A lot of Professional 

Astronomers have discovered time domain 

photometry, and many amateurs have begun to fill 

that need by doing time series measurements.  The 

desired cadence from typical AAVSO campaigns is 

less than 3 minutes per data point.  This coincidently 

aligns with the needs of many pro am collaborations 

on asteroid light curves.  Under this specific scenario, 

the question becomes, "How do I get the best SNR 

within a 3 minute time constraint.  Am I best to take a 

single 3 minute exposure, or should I stack some 

number of frames.  Is there an optimum, and how 

many frames is that?"   

The author explored that theory by writing a 

spreadsheet to evaluate both the noise and the 

resulting SNR when exposing within the 3 minute 

cadence requirement with single exposures and 

stacked exposures up to 18 Subs (i.e. 18 x 10 second 

exposures).  Note that the exposure time per data 

point is 180 seconds in all cases.  The author found 

that when using sub exposures, the sky noise and the 

dark current are both smaller numbers in each sub, 

and the stacked results gains further to the extent that 

these noises are Poisson in nature and do not add 

arithmetically but improve by the square root of the 

number of subs.  As the number of sub exposures 

increase, the read noise becomes more important, and 

eventually one is limited by the read noise only, and 

the sky and dark noise are not important.  This results 

in a minimum in the noise and a resulting 

maxima/optimum SNR. 

To prove or disprove this theory, the author 

presents a data set on M67, in which he uses a FLI 

Kepler 400 sCMOS camera, an AT16RC, and a Tak 

EM500 Mount from his observatory in Groton, New 

Hampshire.  M67 was imaged approximately 20 

times with exposures of 100 seconds and 

approximately 20 times with stacks containing 10 

subs of 10 seconds each.  The imaging routine 

alternated between single exposures of 100 seconds 

and stacks of 10 x 10 Sec subs.  The data was 

reduced in Maxim DL6 using standard procedures.  

Light curves were generated on approximately 20 

stars in the cluster.  The standard deviations of the 

light curves were compared.  The stacks showed 

standard deviations of half that experienced by the 

single exposures, suggesting that the theory was 

indeed correct and could be of advantage to amateurs 

taking times series data.   

 

Editor’s note:  The title of this paper contains a 

pun:  “sMAS” is a play on words from the Sugar Ray 

Leonard--Roberto Duran "No Mas" boxing match.  It 

means (roughly) “is CMOS really MORE?” 
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The North Polar Region of Mars: A Review 
Richard W. Schmude, Jr.  

Gordon State College 

419 College Drive, Barnesville, GA 30204 

Schmude@gordonstate.edu  

Abstract 

Data collected over the last two centuries is summarized here.  It is concluded that Earth-based astronomers 
with telescopes smaller than 0.5 meters can still make contributions to our understanding of Mars’ North Polar 
Region.   Specific projects for these astronomers include: 1) Measure year-to-year changes in the size of the 
North Polar Cap and the North Polar Hood, 2) measure the albedo of the NPC, 3) monitor cloud systems within 
and beyond the North Polar Hood, 4) make polarization measurements of features in the North Polar Region, 5) 
determine how regional dust storms affect the North Polar Hood and 6) measure the size of cloud systems in 
different wavelengths of light to infer cloud opacity.  

1.  Introduction 

This paper summarizes our current knowledge of 

Mars’ North Polar Region from a global perspective.  

By global perspective, I mean examining the North 

Polar Region at resolutions of ~100 km.  The 

emphasis is placed on images made at a resolution of 

~100 to ~200 km.  Images made from the Hubble 

Space Telescope and Orbiting Spacecraft are also 

mentioned when they enhance our knowledge of the 

North Polar Region from a global perspective.  It is 

hoped that this will help future observers plan out 

research projects so that our knowledge of Mars 

increases.  All seasons reported here are for Mars’ 

northern hemisphere.  Several abbreviations will be 

used in this review and are defined in Table 1.   

 

Table 1: Abbreviations used in this review. 

 Term 

NPC North Polar cap 

RNPC Residual (or Remnant) North Polar Cap 

NPH North Polar Hood  

Ls Areocentric longitude of the Sun as seen 
from Mars; Ls = 0°, 90°, 180° and 270° is 
the beginning of northern spring, 
summer, fall and winter, respectively  

 

2.  Historical Overview 

This section is a review of early studies of the 

NPC and NPH.  Maraldi may have been the first to 

draw the NPH in 1704 (Flammarion, 2015, p. 38).  

Herschel was the first to identify the Polar Regions.  

He studied Mars from 1777 to 1783 and determined 

the location and tilt of Mars’ rotation axis.  He drew 

the NPC on April 17, 1777 (Flammarion, 2015, pp. 

44-45).  At this time, Mars was in its early summer 

season and, hence, he observed the RNPC.  Four 

years later, this individual reports that a bright spot 

was in the North Polar Region (Flammarion, 2015, 

pp. 48-49).  Since it was now early fall he 

undoubtedly observed the NPH.  He also reports that 

between March 13, 1781 (mid-summer) and August 

23, 1781 (mid-autumn) the bright North Polar patch 

was not always visible and it was not exactly 

opposite from the South Polar Cap (Flammarion, 

2015, pp. 48-50).  This may be the first evidence that 

the NPH extends farther south on the morning side.  

Beer and Madler estimated the size of the NPC 

starting in 1837 (Flammarion, 2015, p. 98).  These 

two also report the size of the RNPC. Schiaparelli 

carried out early micrometer measurements of the 

NPC in the 1880s (Dollfus, 1973).  Lowell (1905) 

measured the size of the RNPC but also added the 

longitude.  This was an important step since it is not 

circular.  Dollfus (1973) used a double image 

micrometer and photographic plates to measure the 

size of the NPC from 1946-1950.  De Vaucouleurs 

(1969) carried out studies of clouds including the 

NPH which he called “the North Polar Haze Cap” 

between 1937 and 1969.  He reports that it is a 

“seasonal phenomenon” which forms in late summer 

and remains tenuous for several weeks.  Afterwards, 

he reports it grows denser and becomes more stable.  

Fischbacher et al. (1969) measured 3196 photographs 

made from 1905 to 1965 and report the mean size of 

the NPC at different Ls values.  Baum and Martin 

(1973) studied over 3,000 photographs of Mars made 

from 1905 to 1971.  They report the NPC extends to 

65° N at Ls = 10° and the RNPC extends to 82° N 

during most of the summer.  
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Useful Earth-based photographs yielded new 

insights to the North Polar Region during the 1960s 

to 1980s.  Martin and McKinney (1974) used blue 

filter photographs to construct maps of the NPH in 

mid-1969.  They conclude surface albedo does not 

control the NPH boundary.  Their results are 

consistent with it getting bigger after Ls = 180°.  
Akabane et al. (1995) used blue light photographs to 

examine the NPH in early autumn.  They report it 

extends 20° further south in the morning than in the 

afternoon.  They also report its opacity is higher in 

the morning.  This group also reports bright spots in 

the NPH having a mean speed of 8 m/s (or 700 

km/day) east.  Parker et al. (1999) report that the 

NPC in 1984 was larger than normal between Ls = 

60° – 110° and suggests this may have been the cause 

of the delay of orographic cloud formation in the 

Tharsis Region.  They also discuss the possible role 

dust may play in the shrinkage rate of the NPC.  

Early spacecraft enabled scientists to learn much 

more about the North Polar Region.  Mariners 6 and 

7 imaged the NPH in 1969 (Collins, 1971) in a 

“minus blue filter” which has a much higher 

sensitivity to yellow and orange light than to blue and 

green light (Wilkerson, 1970).  Briggs and Leovy 

(1974) analyzed Mariner 9 images of the NPH over a 

21 day period for Ls = 343° – 353°.  They report 

several types of clouds develop between 40° N and 

60° N.  These include lee-wave clouds and dust 

clouds.  They also report the cloud movement is 

consistent with “persistent surface westerlies”.  

   After Viking I landed on Mars in 1976, Earth-

based astronomers continued to gather valuable Mars 

data.  Parker and Beish carried out dozens of 

micrometer measurements of the polar caps starting 

in 1979 (Dobbins et al., 1992), (Parker, 2013).  Beish 

(2012) analyzed NPC data covering several 

apparitions between 1980 and 2003 and reports mean 

latitudes for each 5° interval of Ls between 40° and 

135°.  His mean standard deviation for Ls = 40° – 70° 

is 2.9°.  His results for Ls = 40° – 70° are consistent 

with an NPC latitude of 54.1° N + 0.274Ls with a 

correlation coefficient, r = 0.967.  McKim (1984, 

1985, 1987, 1992, 1995, 2005, 2006, 2007, 2012) 

report summaries of the North Polar Regions for nine 

different apparitions between 1980 and 2007.  In 

many of these reports, he presents size measurements 

of the NPC.  Useful descriptions of the NPH are also 

given. 

The HST started to yield Mars images during the 

1990-91 apparition.  James et al. (1994) report the 

NPH may have a lower opacity near the pole than at 

50° N.  They also report that at a wavelength of 673 

nm, the NPH is “relatively invisible” whereas the 

NPC is visible.  Cantor et al. (1998) measured a few 

dozen HST images over the 1990-1997 time period.  

They carried out their analysis using light with 

wavelengths of between 218 nm to 1042 nm.  They 

point out condensate clouds may obscure the NPC 

edge in blue light images; however, they also 

mention high albedo areas and dust may also obscure 

it in longer wavelengths of light.  This group 

concludes the NPC regression was fairly consistent 

from year to year.  They suggest some changes in cap 

size may occur before Ls = 0°.      

Starting in the late 1990s new spacecraft were 

allowing astronomers to better understand the Polar 

Regions.  Wang and Ingersoll (2002) used Mars 

Orbiter Camera Images to construct maps of the NPH 

between May 1999 and January 2001.  Their maps 

correspond to the early afternoon.  The NPH extends 

farther south near 30° W and 250° W than at other 

longitudes.  James and Cantor (2001) used Mars 

Global Surveyor images to construct mosaics of the 

shrinking NPC.  They drew maps of the shrinking 

cap for the year 2000 at a resolution of ~30 km.  

These show the NPC extended farther south between 

330° W – 40° W than elsewhere.  This group also 

computed the mean NPC latitude by giving each 

longitude an equal weight.  This new approach 

reduces data scatter since it accounts for the non-

circular shape of the NPC.  Benson and James (2005) 

extended this study to include 2002 data, and 

conclude the shrinking NPC underwent year-to-year 

changes of up to ~1.5° in latitude of the cap edge 

between 2000 and 2002.  Cantor et al. (2010) report 

mean cap radii for 2006 and 2008.  They report the 

2008 cap was about 3.5° of areocentric longitude 

ahead of what it was one Mars year earlier.  They 

also report over 2,000 dust storms, larger than 100 

square kilometers, developed northward of 50° N 

between August 2005 and May 2009.  Dixon et al. 

(2012) report NPC radii for 2008.  They show that 

the 2008 cap was about 2° of latitude farther north 

than in 2000.  They also suggest either the 2007 

planet encircling dust storm or observer bias may 

have contributed to this discrepancy.  Calvin et al. 

(2015) used MARCI camera images on the Mars 

Reconnaissance Orbiter to study the shrinking NPC 

between December 2007 and April 2012.  They 

report year-to-year changes occurred and suggest the 

cap shrunk faster in 2007-2008 because of the planet-

encircling dust storm. 

The advent of the Internet has resulted in the 

nearly instant appearance of Earth-based images from 

different parts of the world.  Therefore, images taken 

on the same day but showing different longitudes of 

Mars are now readily available.  This is usually not 

possible from a single location.  The Internet has 

made an all-longitude analysis of the NPC much 

easier.  Earth-based studies continued in the early 21
st
 

century largely due to the Internet.   
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Schmude (2013) measured the mean latitude of 

the NPC (2007-2012) for different values of Ls.  He 

computed the mean latitude for each 15° interval of 

longitude and then took an average of the different 

longitude intervals to compute an overall mean value.  

This technique is similar to that used by James and 

Cantor (2001).  Schmude (2016) analyzed MARCI 

camera images to study the NPC during 2008-2016 

(MY 29-33).  He reports that there were significant 

year-to-year changes in Cecropia.  He also reports 

Ierne, Olympia and Cecropia separated from the NPC 

at mean respective Ls values of 68°, 69° and 69°.   

Table 2 lists some of the important developments 

in our knowledge of Mars’ North Polar Region.  

  

Table 2: Historical events related to the North Polar Region of Mars. 

Year Event Source 

1777-83 Herschel establishes orientation of the rotational axis of 

Mars; measures the approximate rotational period, recognizes 

changing polar caps. 

Flammarion (2015), pp. 48-52 

1798 Schröter notices a color difference between the bright areas 

of the North and South Polar region; early evidence of clouds 

Flammarion (2015), p. 57 

1830-41 Beer and Madler carry out visual estimates of the sizes of the 

polar caps; recognize that the SPC grows larger and smaller 

than the NPC; reports a rotation period of Mars accurate to 3 

s. 

Flammarion (20125  pp. 90-104 

1864-65 Dawes makes several drawings illustrating the variable 

nature of the North Polar Hood 

McKim & Marriott (1988) 

1881 Schiaparelli carries out micrometer measurements of the 

NPC 

Dollfus (1973) 

About 1890 Early photograph of the North Polar Hood Pickering (1921) 

1903 Lowell reports micrometer measurements and corresponding 

longitude measurements of the RNPC 

Lowell (1905) 

 Early photograph of NPC Slipher (1962)  

1937-1969 De Vaucouleurs reports that the North Polar Hood is a 

seasonal phenomenon 

De Vaucouleurs (1969) 

1947 Kuiper discovers carbon dioxide in Mars’ atmosphere Collins (1971) 

1958 Dollfus records a polarization curve of the North Polar Hood 

and concludes that it is similar to other white clouds 

Dollfus (1961) 

1969 Mariner 7 radiometer data are consistent with the South Polar 

Cap containing frozen carbon dioxide 

Collins (1971) p. 20-21.  

1971-1984 Mariner 9 and the Viking spacecraft measure that 

temperature of Mars’ atmosphere 

Christenson (1984) 

1984 Christenson concludes that the North Polar Hood has water 

ice crystals 

Christenson (1984) 

1988 Early high-resolution CCD images of Mars McKim (1991) 

1999 Early image of a large North Polar annular cloud McKim (2007)   

2000 Mars Global Surveyor records images of the shrinking North 

Polar Cap from a polar orbit.  James and Cantor also 

construct an accurate map of the shrinking North Polar Cap 

James and Cantor (2001) 

2000-2014 Small 1° to 2° changes in mean NPC latitude (Ls = 10°‒70°) 

take place from one year to the next 

Calvin et al (2015), Benson and 

James (2005), Dixon et al. 

(2012) and Schmude (2014) 

 

 

3.  North Polar Cap (NPC) 

Sources of data scatter are discussed first 

followed by discussions of color filters, the shrinkage 

of the NPC, ice patches and the RNPC.   

3.1  Sources of Data Scatter 

For most of the last two centuries, astronomers 

made size measurements of the NPC. These were 

limited by several factors which are: 1) Non-circular 
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shape of the NPC, 2) interference from clouds, 3) 

deposited dust, 4) treatment of bright and dark 

patches, 5) high emission angle of Earth-based NPC 

measurements, 6) possible inaccuracies in drawings, 

and 7) limited resolution.  I will describe each of 

these.   

The NPC is not circular (James and Cantor, 

2001).  For example at Ls = 49° it extended to 67° N 

at 10° W but extended to 70° N at 60° W (James and 

Cantor, 2001).  This is especially a problem if 

measurements are made at a single location.  This is 

because one is usually not able to examine all 

longitudes.  

A second limitation to NPC measurements is 

cloud cover.  For example, Schmude (2016) shows 

images of a cloud system moving eastwards over 

Korolev crater between October 26 and 29, 2015.  

This system covered the NPC edge and extended up 

to ~3° beyond it.   This caused the cap to appear 

larger than what it really was.  Schmude (2016) 

reports several similar systems.  Finally, clouds or 

ground frost at the morning or evening limb may 

interfere.     

Dust appears darker than the polar ices and 

hence may affect the cap’s appearance.  Either a dust 

storm covering the cap edges or deposited dust may 

make it appear smaller.  Figures 1A and 1B illustrate 

dark patches which cover parts of the NPC.  These 

may be either dust clouds or areas with a coating of 

deposited dust.  Polarization measurements may be 

able to distinguish between these two situations.     

 

 

 

 

 
 

Figure 1A: Hubble Space Telescope image of the northern hemisphere of Mars taken on September 18, 1996.  The 
cloud (arrow) is a dust cloud which appears orange in color images.  Note that it lies at the edge of the shrinking NPC.  
Part of this storm has been blown eastward.  Image Credit: JPL/NASA/STSci; B: Hubble Space Telescope (Wide Field 
Planetary Camera 2) taken on March 10, 1997.  Note the dust (arrow) covering portions of the NPC.  North is at the top.  
Image Credit: NASA/JPL. 

 

The isolated bright ice patches (Ierne, Olympia 

and Cecropia) may make the NPC appear larger.   

The policy which I have followed is an ice patch 

separated from the cap, is a separate feature.  In some 

cases, an icy area may appear separated in excellent 

seeing but may not appear separated in average 

seeing.  Foreshortening may also affect the visibility 

of separated ice causing an uncertainty in cap size.  

This is especially a problem for Ls = 70° – 86° where 

separation may not be clear in Earth-based images.   

 Large emission angles also serve as a 

limitation.  The emission angle is illustrated in Figure 

2.  It is the angle between a line perpendicular to the 

surface for the point of interest and a line to the 

observer (Shepard, 2017) which is essentially the 

sub-Earth latitude.  For example, if one is examining 

a point at 60° N on the central meridian and the sub-

Earth latitude is 10° N, the emission angle is 50°.  A 

high emission angle may produce problems since one 

is looking through a thicker portion of Mars’ 

atmosphere.  A thin haze can obscure the cap at a 

high emission angle but may not at a low one.  The 

emission angles for the edge of the NPC for Earth 

based observers may exceed 40°.  Spacecraft, in a 

polar orbit, may have emission angles less than 10°. 

Another limitation, in some NPC studies, are 

uncertainties that drawings may have.  Before 1988, 

an experienced observer oftentimes recorded the 

NPC size better than Earth-based photographs.  On 

the other hand, if the cap was drawn too large or too 

small the drawing would lead to error. 
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Figure 2: The diagram illustrates the emission angle for 
a point at 60° N on Mars.  Mars is tipped so that the sub-
Earth latitude is 10° N.  Therefore, point E is at 10° N.  In 
the figure, the emission angle is measured from line 
defined by the Earth and Mars illustrated as “Line to 
observer” in the figure and a line perpendicular to the 
surface illustrated as segment CD.  It equals 50° if points 
C and E lie on the observer’s central meridian.  Line 
segment CD is perpendicular to the surface at 60° N.   
Segment AB is the horizon for point C. 

 

A final limitation is resolution.  Earth-based 

observers are limited by atmospheric effects 

combined with the great distance to Mars.  Even in 

perfect seeing, a 0.5 m telescope can resolve features 

as close as 0.2 arc-seconds or 100-200 km apart for a 

typical northern spring view.  In almost all cases, 

seeing is not perfect and the resolution will be worse 

than this.  Starting in the 1990s, Earth-based 

observers reduced much of the negative effects of 

atmospheric seeing by stacking several short 

exposure images.        

Digital cameras along with spaced-based images 

have allowed astronomers to better measure the size 

and shape of the NPC and other nearby features.  In 

spite of this one or more of the problems just 

mentioned may affect results and it is for this reason 

Earth-based observers using color and polarizing 

filters may be able to contribute to our knowledge of 

the NPC.   In the next section, I will review color 

filters.   

 

3.2  Color Filters 

 Color filters are an important tool in the 

interpretation of NPC measurements.  A few groups 

have recorded images of the NPC in different colors 

of light.  For example, Warell (1996) reports NPC 

measurements in red, green and blue light made 

through Earth’s atmosphere.  There is no statistical 

difference in cap sizes between the red and green 

filter; however, there is a statistical difference in cap 

size between the green and blue filters.  In a second 

study, James et al. (1987) report 34 NPC 

measurements made in red/green light and 30 NPC 

measurements in blue light all made through the 

atmosphere.  The NPC latitudes in blue light 

extended four to five degrees further south than those 

in red/green light.  In a third study, however, Cantor 

et al. (1998) report that images made in red and blue 

light with the Hubble Space telescope show no 

significant difference in NPC latitude.  Our 

atmosphere may be the reason for the discrepancy 

between the earlier results and those in Cantor et al. 

(1998).  A much longer exposure time is needed for 

blue light since the B – R color index of Mars at 

opposition is 2.47 magnitudes (Mallama et al. 2007) 

meaning that Mars is almost ten times brighter in red 

than blue light.  As a result there may be more 

smearing in blue light from atmospheric seeing.  This 

is not the case for the Hubble Space Telescope since 

it is above the atmosphere.  

 

3.3  Seasonal NPC Results 

Table 3 summarizes NPC latitudes near Ls = 40° 

for 1899 to 1999.  The mean radius is 66.21° N with 

a standard deviation of 4.01°.  These measurements 

were undoubtedly made at a variety of longitudes and 

most were made without color filters.  This may lead 

to a larger range of values.   

There were hints that the NPC underwent year-

to-year change in its shrinkage rate during the late 

20
th

 century.  One problem though was the large data 

scatter.  The scatter was reduced in the 1990s with 

the advent of CCD cameras and HST images.  

Between 1992 and 1999, there are 14 measurements 

of the NPC latitude in Table 3.  The mean latitude 

and standard deviation values are 67.7° N and 1.35° 

for Ls = 40°.  Recognizing the better precision of 

HST images, Cantor et al. (1998) suggests that the 

NPC shrunk at different rates between 1990 and 

1997.  They present a table and a diagram showing 

differences of up to a few degrees in NPC latitudes.  

Table 4 lists the writer’s NPC boundary 

measurements for 2007-10.  These were usually 

made from red filter images.   The latitudes shift 

north as Ls increases; however, they also change for 

different longitudes.  This confirms what James and 

Cantor (2001) observed in 2000.  At the bottom of 

Table 4, the writer lists the mean latitude for each Ls 

increment.  These are based on each 15° increment of 

longitude receiving an equal weight.  In this way the 

data are not skewed by over sampling of a specific 

longitude.  This should reduce data scatter and is 

discussed in the section on the RNPC later.   
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Table 3: Summary of selected NPC analyses made between 1899 and 1999. 

Earth 

Year 

Mars 

Year
c
 

NPC at 

Ls = 40 

( °N) 

Comments Source 

1899 ‒29 67.8 Antoniadi Parker (2013) 

1901 ‒28 57.5 Antoniadi Parker (2013) 

1931 ‒12 65.5 Analysis of photographs Foster et al. (1986) 

1946 ‒4 61.5 Analysis of photographs Foster et al. (1986) 

1946 ‒4 67 Micrometer measurements Dollfus (1973) 

1961 4 69.2 Measurement of Drawings Miyamoto (1963)  

1961 4 78 Visual and micrometer Meas.  Both (1963) 

1963 5 73.5 Visual and micrometer Meas.  Both (1963) 

1963 5 68.6 Measurement of Drawings Miyamoto (1963)  

1963 5 63 Analysis of photographs Foster et al. (1986) 

1963 5 61 Analysis of photographs Capen & Capen (1970) 

1964 6 59 Analysis of photographs Capen & Capen (1970) 

1964
a
 6 60.5 Analysis of photographs Foster et al. (1986) 

1966 7 61 Analysis of photographs Capen & Capen (1970) 

1966
b
 7 61.5 Analysis of photographs Foster et al. (1986) 

1975-79 12-14 68.2 Analysis of red & green photographs James et al. (1987) 

1977-79 13-14 66.3 Analysis of Viking Orbiter images James (1982) 

1978 13 66.3 Analysis of red photographs Iwasaki et al (1979) 

1978 13 67 Analysis of photographs Foster et al. (1986) 

1979 14 62 Analysis of photographs Foster et al. (1986) 

1979 14 67 Analysis of photographs Iwasaki et al (1982) 

1979 14 64 ALPO results Parker (2013) 

1993 21 65 Measurements of drawings McKim (1995) 

1993 21 66.6 Visual, reticle & photographs Schmude and Bruton (1994) 

1993 21 67.9 ALPO micrometer results Parker (2013)  

1993 21 68.25 BAN Nordic results Parker (2013) 

1993 21 67.9 ALPO CCD + Micrometer Parker (2013)  

1995 22 70 Measurements of drawings McKim (2005) 

1995 22 67 Visual, reticle & photographs Schmude (1996) 

1995 22 67.6 Measurement of CCD images McKim (2005) 

1995 22 67.7 Micrometer measurements McKim (2005) 

1995 22 66.4 Hubble Space Telescope image Cantor et al. (1998)  

1995 22 67.8 CCD results (ALPO?) Parker (2013) 

1996 23 69.0 Measurements of drawings McKim (2006) 

1996 23 67.0 Measurement of CCD images McKim (2006) 

1998 24 70 Measurements of drawings McKim (2007) 

 

Mean                 66.21     Standard deviation = 4.01° n = 36 
 

a
Listed as 1965 but is late 1964  

b
Listed as 1967 but is late 1966 

c
From Piqueux et al. (2015) 
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Table 4: Mean NPC latitudes measured for 2007-08 (Ls = 10°-22°) and 2009-10 (Ls = 22°-70°).  The areocentric 
longitudes are broken up into 4.0 degree intervals with the mid-points listed in the heading.  For example Ls = 12° 
represents the 10°-14° degree interval. 

Longitude 

(°W) 

Areocentric longitude of the Sun (Ls) in degrees. 

12° 16° 20° 24° 28° 32° 36° 40° 44° 48° 52° 56° 60° 62° 68° 

0°-15° 61.8 62.9 62.7 60.9 63.4 64.0 64.5 63.9 66.2 67.5 67.3 66.5 68.6 71.7 73.4 

15°-30° 60.0 62.4 61.4 61.9 62.8 64.3 63.8 64.6 66.8 67.9 67.9 68.0 69.4 72.6 73.0 

30°-45° 59.8 61.1 60.7 61.6 62.7 64.5 63.4 65.0 67.0 67.4 68.2 68.1 71.2 73.5 73.4 

45°-60° 60.6 61.6 61.2 61.8 64.6 65.1 63.7 64.9 66.9 67.1 68.0 70.4 72.6 73.6 73.5 

60°-75° 61.0 60.1 62.0 63.0 65.4 64.3 65.3 67.7 68.2 67.8 69.1 70.1 72.2 73.1 73.3 

75°-90° 58.0 62.2 63.7 65.3 67.2 65.3 65.2 69.0 69.1 68.0 69.5 69.2 71.1 72.1 73.5 

90°-105° 58.2 63.9 62.7 65.2 65.5 64.8 66.8 68.4 69.0 68.6 68.4 69.9 69.2 71.1 73.3 

105°-120° 58.5 65.7 60.6 63.5 66.4 64.6 66.1 67.8 68.9 68.0 68.6 69.7 68.3 70.6 72.9 

120°-135° 59.3 64.1 62.0 63.5 69.3 65.5 65.8 67.4 69.9 69.4 69.5 70.4 69.7 69.3 74.2 

135°-150° 60.4 63.2 62.1 63.1 67.9 64.0 65.5 66.3 69.5 69.0 69.4 70.3 67.7 69.9 74.7 

150°-165° 61.3 63.0 62.0 63.7 66.2 63.9 65.8 66.6 69.1 68.8 69.8 69.8 67.3 71.6 73.5 

165°-180° 62.0 62.2 62.3 63.3 66.0 66.0 65.4 67.9 68.3 69.6 71.1 72.0 72.9 71.1 72.6 

180°-195° 61.4 59.9 60.9 63.1 65.5 64.6 64.6 67.9 67.3 69.3 71.2 71.6 71.6 69.5 72.3 

195°-210° 61.1 60.4 62.3 62.7 64.9 65.2 64.3 67.5 67.5 68.9 69.1 69.5 71.0 68.7 71.1 

210°-225° 61.1 60.9 60.2 64.1 65.3 64.5 65.2 67.5 67.0 68.4 69.3 68.7 70.0 68.8 71.1 

225°-240° 61.1 57.5 59.2 62.8 64.8 65.3 65.4 68.3 66.1 68.7 69.2 69.9 70.5 70.0 70.7 

240°-255° 61.2 60.5 60.4 63.0 64.7 65.6 65.8 69.4 67.1 68.4 69.2 69.5 70.5 70.3 71.4 

255°-270° 61.2 60.2 63.9 62.3 64.5 65.4 66.0 66.0 67.1 67.7 69.5 69.5 70.2 70.1 72.1 

270°-285° 61.8 61.1 65.5 64.0 64.7 64.4 66.4 66.0 64.8 67.4 68.8 69.6 70.3 70.- 72.5 

285°-300° 59.5 61.8 63.6 63.0 65.8 64.6 67.1 65.5 65.4 66.7 69.0 69.6 70.2 70.6 72.6 

300°-315° 60.7 61.7 63.6 62.2 65.0 65.0 68.1 65.6 65.6 68.0 69.0 69.7 69.7 69.8 72.9 

315°-330° 61.3 61.8 60.5 61.8 63.9 65.2 65.8 64.9 66.7 68.5 69.4 69.6 69.7 69.8 73.6 

330°-345° 60.4 62.2 60.0 61.1 62.7 64.2 64.2 63.9 66.5 68.6 68.8 68.9 69.7 71.4 74.2 

345°-0° 60.6 63.0 61.1 60.4 63.4 64.0 65.3 64.9 66.5 67.6 68.4 67.5 69.0 72.0 74.1 

Mean 60.5 61.8 61.9 62.8 65.1 64.8 65.4 66.5 67.4 68.2 69.1 69.5 70.1 70.9 72.9 

 

 

Table 5 summarizes measurements of the 

shrinking NPC made after 1999.  In all cases, these 

are based on NPC latitudes measured for each 

longitude range.  Essentially, latitudes are computed 

based on each longitude increment receiving an equal 

weight similar to Table 4.  Mean NPC latitudes were 

plotted against Ls and fitted to a linear equation.  The 

resulting equations are summarized in the third 

column.  One must realize that these predict the mean 

latitude and not the latitude at a specific longitude.  I 

have used them to compute the mean NPC latitude at 

Ls = 40° and these are in the fourth column.  Based 

on a two-tailed t-test at a level of significance of  = 

0.05 (Larson and Farber, 2006), it was found that 

there was marginally no statistical difference between 

the mean NPC latitude at Ls = 40° between the 1899-

1999 and 2000-2014 time intervals. 

The NPC latitude at Ls = 40° was plotted against 

the Mars Year (Piqueux et al. 2015).  Mars Year 1 

started on April 11, 1955 when Ls = 0°.  Data from 

Tables 3 and 5 were used.  The data were fit to a 

linear equation and the following result was obtained:  

 

NPC latitude (°N) = 65.2 + 0.093MY (1) 

 

where MY is the Mars Year.  The correlation 

coefficient is 0.355.  At the = 0.05 level of 

significance (95 % confidence level) the correlation 

is statistically significant (Larson and Farber, 2006).  

Therefore, there is probably either some kind of 

systematic error happening or the NPC is getting 

smaller.   

Based on what we now know, several trends are 

evident: 1) The NPC is not circular and latitudes may 

vary by up to a few degrees, 2) the NPC shrunk at an 

average rate of 0.229° of latitude per degree of 

areocentric longitude during 2000-2014, 3) there are 

probably small year-to-year differences in cap size 

and mean shrinkage rate during early and mid-spring, 

4) the NPC may have been smaller in 2007-08 than in 

either 2006 or 2009-10 and 5) the NPC may have 

shrunk, at Ls = 40° over the last century.  At any rate, 

the NPC should continue to be monitored in order to 

detect year-to-year changes.  These may lead to a 

better understanding of how Martian weather affects 

the North Polar Region and vice versa. Icy areas 

beyond the NPC may also give us clues to the 

processes taking place in the North Polar Region.  

These are now described.   
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Table 5: Summary of recent NPC measurements covering all longitudes.  In the third column, equations are presented.  
These show the mean NPC as a function of Ls.  For example,  if Ls = 40° and one uses the first equation, 58.0° N + 
0.24Ls, one multiplies 0.24 and 40° to get 9.6° and then adds this to 58.0° N to get 67.6° N.  The fourth column lists 
computed mean NPC latitudes based on the equations in the third column.   

Earth 

Year 

Mars 

Year 

Equation for mean 

NPC latitude 

NPC at 

Ls ~ 40° 

Basis of measurements Source 

2000 25 58.0° N + 0.24Ls 67.6° N MGS images James and Cantor (2001) 

2000 25 58.6° N + 0.218Ls 67.3° N Different spacecraft data  Dixon et al (2012) 

2006 28 58.49° N + 0.214Ls 67.1° N MGS & MRS images Cantor et al. (2010) 

2007-08 29 59.26° N + 0.214Ls 67.8° N MGS & MRS images Cantor et al. (2010) 

2007-08 29 60.6° N + 0.225Ls 69.6° N MRS images Calvin et al. (2015) 

2007-08 29 60.6° N + 0.224Ls 69.6° N Different spacecraft data Dixon et al (2012) 

2009-10 30 58.5° N + 0.201Ls 66.5° N Earth-based images Schmude (2013) 

2009-10 30 56.8° N + 0.272Ls 67.7° N MRS images Calvin et al. (2015) 

2011-12 31 60.0° N + 0.224Ls 69.0° N MRS images Calvin et al. (2015) 

2013-14 32 56.3° N + 0.261Ls 66.7° N Earth-based images Schmude (2014) 

Mean 

[standard deviation] 

58.4° N + 0.229Ls 67.9° N 

[1.1°] 

  

 

 

3.4  Icy patches beyond the NPC 

Between Ls = 70° and 86° measurements are 

difficult because the large bright areas Ierne, 

Olympia and Cecropia may appear either joined to 

the NPC or separated from it depending on seeing 

conditions and foreshortening.   Schmude (2016) has 

used MRO images made between 2008 and 2015 to 

show that Ierne separated from the NPC at Ls ~ 68°.  

The corresponding value for Olympia and Cecropia is 

Ls ~ 69°.  There are small year-to-year variations in 

these separation times (Schmude, 2016).  McKim 

(2005, 2006) report similar separation times in 1995 

and 1997 for Olympia.   

Part of the difficulty with interpreting Earth-

based images is that Ierne and Olympia are really 

several smaller bright areas.  Until recently, the 

individual spots were not resolved in Earth-based 

images.  Figures 3A and 3B illustrate excellent Earth-

based images of them.  The original images can be 

viewed at: 

 alpo-j.asahikawa-med.ac.jp/Latest/Mars.htm.  

Cecropia is tricky.  It starts off as a frost covered 

area but turns into a nearly frost-free area by Ls = 

97°.  Schmude (2016) shows that it underwent year-

to-year changes in late spring.  Some Earth-based 

images show it as a bright area after Ls = 100°.  For 

example, the two images by T. Kumamori on April 1, 

2014 at 13:01 UT (LRGB) and A. Yamazaki on April 

11, 2014 at 14:52.5 UT (LRGB) both show Cecropia 

as a bright area while it was on the morning side of 

Mars.  These are best seen at: alpo-j.asahikawa-

med.ac.jp/Latest/Mars.htm.  There is a chance that a 

light frost develops in Cecropia during the night 

which dissipates as the Sun heats up that area.  This 

region should be examined with color images and a 

polarizer in future apparitions.      

The small isolated bright spot Abalos Mensa 

(78° N, 75° W) may undergo albedo changes near Ls 

= 90° (Cantor et al., 2010).  The formation and 

removal of a thin layer of dust is one possibility 

(Cantor et al., 2010), (Calvin et al., 2015).  Figure 4A 

(arrow) shows the ~100 km by ~100 km Abalos 

Mensa area.  Figure 4B taken about two months 

earlier does not show it.  In some years, this feature 

disappears at around Ls = 90° and then re-appears 

several weeks later.  It is not clear whether dust or 

frost removal/reforming is taking place or not.  Earth-

based observers in 2022-2027 may yield new 

information on this spot.  The removal of dust may 

also cause other areas on the NPC to brighten (Calvin 

et al. 2018).  Once again, Earth-based observers, 

using a polarizing filter and suitable equipment, may 

increase our knowledge of the role of dust in the 

cap’s appearance. 
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        A       B  

Figure 3A: An image of Mars taken by D. Peach on April 16, 2014 at 3:36.3 UT.  Please note that Ierne (arrow) is really 
several smaller frost patches.  B: An image of Mars taken by C. Go on April 21, 2014 at 13:55 UT.  Once again Olympia 
is really several smaller bright spots.  One of the faint spots (arrow) is probably the ice covered crater Korolev. North 
is at the top. 

 

 

 

 

  

  A           B 

Figure 4A: Hubble Space Telescope image of Mars showing the isolated bright spot Abalos Mensa (arrow) at 78° N, 
75° W taken on May 17 1997 (Ls ~ 120°).  Credit: NASA/JPL/STScI.  B: Hubble Space Telescope image of Mars taken 
two months earlier (Ls ~ 90°) in March 1997.  Note that Abalos Mensa (arrow) is much fainter.  Credit:  
JPL/NASA/STScI. 

At Ls = 70° – 100°, temperatures in the North 

Polar Region rise to the point where frozen carbon 

dioxide is no longer stable (Bass and Paige, 2000).  

Kieffer and Titus (2001) also report there was no CO2 

ice in the North Polar Region at Ls = 103.8° in 1999.  

Therefore, water ice is believed to the dominant ice 

during the summer.  At this time, the seasonal cap is 

gone.  The ~2 km thick RNPC (Barlow, 2008, p. 

154), (Clifford et al., 2000) is what remains after Ls = 

80°.   

3.5  Remnant NPC 

Table 6 summarizes measurements made of the 

RNPC.  Two kinds of analyses were carried out 

which are “all longitudes” and “all points”.  The “all 

longitudes” method is illustrated in Table 4; 

essentially, a mean latitude value is determined by 

giving each longitude interval an equal weight.  In 

the “all points” method each point (or measurement) 

is given an equal weight.   The problem here is that if 
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several measurements are made at a longitude where 

the NPC extended farther south than at others the 

computed mean latitude would be skewed towards 

the south.  Therefore the “all longitudes” method 

takes better account of the non-circular shape of the 

RNPC.  

 

 

Table 6: Size of the Remnant North Polar Cap 

Earth 

Year 

Mean 

latitude (°N) 

Method Source 

1899 79.1 All points; measurements by Antoniadi Parker (2013) 

1901 79.6 All points; measurements by Antoniadi Parker (2013) 

1903 83.5 All points; measurements by Antoniadi Parker (2013) 

1903 81.8 All longitudes; micrometer measurements by Lowell Lowell (1905) 

1950 81.9 All longitudes; micrometer measurements by Dollfus Dollfus (1973)
a
 

1950 83.8 All points; micrometer measurements by ALPO Parker (2013) 

1952 84.6 All points; micrometer measurements by Saheki  Parker (2013) 

1963 79.0 One measurement from a photograph Parker (2013) 

1965 80.5 All points; measurements from photographs Capen & Capen (1970) 

1967 82.4 All points; measurements from photographs Capen & Capen (1970) 

1978 81.4 All longitudes; Analysis of a VO image in Bass et al. 

(2000) 

Schmude (2018a) 

1980 83.6 All points; micrometer measurements by Parker & Beish Parker (2013) 

1982 82.5 All points; micrometer measurements by Parker & Beish Beish & Parker (1988)
b
 

1982 84.7 All points; measurements from drawings McKim (1985)
c
 

1982 83.3 All points; measurements from drawings McKim (1985)
d
 

1984 82.6 All points; micrometer measurements  from Parker & 

Beish 

Parker (2013) 

1995 82.9 All points; micrometer and image measurements Parker (2013) 

1995 80.6 All longitudes; analysis of HST images by writer Schmude (2018a) 

1995 81.6 All points; measurements from drawings McKim (2005) 

1995 79.7 All points; measurements from images McKim (2005) 

1995 82.2 All points; micrometer measurements McKim (2005) 

1997 82.1 All longitudes Iwasaki et al (1999)
e
 

1997 81.1 All longitudes  Schmude (2018a) 

1997 82.6 All points; measurements from drawings McKim (2006) 

1997 81.2 All points; measurements from images McKim (2006) 

1999 81.2 All points; measurements from images Parker (2013) 

1999 82.0 All points; measurements from drawings McKim (2007) 

1999 81.3 All points; measurements from images McKim (2007) 

2013-14 81.9 All longitudes; measurements from images Schmude (2014) 

2015-16 80.9 All longitudes; measurements from images Schmude (2018a) 

 

How much of a difference is there between the 

“all longitudes” and the “all points” methods?  Table 

7 breaks down the results.  The mean latitude and 

corresponding standard deviation of the RNPC is 

81.5° N and 0.5° based on the “all longitudes” 

method.  The corresponding value for the “all points” 

method is 82.0° N and 1.7°.  Based on a two-tailed t-

test at a level of significance of  = 0.05 (Larson and 

Farber, 2006), there is no statistical difference 

between the two data sets.  This is probably the result 

of irregularities being averaged out.  However, in 

individual studies, this may not happen.  The 

standard deviation is also much larger for the “all 

points” method even when mean values covering 

hundreds of measurements are used; therefore, the 

all-longitudes method is the preferred one.      

The mean values based on the three methods 

(drawings, photographs/images and micrometer 

measurements) are similar but the standard deviations 

vary.  These results convince me that the “all 

longitudes” method should be used because of lower 

data scatter.  In spite of this, the mean values are 

consistent with each other.  
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Table 7: Mean latitude of the Remnant North Polar Cap based on different methods of measurement 

Mean latitude 

°N 

Standard 

Deviation 

(degrees) 

Method Number of 

studies 

81.5 0.5 All longitudes (all studies) 8 

82.0 1.7 All points (all studies) 22 

82.1 1.9 All points (measurements of drawings) 8 

80.8 1.1 All points (measurements of images/photographs) 7 

83.2 0.9 All points (micrometer measurements)  7 

 

Cantor et al. (1998) report that as Ls increases 

the NPC Lambert albedo rises.  They define the 

Lambert albedo as “the ratio of the measured 

reflected intensity at a certain viewing geometry to 

the intensity of an ideal, perfectly reflecting, 

uniformly diffusing surface.”  Their study covers the 

range Ls = 335° – 145°.  They suggest dust or a 

compositional difference (water ice versus dry ice) 

may be the cause of the albedo change.  Several NPC 

albedo studies, based on spacecraft data, have also 

been carried out (James and Cantor, 2001), (Cantor et 

al., 2010), (Calvin et al., 2015).  There is some 

uncertainty as to the cause of these changes.  These 

groups have suggested dust clouds, deposited dust 

and changes in the polar ice as possible causes.  An 

Earth-based observer armed with polarizing and color 

filters may be able to gain new information on 

changes in the cap albedo.        

 

4.  North Polar Hood 

The results in this section are based on images 

starting in 2001. Images from several apparitions are 

needed to construct a clear picture of the seasonal 

evolution of the NPH.  This is because Mars is close 

to Earth for just a few months every apparition.  The 

discussion will start with the NPH developmental 

phase, followed by its mature and dissipation phases.    

The NPH in 2016 began developing in mid-

summer.  Isolated clouds near the NPC formed 

during this time.  They were larger and more 

numerous during late summer. By the autumnal 

equinox (Ls = 180°), the NPH was nearly continuous.  

It grew larger during the early autumn.  After Ls ~ 

200°, Mars’s distance in 2016 increased to the point 

where useful measurements were not possible from 

Earth-based images.   

The NPH was examined in 2003 and 2005 

during Ls = 200° – 340°.  This is the NPH mature 

phase.  The writer measured its mean latitude at 

different local times.  Local mean noon (12h) on 

Mars, at a specific time, is the longitude where the 

Sun transits the meridian.  Local 13h is 15° east of 

local noon and so forth.  Schmude (2018b) reports 

mean NPH latitudes, in °N, of 37.3, 38.0, 40.3, 41.3, 

42.1, 42.9, 43.4, 43.3 and 42.6 for local times of 8h, 

9h, 10h, 11h, 12h, 13h, 14h, 15h and 16h, 

respectively.  Therefore, it extended 6° farther south 

during the morning (8h) than in the early afternoon 

(14h) during the mature phase. 

Schmude (2018b) also describes the dissipation 

phase of the NPH during late winter.  Mars was well 

placed to study this phase in 2009.  He reports it 

extended to 50° N at 12h local time.  Others have 

also studied the NPH during its dissipation phase.  

For example,   McKim (1984, 1995, 2005, 2006) 

reports the NPH was seen after Ls = 0° for 1980, 

1993-1997.  He also reports it extended farther south 

on the morning limb over Mare Acidalium near Ls = 

10°.  McKim (2005) reports there were no 

observations of this feature extending farther south 

than the NPC after Ls = 20° in 1994. 

Wang and Ingersoll (2002) report the mean NPH 

latitude at different longitudes during autumn and 

winter.  It extended further south near 30° W and 

250° W.  This is based on measurements made during 

2000 for the early afternoon.  The results of Schmude 

(2018b) for 2003 and 2005 (local time 12h) during 

the same seasons are consistent with those of Wang 

and Ingersoll (2002).  Furthermore, Venable (2018) 

reports the NPH extended farther south at 180° W – 

280° W than at 60° – 180° W and 280° W – 0° W in 

2007, which is also consistent with those in Wang 

and Ingersoll (2002).  Therefore, the NPH extended 

farther south at 30° W and 250° W during much of 

the early 21
st
 century.  

Dust affects the NPH.  Martin (1975) reports the 

planet encircling dust storms in 1956, 1971 and 1973 

caused this feature to get smaller or disappear 

entirely.  The writer reports the planet-encircling 

storms in 2001 and 2007 caused it to get smaller 

(Schmude, 2018b).  Regional dust storms may also 

affect the size, development or dissipation of the 

NPH.  Their impact needs to be examined in future 

apparitions. 

Table 8 summarizes seasonal events which occur 

in the North Polar Region.  These appear to follow 

almost the same schedule every Mars year; however, 

small year-to-year changes occur and these should be 



126 

 

documented.  In the next section I describe other 

clouds/features which develop in the North Polar 

Region.  

 

 

 

Table 8:  Seasonal events in the North Polar Region. 

Ls Stage and events Source 

0°-25° NPH has cleared enough so that Earth-based observers can 

study the NPC 

McKim (1984, 1995, 2005, 2006)
a
 

0° to ~70° NPC shrinks some areas shrink faster than others, the mean 

shrinkage rate is 0.229° per degree of Ls for 2000-2014,  

Isolated clouds may extend beyond NPC 

Current work 

36°-38° Frost covered Louth Crater separates from the NPC Schmude (2016) 

38°-43° Frost on Lomonosov crater separates from the NPC Schmude (2016) 

45°-55° Frost covered Korolev crater separates from the NPC Schmude (2016) 

67°-71° Large frost areas Ierne, Olympia and Cecropia separate 

from the NPC 

Schmude (2016) 

69°-80° Cecropia shrinks and by Ls = 97° there is no more frost; 

however, the area may appear bright in Earth-based images 

when that feature is on the morning side 

Schmude (2016) 

80°-130° Residual NPC has a nearly constant size; Ierne and 

Olympia may appear as several small frost patches in high-

resolution images such as those made by the Hubble Space 

Telescope 

Baum and Martin (1973), Schmude 

(2018a)  

~125° Large ~1,000 km annular clouds develop near 65° N.  Schmude (2018a) 

130°-170° Isolated clouds develop in the North Polar Region; they 

become larger and more frequent as the autumnal equinox 

approaches 

Schmude (2018b) 

170°-200° Isolated clouds continue to grow and merge until a 

continuous North Polar Hood develops 

Schmude (2018b) 

200°-340° North Polar Hood reaches its maximum extent; the NPC is 

probably growing under this hood.  At local noon it 

extends to ~43° N 

Schmude (2018b) 

340°-0° NPH shrinks and probably becomes less opaque; the edge 

of the NPC can be identified in spacecraft images at low 

emission angles 

Dixon et al (2012), Schmude 

(2018b)  

 

5.  Other Clouds which Develop in the 

North Polar Region  

In addition to the polar ice cap and NPH, other 

clouds develop in the North Polar Region.  Some of 

these may follow a seasonal cycle while others may 

not.  One goal of future research should be to focus 

on these.   

 

5.1  Dust and Dust Clouds 

Dust clouds oftentimes develop near the NPC.  

Those without ice are brighter in red light than in 

blue.  The reverse situation is true for ice clouds.  In 

some cases dust clouds may have lots of ice and, 

hence, may be bright in red and blue light.  Venable 

(2018) reports three local dust events developed near 

the NPH during October and November 2007.  Two 

of these were bright in red and blue filters which is 

consistent with dust clouds containing water ice 

crystals.   

Cantor et al. (2010) report that over 2,000 dust 

clouds developed northward of 50° N between 

August 16, 2005 and May 21, 2009.  They report 

these started at Ls = 315° and continued until Ls ~ 

230°.  They were most common in late spring and 

early summer.  They developed at all longitudes.   

    

5.2  Other Clouds 

The writer detected 13 clouds systems at the 

edge of the retreating NPC between January 2010 

and September 2015 (Schmude, 2016).  These 

occurred during spring and extended 100 to 200 km 

beyond the NPC.  Their mean velocity was 6 m/s (or 

14 miles/hour) eastward.  It is not clear whether these 
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were made up of dust, ice or some combination of 

each.   

Annular clouds are a nearly circular 

(www.msss.com/mars_images/moc/2005/09/12/index

.html).  The one imaged in April 2014 was brighter in 

blue light than in red light (Schmude, 2014) and, 

hence I believe that it had mostly ice crystals.  The 

writer and others report that at least one example of a 

giant annular cloud (~1000 km across) has formed 

during each Mars year between 1997 and 2018 

except for 2010 (Schmude, 2016).  They developed 

between Ls = 116° ‒ 134°.  A giant annular cloud 

developed on February 11, 2018 (Ls = 128°) near 90° 

W, 60° N (Malin et al., 2018a).  Its diameter was 

approximately 1,000 km.  This feature had apparently 

broken up one day later (Malin et al. 2018b).        

Venable (2018) reports several “dense 

condensations” developed within the NPH during late 

2007.  They were usually brightest in blue light.  He 

tracked ten of those features and measured velocities.  

The mean velocity was 6 m/s eastward (13 

miles/hour).  He also reports bright spots were more 

common near Alba Patera (135° W) and Protonilus 

(310° W).   

Venable (2018) measured the velocities of 10 

different cyclones, mostly within the NPH, which 

developed in late 2007.  He reports a mean drift rate 

of 5 m/s eastward (12 miles/hour). 

Table 9 summarizes a few clouds imaged from 

Earth along with mean velocities.  It should be 

stressed that these are not wind speeds but are the 

mean movement of large cloud systems on Mars.  

 

Table 9: Mean velocities of large clouds in the North Polar Region. 

Cloud description Mean velocity Mean Ls value 

(year) 

Source 

Clouds at NPC edge 6 m/s east 49° (2008-15) Schmude (2016) 

Cloud systems in NPH 6 m/s east 334° (2007) Venable (2018) 

“Cyclones” within NPH 5 m/s east  340° (2007) Venable (2018) 

Bright spots in NPH 8 m/s east ~200  

(1969 & 1986) 

Akabane et al. (1995) 

Annular cloud 3 m/s northeast 121 (2016) Schmude (2018a) 

Annular cloud 1.7 m/s east 125° (2014) Schmude (2014) 

Annular cloud 0.6 m/s east-southeast 117° (2012) Schmude (2014) 

 

6.  Ice in craters  

At least five craters in the North Polar Region 

(Mie, Lumonosov, Lyot, Louth and Korolev) have at 

least some ice which remains after the surrounding 

area has lost its seasonal ice.  Venable (2018) reports 

the first three craters just mentioned were ice covered 

in 2007-08.  Schmude (2016) reports Korolev was 

white during several weeks in 2008-2016 and, hence, 

was probably covered with ice (Head et al, 2002).  

Go probably imaged ice in Korolev.  See Figure 3B.  

Schmude (2016) also reports Lumonosov was 

partially ice covered during mid-spring but the ice 

disappeared later.  Louth crater is too small to be 

imaged with small, Earth-based telescopes but is 

visible in spacecraft images.  Ice remains in this 

crater throughout the year (Bapst and Byrne, 2015).  

 

7.  Future work 

There are several projects which the Earth-based 

observer with a small (< 0.5 m telescope) may extend 

our knowledge of the North Polar Region.  I will 

describe a few of these. 

One project is to look for year-to-year changes in 

the NPC and NPH.  The scatter in the data should be 

as low as possible since year-to-year changes could 

have mean latitude differences of less than 60 km.  

Distinguishing between clouds and the NPC is a 

problem.  Beish and Capen (1991) recommend using 

a red filter to study the NPC since hazes are usually 

fainter or invisible in this filter.  Cantor et al. (1998), 

however, point out that dust and high albedo surface 

areas may obscure the edge of the NPC in red light.  I 

propose using different wavelengths of light with 

polarizing filters.  The dust clouds have a different 

polarization value than Mars’ surface (Dollfus, 

1961), (Ebisawa & Dollfus, 1993), (Schmude, 2002).  

Therefore, one should be able to identify dust clouds.   

Blue and green filters should be used to monitor the 

North Polar Hood.  Polarization measurements may 

also help since the cap has a different polarization 

value than clouds at solar phase angles higher than 

30° (Dollfus, 1961, pp. 382-385). In February 2018, 

Phil Miles has imaged Jupiter in polarized light 

(Miles, 2018).  I believe that one can also do this for 

Mars.  

Measuring the albedo of the NPC and RNPC 

may also yield insights into processes taking place.  
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This is possible with a CCD camera because each 

pixel is a light detector.  If different filters are used, 

quantitative color measurements are possible.  

A third useful project is to monitor clouds within 

the NPH and beyond it.  Mean cloud velocities may 

be measured.   These may be measured at different 

seasonal dates which could yield information on 

seasonal trends.  

The small telescope operator armed with a CCD 

camera and a polarizer can measure the polarization 

curves of various clouds.  Dollfus (1961) succeeded 

in making hundreds of polarization measurements.  

One may also be able to measure the polarization 

curve of the NPC at different seasonal dates.  This 

may reveal changes in the ice.  

Another worthwhile project is to determine how 

regional dust storms affect the size and shape of the 

NPH.  These appear bright in red light whereas the 

NPH shows up better in blue and green light.  

Therefore, a red, green and blue sequence is needed 

for this project.   

Finally, I believe that multiple wavelength 

studies of the North Polar Hood and other cloud 

systems may be of value.  Let me explain.  If the 

North Polar Hood is very opaque, yellow or orange 

light may not be able to penetrate it and this cloud 

system will appear large.  If on the other hand, these 

wavelengths may penetrate an optically thin hood 

causing it to appear much smaller.  Therefore, 

different colors of light may reveal differences in 

opacity.  

 

8.  Conclusions 

The major conclusions of this study are: 1) The 

scatter in NPC measurements has decreased during 

the last century, 2) there are year-to-year changes in 

the NPC, 3) large clouds in the North Polar Region 

move eastward at a mean speed of a few meters per 

second and 4) there are several useful projects which 

can be carried out with small Earth-based telescopes.  
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A Look at Submitted 2017 Total Solar Eclipse Data 

Dr. Mike Reynolds 

Florida State College, Association of Lunar & Planetary Observers 

Abstract 

The 21 August 2017 Solar Eclipse might have been one of the most-observed and documented scientific events 
in history. Literally millions of people – and by some official estimates 50 million people – traveled to the path of 
totality. Yet what data came from the many observers? What was the quality of this data? What have we learn 
from the 2017 solar eclipse to better prepare – and instruct observers – for future events? 
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Chiral Systems on the Sun and their Significance 
Komal Daga - Stony Ridge Observatory, Angeles National Forest, Southern, CA, USA   

Sara Martin – Helio Research, La Crescenta, California, USA 

Abstract 

Chiral systems are localized sets of solar features that display chirality. Chirality means handedness. The 
features that develop and display chirality are filaments, filament channels observed in the photosphere, 
chromosphere and corona, super penumbral fibrils around nearby sunspots, and sets of coronal loops overlying 
all of these other features. As we will illustrate, every feature shows right-handedness or left-handedness in 
slightly different ways. Chiral systems are fascinating because there are no systems that have all left handed 
features or all right handed features. Instead the chiralities fit together in specific patterns such that each chiral 
system has some left handed features and some right-handed features. We find them combined into two, and 
only two, uniquely organized patterns which we designate as A-Type systems and B-Type systems. Chiral 
systems develop on all observable spatial scales in active regions and on the quiet Sun but active regions are 
not born with chiral systems already in place. Over half of the chiral systems on the Sun develop between 
separate active regions rather than within active regions. Chiral systems develop over time-scales of a day to 
many many months days. As we illustrate, it is easiest to study the systems that develop over several days to a 
week to separately identify the chirality of each of the features belonging to a system. Upon their discovery, the 
chiralities of solar features were puzzling novelties of the strange and unique phenomena on the Sun. Now, they 
are understood to be the sites on the Sun where the energy for eruptive solar events is gradually stored. When 
the energy can no longer be contained, it is then rapidly released in unison in a complexity of forms including 
solar flares, accelerated particle events, erupting filaments and coronal mass ejections. 
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Distinguishing Between Fundamentally Different Types of 
Solar Prominences 
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Abstract 

In the early days of solar astronomy, any feature that extended above the solar limb was called a prominence.  
However, many such coronal features have been well studied enough to justify giving them more specific names 
such as flare loops, surges, flaring arches, surges. It is understood that each of these phenomena have different 
properties and involve different physical processes than other solar prominences.   If we no longer call these 
well-identified phenomena as “prominences”, we find that the majority of the remaining prominences consist of 
only a few distinct phenomenon different from each other and different from the other named events mentioned 
above.  The main two types are  (1) “channel prominences” or “channel filaments (if seen against the disk), and 
(2) coronal cloud prominences, including narrow, slightly curved down flows thin down-flows named “coronal 
rain”.   However, coronal rain often occurs without a coronal cloud raising the question of whether the cloud is 
simply not seen in current methods of detecting prominences or whether these examples of coronal rain 
represent a third category of prominence that is physically different from coronal cloud prominences.  This paper 
illustrates the many significant differences between channel prominences and coronal cloud prominences with 
coronal rain.  One of the fundamental differences is that channel prominences often have patterns of mass 
motions predictive of their eruption during solar flares while many coronal cloud prominences occur after major 
solar flares and might be produced by mass associated with eruptive solar events when some mass later falls 
back to the Sun but is temporarily trapped in specific kinds of coronal magnetic field configurations.    
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11. Abstract 

The Department of Physics at Prairie View A&M University with funding from the Department of Education’s Title 
III program and with collaboration through the Texas A&M University System Chancellor’s Research Initiative 
and NASA-Johnson Space Center is developing a suite of programs and projects that explore the realms of inner 
space and outer space. The culmination of these experiences is the Prairie View Observatory, which will feature 
the Historic Solar Observatory alongside a state-of-the art Planewave 1-meter telescope. Once the Observatory 
is fully online by early 2019 it will be capable of a wide array of astronomical projects that will involve faculty, 
students, and the general public. In addition to this facility, we are preparing to launch our second microsatellite 
called Ten Koh, which will be in low Earth orbit (LEO) and provide another opportunity for ground based radio 
operators to listen in on its signal. This satellite features a radiation detection system which will be launched from 
Japan in August 2018. This mission is being carried out in collaboration with the Kyushu Institute of Technology 
(KIT), Japan. This compact instrument makes use of a suite of sensors and detectors to characterize the 
radiation environment in LEO. Like its predecessor, the Particle Pixel Detector onboard Shinen 2, this instrument 
package will test the feasibility of radio communications to spacecraft with low cost, off-the shelf radio receiving 
equipment commonly available to amateur/ham radio operators.  Unlike the previous spacecraft, this satellite will 
be in low Earth polar orbit, about 600 km altitude, meaning the signal will be continuously accessible from 
somewhere in the world. This is beneficial to the wider community of amateur astronomers, ham radio operators, 
and professionals in that they will have the opportunity to help test this style of communication.  

1.   Introduction 

Within the Department of Physics at Prairie 

View A&M University exists an innovative research 

group known as CRI-RaISE (Chancellor’s Research 

Initiative – Radiation Institute for Science and 

Engineering, www.pvamu.edu/raise) which has been 

in operation since 2014. This is a state-of-the art 

research laboratory engaged in radiation biology 

research as it applies to the use of protons and heavy 

ions in cancer treatment, applications in radiation 

oncology, and gaining a better understanding of the 

interplanetary radiation environment for long-term 

human space exploration. The “inner space” side of 

CRI-RaISE applies to the ongoing research 

performed to better understand the damage by 

radiation to the cell and DNA over short- and long-

term exposures as well as the analysis of cell 

structures for damage and repair using advanced, 

ultra-high-resolution confocal microscopes. 

One of the outcomes of the work with CRI-

RaISE, and even before its establishment, has been 

the development of an increased astronomical 

presence at Prairie View A&M University. This has 

taken the form of a few activities, classes and 

programs over the years, along with the development 

of the elements of what would soon become the 

Prairie View Observatory. The process has been one 

of starts and stops over the years with the equipment 

being acquired early on and the proposed layout of 

the facility evolving over the years as opportunities 

arise. Additional resources realized last year have 

allowed us to expand our observatory footprint 

significantly, to include a proposed PlaneWave 1-

meter observatory-class telescope as the primary 

instrument of this facility. PVO is designed to bring 

astronomy to the students, faculty, and staff of the 

Prairie View A&M University, an HBCU 

(Historically Black College/University) that is part of 

the Texas A&M University System. In addition we 

plan to open the facility to the public on special 

public nights (similar to what is done by other 

facilities, such as the George Observatory in 

Needville, Texas) as well as foster collaboration with 

area astronomy clubs (such as the Houston 

Astronomical Society and the Fort Bend Astronomy 

Club). 

 

 

mailto:bmcudnik@pvamu.edu
mailto:pbsaganti@pvamu.edu
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2.  The Prairie View Solar Observatory 

(PVSO) 

The first constructive stage of this observatory 

development project began in earnest in 2017, and 

was completed in early 2018, with the refurbishment 

of the Prairie View Solar Observatory building 

(Figure 1, before the renovation) to bring it up to 

current safety code and make it more suitable for use 

in the current astronomical climate. The original 

telescope, a 35-cm vacuum solar telescope 

(manufactured in Nanjing, China in the early 1990’s, 

figure 3) remains in place and will continue to serve 

as a historical fixture to the facility. The next step is 

to bring it back online as a viable solar telescope and 

add a smaller full-disk solar telescope in the form of 

a Coronado SM-90 telescope, to be mounted atop the 

main telescope. Another fixture, a white light full 

disk finder scope, remains in place and will continue 

to be used as such. 

The lower level of the two-level solar 

observatory will include a control room with 

computers and furnishings for carrying out routine 

solar observations. Unlike the early days of the 

observatory (1999 through 2007) where the observer 

was seated with the computer at the telescope level, 

subject to the heat and cold of the outside 

environment, the new setup will have the observer in 

a climate-controlled room imaging the Sun remotely. 

Eventually, the solar observatory will be made 

capable of accommodating remote observations from 

anywhere in the world. 

Observations made at this facility have been, and 

will continue to be primarily regional in nature, 

focusing on a single sunspot group / active region or 

filament / prominence at a time. The field of view of 

this set up is approximately 6 arc minutes in diameter 

and the wavelength used is hydrogen-alpha. Once the 

main telescope has been given a “tune-up”, regular 

observations of any available active regions and 

filaments will resume. With solar minimum now 

upon us, we will be limited in our targets but we will 

continue to monitor for new targets, especially as we 

build up to the next solar maximum. The Coronado 

instrument mentioned above will be able to image the 

full disk and will provide contextual observations for 

the regional active region or filament images. 

A typical regional image is shown in Figure 3, 

taken of the large active region NOAA 12192, a 

complex beta-gamma-delta type region covering 

2510 millionths of a solar hemisphere. This was the 

largest active region of Solar Cycle 24 and was in the 

process of flaring (10 minutes prior to peak of an X3 

class flare event) at the time of the image. One of the 

objectives of the upgrade will be to improve the 

quality of the image and remove the vignetting 

visible in the image. This was a 0.11 second exposure 

with an SXVF-H16 CCD imaging system. 

 

 
 

Figure 1, The Prairie View Solar Observatory (PVSO) as 
seen from the outside. 

 

 
 

Figure 2, the primary instrument of the PVSO is a 35-cm 
Gregorian type vacuum solar telescope. The assembly 
just left of center is the white-light full disk finder scope. 
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Figure 3, X3-class solar flare imaged with the PVSO 35-
cm VST in 0.5 Ǻ H-alpha on 2014 October 24 at 21:30 UT. 

 

 

3.  The Prairie View Observatory (PVO) 

Work has begun on the addition to the present 

PVSO. The contractor has been selected and we are 

actively moving forward with the work. The 

observatory addition will consist of a visitor’s center, 

two domes, and an observing deck for smaller 

portable telescopes. Figure 4 gives a rough idea of 

the layout; the inset picture is a facility with an 

observing deck that accommodates a number of 

smaller scopes for group observing activities such as 

astronomy laboratories.  

In summary the new Prairie View Observatory 

will have the following capabilities and equipment: 

 One 18-foot AstroHaven clamshell dome 

housing two telescopes on separate piers: a 

Meade 14-inch ACF Cassegrain, and a Meade 

16-inch LX200 Cassegraine. 

 One 18-foot AstroHaven or Ash dome housing a 

PW1000, 1-meter observatory class CDK 

(Corrected Dall-Kirkham) type telescope 

 Visitor’s center with state-of-the art display 

interfaced to astro-video camera(s) on one or 

more of the above scopes, for public viewing 

sessions and special events 

 Observing platform/deck for smaller portable 

deck scopes of all kinds to include smaller SC’s, 

Dobsonians and a Takahashi 5.1-inch refractor 

 Assorted equipment to include SBIG CCD 

cameras, Shelyak LHiRes III Spectrographs, a 

photoelectric photometer, and more. 

 In addition CRI-RaISE collaborators have 

developed a specialized detector system based on 

the CMOS (Complementary Metal-Oxide 

Semiconductor). This has been used in radiation-

related research concerning the structure of 

radiation particle tracks the measurements of 

radiation doses at micron resolution, and 

astronomical imaging applications 

 CMOS imaging, along with adaptive optics, 

promises high resolution results. This is an 

experimental work in progress. 

 

 
 

Figure 4, preliminary layout of the new facilities. Image 
is for illustrative purposes and “Original” refers to the 
existing PVSO 

 

Some applications of PVO Instrumentation (i.e. 

observing projects; M14=Meade 14-inch; 

M16=Meade 16-inch; PW1000=PlaneWave 1-meter) 

include, but are not limited to, the following: 

 Imaging of Solar Active Regions in H-alpha 

(PVSO, M14) 

 Imaging of Solar Prominences and Filaments 

(PVSO, M14) 

 CaK, H images of active regions (M14), images 

in Sodium-D (M14) 

 Lunar Meteor (M14 and M16, possibly PW1000) 

and Jupiter meteor (M16) patrols 

 Narrow band imaging catalog of emission and 

planetary nebulae and supernova remnants 

(PW1000) 

 High resolution images of comets (PW1000) 

 Spectroscopy of CV stars and other transients of 

interest (PW1000) 

 

The observing activities will be carried out by 

faculty, staff and students as part of various projects, 

such as research projects, class assignments, and 

student senior research activities. These various 

activities will give our students the hands-on 

experience with real astronomical equipment doing 

real astronomical work. 
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4.  Ten Koh Satellite Project 

Scheduled for launch in August 2018, in 

partnership with JAXA and Kyushu Institute of 

Technology, Japan, is the Ten Koh Charged Particle 

Detector Satellite. It will be launched in a Sun-

synchronous polar orbit at a mean altitude of 600 km 

with an orbital inclination of 93 degrees. This is a 

partnership between Dr. Okuyama (KIT-Japan) and 

Dr. Saganti (PVAMU-USA). The satellite will be 

capable of two-way communication and will carry a 

Liulin-LED Spectrometer and radiation detectors 

designed to detect X-rays within the Earth’s magnetic 

field and radiation belt environments. 

 

 
 

Figure 5. Shinen2 Particle Pixel Detector, Launched on 
December 3, 2014  

 

Three years ago, I submitted a paper to SAS on 

another micro-satellite (Figure 5) that was produced 

by our collaborative efforts between PVAMU, 

NASA-JSC (Johnson Space Center, Houston, Texas, 

USA) and JAXA, KIT (Kyushu Institute of 

Technology) in Japan (Cudnik et al. 2015). Launched 

on December 3, 2014 by JAXA, this was the Shinen2 

satellite, part of the Hyabusa2 mission to the asteroid. 

162173 Ryugu (1999 JU3, arrival is expected early 

this summer). The two separated shortly after launch 

and Shinen2 was sent into a heliocentric orbit that 

ranged in distance from just outside the orbit of 

Venus to just inside the orbit of Mars. Onboard 

Shinen2 is a Particle Pixel Detector (PPD) which 

counted the impacts from radiation particles that 

collided with its two CMOS sensors. The probe made 

a relatively close pass of Earth in December 2015 and 

its data was successfully collected by the National 

Radio Astronomy Observatory (NRAO) site at Green 

Bank, West Virginia. Particle impact counts were 

registered from the probe’s pass through the Earth’s 

radiation belts as well as background radiation flux 

from interplanetary space. 

 

 
 

Figure 6, Ten Koh Orbit (NOT to scale) 

 

Ten Koh CPD (Principle Investigators: Dr. 

Okuyama of KIT-Japan; and Dr. Saganti, of 

PVAMU-USA) will make use of some of the lessons 

learned with Shinen2 as well as improvements upon 

the first project to produce a micro-satellite that will 

provide a longer duration of readings as we map out 

the Low Earth Orbit (LEO, Figure 6) charged particle 

and radiation environment. Figure 6 shows a working 

proto-type model of the satellite. The unit is 

essentially a radiation detector designed to detect X-

rays and other charged particles from LEO, hence the 

detector’s name of CPD (Charged Particle Detector). 

The hemispherical cells are polyethylene covered 

sensors for shielding assessment and skin dose 

assessment. The long silver rectangular unit on top is 

the Liulin Spectrometer which is similar to 

instruments that flew on the ISS, MIR, and on the 

lunar Indian Chandrayaan-1 satellites (Zanini, et al. 

2017). 



143 

 

 
 

Figure 7. Ten Koh Charged Particle Detector, to be 
launched August 2018  

 

The Liulin spectrometer (the silver, rectangular 

component at top of unit) is designed to detect 

radiation from up to four principle sources and to 

quantify the amount of radiation from each of these 

four sources (galactic cosmic rays, high energy 

protrons from the South Atlantic Anomaly, electrons 

and bremsstrahlung radiation from the outer radiation 

belt, and solar energetic particles generated during 

solar particle/flaring events, Zanini, et al. 2017). In 

addition to the four covered sensors and the Liulin 

Spectrometer, there are two open sensors used for 

ambient radiation measurements and two X-ray 

detectors. The spacecraft frame is made of special 

PEKK ESD material to prevent static electricity 

buildup. 

 The unit has the ability to do two-way 

communication. The uplink will be performed by 

JAXA but multiple receiving stations will be able to 

receive the signal and data from the satellite. Stations 

will be established in Japan (at least two), Fairbanks, 

Alaska, the United States (PVAMU, Texas), Mexico, 

and Brazil. These will provide regular 

communications with the spacecraft once in orbit. 

The satellite will transmit at a (rest) frequency of 

437.5 MHz and will be accessible to amateur radio 

operators. Once the satellite is in orbit, interested 

persons can contact either Mr. Cudnik or Dr. Saganti 

at the e-mail addresses given above.  

 

5.  Conclusion 

This is an exciting time for PVAMU Physics and 

CRI-RaISE. With the radiation biology laboratory up 

and running and the observatory upgrades and 

construction underway we are set to greatly increase 

the presence and influence of astronomy on this 

campus for the faculty, staff, and students as well as 

the general public. Work that has been ongoing will 

continue with new life as new projects are set to 

launch and provide students with a unique, hands-on 

experience in research-level observational astronomy. 

In addition we continue to collaborate with various 

groups to assemble, test, and launch micro-satellites 

to augment radiation research and provide interested 

parties on the ground to participate by “listening in” 

and collecting their data. Finally we expect to work 

with area astronomy clubs and amateurs as well as 

the general public to further our observational and 

research activity. This truly looks to be a phenomenal 

pro-am-ed experience. 

Keep up with the latest developments of this 

exciting program at these websites:  

https://www.pvamu.edu/raise/   

https://www.pvamu.edu/pvso/cosmic-corner/ 
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Abstract  

The Mary Reagan Observatory is located at College of the Desert's Mecca/Thermal Campus. It currently houses 
the newly donated 1-meter PlaneWave CDK1000 telescope inside a 16-foot Astrohaven dome. Last March, 
College of the Desert celebrated the first light of the 1-meter PWI-1000 telescope. The telescope is fully robotic 
and will serve an important role for Astronomy and the other sciences at College of the Desert. The telescope 
has been used remotely in real time during the Astronomy lectures and labs in the classroom to engage and 
excite students about Astronomy and as a part of the Astronomy Research Seminar. Currently, a group of 
students who are part of an undergraduate research experience class are using the 1-meter telescope to 
observe double stars and Cepheid variable stars. In the near future, the telescope will be used for photometry 
and spectroscopy to observe stars, galaxies, asteroids and comets. Mary Reagan observatory is welcoming 
collaboration and supporting undergraduate, graduate Astronomy students locally and internationally. 

Introduction 

College of the Desert (COD) is a public two-year 

Hispanic Serving Institution (HSI) with a policy of 

open access to all, and is committed to increasing the 

number of academically well-prepared students that 

will successfully transfer to four-year institutions. 

COD is located in California’s Coachella Valley, an 

ethnically diverse region with the main industries of 

agriculture and tourism which depend on a low-

paying, unskilled or low-skilled labor force which 

draws heavily from our Hispanic Communities. The 

Coachella Valley has a population of over 450,000 

and is the home of the Cahuilla Band of Indians. 

Unfortunately, due to this isolated location, COD is 

the only public postsecondary institution within a 70-

mile radius, other than a satellite campus of 

California State University at San Bernardino, 

serving the entire valley. COD has a student 

population of 13,000, which is composed of 

Hispanics, (73 percent), Asian (3 percent), White (21 

percent), and Black (4 percent) while 57 percent are 

women. 

Mary Reagan Observatory (MRO) is located at 

COD's Mecca/Thermal Campus (Figure 1). MRO is 

located at Latitude 33:36:16 Longitude +116:0529.3; 

additionally, the Thermal area is 138 feet below sea 

level. The majority of the population served by the 

Observatory Complex will be COD Science, 

Technology, Engineering and Math (STEM) students. 

Since the academic year 2011-12, almost 10,000 

students have enrolled in transfer level STEM math 

and science courses. Of these students, 21% have 

transferred to a four year school and 17% completed 

a degree. Figure 2 shows that there has been a 

significant increase in STEM degrees earned in the 

last 5 years. With the expansion to Mecca/Thermal, 

we expect these numbers to increase at a slightly 

faster rate due to more inclusion of the 

Mecca/Thermal population that may not have 

otherwise been served.  

 

 
Figure 1. Mary Reagan Observatory at College of the 
Desert Mecca/Thermal campus. 
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Figure 2. Math and science degrees awarded by COD 
from 2012 to 2016. 

MRO is designed to promote the study of science 

by exploring the scientific methods used in the 

observatory, the primary usage of the facility will be 

to offer undergraduate astronomy, astrobiology, 

astrochemistry, physics, computer programming, and 

engineering courses. This multi-discipline function 

will allow for near-constant use of the observatory 

complex and give MECCA/Thermal campus students 

exposure to several STEM fields. 

COD professors and staff will demonstrate to 

students and the public how to properly use 

telescopes to scan the night sky in search of galaxies, 

planets, and more. COD will also host public talks, 

conferences, star parties, community-based 

Astronomy Club, and tours of the facility. Armature 

astronomers, astrophysicists and researchers will be 

invited to use MRO for their astronomical research 

and COD faculty and students will have the 

opportunity to interact with researchers.  

 

Goals of MRO 

The overall arching goal of MRO is to excite 

students and the public about Astronomy. Although 

the main function of MRO will be teaching and 

learning, COD is committed to the Coachella Valley 

community, K-12 partners, university partners, 

business partners, and the broader community. 

Therefore, the Science faculty will work to provide 

opportunities to connect the greater Coachella Valley 

community to our universe and beyond.  

The Astronomy Program will broaden its 

offerings and will eventually offer new Astronomy 

courses such as Planetary Astronomy, Astroimaging, 

Astrobiology, and Astrochemistry. We will work on 

the development of transfer agreements with 

universities that offer advanced degrees in 

Astronomy.   

   

  

 
Figure 3. COD Astronomy club as they clustered inside 
MRO at the 1st light. 

 

 Last spring, COD celebrated the first light of 

MRO which houses the 1-meter telescope. The event 

was organized by COD Astronomy faculty, COD 

Astronomy Club, and school administration. 

Attendees had the chance to tour the MRO and 

observe some of the images produced by the 1-meter. 

Figure 3 shows the COD Astronomy club as they 

clustered inside MRO. 

 

Instrumentation  

MRO consisted of the PlaneWave Instruments 

PW1000 1-meter telescope with an aperture of 1000 

mm and a focal length of 6000mm. The telescope 

employs a direct drive altitude-azimuth mount. A 

Finger Lakes Instrumentation CCD camera (FLI 

MicroLine 16803-65) is controlled by Maxim DL. 

Table 1 shows the specifications of the camera.  

 

Astronomy Research Seminar 

COD is adapting the Astronomy Research 

Seminar for students who are enrolled in the research 

experience for undergraduate. We are looking for 

future collaboration with other community colleges, 

universities and research institutes.     
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Table 1: Specifications of the CCD Camera, and 1 – Meter Telescope. 

FLI MicroLine 16803 

CCD-sensor Kodak KAF-16803 (b/w) full-frame CCD imaging sensor 

Number of pixels 4096 x 4096 (eff.) / 16.8 Mpx 

Active chip size 36.8 x 36.8 mm (52.1mm diagonal) 

Pixel size 9 µm x 9 µm (square pixels) 

Shutter (mechanical) 65 mm 

Data range 16 bit 

Data transfer MHz and 1 MHz 
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Abstract 

The CUREA Virtual Machine was developed to provide a uniform, freely distributable, professional quality 
research environment for teaching observational astronomy methods at the annual Consortium For 
Undergraduate Research In Astronomy, program hosted by the Mount Wilson Institute, MWI (2018). The virtual 

machine is now freely distributed to educators, students and collaborators in astronomical research projects. 
Being a virtual machine, it may be hosted on most popular operating systems and requires an absolute minimum 
of system administration resources to maintain.  This paper outlines the installation, maintenance, capabilities 
and use of this environment in education and research. 

1.  Introduction 

One of the challenges in astronomy education 

and collaborative small telescope science is the 

acquisition and maintenance of a common set of 

computational tools, scripts, catalogs and references. 

An instructor or project coordinator desires a low 

cost, easy to maintain environment. This is 

challenging with students and research collaborators 

coming with a diverse collection of computers, 

discretionary budgets and experience.  In an 

educational environment, computers take hard use 

and are often subject to system problems.  We 

sought, and have found a solution to these challenges 

by developing the CUREA Virtual Machine. 

 

2.  Virtualization 

To provide and maintain a common research 

environment, we have turned to the use of a Linux 

based virtual machine. A virtual machine is a 

computer program that emulates another computer.  

The emulated computer’s disk drive is contained in a 

single storage file on the hosting computer. 

While this sounds a bit foolish, it actually works 

well in practice.  Regardless of what computer a 

student or collaborator owns, by copying a single file 

with our virtual machine to their computer and 

running the emulator specific to their computer, we 

all have an identical research environment available. 

The environment has all the software, catalogs, 

scripts, protocols and manuals necessary for our task.  

On shared or laboratory machines, should the system 

become corrupted, we simply erase the virtual 

machine file and recopy it. 

The CUREA VM utilizes the free, open source, 

virtual machine emulator Virtual Box™, Oracle 

(2018). This free virtualization software runs on 

nearly any x86 architecture computer. Versions are 

available that run under Window, Mac OS, and a 

variety of Linux distributions. 

The virtual machine that the CUREA VM 

implements is an Ubuntu Linux Version 14.04LTS 

32 bit PC with a 32GB hard drive. 

Once the virtual machine is started on the host 

computer, one can either run the virtual machine in 

its own window, or switch between the host system 

and guest system with a mouse click. 

Our architecture assumes that raw data and 

results will be stored in the host system’s file folders, 

not on the virtual machine’s hard drive. This practice 

assures that reloading or upgrading the Virtual 

Machine will not cause a loss of user data. The host 

computer’s virtual machine emulator allows for file 

and folder sharing with the guest (virtual machine) 

system.  At the time the virtual machine is installed, 

or subsequently, you can specify folders on the host 

system that will be accessible by the virtual machine.  

Access from the virtual machine may be configured 

as read-only, or read and write. 

We recommend that upon installation of 

VirtualBox, you enabled the shared clipboard 

function.  This will allow you to easily cut and paste 

files and objects between the virtual machine and the 

host operating system. 

 

3.  Open Source Astronomy 

The other key decision we made was to include 

only free or open source software in our virtual 

machine.  This choice allows us to offer every 
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student or collaborator a complete copy of the Virtual 

Machine for free, provided they accept the terms of 

the free or open source software provided. 

 

 

 

 

 
 

Figure 1: CUREA VM Desktop 

 

 

We choose Ubuntu Linux as our VM’s operating 

system because it is open source and free. 

Additionally, Ubuntu’s Linux operating system 

allows it to execute a vast library of astronomical 

software developed through years of academic use of 

Unix-like systems. Notable examples include 

DAOPHOT, IRAF, UREKA, SEXTRACTOR and 

many other mathematical and graphical systems. The 

Ubuntu distribution provides an easily learned 

graphical interface and is one of the most popular and 

well maintained Linux distributions. In addition to 

being able to run Linux based software, our virtual 

machine includes WINE, a collection of programs 

and libraries that allow Windows based software to 

execute under Linux . This allows us to include free 

Windows software in our software ensemble. 

 

4.  System Requirements 

The minimum system requirements for hosting 

the CUREA virtual machine are: 

 

X86 Family Processor  

Virtualization Support Hardware 

4 GB of main memory 

32GB free disk space 

XVGA or larger Display 

Internet Connection 

 

For older PC hardware that lacks sufficient 

memory or hardware virtualization support, the 

CUREA system is also available as bootable “Linux 

Live” image copied to a 32 GB thumb drive or SD 

card. When used in this manner, the user must reboot 

their system from the memory device to start the 

CUREA live system. Users will not be able to switch 

between their normal system and the CUREA live 

system without rebooting. However, the CUREA live 

system still has access to the storage devices used by 

the computer’s regular operating system. The 

requirements for this configuration are: 

 

X86 Family Processor 

2 GB of main memory 

XVGA or larger display 

Internet Connection 
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5.  Supplied Programs, References and  

Catalogs 

The CUREA VM comes with a variety of 

software programs and tools installed and pre-

configured. They were selected for their capability to 

support small telescope astronomical research.  Our 

selections are undoubtedly biased by our experience 

and taste, but have proved effective in our 

educational application. 

 

5.1  Observation Planning and Navigation 

The first group of programs in the VM are 

intended to help plan observations: 

 

Aladin, Bonnerale (2000) – is an interactive sky atlas 

downloading and combining sky survey data in a 

variety of wavelengths to assemble views of user 

specified objects or location with an adjustable 

field of view. 

Autostar Suite, Meade (2018) – Is an interactive 

planetarium/sky atlas that allows the user to 

select the field of view, multiple preloaded and 

user supplied catalogs. Different projections are 

selectable. Emphmerides are computed with 

selectable levels of astrometric precision. It will 

also download Palomar Digital Sky Survey 

images of the current field of view. 

Stellarium, Stellarium.org (2018)  – is an interactive 

graphical planetarium featuring life like 

graphics. 

Tilting Sun – is an interactive graphical ephemeris of 

the Sun.  It calculates the suns apparent location, 

P and B angles and shows the apparent lines of 

solar latitude and longitude for a given Epoch. 

Virtual Moon, Legrand (2018) – is an interactive 

lunar atlas that includes an extensive collection 

of lunar feature photographs and accurately 

calculates illumination, nutation and precession. 

 

5.2  Image Processing 

Astro ImageJ, Collins (2017) – is an extension of 

ImageJ, a Java based image processing package 

commonly used in the life sciences that has been 

extended to handle FITS images and has special 

processing extension for the extraction of time 

series photometry and specific tools for handling 

the analysis of extra-solar transits. 

Autostar Image Processing – is a FITs image 

processing program, a part of the Autostar Suite. 

It handles image calibration, stacking, rotation, 

alignment, color syntheses and can operate 

efficiently on large collections of images. It also 

performs spectra processing and aperture 

photometry. 

Envisage – Is a part of the Autostar Suite,. It is a 

FITS image processing package that is optimized 

for aligning and stacking collections of short 

exposure images. 

Gimp, Gimp.org (2018) – short for “GNU Image 

Manipulation Program” is a free open source 

developed raster graphics editor program. It is 

designed to fulfill editing requirement similar to 

those handled by Photoshop™. 

Photoscape, Photoscape.org – is a light weight photo 

editor that facilitates easy assembly of image 

mosaics and GIF time series animations for 

presentations. 

Pyraf, STSCI (2012) – is a python interface to IRAF 

to provide both a GUI interface to IRAF and 

provide a more robust scripting interface to the 

IRAF package library.  

Registax, Berrevoets (2011) – is a free software 

package for alignment and stacking images. It 

excels at selecting and stacking planetary images 

captured with high cadence imaging cameras by 

selecting a subset of frames showing the least 

seeing distortion.  

Ureka/Iraf, STSCI (2016) – is a complete 

installation of IRAF with all of the Space 

Telescope Science Institute’s extension 

packages.   

VuePrint, Hamrick (2007) – a simple image display , 

editing and slide show generator. 

 

5.3  Modeling & Analysis Tools 

GalaSim, Strum (1999) - is a simple N-body 

simiulation of interacting galaxies. 

LEPhot, Hoot (2015) Large Ensemble Photometry is 

an interactive program that automates analysis of 

photometric time series images by fitting 

observations against APASS standards stars in 

the observed field. The program also generates 

export files and AAVSO observation reports. 

Additionally, it does period fitting and outputs 

graphical reports. 

Nightfall, Wichmann, R, (1998) – is an interactive 

binary star modeling software package that seeks 

to find best fit star models to observation data 

loaded into the program.  It provides graphical 

output of the model, the fit, and 3D animations 

of the system. 

Period 04, Lenz (2010) is a program that analyzes 

data sequences using Fourier analysis to 

determine the frequency spectra making up the 

series. It is useful in period search fitting and is 

particularly well suited to systems having 

multiple periods or oscillation modes. 
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Phoebe, Prsa & Harmanec, (2010) - PHOEBE stands 

for PHysics Of Eclipsing BinariEs. It is a 

program for modeling eclipsing binary stars 

based on photometric and radial velocity data. 

PHOEBE is based on the Wilson and Devinney 

modeling code. More sophisticated than 

NightFall, the tool works best when both radial 

velocity and photometric data are available. 

Reduc, Losse (2012) – is a program designed to 

construct diffraction limited images using 

speckle interferometry and “lucky imaging’ from 

a long sequence of short exposure telescopic 

images. It is useful in astrometry, double star 

analysis and proper motion studies. 

Visual Spec, Desnoux (2011)  - is software for 

calibrating, processing, and analyzing 

astronomical spectra.  It has an interactive GUI 

interface and can handle slitless, long slit and 

eschelle spectra. 

 

5.4  Symbolic Math and Graphing 

GNU Plot, Williams et al (2017) – is a general 

purpose plotting and charting program and can 

be script driven to provide animated graphics. 

SMath Studio, Ivashov (2017) – is a package that 

provides features and services similar to those 

found in Mathcad™. It can typeset equations, 

find symbolic or numerical solutions to systems 

of equations and provide graphical output. 

Speed Crunch, Hidayat (2018) – is a powerful 

desktop calculator that allows for the creation of 

variables and functions. It includes a 

comprehensive library of scientific and 

mathematical constants and formulas. It operates 

in an extended precision mode. Units and radix 

are selectable.  

 

5.5  Office and Utilities 

Filezilla FTP Client, Koss (2015) – is an FTP client 

program with a graphical user interface for 

moving files over the Internet. 

Firefox Web Browser, Mozilla.org (2018) – is a 

popular free open source Internet browser 

Geany IDE – is a GUI integrated software 

development systems with a powerful built in 

text editor. It is well suited to the development of 

data pipeline processing scripts. It includes 

several such examples. 

Libre Office Calc 

Libre Office Drawing 

Libre Office Formulas 

Libre Office Impress 

Libre Office Writer, LibreOffice (2018) – are a 

family of free open source programs that provide 

functions similar to Microsoft Office™. These 

program are capable of reading and writing file 

formats compatible with MS Office as well as 

their native file types. 

Real VNC Client, RealVNC Limited (2018) – is a 

Virtual Network Console Client software 

package. It allows the control of a remote PC 

over the Internet. It is useful for control PC’s at 

remote observatories. This package’s license is 

free for individual and educational users, but not 

for commercial user. 

 

5.6  Programming and Scripting 

The CUREA VM includes in its Linux 

installation development tools for programming in C, 

C++, Fortran, Python, Perl and Java. A simple 

integrated development environment (IDE) GEANY 

supports the development of scripts and extensions to 

the supplied functionality.  The VM is not intended 

as a program development platform. For simple 

scripting and utility programming, Python is the 

preferred language. 

 

5.7  References 

The VM Desktop has three folders, “Manuals” 

“Papers” and “Ebooks:.  The “Manuals” folder 

contains reference manuals, tutorials and quick 

reference guides for the astronomy applications 

included in the system. They are all in PDF format 

and are available offline. 

The “Papers” directory contains a collection of 

article reprints grouped by categories. The categories 

include: 

Observational Methods 

N-Body Problems 

Astronomical Standards 

 

Additionally, there is a brief outline of a number 

of project ideas intended to develop observational 

astronomy skills that can be done with a small 

telescope over several days. 

Finally, the “Ebooks” directory contains a 

collection free free text and reference books on 

astronomy.  The set includes: 

An Introduction to Astronomical Photometry 

Using CCDs, Romanishin (2002) 

Cambridge University Press Handbook of Space 

Astronomy and Astrophysics, Zombeck 

(1990) 

Fundamental Numerical Methods and Data 

Analysis, Collins (200a3) 
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Introduction to the HST Data Handbooks, Space 

Telescope Science Institute (2011) 

The Foundations Of Celestial Mechanics, 

Collins(2004) 

The Fundamentals of Stellar Astrophysics, 

Collins (2003b) 

The Virial Theorem In Stellar Astrophysics, 

Collins (2003c) 

A Photographic Atlas Of Selected Regions Of 

The Milky Way, Vols 1 & 2, Barnard (1927) 

 

5.8   Catalogs 

The VM desktop contains a “Catalogs” folder 

with a wide variety of astronomical catalogs: 

 

Adccdrom – is a complete copy of the NASA’s 

Astronomical Data Center’s CD-ROM, 

Selected Astronomical Catalogs, Volume I 

Arp – is a catalog of irregular or interacting 

galaxies 

Barnard – E.E. Barnard’s catalog of dark 

nebulas (molecular clouds). 

Caldwell – Patrick Moore’s catalog of bright 

deep sky objects omitted from Messier’s list. 

ColorVsEffTemp, Pecaut, M (2013) – is a table 

of color index in a variety of common 

photometric standards against the effective 

temperature for dwarf stars for spectral 

classes 0V through  TV.  

Exoplanets, Butler et al. (2006) – is a catalog of 

nearby expolanets that were 

spectroscopically detected.  

FraunhoferLines – A Graphical catalog of 

common named Fraunhofer spectral lines. 

GravLens, Maoz (1993) – catalog of 

gravitationally lensed distant quasars. 

Hickson – catalog of compact interacting galaxy 

groups. 

Hipparcos,  ESA (1997) – Volume one of the 

Tycho & Hipparcos astrometric and 

photometric catalogs. 

KeplerEclipsingBinaries, Matijevic (2012) – A 

catalog of eclipsing binary stars discovered 

by the Kepler 1 mission. 

KeplerExoPlanets – A catalog of confirmed 

transiting expolanets from the Kepler 1 

mission. 

LunarEclipses – A canon of lunar eclipses from 

2000 through 2100. 

MeteorShowers – a catalog of 72 know meteor 

showers. Including their date, duration, flux 

and radiants. 

Quasars, Hewitt (1993) – a catalog of bright 

quasars.  

SAOSPEC – a table of SAO stars brighter than 

Magnitude 4.0, suitable for long slit 

spectroscopy with small aperture telescopes. 

SDSS-JohnsonCousinsTransforms, SDSS 

(2013) – this is a catalog of methods for 

transforming Sloan filter photometry to and 

from the Johnson-Cousins filter photometry. 

Sharpless – is a J2000 catalog of H II emission 

line regions in the Milky Way. 

Spectra, Jacoby (1984) – is a catalog of stellar 

spectra standards for most spectral classes of 

stars. Additionally included is a python 

program to resample any of the catalog 

spectra at the dispersion of your 

spectrograph. 

StellarClassColorIndices, STSci (2018)- is a 

table of Johnson-Cousins color indices vs 

stellar spectral type. 

Sun – Orbital pseudo elements for The Sun 

formulated as “anti-Earth”. These elements 

can be programmed into computerized 

telescopes and planetarium programs to 

allow pointing at the Sun.  USE WITH 

CAUTION. Your vision, telescopes and 

cameras are all at risk if this is done without 

proper filters and protection. 

 

6.  Distribution 

SSC Observatories distributes the CUREA VM. 

Anyone in possession of a copy is free to distribute or 

install unmodified copies on anyone’s PC, provided 

the owner agrees to the terms of the licenses and 

terms of use of ALL of the packages and resources in 

the system. 

To obtain a copy, please email your request to 

observatory@ssccorp.com.  

 

7.  Conclusions 

The CUREA Virtual Machine has greatly 

reduced the computer administration overhead in 

teaching observational astronomy. Additionally, it 

has simplified our research by allowing us to share a 

common core tool set with our collaborators.  As 

with all open source platforms, you are encouraged to 

extend or modify it to suit your needs.  You are free 

to distribute the system with your extensions so long 

as they include only free or open source software. 
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Abstract 

Two years ago, I presented a paper to the SAS proposing a “certification” process to assist qualified amateurs in 
locating professional research projects in which they might participate. The plan included:  locating and hosting 
dark sky observing sites, forming associations with other non-profit groups to identify, train, and qualify interested 
amateurs of all ages so that they can participate in meaningful professional/amateur projects, organizing a set of 
online training courses that could provide specific training in spectroscopic, astrometric, and photometric 
techniques. 

This paper describes the latest pro/am research projects, organizational progress, course development, faculty 
recruiting, as well as the completion of various remote observatories affiliated with this novel venture. 

1.  Introduction 

Historically, the advancement of Science was 

propelled - not by professional scientists with large 

grants and modern laboratories – but by common 

people. Whether they were farmers, laborers, 

soldiers, teachers, or homemakers, they were curious 

by nature, with a desire to find out more about the 

universe around them. Some were young, others were 

old, but they shared some common traits: they were 

enthusiastic in their search for answers, they had 

driving spirits, and – more often than not – they 

saved specimens from their studies, and recorded 

their observations in notes, drawings.  

Overriding all of these traits was one main 

characteristic, they were all passionate about their 

interests. They came to be known as “amateurs”, a 

loose derivation of the Latin root, “amator”, which 

loosely translates to: lover of, or devotee. 

Today unfortunately, the term amateur is 

sometimes used in a derogatory fashion with regards 

to scientific research. In some sense, this is warranted 

because amateurs do not generally have the formal 

training necessary to solve complex problems. 

However, as with paralegals, and similar jobs, these 

amateurs can be trained to provide needed services to 

assist professional scientists in their research. The 

important key to this training is that the amateur must 

be exposed to training programs that are current in 

their content, and relevant to professional/amateur 

collaborations.  

Astronomy is one of the most recent scientific 

disciplines to embrace amateurs into its research 

programs. For example, one citizen astronomer’s 

observations in collaboration with professional 

scientists resulted in the discovery of the most unique 

comet event ever witnessed in recorded history, when 

David Levy, a science writer by profession, and an 

avid amateur astronomer, teamed up with Eugene 

Shoemaker, a world-renowned geologist and 

astronomer, along his wife, Carolyn, to search for 

comets on Palomar Mountain. Finally, in July of 

1994, after thirteen years of searching for comets, 

they discovered a comet that would revolutionize our 

knowledge of comets when it crashed into the cloud 

cover of Jupiter. Shoemaker-Levy 9 guaranteed 

David Levy a unique place in astronomical 

history…the first citizen astronomer to document a 

comet impacting a planet! 
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Figure 1- David Levy's Bio of Eugene Shoemaker 

2.  Locating and Hosting Dark Sky 

Observing Sites 

Today, rapid technological development is 

providing important advancements in telescope 

design and implementation.  Many citizen 

astronomers have access to equipment that exceeds 

the potential offered by some of the older 

“professional” systems designed and installed in 

some of today’s professional observatories.  

One obstacle that has become more intrusive is 

the expansion of our urban areas and the resultant 

diminished access to dark sky sites where citizen 

astronomers can set up their telescope systems to 

conduct small telescope research.  

In 2015, during the 34
th

 Annual Symposium on 

Telescope Science, I announced that plans were 

being completed for the University of North Texas 

astronomy program to install a small research 

telescope system at Dark Sky Observatory site near 

the McDonald Observatory in west Texas. This site, 

which regularly records skies as dark as Atacama, 

Chile (Bortle class 1), included a planned sever-pier, 

roll-off observatory with internet hosting.  

By the time the facility was completed in 2016, it 

had been re-designed and expanded to include eleven 

piers. Today, all of the piers are occupied by 

companies including: OPT, ExoAnalytics, BRIEF, 

University of Dallas, University of North Texas, 

Universidad Technológica de Panamá, along with 

several private subscribers (including one NIST 

research scientist). 

 

 
Figure 21 – Dark Sky Observatory (2017) 

Due to the number of requests for pier space, 

Preston Starr, the owner of the Dark Sky 

Observatory, recently announced the completion of a 

second roll-off observatory, identical to his current 

facility. It will allow for an additional 11 subscribers.  

 

 
Figure 3 - Dark Sky Observatory, Bldg. #2, 2018 

There are two additional observatory sites owned 

and managed by members of the citizen astronomer’s 

collaborative. The first site, located near the border of 

Texas and Oklahoma, is operated by the University 

of North Texas. The site for the Monroe Robotic 

Observatory was funded through a gift from UNT 

alumnus John David Monroe, while the observatory 

was funded through a Grant from the National 

Science Foundation that proposed incorporating off-

the-shelf, commercial telescopes within a remote, 

robotic observatory.  
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Figure 4 – UNT Monroe Robotic Observatory 

 

      A second observatory, the Cowtown Observatory, 

located south of Fort Worth, Texas is owned and 

managed by the Institute for Citizen Astronomy. At 

this site, deserving students from middle school 

through high school will have opportunities to image 

for an evening on a .36m, f/2 wide field telescope to 

develop remote astroimaging skills. The observatory 

will also be used as a proof-of-concept test bed for 

our other observatories when considering new 

hardware additions.  

 

 
Figure 5 - The Cowtown Observatory 

 

Another group of small telescopes is located on 

the campus of the University of North Texas where 

up to five telescopes can be used for solar viewing or 

solar spectral imaging. Conveniently installed just 

outside of UNT’s astronomy program’s computer 

laboratory, up to 25 students participate in one of the 

two labs that incorporate these scopes.  

The first lab setup (offered during daylight hours 

as illustrated in the following image), allows students 

to view narrowband images of the sun in HA and 

Calcium frequencies, or image the solar spectrum for 

study in UNT’s lab that presents the sun as a star, in 

preparation for the following semester when the 

spectral techniques learned in this laboratory class 

will be utilized in their stellar spectroscopy imaging 

class. 

The Stellar CSI lab, as it is called today, was 

custom designed by Tom Field, of Field Tested 

Systems and me, so that UNT students could, once 

again, have an opportunity to get hands-on 

experience using spectrographic instruments to gather 

spectra for later analysis in their lab, which are held 

immediately after they gather their data.   

 

Figure 6- Solar Lab on UNT campus 

The most recent instrument for spectroscopic 

research is being tested at Hubble Optics by its 

president, Tong.  It will be managed through a 

collaboration among the Boyce Research Initiatives 

& Education Foundation, the University of Dallas, 

The University of North Texas, and the Institute for 

Citizen Astronomy. 

To be located at the Dark Sky Observatory, the 

.5 meter CDK with @F/11 optics were originally 

made for Dr. Russ Genet. The optics are being 

installed and collimated in a Hubble Optics truss 

telescope.  
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Figure 7 – Hubble Optics .5m F/11 OTA for 
spectroscopic and exoplanet research 

3.  Recent Associations and Research 

Opportunities  

Since my SAS presentation in 2015 several 

important collaborations and associations have been 

created. The first, a formal MOU between the 

University of North Texas and Universidad 

Technológica de Panamá has been formed to allow 

Panamanian astronomers the opportunity to 

inexpensively lease a small, research-grade telescope 

at a world-class dark site to study selected SDSS 

galaxies for tidal stream interactions. Observations 

are conducted by students and citizen astronomers 

that work with the professional astronomers on each 

of the projects.  

 

 
Figure 8 – There are at least three giant tidal arms 
surrounding NGC1084. Not known until they were first 
observed during close inspection of an SDSS image, the 
dark skies above the Dark Sky Observatory in west 
Texas simplified the acquisition of these faint objects. 
(Imaged for two hours through a 10” RC, using an 
Apogee Alta U8300 camera by Preston Starr (UNT 
Observatory Superintendent), and Don Waid, (Citizen 
Astronomer).  

Our experience has shown that one of the most 

effective methods for motivating and training citizen 

astronomers to provide meaningful support for 

professional research is by allowing them to actually 

select their observing targets, plan their observing 

runs, create their own operational scripts, and then 

formulate conclusions as a team with the help of 

mentors who can guide them through any 

problematic processes.  

One unique situation that resulted in a successful 

association was the arrangement made between the 

University of North Texas and The University of 

Dallas. UNT had assembled one of the largest 

collections of research-grade remote telescopes in the 

U.S., but found that many of its instruments were 

going unused. The University of Dallas, on the other 

hand, did not have a dark site, nor the funds to 

complete a research-grade observatory. The two 

institutions initiated a program whereby both 

institutions could work together and create some new 

observational astronomy classes.  

The initial on-going program was designed to 

complete photometric exoplanet transit observations 

incorporating AstroimageJ to refine data on currently 

confirmed exoplanets, especially those exoplanets 

that are revolving around relatively bright stars.  

In the following figure, a team of seven 

undergraduate students from the two universities 

recorded a transit of the exoplanet WASP 43b. While 

not a first observation of this target; what is 

interesting is that they observed discrepancies 

between the published transit times and those 

recorded through their observations using 

AstroimageJ. They plan on investigating these 

discrepancies to determine some possible causes.  
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Figure 9 – Exoplanet curve of Wasp 43b recorded by the 
following students: Nick Bacsewski, Stephen Flowers 
(Department of Physics, University of North Texas, 
Denton, TX, USA), Cecilia Hassan, Samantha Garza, 
Gianna Milton, Clement Say (Department of Physics, 
University of Dallas, Irving, TX, USA) 

University of Dallas recently announced that it 

had been selected to continue in its support of the 

NASA/Kepler Guest Observing Program. Once 

again, UNT’s Monroe Robotic Observatory, and the 

Dark Sky Observatory will team up with UD to 

provide the technical and engineering support for the 

coming year (2018-2019). 

 

One of the largest pro/am opportunities on the 

horizon will begin when Professor Ohad Shemmer, 

UNT astrophysicist, and Principal Investigator of a 

“Large and Long Program” to observe the rest-frame 

optical spectra of approximately 400 luminous 

quasars taken through the Gemini Telescopes 

spectrographs, initiates a six-semester observing run 

to create a Gemini Near-Infrared Spectroscopic 

Survey of 400 luminous quasars at the epoch of peak 

quasar activity. Once Gemini’s spectrographs (the 

largest in the world) complete this program, they will 

have produced the largest and most uniform data set 

of its kind.  

One major outreach component will be a 

competitive program for middle and high school 

students and citizen astronomers, who will have an 

opportunity to request an  observing run at a quasar 

from a pre-selected list of brighter quasars. Each 

observing team will then be shown how to gather 

spectral redshift data using the association’s Hubble 

Optics 20” spectrograph system. This research will 

assist professional astrophysicists to confirm current 

published redshift amounts, some of which have 

proven to be inaccurate. The teams that gather the 

most accurate data, will then may have an 

opportunity to examine some of the new Gemini data 

set to determine the extreme shifts that observed by 

these distant objects. 

Ultimately, the project will more than double the 

existing inventory of near-infrared spectra of 

luminous quasars at these redshifts; allowing for the 

most accurate and precise quasar black hole masses, 

accretion rates, and red shifts, and use the results to 

derive improved prescriptions for UV-based proxies 

for these parameters.  

 

 
Figure 10 – At sufficiently high redshifts, several 
prominent quasar emission features (white solid lines) 
are no longer detectable in the optical spectral range, 
represented here by the SDSS band that extends 
between approximately 0.4 micron and 1.0 micron (solid 
black line). For the broad Hbeta and narrow [O III] lines, 
that are rich in diagnostic power, this occurs above 
redshift 1, including the era of fast quasar growth. The 
GNIRS spectroscopic survey will more than triple the 
observed spectral band, allowing astronomers to 
observe these and other emission lines in a uniform 
sample of 416 SDSS quasars at redshifts between 1.5 
(dashed line) and 3.5. The available SDSS spectra of 
these sources, which cover at least the rest-frame 
ultraviolet C IV emission line, will enable astronomers to 
establish connections between optical and ultraviolet 
indicators of fundamental quasar properties, while more 
than doubling the statistics at such high redshifts. 

4.  Training for qualified Citizen 

Astronomers 

With the increasing complexity of “amateur” 

astronomical hardware, combined with the powerful, 

new data processing tools that are becoming available 

for citizen astronomers, more and more astronomical 

organizations are beginning to offer short courses and 

tutorials to assist with learning some of the more 

popular hardware and software.  

For example, since the publication of my SAS 

paper in 2015 where I suggested that more training 

programs should be designed and offered; the 

AAVSO initiated, under the tutelage of Dr. Dennis 

Conti, an excellent course on using AstroimageJ for 

exoplanet observations. This software has been a 
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powerful tool for citizen astronomers by greatly 

improving the timing accuracy of exoplanet curves.  

I took the online course to see if it might be 

useful to prepare participants for successful pro/am 

collaborations. After successful completion of Dr. 

Conti’s course, we were rewarded with a certification 

of qualification. This AAVSO program is a positive 

step towards providing the education necessary to 

qualify citizen scientists for pro/am collaborations in 

photometric exoplanet observations.  

However, one stumbling block hindering the 

increase in the number of online training programs 

has been the lack of sufficient reward for the Time, 

Effort, and Expertise necessary to develop substantial 

new programs on Photometry, Spectroscopy, and 

Astrometry, as well as telescope hardware Setup and 

Operation.  

In my discussions with some of the people who are 

currently offering these sorts of programs I found 

that, while continuing to find satisfaction in their 

efforts; in reality, some of them were becoming 

weary of the minimal recognition and financial 

remuneration that they receive for their efforts. This 

appears very similar to the “Burn Out” that many 

local astronomy club members experience after 

volunteering for years of public star parties. 

As a result, I am currently organizing the 

Institute for Citizen Astronomy to recruit 

professional astronomers, veteran astronomy 

educators, and experienced citizen astronomers in the 

development of online curricula, conducting classes, 

and certification after successful course completion. 

The proposed courses would provide knowledge 

suitable to provide certification in Photometric, 

Spectroscopic, and Astrometric techniques, as well as 

certifications for various aspects of Telescope 

Integration and Operation. These could then be used 

by citizen astronomers to increase their pro/am 

research opportunities.   

Over the coming months I hope to identify, 

recruit, hire, and offer online training, using 

telescopes from our network of telescopes, that will 

provide credibility to the certification of citizen 

astronomers for pro/am collaborations.  

 

5.  Conclusion 

After arriving at what I believed to be the 

conclusion of this paper I realized that we, as citizen 

astronomers, have entered an era where we can 

provide valuable assistance and important data to 

clarify and fortify the ever-growing knowledge base 

of Astronomy and Astrophysics.  

However, we must be mindful that mentoring 

young minds, and directing the Passion of interested 

people of all ages is one of our most important 

challenges.  
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Results 
Rachel Freed 

Educational Consultant 

Abstract 

The Astronomy Research Seminar has been evolving and growing for over 10 years. More than 400 students 
have been through the seminar with over 120 published papers during this time. A survey and interviews have 
determined that the seminar has had a large influence on the course of the lives of many of these students. 
Numerous members of the amateur astronomical community have played an important role in supporting the 
seminar, sharing their equipment and expertise with seminar student teams over the years. The National Science 
Foundation funded the expansion and evaluation of the seminar. Initial results from interviews and surveys in this 
study are presented here. Seminar graduates from as far back as eight years ago described how the seminar 
has had a wide-ranging impact on their lives, reaching beyond the seminar itself. It has led some students to 
start their own version of the seminar, and others to study astrophysics in college. Furthermore, numerous 
students credit the seminar for giving them important skills in teamwork and leadership as well as valuable 
experience with research and paper-writing, which contributed to their educational and career successes. In 
addition to the value to the students, the seminar has contributed to the science of double star observations and 
orbital analysis. 

Introduction 

The Astronomy Research Seminar began as an 

in-person semester-long seminar at Cuesta 

Community College and nearby Arroyo Grande High 

School (Genet et al, 2016). The idea was to have 

students get as close to a “real life research 

experience” as possible, given they were 

undergraduate and high school students with little to 

no background in astronomy or research. The focus 

of double star observations was chosen because it 

was a phenomenon that could be guaranteed to 

provide data in a short amount of time, leaving the 

remainder of the semester to analyze the data and 

write up a report on the research (Genet et al., 2017). 

Furthermore, it is an area where continued 

cumulative observations can contribute to the field in 

a useful manner because there are numerous double 

stars of which the most recent observations were 

made years ago, or for which the data is ambiguous 

and further observation can clear up these 

inconsistencies. In addition, there is a welcoming 

journal for student research (JDSO). 

A unique and defining aspect of the astronomy 

research seminar is the fact that students are required 

to take leadership roles and ownership of their 

research project. They must meet weekly on their 

own, without the instructor, and collaborate to assign 

themselves roles. These are important “soft skills”, 

which are found often to be more important than 

many purely academic skills in leading people 

towards success.  

The astronomy research seminar aims to 

integrate students into the Community-of-Practice 

such that student identities change in a manner that 

makes them feel they are scientists and can 

contribute to scientific research in a meaningful way. 

This is a core aspect of learning within a Community 

of Practice as described by Etienne Wenger:  

“Information for its own sake is 

meaningless; it must capture our identities and 

expand them. … it is more important for the 

informational content of an educational 

experience to be identity-transforming than to be 

“complete” in some abstract way. This is 

especially true in a world where it is clearly 

impossible to know all there is to know, but 

where identity involves choosing what to know 

and becoming a person for whom such 

knowledge is meaningful.” (Wenger; 1998)  

The current K-12 science education reform 

efforts have focused on incorporating more authentic 

scientific inquiry into educational practices (NGSS) 

and the Common Core Standards (Common Core) 

have emphasized the importance of scientific literacy, 

being able to understand scientific writing and 

communicate science effectively. The Astronomy 

Research Seminar directly promotes the tenets of the 

NGSS and Common Core Standards. Furthermore, it 

is hoped that early research experiences may give 

students a deeper understanding of the nature of 
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scientific research and communication, and perhaps 

even steer students towards STEM career paths.  

  

Growth of the Seminar 

The seminar has been expanding rapidly over the 

past few years and this is seen clearly in the numbers 

of schools around the country now providing the 

seminar, as well as the number of seminar papers 

published in the Journal of Double Star Observations 

(JDSO) as shown in Figure 1. There is a significant 

increase in the percentage of JDSO papers published 

by seminar students as shown in Figure 2. This 

corresponds with an increase in the total number of 

JDSO articles published each year.  

 

 
Figure 1: The number of student seminar papers 
published in the Journal of Double Star Observations 
per year since 2010, including the first half of 2018.  

 

 
Figure 2: The percentage of Journal of Double Star 
Observation articles contributed by seminar students 
per year since 2010, including the first half of 2018.  

 Much of the expansion can be attributed to 

students who participated in the seminar and then 

began their own astronomy research seminars or 

encouraged and mentored other students.  

  

Methods 

The astronomy research seminar has been 

conducted almost continuously in some form since 

2008, after its initial pilot in 2001. Contact 

information for all of the participating students from 

when they were in the seminar was used as a starting 

point to contact them and request participation in the 

study. They were given the choice to participate or 

not and to choose whether they wanted to simply fill 

out an online survey or to be interviewed.  

Students, instructors and editors were 

interviewed either in a Zoom video call or on the 

phone and the interviews were recorded and 

transcribed.  Students who opted to do the survey 

were sent the link to the survey which was conducted 

anonymously online.  

 

Interview Data 

Twelve interviews were conducted with past 

seminar students. Of the students interviewed, eight 

were male and four female. Students who were 

interviewed took the seminar at different points in 

their education and the distribution of grade levels is 

shown by gender in Figure 3. While the selection of 

students interviewed was based entirely on who 

replied to a call to participate in the study, it is of 

note that the gender breakdown at different grade 

levels correlates with the general gender breakdown 

of students who participate in the seminar and 

continue on to do more than one research paper or 

spread the seminar more widely at different grade 

levels overall (Freed et al., 2017). 

 

 
Figure 3. Student interviewees participated in the 
seminar when they were in various grade levels: 8th, 
10th, 11th,  and community college (“grade 14”); shown 
above and broken down by gender.  
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The interviewed students participated in the 

astronomy research seminar anywhere from 2008 to 

2017. The seminar years of student interviewees are 

shown, broken down by gender, in Figure 4, below.  

 

 
Figure 4: Year of seminar participation of the students 
interviewed, broken down by gender.  

 

Seminar Impacts – A case study 

The astronomy research seminar has had a very 

large and clear impact on the lives of a handful of 

students who have gone on to develop their own 

programs following the model they experienced in 

the course. Several of these students have co-

authored more than five and sometimes more than ten 

publications, and have mentored between a couple 

and dozens of other students in the program. One 

student’s story is included here. 

Student #2 took the seminar as a junior in 

college in 2011, resulting in his first of 13 

publications and he loved it so much he immediately 

started his own version which he provided for 

students from middle school up to college as well as 

the general public. He advertised to the local school 

district and did fundraising at various places such as 

Walmart and Starbucks, advocating for the research 

seminar and how it benefited the public. Many of his 

13 JDSO publications include numerous students 

who attended his weekend double star workshops.  

When asked what kind of influence the seminar 

had on him, aside from the obvious influence in 

holding his own workshops, he had a lot to say:  

“It was showing how much hands-on experience 

was big in the workforce. Having the piece of 

paper helps out but most organizations [and] 

government programs they want to see that you 

actually have some hands-on experience. That 

means a lot. Obviously the piece of paper means 

a lot too but I saw that the hands-on experience 

was important... I was able to go from an intern 

to a full-time employee and I currently still only 

hold an associate's degree... I'm going on 5 years 

in an atmospheric program and I was an intern 

for almost two years in an astronomy program.” 

 

In response to the statement “It sounds like you 

would almost credit the research seminar with giving 

you an understanding of the importance of the hands-

on experience”, Student 2 replied, 

“Yes. And the publications. That was big too 

because that showed that overall I could do the 

hands-on part of science. I was overall a 

scientist and the engineering type...there are a 

lot of open doors too.” 

 

Student #2 has held 5 workshops with a total of 

about 70 participants who all learned to collect and 

analyze data and write a scientific paper for 

publication. When asked “was your ability or 

confidence in your ability to [do scientific research 

and publish] influenced by the seminar?” Student #2 

responded, 

“Oh definitely. When I came up for my 

internship here we were using JPL’s electrical 

communication program and I was running a 

solar differential imaging motion monitor and a 

14-in Schmidt-Cassegrain telescope on a fork 

mount with a wedge. And that's exactly what I 

used [in the seminar]. I was using an 8-inch, but 

it was the exact same thing,  just scaled up. They 

didn't have to teach me how to run the 

telescope.” 

 

There are a handful of other stories similar to this 

which have spread the seminar’s impact far and wide 

and clearly had a major impact on the education and 

career paths of numerous students over the years.  

 

The students’ perceived biggest impact of 

the seminar 

Often in discussion the students volunteered 

information on what they felt was the biggest benefit 

of the seminar, and sometimes they were asked 

directly about. The two main themes that emerged 

were 1) the value of working in teams, collaborating 

with a diverse group, and 2) learning how to think 

and write scientifically. Student responses are 

followed in parentheses by the year they first took the 

seminar, the grade level they were in at the time, and 

their gender. 

 
“What were one or two of the best things you got 

out of the seminar?” 
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“One of the best things was that collaborative 

environment. I’ve worked in teams before but it 

was very different. There were a lot of people 

from different backgrounds, different grade 

levels, different experiences, and being able to 

work 1 on 1 with a professor was a really 

interesting experience that I had never had 

before. Also, being able to say I have a published 

research paper has come in handy so many 

times. I am currently looking for internships and 

I’ve been bringing that up, talking about it 

during interviews.” - Student 5 (2014, 10th 

grade; F) 

 
“Do you have research techniques that you can 

apply to your work?” 

“Oh definitely. I think the biggest value of the 

seminar and doing the research that we did on 

our double star was adjusting our perspective on 

research in itself and the results. Through 

college I had to do essays after essays and it was 

always a certain number of sources that we had 

to cite and that became the object that we would 

reach for. We wouldn’t get in depth on the 

research just the results. They were just tools to 

back up our arguments. Actually doing it made 

me perceive it, as it should be, as an action. It’s 

not an object it’s an act...The techniques used in 

the research, [that] is what’s important.” - 

Student 11 (2016; community college; M) 

 

“Were there skills you learned about research or 

science?” 

“The most valuable part was typing the paper 

because it’s a different language. I wasn’t used 

to typing papers like that. And working as a team 

and each having a role in the research.” - 

Student 8 (2016; 8th gr; F)  

 

“Have you had that sort of experience in any of 

your other classes?” 

I’ve never typed a paper like that before. Since 

then my classes require more of those research 

skills. That was the first time I was exposed to it.  

 
“Working in teams, is that a skill that you have 

learned and will be useful.” 

“Yes, definitely. I’ve worked in teams before. But 

it’s a different experience to be writing a 

research paper like that. It’s a whole different 

format and language and it’s stuff we have all 

never done before so we have to work together 

and have to learn together. It’s a really good 

experience.”  

 

“What skills did you get from that research 

experience?” 

“The two big ones are leadership and 

teamwork...teamwork for one because when 

you’re in HS you’re assigned group projects but 

a lot of people don’t take it very seriously. 

There’s no real consequence other than getting a 

poor grade….But with this there was a lot of 

liability...people were putting their time and 

effort into something. It would be a lot of wasted 

time to not put out your best product. Being able 

to work with a team that was adequately setting 

aside their time and focused and driven, that was 

something I hadn’t experienced before that’s 

helped me a lot. Even small projects I’ve done at 

school, it was really helpful in being able to 

work with other people effectively...Sometimes 

working with other people can be difficult at 

times. It really opened my eyes to the importance 

of that. 

Leadership, my second year of doing it was a 

great time for me to develop my leadership skills. 

It showed me the importance of a good leader 

and how being a bad leader can lead you on the 

wrong road...how important it is to really listen 

to what the people you’re working with are 

saying and to be able to not look down on them. I 

found it very important to be on the same level 

but still show leadership.” - Student 7 (2015; 

11th grade: M) 

 
As has been found in course surveys from the 

seminar (personal communication with seminar 

instructors) students in this study often feel that the 

greatest benefits of the research program are what 

they learned about working in teams and about 

writing, and rewriting, scientific research papers. 

These are important, broadly applicable skills that 

help prepare them for their future educational and 

career paths.  

 

The Value to Students of Having a 

Published Research Paper 

One unique requirement of the Astronomy 

Research Seminar is that students publish their results 

and an important premise is that having a published 

paper under their belt will help students get into 

college or get financial aid or get jobs further down 

the line. Students were asked questions along the 

lines of “Did having a published paper help you get 

into college or graduate school, obtain financial aid, 

or get a job?”. When asked about this the following 

responses were given: 

 



167 

 

“Having the publication definitely helped me get 

into some of the colleges.” - Student 12 (2017, 

11th grade; M, entering Caltech in the Fall of 

2018) 

 
“Your published paper...did you use that in 

applications?” 

“It’s been on my resume since it happened. It’s 

still on my resume. It’s actually a pretty big 

talking point. When it comes up people say ‘tell 

me more. That has nothing to do with [what you 

are doing]. Why did you do this?’. I explain that 

it was a really good opportunity to learn about 

how research works at a young age, and to get 

good exposure to the whole process. It was a 

very cool experience, and I still have it on my 

resume.” - Student 1 (2008;  11th grade; F) 

 
”It sounds like it might have helped you in 

applications.” 

“Not for undergrad...but for other research 

positions...I had been applying for jobs. In the 

interview she asked me about it...one of my 

interviewers mentioned it. It was a good talking 

point.” 

 
”Have you used the published paper on 

applications?” 

“I put it in as I’m making the switch to [beer] 

brewer. That’s the only thing I’ve applied for. I 

imagine I will in the future because it is 

definitely something I’m proud of. I’ve definitely 

sent the link to people that I wanted to show off 

to because it’s something I’m really proud of.” - 

Student 11 (2017, community college; M) 

 
“Applying for college, is this something that’s 

going to go on your resume?” 

“Definitely. Not everyone gets to say that they 

have a paper published and they got to learn this 

kind of stuff.” - Student 8 (2016; 8th grade; F) 

 
For some students having a published paper was 

not as important and was not the driving motivation 

for taking the seminar. 

“Having a published paper, did that have an 

influence when you applied to college, or on 

applications for scholarships or jobs?” 

“To be quite honest I can’t remember if I even 

put it on my application for college. I don’t think 

I really understood what the implications of 

being published meant. I’m seeing now it’s a 

huge deal. I totally want to put it on my 

LinkedIn.” - Student 3 (2011; 11th grade; F) 

”You didn’t understand the implications of being 

published?” 

“I remember people going around saying it was 

big stuff but when I was in high school 

everything I was doing was big stuff.  I didn’t 

know how to gauge it. It was just for fun. I just 

did it for fun.” 

 
”Having published papers, did it have an impact 

on your employment?” 

“I’d actually forgotten about it. It was a 

wonderful experience.” - Student 4 (2011, 

Community College; M) 

 
”When you applied to [transfer to a 4-year 

university] did you include your publications on your 

application?” 

“I don’t believe so because they were not 

published yet. They were still in process” - 

Student 6 (2016, Community College; M) 

 
While it is assumed that having published papers 

will help students get into college, graduate school or 

good jobs, it is notable that a number of students 

participate in the astronomy research seminar simply 

because they love program and don’t directly use 

their published papers in applications. However, 

many do and it has had a significant impact on their 

education and careers.  

 

The value of learning to write 

scientifically 

A common theme that appeared in the interviews 

and surveys was how much the students valued 

learning how to write a scientific paper. Some of 

their thoughts are provided here.  

”Did you learn during that seminar how to write 

scientifically?” 

“Yes, I think so. Prior to the paper, I have taken 

scientific lab courses, where they tell you how to 

write your procedure, your results, things like 

that. But when I compare some of my labs for AP 

Physics with the types of papers you may see in 

the JDSO, there is definitely a very big difference 

and without the research seminar it may have 

been a bit longer before I learned how to write in 

that way.” - Student 9 (2016; 8th grade; M)  

 

“Having to write a research paper, do you think 

that changed the course? Would it have been just as 

useful if you hadn’t had to publish?” 

“Definitely not. There's the research part of 

science but then there's the actual experience of 

writing...not just researching but being able to 

successfully communicate with people the results 

of your research. What's the point of research if 
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you can't tell anybody what you find?” - Student 

12 (2017, 11th grade; M) 

 

“The writing process, did you learn from that or 

did you already know how to write scientifically?” 

“[From the seminar] I know that it [scientific 

writing] is more concise...by doing all the 

research and reading all the articles for our 

paper you get a gist of how things are written. 

You get rid of the fluff and be as concise as 

possible...It’s not how you usually write…you go 

to your habitual form of writing but then when 

we’re proofreading you go well “this is 

unnecessary”. It was a good exercise.” - Student 

11 - (2017; community college; M) 

 
“Tell me about your experience with the research 

seminar.” 

“[It was] my first ever research experience. It 

opened my eyes to writing published papers or 

any form of technical document. I was a part of 

this program called Capstone in certain schools 

around the country where it was all about 

writing research papers. After [the research 

seminar] I had more experience and was able to 

write papers on my own.” - Student 5 (2014, 

10th grade; F) 

 

For many students the astronomy research 

seminar is their first exposure to scientific writing 

and certainly to the review process for publication. 

Most students felt that this was one of the most 

important aspects of the research seminar. While 

several did say it was new and difficult they 

appreciated the opportunity to learn to write 

scientifically.  

 

“Do you consider yourself a scientist? If 

so, when did you begin to see yourself as a 

scientist? If not, what would you have to 

do to consider yourself a scientist?” 

While a few students were not on the “science 

track” already, many of those that took the seminar 

were already highly engaged in science in school. A 

premise of the seminar is that doing a research 

project and publishing a paper will give students a 

sense that they are in fact a scientist. Students were 

asked about this and some really already felt like a 

scientist before participating in the research while 

others still didn’t consider themselves a scientist even 

after publishing two papers, including one as a sole 

author . However, for many of the students 

interviewed their participation did indeed give them a 

sense of themselves as a scientist. For example, for 

one student, it was when he won an award for his 

student research that he began to identify himself as a 

scientist.  

“Do you consider yourself a scientist?” 

“Of course, yes. Citizen Scientist to be more 

specific. I went to the eclipse with Boyce to 

Madras to work on behalf of the NSO [National 

Solar Observatory]. There were two tests that 

were requested of us on behalf of the NSO.  One 

to do two climate measurements an hour before 

and after totality. I ran that team. I also ran the 

shadow band pass observation for a professor 

out of Las Vegas. While not a paid scientist I do 

consider myself a citizen scientist due to the 

work that I’ve done.” - Student 10 (2016; 4th 

year community college; M) 

 

“When did you consider yourself a scientist?” 

“When I won my first research award for the 

work I did at Miramar College.…the first place I 

did my research paper out of. Part of my 

research was being the image request guy and 

the data reduction guy. I told people I was trying 

to learn how to request images. They had me do 

the stuff and our (binary) system was so close 

that the primary bled into the secondary. I 

actually presented this poster at the RTSRE last 

year. I couldn’t do automatic centroid locating 

with Mira Pro so I had to do a crosshair on my 

diffraction spikes in my primary and secondary. I 

did my measurements from there. Where I 

considered myself to be a real scientist was after 

all those steps and getting the paper published; 

having my professor say “go to a research 

conference and try having this work that you’ve 

done shown”. Based off of my professor’s 

encouragement…I won first place in the 

analytical research category at Mesa College, by 

showing my research on a poster board and 

having a random group of judges anonymously 

talk to me about my research. I explained my 

astronomy research to a wide group of people 

that didn’t have astronomy background expertise 

and they understood what I was trying to 

explain. I won first place by not even trying. I 

realized after the fact, wow, I’m kind of doing 

well at all of this stuff accidentally.” 

 

“Do you consider yourself a scientist?” 

“I do. Yes. Probably a year or two after we 

started going with these workshops [that I ran]. 

Mostly because of writing the scientific 

publications and doing the analysis on the data 

that we gathered. That's when I realized that's 

pretty much what a scientist does. I also have 

participated where I just gathered data and feed 
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it on to the scientist but with the double star 

research you're actually being the scientist.” - 

Student 2 (2011; college junior; M) 

 

“Yes. I think anyone who discovers something or 

works to do research is a scientist because 

science is all about discovery and learning about 

these new things. It’s really hands-on.” - Student 

8 (2016; 8th grade; F) 

 

“Absolutely...I think that that experience was 

really just good exposure for me being really 

comfortable with finding and participating in 

research in undergrad which is really important 

if you want to go to medical school that you do 

research projects and I in undergrad never got 

an experience like that where I was able to be 

one of the main...I was always tacked on to 

somebody else’s project to do the data entry. You 

don't really get an opportunity in a big school 

like that to have your own project...It gave me 

the confidence... I can do that. If I did it in high 

school of course I could do that now.  I do a ton 

of research now. I'm actually starting a research 

committee with one of my classmates to connect 

students with research projects and we just got 

our IRB back last week because we are doing a 

study on the community to see how successful the 

committee will be in getting more opportunities 

for students.” - Student 1 (2008; 11th grade: F) 

 

“Do you consider yourself a scientist?” 

“I would consider myself to be growing into a 

scientist but I wouldn’t quite call myself a 

scientist just yet.” - Student 12 (2017; 11th 

grade; M) 

 

“What will make the difference between you 

growing into a scientist and being a scientist?” 

“Probably the one thing is sort of experience,  

actually publishing papers, doing research, I 

haven't been doing that kind of thing for very 

long so it wouldn't quite feel right calling myself 

a scientist yet. That’s going to change in college 

I’m pretty sure.”  

“You just need more experience?” 

“I’ve only been doing this kind of thing for a 

year, so yeah.” 

 

“Do you consider yourself a scientist?” 

(pause) “This has been a point of contention in 

my mind for a long time now. When I started 

doing the double stars seminar what do you have 

to do to consider yourself a scientist? What is the 

line? The point I came out with in my head was 

that once I was contributing data to the 

community that is when I considered myself a 

scientist...so I would say yes.” - Student 6 (2016; 

3rd year community college: M) 

 

“Would you refer to yourself as a scientist?” 

“Let me just look up the definition of a scientist, 

(reads the definition: A person who is studying 

or has expert knowledge of one or more of the 

natural or physical sciences). In that case any 

high schooler could be said to be a scientist.  I 

don’t think I’d call myself an expert of science, 

but I definitely do have a very deep interest in 

science, then yes, I could say that in some part I 

would be a scientist.” - Student 9 (2016; 8th 

grade) 

 

“How would you define a scientist?”  

“Someone who is interested in essentially 

figuring out how the world works, and wants to 

use a logical process, with thought and 

reasoning going from observation to deduction; 

the scientific method to learn more about the 

world.” 

 

“By that definition, are you a scientist?” 

“By that definition, yes.” 

 
Interestingly there was no reference by this 

student to the fact that he is working on projects that 

may lead to his 3rd and 4th published papers. 

Some students felt like scientists prior to their 

participation in the astronomy research seminar citing 

other programs they were involved with as 

contributing factors.  

 

“Would you describe yourself as a scientist?” 

“Yeah. I would describe myself as a scientist? 

When you say scientist do you mean more 

theoretical and less physical?” - Student 7 

(2015, 11th grade) 

 

“I can do science. I can write about it.” 

“I would say that started when I was younger 

because I had been introduced to it when I was 

younger. I always had a fascination for science 

in general...I’ve done a lot of at home 

experimenting. I’d do a lot of experimenting and 

science projects from the internet. I was 

designing little circuits on my computer and 

using an iron to put it on copper board and 

etching it out and stuff.” 

 

“Did you ever feel like a scientist?” 

“When I was in HS I felt like a total scientist. I 

had this amazing teacher...I had him for 3 years 

straight. He was straight out of a nuclear 
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engineering program. He had that military 

mentality...he would never answer your 

questions. You would always have to answer 

them yourself. He would have us doing these 

things that no other teacher would ever expect 

you to do….I built a Rube Goldberg [machine] 

the second year. I loved it so much that I ended 

up taking anatomy with him, then I was on the 

robotics team for two years...that felt more like 

the work world...he treated us like scientists...He 

really influenced me  to become the person I am 

today.” - Student 3 (2011; 11th grade) 

 

For this student the publication was not the 

driving force behind identifying herself as a scientist. 

She stated “I don’t even know what happened to our 

research paper. I’d be interested in reading it”. 

Some students just downright do not consider 

themselves scientists, despite having participated in 

the seminar and co-authored a published paper.  

 

“Would you consider yourself a scientist?” 

“I consider myself on my way to be one day.” - 

Student 11 (2016; 2nd year community college; 

M) 

“What would make you a scientist?” 

“I don’t know, I guess I haven’t thought this 

through. Publishing more.” 

“How many publications?” 

“No, I don’t think of myself as a scientist. I’d 

have to get paid...I’m still at amateur status.” 

 

“Do you consider yourself a scientist?” 

“I wouldn’t say so... I don’t think I would 

consider myself that.  The closest I would be... I 

do call myself an engineer. I don’t consider 

myself a scientist.” - Student 5 (2014, 8th grade; 

F) 

“What would you have to do to consider yourself 

a scientist. What would make you a scientist?” 

“When I think of scientists I think more of 

working with chemicals and materials...run my 

own research...I’d be the head of the research. 

Scientist to me reminds me of research and more 

lab-based things. I think I’m an engineer.” 

 
In this instance, the student is identifying herself 

as an engineer instead of a scientist which can lead to 

the question of how students define a scientist, 

including preconceived and perhaps stereotypical and 

limited notions.  

 It is hoped that participating in scientific 

research and being immersed in a supportive 

community would help students feel that they could 

contribute meaningfully to science and begin to self-

identify as scientists. The results from interviews 

indicate that for many students the astronomy 

research is the beginning of a path that leads to this 

change in identity. For others they already considered 

themselves scientists based on their previous 

experiences and for still others, even after having 

published more than one paper, they still did not 

consider themselves scientists. It was interesting to 

hear some students reflect on how they define a 

scientist during the interview and this reflection could 

be a critical component to helping change identities.  

 

Do you feel like you are part of a 

community? 

The educational philosophy on which the 

seminar is based is the philosophy of a Community-

of-Practice (C-of-P) as the foundation on which to 

build knowledge and expertise, and how this can 

support both students and experts within the field. 

The seminar developers and several instructors have 

met with Dr. Etienne Wenger, who developed the 

theory and wrote the books on Community-of-

Practice. A major concept within the Astronomy 

Research Seminar is that the Community-of-Practice 

is the force that can sustain student success in 

astronomical research. Students were asked whether 

they felt embraced by or immersed in a Community-

of-Practice. 

 

“Do you feel like you are part of a community-

of-practice?” 

“The education community or the astronomy 

research community?” - Student 6 (2016, 3rd 

year community college) 

“Either.” 

(Pause) “Yes. I would say both actually. Being 

involved and actively talking to people about the 

education aspect now, I would say that, although 

I’m not particularly interested in being an 

educator, that whole aspect has brought me into 

this community and the research part of it, really 

once I went to the conference [RTSRE] last 

summer that’s when I really felt like I integrated 

into the community more and meeting some 

people, and learning how to network was a huge 

part of becoming part of that community.” 

 

“Have you been embraced by a Community-of-

Practice?” 

“Absolutely. Quite a few people reached out to 

me personally on the second paper that I wrote 

and there was a lot of discussion about the 

potential usefulness of the tool...The answer to 

that question is definitely yes.” - Student 12 

(2017, 11th grade; M) 
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“Would it be different if people hadn’t reached 

out to help?” 

“I probably would have still done everything 

that I did but I feel a whole lot more confident 

about what I did. It’s more about confidence 

than the quality of the work.” 

 

“Did you feel like you were part of a community 

during that time [when you were in the seminar]?” 

“I felt immersed [in a supportive community]. It 

was a really good group opportunity and it was 

professional.” - Student 3 (2011, 11th grade; M) 

 

“Oh, for sure. Especially at the end I think it was 

cool where you had each of us present to the 

entire seminar. I think that put it in perspective 

because you showed the results and tracked the 

other teams and their projects but then I think 

that end part where everybody got to show the 

final fruits of everybody’s work was where it was 

like, yeah, we were all doing the same thing. It 

was fun.” - Student 11 (2017, 2nd year 

community college; M) 

 
“Do you feel like you are part of a scientific 

community?” 

“Yes. [My community] college provides the 

ground support; Boyce Astro, RTSRE, the people 

I’m meeting in Los Angeles (Mount Wilson) who 

are retired professionals, the whole community 

I’m involved with from the educational side to 

the applied research.” - Student 10 (2017, 3rd 

year community college; M) 

 

While most students who were asked about it 

said they definitely felt part of a community, one 

student did not. 

 

“Did you feel like at the time you were part of 

the community of practice, well supported?” 

“I wouldn’t say so only because since we didn’t 

collect the data ourselves I was confused on 

exactly what was happening...Because it was an 

after school program I didn’t really know the 

other students. It wasn’t encouraged for us to 

know each other...hindered our experience as a 

team...becoming more of a team at the 

beginning...would have been really helpful…I 

think also observing the data being 

collected...would have definitely given me a 

better understanding... There wasn’t closure...we 

didn’t have time to reflect on what we did...that 

would have been a lot more beneficial.” - 

Student 5 (2014, 10th grade; F) 

 

These last statements are notable due to the 

discussions within the research literature about the 

value of students collecting their own data versus 

data mining and similar types of research. 

Furthermore, educational pedagogy clearly supports 

that reflection is a critical part of any learning 

process. This student’s comments about the value of 

being a team really underscore one of the focuses of 

the seminar which is the benefits and importance of 

teamwork.  

 Most of the students interviewed said they 

felt immersed in or embraced by the astronomical 

community, or indirectly described ways that they 

were helped by experts in the field. Furthermore, 

numerous students have become deeply involved 

with the community in a lasting way, creating their 

own versions of the seminar, or doing more research 

projects on their own.  

 

Interest in astronomy generated by the 

research seminar 

The astronomy research seminar goals include 

providing a true research experience for students in 

the hopes of helping them understand the nature of 

scientific research itself and perhaps steering them 

towards STEM fields. While the seminar does not 

have a specific goal of turning out more astronomers 

and astrophysicists, it certainly has had that impact 

on several students. In fact, 25% of the students 

interviewed are pursuing astronomy-related studies 

due to their experience in the seminar.  

 

“I am studying astrophysics. I would like to get 

the theoretical background behind astrophysics 

and apply that with software and hardware 

knowledge to go into some sort of aerospace 

field.” - Student 7 (2015; 11th grade) 

“Is there anything that’s been impacted by the 

seminar? Is your path different? Would you already 

have been on that path?” 

“No. I wouldn’t say I’ve been on the same path 

forever. I’ve always had an interest in 

engineering and computer science but my 

interest for astronomy kicked off because of [the 

seminar]. That was definitely significant in my 

interest in astrophysics...it really opened my eyes 

to the possibility of astronomical research.” 

 

A younger student was first exposed to 

astronomy through the seminar.  

“Would you do [the research seminar] again? Or 

was twice enough?” 

“I would do it again if I could.” - Student 8 

(2016, 8th grade) 
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“Would you do other research, exoplanets, 

variable stars, etc…?” 

“That would be awesome. Because I learned so 

much and it got me really interested in 

astronomy because it had never been something 

I’ve thought about before.”  

 

As Student 6 was quoted earlier: “I was on the 

fence between particle physics and astrophysics...but 

I think that [the astronomy research seminar] pushed 

me to one side.” 

While not an explicit goal of the research 

seminar, exposing students of various educational 

backgrounds to astronomy and research clearly has 

impacted the lives and directions of many of them.  

 

Other observations from student 

interviews 

A few other surprising observations about what 

students gained through their research seminar 

experience came to light in the interviews. As science 

instructors it is easy to forget that students arrive in 

classes with an entire preconception about not just 

the factual information and procedural 

understandings regarding science, but the historical 

side and the human side as well.  

“Are there other skills that you learned of during 

that period of time [the research seminar] that were 

new or different than you expected?” 

“One interesting thing was “hey these double 

stars have been observed by Herschel in the 

1700’s using those really tiny and somewhat 

inaccurate micrometers”. That was something 

pretty fun, to go back and read through the 

history and notice that through doing science 

I’m not just making a contribution to the world 

now, I’m following up on the contributions of 20 

scientists in the past and all of my observations 

can help people in the future come up with even 

more conclusions in the future. That kind of 

experience was something that I hadn’t 

considered as a part of science. I thought that 

was pretty cool.” - Student 9 (2016, 8th grade; 

M) 

 

In talking to one student who had worked with 

Richard Harshaw doing speckle interferometry the 

interviewer asked, “Did you meet Richard Harshaw 

then (At RTSRE 2017)? Was that cool?” 

“Yeah, it was. I didn’t know what to expect. In 

fact, I had this really predetermined notion of 

what an astronomer, an astrophysicist was. I had 

never met an actual one. What are these people 

like? It was almost like meeting an alien for the 

first time. You’ve always heard of them but 

you’ve never actually met someone who does 

that and then meeting a roomful of these people 

and it completely shattered my predetermined 

ideas of what a scientist looks like and the fact 

that half of the people were female was very 

impressive to me because you think of an old 

white-man dominated field, and it is, but the fact 

that there were that many women at the 

conference was very impressive to me. I was 

mind-blown by it.” - Student 6 (2016, 3rd year 

community college) 

 

For some students a major impact of the seminar 

occurred after they had already finished the program.  

“I’m not positive how the program particularly 

affected me. I think it was an amazing 

experience, but with that being said, after the 

fact is really...what I found to be the turning 

point...In college when you do the labs they are 

very cut and dry. ‘This is what you do. This is 

what we’re trying to find.’ In my eyes research is 

not that. Research is looking at the data and 

coming to a conclusion based on the data as 

opposed to having a notion of what you want to 

find. It’s like confirmation bias.” - Student 6 

(2016, 3rd year community college; M) 

 

“When did you come to that idea of what 

research is?” 

“When I tried to figure out what my next step 

was going to be after the seminar and I didn’t 

know. I wasn’t sure what question to ask. I was 

trying to find that next research topic and I 

didn’t know what question to ask….And my 

question to Alex was where do you go from the 

end of the seminar? Is there a way that we can 

create a program that within a semester would 

allow you to do true research and I came up 

blank on that. And so much dissention within the 

ranks. Is it enough to get people interested in the 

field and then expect them to go about their own 

path? Or build a program that fosters real 

scientific research, explore scientific questions in 

a way that is not predetermined?...It definitely 

cemented my direction. It gave me just enough of 

a taste to want to do more...I was on the fence 

between particle physics and astrophysics, such 

a broad fence it is, but I think that this pushed 

me to once side. And so I guess, to answer my 

own question, maybe it is enough to be 

introduced to the meat and potatoes, so to speak, 

of astronomy.” 
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Survey Data 

Thus far, five seminar graduates have completed 

the online anonymous survey. Of these, 4 had 

participated in the seminar as high school students 

and one when attending a community college. The 

years they participated in the seminar were 2009, 

2012 (2 students), 2014 and 2017. The questions in 

the survey were geared towards the same ideas as the 

interviews, namely determining if the students were 

identifying themselves as scientists, felt like they 

could do scientific research and write a scientific 

paper and to see if they felt like they were part of a 

Community-of-Practice? Several of the questions and 

student responses are shown below. 

 

How did the Astronomy Research Seminar most 

benefit you? 

“Greatly improved my scientific writing 
skills. It was my first glimpse into the scientific 
process.” 

“Made my college applications more 
interesting, and expanded my understanding of 
astronomy.” 

“I learned how people create and submit 
research” 

“It introduced me into the world of scientific 
collaboration and publishing a scientific paper.” 

“It introduced me to the idea of evidence-
based research and the process of writing and 
submitting a research article.” 
 

Three of the five students mentioned the value of 

learning to write a scientific paper. This is similar to 

a study involving 22 students in which 45% of them 

stated that learning to write a scientific paper was the 

most valuable part of the seminar (Freed, 2017).  

 

On the question “Did the seminar make you feel 

like you were doing real research, or did it seem 

mostly like an academic lab class as in chemistry, 

biology, or physics with known outcomes?” 5/5 of 

the respondents felt like they were doing “real 

research that will contribute to scientific knowledge” 

or their work was “somewhat like real research” as 

opposed to “mostly like an academic lab class”. 

In response to the question “Did you feel 

immersed within a supportive pro-am (professional-

amateur) community or were you pretty much on 

your own?” 1 out of 5 students responded 

“immersed” while the other 4 responded “somewhat 

immersed” and none responded “not at all 

immersed”.  

One goal of the astronomy research seminar is to 

give students a better understanding of the nature of 

scientific research, in the hopes this will help then 

participate in society in a more informed manner. 

Eighty percent of this small sample of students felt 

that their participation in the research seminar had a 

positive impact in this area.   

In answer to the question “Will this make you a 

better-informed citizen, in terms of understanding 

science, when it comes to moving our country 

forward in a positive manner?” 3 of the 5 students 

responded “Yes, significantly better informed”, while 

1 responded “somewhat better informed” and 1 

responded “not really better informed”. It would be 

instructive to have students elaborate on this and 

explain why or why not they feel better informed.  

A larger sample of size of survey data is needed 

to be able to draw definitive conclusions about the 

impact of the seminar, however, the few results thus 

far corroborate much of what came out during 

interviews.  

 

Discussion 

The astronomy research seminar has had a 

significant impact on the lives of numerous students 

over the years, both in what the students learned 

during the seminar and in what it inspires them to do 

afterwards, including providing seminars of their own 

to other students. This latter impact has been one of 

the means by which the seminar has expanded over 

the past decade and continues to do so. In terms of 

direct outcomes from the seminar, students report 

that learning to work in teams and take on leadership 

roles was one of the most important skills they 

gained. Several students also acquired a sense of 

confidence about their abilities to do research, write 

scientifically and take on leadership roles.  

Learning how to write a scientific research paper 

came up many times as one of the biggest benefits of 

the seminar. For most students, whether they were in 

8th grade, high school or at a community college, this 

was their first time they had been exposed to writing 

a real research paper as opposed to the standard lab 

report of “observation, hypothesis, experiment, 

results, conclusion”. Several of them commented on 

how different this writing was from anything they 

had done before and that they valued that experience 

and it helped them significantly in future courses and 

research programs. Some students felt that having a 

published paper helped them get into colleges or get 

jobs, however, there were also several who didn’t 

even include their publication in applications for 

colleges or jobs and in fact even stated that they “had 

forgotten about the published paper entirely”. 

However, even those who had forgotten about it 

reminisced about the positive impact it had on some 

aspect of their lives.    
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Many of the students that took the seminar were 

already highly engaged in science in school and for 

some they really already felt like a scientist before 

participating in the research while others still didn’t 

consider themselves a scientist even after publishing 

two papers, one as a sole author. However, for many 

of the students interviewed their participation did 

indeed give them a sense of themselves as a scientist. 

Most students felt immersed or supported by a larger 

community which in principle can help transform 

their identities as part of the learning process.  

Of course, not all students have a life-changing 

experience in the research seminar. For several it was 

simply a really good experience that improved some 

of their skills. For a couple of students it opened their 

eyes to ideas about science that they hadn’t 

considered before, despite being very involved in 

studying science. While not always the case, having 

the opportunity to participate in a true research 

experience can be transformative for many students.  

 

“Did it make you a better citizen in terms of 

understanding science?” 

“Yeah, I feel like, definitely, if I was one of the 

students who hadn’t been part of something 

similar in the past it would have blown my mind, 

to have this other world of information thrown at 

me. I have a really good example...people who 

don’t really understand science... I was out with 

my Dad one night and we were sitting at a 

communal table with people we didn’t 

know...That night SpaceX was sending up its 

rocket with the Tesla in it. You could see it from 

Vandenberg just a 30 minute drive from us. It 

was this vivid thing! It looked like a bomb in the 

sky, this amazing, monumental experience! We 

just wanted to look at it! Then this lady who is 

obviously not very interested in the sciences...she 

looked and then looked away and wanted to talk 

more about our life. I have a lot of friends like 

that too. Where they have not been exposed to 

the research side of things. I think when you 

don’t understand something on a scientific level 

it’s too much to try and even gauge what’s going 

on and so you want to divert your attention to 

something you know about on the social side of 

things. So I would say, yay, it’s good to be 

involved in this research opportunity because it 

really teaches you something about the world 

around us.” - Student 3 (2011, 11th grade; F) 

 

Conclusion 

The astronomy research seminar has been 

providing high school and undergraduate students 

with a true research experience for over a decade. 

This unique program, with its requirement for 

publication of results, emphasis on teamwork and 

leadership, and philosophy of immersing students 

within a supportive Community-of-Practice, has had 

a significant impact on the lives of many students. 

The largest perceived benefits include learning how 

to work in teams and how to write scientific research 

papers and go through the review process required 

for publication. Additionally, students report that the 

support of the community was helpful in building 

confidence and several of them have transformed 

their identities to include a sense of themselves as 

scientists. An unintended, yet not surprising outcome 

for some students was steering them on a path 

towards pursuing education and career goals around 

astrophysics. For some the seminar was their first 

exposure to astronomy and it profoundly influenced 

them.  

Further research will include collecting a larger 

sample size for the survey results as well as 

interviews. An additional component that could 

benefit the seminar would be to begin administering 

pre- and post-seminar questionnaires to students and 

instructors aimed at drawing out more rigorous 

results of the learning gains and transformations of 

identities of participants over time. This could be 

especially informative as the seminar is expanding 

quickly and the forms in which it is taught is 

diversifying. The seminar is reaching wider 

audiences and a greater understanding of its impacts 

could inform how the seminars develop.   
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Abstract 

Astrometric measurements using CCDs with small telescopes have become a routine means of observing and 
measuring visible double stars. Their measures are reported in the Journal of Double Star Observers and 
recorded in the Washington Double Star Catalog. Many factors ranging from telescope and camera 
characteristics to filters and seeing conditions affect the accuracy of these measurements. Researchers report 
here the results of observations of three rectilinear double stars and one 6th catalog orbital star that have varying 
but predicted separations and differences in magnitude. Over a three plus-month period, experienced operators 
made observations using 13 professional robotic telescope systems ranging in aperture from twelve to twenty-
seven inches located around the world. Filters, airmass and exposure times were the independent variables 
applied to each set of observations for each system. Among the questions addressed, the impact of image 
saturation, camera resolution, telescope aperture, the stacking and averaging of images are addressed. Also 
presented are variations in the measurements for successive nights on the same telescope and optical train. 
Seven hundred observations were made. Experienced students then applied a single methodology for data 
reduction to all of the observations to eliminate the possible variations that these tools might cause.  For a subset 
of observations, other experienced researchers performed the data reduction with other tools for comparison to 
the broad results to assess the accuracy of the baseline methodology used and to see if further research in the 
data reduction tools is warranted. Statistical results for all observations including standard deviation, mean error 
from “truth”, and the standard error of the mean for all sets of data are computed and used to perform the 
analyses. Significant differences between the measured and the “true” separation and position angles are noted 
and suggestions for improved observation practices are made. A number of unexpected results were uncovered 
in this initial investigation. These results suggest a need for further investigations into in the methodology and 
reported accuracy of small telescope double star measurements using CCDs. The data will be publicly available 
and collaborations for future investigations are welcome. 

1.  Introduction 

Boyce Research Initiatives and Education 

Foundation (BRIEF) in San Diego has been 

conducting double star seminars since 2015 in high 

schools, community colleges and online in San Diego 

(Boyce, 2017). Over forty papers reporting visual 

double star measurements made by student teams 

have been published or are in progress as of this date. 

The observations have been made by a variety of 

telescopes, CCD cameras and filters at the robotic 

sites around the globe offered by iTelescope and 

recently Las Cumbres Observatory. BRIEF has have 

encouraged students to use multiple observations to 

enable a statistical analysis of the data that is reported 

in the Journal of Double Star Observations (JDSO) 

mailto:schuyler.a.smith@gmail.com
mailto:jerry@epsilonorion.com
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and ultimately included in the Washington Double 

Star (WDS) catalog.  

In every visual double star CCD observation 

conducted, questions such as these arise as to the 

accuracy of the measurements of separation (rho) and 

position angle (theta) and for planning the 

observations: 

 

A. Does the filter used affect the 

measurement? 

B. Does the exposure time and saturation 

significantly affect the accuracy? 

C. How significant is the separation of the 

stars to measurement accuracy? 

D. How influential is the difference in 

magnitude of the stars to the accuracy of the 

measurements? 

E. Does the airmass or visual altitude for the 

observation affect the measurements?  

F. How significant is the telescope aperture in 

the accuracy of the measurements? 

G. How does the resolution of the camera 

affect the accuracy? 

H. How many images should be taken for a 

good measurement? 

I. Can you “average” together multiple 

different filters or should they be reported 

separately? 

J. If observations are made on more than one 

night, can they be averaged together?  

K. How many nights apart can observations be 

before they are sufficiently different to 

report them as separate measures?  

 

It would seem that there are many factors that 

could affect the accuracy of measurements made with 

just one telescope. To design an observation plan to 

measure all these variables is challenging.  

This investigation to undertaken to assess as 

many of these factors as possible. Observation plans 

began three times before succeeding with the last one 

described here. The first plan was to collect the data 

with one telescope with varying filters and air 

masses. This initial plan was to use recently and 

frequently measured visual doubles. The targets 

however did not offer the position certainty that was 

needed for “truth”, a predictable correct theta and 

rho. Use of stars with and orbital or rectilinear 

solution would offer a recognized and predicted theta 

and rho. It was also discovered that doubles with a 3” 

to 6” separation could not be accurately measured 

and this category was removed from plans.   The 

second plan addressed the “truth” requirement in 

target selection. The selected targets did not permit a 

low airmass and a high airmass observation from the 

same telescope in one night’s observation run 

however.  The selected targets needed to be further in 

the future to permit that part of the observation plan. 

Many observations were made but they were not 

suitable to address all the questions. 

BRIEF had extensive time available on a rented 

16” Ritchey Chretian located at Sierra Remote 

Observatory (SRO) to conduct the tests. By the time 

the third observation plan was made, BRIEF had 

been awarded observation time as an Education 

Partner on the Las Cumbres Observatory worldwide 

network of identical 0.4m telescopes at six locations. 

Given this added dimension, BRIEF committed 

iTelescope time to the investigation as well. This 

added potentially eight more telescopes ranging in 

aperture from 3 inches to 27 inches from three sites 

around the world. Together this added the ability to 

make telescope to telescope, camera to camera, filter 

to filter, and location to location comparisons to 

refine the investigation and to address additional 

questions such as these: 

 

L. Can observations from different 

observatories be averaged together if all 

other factors are equal? 

M. Do the observatory locations matter?  

 

Undaunted in adding to independent variables, 

researchers chose to proceed with these added 

telescope systems. BRIEF often reports data from 

widely varying systems, so curiosity as well as need 

won over in developing the third observation plan.  

Mira Pro x64 and SAOImage DS9 were used for 

data reduction measurements in the past. An 

additional means of performing data reduction, Astro 

Image J (AIJ) became available over the past year. 

So, for good measure, a limited assessment of the 

effect of those three tools upon measurement 

accuracy was added. 

 

N. To what extent do the data reduction tools 

used for CCD measurements affect 

measurement accuracy? 

From experience it was known that the 

researchers could not expect 100% success with all 

intended observation runs. Researchers set out to 

collect data in a rational plan to address as many of 

the above questions as possible. Seven hundred 

successful observations were made with thirteen 

robotic telescopes. This paper presents some initial 

findings.  
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2.  Observation Plan 

The target selection and observation 

configurations were designed to address as many of 

the above questions as possible. 

 

  2.1  Target Selection 

The third and final observation plan called for 

identifying four AB pairs that would test the 

independent variables of separation and position 

angle. The pairs would need to be sufficiently high in 

the sky during the winter of 2017 and 2018 to enable 

both high and low airmass observations within the 

same night. Predictable targets were selected to be 

“truth” from the WDS catalogs. After initial test runs 

of 10 candidates, three were selected from the 

Catalog of Rectilinear Elements and one from the 

Sixth Orbital Catalog (Table 1).  

 

 
Table 1. Target stars by separation and magnitude 
difference. 

The predicted separation and position angles for 

each of these targets were calculated as depicted in 

Table 2 under “ephemeris 1/1/2018”. The 

observations were performed from late November 

2017 through early March, 2018. The January 1, 

2018 was chosen as being near the midpoint of the 

observation period. Note the large error for the two 

rectilinear solutions for STI 579.  

The researchers used multiple filters in our initial 

plans. Due to the large number of variables being 

investigated in the final plan, the team reduced the 

tested filters to green and red. For the 0.4m SRO 

telescope the researchers patured10 images for each 

filter and exposure configuration. For the other 

telescopes the tam took five of each. Short and long 

exposures (e.g. 15 seconds and 30 seconds) were 

taken depending on the optical train and star 

magnitudes.  

 

 

 
Table 2. Target stars data and predicted rho and theta at 
January 1, 2018 

Observations were scheduled beginning in late 

November, 2017. Due to weather, robotic scheduling 

system constraints, and failed attempts to take high 

and low airmass images on the same night with each 

telescope, the final observation runs were not 

completed until early March, 2018. The resulting 

observation runs created an incomplete matrix of all 

possible observations. Regardless of the incomplete 

data sets, the single telescope factors could be 

investigated on several different telescopes and 

optical trains.  By incorporating the LCO and 

iTelescope networks, the multiple telescope factors 

could be investigated. The data reduction question 

was then measured from one LCO data set for one of 

the double stars, STF911. 

Observations were organized by “data set”, the 

set of images for a single continuous observation run. 

In total there are ___ data sets from the actual 

observations. 

 

  2.2 Observatories and Equipment 

The telescope located at SRO could be dedicated 

to the project and controlled by BRIEF. Eight 

iTelescope systems were initially planned to be used 

but the two smaller systems (a 90mm and a 106mm) 

proved to be inadequate for the measurements. The 

iTelescope systems are accessed over the internet and 

have policy restrictions such as only allowing one 

observation run per night for a customer on any one 

telescope. This constraint eliminated their use to 

measure the impact of airmass during an evening on 

one telescope. The LCO systems are controlled by an 

automated scheduling system that allocates 

observations to telescopes based on their availability. 

Thus the researchers could not control which of the 

LCO 0.4m telescopes would be used for a single 

requested observation or the exact timing of an 

observation. Tables 3, 4 and 5 list the locations, 
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telescopes and CCD cameras that were used for the 

investigation. 

 

 
Table 3. The thirteen telescopes used and their 
locations. 

 
Table 4. Telescope characteristics 

 
Table 5. CCD camera characteristics 

  2.3 Data Reduction Methods 

All images regardless of telescope were 

processed using Dr. Michael Fitzgerald’s OSS 

Pipeline (Fitzgerald, 2018) to limit uncontrolled 

variables.  The OSS Pipeline acts as an image-

processing tool, accomplishing a number of 

modifications to each image to help ensure accurate 

measurements.  For example, through this tool, any 

compression of the fits file is removed.  To make 

images more measureable and less susceptible to 

background noise, cosmic ray traces are removed as 

effectively as possible, pixels below a certain 

threshold are removed, and any bad pixels are 

interpolated using a Gaussian Kernel.  The OSS 

Pipeline provides entirely new WCS coordinates for 

each image file using Astrometry.net, and any old 

WCS coordinates were replaced with these new WCS 

coordinates.  The OSS Pipeline also creates new, 

more readable file names for each image, allowing 

for easier accessibility and greater efficiency.  

Though the OSS Pipeline creates six photometry files 

for each image, these files were not used for the 

purposes of this study.  These photometry files will 

likely be used in future projects.  

For all data sets, all images were measured for 

separation and position angle using Mira Pro x64. 

Excel was used to calculate standard deviations and 

standard error of the mean for all data sets. The same 

server, Boyce Astro Research Computer (BARC), 

was used for all files and analysis. For assessing the 

possible impact of the data reduction tools, the same 

LCO STF 911 data set was also reduced using 

SAOImage DS9 (DS9) and AstroImageJ to compare 

with the Mira Pro x64 reduced data. 

The software program Mira Pro 64x was used to 

measure each image, regardless of telescope.  In Mira 

Pro x64, experienced students measured each image 

separately.  After the image was placed into the 

program, the vertical transfer function was edited to 

create a clearer image.  A vector was then created 

between the primary star and the secondary star, with 

the centroid function set to measure a 5 pixel sample 

radius.  The centroid sample radius was lowered if 

the image could not be measured with this default 

centroid.  With the vector placed, Mira Pro x64 then 

calculated the given theta and rho of the binary star 

system based on the image.  In some cases, an 

image’s degree of saturation was measured using 

Mira Pro x64.  This was accomplished by creating a 

3D graph of each binary star system that showed the 

ADU value of each pixel, and any pixel that was 

found to be above a certain ADU value (the value 

varied for each telescope) was found to be 

oversaturated. 

The image analysis software SAOImage DS9 

was used to measure the position angle and 

separation distance for each image by placing a 4" 

circle around the rough center of both the primary 

and secondary stars using the Regions feature. DS9's 

auto-centroiding feature calculates the weighted 

mean position of all counts per pixel enclosed the 

star, moving the circle's center to the centroid of the 

star. The coordinates for the centroid of each star 

were then recorded and placed as the endpoints of a 

line segment. The length of the line segment provided 

the separation distance in arcseconds and its 

orientation provided the position angle. 

AstroImageJ for Double Star processing first 

requires establishing the WCS coordinates in each 

FITS file, which was provided by the OSS Pipeline 

using Astrometry.net. When measuring it is essential 

to reduce the aperture of the AIJ selection tool to a 

low enough value that the aperture of one star does 

not conflict with aperture of the other. If this 

happens, the measurement line connecting the two 
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star centroids will not be in a position near the star 

centroid. Unlike other software products, clicking on 

the star will not auto-locate the star centroid. Instead, 

once the aperture selection tool is reduced to a size 

that will fit within the star and not conflict with the 

other star, you have to approximate the stellar 

centroid. From there, AIJ will compute the centroid 

within the aperture you set on the star. Once both 

stars are selected, AIJ then provides a “Measure 

Tool” window displaying the theta, rho and a delta 

magnitude for the two stars. In addition to providing 

the theta and rho measurements, AIJ ties to the 

SIMBAD database for any further analysis/research. 

When there is a connection to the SIMBAD catalog, 

a right click on the star will open your browser 

window and display the SIMABAD data. 

 

3.  Results 

Observations were made at 13 telescopes from 

November 30, 2017 through March 12, 2018. The 

measurement data by star are contained in Tables 6, 

7, 8, 9, and 10 as Appendices following the 

References section. Two of the tables are for STI 570 

used to compare the observations with the two 

different orbital solutions. For any combined 

analysis, the only one of the two could be used avoid 

statistical bias. USN2013a data was used over 

HRT2017a due to its lower predicted error (see Table 

2). 

Table 11 provides an overview of the scope of 

the observation program. Seven hundred readable 

images were used from 126 observation runs (“detail 

observation sets”). Data was combined by star and 

observation run into data sets for comparative 

analysis. The lowest level of these is the detail 

observation sets which are all the images for a filter 

and an exposure for one observation run – commonly 

5 images. Stacked images were created by the OSS 

Pipeline for some observation runs. The Composite 

Sets include all the images from a run regardless of 

exposure as described in their title. 

 

The Results Tables 6 through 10 group the 

individual observations into the data sets used for the 

analysis. 

 

 
Table 11. Types and number of data sets and the 
number of images used in each type 

4. Analysis and Discussion 

There are many permutations and combinations 

to consider in analyzing the data. This investigation is 

limited to analysis the basic statistics for the data sets 

applicable to the introductory questions listed above. 

For each data set the standard deviation, error from 

the predicted separation and position angle, and 

standard error of the mean is calculated and presented 

in the Results Tables 6 through 10. These data sets 

were used to address the questions listed in Section 1. 

There were two “outlier” sets of observation that 

needed attention: 

The star J703 is an unusual outlier. Due to its 

consistent error and small SEM, follow up 

observations were performed on other telescopes. 

The initial analysis of those additional observations 

are consistent with the ones in Table 6. At this time it 

appears that the ephemeris for the orbital solution 

may be in error thus causing significant and 

consistent error from the “truth”. Though this 

warrants further research, that is outside the scope of 

this investigation. Except as noted in the following 

analysis sections, the data for J703 are not included 

in the analyses for mean error. 

The observations from iTelescope T17 show 

consistently high mean error and SEM throughout the 

analyses and are noted in many of the figures. These 

data were left all the analyses to show the effects of 

an outlier on the broader statistics. 
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  4.1 Filters and Saturation 

Figures 1 and 2 display the mean errors from the 

“truth” for all of the 126 detail observation sets and 

their and their standard errors of the mean (SEM). 

Exposures ranged from 15 seconds to 60 seconds, 

which causes varying degrees of saturation. Each of 

the detail data sets were characterized as unsaturated, 

partly saturated, and saturated. Nearly all of the 

outliers were unsaturated. Several of these outliers 

(e.g. iTelescope T17 on March 12, 2018) also are 

outliers in other analyses further in this paper.  

These figures suggest that saturation may be a 

less significant factor in measuring double stars than 

considered in the past. Secondly, the consistently 

large SEM for the SRO telescope suggests that some 

form of calibration may be warranted for that system. 

Such a calibration procedure may be a good practice 

for all systems to establish their potential degree of 

error and uncertainty. More broadly, it would appear 

that red filter observations are potential less certain 

than green.  

 

 
Figure 1. Plot of the mean error in position and 
separation for the 126 detail observation sets 
measurements coded by saturation and filter 

 
Figure 2. Plot of the standard error of the mean (SEM) in 
position and separation measurements coded by 
saturation and filter 

The question of CCD image saturation warrants 

further examination. The automated centroid 

calculation function is critical in most astrometry 

software to provide consistent results. Figure 3 is a 

typical screen grab of a measurement in Mira Pro 64. 

Looking at the image one could see that there could 

be some degree of uncertainty in the calculation of 

the centroids. It would be difficult to do reliably by 

eye alone. 

 

 
Figure 3. A saturated image taken by the telescope LCO 
kb97 of the binary star system STF 911 

Figure 4 is a wireframe of the same image taken 

from Mira Pro 64. Note that the peak of the brighter 

star is above 100,000 ADUs and thus well saturated.  

 

 

 

 

 



183 

 

 
Figure 4. A 3D model of the image in Figure 3 
representing the ADU values for each pixel 

 

A vertical view of the saturation of the double 

star is shown in Figure 5. Note that an area of 3 by 3 

pixels is white indicating saturation. 

 

Figure 5. A vertical view of the 3D model in Figure 4 

 

Figures 6, 7, and 8 provide the same views from 

Mira Pro 64 for a double star with an unsaturated 

primary image, under 20,000 ADUs. In Figure 8 one 

can see only bare evidence of the secondary star 

(~2,000 ADU) though it appears prominent in Figure 

6. Possibly such a faint image could lead to the errors 

seen in Figures 1 and 2 which are exclusively from 

unsaturated image data sets. 

 

 

 

 

 

 
Figure 6. An unsaturated image taken by the SRO 
telescope of the binary star system POU 1245 

 
Figure 7. A 3D model of the image in Figure 6 
representing the ADU values for each pixel 

 
Figure 8. A vertical view of the 3D model in Figure 7 
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Some of the images and image sets in the 

observations were extremely saturated. Figure 9 is an 

example of a “super-saturated” image having two flat 

tops at ~65,000 ADUs. The fully saturated pixels can 

be seen in Figure 10 having an area of about 5 X 6 

pixels for the primary.  

 

 
Figure 9. A 3D model of an extremely saturated, or 
“super-saturated” image 

 
Figure 10. A vertical view of the 3D model in Figure 9 

 

In Figure 11 a 3 pixel radius aperture is placed 

over the two saturated areas. If the aperture radius is 

adjusted properly, the saturated areas can be covered 

to compute a centroid. Variations could occur due to 

local maxima as may be seen in Figure 9. This may 

account for the accuracy and relatively small SEM of 

the saturated images. 

 

 

 

Figure 11. A vertical view of the 3D model in Figure 9, in 
which 3 pixel radius apertures are placed over saturated 
areas 

To pursue this further, researchers analyzed the 

images for STF911 from T17 and T21. These data 

sets had varying degrees of saturation. The saturated 

flat top area was calculated for each image and 

compared to the errors and SEMs for the images. 

Figure 12 shows that the error is small until the 

saturated area reaches ~25 pixels. The SEM begins to 

rise at about an area of ~20 saturated pixels.  

 
Figure 12. Plot of the mean errors in Rho and Theta for 
STF911 as a function of the number of saturated pixels 
for iTelescope’s T17 and T27 
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Figure 13. Plot of the standard errors of the mean (SEM) 
for STF911 in Rho and Theta as a function of the number 
of saturated pixels for iTelescope’s T17 and T27 

Based on this limited data one might surmise that 

saturation becomes a very significant factor if an 

image exceeds 20 saturated pixels. Below that 

threshold would not seem to harm the measurement 

significantly. Managing the aperture to create a 

proper centroid would seem to be an important factor 

in a measurement.   

 

  4.2 Separation and Magnitude 

Difference 

Though there are four stars in the investigation, 

only three could be used for these evaluations. J703 

had to be excluded due to its seeming erroneous 

ephemeris. The remaining three stars had separations 

of 7.88”, 11.66”, and 14.05”. Over this modest 

separation range, no clearly discernable trend could 

be seen. The error in red data in Figure 14 would 

seem to be greater for the wider pairs. The green data 

plotted in Figure 15 is actually a bit tighter around 

the “truth” but it has an odd bias toward negative 

values (mean error less than “truth”). 

 

 
Figure 14. Plot of the impact of separation on the mean 
error for measurements taken with a red filter 

 
Figure 15. Plot of the impact of separation on the mean 
error for measurements taken with a green filter 

The difference in magnitude between the 

primary and secondary stars often poses observation 

problems especially for close pairs. It may be 

difficult to capture enough photons from the 

secondary star with a long exposure that causes 

“blooming” saturation for the primary star. The 

differences (delta magnitude) in the stars are only 

0.39, 2.33, and 2.4 which are not challenging 

differences at these separations. No discernable 

pattern was apparent in the data red data (Figure 16) 

or the green data (Figure 17). 
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Figure 16. Plot of the impact of magnitude differences 
on the mean error for measurements taken with a red 
filter 

 
Figure 17. Plot of the impact of magnitude differences 
on the mean error for measurements taken with a green 
filter. 

 

  4.3 Airmass  

Observing near the horizon (e.g. below 30 

degrees altitude, about 2X airmass) should introduce 

more error and uncertainty in the measurement. Only 

a few data points exhibited this expectation and most 

showed an indifference to airmass and filter as 

depicted in Figures 18 and 19.  

 

 

 

Figure 18. Plot of the mean error in separation by filter 
as a function of the observation airmass  

 
Figure 19. Plot of the mean error in position angle by 
filter as a function of the observation airmass 

 

  4.4 Telescope Aperture 

The six iTelescope systems ranging in aperture 

from 318mm (12.5 inches) to 700mm (27 inches) 

provide a convenient test bed for this factor. One 

would expect somewhat less error from the larger 

telescopes. The data in this investigation is 

surprisingly indifferent to aperture. In fact the 

smallest and largest telescopes both displayed 

essentially the same very small error from the “truth” 

aside from the two outliers, T17 and T31, in Figure 

20.  
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Figure 20. Plot of the mean error in rho and theta as a 
function of telescope aperture 

 

  4.5 Camera Resolution 

The six iTelescope systems have varying high 

quality CCD cameras as outlined in Table 5. To 

compare their performance the CCD pixels needed to 

cover an arcsecond of image is a good shorthand 

measure of resolution that accounts for most of the 

factors affecting resolution. As with aperture, 

differences in mean errors were small over this range 

of (0.53 arcseconds/pixel to 1.1 arcseconds/pixel) 

except for T17 outlier again as shown in Figure 21. 

 

 
Figure 21. Plot of the mean error in rho and theta as a 
function of CCD camera resolution measured in 
pixels/arcsecond 

  4.6 Averaging Observations 

A single measurement of a double star can be 

readily questioned for accuracy. The question is how 

many images are needed to make a good observation. 

The observation data sets in this investigation range 

in number from one to 15 images using the same 

configuration of filter and exposure.  Figures 22 and 

23 provide some insight to the question. The mean 

error and SEM for the data sets under five images are 

clearly less desirable than those of 5 or more. The 

sets of 5 are well clustered near zero in both mean 

error and SEM.  

 

 
Figure 22. Plot of the mean errors in rho and theta for 
detail observation data sets of varying numbers of 
images 

SRO was the only system that performed runs of 

10 to 15 images. Many of those observation data sets 

had high SEMs as highlighted in Figure 23 but they 

show low mean error in Figure 22. As might be 

expected, the uncertainties in that system were 

overcome by increasing the number of images taken. 

 

Figure 24 displays the effect on the mean error of 

averaging varying filters and exposure times for 

images captured in a single observation run. The 

“Green Mean” and “Red Mean” are for all exposures 

of that filter on the observation regardless of their 

duration. The “All Mean” is the mean of all images 

captured on one exposure run. The “Stacked Green” 

and Stacked Red” are stacked images from single 

observation runs that were created by the OSS 

Pipeline. 
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Figure 23. Plot of the standard errors of the mean in rho 
and theta for detail observation data sets of varying 
numbers of images 

The average SEM for the “All Mean” is 0.006” 

arcseconds in separation and 0.020” arcseconds in 

position angle. For the “Green Mean” they were 

0.026” and 0.005” respectively. The “All Red” the 

average SEM was 0.017” and 0.050” respectively. 

The “All Mean” had more images per set and that 

accounts for only some of its better SEM. Averaging 

all images together regardless of exposure or filter 

seems to decrease error in the observations made in 

this investigation. 

 

 
Figure 24. Plot of the mean errors in rho and theta for 
composite data sets and stacked images 

The averaging did not resolve the problems with 

mean errors for the T17 observations but it largely 

did for the other observation runs. Refer to Figure 1 

for a comparison. So is there a way to identify a bad 

run from its statistics and disregard its results?  

 

 
Figure 25. Plot of the mean errors in rho and theta for 
composite data sets and stacked images after removing 
any data set with a SEM of more than 0.15” in either rho 
or theta 

By arbitrarily rejecting any observation set with 

a SEM of greater than 0.15 in either separation of 

position angle, all and only the T17 mean error 

outliers are removed from the results as shown in 

Figure 25. Over 75% of the remaining averaged data 

fall within 0.10” of the “truth” in separation and 

position angle. Thus a maximum SEM criteria may 

be useful to avoid reporting erroneous measurements. 

Note that the Stacked Green and Stacked Red data 

are single images without a SEM. This lack of 

statistical measure may be a strong reason to avoid 

using stacked images; their accuracy cannot be 

predicted.  

On four occasions, the same observation run was 

performed on successive nights with the same 

iTelescope. Figure 26 displays these results as 

barbells with the black diamond representing the 

“truth” for STF911. If one considered the midpoint of 

each barbell as being the average of the two 

successive nights, it is clear that one night’s 

observation will be closer to the truth than the second 

night’s observation. The midpoint (approximate 

mean) of each of these barbells is further from truth 

than the better observation and better than the worse 

observation. If only one of the observations were 

made, one would not know if that one is the better or 

the worse observation. Also doing a second night 

observation can provide a warning about an outlier. If 

the first night’s observation gave consistent data like 

the T17 one in the figure in the upper right, one 

would not necessarily know about its error without 

the second night’s observation. Averaging two nights 
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may not improve accuracy but it should improve 

certainty. 

 

 
Figure 26. Plot of the mean errors in rho and theta for 
identical observation runs of STF911 that were 
performed on successive nights from four iTelescopes 

Students often ask how many nights apart 

observations could be made to be still be included as 

one observation. This depends on many factors 

beyond the scope of this investigation. The data from 

this investigation may help in determining an answer 

if future investigations are performed. 

With the availability of worldwide robotic 

telescopes, one may ask whether observations from 

different systems and/or locations be averaged 

together. The LCO network provides a unique 

opportunity to attempt to address this. All the LCO 

systems available to the team are identical 0.4m 

telescopes with identical cameras at six different 

locations throughout the world. Observations were 

made of three of the stars each using three of the 

identical systems. The observations were not 

simultaneous and were days to weeks apart. Figures 

27, 28 and 29 provide those results and Tables 7 

through 10 in the Appendix provide the details.  

In each figure the ALL MEAN data is plotted for 

each observation run. The mean of all measurements 

is also plotted as an X. As discussed earlier these 

broad averages can provide most certain data. The 

‘truth” is shown as a black circle.  

Generally, the data shows wide variance between 

observations using “identical” equipment that are 

only different by date and location. Since these are 

visual doubles, the time between measurements 

should not be a significant factor. The number of 

images in each data set range from 8 to 28 which 

should be sufficient for an accurate measurement. 

From the data in this investigation there is no clear 

explanation for the relatively wide variances has been 

identified as of this writing.  

 
Figure 27. Plot of the rho and theta for POU 1245 as 
measured by “identical” LCO 0.4m telescopes in three 
different locations 

 

 
Figure 28. Plot of the rho and theta for STF 911 as 
measured by “identical” LCO 0.4m telescopes in three 
different locations 

 
Figure 29. Plot of the rho and theta for STI 579 as 
measured by “identical” LCO 0.4m telescopes in three 
different locations 
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With serendipity, one might capture the better 

observation data set by chance. As with the logic of 

the night-to-night observations discussed above, one 

could argue that using multiple sites with “identical” 

equipment would improve certainty and may improve 

accuracy. Much more observation and analysis is 

required to understand these factors.  

 

  4.7 Data Reduction Methods 

This investigation focuses on observational 

parameters that may affect double star measurements. 

One cannot ignore the impact of the data reduction 

tools and practices on the final product: an accurate 

and certain measurement. A very limited analysis of 

these methods on the product was performed. This is 

only a quick assessment to see make a judgment on 

how significant a factor the practices may be. The 

subject requires a full study and paper of its own to 

develop best practices.  

One observation data set, STF 911 on January 5, 

2018, using LCO kb97 (Siding Springs, Australia) 

was reduced by three different persons trained in 

using their specific data reduction tool: Mira Pro 64, 

SAO Image DS9, and AstroImage J (AIJ). The data 

set has 5 images each of green for 15 seconds, green 

for 30 seconds, red for 15 seconds, and red for 30 

seconds for a total of 20 images. All of these images 

are saturated adding to the difficulty of making 

reliable measurements (see Figures 3, 4, and 5). More 

detailed information on the data set is in Table 7 in 

the Appendices. The measurement by other 

procedures helped to verify that the Mira Pro x64 

measurements had not caused a distortion in this 

investigation. 

The results from this very limited study as shown 

in Figures 30 and 31 indicate that the measurement 

tools procedure could be as significant as the 

observation tools and procedures in providing 

accurate measurements. A broad distribution of 

measurements from the same data is striking. The 

high SEM for DS9 is troubling and may warrant 

using other software or at least evaluating it.  

 

 
Figure 30. Plot of the mean errors in rho and theta for 
one detail observation set of STF 911 as measured by 
three different data reduction software products 

 

 
Figure 31. Plot of the standard error of the means in rho 
and theta for one detail observation set of STF 911 as 
measured by three different data reduction software 
products 

5.  Conclusions 

This investigation explores a number of common 

questions raised by students doing research in 

BRIEF’s DoubleSTARS seminars. Some of these 

preliminary results are unexpected and require further 

testing. Ongoing research will be conducted to refine, 

modify or confirm the findings in this paper. These 
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and future results will inform the future 

DoubleSTARS research seminars and other 

astrometry research performed by Boyce-Astro 

students. The goal is to develop fact based “best 

practices” in measuring visual double stars and this 

study is already pointing to improvements. 

BRIEF is making the data from this research 

available to the public in electronic form at its 

website: www.boyce-astro.org. All raw and 

processed data files are available at our public 

archive in raw FITS formats along with calibration 

files. Processed data, observation guides, analytics, 

and links to other publications associated with the 

research are also available in the archive. 

BRIEF invites researchers interested in adding 

research content to the archive to contact the librarian 

at archive@boyce-astro.org for further information.  

 

6.  Acknowledgements 

The researchers gratefully acknowledge the 

comments and inspiration provided by Robert 

Buchheim over the past year in guiding the team 

toward the observation plan used in this 

investigation. The scope of the investigation would 

not have been possible in this time period without the 

benefits of the OSS Pipeline services provided to 

BRIEF by Michael Fitzgerald. Richard Harshaw and 

Ed Wiley provided critical input especially on the 

importance of considering saturation in measuring 

double stars. Alex Falatoun supported the data 

reduction methods task as did Grady Boyce who 

assisted with review of documents and data. One 

cannot overlook the services provided by the Las 

Cumbres Observatory, iTelescope and the US Naval 

Observatory without which, this investigation would 

not be possible. And finally the researchers must 

acknowledge Boyce Research Initiatives and 

Education Foundation for sponsoring and funding the 

project.  

 

7.  References 

Boyce, P. and Boyce, G., “A Community-

Centered Astronomy Research Program” (2017). 

Proceedings of the Society for Astronomical Science. 

 

Fitzgerald, M.T., "The Our Solar Siblings 

Pipeline: Tackling the data issues of the scaling 

problem for robotic telescope based astronomy 

education projects." (2018, accepted). Robotic 

Telescopes, Student Research and Education 

Proceedings.  

 

Appendix:  Data Tables (on following 

pages) 

 

http://www.boyce-astro.org/
mailto:archive@boyce-astro.org


192 

 

 



193 

 

 



194 

 

 



195 

 

 



196 

 

 



197 

 

 



198 

 

 



199 

 

 



200 

 

 



201 

 

 



202 

 

 



203 

 

 



204 

 

 



205 

 

 





207 

 

An Experiment in Photometric Transformation 
For Speckle Interferometry 

Rick Wasson 

Orange County Astronomers 

ricksshobs@verizon.net 

Abstract 

Very few double stars in the Washington Double Star Catalog (WDS) have known spectral type for both 
components.  Differential Speckle Photometry of binary stars may enable accurate magnitudes to be measured 
for the individual components; Spectro-photometry, using two or more filters accurately-transformed to a 
standard system, may provide approximate spectral types for the components.   

Bispectrum (Triple Correlation) analysis is a “tool” recently added to the Speckle Tool Box (STB) software, by 
which a nearly-diffraction-limited image is reconstructed, enabling photometry as well as astrometry of close 
double stars.  However, in the presence of noise, triple correlation analysis may degrade photometric accuracy.  
Bispectrum astrometry of close double stars is a successful tool of professionals and some amateurs, but 
accurate photometry and spectro-photometry have not yet been attempted by amateurs. 

The purpose of this paper is to begin to answer the question:  Can good photometry and spectro-photometry be 
done by amateurs, below the seeing limit, with CMOS cameras, applied to the high-resolution world of Speckle 
Interferometry? 

A three-step investigation is planned to develop an answer:   

Step 1. Demonstrate reasonable all-sky photometry of single standard stars using a CMOS camera - with 
Speckle and Bispectrum observations, methods, analysis, and non-photometric filters at hand.   

Step 2. Investigate the accuracy of Speckle Differential magnitudes for well-observed doubles, at various 
separations, in multiple standard bands.   

Step 3. Investigate whether Speckle Differential Spectro-photometry can identify known spectral types of 
components in close binaries. 

This paper describes the experiment of “Step 1.”  Landolt and Sloan standard stars were observed, in the all-sky 
photometry mode, with speckle instrumentation on the Orange County Astronomers 22-inch telescope, and 
Bispectrum processing in STB, to study the feasibility and pitfalls of CMOS speckle photometry and filter 
transformation.  The results are very encouraging:  1) Consistent growth curves and magnitude measurements 
were achieved with the CMOS camera, using normal speckle observing methods and STB triple correlation 
analysis.  2) First- and second-order extinction corrections were accurately measured.  3) Reasonable color 
transformation coefficients were found to nearby Johnson-Cousins and Sloan standard bands, even for the non-
standard filters. The successful completion of “Step 1” sets the stage for “Step 2.” 

1.  Introduction 

Speckle Interferometry has been used by 

professional astronomers since the 1970s to defeat 

atmospheric seeing with many short exposures, and 

accurately measure the orbits of very close double 

stars.  Amateurs can now do Speckle also, thanks to 

two recent major developments: 

1) Affordable ($400), fast, sensitive, low-noise, 

CMOS cameras. 

2) Availability of comprehensive, but easy-to-

use software for complex speckle image analysis:  the 

Speckle Tool Box (STB). 

A recent “tool” has been added to STB: 

Bispectrum (Triple Correlation) analysis, Rowe 

(2017), by which a nearly-diffraction-limited image 

is reconstructed, enabling photometry as well as 

astrometry of close double stars.   

Bispectrum astrometry is a successful tool used 

by professionals, and recently by amateurs; 

bispectrum differential photometry of close binary 

stars has also been demonstrated by professionals at 

the ~0.1 magnitude uncertainty level, Horch (2004).  

However, amateurs have not yet mastered speckle 

differential photometry of double stars.  CCD 

cameras are routinely employed for accurate, wide-

field stellar photometry, by transforming instrumental 

magnitudes to a standard photometric system.  But 

photometry with CMOS cameras is not so well 

established. 
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The question addressed in this paper is:  Can 

amateurs do good photometry (~ 0.1 magnitude 

accuracy) with CMOS cameras, below the seeing 

limit, applied to highly magnified, highly processed 

images in the diffraction-limited world of Speckle 

Interferometry? 
To attempt to answer this question, a three-step 

plan of investigation is envisioned: 

Step 1.  Can reasonable all-sky photometry be 

done using a CMOS camera - with Speckle and 

Bispectrum observations, methods, analysis, and the 

non-photometric filters already at hand? 

Step 2.  Can Speckle Differential Photometry of 

double stars whose components have both been well-

observed, accurately match their magnitudes in 

multiple standard bands, over a range of separation? 

Step 3.  Can Speckle Differential Photometry, 

transformed to a standard system, identify spectral 

types of components in close binaries? 

This paper describes the preliminary experiment 

- Step 1 of this plan – which was conducted before 

plunging into Step 2 with a set of expensive standard 

photometric filters. 

 

2.  Photometry Techniques and Issues 

2.1 Speckle and Bispectrum 

Speckle Interferometry gives accurate separation 

and position angle (PA) for double stars, but its 

product, the autocorrelation, is not an actual image; it 

gives two peaks representing the secondary 

component.  Therefore, there are two solutions for 

PA, 180 degrees apart.  Autocorrelation does not 

preserve the flux of the original images, so it cannot 

provide magnitudes.   

Bispectrum analysis, also known as Triple 

Correlation, provides a reconstructed image; 

therefore, there is only one secondary star and a 

unique PA solution.  Bispectrum also maintains the 

flux of the original images, approximately, so relative 

magnitudes can be approximated for each 

component.  The STB bispectrum tool automatically 

gives differential magnitude, in the sense (mag 

secondary – mag primary).  However, it is not clear how 

accurate this difference is, because during the image 

reconstruction process the distribution of flux 

between the components and the background is 

affected by noise. 

In conventional wide-field aperture photometry, 

a circle is used to measure the star+background flux, 

and a surrounding annulus to measure the 

background flux.  However, for crowded fields with 

nearby companions, a point spread function model, or 

separate apertures, must be used to avoid including 

other stars.  In STB, three separate circles are 

positioned by the user to measure the primary star, 

secondary star and background flux. 

To properly size the flux-measurement apertures, 

i.e., to include as much starlight as possible but 

without introducing errors, the “growth curve” 

technique may be used, Berry (2000), in which the 

flux or magnitude is measured with an increasing 

radius, until irregular behavior begins.  The errors 

may appear as a more rapid rise because companion 

light is beginning to be included, or shallow dips and 

rises from background noise. 

 

2.1 CMOS Cameras 

 

 While CCD cameras typically have only one 

amplifier, the noise of which may be characterized 

well, CMOS sensors have a separate amplifier for 

each row of pixels, so they are read out in parallel, 

very rapidly.  Until recently, CMOS cameras had 

very large fixed-pattern noise, also known as “line” 

or “read” noise, arising from the many separate 

amplifiers.  Proprietary manufacturing developments 

and on-board processing have reduced the read noise 

to levels as low as 1e
-
 (rms) in some current cameras.   

Another technology improvement is the back-

illuminated CMOS sensor, giving higher QE and 

greater sensitivity in the near IR - comparable to 

expensive thinned, back-illuminated CCDs.  This 

technology, the Sony IMX 291, has been integrated 

into the ZWO ASI290MM monochrome camera. 

It must be noted that low rms read noise does not 

mean a uniformly low noise level; CMOS cameras 

still have some rows with noise significantly higher 

than the rms value; furthermore, the rows having 

higher noise are not constant, but vary randomly in 

position and intensity in each frame.  Of course, 

CMOS chips are still subject to “hot” pixels and 

small variations in sensitivity, just as for CCDs. 

CMOS variable-noise issues make calibration 

with bias, dark and flat frames, more difficult than for 

cooled CCD cameras.  Nevertheless, even without 

calibration, very good results are still obtained with 

CMOS cameras for Speckle work, because of several 

offsetting factors: 

1) Short exposures keep most hot pixels at low 

levels, even when not cooled. 

2) The speckles move (because of seeing) to a 

different random pattern of pixels in each frame, 

tending to reduce the effects of read noise, hot pixels 

and pixel sensitivity. 

3) Many frames are taken, tending to average out 

the random noise in individual frames. 

Although CMOS camera issues do not prevent 

good speckle measurements of double star separation 
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and PA, they could still have a serious impact on 

magnitude measurements. 

 

3.  Speckle Equipment Capabilities 

Speckle interferometry observations were begun 

by the author in 2015, Wasson (2018), on the Orange 

County Astronomers 22-inch Kuhn classical 

Cassegrain telescope, Figure 1.  The ZWO ASI 

290MM camera, available since 2016 with back-

illuminated Sony CMOS detector, is used; QHY also 

has a line of cameras using the same sensor.  Data 

acquisition is through FireCapture, by Edlemann 

(2015), which can store the frames as FITS files.  The 

REDUC program by Losse (2015) is used for some 

frame inspection and editing; Speckle Tool Box 

(STB) software described by Harshaw, Rowe and 

Genet (2017) is used for all speckle processing.   

An example of STB results for both speckle 

autocorrelation and Bispectrum (triple correlation) 

are shown in Figure 2.  The binary star STT 79 (55 

Tauri), magnitudes 7.26 and 8.62, was observed in 

both G and R filters on 3 March 2017.  The resulting 

astrometric points, added to the WDS orbit plot by 

the method of Buchheim (2017), appear in Figure 3. 

 

 

13. Figure 1:  Speckle Interferometry installation 
on the Kuhn 22” Telescope.  A single USB3.0 cable 
connects the camera to the laptop on the table below. 

   

14. Figure 2:  Binary star STT 79, separation 0.54” 
on 3 March 2017. Baader R filter, processed in STB. Left: 
Autocorrelogram.  Right: Bispectrum reconstructed 
image.   

 

 

15. Figure 3:  WDS Orbit plot for binary star STT 
79.  New STB results are added as 4 circles: 
Autocorrelation (open), Bispectrum (solid); Baader G 
filter in black, Baader R filter in red.  If the trend of the 
new speckle measures and early visual measures 
continues, the orbit may have a smaller apastron than 
the black line. 

 

Inexpensive interference filters have been 

employed, to help sharpen speckles and reduce the 

smearing effect of atmospheric dispersion.  With a 

growing interest in photometry of double stars, which 

bispectrum makes possible, a new set of filters is 

needed.  However, before purchasing a set of 

standard photometric filters (which cost more than 

the camera!), the four non-photometric filters at hand 

were used to first study the feasibility and pitfalls of 

CMOS speckle photometry and transformation. 

CCD cameras are routinely employed for 

accurate wide-field stellar photometry, by 

transforming instrumental magnitudes to a standard 

photometric system.  But can good photometry also 

be done with CMOS cameras, Speckle Interferometry 

techniques, and Bispectrum analysis software?   

“Accurate” wide-field CCD photometry is 

typically considered ~0.01 magnitude (~1%).  

However, for speckle, “good” photometry of ~0.1 

magnitude (~10%) may be adequate for spectral 

typing and improved binary star properties. This 

paper describes a preliminary investigation of this 
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question, before plunging in with a set of expensive 

standard photometric filters. 

 

4.  Photometric Systems 

Many photometric systems have been developed 

over the past 65 years; Bessell (2005) gives a detailed 

review of many of them.  The first, foundational 

element of stellar photometry and spectro-

photometry, was the UBV system of Johnson and 

Morgan (1953).  They defined the magnitudes of a 

group of well-observed standard stars, defining the 

first standard system.  These stars were also well-

observed spectroscopically, establishing the spectro-

photometric relationship between the spectral type 

and the color indices (U-B) and (B-V); extension to 

numerous other bands are documented, for example, 

by Reid (2002). 

 

4.1 Johnson-Kron-Cousins 

As detectors became more red-sensitive, the 

UBV system was updated and extended to include 

red (R) and near-infrared (I) bands by Kron, Cousins 

and others.  Using the Cousins primary and 

secondary VRI standards, Landolt extended accurate 

photometry to stars along the celestial equator, for 

access to UBVRI standards in both hemispheres.  

Landolt (1992) further included close groups of 

fainter standard stars suitable for CCD imaging.  The 

current U B V Rc Ic filters constitute the modern 

Johnson-Cousins (J-C) system.   

 

4.2 Sloan 

The Sloan Digital Sky Survey (SDSS) 

revolutionized photometry by providing a large, deep 

database of photometric observations of stars and 

galaxies in the u g r i z passbands.  The original filter 

interference coatings of the SDSS survey images, 

mounted in a vacuum, shifted passbands slightly.  

Standard stars were observed at the U.S. Naval 

Observatory, where the coatings in air suffered no 

shift.  The USNO standards define the Sloan u’ g’ r’ 

i’ z’ system, Smith, J.A., et al (2002), which are 

somewhat different from the survey; however, good 

transformations have been made between them. 

The Sloan filters were not designed primarily for 

stars, but for photometric redshifts of galaxies.  The 

g’ filter blends portions of the J-C B and V bands; the 

i’ and z’ filters add definition in the red, but z’ is 

defined on the long side by silicon detector 

sensitivity rather than the filter cutoff.  Nevertheless, 

the Sloan system is likely to be the most widely used 

system for imaging and major surveys in the future. 

 

4.3 Standard and Non-Standard Filters 

At the 2015 SAS Symposium, John Hoot (2015) 

showed that some of the non-standard LRGB filters 

commonly used for CCD color pictures may 

transform reasonably well to the J-C or Sloan 

standard photometric systems.  Based on that 

inspiration, the author has used the low-priced G and 

R filters of Baader for speckle work, in the hope that 

they might be transformable in the future.  In 

addition, IR-pass filters have been used to improve 

contrast of high delta magnitude pairs, where the 

faint companion is very red, Serot, et al. (2018).  The 

four non-standard filters are described in Table 1; 

they are compared with J-C and Sloan passbands in 

Figure 4. 

 

 

16. Table 1:  Non-standard filters used in the “Step 
1” experiment.  The “IRxxx” names indicate the 
wavelength (nm) at which maximum transmission is 
reached. 

 

5.  Observations 

In this experiment, bright (V ~ 9-12) Landolt and 

Sloan standard stars were observed, in the all-sky 

photometry mode, with speckle instrumentation on 

the OCA 22-inch telescope, and Bispectrum 

processing in STB.  All the observations were made 

on only one night in October 2017.  Fourteen 

Johnson-Cousins standard stars, Smith, P.S. (2001), 

and eight Sloan standard stars, Smith, J.A. (2002), 

were selected from on-line lists, including a red-blue 

“extinction” pair that fit within the same camera 

field.  Four of these stars are common standards in 

both systems. 
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17. Figure 4: Comparison of the non-standard filter 
passbands of this paper (dashed lines) with standard 
filters of the Johnson-Cousins and Sloan systems. 

 

For each star/filter combination, 200 frames were 

taken using a 512x512 Region of Interest (ROI).  A 

fixed 500 msec exposure was selected for simplicity, 

to avoid saturation of the brightest star/filter.  This 

was satisfactory for most stars, but it turned out that 

the faintest blue star had low S/N in the near-IR 

filters. 

Even though the long 1/2 sec exposures are not 

strictly speckle images, there was no intent to freeze 

seeing for high resolution of these single stars.  Most 

stars were observed only once, but the extinction pair 

was observed repeatedly between the others to 

sample a range of airmass.  All the other stars were 

observed near the meridian, at airmass less than 1.4. 

  

6.  Photometry Results 

At the beginning of this experiment, the author 

had not practiced photometry for some years; new 

spreadsheets were built to analyze individual filter 

bands, as illustrated by Buchheim (2005), rather than 

color differences usually used with standard filters.  

This also provided a review and refresher course in 

photometry fundamentals.   

Each sequence of 200 frames was examined and 

pre-processed in REDUC:  the frames were cropped 

to 256x256 pixels (about 17 arc-sec square), still 

including the star image, and saved as FITS cubes.  

The FITS cubes were then processed with the 

Bispectrum tool in STB.  The Triple Correlation 

analysis of each 200-frame cube required about 30 

seconds of computer processing time (Intel i7 Quad 

processors), about 10 times as much as required for 

ordinary speckle Fast Fourier Transform (FFT) 

processing.  The last step in Bispectrum processing is 

image reconstruction, an interactive iteration process 

which results in a single, average image for each 

star/filter combination. 

 

6.1 The Bispectrum Flux Question 

 

Since bispectrum images are very heavily 

processed, their flux, from which magnitudes are 

calculated, may not have a linear relationship to the 

original, true flux of raw images.  In the presence of 

read noise, shot noise and fixed pattern noise, 

bispectrum images processed through the power 

spectrum may have non-linear errors in flux, because 

of noise self-correlation or cross-correlation of noise 

with the signal from the star.  However, if S/N of 

individual images is high, the average of all frames 

should be linear.  A test of bispectrum linearity is to 

compare total flux with the total flux of the averaged 

(stacked) raw images.  Is there a linear relationship 

with the same zero point? 

As a worst case, no bias, dark, or flat field 

calibrations were made to the raw frames.  Speckle 

frames usually give good astrometric results without 

calibration.  Although frame calibration should 

reduce noise and improve bispectrum photometry, I 

was interested to establish a worst-case baseline with 

all the noise included. 

 
  

18. Figure 5:  The brightest (top) and faintest 
(bottom) star images, stretched to show background 
detail.  Left: Bispectrum images.  Right: Shift&Add 
images. 

 

Highly magnified images for the star with the 

highest observed S/N (Landolt 111-773, G filter) and 

lowest S/N (Landolt 114-750, IR807 filter) are shown 

in Figure 5.  The “raw flux” images, on the right, 

were created from Shift&Add processing in REDUC, 
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i.e., stacking them after registering the centroid of 

each image to the center of the 256x256 frame.  The 

bispectrum images, on the left, have more residual 

horizontal background pattern noise, most likely 

arising from correlated CMOS read noise.  In the top 

left frame (high S/N bispectrum), diffracted light 

from the spider is evidently correlated with some of 

the horizontal read noise.  In the lower left frame 

(lowest S/N bispectrum), the read noise is more 

obvious and there is also a correlated pattern of hot 

pixels. 

 

 6.2 Growth Curves 

 

In aperture photometry, the same radius should 

be used for all stars, regardless of how bright they 

are, because the point spread function, with or 

without seeing smear, should be the same.  The 

aperture should be as large as possible, to include 

most of the starlight signal.  But for faint stars, larger 

radii begin to include more noise than signal.  [For 

close binary stars, short speckle exposures 

dramatically reduce the needed aperture size, but the 

apertures begin to include light from the other 

component; but that is a problem for later, in “Step 

2”].  To select the proper aperture size for 

photometry, as well as to further quantify linearity, 

the “growth curve” was analyzed for the same two 

stars and two filters as in Figure 5. 

The star-minus-background signal was measured 

with the STB bispectrum aperture photometry tool, 

for a series of increasing radii.  Figure 6 shows 

growth curves for the brightest standard star, in two 

filters, for both bispectrum and raw flux (Shift&Add) 

processing described above.  Delta magnitude shown 

is the difference between successive aperture radii, 

with equal radius increments; it approaches zero as 

the star flux disappears. The fluxes through the G and 

IR807 filters were different by a factor of about 5, but 

the growth curves have very similar shape.  An 

aperture radius of 90 pixels (black arrow) was chosen 

for all photometry results in this study. 

Figure 7 shows the corresponding growth curves 

for the faintest star observed.  The fluxes through the 

G and IR807 filters were different by a factor of 

about 7 ½ (more than 2 magnitudes), but the range of 

growth curves is within about 0.1 magnitude. 

Even though the highest S/N case has more than 

100 times the total flux of the of the lowest S/N, the 

growth curves of all cases are remarkably similar.  In 

each case, bispectrum flux is lower than the 

Shift&Add (true flux).  In Figure 7, the character of 

the faint star, in the G filter, is still consistent; but the 

IR filter bispectrum curve begins to show the 

irregular effects of increasing noise.   

 

19. Figure 6:  Growth Curves for the brightest star 
observed, comparing the raw image (Shift&Add) 
magnitude with the Bispectrum-processed magnitude. 

 

 

20. Figure 7:  Growth Curves for the faintest star 
observed.  The lowest S/N occurs for this faint blue star 
in the farthest-IR filter. 

 

The similarity in bispectrum and Shift&Add true 

flux growth curve shapes is an implicit indicator of 
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the desired linearity of bispectrum flux results.  The 

shapes and levels are consistent across a wide range 

of flux (~100).  At the chosen 90-pixel aperture 

radius, bispectrum flux is consistently about 6% to 

8% lower than Shift&Add flux, perhaps indicating 

that some of the signal is correlated with noise and is 

lost in triple correlation processing.  In the lowest 

S/N case, bispectrum flux is ~14% higher than 

Shift&Add, indicating the onset of non-linear 

behavior from significant noise. 

 

6.3 Extinction 

Extinction stars were observed several times 

during the night to get a range of airmass; the last 

point was very low!  Figure 8 shows extinction plots 

for the early and late type standard stars, based on 

bispectrum flux. Two Landolt standard stars, 111-773 

and 111-775, were chosen to evaluate extinction 

because they were very near each other and had much 

different (B-V) colors.  The FITS cubes were 

processed through STB using the Bispectrum Tool as 

usual, then turned into raw instrumental magnitudes 

and plotted versus airmass. 

It is a good sign that the instrumental magnitudes 

conform reasonably well to linear least squares fits, 

as expected; the slopes are the extinction coefficients.  

The linearity also indicates that the night was 

reasonably “photometric.”  Note that total extinction 

– 1
st
 and 2

nd
 orders combined – are included in the 

slopes of the lines of Figure 8. 

To separate the 1
st
 and 2

nd
-order extinction 

coefficients, the equations of Table 2 were used for 

each filter.  The filter codes of Table 1 indicate raw 

instrumental magnitude, subscript 0 indicates extra-

atmospheric (zero airmass) magnitude, k’ is the 1
st
-

order extinction coefficient, k” the 2
nd

-order, X is 

airmass, and  has the sense (blue star – red star).  

The Johnson standard color index (B-V), given on-

line by Smith (2001), was used for all filters; 

therefore, the equations were considered approximate 

because instrumental colors were not available with 

standard filters, as is common practice, and (B-V) 

color is far from the IR filters. 

 

 

21. Figure 8:  Atmospheric extinction of 
bispectrum raw instrumental magnitudes for the 4 non-
standard filters.  Top: early type star.  Bottom: late type 
(red) star. 
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22. Table 2:  Equations used to derive 1
st
 and 2

nd
-

order extinction coefficients. 

 

Second-order extinction is shown in Figure 9 for 

bispectrum flux.  The data conform well to linear 

least squares fits and have small slopes, which are the 

2
nd

-order (color-dependent) extinction coefficients. 

The same extinction analysis procedures were 

used for magnitudes derived from Shift&Add (true 

flux) stacking.  Bispectrum and Shift&Add results for 

the extinction coefficients are summarized in Table 3. 

 

 

 

23. Figure 9: Second-order atmospheric extinction 
using Bispectrum flux. 

 
 

24. Table 3:  Comparison of Extinction Results 
based on Bispectrum flux (top) and Shift&Add flux 
(bottom). 

 

In summary, all four filters give reasonably 

consistent, linear behavior with airmass and star 

color.  The values of total extinction (k’ + k”) for the 

wavelength of each filter are consistent with a clear 

sky at the moderate elevation of the OCA 

observatory, about 4500 feet.  The differences 

between bispectrum and Shift&Add coefficients for 

the same filter are very small, indicating that 

bispectrum does not introduce a large extinction 

error.  The largest difference between the 1
st
-order 

coefficients is for the G filter, as expected; but at an 

airmass of 2, that difference would be only 0.005 

magnitude.  The largest difference in 2
nd

-order 

coefficients is again in the G filter; at an airmass of 2 

and (B-V) also 2, the magnitude difference would be 

only 0.006. 

 

6.4 Color Transformation to J-C 
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Eight additional Landolt standard stars were 

observed, once each, for color transformation.  The 

two “extinction” stars were also included in color 

analysis, but only at the two lowest-airmass points, 

thus providing 12 points in all.  The equations used to 

transform extra-atmospheric instrumental magnitudes 

to standard Johnson-Cousins magnitudes are given in 

Table 4.  Since the proper filters to get instrumental 

colors close to the standard bands were not available, 

the Johnson (B-V) color index was used exclusively. 

 

 

25. Table 4:  Equations used to transform extra-
atmospheric instrumental magnitudes to standard 
Johnson-Cousins magnitudes. 

 

Magnitudes for all transformation combinations, 

i.e., for each of the 4 filters to all 3 standard J-C 

bands, were calculated and plotted.  Figure 10 gives 

an example of color transformation characteristics, 

wherein the difference between the standard 

magnitude and extra-atmospheric instrumental 

magnitude is plotted against the desired color index.  

All data have linear character and consistent, well-

behaved trends: the slopes get larger as the bands get 

farther apart.  It was surprising to find that all the 

non-standard filters transformed in a consistent, 

linear manner to any of the Johnson-Cousins bands.   

 

 

26. Figure 10:  Example of transformation of the 4 
instrumental filters to the Johnson V band, using 
standard (B-V) color index.  The slopes are the 
transformation coefficients, T, of Table 4. 

 

The opposite transformation extreme is 

demonstrated in Figure 11, where the same 4 non-

standard filters are transformed to Ic rather than V.  

The characteristics are still well-behaved (linear), but 

the slopes (transformation coefficients, T) are very 

much different.  The two IR filters transform best to 

Ic, with the smallest slopes as expected. 

 

 

27. Figure 11:  Transformation of the 4 
instrumental filters to the Johnson-Cousins Ic band 
gives curves that are still linear.  However, they have 
much different slopes. 

 

6.5 “Best” Color Transformations 

Although large color transformations behave 

consistently, the more different the band wavelengths 

are, the larger the color correction will be.  

Transforming any filter to the nearest standard band 

is the best practice, because it should have the 

smallest color correction.  Larger corrections are 

more likely to contribute larger errors, degrading 

photometric accuracy, and should be avoided when 

possible. 

Figure 12 presents the “best” color 

transformations for the 4 non-standard filters to J-C 

standard V Rc Ic bands.  These are the only results of 

any practical use.  The Baader G filter is close to V in 

50% transmission wavelength, but without the tails of 

V (see Figure 4).  While the Baader R filter is similar 

to r’, it is a little closer to Rc with sharp cutoffs.  The 

two IR-pass filters both transform reasonably well to 

Ic, but IR742 is closer and has the smaller slope. 

 

Ic = IR8070 + TIc8*(B-V) + ZIc8

Ic = IR7420 + TIc7*(B-V) + ZIc7

Transformation to J-C Standard System

Using Johnson (B-V) Color

V = G0 + TV*(B-V) + ZV

Rc = R0 + TRc*(B-V) + ZRc
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28. Figure 12:  Best transformations of the 4 non-
standard filters to the Johnson-Cousins standard 
system.  All have reasonably small slopes. 

 

6.6 Color Transformation to Sloan 

Four of the Landolt standard stars observed are 

also standards in the Sloan system.  Even though this 

is a very small sample, a parallel analysis was made 

to transform the 4 non-standard filters to the Sloan g’ 

r’ i’ z’ system, again using the Landolt (B-V) color 

index. 

As seen in the Johnson-Cousins transformations 

discussed above, the Sloan results for all 4 filters 

were transformable to any of the Sloan bands with 

consistent, well-behaved trends.  But only the 

standard bands nearest to the non-standard filters are 

presented in Figure 13.  These transformations make 

the most sense (see also Figure 4):  Baader G to g' 

(not very good because g' is much wider into the 

blue), Baader R to r', IR742 to i', and IR807 to z'.   

 

 

29. Figure 13:  Best transformations of the 4 non-
standard filters to the Sloan standard system. 

 

 

 

 

6.7 Bispectrum Flux Question: An 

Answer 

All bispectrum color transformations to the 

Johnson-Cousins and Sloan standard systems, 

discussed above, were repeated using flux from the 

Shift&Add technique, representing conventional 

“true flux” photometry derived directly from stacked 

images.  The color transformation coefficients and 

zero points are summarized in Table 5, with 

extinction coefficients included again for 

completeness (they were used commonly for 

transformation to either standard system).  

Bispectrum results are on the left and Shift&Add on 

the right.  The “best” transformation coefficients are 

highlighted in yellow; they generally are also the 

smallest and for the closest wavelength band.  In all 

cases, Johnson (B-V) was used exclusively as the 

color index. 

 

 
 

30. Table 5:  Comparison of Bispectrum (left) and 
Shift&Add (right) transformations to a standard system: 
Johnson-Cousins (top) and Sloan (bottom). 

 

In Table 5, comparison of bispectrum with 

Shift&Add seems more consistent for the Sloan 

bands; all coefficients match within 0.002, even 
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though the G-to-g’ coefficients are both large. 

Likewise, all the zero points match within 0.003 

magnitude.  The bispectrum versus Shift&Add 

agreement in the Johnson-Cousins bands are good 

too, except for the Ic band.  No obvious reason for 

that is known.  The non-photometric filters are sharp-

cutoff interference filters, like the Sloan filters, but 

that should not affect the differences between 

bispectrum and Shift&Add results seen here. 

The same data are shown graphically in Figure 

14, where the diagonal lines represent a perfect match 

between bispectrum and Shift&Add transformation 

results.  The best (smallest and most consistent) 

transformations overall are also the most sensible:   

        Baader G to Johnson V,  

        Baader R to Johnson-Cousins Rc,  

        Astronomik IR742 to Sloan i' 

        Astronomik IR807 to Sloan z'. 

 

7.  Conclusions 

The results presented above are very 

encouraging: 

1) Consistent growth curves and magnitude 

measurements were achieved with the CMOS 

camera, using normal speckle observing methods and 

STB Bispectrum (triple correlation) analysis. 

2) Growth curves using Shift&Add flux were 

consistently higher than Bispectrum by ~6% to 8%, 

except when S/N became too low.  This likely means 

that a reasonably-constant percentage of original flux 

signal may be lost in triple correlation processing; 

variation in this error would cause a smaller error 

(~2%) in delta magnitude of double star components. 

3) First- and second-order extinction corrections 

were accurately measured. 

4) Even for the non-standard filters, reasonable 

color transformation coefficients were found, 

especially for the “best” (nearest) Johnson-Cousins 

and Sloan standard bands. 

5) Results for Bispectrum and Shift&Add flux, 

applied to extinction, color transformation and zero 

point, were consistent, yielding errors much less than 

10%. 

6)  Photometric accuracy will likely be improved 

by using a consistent set of standard filters that much 

more closely match the standard bands. 

7) No results of this “Step 1” experiment, so far, 

would prevent achievement of the goal of ~0.1 

magnitude (~10%) accuracy for Speckle Differential 

Photometry of close binary stars. 

 

 
 

31. Figure 14:  Correlation of Bispectrum flux with 
Shift&Add flux for all “best” color transformations to: J-
C bands (top) and Sloan bands (bottom). 

 

7.1 First Step Completion 

 

The “Step 1” experiment has been completed; it 

has revealed no major obstacles to the feasibility of 

amateur speckle photometry with low-noise CMOS 

cameras.  With reasonable results for such 

outrageously-mismatched filters, the use of better 

filters in the future, which closely match the standard 

wavelength characteristics (such as the interference 

filters from Astrodon Photometrics), would 

undoubtedly produce better (smaller) transformation 

corrections.   

As long as S/N is adequate, Speckle Differential 

Photometry of double stars, when observed at 
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moderate airmass, should produce small errors, even 

when estimating or ignoring extinction.  It seems that 

reasonably good photometry, on the order of ~0.1 

magnitude accuracy, is achievable in either the 

Johnson-Cousins or Sloan standard system, with low-

noise CMOS cameras and STB bispectrum 

processing software.   

Therefore, this “First Step” experiment is 

considered a success! 

 

7.2 Next Step 

Having completed the first step toward quality 

Speckle Differential Photometry, some still-missing 

pieces which should be addressed in “Step 2” are: 

1)  Use a standard filter set and verify that the 

color transformation coefficients are always small. 

Mixing bands of the J-C and Sloan systems will also 

be considered. 

2)  Since the standards observed here were single 

stars with V ~ 9 to 12 and widely different colors, 

“long” 500 msec exposures were used; therefore, the 

images were bloated by seeing.  Investigate how well 

photometry can be done for short speckle exposures 

on double stars, where the apertures used in 

photometry will be much smaller. 

3)  Double star photometry will primarily be 

differential, not all-sky photometry; extinction stars 

will generally not be observed.  Verify that ignoring 

the difference in extinction will still give accurate 

delta magnitudes. 

4)  Evaluate the growth curves and delta 

magnitudes of double stars.  How close can stars be 

before bispectrum processing can no longer separate 

the flux of the two components accurately (linearly)? 

5)  Investigate whether calibrating the raw 

images (dark subtraction and flat fielding) 

significantly improves the bispectrum flux allocation 

between the two stars. 

6)  Test the transformations on well-observed 

doubles having a range of separation and accurate 

photometry.  Hipparcos and Gaia have accurate 

photometry, but in only a few very wide passbands.  

Some close Landolt standard stars in CCD fields may 

be treated as wide double stars.  The SDSS and 

APASS surveys would provide many candidates in 

the standard bands, but with somewhat less accuracy 

than the Landolt and USNO standard stars. 
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Abstract 
 

Double star astrometry began as an attempt to observe the seasonal parallactic shifts of nearby bright primary 
stars with respect to faint, presumably more distant secondaries. Herschel discovered that some of these 
doubles were gravitationally bound visual binaries. Once sufficient observations were obtained, Kepler’s First 
and Second Laws were used to determine binary orbits. Where distances were known, Kepler’s Third Law was 
used to determine the combined (dynamical) mass of the two stars. If radial velocity curves were also available 
(spectroscopic binaries), individual stellar masses—key for understanding stellar evolution—could be 
determined. Unfortunately, there was little overlap between visual binaries (with their relatively long periods, wide 
separations, and hence radial velocities too slow to be measured) and spectroscopic binaries (with their short 
periods, separations below the seeing limit, but faster, measurable velocities). Labeyrie discovered that 
atmospheric limitations could be overcome with a series of very short exposures analyzed in Fourier-space: 
speckle interferometry. High-speed Tri-X film speckle interferometry was used by McAlister and associates at Kitt 
Peak National Observatory to determine the orbits of known spectroscopic binaries with separations well below 
the seeing limit, successfully marrying visual binary astrometry with spectroscopic binary spectroscopy. 
McAlister, followed by the US Naval Observatory, soon employed intensified CCD (ICCD) cameras for speckle 
observations. After the turn of the century, electron-multiplying CCD (emCCD) cameras were increasingly used 
by professional astronomers. Losse, a French amateur astronomer pioneered small-telescope speckle 
interferometry. Genet acquired a compact but still expensive emCCD camera, and groups of students and 
supporters observed close double stars at several different observatories, including two week-long runs on the 
2.1-m telescope at Kitt Peak. Not long ago, Sony developed a high speed, low read noise (1 e) CMOS chip that 
ZWO incorporated in their ASI 290MM camera which has been used by Harshaw, Wasson, and Sérot in sizeable 
observing programs of close double stars. Speckle interferometry astronomy is being extended by Rowe to 
photometry using triple correlation (bispectrum analysis). Foley fabricated shaped aperture masks which 
disperse bright primary starlight away from dark “discovery zones.” A high-speed shortwave infrared camera may 
extend the spectral range of observations, and efforts are underway to completely automate speckle 
interferometry.  

1. A Historical Introduction to Binary 

Star Astrometry 

 

Aristarchus (310-230 BCE) developed a 

heliocentric model of the universe that was rejected 

partly because bright stars showed no discernable 

seasonal movement with respect to fainter, 

presumably more distant stars. Aristarchus may have 

realized that the lack of discernable parallax could 

have been due to a large distance to the closest stars. 

Telescopes allowed closer pairs of bright/faint 

stars to be observed. Galileo, defender of Copernicus 

and his heliocentric theory, realized that telescopic 

observations of a close double star—too close to be 

perceived as two stars without a telescope—could 

provide solid support of the heliocentric theory if 

there were discernable seasonal changes in the 

mailto:jridgely@calpoly.edu
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separation between the two stars. Galileo’s notes 

(~1617) suggest that Galileo was the first to discover 

a telescopic double, Mizar. It has been suggested that 

he did not publish his discovery because his 

subsequent observations showed no parallax—i.e. no 

seasonal change in separation—and he didn’t want to 

undermine the heliocentric theory (Graney 2017). 

Hershel, with a significantly more powerful 

telescope than Galileo, began a systematic sweep of 

the sky in 1781 to discover and record observations 

of close (telescopic) double stars, and he reported the 

separations and position angles of 269 binaries to the 

Royal Society (Herschel 1782). He continued to 

observe these and other double stars that he 

subsequently discovered, hoping to find seasonal 

changes in their separation. While he failed to find 

any seasonal changes, he did find that not only did 

some of the double stars exhibit either increasing or 

decreasing separations over the years, but some of 

them also exhibited systematic changes in position 

angles. Hershel correctly inferred that double star 

movements that formed an arc were gravitationally 

bound binaries, a term he coined (Herschel 1803). 

Over the next several decades, the number of 

known binaries increased as did their observational 

histories. It was known (Kepler’s First Law) that the 

apparent orbit of a binary would be an ellipse. While 

the apparent ellipse would almost always be tilted 

with respect to our view from Earth, given a series of 

separations, position angles, and dates of observation, 

Kepler’s Second Law—equal areas swept out in 

equal times—could be used to determine the actual 

inclination. The first binary orbital solution (of Zeta 

Ursae Majoris) was determined by Savary (1823) 

using a trial and error approach. Sir John Herschel 

soon developed an analytic solution. 

Given an orbital solution and an estimate of the 

distance to a binary, Kepler’s Third Law could then 

be applied to determine the dynamical mass of the 

binary (the combined mass of the two components). 

For binaries with radial velocity curves,  the 

combined, dynamical mass can be parsed into 

individual masses. Our knowledge of individual 

stellar masses is key to our understanding of stellar 

evolution. 

There was a serious problem, however. Visual 

(astrometric) binaries had long periods, large 

separations (greater than the seeing limit of roughly 

an arcsecond), and slow and hence difficult or 

impossible to measure radial velocities. 

Spectroscopic binaries that provided usable radial 

velocity curves had short periods and small 

separations (typically less than the seeing limit), but 

readily measurable radial velocities. The quandary 

was that there was little overlap between visual 

binaries and the spectroscopic binaries. The radial 

velocities of the visual binaries were too slow for 

spectroscopic observation, while the separations of 

the spectroscopic binaries were too small for 

astrometric observations. Either visual astrometric 

observations had to be made of binaries with 

separations below the seeing limit, or spectroscopic 

observations had to encompass much lower radial 

velocities. 

 

2. The Origins of Speckle Interferometry  

French astronomer Antoine Labeyrie (1970) beat 

the seeing limit by taking hundreds of very-short-

exposure images of close double stars with a high-

speed film camera. Each exposure contained many 

binary star images randomly superimposed on each 

other, and atmospheric jitter caused these images to 

change from one exposure to the next. However, if 

both stars were within the “isoplanatic patch” (about 

five arcsecond in diameter), their jitter was 

correlated, and Fourier transforms of the images 

could be processed in Fourier space to provide the 

position angles and separations of the double star. 

 

 
 

Figure 1: Antoine Labeyrie, the French Astronomer who 
invented speckle interferometry. 

Starting in the late 1970s Harold McAlister 

(1977) and his associates made high speed film 

camera observations on the 2.1- and 4.0-meter 

telescopes at Kitt Peak National Observatory of many 

known spectroscopic binaries that, previously, had 

not been observed astrometrically (visually) because 

their separations were below the seeing limit. 

However, operating a high-speed Tri-X film camera 

at the focus of the 2.1- or 4.0-m telescopes, and then 

conducting the Fourier analysis from film images was 

a challenge.  

Charge Coupled Device (CCD) cameras were 

just starting to be used in astronomical observations, 

but there was a problem in using them for speckle 

interferometery: read noise. CCD cameras are serial 
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devices that march the pixel electron packets through 

an analog-to-digital (A/D) converter one packet at a 

time. High-speed A/D converters are inherently 

noisy. The necessarily short speckle interferometry 

exposures (short to avoid atmospheric jitter 

smearing) result in low photon counts that can be 

easily overwhelmed by the camera’s read noise if the 

A/D converter was operated at high speed. If the A/D 

converter was operated at low speed to avoid the high 

noise problem, it took a very long time to read out the 

thousand short-exposure images typical in one 

speckle interferometry observation.  

There have, over the years, been three solutions 

to this dilemma. These solutions (in historical order) 

have been: 
 

 Intensify the light before it enters the CCD 

camera (intensified CCD cameras, ICCDs) 

 Multiply the number of electrons in each packet 

before readout by the A/D converter (electron-

multiplying CCD cameras, emCCDs) 

 Place an amplifier on every pixel and use parallel 

A/D converters (CMOS cameras) 
 

Each solution is discussed in a section below. 

 

3. Intensified CCD Speckle 

Interferometry 

McAlister and his associates at Kitt Peak 

National Observatory and Georgia State University 

devised the first major advance in speckle 

interferometry: moving from high-speed Tri-X film 

to ICCDs and portable computers. This advance 

streamlined the observational and data reduction 

processes, allowing a sizeable number of relatively 

short-period binaries (that already had radial velocity 

curves) to be observed astrometrically until orbital 

solutions could be found. Combining these new 

astrometric orbits with the existing radial velocity 

curves resulted in a major advance in the number of 

stars with well-determined mass. 

 

 
 

Figure 2: A young William Hartkopf—a member of 
McAlister’s team—captures high-speed frames with an 
early Osborn portable computer from an intensified CCD 
(ICCD) camera located at the Cassegrain focus of the 4-
meter telescope at Kitt Peak National Observatory. 

 

A schematic of the ICCD camera’s optical 

components is shown in Figure 3. The light from the 

telescope was magnified and collimated, with a 

choice of two fields of view. The collimated light 

then passed through a filter and a Risley prism, which 

essentially eliminated atmospheric chromatic 

dispersion. A lens assembly focused the image on an 

image intensifier which was fiber-optic coupled to a 

CCD camera. 

 

 
 

Figure 3: Optical diagram of the Georgia State and US 
Naval Observatory ICCD cameras. 

 

Besides McAlister’s (George State University) 

ICCD speckle camera, two more essentially identical 

cameras were made by the US Naval Observatory. 

One of these cameras was permanently mounted on 

the 27-inch refractor at the USNO observatory in 

Washington (DC). This camera, telescope, and US 

Naval Observatory team of Brian Mason and William 
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Hartkopf have set the record for the greatest number 

of double star speckle interferometry observations.  

 

 
 

Figure 4: US Naval Observatory astronomer Brian 
Mason poses in front of the 27-inch refractor in 
Washington, DC. An ICCD camera is permanently 
mounted to this telescope. The telescope is the Navy’s 
oldest still-operating piece of equipment, having been in 
operation for 120 years. Aspen Hall discovered the 
moons of Mars with this telescope which features Alvin 
Clark lenses.  

 

The US Naval Observatory’s other ICCD camera 

was the heart of a transportable speckle system used 

for observations on the 4.0-meter telescope at Kitt 

Peak National Observatory, the 100-inch telescope on 

Mt. Wilson, and other sizeable telescopes such as the 

4.0-m telescope at Cerra Tololo InterAmerican 

Observatory. In 2001, Andor Technologies 

introduced electron multiplying CCD cameras, which 

boosted speckle interferometry to new heights, 

eventually bringing the era of ICCD speckle 

interferometry to an end. 

 

 
 

Figure 5: William Hartkopf, Hal McAlister, and Brian 
Mason take a break during a run with the Naval 
Observatory’s speckle camera system installed on the 
historic 100-inch telescope on Mt. Wilson. 

 

4. Electron-Multiplying CCD Speckle 

Interferometry 

Shown in Figure 6 is the layout of a typical 

electron-multiplying CCD chip. This is a “frame 

transfer” chip because the image, taken in one 

section, is quickly transferred to another storage 

section so that the image can be read out of the 

storage section while a new image is being taken in 

the image section. Readout occurs by moving 

a row of charges from the storage section to the 

readout register, and then moving the charge packets 

through the multiplication register.  

As the packets of electrons move from one pixel 

to the next in the multiplication register, a higher than 

normal voltage is applied, causing the electrons to 

transfer with a bit of a bang, knocking out a few more 

electrons each transfer—a process known as impact 

ionization. By the time the charge packets reach the 

end of the multiplication register, the signal level is 

well above the read-noise level, rendering the latter 

essentially insignificant.  
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Figure 6: Schematic layout of a typical emCCD frame 
transfer chip. 

The 1989 launch, by the European Space 

Agency, of the Hipparcos astrometric telescope, 

resulted in determining distances with good accuracy 

to over 100,000 stars, many of them known binaries 

(Perryman 2010). Hipparcos gathered data from 1989 

to 1993 and results became available in the late 

1990s, including the identification of many new 

potential doubles with small separations (some 3,383 

potential doubles in all). As of 2014, many of these 

potential doubles had not yet been confirmed. 

Because these unconfirmed pairs are so close, it is 

expected that follow-up observations will establish 

that many of them are binaries, and some of these, in 

turn, will have under-observed components of special 

interest (i.e., stars not in the middle of the Main 

Sequence). Following up on these candidate binaries 

has kept speckle interferometry ground observers 

busy clear up to the present. 

 
        

Figure 7. Unconfirmed Hipparcos and Tycho doubles: 
separation versus magnitude (left)and magnitude 
difference versus separation (right). 

 

The number of professional astronomers with 

speckle interferometry cameras they can take with 

them for obtaining astrometric observations on large 

telescopes has never been large. As the number of 

known or potential binaries has increased, keeping on 

top of them has become increasingly challenging, as 

has obtaining observing time on large telescopes. 

This has left an opening for others to pick up the 

slack, a challenge first taken on by Florent Losse, an 

amateur astronomer in France. Losse could not afford 

an emCCD camera, so he used a regular CCD camera 

and just lived with its slow readout speed. Losse 

developed user-friendly, PC/Windows software, 

REDUC, to make the Fourier transforms and analyze 

his results in Fourier space.  
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Figure 8: Florent Losse and his 0.4-meter telescope in 
France. 

 

Russell Genet and one of his students, Jolyon 

Johnson, visited Brian Mason during one of his 

speckle interferometry runs on the 4.0-m telescope at 

Kitt Peak National Observatory. Genet’s desire to 

move his students to the forefront of double star 

observing technology by way of speckle 

interferometry was firmly established during 

discussions with Mason at Kitt Peak. 

 

 

 
 

Figure 9: Genet, Mason, and Johnson in the Cassegrain 
cage of the 4-meter telescope at Kitt Peak National 
Observatory. USNO’s ICCD camera can be seen on the 
right. 

Although the back-illuminated Andor iXon 

cameras cost $40,000, Andor had a lower cost and 

much more compact Luca emCCD camera that 

utilized a front-illuminated chip. Genet secured a 

grant from the American Astronomical Society for 

$7000 and Andor supplied a slightly used $14,000 

“demo” camera for half price. Two production runs 

with the new camera were made at David Rowe’s 

Pinto Valley Observatory in the Mojave Reserve. The 

very first run (in 2012) discovered two new triple star 

systems and obtained data on 40 other double stars 

(Genet et al. 2015a). 

 

 
 

Figure 10: Astronomy Research Seminar student Eric 
Weise installing the emCCD camera system on the 0.5-m 
PlaneWave Instruments telescope at the Pinto Valley 
Observatory. Moving to the right from the focuser is a 
flip mirror with an acquisition camera above it, a filter 
wheel, Barlow lens, and the Andor Luca emCCD camera. 

 

Competitive requests for week-long observing 

runs on the 2.1-m telescope at Kitt Peak National 

Observatory for Genet and his Astronomy Research 

Seminar students and supporters were granted for the 

fall of 2013 and spring of 2014, allowing good 

coverage of much of the sky. An engineering 

checkout in July 2013 helped to make the subsequent 

runs as smooth as possible (Genet et al. 2015b). The 

speckle camera system used at Kitt Peak has been 

described by Genet (2013). The production runs were 

very intensive, with nearly 12-hour non-stop 

operation by a crew of five or more students and 

supporters. Fresh crews were brought in every few 

days to spread the work (and provide a mountaintop 

observational experience to a large number of 

students).  
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Figure 11: Students in the 2.1-m warm room at Kitt Peak 
National Observatory. Left to right: Josh Plumer, Dan 
Wallace, Rikita Patel, Alex Teiche, and Kayla Chaney.  

 

Participating in a mountaintop observing run 

with a large telescope was a thrilling experience for 

the students. During the second run, there was a total 

eclipse of the moon, and the students stopped 

observations for a while and stood on the walkway 

around the 2.1-m dome to take it all in. 

 

 
 

Figure 12: Russ Genet, Rjikita Patel, John Kenney, and 
Kayla Chaney under the 2.1-m telescope. The Andor 
Luca emCCD camera (the small silver object above 
Russ’ head) is dwarfed by the telescope. 

 

The first two student-team papers based on the 

speckle interferometry observations at Kitt Peak were 

sent off for publication a few weeks after the first run 

(Adam et al., 2014a) Their analysis suggested that 

the published orbit of 285.3 years was off by about 

3.2 years and was closer to 282.1 years. The second 

team chose a binary where three recent speckle 

observations had significantly departed from the 

predicted orbital path (Adam et al., 2014b). They 

wanted to see if the speckle observation made at Kitt 

Peak continued this departure or returned to the 

predicted path. As can be seen from their plotted 

observation, the departure continued. 

 

 
 

Figure 13: Plot of observations of WDS 01528-0447. 

 

Given the large amount of data gathered on the 

first Kitt peak run, it took a California Polytechnic 

State University student, Alex Teiche, several months 

to totally square away the data base. He developed a 

spreadsheet that pointed to both the double stars and 

their matching single deconvolution stars in a 

uniform manner (Teiche et al. 2015). This data base 

matched a user-friendly speckle interferometry 

reduction program developed by David Rowe and 

documented by Russell Genet (Rowe and Genet 

2015). This program, which morphed into the 

Speckle Tool Box (STB) can run in a semiautomatic 

mode. 

As successful as the Andor Luca emCCD camera 

was in observations made by student teams, it was 

still rather expensive. The camera also required care 

in use, as prolonged overexposures could 

permanently degrade the camera.  

 

 

5. CMOS Speckle Interferometry 

CMOS (complementary metal-oxide 

semiconductor) cameras have been around as long as 

CCD cameras, but until recently their performance 

was not comparable. CMOS cameras are inherently 

massively parallel, high speed devices. Recent 
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advanced in lithography (and the development 

funding associated with the smart-phone mass 

market) has resulted in very low read noise (~1 

electron), high image quality CMOS sensors that 

operate at high speed. Pixel sizes are small (~3 

micron), requiring less magnification for speckle 

interferometry. Although micro-lenses overcame 

much of the light loss due to the complex front 

“wiring” on CMOS chips, it was the advent of a back 

illuminated CMOSs chip by Sony that provided high 

quantum efficiencies and extended CMOS response 

to longer wavelengths.  

If, just a few years ago, someone had suggested 

that there would soon be a back-illuminated, high-

speed camera with 1-electron read noise for $400, 

they would have been ridiculed. But this is exactly 

what has happened, thanks very much to Sony and 

ZWO (and other camera companies, such as QHY). 

ZWO’s $400 ASI 290MM camera has now been used 

extensively in double star speckle interferometry by 

three of the authors (Harshaw, Wasson, and Sérot).  

Harshaw (2018) used a ZWO ASI 290MM 

camera to obtain astrometric measurements via 

speckle interferometry of 427 close double stars. 

Observations were made with a C-11 telescope at his 

Brilliant Sky Observatory in Arizona. Measured 

separations were between 0.6 and 6.5 arcseconds.  

 

 
 

Figure 14: The instrument setup at Harshaw’s Brilliant 
Sky Observatory includes a flip mirror with illuminated 
reticle eyepiece for acquisition, a Barlow lens, and the 
(red) ZWO ASI 290 MM camera. 

 

Wasson (2018a) used another CMOS camera, a 

Point Gray BlackFly 23S6M-C with a Sony IMX249 

detector. The camera was mounted on the Orange 

County Astronomers Kuhn 22-inch f/8 Cassegrainian 

telescope located in the desert east of Palomar 

Observatory. A Baader Hyperion 10mm eyepiece 

projection system was used to magnify the image, 

and a red filter was used to minimize atmospheric 

dispersion. Some 272 speckle interferometry 

observations were made on 177 systems with 

separations ranging from 0.29 to 2.9 arcseconds.  

 

 
 

Figure 15: Wasson speckle camera system on the 
Orange County Astronomer’s 22-inch telescope. 

 

Sérot (2017a) obtained speckle interferometry 

astrometric measurements of measurements of 305 

visual binary stars. Sérot (2017b) also observed 208 

visual binary stars discovered by R.G. Aitken and 

listed in the WDS catalog. Using an 11" reflector 

telescope and an ASI 290MM CMOS camera, 

binaries with a secondary component up to 

magnitude 15, a differential magnitude as high as 6, 

and separations between 0.6 and 5.0 arcsec were 

measured. Measurements were carried out on auto-

correlograms computed from sequences of a 

thousand images. A significant portion of the Aitken 

pairs had not been observed in previous decades and 

showed significant movement compared to their last 

measurement. With the same camera, Sérot (2018a) 

also obtained measurements of binaries with 

separations down to 0.25 arcsec using the 0.5 m and 

0.6 m telescopes at the Observatory of Saint-Véran. 
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Figure 16: Serot’s optical train on the 11: telescope: 
focuser, flip-mirror and eyepiece, filter wheel, Barlow 
lens, atmospheric dispersion corrector, and ZWO ASI 
290MM camera. 

 

6. Speckle Photometry 

As useful as double star astrometry is in 

determining the position angles and separations of 

close visual double stars with separations below the 

seeing limit, there are many situations where we 

would also like to also obtain photometric estimates 

of the magnitudes of both components in several 

color bands. Autocorrelograms produced from 

speckle interferometry astrometry of close double 

stars sort of look like an image, with the brighter 

primary star in the center and the fainter secondary 

star showing twice in a mirror-image way at the 

appropriate separation and position angle. However, 

these are not images, and measurements of the 

brightness of these images will not produce usable 

photometric values. 

One way of obtaining photometric measurements 

below the seeing limit is lucky imaging. As is the 

case in speckle interferometry, many short-exposure 

images are taken of the double star—short to avoid 

smearing of the image with atmospheric jitter. The 

images are then examined (usually automatically 

with an algorithm) to find the clearest pictures (often 

those with the highest pixel reading), and the images 

are then ranked from the most to the least clear. The 

top percentage of the images, typically 10% or so, are 

then stacked—shifting each image to match the 

brightest pixel; hoping to overcome atmospheric 

jitter. The result is an image which can provide 

photometric measurements. 

Another approach to obtaining photometric 

measurements of double stars below the seeing limit 

is triple correlation—often called bispectrum 

analysis. Triple correlation is like “regular” speckle 

interferometry autocorrelation in that it uses the same 

observations and initial reduction (Fourier 

transformation). The analysis, however, produces an 

actual image through phase closure. Although the 

analysis can be automated, it is computationally 

intensive—fortunately a task that can be handled by 

today’s powerful laptops. Rowe has added a triple 

correlation analysis capability to his Speckle Tool 

Box. Unlike lucky imaging, triple correlation uses all 

the data. Also, with more difficult targets, because 

triple correlation does not rely on brightest-pixel 

shift-and-add, it can produce better images.  

Wasson (2018b, this volume) has evaluated the 

photometric precision of double star magnitudes 

obtained with triple correlation, and the ability to 

transform these magnitude measurements to standard 

photometric systems. His results are encouraging and 

suggest that reasonably precise and accurate 

measurements can be obtained—especially if one 

uses a standard set of filters to begin with to ease the 

transformation task. 

 

7. Shaped Aperture Masks 
 

All telescopes are equipped with a shaped 

aperture mask. For most telescopes it is either the 

outer edge of the primary mirror itself or a circular 

aperture at the front of the telescope that masks off 

the outer edge of the primary mirror (which might be 

turned down or of poor optical quality). This round, 

shaped aperture mask diffracts the light from a single 

star into a diffraction pattern—the familiar Airy disc. 

This diffraction pattern is somewhat more complex 

with a close double star; essentially two overlapping 

Airy discs. If there is a central obstruction (secondary 

mirror), the diffraction pattern gets even more 

complicated. 

Aperture masks, instead of being accidental 

(imposed by mirror geometry), can be purposely 

shaped to diffract starlight off in preferred directions. 

Sir John Herschel, observing with his 20-foot 

reflector at Cape Town, often used a triangular or 

hexagon-shaped masks to concentrate the bright light 

of the primary star off in a few preferred directions, 

leaving relatively dark, faint-secondary discovery 

zones free of much of the light from the primary star. 
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Jeremy Kasdin and his associates at Princeton 

University have developed sophisticated 

mathematical and computationally developed shaped 

aperture masks. Their most famous design is a mask 

they designed for NASA’s proposed Habitable Planet 

Imaging Mission. See Figure 17 and Kasdin’s TED 

Talk at 

https://arstechnica.com/science/2014/06/imaging

-an-exoplanet-with-a-flower-power-star-shade/ 

 

 

 
 

Figure 17: The shaped aperture mask proposed for the 
Habitable Planet Imaging Mission. 

Imaging exoplanets near a star is a very difficult 

task. For a Neptune-size planet, the difference in 

brightness is about a billion to one. Detecting faint 

secondaries in a large delta-mag double star is much 

easier, more like a thousand to one. When Genet 

contacted Princeton, Kasdin mentioned that they had 

always wanted to design a mask for large delta-mag 

double star astrometry but had never gotten around to 

it. Neil Zimmerman (a post-doc then at Princeton 

University and now at the Space telescope Science 

Institute) volunteered to design a mask specifically 

for a Celestron C-11 telescope, complete with its 

central obstruction. The result was the “bowtie” mask 

which was fabricated by Foley (2015) and 

observationally evaluated by Loveland et al. (2016). 

 

 
Figure 18: The “bowtie” mask designed by Niel 
Zimmerman while at Princeton University for a C-11 
telescope. 

 

A somewhat simpler mask was designed by 

Foley, and also evaluated by Loveland et al. This 

“double Gaussian” mask has two Gaussian shapes, 

one to modify the diffraction pattern of the 

telescope’s normally round entrance aperture and the 

other to modify its round central obstruction.  

 

 

 
 

Figure 19: Mask designed by Ed Foley on the Celestron 
C-11 telescope at the Orion Observatory. The central 
portion of the mask covers the telescope’s secondary 
mirror. 

 

 
 

Figure 20: Rowe's simulated speckle interferometry 
results for a synthetic binary system viewed without a 
mask (top) and with a double Gaussian mask (bottom). 
The Fourier transform of the mask reveals the two 
discovery zones on the left and right. 

https://arstechnica.com/science/2014/06/imaging-an-exoplanet-with-a-flower-power-star-shade/
https://arstechnica.com/science/2014/06/imaging-an-exoplanet-with-a-flower-power-star-shade/
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Foley has recently redesigned the mask 

positioning mechanism to make it more reliable.  

New masks have been cut from a more 

environmentally rugged material. 

 

 
 

Figure 21: The bow-tie diffraction mask and its rotational 
mechanism.  The “cap” under the mask fits over the 
secondary mirror holder on Celestron C-11 telescopes, 
while the drive mechanism mounts on the side of the 
optical tube assembly. 

 

8. Shortwave Infrared Cameras 

As mentioned at the outset of this paper, our 

knowledge of stellar masses, derived primarily from 

binary orbits and radial velocity curves, is central to 

our understanding of stellar evolution. Unfortunately, 

not many stellar masses are known for late-M stars, 

the most populous stars in the universe. This is a 

result of late-M stars being very faint. As close, late 

secondary components to an earlier primary star, they 

are difficult to detect because of very large 

differential magnitudes. 

The use of masks and their dark discovery zones, 

discussed above, can help with the discovery of 

close, late-M secondaries. Observing at longer 

wavelengths can also facilitate late-M discoveries by 

reducing the light from an earlier primary while 

enhancing the light from the later secondary, thus 

reducing the differential magnitude. With current 

CMOS cameras, observing in the i’ or z’ bands is 

best we can do to detect faint, late-M secondaries.  

It would be very helpful to use shortwave 

infrared (SWIR) cameras that are sensitive in the 0.9-

1.7µ range, and thus observe in Y, J, and H bands, 

greatly reducing differential magnitudes. We have 

been keeping our eye on SWIR camera technology 

for years. Initially they were large, heavy, N2 cooled, 

and very expensive. Now Raptor, Red2, and a few 

other manufactures are making InGaAs SWIR 

cameras that are small, lightweight, and thermo-

electric cooled, with costs as low as $10,000. 

Sérot (2018b) has made a few initial 

observations with a Raptor Owl SWIR camera. We 

hope to use a loaner camera in a pilot late-M 

discovery program to establish the program’s 

potential, and then request funding for permanent 

camera to use in a major program on a large (~1 

meter), precise, fast-slewing fully robotic telescope.  

 

9. Speckle Automation 

Routine, fully automated photometric 

astronomical observations for multiple users was first 

achieved at the Fairborn Observatory in the mid-

1980s (Genet 1984). Automation at the Fairborn 

Observatory allowed large, long-term photometric 

observational programs to be undertaken that would 

not have been attempted prior to automation. Within 

a few years, spectroscopy was fully automated at the 

Fairborn Observatory on a 2-meter telescope. Fully-

automated photometric and spectroscopic 

observational programs have changed the nature of 

astronomical research in an increasing number of 

areas. 

Automation of speckle interferometry was first 

achieved by Alex Teiche, an undergraduate electrical 

engineering student working with Genet (Teiche et 

al. 2014). Genet’s Andor Luca emCCD camera was 

utilized in the project. Teiche was hired by Apple, 

and without documentation, a friendly user interface, 

and others being able to afford an expensive emCCD 

camera, the project stalled. 

 

 
 

Figure 22. Alex Teiche, an undergraduate student at 
California Polytechnic State University, stands beside 
the 0.25-meter telescope at the Orion Observatory on 
the morning after the first speckle automation was 
achieved in September 2014. 

Now that excellent speckle cameras are available 

for $400, a new speckle automation project has been 

initiated by Rowe as an adjunct to his Speckle Tool 

Box. ZWO ASI 290MM basic camera control 
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software for the automation project has been 

provided by Frank Suites.  

There are several classification, discovery, and 

follow-up programs that are good candidates for full 

automation. For example, many of the secondary 

stars in the Washington Double Star (WDS) Catalog 

have no estimates of spectral type, thus one really 

doesn’t have a hint if these are late-M secondaries. It 

is not surprising that the doubles with unclassified 

secondaries tend to have small separations, are often 

faint, and there is usually a large difference in 

magnitude between the components. These factors 

conspire to make observations difficult. A fully-

automated, multi-filter speckle interferometry system 

(especially a system designed to handle large 

differential magnitudes and late-M secondaries) 

could work through thousands of the more interesting 

doubles in the WDS, searching for late-M 

secondaries that might be members of a binary. 

Another potential automated speckle 

interferometry project might be to observe all the 

stars in the Bright Star Catalog. This program could 

confirm previously established duplicities and look 

for new, previously undiscovered, very close, faint, 

large differential magnitude, potentially late-M 

secondary or tertiary components.  

As described above, many Hipparcos discoveries 

remain unconfirmed. A flood of potential close visual 

binaries is being identified by Gaia. Several survey 

telescopes have enough resolution to identify very 

slightly elongated stars that are suggestive of 

duplicity; candidates for observation by automated 

speckle interferometry systems.  

Gaia will soon, quite literally, run out or gas. 

Following the many thousands of new binaries that 

Gaia will discover could be an ideal task for 

automated speckle interferometry. It would be a 

shame if Gaia just observed the first small-arc portion 

of a binary’s orbit, and that was the end of it. 

Ground-based speckle interferometry automation 

could, over the years and decades, complete the 

orbits of shorter-period, newly Gaia-discovered 

binaries. 

 

10. Conclusions 

Double star speckle interferometry astrometry 

was, initially, the province of professional 

astronomers and large telescopes. Their ICCD- and 

then emCCD-based speckle cameras were large and 

expensive. Their software was, generally, not 

PC/Windows-based, and was not documented or 

intended for general use. Florent Losse pioneered 

double star speckle interferometry for smaller 

telescopes with his extensive and highly productive 

0.4-m observational program and his user-friendly, 

PC/Windows-based REDUC software. The advent of 

a highly-capable $400 high-speed, low-noise CMOS 

camera and Rowe’s Speckle Tool Box with its many 

features (including use of deconvolution stars, 

various noise reduction techniques, and semi-

automation) has facilitated sizeable observational 

programs.  

Once the sole province of professional 

astronomers and larger telescopes, a significant 

portion of speckle interferometry double star research 

is now conducted on smaller telescopes, often by 

amateur astronomers and students. A small band of 

smaller telescope speckle interferometry enthusiasts 

have capitalized on technology advances (such as 

ZWO’s $400, low-noise, high-speed CMOS camera) 

to facilitate cutting-edge astrometric science on 

smaller telescopes. Ongoing developments in speckle 

photometry, shaped aperture masks, SWIR cameras, 

and automation bode well for the future of smaller-

telescope speckle interferometry. 

As the results of the European astrometric space 

telescope, Gaia, NASA’s TESS, and other surveys 

become available, there will be an increasing number 

of close (below the seeing limit) binaries that will 

need to be followed. We are, most likely, entering a 

golden era for smaller telescope speckle 

interferometry. 
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Explorations in Spectroscopy and Astrophysics of Stars at 
low and high Resolution 

James R. Foster 

Abstract 

Since the early 2000s, amateur spectroscopy has grown exponentially in the variety of available equipment and 
the sophistication to tackle a wide variety of spectral observations in the IR to the near UV that can answer many 
important astrophysical stellar behaviors.  Spectroscopy has the other advantage in that it can also be conducted 
in urban, light-polluted environments.  Because of this, many amateur spectroscopists can contribute to 
Professional-amateur campaigns whose observations supplement ground-based and space-based professional 
observations.  Using the versatile LISA (low resolution) and LhiresIII (high resolution) spectroscopes available 
from Shelyak Instruments of France and C. Buil’s I.s.i.s. and J. Paraskeva’s B.a.s.s. spectroscopic software, it’s 
possible to take highly accurate Spectra in the UV Cak (Ca II) to IR Cak (3900-8300 Angstrom) regions*.  Be 
stars, Young Solar Analog, Cataclysmic, and other exotic astrophysical objects like galactic nova and extra 
galactic supernovae are attainable using modest amateur equipment that rivals any professional data taken a 
decade or so ago with Meter plus sized, multimillion dollar instruments. 

Spectroscopy’s power to elicit information from 

distant astronomical sources cannot be over 

emphasized.  Since its application in astronomical 

study that began in the late 19
th

 century with Joseph 

Ritter von Fraunhofer’s observation of the moon, sun, 

nearby planets and certain stars to the state-of-the-art 

spectrograph HARPS (High Accuracy Radial 

velocity Planet Searcher, R=120,000!), used for 

exoplanet discovery, spectroscopy has played a 

central roll in astronomical science.    Resolution of 

spectrographs is usually expressed in terms of R, 

where R=λ/Δλ.  They can also be expressed, as 

frequently seen in exoplanet studies, as a quantity of 

velocity, then it describes the difference between 

velocities Δ v that can be discerned through the 

Doppler effect. Then, the resolution is Δ v and the 

resolving power is R = c Δ v  where  c is the speed of 

light.  As amateurs astronomers, hobbyists not 

financially supported by major institutions, were hard 

pressed to pursue spectroscopy in the pre-CCD 

(Charged Coupled Devices) era because of cost of 

instrumentation and low relative efficiency of film 

based spectroscopes which required telescopes in the 

1 meter range and up to produce useful spectra of 

faint stellar objects.  Major spectroscopic 

characteristics observed denote most of the 

astrophysics behind stellar continuum.   Unless 

spectra is an exotic very bright object (SN, Nova) 

most spectra lines accessible by amateur equipment 

are in the Balmer series Ha, Hb, Hy, H-d, Heps, CaK, 

CAH, and H10 absorption/emission in the stellar 

continuum.   Unfortunately, “parasitic” lines from 

telluric (earth) sources of light pollution (Hg) and 

natural airglow (OI) are present in spectra and need 

to be identified seprately from the stellar sources.  

Nova and  
NOTE(*):The H and K (CaH & CaK) lines are 

prominent absorption lines in the spectra of stars like the 

Sun and cooler due to singly ionized calcium (Ca II). 

Named by Joseph von Fraunhofer, they occur in the near-

ultraviolet at wavelengths of 3969 and 3934 Å,  

Supernova spectrum can contain unusual 

elements propelled to high velocity which make 

spectral interpretation challenging; especially in 

intergalactic distances.   Other variable stars have 

unusual spectral signatures when in eruption and/or 

eclipse.  Notable example was the recent eruption of 

V0404 Cygni black hole in 2016.  Unfortunately I did 

not have any spectroscopic equipment for this but did 

take photometry.  Another important element of 

taking spectra is in support of Photometry.  UV and 

IR spectroscopy is also possible to conduct within 

limits. 

Starting in the 1990’s, with the introduction of 

low cost, highly light-efficient CCDs, spectroscopy 

was within reach of the amateur audience.  Santa 

Barabra Instruments Group (SBIG) first introduced 

their low and light resolution SBIG Self-Guiding 

Spectrometers around 1999.  Its spectral resolution 

ran from 4.3 A/pixel to 1.07 A/pixel depending on 

the grating used.    For its time it was an expensive 

unit (about $5K) and was only useable with SBIG 

cameras whose CCD chips had issues with 

"interference fringes" which was much later 

discovered with 2nd generation amateur 

spectroscopes. 

Just as SBIG released this, across the "pond"  a 

British company began producing a 1.25" diffraction 

grating know as the SA200.  This allowed very low 
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resolution, yet sensitive, spectra to be taken from the 

filter wheels most amateurs had at the time with their 

CCDs.  A later model, the SA100, was optimized for 

this arrangement as being able to work in the tight 

spaces CCD chips and filter wheels were operating 

in.  

A group made headed by Christian Buil, 

François Cochard and Olivier Thizy, the latter two 

forming the Spectroscope Company, "SHELYAK," 

began to design a Littrow type, high resolution 

spectrograph (R>10K) that could make very useful 

observations of the H-Alpha band that Professionals 

Astronomers were having a hard time keeping track 

of; i.e. unable to observe because of lack of 

professional telescope time.   This became the 

LhiresIII spectroscope that could be augmented with 

multiple gratings and adaptable to multiple imaging 

sensors and guide cameras.   The CCD at the time 

(2010) seemed to be Atik manufactured in Portugal.  

These seemed to have the lowest instance of  " 

interference fringes" which looks on a 2D spectra like 

wiggles in the continuum, but are actually an 

interference pattern caused between the cover slip 

and the CCD structure.  

My first “real” spectroscope was the JTW 

(Netherlands produced) L-200, designed originally 

by Ken Harrison.  It was enough to give me a good 

education in using a relatively high resolution 

(R=6000) Littrow-type spectroscope with removable 

gratings. Some of the early Solar Analog work I did, 

used this spectroscope.   However because of certain 

limitations, namely resolution limited to 1800 l/mm 

grating and low quality of visual wide spectra on my 

F/7 system, I opted to purchase the SHELYAK LISA 

and LhiresIII spectroscopes.  As described, here are 

some basic spectroscopic characteristics of the 

SHELYAK line of products – LhiresIII (High/narrow 

Vis. spectrum), LISA(Low/full Vis & IR spectrum), 

Alpy600(Low/full Vis spectrum and some UV), 

Shelyak Echelle High/full Vis spectrum).  I’ve also 

used the L-200 designed by Ken Harrison and like a 

simplified version of  LhiresIII and is a “Littrow” 

designed spectroscope; i.e. spectroscope design that 

uses a single lens to both collimate incoming beam 

and then to focus the dispersed light onto a sensor.  I 

use the LISA (French acronym that stands for “high 

luminosity, low resolution, spectrograph”) for low 

resolution, full visual spectrum data acquisition.   

Depending on the slit width and seeing, the resolution 

varies between R= 600 and R=900.  The LISA can 

also be adapted to “IR-mode” which gives useful 

spectra between 6300 to 9000A; LISA’s visual mode 

span is 3850-7400A.  I also use the SHELYAK, 

LhiresIII with 2400 l/mm grating; I also have an 1800 

l/mm grating for future solar analog work.  With the 

LhiresIII, I’m able to produce spectra in the H-Alpha 

band (6560A) with R=14000 and spectra in the CaK 

band (3930A) with R=5000.  

The use of such “high” resolution (LhiresIII) and 

wide-bandwidth (LISA) lets the user investigate all 

sort of interesting astrophysical phenomena such as 

the following: 

a. Symbiotic Stars and other red giant/white 

dwarf pairs. Example are:  VV Cep, SU Lyn, BD 

Cam, TX CVn, AG Dra, Mira,  

b. Be stars, stars with distinctive forbidden 

neutral or low ionization emission lines in its 

spectrum. The designation results from combining 

the spectral class B, the lowercase e denoting 

emission in the spectral classification system. Note 

that "Be" stars can run the gamut from O to A spectra 

type stars, but over 80% are class B spectral type. 

Notable examples are: Pleione (28 Tau of BU Tau), 

Gamma Cassiopeia, 5 Cancri, etc.  28 Tau (Pleione) 

spectral observations change as the shell is ejected 

every 35-40 years and helps elucidate the 

understanding disk outflow and spectroscopic binary 

interaction. 

c. The American Association of Variable Star 

Observers (AAVSO) campaign support that involves 

orbital space telescopes making concurrent 

observations supported by amateur 

spectra/photometry observations. A notable example 

was the recent eruption of V0404 Cygni black hole in 

2016.   

d. Exotic spectrum from rare explosive or 

cataclysmic stars like SN, Nova, White Dwarf 

eruptions or eclipse-like event such as Epsilon Auriga 

or VV Cephei which is also a symbiotic star. 

e.  Solar analog project support.   Principal 

investigator Dr. Richard O. Gray, is studying very 

young solar analog stars (0.5-1.5 billion yrs) to be 

observed in the H-gamma(4300A) and Cak (Calcium 

K) (3900A) band-widths that depict stellar flare 

activity that usually is only observable in far UV/X-

rays.  Simultaneous photometry of these and 

chromospheric calibration stars are also needed to 

confirm veracity of observation. 

Here is an example of a Young solar analog star, 

in a “flare” state: 

 

 

 

 

 

 

 

 

 

 

 

HD222143: 
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Besides the spectroscope and telescope used, 

other important considerations are support hardware 

& Software used for spectra image reduction and 

display. A stable, GOTO mount and separate finder 

with camera ("e-finder") makes spectroscopy much 

more easy/efficient.  Since a spectroscope is not a 

“direct imaging” system and the guide slit FOV is 

only 2-5 arc minutes wide, a separate guide scope 

with a FOV at least 1 degree and sensitivity to show 

stars to at least 10th magnitude is necessary.  

Additional hardware makes taking spectra more 

efficient such as the ability to control power remotely 

for the calibration (Ar-Ne lamp) and flat (Tungston 

lamp).  For this I use the Technical Innovations 

Remote Power Module which can be controlled from 

the Robofocus software interface.    

 

 

 
 
I constructed an adapter to use the Robofocus 

stepper motor to control the micrometer of the 

LhiresIII to remotely position the grating to shift 

from Ha(6560A) to H10(3750A) regions.  

Unfortunately, I still need to manually adjust the  

doublet inside the LhiresIII when I go shortwards of 

the H-Beta (4860A) band.  

I usually use MaximDL to acquire the spectra 

imagery and use Sky6 for target acquisition.   Three 

lamp (Ar-Ne) images are made preceding a series of 

spectra exposures and three more lamp (Ar-Ne) 

images are taken right after the spectra sequence are 

done to corrected for any spectrometric distortions 

due to differential flexture in the spectroscope, 

telescope structure and as the target's altitude 

changes. Re-naming of the target is done in Isis for 

Isis distinct name formatting.  I use Isis V1.92 to 

process and Bass or Spectraplot software to display 

the spectra in chart format with a calibrated x-axis in 

angstroms.  Most European and others use Isis 1.92 

and BaSS V1.98 to process 2D .fits spectra imagery 

into flat-fielded, instrumental response corrected 1D 

spectra.   

Spectroscopic resources I use, but not limited to, 

for sharing and comparing spectroscopic 

results…..Yahoo groups, ARAS forum, AASVO, 

email and others. 

 

Diagrams or pictures: 

 

 
LhiresIII, LISA, & Alpy600 as well as L-200, E-
finderscope (ASA1210MM+Canon200mm), and CDK17 
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From Left-to-right, C-11 (BVI Photometry), Classical 
Cassegrain 13.1" (Spectroscopy), & CDK17 (43cm 
aperture, normal astro-imaging)  

 
CDK17 with LISA spectroscope and Atik 460ex(red) & 
Titan(blue) CCDs 

Some of the European Spectroscopists who've 

contributed a tremendous amount of research and 

feedback to make current amateur so sophisticated 

over the last 15 years. 

Ernst Pollmann (Germany) 

Christian Buil (France) 

Peter Somogyi (Hungry) 

Francois Teyssier (France) 

Olivier Garde (France) 

Etienne Bertrand (France) 

Ken Harrison (Australia) 

Robin Leadbeater (UK) 

Jim Ferreira (US) 

 

Links to spectroscopic results and discussion 

forums: 

a. ARAS Spectroscopy Forum: http://spectro-

aras.com/forum/index.php 

b. BeSS database v2.0: 

http://basebe.obspm.fr/basebe/Accueil.php 

c. BeSS Be Star Atlas and Priority List: 

http://basebe.obspm.fr/basebe/Accueil.php 

d. BAA Spectroscopy Database: 

https://britastro.org/specdb/index.php 

e. Christian Buil's Spectroscopy Web Site: 

http://www.astrosurf.com/buil/index.html 

f.  AASVO Web Site: https://www.aavso.org/ 

g. Yahoo Group "Astronomical Spectroscopy for 

Amateurs !:" 

https://groups.yahoo.com/neo/groups/astronomical_s

pectroscopy/info 

h. Yahoo Group " Astronomical Amateur 

Spectroscopy (Spectro-I):" 

https://groups.yahoo.com/neo/groups/spectro-l/info 

i. Yahoo Group " Basic Astronomical Spectroscopy 

Software!:" 

https://uk.groups.yahoo.com/neo/groups/astrobodger/

info 

 

 
 

Mira & hot companion 
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LISA spectrograph of Mira taken on 14Jan18 

 
V0694 Monoceneros Physical Diagram 

 
LISA Spectra of V0694 Mon 

 
Hi-resolution H-Alpha Band Spectra of V0694 Mon 

 
Hi-resolution H-Beta Band Spectra of V0694 Mon 

 
Hi-resolution H-Alpha Band Spectra of VV Cep 

 
Hi-resolution H-Beta Band Spectra of VV Cep 
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Hi-resolution CaK Band Spectra of VV Cep 

 

 
2D (MaximDL) CaK Band Spectra of VV Cep 

 

 
Supernovae AT2017eaw in NGC 6946 

 
Hi-resolution H-Alpha Band Spectra of Pleione (28 Tau) 
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Pleione (28 Tau) H-Alpha Spectrum 

 
Pleione (28 Tau) H-Beta Spectrum 
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Scientific Results of the ALPO Remote Planets Section 
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Abstract 

Most of the work of the ALPO Remote Planets Section during the last 26 years has been the measurement of 
brightness of Uranus and Neptune.  In this presentation I will discuss four results related to Uranus and/or 
Neptune:  1) Measurement of the V-filter brightness; 2) measurement of the U filter brightness; 3) development of 
a two-variable photometric model of Uranus and 4) measurement of cloud belt latitudes on Uranus.  It is 
concluded that the brightness of Uranus undergoes a cyclic change related to its seasons.   Neptune may also 
undergo this change but other factors may also be important.  Uranus’ bright polar band, visible in near-infrared 
light, had expanded in 2016 to the point where the entire north polar area was bright. 

1.  Introduction 

The Association of Lunar and Planetary 

Observers (ALPO) was founded in 1947 by the late 

Walter Haas.  Shortly after it was founded, this 

organization was broken into observing sections 

similar to the British Astronomical Association.  One 

of these was the Remote Planets Section.  Since 

1991, the ALPO Remote Planets Section has focused 

on measuring the brightness and color of Uranus and 

Neptune.   Several valuable images have also been 

made.  Four important projects of this section are:  

1) Measurement of the V-filter brightness of 

both planets. 

2) Measurement of the U filter brightness of 

both planets.  

3) Development of a two-variable V-filter 

photometric model of Uranus.  

4) Measurement of bright permanent cloud 

belts on Uranus.   

 

The brightness measurements were made on the 

Johnson U and V system.  These results will be 

presented in this report.  In all cases near-infrared 

light refers to wavelengths of 0.7 to 1.0 micrometers. 

 

2.  Projects Related to V Filter Brightness 

Measurements 

Members of the ALPO Remote Planets Section 

have consistently measured the V-filter brightness of 

Uranus and Neptune.   Between 1991 and early 2017, 

803 V-filter measurements of Uranus and 501 of 

Neptune have been made by section members.  The 

goal of this project has been to determine the long-

term brightness changes of both planets.  At least 

three factors may cause brightness changes which 

are: 1) phase angle, 2) orientation of the disk as seen 

from Earth and 3) the development and dissipation of 

albedo features.  Albedo is the fraction of light 

reflected and, hence, an albedo feature is an area that 

is brighter or darker than its surroundings.  Each of 

these is described in greater detail. 

The phase angle is measured between the 

observer and the Sun measured from the center of the 

target.   For an Earth-based observer, the phase angle 

for Uranus ranges from zero to three degrees and it 

ranges from zero to two degrees for Neptune.  The 

phase angle has only a small impact on brightness 

(Schmude et al., 2015a).   

The planet orientation may also affect brightness.   

This is controlled largely by axis tilt and the effects 

of solar radiation.  The latitude of the disk center is 

called the sub-Earth latitude.  Since Uranus has a 

high axis tilt, its polar region may face Earth and, 

hence, the sub-Earth latitude may reach 83° S or 83° 

N.  At this point, the polar region faces Earth.  The 

last time the sub-Earth latitude approached a pole 

was in 1985 when it was near 83° S.  The next time it 

will happen will be in 2030 (See: 

https://ssd.jpl.nasa.gov/horizons.cgi).  The sub-Earth 

latitude for Neptune ranges from 29° N to 29° S.  

Therefore, if the poles have a different albedo than 

the equatorial regions, the brightness should change 

with the sub-Earth latitude.   

A third factor which may affect brightness is the 

presence of a large area having a higher or lower 

albedo than its surroundings. It is important to be 

specific about the wavelength of light being used.   

Both Uranus and Neptune have had many bright 

spots develop when near infrared wavelengths were 

used, but these same spots were difficult to detect in 

visible light.  Therefore, a multi-wavelength study 

may yield different changes in brightness.  Lockwood 

and Jerzykiewicz (2006) report Uranus underwent a 

mailto:Schmude@gordonstate.edu
https://ssd.jpl.nasa.gov/horizons.cgi
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larger change in y-filter than in b-filter brightness 

between 1972 and 1986.  The y and b filters are 

sensitive to wavelengths of 551 and 472 nm, 

respectively (Lockwood and Thompson, 1999).  

In addition to these factors, the planet-Sun and 

planet-Earth distance also cause brightness changes.  

The effects of changing distances may be eliminated 

by determining the normalized magnitude, 𝑉(1, 𝛼).  

This is computed from equation 1. 

 

𝑉(1, 𝛼) = 𝑉𝑚 − 5 × Log[𝑟 × ∆]          (1) 

 

Where Vm is the measured V-filter brightness, r 

is the Uranus-Sun distance and ∆ is the Uranus-Earth 

distance.   Both r and ∆ are in astronomical units (au).  

I will work out an example for September 27.122, 

2017 using r and ∆ values from: 

 https://ssd.jpl.nasa.gov/horizons.cgi 

 

𝑉(′1, 𝛼) = 5.733 − 5 × Log[19.913 × 18.988] 
𝑉(′1, 𝛼) = 5.733 − 5 × Log[378.108]                 
𝑉(′1, 𝛼) = 5.733 − 5 × (2.5776) 

𝑉(′1, 𝛼) = 5.733 − 12.888 

𝑉(′1, 𝛼) = −7.155 

 

The 𝛼 term in 𝑉(1, 𝛼) is the phase angle.  The phase 

angle correction is less than 0.01 magnitudes for 

Uranus (Schmude et al., 2015a).  It is also small for 

Neptune.  Therefore, there is little difference between 

𝑉(1,0) and 𝑉(1, 𝛼) for  𝛼 < 3°. 

Figure 1 illustrates mean, yearly 𝑉(1, 𝛼) values 

for Uranus and Neptune measured since the 1950s 

(Lockwood and Jerzykiewicz, 2006), (Schmude, 

1992a, b, 1994, 1995, 1996, 1997a, b, 1998a, b, 

2000a, b, 2001, 2002, 2004, 2005, 2006a, b, 2008, 

2009, 2010a, b, 2012, 2013, 2014, 2015a, 2015b, 

2017, 2018).  Measurements from 1954-1975 are 

from Lockwood and Jerzykiewicz (2006) while those 

starting in 1991 are from the ALPO Remote Planets 

Section files.  Uranus reached equinox in 1966 and 

2007 (https://ssd.jpl.nasa.gov/horizons.cgi).  Each 

vertical line in Figure 1A is close to an equinox or a 

solstice.  It is clear that Uranus was dimmest at the 

2007 equinox.  It is probably brightest at solstice.  

Lockwood and Jerzykiewicz (2006) report Uranus 

reached peak brightness near the 1986 solstice.   

Measurements near 2030 will be needed to confirm 

this.  Neptune was at equinox in mid-1963 and it 

reached solstice in mid-2005 and will reach equinox 

again in early 2046 

(https://ssd.jpl.nasa.gov/horizons.cgi).  Each vertical 

line equals half of a season in Figure 1B.  Neptune 

was about 0.1 magnitudes brighter at solstice in 2005 

than at equinox in 1963.  The brightness values, 

however, appear to change more abruptly than for 

Uranus even though Uranus has shorter seasons.  

Furthermore, the brightness measurements in the 

1950s are fainter than would be expected if seasonal 

forces alone controlled its brightness.  This is also the 

case for the y filter results in Lockwood and 

Jerzykiewicz (2006). 

  

 
Figure 1a:  Graph of the normalized V-filter magnitudes 
of Uranus.  All magnitudes are normalized to planet-Sun 
and planet-Earth distances of 1 Astronomical Unit. 

 
Figure 1b:  Graph of the normalized V-filter magnitudes 
of Neptune.  All magnitudes are normalized to planet-
Sun and planet-Earth distances of 1 Astronomical Unit. 

Therefore, it is concluded more measurements of 

the eighth planet are needed to better understand its 

long-term brightness.   

A second new project of the ALPO Remote 

Planets Section has been to fit V-filter measurements 

of Uranus to a two-variable equation of the form: 

 

𝑉(1, 𝛼) = 𝑉(1,0) + 𝐴𝛼 + 𝐵𝑠                 (2) 

 

Where  is the solar phase angle in degrees, s is 

the sub-Earth latitude in degrees and 𝑉(1,0), A and B 

are constants to be determined.  The 𝑉(1, 𝛼) values 

made between 2008 and early 2017 were used since 

they were made after the 2007 equinox.  The 

resulting equation is: 

 

𝑉(1, 𝛼) = −7.120 + (0.0003)𝛼 + (0.0005)𝑠 
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Essentially, the 𝑉(1, 𝛼)value gets more negative 

as the sub-Earth latitude approaches the North Pole; 

however, the change in brightness from the solar 

phase angle term is very small and it may be 

statistically insignificant.  There are plans to carry out 

statistical tests once data though 2030 is obtained.  

The Remote Planets Section is hoping to get more V-

filter measurements between 2018 and 2030 to better 

model that planet’s brightness. 

 

3.  Ultraviolet Brightness Measurements 

A third ALPO project is to measure the 

brightness of Uranus and Neptune in the Johnson U 

system.  The writer made all U-filter measurements 

with an SSP-5 photometer and a 0.20 m Maksutov-

Cassegrain telescope.  He made 70 measurements of 

Uranus between late 2014 and early 2018 and 49 

measurements of Neptune between late 2014 and late 

2017.  The mean normalized magnitude for Uranus is 

𝑈(1, 𝛼) = −6.30 with a standard deviation of 0.02 

magnitudes.  The corresponding values for Neptune 

are ‒6.45 and 0.02 magnitudes.  There is very little 

change in the normalized magnitude for different 

values of the phase angle and sub-Earth latitude for 

Uranus.  Lockwood and Jerzykiewicz (2006) report 

that their b-filter values also show only a small 

change with the sub-Earth latitude.  A wider range of 

sub-Earth latitudes for Neptune are needed before its 

brightness can be better modeled.  

 

4.  Belt Latitudes 

Since 2011, high-quality amateur images have 

revealed temporary and long-term albedo features on 

Uranus.  These are more distinct in near-infrared 

wavelengths than in visible wavelengths.  Figure 2 

shows two images of Uranus illustrating the bright 

albedo features.  The bright thin belt near the equator 

is called the Equatorial Belt and the one close to the 

North Pole is the North Temperate Belt.  I have 

measured the latitudes of these features.  See Table 1.  

The technique described elsewhere (Peek, 1981), 

(Schmude, 2017) was used in measuring latitudes.  

The latitudes of the Equatorial Belt have been fairly 

stable even before the 2007 equinox.  The southern 

border of the North Temperate Belt has been 

remarkably constant; however, in 2016, the entire 

North Polar Region became brighter in near-infrared 

wavelengths (Schmude et al., 2015).  As a result of 

this, the northern border of the North Equatorial Belt 

has been absorbed into the North Polar Region bright 

area.  This probably occurred between late 2015 and 

mid-2016 when the sub-Earth latitude was ~33° N.  It 

will be interesting to see if this also happens in the 

southern hemisphere in the 2050s.  Astronomers used 

the Hubble Space Telescope to image the South 

Temperate Belt before 2007.  The northern edge of 

this belt lies near 42° S. 

 

  
Figure 2:  Two images of Uranus: Image on the left 
recorded on July 1, 2013 at 0335.9 UT by Marc Delcroix.   
He used an IR > 685 nm filter and a 1 m telescope at Pic-
du-Midi Observatory; Image on the right recorded on 
December 16, 2017 at 1:13.5 UT by Damian Peach.  He 
used a 685 nm filter and a 1 m telescope.  North is at the 
top in both images. 

5.  Conclusion 

The conclusions of this paper are:  

1) Uranus appears to undergo a seasonal 

brightness change whereas Neptune’s 

brightness is more complex but seasonal 

effects are probably important. 

2) The 𝑉(1, 𝛼) value of Uranus changed with 

the sub-Earth latitude between 2008 and 

2017. 

3) The 𝑈(1, 𝛼) value of Uranus did not change 

much with the solar phase angle and the sub-

Earth latitude. 

4) Uranus has two permanent albedo features 

which are visible in near-infrared images.  

5) The North Polar Region brightened in 2016 

and this resulted in the entire region down to 

about 44° N becoming bright in near-

infrared light. 
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Year NTBn 

(°N) 

NTBs 

(°N) 

EBn 

(°N) 

EBs (°S) STBn 

(°S) 

STBs 

(°S) 

1995.5 --- --- --- --- 40 51 

1997.6 --- --- 1 3 42 50 

1998.6 --- --- 1 5 43 50 

2003.6 --- --- 2 2 44 --- 

2006.6 --- --- 3 2 39 --- 

2011.8 58 43 11 1 --- --- 

2012.7 59 45 13 2 --- --- 

2013.7 57 43 9 2 --- --- 

2014.8 55 44 8 2 --- --- 

2015.7 63 45 12 1 --- --- 

2016.6 --- 44 12 1 --- --- 

2018.0 --- 43 3 2 --- --- 

Mean 58 44 7 2 42 50 

Table 1: Measured planetographic latitudes of bright belts on Uranus appearing in near-infrared wavelengths.  The 
North Temperate Belt is abbreviated as NTB, the Equatorial Belt is abbreviated as EB and the South Temperate Belt is 
abbreviated as STB.  The lower-case n and s refer to the north and south belt edges, respectively.  Therefore, the 
NTBn is the north edge of the North Temperate Belt. The results for 2011-2016 are from (Schmude, 2013, 2014, 2015a, 
b, 2017).  Those for 1995-2006 and 2018.0 are based on the writer’s measurements for this manuscript 

 





249 

 

. 

 

 
 
 
 

Papers Without Presentation 
 

 

 





 251 

 

Photometry and Period Analysis of Neglected Binary 
RW Persi 

Mike Miller-SAS/AAVSO(mmga) 

mikerph1951@gmail.com 

Abstract 

Researching Neglected Binary Stars revealed that there was very little current data on RW Persi according to 
AAVSO, BDB (Binary Star data Base), BRNO Regional Network of Observers (Chez Astronomical Society) and 
Mt. Suhora Astronomical Observatory.  The most recent observations from these databases were from the early 
1990’s.  For this reason, RW Persi was chosen as my project for the spring of 2017. 

Introduction 

Image collection began the first week of March 2017 

and continued until the middle of April 2017. 

Approximately 60 images were taken during this 

period of time. Differential photometry data was 

collected and the resulting light-curve was analyzed 

to determine a primary eclipse period for RW Persi.   

 
Methods/Procedures 

The majority of the images were taken with a 300 

mm FL lens on a Nikon D5500 DSLR camera and 

the mount was the iOptron Sky Tracker.  

Approximately 10 images were taken with telescope 

T14 on the i-telescopes network.  The DSLR images 

were 30 second exposures at F4.5 and an ISO of 800. 

The T14 images were 15 second exposures with a 

CCD camera.   The photometry on all images was 

done using AIP4Win software and the Single Image 

Photometry Tool.  It should be noted that the 

resulting Differential Magnitudes obtained from this 

process were not “transformed” to a standard system.  

The resulting magnitudes from the i-telescope 

network were V magnitudes and the magnitudes from 

the DSLR images were obtained using the Tri-Color 

Green Channel (equivalent to V) available in 

AIP4Win. 

The Period Analysis was done utilizing 

VStar(AAVSO software) and Peranso. The DCDFT 

algorithm was used in VStar and the EEBLS 

algorithm (usually used in exoplanet transits) was 

utilized in Peranso.  

VStar calculated the Period for RW Persi to be 

13.2 while Peranso yielded a Period of 13.1579 

(graphically). Below are snapshots of the results of 

the calculations as well as the light curve that was 

obtained from the aforementioned DSLR and CCD 

images.  

The figures below represents a sample of the data that 

was  entered  into Peranso and VStar.  The first 

column is the Julian Date and the second column is 

the V Magnitude (or Tri-Color Green for DSLR 

images) and the third is the error: 

 

2457825.59031 9.728 .014  

2457830.59374 9.633 .013 

2457830.61875 9.617 .013 

2457830.64392 9.675 .014 

2457830.64605 9.785 .014 

 

 

 

 
 

Graphic representation of the Period(13.2 days) for RW 
Persi generated by VStar Software using the DCDFT 
algorithm. 

The Y axis – Power is proportional to the          

amplitude of the curve and the X axis represents the 

Period in days. 
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  The image at the left is the graphic representation    of 
the Period for RW Persi as generated by Peranso 
Software using the EEBLS algorithm.  The P at the 
bottom left (13.1579 days) represents the Period.  

 

 

 

 

                                                                                              

Photometry and Light Curve data using V Star Software 

 

 

Photometry and Light Curve data generated by Peranso software. Note under results: JD of Minimum at 
2457832.57194 (pink line above) 
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To further evaluate the data, the Extremum Utility in 

Peranso was used.  

This resulted in a Julian Date of minima(ToM) of 

2457832.57194 which was then subtracted from the  

predicted minima for February 25, 2018 from the Mt. 

Suhora Astronomical Observatory website * 

           http://www.asup.krakow.pl/ephem/ 

 

  2458175.74062* 

- 2457832.57194 

          343.16868 days divided by the published 

period of 13.198904 days = 25.999786 or 26 periods. 

This indicates that the observed minima occurred on 

a multiple (integer) of 13.198904 days.  

 

 

 

Conclusion/Discussion 

The photometry and light-curve period data collected 

between March 7 and April 15, 2017 correlates very 

well with the published primary period data for RW 

Persi of 13.198904 days. 
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Comparison between different methods to compute 
minima of Eclipsing Binaries  

Laurent  CORP 

AAVSO – GEOS – Commission Etoiles Doubles SAF 

astro.laucorp@orange.fr 

Abstract 

This paper describes the various methods to compute minima of Eclipsing binaries and the disadvantages of 
each method. 
 After a short description of different kinds of Eclipsing Binaries, the paper describes several methods for 
determining the minima and their impacts on the publication on O-C (Observed minus Calculated). 
 A software was specially built to compute the minima with these different methods; the results of many 
stars is shown, the delta between the values computed and the value published by the AAVSO (JAAVSO 
publication) is analyzed. 

1.  Eclipsing Binaries 

Simply put, variable stars can be placed into three 

categories: the pulsating stars, the cataclysmic 

systems, and the eclipsing binaries. In the latter case 

the variation in the light is due to binarity, with 

mutual eclipses by each component reducing the light 

of the system as a whole. 

Eclipsing binaries in turn can be divided into 

three principle categories: the Algols (type EA), beta 

Lyrae stars (type EB) and W Ursae  Majoris stars 

(type EW) 

 

Type EA 

The primary minimum is well marked but the 

secondary minimum is either much less obvious or 

almost undetectable. There are several thousand stars 

in this class 

 

 
 

Figure 1: Light curve of Algolide star (EA) 

 

Type EB 

The primary eclipse is also well marked but in 

this case the secondary eclipse is almost as 

important as the primary. The light curve is more 

curved due to the gravitational attraction on each 

star - the stars are no longer spherical but deform 

into ellipsoids due to the intense mutual gravitational 

attraction. As the stars rotate, the cross-section that 

they present to the observer varies, and so the light 

from the system is constantly changing. There are 

only a few hundred stars in this category. 

 

 
Figure 2: Light curve of Beta Lyrae star (EB) 

 

Type EW 

Primary minimum is almost identical to 

secondary minimum. Like the beta Lyrae stars there 

is an exchange of material between the stars and the 

light curves reflect the non-sphericity of the 

components. Periods are often less than a day and can 

vary as a consequence of the mass exchange. 

The orbital period of an eclipsing binary can be 

calculated by studying the light curve, and the 

relative size of each component (compared with the 

radius) can be observed by measuring the speed at 

which the luminosity of the more elongated star fades 

when the other star passes in front of it. If, in 

addition, the binary is also a spectroscopic system 

then the orbital elements can be found and the mass 
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can be deduced relatively easily which means that the 

relative density of each star should also be calculable. 

 
Figure 3: Light curve of W UMA (EW) 

 

Ephemerides of variables stars 

Period P = time to make one complete orbit, 

usually expressed in days 

 

JD0 = epochal time of minimum light in the light 

curve, usually the deepest eclipse (primary eclipse) 

 

We can therefore predict the time of any primary 

eclipse by specifying the number of periods past JD0 

that we wish. This number of periods is called the 

epoch E.  

JD(Primary Eclipse) = JD0 + P*E 

 

Epoch Eobs is the number of the Epoch of the 

observation 

Eobs = (JD0 – JDobs) / P 

 

After measures 

O-C 

 

O = time of observed minimum light 

C = calculated time of minimum light 

JD0 = time of minimum light at E = 0 

Pest = estimated period 

P(E) = true period of system, possibly a function 

of E (time of Observation)  Eobs in this case 

 

O = JD0 + P(Eobs) * Eobs 

C = JD0 + Pest * Eobs 

 

O-C = (P(Eobs) - Pest) * Eobs 

 

The value O-C is without unit 

The important parameter is the time of minimum 

of the observation but there are many methods to 

compute the minima 

 

Some examples 

 

 
Figure 4. O-C curve of AB AND star 

 

 
 

Figure 5. O-C curve of SW LAC star 

Tips: you can use the graph of O-C in 

complementarity of your calculated time of 

minimum. 

Example: when you obtain the time of minimum 

you can add the value of O-C (d) like this:  

 Value of the delta O-C in minutes (mn): 

1440 * 0.05 : 7mn 

After you can add this value of your prediction 

time of minimum 

The important parameter is the time of minimum 

of the observation but there are many methods to 

compute the minima 

 

 

2.  Methods 

There are many methods for determining the 

minima ; the sources of the algorithms are based on 

the book “Software for photometric Astronomy” by 

Sylvano Ghedini – Willmann-Bell.Inc and another 
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method based on “Smoothing by Spline Functions. 

by REINSCH, CH.H.in: Numerische Mathematik, 

(page(s) 177 - 183) Berlin, Heidelberg [u.a.]; 2003 s” 

Today with modern tools observation we can 

make many pictures or measures in one minute but 

this “old” algorithm was written when the 

observations were made every ten minutes or more. 

 

 

2.1  Method 1 The KWEE and VAN 

WOERDEN  

This method is the principal method used by 

many astronomers. 

But it’s run correctly if the light curve is 

symmetric and point spaced. 

 

 
Reflecting axis and interpolated magnitude 

difference between the own and the reflected 

branches 

Figure 6: The KWEE and VAN WOERDEN method 

Source: “Software for photometric Astronomy” 

by Sylvano Ghedini – Willmann-Bell.Inc page 48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2  Method 2 ‘the best fit’  

 
 

The epoch of minimum corresponds to the 

minimum of the least squares polynomial which 

best approximate the observed data. 

Figure 7: The “Best fit” method 

 

Source: “Software for photometric Astronomy” 

by Sylvano Ghedini – Willmann-Bell.Inc page 50 

 

This method is based on optimally fitting a 

suitable polynomial to the minimum (or maximum) 

region of the observations. It may require repeated 

application of the least squares method for different 

forms of the polynomial. 

 

 

2.3  Method 3 Polygonal line  

 

 

 
The ascending branch is folded on the axis 

t=tr. The polygonal line connects the points in the 

sense of rising times. The position of the axis 

identifies the minimum when the length of the 

polygonal line is minimum. 

Figure 8: the Polygonal line method 

Source: “Software for photometric Astronomy” 

by Sylvano Ghedini – Willmann-Bell.Inc page 60 
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Devised by A. Guarnieri, A. Bonifazi and P. 

Battistini in 1975, this method may be 

considered as an analytical implementation of 

the tracing paper method. It is particularly 

suitable for inhomogeneous distributions of 

observations along two branches that cannot be 

correctly processed by KVW. 

 

 

2.4  Method 4 Middle Line  

 
Evaluation of the middle line defined by a 

sequence of R random quotes 

 

 
Rotation of the coordinate system 

Figure 9: the Polygonal line method 

 

Source: “Software for photometric Astronomy” 

by Sylvano Ghedini – Willmann-Bell.Inc page 64 

 

This algorithm was developed in order to 

overcome the influence of appreciable asymmetries 

on the evaluation of the epoch of minimum of 

eclipsing binary systems. The foregoing methods are 

all based on an initial assumption of a symmetric 

light curve, and therefore a vertical axis of reflection 

for the two branches. Their results will be affected by 

appreciable departures from symmetry. The issue is 

dealt by evaluating a middle line for the minimum 

and performing a transformation of coordinates so 

that the middle line becomes a vertical line in the 

new coordinate system. A conventional second-order 

polynomial regression will then provide a reference 

time, and a transformation back to the original 

coordinate system yields the corresponding epoch of 

minimum. This algorithm thus follows the plan of the 

other methods, where branch superposition has been 

modified by the rotation of the mid-axis. 

 

2.5  Method 5 Sliding integration  

 
 

 

Particular case of n2=5 

Figure 10: the Sliding line method 

 

The method approach the “Kwee and Van Woerden 

Method” 

Source : “Software for photometric Astronomy” 

by Sylvano Ghedini – Willmann-Bell.Inc – page 72 

 

This method is based on the principle of a parabolic 

distribution defining the minimum (or maximum) 

light: m(t) = at
2
+bt+c. 

Each observation is thus a measure of the 

function m(t) at a given time. 
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2.6  Method 6 : Spline function 

This algorithm is based on this paper: 

“Smoothing by Spline Functions. by REINSCH, 

CH.H.in: Numerische Mathematik, (page(s) 177 

- 183) Berlin, Heidelberg [u.a.]; 2003 s “ 

 
 

Figure 11: the Spline function method 

The software was updated with this method. A 

spreadsheet was written by Guy HUYS and the 

supervisor Roland BONINSEGNA (GEOS). 

In my software the coefficient of smoothing is 

equal to the middle of the number of points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.7  Theoretical comparison of Methods 

 

Methods PRO CON 

The KWEE and 

VAN WOERDEN 

(KVW) 

Old method approved Magnitudes equally spaced by the same 

time interval T are required as input data 

Best fit  Run correctly if the data are equally spaced 

and the light curve is symmetric 

Polygonal It is particularly suitable for 

inhomogeneous distributions of 

observations along two branches that 

cannot be correctly processed by KVW 

 

Middle  The “R Random quotes” limit the usage of 

this algorithm 

Sliding Integration  Magnitudes equally spaced by the same 

time interval T are required as input data 

Spline Function Run correctly with asymmetric light curve 

– determination of the minima and 

maxima 

 

Table 1:  comparison of methods 
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2.8  Methodology for the tests 

For computing all the algorithms, I wrote a 

software in Visual Basic 6.0 language (Microsoft) 

because the original code was written in BASIC and 

I was using my own data. 

 

 

Figure 12: software which computes the Time of Minima 

 

Figure 13: software which computes the Time of Minima 

 

3.  Computation 

The setup used was a homemade 8 inch 

telescope with a fork mount with the 765 x 510 pixels 

CCD camera SBIG ST-7 XE (http://www.sbig.com) 

and a filter V Johnson. Some measures were obtained 

with a telelens of 135mm in parallel on the telescope. 

The computation was made with four stars, the 

stars are types EW Data  

The output file is in csv format (comma 

separator) with this structure (2 columns): Geocentric 

julian day of observation and magnitude. 

After the first computation the result is converted 

in Heliocentric Julian Day (HJD) 

A synthetic light curve is generated by a 

spreadsheet for testing the algorithm – no conversion 

in HJD in this case 

 

The reference for the test is the publication 

JAAVSO Volume 45 Number 2 - 2017. The time of 

minima was computed by Gerry SAMOLYK in using 

“The KWEE and VAN WOERDEN” method. 

 

 

 

  

http://www.sbig.com/
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Synthetic light curve  

 

 
 

Figure 14: Synthetic Light curve 

 
The data are simulated with this formulae: 

 JD = JD + 0.00072917 

 Mag = Mag + 0.005 to the minimum 

10 points equal 

Mag = Mag - 0.005 after the minimum 

 
 

Data 

2457851. 

Best Fit Polygonal 

Line 

Difference Middle 

Line 

Difference Sliding Difference Spline 

Function 

413599810 

 

No 

solution 

.417 -

0.00340019 

.414636 -

0.00103619 

.42971 -

0.01611019 

No 

solution 

Table 2:  Result synthetic light curve       

Best solutions: 

 1 – Middle Line 

 2 – Polygonal Line 

 3 - Sliding 
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AP LEO 
Alpha :11 :05 :05.2  Dec : +05.09.06.4 

Mag : 9. 9.3 

Type : EW/KW 

Spec : G0V 

HJD = 2452500.1285 + E x 0.43036383   

 
 

 

Figure 15: AP LEO light curve 

 

217 points between 21 April 2017 20h09mn09s UT 

and 22 April 2018 0h27mn41s UT 

Characteristics: 1 maxima and 1 minima 

 

 

 

AH VIR 
Alpha :12 :14 :21  Dec : +11.49.09 

Mag : 9.00-9.62V 

Type : EW/KW 

Spec : K0V 

HJD = 2452500.337  + E x 0.4075306 
 

 
Figure 16: AH VIR light curve 

 

229 points between 7 April 2017 20h18 UT and 8 

April 2017 0h55mn33s UT 

Characteristics: 1 minima and 1 maxima with some 

missing points 

VW LMI 
Alpha :11:02:51.91  Dec : +30.24.54.7 

Mag : 7.93-8.38V 

Type : EW 

Spec : F3V 

HJD = 2452500.130  + E x 0.4775547 
 

 
 

Figure 17: VW LMI light curve 

 

212 points between 16 April 2017 20h19mn21s UT 

and 17 April 2017 0h28mn50s UT 

Characteristics: 1 minima 

 

 

AM LEO 
Alpha : 11 :02 :10.88  Dec : +09.53.42.7 

Mag : 9.2-9.8V 

Type : EW/KW 

Spec : F8V 

HJD = 2452500.163  + E x 0.3657968  

 
 

 

Figure 18: AM LEO light curve 

 

95 points between 25 February 2017 20h54mn47s 

UT and 25 February 2017 22h49mn47s UT 

Characteristics: 1 minima – very noisy 
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Computations 
 

 

STAR JAAVSO 45-2 Best Fit 

 

 

Difference Polygonal 

Line 

Difference Middle Line Difference 

AM LEO 2457810.4362 .456472 -.020272 .4259 0.0103 .429117 0.007083 

AH VIR 2457851.4163   .414923 0.001377 .392135 0.024165 

VW LMI 2457860.4434   .441218 0.002182 .450788 -0.007388 

AP LEO 2457865.4751   .470551 0.004549 .4833316 -0.0082316 

Table 3:  Result of the computation

 

 

STAR JAAVSO 45-2 Sliding Difference Spline Function Difference 

AM LEO 2457810.4362 NS  .426178 0.010022 

AH VIR 2457851.4163 .369151 0.047149 .409217 0.007083 

VW LMI 2457860.4434 NS  .438961 0.004439 

AP LEO 2457865.4751 .457231 0.017869 .46951 0.00559 

Table 4:  Result of the computation

 

 

Best solutions 
 

 

STAR Polygonal Line Difference Middle Line Difference Spline Function Difference 

AM LEO 0.010300 0.007083 0.010022 

AH VIR 0.001377 0.024165 0.007083 

VW LMI 0.002182 -0.007388 0.004439 

AP LEO 0.004549 -0.0082316 0.005590 

    

Average 0.004602 0.0039071 0.0067835 

Table 5:   Best solutions which run correctly in all cases

 
The best mathematical solution is determined by the average of the measures: 

 1 – Middle Line – difference in mn: 5mn30s 

 2 – Polygonal Line – difference in mn: 6mn30s 

 3 – Spline Function– difference in mn: 9mn45s 

 

 

4.  Results and Discussion 

First of all we see that the results are identical 

between the synthetic curve and the real curves 

stemming from observations. 

The values obtained by the method "Middle" are 

the closest to the publication JAAVSO - method "The 

KWEE and van WOERDEN" 

In my analysis just 4 stars were used, these have 

very short durations of minima. The found results can 

influence the value of O-C for this type of star. 

In reality you have to confide your data to a 

single person who is going to measure the moment of 

minima. In my case it is Gerry SAMOLYK of the 

AAVSO who receives my data and he determines the 

results. 
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5.  Perspectives and conclusion 

This analysis was made by using only 4 stars, it 

would be useful to use a big game of data with 

hundred or more stars of various types such as EA, 

EB and EW with various topology - missing data, 

very short and very long minima (several days). 

To facilitate this boring work, it will be 

necessary to create a system allowing to automate the 

reading of the data, the various calculations and the 

exploitation of the results. 
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AP LEO 
 

 

2457865.33991898 9.647 

2457865.34070601 9.629 

2457865.34149305 9.617 

2457865.34228009 9.602 

2457865.34306712 9.623 

2457865.34384259 9.637 

2457865.34462962 9.615 

2457865.34541666 9.615 

2457865.34620370 9.644 

2457865.34699074 9.634 

2457865.34778935 9.614 

2457865.34856481 9.601 

2457865.34935185 9.609 

2457865.35013888 9.559 

2457865.35093750 9.597 

2457865.35172453 9.589 

2457865.35251157 9.594 

2457865.35329861 9.63 

2457865.35408564 9.613 

2457865.35487268 9.632 

2457865.35565972 9.609 

2457865.35644675 9.565 

2457865.35723379 9.594 

2457865.35802083 9.588 

2457865.35880787 9.611 

2457865.35959490 9.573 

2457865.36038194 9.594 

2457865.36116898 9.596 

2457865.36195601 9.618 

2457865.36274305 9.587 

2457865.36353009 9.601 

2457865.36431712 9.593 

2457865.36509259 9.596 

2457865.36587962 9.577 

2457865.36666666 9.592 

2457865.36745370 9.588 

2457865.36824074 9.558 

2457865.36902777 9.587 

2457865.36982638 9.605 

2457865.37062500 9.607 

2457865.37138888 9.604 

2457865.37217592 9.59 

2457865.37296296 9.613 

2457865.37374999 9.598 

2457865.37453703 9.62 

2457865.37532407 9.602 

2457865.37611111 9.571 

2457865.37689814 9.598 

2457865.37768518 9.645 

2457865.37847222 9.649 

2457865.37925925 9.61 

2457865.38003472 9.617 

2457865.38083333 9.629 

2457865.38162037 9.643 

2457865.38239583 9.627 

2457865.38527777 9.634 

2457865.38607638 9.651 

2457865.38687499 9.628 

2457865.38766203 9.619 

2457865.38844907 9.618 

2457865.38923611 9.624 

2457865.39001157 9.623 

2457865.39079861 9.66 

2457865.39158564 9.636 

2457865.39237268 9.64 

2457865.39315972 9.616 

2457865.39394675 9.643 

2457865.39473379 9.641 

2457865.39552083 9.628 

2457865.39630787 9.663 

2457865.39709490 9.657 

2457865.39788194 9.669 

2457865.39866898 9.668 

2457865.39943287 9.669 

2457865.40021990 9.649 

2457865.40100694 9.643 

2457865.40179398 9.665 

2457865.40258101 9.664 

2457865.40336805 9.657 

2457865.40415509 9.664 

2457865.40494212 9.69 

2457865.40572916 9.672 

2457865.40651620 9.68 

2457865.40730324 9.671 

2457865.40807870 9.696 

2457865.40886574 9.708 

2457865.40965277 9.706 

2457865.41043981 9.665 

2457865.41122685 9.696 

2457865.41201388 9.724 

2457865.41280092 9.728 

2457865.41358796 9.719 

2457865.41437500 9.725 

2457865.41515046 9.732 

2457865.41594907 9.725 

2457865.41673611 9.747 

2457865.41756944 9.729 

2457865.41835648 9.731 

2457865.41914351 9.739 

2457865.41994212 9.745 

2457865.42072916 9.743 

2457865.42151620 9.757 

2457865.42231481 9.754 

2457865.42310185 9.774 

2457865.42390046 9.761 

2457865.42468750 9.786 

2457865.42547453 9.777 

2457865.42625000 9.789 

2457865.42703703 9.808 

2457865.42782407 9.796 

2457865.42862268 9.795 

2457865.42942129 9.797 

2457865.43019675 9.82 

2457865.43099537 9.828 

2457865.43178240 9.815 

2457865.43256944 9.843 

2457865.43335648 9.845 
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2457865.43415509 9.886 

2457865.43494212 9.844 

2457865.43951388 9.882 

2457865.44031250 9.914 

2457865.44111111 9.927 

2457865.44189814 9.945 

2457865.44268518 9.975 

2457865.44347222 9.936 

2457865.44425925 9.962 

2457865.44505787 9.983 

2457865.44584490 9.976 

2457865.44663194 10.001 

2457865.44741898 10.012 

2457865.44820601 10.035 

2457865.44898148 10.022 

2457865.44976851 10.034 

2457865.45056712 10.059 

2457865.45134259 10.059 

2457865.45214120 10.079 

2457865.45291666 10.102 

2457865.45370370 10.084 

2457865.45449074 10.108 

2457865.45527777 10.118 

2457865.45606481 10.121 

2457865.45686342 10.101 

2457865.45763888 10.115 

2457865.45842592 10.149 

2457865.45921296 10.144 

2457865.46001157 10.151 

2457865.46079861 10.15 

2457865.46159722 10.168 

2457865.46238425 10.181 

2457865.46317129 10.17 

2457865.46395833 10.154 

2457865.46475694 10.159 

2457865.46554398 10.188 

2457865.46980324 10.204 

2457865.47057870 10.166 

2457865.47137731 10.177 

2457865.47216435 10.186 

2457865.47295138 10.186 

2457865.47373842 10.177 

2457865.47452546 10.165 

2457865.47531249 10.171 

2457865.47609953 10.174 

2457865.47688657 10.192 

2457865.47767361 10.172 

2457865.47846064 10.159 

2457865.47923611 10.135 

2457865.48002314 10.143 

2457865.48081018 10.12 

2457865.48159722 10.136 

2457865.48238425 10.109 

2457865.48321759 10.135 

2457865.48400462 10.1 

2457865.48479166 10.086 

2457865.48557870 10.106 

2457865.48635416 10.086 

2457865.48714120 10.082 

2457865.48792824 10.088 

2457865.48871527 10.058 

2457865.48950231 10.058 

2457865.49028935 10.076 

2457865.49107638 10.036 

2457865.49186342 10.059 

2457865.49265046 10.02 

2457865.49343750 10.038 

2457865.49422453 10 

2457865.49501157 9.968 

2457865.49579861 9.995 

2457865.49658564 9.959 

2457865.49737268 9.958 

2457865.49815972 9.991 

2457865.49894675 9.966 

2457865.49973379 9.942 

2457865.50052083 9.951 

2457865.50130787 9.933 

2457865.50209490 9.925 

2457865.50287037 9.9 

2457865.50366898 9.907 

2457865.50445601 9.895 

2457865.50524305 9.88 

2457865.50603009 9.843 

2457865.50680555 9.874 

2457865.50759259 9.877 

2457865.50837962 9.889 

2457865.50916666 9.834 

2457865.50995370 9.84 

2457865.51074074 9.815 

2457865.51152777 9.854 

2457865.51231481 9.841 

2457865.51310185 9.821 

2457865.51390046 9.821 

2457865.51468750 9.798 

2457865.51547453 9.799 

2457865.51704861 9.783 

2457865.51777777 9.788 

2457865.51850694 9.795 

2457865.51922453 9.773 
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AM LEO 
 

 

2457810.37137731 9.133 

2457810.37209490 9.14 

2457810.37324074 9.189 

2457810.37401620 9.088 

2457810.37480324 9.073 

2457810.37560185 9.114 

2457810.37638888 9.153 

2457810.37716435 9.202 

2457810.37795138 9.136 

2457810.37879629 9.207 

2457810.37958333 9.144 

2457810.38037037 9.142 

2457810.38114583 9.112 

2457810.38193287 9.102 

2457810.38271990 9.106 

2457810.38350694 9.16 

2457810.38431712 9.156 

2457810.38510416 9.184 

2457810.38587962 9.193 

2457810.38666666 9.182 

2457810.38745370 9.285 

2457810.38824074 9.128 

2457810.38903935 9.178 

2457810.38982638 9.241 

2457810.39062500 9.227 

2457810.39141203 9.235 

2457810.39225694 9.235 

2457810.39309027 9.261 

2457810.39387731 9.315 

2457810.39466435 9.173 

2457810.39549768 9.216 

2457810.39628472 9.221 

2457810.39707175 9.229 

2457810.39785879 9.286 

2457810.39864583 9.268 

2457810.39943287 9.219 

2457810.40021990 9.243 

2457810.40100694 9.316 

2457810.40179398 9.284 

2457810.40670138 9.363 

2457810.40837962 9.419 

2457810.40921296 9.375 

2457810.41001157 9.399 

2457810.41081018 9.373 

2457810.41159722 9.428 

2457810.41243055 9.497 

2457810.41321759 9.439 

2457810.41400462 9.456 

2457810.41479166 9.473 

2457810.41557870 9.477 

2457810.41636574 9.479 

2457810.41715277 9.502 

2457810.41796296 9.536 

2457810.41875000 9.505 

2457810.41953703 9.473 

2457810.42032407 9.533 

2457810.42111111 9.558 

2457810.42190972 9.583 

2457810.42269675 9.532 

2457810.42347222 9.552 

2457810.42430555 9.54 

2457810.42509259 9.53 

2457810.42587962 9.519 

2457810.42666666 9.516 

2457810.42746527 9.491 

2457810.42824074 9.516 

2457810.42982638 9.517 

2457810.43061342 9.511 

2457810.43140046 9.535 

2457810.43218749 9.52 

2457810.43297453 9.499 

2457810.43374999 9.577 

2457810.43454861 9.54 

2457810.43534722 9.513 

2457810.43618055 9.538 

2457810.43696759 9.531 

2457810.43775462 9.509 

2457810.43855324 9.545 

2457810.43934027 9.545 

2457810.44011574 9.519 

2457810.44090277 9.543 

2457810.44173611 9.503 

2457810.44253472 9.522 

2457810.44331018 9.503 

2457810.44415509 9.481 

2457810.44494212 9.511 

2457810.44572916 9.523 

2457810.44651620 9.45 

2457810.44730324 9.421 

2457810.44809027 9.458 

2457810.44887731 9.385 

2457810.44966435 9.417 

2457810.45045138 9.386 

2457810.45123842 9.359 
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VW LMI 
 

 

2457860.34677083 8.584 

2457860.34748842 8.567 

2457860.34821759 8.571 

2457860.34894675 8.588 

2457860.34967592 8.586 

2457860.35039351 8.581 

2457860.35112268 8.571 

2457860.35185185 8.572 

2457860.35258101 8.599 

2457860.35331018 8.592 

2457860.35403935 8.596 

2457860.35475694 8.584 

2457860.35548611 8.586 

2457860.35621527 8.587 

2457860.35694444 8.582 

2457860.35766203 8.598 

2457860.35839120 8.603 

2457860.35910879 8.597 

2457860.35983796 8.612 

2457860.36056712 8.608 

2457860.36129629 8.611 

2457860.36201388 8.61 

2457860.36274305 8.613 

2457860.36359953 8.616 

2457860.36432870 8.62 

2457860.36505787 8.637 

2457860.36578703 8.623 

2457860.36651620 8.617 

2457860.36723379 8.632 

2457860.36797453 8.643 

2457860.36877314 8.631 

2457860.36950231 8.627 

2457860.37023148 8.64 

2457860.37097222 8.649 

2457860.37171296 8.634 

2457860.37244212 8.629 

2457860.37318287 8.641 

2457860.37390046 8.67 

2457860.37464120 8.647 

2457860.37535879 8.633 

2457860.37608796 8.645 

2457860.37681712 8.668 

2457860.37755787 8.659 

2457860.37828703 8.675 

2457860.37901620 8.652 

2457860.37975694 8.665 

2457860.38047453 8.68 

2457860.38120370 8.662 

2457860.38193287 8.681 

2457860.38266203 8.687 

2457860.38339120 8.69 

2457860.38410879 8.686 

2457860.38902777 8.699 

2457860.38981481 8.722 

2457860.39065972 8.715 

2457860.39150462 8.719 

2457860.39254629 8.722 

2457860.39327546 8.727 

2457860.39399305 8.736 

2457860.39472222 8.723 

2457860.39545138 8.734 

2457860.39616898 8.73 

2457860.39689814 8.739 

2457860.39761574 8.738 

2457860.39834490 8.742 

2457860.39907407 8.751 

2457860.39979166 8.754 

2457860.40052083 8.772 

2457860.40125000 8.766 

2457860.40196759 8.769 

2457860.40269675 8.771 

2457860.40350694 8.777 

2457860.40434027 8.778 

2457860.40511574 8.776 

2457860.40591435 8.777 

2457860.40670138 8.793 

2457860.40753472 8.79 

2457860.40836805 8.797 

2457860.40915509 8.798 

2457860.40998842 8.813 

2457860.41077546 8.81 

2457860.41160879 8.822 

2457860.41239583 8.834 

2457860.41322916 8.821 

2457860.41401620 8.833 

2457860.41480324 8.829 

2457860.41563657 8.841 

2457860.41645833 8.852 

2457860.41724537 8.871 

2457860.41803240 8.866 

2457860.41883101 8.841 

2457860.41961805 8.847 

2457860.42039351 8.882 

2457860.42118055 8.87 

2457860.42371527 8.86 

2457860.42451388 8.857 

2457860.42530092 8.873 

2457860.42608796 8.907 

2457860.42688657 8.916 

2457860.42771990 8.923 

2457860.42850694 8.88 

2457860.42929398 8.909 

2457860.43008101 8.926 

2457860.43086805 8.925 

2457860.43166666 8.921 

2457860.43247685 8.925 

2457860.43326388 8.924 

2457860.43405092 8.929 

2457860.43488425 8.935 

2457860.43567129 8.914 

2457860.43645833 8.953 

2457860.43722222 8.931 

2457860.43800925 8.947 

2457860.43880787 8.948 

2457860.43959490 8.935 

2457860.44039351 8.938 

2457860.44118055 8.955 
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2457860.44196759 8.926 

2457860.44278935 8.938 

2457860.44357638 8.942 

2457860.44437500 8.929 

2457860.44515046 8.936 

2457860.44594907 8.939 

2457860.44672453 8.917 

2457860.44752314 8.926 

2457860.44832175 8.938 

2457860.44910879 8.919 

2457860.44989583 8.927 

2457860.45068287 8.892 

2457860.45146990 8.935 

2457860.45226851 8.891 

2457860.45304398 8.907 

2457860.45383101 8.918 

2457860.45467592 8.889 

2457860.45546296 8.911 

2457860.45624999 8.909 

2457860.45708333 8.866 

2457860.45788194 8.91 

2457860.45871527 8.871 

2457860.45951388 8.863 

2457860.46033564 8.844 

2457860.46113425 8.827 

2457860.46192129 8.883 

2457860.46270833 8.84 

2457860.46349537 8.881 

2457860.46428240 8.823 

2457860.46506944 8.826 

2457860.46590277 8.846 

2457860.46670138 8.793 

2457860.46747685 8.814 

2457860.46827546 8.852 

2457860.46907407 8.84 

2457860.46990740 8.786 

2457860.47069444 8.837 

2457860.47148148 8.793 

2457860.47648148 8.757 

2457860.47726851 8.788 

2457860.47805555 8.766 

2457860.47884259 8.748 

2457860.47967592 8.775 

2457860.48046296 8.745 

2457860.48127314 8.766 

2457860.48208333 8.748 

2457860.48285879 8.73 

2457860.48364583 8.763 

2457860.48443287 8.709 

2457860.48521990 8.713 

2457860.48605324 8.737 

2457860.48684027 8.724 

2457860.48763888 8.733 

2457860.48841435 8.737 

2457860.48920138 8.711 

2457860.48998842 8.707 

2457860.49082175 8.705 

2457860.49162037 8.717 

2457860.49239583 8.699 

2457860.49319444 8.704 

2457860.49398148 8.706 

2457860.49476851 8.695 

2457860.49555555 8.68 

2457860.49634259 8.7 

2457860.49712962 8.679 

2457860.49796296 8.695 

2457860.49874999 8.684 

2457860.49953703 8.682 

2457860.50032407 8.675 

2457860.50115740 8.672 

2457860.50194444 8.65 

2457860.50273148 8.659 

2457860.50353009 8.665 

2457860.50431712 8.658 

2457860.50510416 8.643 

2457860.50593749 8.658 

2457860.50673611 8.659 

2457860.50752314 8.615 

2457860.50831018 8.633 

2457860.50914351 8.67 

2457860.50993055 8.637 

2457860.51076388 8.614 

2457860.51159722 8.628 

2457860.51243055 8.625 

2457860.51326388 8.614 

2457860.51405092 8.635 

2457860.51488425 8.623 

2457860.51567129 8.631 

2457860.51640046 8.631 

2457860.51711805 8.627 

2457860.51784722 8.622 

2457860.51857638 8.624 

2457860.51930555 8.608 

2457860.52002314 8.589 
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AH VIR 
 

 

2457851.345833330 9.059 

2457851.346550920 9.044 

2457851.347268510 9.082 

2457851.347986110 9.063 

2457851.348715270 9.066 

2457851.349444440 9.093 

2457851.350173610 9.064 

2457851.350902770 9.066 

2457851.351643510 9.096 

2457851.352361110 9.074 

2457851.353090270 9.091 

2457851.353819440 9.112 

2457851.354537030 9.053 

2457851.355266200 9.141 

2457851.355995370 9.109 

2457851.356712960 9.118 

2457851.357442120 9.103 

2457851.358171290 9.132 

2457851.358900460 9.072 

2457851.359618050 9.112 

2457851.360347220 9.128 

2457851.363599530 9.126 

2457851.364386570 9.143 

2457851.365185180 9.146 

2457851.365972220 9.147 

2457851.366759250 9.138 

2457851.367592590 9.163 

2457851.368379620 9.159 

2457851.369166660 9.161 

2457851.369953700 9.186 

2457851.370740740 9.178 

2457851.371574070 9.199 

2457851.372407400 9.194 

2457851.373194440 9.21 

2457851.373969900 9.215 

2457851.374768510 9.233 

2457851.375555550 9.23 

2457851.376342590 9.25 

2457851.377129620 9.249 

2457851.377986110 9.25 

2457851.378831010 9.262 

2457851.379664350 9.275 

2457851.380497680 9.269 

2457851.381331010 9.303 

2457851.382118050 9.278 

2457851.382905090 9.302 

2457851.383703700 9.3 

2457851.384479160 9.312 

2457851.389872680 9.393 

2457851.390706010 9.396 

2457851.391493050 9.413 

2457851.392326380 9.421 

2457851.393113420 9.449 

2457851.393900460 9.443 

2457851.394687490 9.462 

2457851.395462960 9.465 

2457851.396261570 9.478 

2457851.397048610 9.467 

2457851.397835640 9.491 

2457851.398622680 9.484 

2457851.399409720 9.491 

2457851.400231480 9.516 

2457851.401018510 9.511 

2457851.401863420 9.51 

2457851.402638880 9.519 

2457851.403483790 9.494 

2457851.404270830 9.51 

2457851.405057870 9.529 

2457851.405891200 9.53 

2457851.406736110 9.507 

2457851.407569440 9.527 

2457851.408368050 9.513 

2457851.409155090 9.495 

2457851.409988420 9.521 

2457851.410775460 9.521 

2457851.411562500 9.531 

2457851.412349530 9.518 

2457851.413136570 9.503 

2457851.413935180 9.492 

2457851.414710640 9.529 

2457851.415497680 9.505 

2457851.416296290 9.513 

2457851.417083330 9.517 

2457851.417881940 9.521 

2457851.418715270 9.464 

2457851.419502310 9.471 

2457851.420289350 9.502 

2457851.421099530 9.504 

2457851.421898140 9.521 

2457851.422743050 9.501 

2457851.423553240 9.501 

2457851.424340270 9.492 

2457851.425115740 9.461 

2457851.425902770 9.431 

2457851.426701380 9.479 

2457851.427488420 9.467 

2457851.428263880 9.456 

2457851.429108790 9.417 

2457851.429907400 9.38 

2457851.430682870 9.418 

2457851.431481480 9.412 

2457851.432268510 9.408 

2457851.433055550 9.408 

2457851.433854160 9.376 

2457851.434629620 9.348 

2457851.435416660 9.339 

2457851.436215270 9.324 

2457851.437013880 9.355 

2457851.437812500 9.321 

2457851.438599530 9.349 

2457851.441979160 9.276 

2457851.442789350 9.275 

2457851.443611110 9.282 

2457851.444398140 9.234 

2457851.445173610 9.262 

2457851.445960640 9.21 

2457851.446747680 9.222 
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2457851.447534720 9.237 

2457851.448321750 9.199 

2457851.449108790 9.203 

2457851.449942120 9.185 

2457851.450729160 9.164 

2457851.451516200 9.204 

2457851.452303240 9.175 

2457851.453090270 9.192 

2457851.453877310 9.158 

2457851.454664350 9.142 

2457851.455451380 9.142 

2457851.456238420 9.152 

2457851.457037030 9.148 

2457851.457824070 9.125 

2457851.458611110 9.125 

2457851.459398140 9.14 

2457851.460196750 9.124 

2457851.460983790 9.126 

2457851.461782400 9.13 

2457851.462569440 9.106 

2457851.463344900 9.114 

2457851.464131940 9.107 

2457851.464918980 9.095 

2457851.465706010 9.096 

2457851.466493050 9.099 

2457851.467326380 9.106 

2457851.468125000 9.087 

2457851.468958330 9.087 

2457851.469756940 9.093 

2457851.470543980 9.085 

2457851.471377310 9.087 

2457851.472164350 9.071 

2457851.472951380 9.075 

2457851.473738420 9.064 

2457851.474583330 9.074 

2457851.475358790 9.072 

2457851.476145830 9.056 

2457851.476932870 9.045 

2457851.477719900 9.043 

2457851.478506940 9.05 

2457851.479293980 9.056 

2457851.480150460 9.035 

2457851.480937500 9.032 

2457851.481724530 9.049 

2457851.482511570 9.034 

2457851.483298610 9.047 

2457851.484085640 9.037 

2457851.484861110 9.027 

2457851.485648140 9.049 

2457851.486435180 9.03 

2457851.487233790 9.013 

2457851.488020830 9.026 

2457851.488807870 9.026 

2457851.489594900 9.022 

2457851.490428240 9.022 

2457851.494814810 9.006 

2457851.495601850 8.991 

2457851.496423610 9.007 

2457851.497256940 9.007 

2457851.498020830 9.002 

2457851.498854160 9.002 

2457851.499641200 8.985 

2457851.500428240 8.985 

2457851.501215270 9.003 

2457851.502002310 8.99 

2457851.502789350 9.011 

2457851.503576380 8.994 

2457851.504363420 8.99 

2457851.505196750 9.012 

2457851.505983790 8.991 

2457851.506817120 8.993 

2457851.507604160 8.991 

2457851.508437490 8.997 

2457851.509236110 8.998 

2457851.510023140 8.985 

2457851.510810180 9.005 

2457851.511643510 8.999 

2457851.512430550 8.994 

2457851.513229160 9.005 

2457851.514027770 8.991 

2457851.514814810 8.984 

2457851.515648140 8.995 

2457851.516435180 8.998 

2457851.517222220 9.009 

2457851.518009250 8.995 

2457851.518796290 8.975 

2457851.519583330 8.989 

2457851.520416660 8.988 

2457851.521250000 8.997 

2457851.522025460 8.979 

2457851.522824070 9.005 

2457851.523611110 9.003 

2457851.524386570 9.015 

2457851.525208330 9.016 

2457851.525995370 9.016 

2457851.526840270 9.007 

2457851.527627310 9.012 

2457851.528414350 9.041 

2457851.529201380 9.017 

2457851.529988420 9.03 

2457851.530775460 9.04 

2457851.531620370 9.031 

2457851.532407400 9.042 

2457851.533194440 9.021 

2457851.533981480 9.06 

2457851.534826380 9.039 

2457851.535659720 9.028 

2457851.536446750 9.043 

2457851.537233790 9.04 

2457851.538020830 9.018 

2457851.538807870 9.069 
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SYNTHETIC LIGHT CURVE
 

 

2457851.356724540 9.090 

2457851.357453710 9.095 

2457851.358182880 9.100 

2457851.358912050 9.105 

2457851.359641220 9.110 

2457851.360370390 9.115 

2457851.361099560 9.120 

2457851.361828730 9.125 

2457851.362557900 9.130 

2457851.363287070 9.135 

2457851.364016240 9.140 

2457851.364745410 9.145 

2457851.365474580 9.150 

2457851.366203750 9.155 

2457851.366932920 9.160 

2457851.367662090 9.165 

2457851.368391260 9.170 

2457851.369120430 9.175 

2457851.369849600 9.180 

2457851.370578770 9.185 

2457851.371307940 9.190 

2457851.372037110 9.195 

2457851.372766280 9.200 

2457851.373495450 9.205 

2457851.374224620 9.210 

2457851.374953790 9.215 

2457851.375682960 9.220 

2457851.376412130 9.225 

2457851.377141300 9.230 

2457851.377870470 9.235 

2457851.378599650 9.240 

2457851.379328820 9.245 

2457851.380057990 9.250 

2457851.380787160 9.255 

2457851.381516330 9.260 

2457851.382245500 9.265 

2457851.382974670 9.270 

2457851.383703840 9.275 

2457851.384433010 9.280 

2457851.385162180 9.285 

2457851.385891350 9.290 

2457851.386620520 9.295 

2457851.387349690 9.300 

2457851.388078860 9.305 

2457851.388808030 9.310 

2457851.389537200 9.315 

2457851.390266370 9.320 

2457851.390995540 9.325 

2457851.391724710 9.330 

2457851.392453880 9.335 

2457851.393183050 9.340 

2457851.393912220 9.345 

2457851.394641390 9.350 

2457851.395370560 9.355 

2457851.396099730 9.360 

2457851.396828900 9.365 

2457851.397558070 9.370 

2457851.398287240 9.375 

2457851.399016410 9.380 

2457851.399745580 9.385 

2457851.400474750 9.390 

2457851.401203920 9.395 

2457851.401933090 9.400 

2457851.402662260 9.405 

2457851.403391430 9.410 

2457851.404120600 9.415 

2457851.404849770 9.420 

2457851.405578940 9.425 

2457851.406308110 9.430 

2457851.407037280 9.435 

2457851.407766450 9.440 

2457851.408495620 9.445 

2457851.409224790 9.450 

2457851.409953960 9.455 

2457851.410683130 9.460 

2457851.411412300 9.460 

2457851.412141470 9.460 

2457851.412870640 9.460 

2457851.413599810 9.460 

2457851.414328980 9.460 

2457851.415058150 9.460 

2457851.415787320 9.460 

2457851.416516490 9.460 

2457851.417245660 9.460 

2457851.417974830 9.455 

2457851.418704000 9.450 

  

2457851.419433170 9.445 

2457851.420162340 9.440 

2457851.420891510 9.435 

2457851.421620680 9.430 

2457851.422349850 9.425 

2457851.423079020 9.420 

2457851.423808200 9.415 

2457851.424537370 9.410 

2457851.425266540 9.405 

2457851.425995710 9.400 

2457851.426724880 9.395 

2457851.427454050 9.390 

2457851.428183220 9.385 

2457851.428912390 9.380 

2457851.429641560 9.375 

2457851.430370730 9.370 

2457851.431099900 9.365 

2457851.431829070 9.360 

2457851.432558240 9.355 

2457851.433287410 9.350 

2457851.434016580 9.345 

2457851.434745750 9.340 

2457851.435474920 9.335 

2457851.436204090 9.330 

2457851.436933260 9.325 

2457851.437662430 9.320 

2457851.438391600 9.315 

2457851.439120770 9.310 

2457851.439849940 9.305 

2457851.440579110 9.300 
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2457851.441308280 9.295 

2457851.442037450 9.290 

2457851.442766620 9.285 

2457851.443495790 9.280 

2457851.444224960 9.275 

2457851.444954130 9.270 

2457851.445683300 9.265 

2457851.446412470 9.260 

2457851.447141640 9.255 

2457851.447870810 9.250 

2457851.448599980 9.245 

2457851.449329150 9.240 

2457851.450058320 9.235 

2457851.450787490 9.230 

2457851.451516660 9.225 

2457851.452245830 9.220 

2457851.452975000 9.215 

2457851.453704170 9.210 

2457851.454433340 9.205 

2457851.455162510 9.200 

2457851.455891680 9.195 

2457851.456620850 9.190 

2457851.457350020 9.185 

2457851.458079190 9.180 

2457851.458808360 9.175 

2457851.459537530 9.170 

2457851.460266700 9.165 

2457851.460995870 9.160 

2457851.461725040 9.155 

2457851.462454210 9.150 

2457851.463183380 9.145 

2457851.463912550 9.140 

2457851.464641720 9.135 

2457851.465370890 9.130 

2457851.466100060 9.125 

2457851.466829230 9.120 

2457851.467558400 9.115 

2457851.468287580 9.110 

2457851.469016750 9.105 

2457851.469745920 9.100 

2457851.470475090 9.095 

2457851.356724540 9.090 
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Free Large Ensemble Photometry Software 
For the CUREA VM 

John E. Hoot 

SSC Observatories 

1303 S. Ola Vista, San Clemente, CA 92672 

jhoot@ssccorp.com 

Abstract 

Large Ensemble Photometry (LEPhot)  is a free and open source package that automates the extraction of 
photometry from imaging session employing a ensemble of stars from AAVSO’s APASS catalog.  

 
 

 

1.  Introduction 

Large Ensemble Photometry (LEPhot) is a novel 

new approach to photometric analysis that exploits 

AAVSO’s APASS catalog that provides photometric 

standard stars across the whole sky down to 

magnitude 17.0.  The availability of the catalog 

allows a virtual comparison magnitude to be 

computed from 5 or more stars in a relatively small 

field of view. This new technique was outlined in a 

paper, Hoot (2015).  

The program automates the data reduction 

process for photometry sessions and works in simple 

differential mode, or in color transformed mode.  The 

advantage of the color transformed mode is improved 

accuracy In addition to handling standard filters. It 

offers the option to use R,G,B or other non-standard 

filters and transforming them onto Sloan or Johnson-

Cousins systems with excellent fidelity. 
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The program is part of a set of observational 

astronomy tools configured and distributed in the 

CUREA Virtual Machine.  The CUREA VM is 

designed to run as a virtual machine under Windows, 

Mac OS and Linux using the open source VirtualBox 

program from Oracle.  The machine is contained in a 

single 32GB file. Installation involves little more 

than copying the file to your hard drive and installing 

VirtualBox.  It is normally distributed on a 32GB SD 

card that contains the VM and Virtual Box for most 

common PC computers. 

 

2.  Instrumental Setting Up 

LEPhot allows you to setup and save multiple 

observatory and instrument configurations. To do 

this, click on the Observatory Info tab. Fill out the 

form entries in the right hand column.  If you are an 

AAVSO member enter your ID in this field. Key 

elements on this page include the focal length, 

detector width and height, the latitude and longitude 

and the UTC offset as used in your FITS files, not 

your computer. 

 
Figure 1: Observatory Setup Tab 

The focal length and detector size are key for the 

program to be able to plate solve your images..  You 

should be able to get these values from your camera 

and telescope specifications.  These values need to be 

correct to within about 10 percent to allow things to 

work reliably. 

   Your latitude and longitude are important, 

particularly if you plan to compute or submit data 

with Heliocentric Julian Dates (HJD). 

  Also it is important to know how the exposure 

time is expressed in your FITS file headers. 

The Save button will save your configuration in a 

named file. This allows you quickly recall the 

settings for multiple instrument configurations. 

 3.  Analyzing A Photometry Session 

   The program automates deriving magnitudes 

from an imaging session on a single target and 

generating AAVSO or tabular comma separated 

values (CSV) reports and plots of the targets 

magnitudes verses time. To begin analysis of a 

session, select the APASS band against which you 

wish to calibrate, the measurement method 

(differential or automatic), and the ensemble 

generation method (manual or automatic). A 

differential session analyzes each image by building a 

virtual reference magnitude from a collection and 

APASS stars in the field and adjusts the zero point of 

the target accordingly.  

Fully transformed photometry can be performed 

if the session alternated imaging between two or 

more different color filters.  In automatic mode, the 

program will generate the ensemble of reference stars 

automatically. In manual mode, you can select the 

ensemble of stars that will be applied against all 

images in the session. 

   Start the session analysis by loading a 

calibrated FITS reference image from your session. 

Provided your imaging software fills out the FITS 

header correctly, the source filter, time, exposure 

duration, and target position fields will be correctly 

initialized. Otherwise, you will need to enter this 

information manually. 

 
Figure 2: Session Analysis Control 

The program requires that all of the images in a 

session be taken with the same optical setup and that 
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the framing of the images does not vary by more than 

a few arc minutes. It also requires an Internet 

connection to download APASS and UCAC data for 

your field of view.  

   Once you have loaded the reference image you 

can use the buttons on the left in roughly vertical 

order to analyze, plot and report photometry from all 

the images in a session. 

   When the reference image is loaded, it will be 

displayed in a separate window.  This graphics 

window features controls on the bottom to zoom, 

scroll and print the displayed graphic. To begin 

analysis, click on Mark Sky Background. Then using 

the mouse, click on an area of the image without 

stars. 

   Next use the magnifying glass button on the 

graphics window to zoom in on the target star. Zoom 

into the check star and click on Mark Check Star and 

position the cursor over the check star and click to 

select it. 

   Click on Plate Solve. The image will be re-

displayed with the information about the plate 

solution.  In the display window the target will be 

circled in red, the check in green and the APASS 

standard stars found in yellow.  

   If you are manually generating the ensemble, 

you then mark all the APASS stars with the mouse 

and their circles will turn blue. 

   

 
 

Figure 3: Plate Solved Reference Image 

 

Now you are ready to analyze all the images in 

your session.  Note that if you are using transformed 

photometry, you will need at least three comparison 

stars, but more is better.  For differential photometry, 

manually generating an ensemble with a single star is 

essentially simple differential photometry.  This may 

be useful for sessions such as exoplanet transits. 

   Regardless of you analysis method, click on 

Measure Images to start. A file dialog is presented so 

you can select all of the images in the session you 

wish analyzed.  If you are using transformed 

photometry, you will be presented with a second file 

dialog, to select the images in a secondary filter that 

will be used in the transformation process. At this 

point analysis will begin..  There is no need to align 

or mark each image, provided they were all taken 

with the same optical setup. The program will 

proceed to analyze and compute the target and check 

star magnitude in each image of the session.  
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   As each image is analyzed, the graphics 

window will display the fit. The vertical axis shows 

the APASS magnitude of the ensemble stars, while 

the horizontal axis shows the transformed or 

differential magnitude of the image stars. The red line 

has a slope of one and an intercept of 0,0.  A perfect 

ensemble would have each star’s point on the red 

line.  Above the graph, the least squares fit of 

ensemble is shown and the r (correlation coefficient) 

of the solution is displayed. 

   Upon completion of the analysis, a dialog will 

open showing how many of your images were 

successfully analyzed and how many could not be 

analyzed.  Analysis can fail if the image is shifted too 

far, the ensemble, target or check stars are saturated, 

or tracking is poor.  

 

4.  Plotting and Editing Photometry 

Sessions 

After a session has been analyzed, clicking on 

the Plot Photometry button will plot the session in the 

graphics window. Magnitudes with error bars are 

plotted verses JD or HJD depending the selection 

made in the Observatory Info. tab.  Both JD and HJD 

data are stored in the session so you can change the 

plot time base by switching between time standards. 

Both the target and check magnitudes will be 

displayed. 

If there are obvious outliners due to clouds, 

airplanes, air mass, tracking, or other errors, they can 

be edited out by clicking on the Edit Photometry 

button. The plot will be redisplayed. To remove a 

data point, use the cursor to click on the Target (not 

comparison) data point. A dialog will prompt ask you 

to confirm your deletion.  If you click on “No” the 

data point will remain. If you click on “Yes”, the 

session will be re-plotted with without the removed 

datum. 

 

 
 

Figure 4: Singe Image Transformed Ensemble Fit 
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Once you are satisfied with you results, clicking 

Save Session will save your session data to disk The 

session will be saved in a session file whose name 

will be the concatenation of the Target Name, 

APASS filter, reference image observation date and 

whatever notation is in the “Session Suffix” field of 

the Photometry dialog.  All sessions end with a “.ses” 

suffix.  They are standard files and can be backed up 

using the systems file management tools. 

 

Figure 5: Photometry Session Plot 

5.  Automatic Observation Report 

 
Figure 6: Sample AAVSO Report 

You can share your results with AAVSO by 

clicking on Save AAVSO Report. A report similar to 

the on shown here will be generated. It can be 

uploaded directly to the AAVSO web site. 

If you wish to further analyze your results, you 

have the option of export session data to either a CSV 

or Tab delimited file that can easily be imported into 

a spread sheet, inserted in a document as a table, or 

operated on by a number of mathematical analysis 

programs. 

 

6.  Multi-Session Analysis 

LEPhot also includes a set of period fitting and 

plotting tools to analyze multiple session on  a target 

over irregular intervals to find the period of a source 

and to model the shape of the target. To access this 

feature, select the “Period Search” tab at the top of 

the program dialog. 

 
Figure 7: Period Fitting Program Tab 

   Period fitting begins by clicking on the New 

Fit button.  Enter the name of the Object, and the 

units of the period (hours or Julian days), Next click 

on Select Sessions . From the file dialog presented, 

select the session files for the target you wish to 

include in the period search or plot. The next logical 

step is to click on Plot Time Series. This will just plot 

your session chronologically. 

   Examining the time series gives you hints 

about the likely periods and lets you check the 

consistency of  you session measurements. 

 
Figure 8: Multi-Session Time Series Plot 

The next step is to examine a range of periods by 

setting the Minimum Period,  Maximum Period and 

Step Size. Search for a good fit by clicking on the 

Search For Fit button. A period search result will be 

shown in the graphics window. Candidate periods 
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will be the minima points in the search plot.  The 

lowest value will be entered into “Best Fit” field 

automatically.  Click Plot Fit, to check the result.  

You can use the cursor to find other minima and 

enter them manually to try alternate fits. Once you 

have a fit, you should have a result similar to the one 

shown on the top of this paper 

The software will also generate a discrete Fourier 

model of your period to the session data. The order of 

the fit is in the “Fit Order” field. Clicking Plot Fit 

With Model will plot both together. 

When working in the Period Search tab of the 

program, you have the option of generating AAVSO 

reports of export files that contain all the session used 

in the analysis. A convenient short-cut to sharing 

your findings. 

 

Figure 9: Period Search Result 

  7.  Getting A Copy of LEPhot 

LEPhot is a Python program that integrates 

processes and results from open source or free 

programs and modules, including IRAF, Python, 

PYRAF, MatPlotLib, CURL, DAOPHOT, 

SEXTRACTOR and others. It is pre-configured and 

integrated into the CUREA Virtual Machine. The 

CUREA VM  is a complete Linux hosted astronomy 

workbench for the reduction and analysis of 

astronomical data.  All of the components of the 

CUREA VM are free of charge, but may be 

copyrighted, or licensed.  By packaging the system as 

a Virtual Machine, it can be run by free Oracle 

Virtual Box software hosted on nearly any X86 

architecture machine including Windows PCs, 

MACs, and a variety of  Linux distributions.  

Due to its complexity, LEPhot is only available 

as part of the CUREA VM. The VM occupies 32 

Gigabytes of disk storage and requires 4GB of RAM. 

The full source of LEHOT is included in the VM and 

is distributed under the GNU public license.   

Because of its size, hosting a download web site 

is impractical. Therefore, SSC Observatories offers 

the CUREA VM on SD Cards. To get a copy, you 

may mail us a 32GB (or Larger) SD Card with a self 

addressed, post paid envelope to:   

 

SSC Observatories  

Attn: J.E. Hoot  

1303 S. Ola Vista 

San Clemente, CA 92672 

 

  We will write the CUREA VM and Hosting 

Software to your SD card and post it back to you. 

SAS conference attendees may contact the author 

during the conference and borrow an SD card to copy 

to their PCs or personal media. 
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Logic Programming Expert System 
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Abstract 

The goal is to develop a rules-based system to coordinate remote telescope scheduling using simple user input. 
This system leverages peer-to-peer client/server distributed communications to share targets between 
telescopes and to coordinate the operation of equipment in support of an observing campaign. The rules are 
easy to configure and promotes good coverage of events across multiple sites involved with an observing 
campaign. The system is easily configured and extensible. This paper reports results from employing a 
distributed Unix/Arduino system running SWI-Prolog, extended with Constraint Logic Programming on a Finite 
Domain (CLP(FD)). Almathea is the goddess of herding goats, similar to scheduling a wide array of targets for 
observing. 

The trick is to keep the herd headed mostly east. W. Morrow NCAR ca. 1993 

1.  Introduction 

Almathea's lofty aspiration is to accept a simple 

statement of goals and schedule observations across 

multiple sites and resources based on strategies and 

priorities. Almathea will adjust target assignment on the 

fly between sites as the site's local issues and conditions 

dictate. 

User input includes morphological, photometric or 

spectrographic specifications of targets; this includes 

ancillary details that are relevant to the target's field-of-

view like jet orientation, comparison stars, or secondary 

targets for a spectrograph slit; quality terms including 

signal-to-noise, total exposure time; and priority. 

Almathea is intended to be one node in a network of 

observatories capable of operation in either an 

independent or collaborative fashion. The main design 

goal is to have one node shift high priority observations 

to another node in the event of alerts, weather or the 

need for a larger aperture or field of view. 

The system leverages Constraint Logic 

Programming over a Finite Domain (CLP(FD)) and the 

Prolog language. It takes advantage of standard TCP/IP 

client/server inter-process communications to network 

with sensors and equipment that may include other 

computers or Internet-of-Things (IoT) devices, and 

single-board solutions like the Raspberry Pi and 

Arduino like devices. The hardware details are handled 

though a embedded dynamic Prolog and SQL 

statements.  

The complexity of the scheduler is hidden from the 

general user's consideration. However Almathea's 

source code is open and may be extended to meet a 

specific site's needs or to add new strategies and tactics. 

Almatheas is designed to be scalable and 

extensible. This paper serves as a very basic overview 

of a scheduling system that exercises the core of the 

system. It presents a simplistic, single-site scenario to 

schedule a long list of targets with the strategy of 

``west-to-east'' while honoring optimum airmass for 

each target. 

 

 

 

 

 

 

 

 

 
Fig. 1. System Overview: The logical CLP(FD) view 
together with schematic of sites and their unique internal 
configurations. 
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1.1  A Use Case Scenario 

Fig.2: The puzzle of sorting the overall target list into a 
workable schedule. 

 

Proper planning is needed to fully utilize a rules-

based scheduler. Here the SPIRITs observing list of the 

122 VYSOS (Reipurth et al. (2004)) targets accessible 

from Mona Loa in Hawaii with Declinations spanning 

from -37 to 77.5 degrees. 

For Strasburg Co., 25 targets are below the 

effective 2.0 airmass cutoff of -15 degrees Declination. 

The scheduler has to ignore or pass along these targets 

to other sites.  Targets of Opportunity (ToO) cases will 

include all flaring FU-Ori and UX-Ori stars and any 

other active star of interest. At any given time, a target 

may be too close to the Sun or Moon. 

 

2.  System Design Parameters 

The system depends on two parts: A well-stated set 

of targets and goals and the highly configured 

``constraints'' describing the sites and instruments and 

the management of observations of targets.  

John Gage, while at Sun Microsystems, is credited 

with the phrase ``the network is the computer''. The 

ethereal goal is to extract the information from the 

millions of bytes of data for one exposure from one 

sensor to produce a handful of binary units of 

knowledge. A magnitude, an amplitude, etc. The 

hardware to do this should not be part of the problem 

statement. 

Almethea needs to be platform agnostic. The best 

way is to treat each peripheral as an Internet device. To 

this end, hardware control is being pushed to Raspberry 

Pi-2, Raspberry Pi-3 and Arduino devices. Any device 

capable of establishing and maintaining a TCP/IP 

socket connection can be made to work. This 

requirement is made to insulate the control software 

from the hardware. All information simply flows 

through the interface. 

 

2.1  Prolog Language Overview 

In the early 1970's Prolog resulted from the effort to 

develop a declarative knowledge representational 

language, one quite different from prevailing purely 

procedural approaches taken with computer languages 

of its day.  Alain Colmerauer (Colmerauer (1967, 

1979)) building on the efforts of Robinson (Robinson,J. 

A. (1965)), became interested in the thorny problem of 

natural language processing. The collaboration with 

Roussel (Colmerauer and Roussel (1993)) led to the 

first modern and formal presentation of Prolog.  Prolog 

is now a well established from of a 5
th

 generation 

language -- one that requires a developer to express the 

goal (program) in terms of logic. 

Most programmers today use so-called procedural 

languages. The procedural approaches are very good at 

what they do. Prolog ups the game by taking the output 

from zero or more logical algorithms to produce a 

refined knowledge product.  

 In Prolog's modern commercial/practical form it 

may link to closed algorithms by using ``foreign 

language extensions'' to directly develop the state of 

internal literals. The best example is linking into a 

shared-library -- say the Standards of Fundamental 

Astronomy (IAU SOFA Board (2018)) and the 

HEALPix library  (Gorski et al. (1999)) to do the heavy 

mathematical lifting. Extensions allow a TCP/IP peer 

connection into a 4
th

 generation languages, like 

relational databases, to pick up “facts”, i.e.: targets with 

their RA, Dec and Field of view and other attributes. 

The modern Prolog environments are extremely 

powerful to solve declarative knowledge problems. 

Prolog libraries may introduce new symbols 

(logical operators) to allow goals to be ``constrained''. 

Constraints over a finite domain reduces execution 

time.  

The SWI-Prolog package is capable of running on 

all platforms.  This scheduling package relies on 

powerful TCP/IP inter-processing techniques to 

incorporate sensors for a site together with system-wide 

observing rules 

 

2.2  Language Structure 

Prolog consists of terms. Special compound terms are 

called a ``predicate clause'' (rule). Predicate clauses are 

defined by its name together with the count of 

arguments “arity” it takes.  Each clause will pass or fail. 

If it fails, it will start backtracking to a point where a 

second (or more) predicate clauses with same name and 

arity or something changes and it can begin its descent 
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again.  In this case control backtracks to the start of the 

failing predicate then proceeds to the next clause. When 

all the clauses are exhausted (fail) backtracking 

proceeds upward in the descent path until something 

changes. This is new data. If the top predicate is found 

and fails - the overall goal of the search fails. 

 

2.3  Basic Astronomy and Logic 

Prolog does allow for some computation, but 

mainly works on stated facts. To support sunrise, 

sunset, moon positions, knowledge of the horizon and 

sidereal time considerations, tabular fact-bases are used 

for the Sun and Moon. These are acquired from the JPL 

HORIZONS database (Giorgini et.al., 1997).  A Python 

script produces the Prolog predicates for yesterday, 

today/1, and tomorrow/1 together with a handful of 

sidereal time predicates. Angles, etc, are computed 

using standard spherical trigonometry methods. For 

some decisions numbers in the real domain are reduced 

to a handful of integers that are more compatible with 

logic on Finite Domains.  

 

2.4  Hardware and Information Sources 

The scheduler relies on other equipment for facts 

about the weather, the state-of-affairs of the building, 

power and communications quality. Today it is possible 

to buy small sensors that can be controlled by 

inexpensive single-board computers like the Raspberry 

Pi or an Arduino.  These devices come with built in 

Ethernet connections, can be assigned dynamic or static 

IP addresses and act to communicate their “facts” back 

to the main scheduler.  In this way there is no need for 

any device driver.  

 

2.4.1  Clouds 

It is possible to map each pixel in an all-sky 

camera (Cole (2017), Green (2010)) to a azimuth and 

elevation (Az/ELE). Adding sidereal time, it is possible 

to then map the Az/ELE to a RA/Dec sky coordinate. 

These are real numbers, spanning an infinite direction. 

To reduce this mapping into a small finite domain, 

HEALPix coordinates come to the rescue. The RA/Dec 

+ sidereal time produces a Az/ELE; the Az/ELE pair is 

reduced to a single integer with the HEALPix 

conversion. Under the Astroconda implementation in 

Anaconda.com's conda offering: the   

 
from astropy_healpix import HEALPix 

hp = HEALPix(nside=X, order='ring') 

hp.pixel_resolution   
 

X          Resolution 

16  219.87  arcmin 3.66 degrees 

64   54.96  arcmin 1     degree 

128  27.483 arcmin 

512   6.687 arcmin 

1024  3.434 arcmin 

 

In this fashion, the remote machine reports the 

Az/ELE, Prolog can use a ``foreign'' library interface to 

compute the HEALPix value against a de-rotated sky.  

The targets are converted, in turn to the corresponding 

HEALPix value, and a simple search can be performed 

to label exposure tasks as being in jeopardy of being 

ruined. This in turn feeds back into the scheduler, and a 

pass is made to re-balance the observing list and to take 

appropriate measures. 

 

2.5  Role for Simulation 

 

The overall code is partitioned in a way that 

isolates the remote interfaces -- for weather status and 

for other site negations. Special ``stub'' code is 

implemented to allow a simple set of facts to be put into 

the database. The scheduler is allowed to run and a 

schedule can be produced for review.  

 

3.  Scheduling for an Evening 

 

Before the scheduler is started, the target list is 

identified. This can be as simple as copying the right 

file into the right location, and giving it the name 

``targets.pl''. A simple target/3 description only carries 

the target name, RA and Dec. A target/4 carries 

information about the size of its including box and 

target/5 carries the size of its including rectangle.  A 

target/3 can also ``include'' reference points.  In this 

case rules define a initial bounding box. The target is 

assigned a quality metric like minimum magnitude or 

S/N desired. For high cadence observing, a maximum 

exposure time may be stated. 

 At this point, the schedule does a complete 

evaluation and assigns the target to a “pier”, describing 

a telescope/camera/filter wheel package.  

When the target is assigned to a camera and 

telescope the calculation of the field of view to 

determine fit, mosaic patterns etc can take place. If 

additional exposure constraints are not met, an attempt 

to backtrack until a better “pier” can be found is made. 

The plan may have to be reviewed and approved by a 

human at some point. 

The first step is to sort the goats from the sheep; to 

find all targets that may be observed in an evening. The 

second step is to supply a strategy to accommodate 

each target.  This article used a strategy of ``west-to-
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east'' ordering and using a path to the next candidate 

with the best airmass. 

 

4.  Results from a simple case 

A simulation feature was added to the package to 

allow testing or proposed observing proposal. The test 

case of 122 Vysos targets, along the Milky Way was 

used. This list is publicly available.  There are some too 

far south, and some are sunblocked. The target list was 

filtered to include possible targets to visit. A strategy of 

finding the next best target, for airmass and time 

remaing was used. The system added the exposure time 

for this task to the simulated clock, and then took the 

best target from the remaining list. The results are 

shown in the figure below. 

 

 

5.  Summary 

While developing Almethea, it was curious to 

watch the scheduler produce different plans as the time 

progressed.  This was due to the fact that the sidereal 

time was running and the airmasses were changing 

between tests. The author's backyard is subject to 

standing wave clouds common along the Rocky 

Mountain front range.  This greatly motivated the 

development of a flexible-strategy system support 

monitoring of targets for activity. 
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