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PREFACE 

 

Welcome to the joint meeting that combines the 38
th

 annual Symposium of the Society for 

Astronomical Sciences, and the 2019 Meeting of the Center for Backyard Astrophysics!  This 

year’s agenda reflects the broad diversity of interests among SAS and CBA 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  John C. Martin 

Wayne Green              Jerry Foote 

Robert Buchheim        John Menke 

 

We thank the staff and management of the Ontario Gateway 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, and DC-3 Dreams.  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. 

 

 

2019 May 
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The Search for Very Wide Binary Asteroids 
Robert D. Stephens 

Center for Solar System Studies / MoreData! Inc. 

11355 Mount Johnson Court, Rancho Cucamonga, CA 91737 USA 

rstephens@foxandstephens.com 

 

Brian D. Warner 

Center for Solar System Studies / MoreData! Inc. 

446 Sycamore Ave. Eaton, CO  80615 USA 

brian@MinorPlanetObserver.com 

Abstract 

The asteroid lightcurve database (LCDB) currently lists more than 260 known binary or multiple asteroids and 
another 91 suspected binaries. Binary asteroids fall into three basic groups. Singly-asynchronous systems 
feature a primary with a short period and a satellite that is tidally locked to its orbital period. Fully-asynchronous 
systems feature different rotation periods for each body with neither tied to the orbital period. In Fully-
synchronous systems, the rotation periods of the primary, satellite, and orbit of the satellite are all the same. 
Among the fully-asynchronous systems is a newly theorized subclass that we call "very wide binary asteroids" 
(VWBA). So far, more than two dozen of these objects have been found. These systems have long primary 
periods (24 to >500 hours) and large lightcurve amplitudes. The secondary periods are mostly below 10 hours 
with small amplitudes. Since the orbital periods of VWBAs are likely hundreds of hours or more, the chance of 
seeing mutual events (occultations and/or eclipses) is almost nil. VWBAs have not previously been noticed due 
to observational bias. 

Almost all of the very wide binary candidates have been found at the Center for Solar System Studies near 
Joshua Tree National Park. This is mostly due to our being able to continue observing a potential candidate for 
days, even weeks, on-end with dense lightcurve coverage to confirm the two periods. This paper will show recent 
VWBA results and the status of our program. 

1. Introduction 

The Center for Solar System Studies (CS3) 

began operations in 2013. It was primarily 

established to conduct asteroid research and currently 

operates in support of NASA’s Planetary Defense 

Coordination Office and JPL’s asteroid research 

using the Goldstone 70-m antenna and the 305-m 

dish at Arecibo. 

CS3 is located in Landers, California 20 miles 

northwest of Joshua Tree National Park. The town of 

Landers is adjacent to the Marine Corps Air Ground 

Combat Center, which is the largest United States 

Marine Corps base. The proximity of this base limits 

development in the region ensuring dark skies for the 

foreseeable future, at the occasional expense of 

Blackhawk helicopters flying overhead and rumbling 

when artillery is fired.  

CS3 has five acres with nine observatories and 

15 operating telescopes. A single family house and a 

1,000 sq. ft. garage support the operation. Ten of 

those telescopes, ranging in size from 0.30-m (12 

inches) to 0.50-m (20 inches), are currently used in 

asteroid research. A 0.7-m (28 inch) telescope should 

come online later in 2019. Each of the observatories 

is 12’ by 10’ in size and has a roll-off roof. The 

telescopes are all operated robotically and remotely 

using scripts and are designed for unattended 

operations. Multiple backup systems insure that the 

telescopes shut down normally each morning, and 

will park and close the roofs in case of unexpected 

inclement weather. 

Figure 1: The Center for Solar System Studies in 
Landers, California. The Marine Corps Air Ground 
Combat Center is located just behind the hill on the 
right. 
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Since January 1, 2013, CS3 has accumulated 

more than 13,000 telescope nights, observing on 

almost 1,800 nights. The conditions were suitable for 

observing almost 76% of the time. In the six years of 

operations, CS3 has obtained almost 2,200 asteroid 

lightcurves. 

The prolific output of CS3 is made possible by 

commercial and custom software that controls each 

observing run. A typical script starts with a command 

to wait for sunset. At that time, power is applied to 

the cameras and they start cooling to observing 

temps. Other accessories such as focusers and filter 

wheels are also powered up. 

Soon after sunset, a script command opens the 

roof. An important feature of the roof system is that if 

there is a power outage at CS3, a backup UPS powers 

the automatic roof closure. The telescopes are below 

the roof line and do not interfere with closing. 

At or after evening nautical twilight, an 

observing script is automatically loaded.  This script 

controls camera and telescope operations through the 

night.  

At the start of morning nautical twilight, a 

shutdown script is called that closes the roof, and 

warms up the cameras before power is cut for them 

and any accessories. At sunrise, the first script is 

reloaded and the wait for sunset starts anew. 

Table I lists the telescopes and CCD cameras 

that are combined to make observations. All the 

cameras use CCD chips from the KAF blue-enhanced 

family and so have essentially the same response. 

The pixel scales ranged from 1.24-1.60 arcsec/pixel. 

All lightcurve observations were unfiltered since a 

clear filter can result in a 0.1-0.3 magnitude loss. The 

exposures varied depending on the asteroid’s 

brightness and sky motion. 

Measurements were made using MPO Canopus. 

The Comp Star Selector utility in MPO Canopus 

finds up to five comparison stars of near solar-color 

for differential photometry.  

Period analysis was done with MPO Canopus, 

which implements the FALC algorithm by Harris 

(Harris et al., 1989). The same algorithm is used in an 

iterative fashion when it appears there is more than 

one period. This works well for binary but not for 

tumbling asteroids. 

In the plots below, the “Reduced Magnitude” is 

Johnson V as indicated in the Y-axis title. These are 

values that have been converted from sky magnitudes 

to unity distance by applying –5*log (r∆) with r and 

∆ being, respectively, the Sun-asteroid and Earth-

asteroid distances in AU. The magnitudes were 

normalized to the phase angle in parentheses using G 

= 0.15. The X-axis is the rotational phase ranging 

from –0.05 to 1.05.  

 
Telescopes Cameras 

0.30-m f/6.3 Schmidt-Cass FLI Microline 1001E 
0.35-m f/9.1 Schmidt-Cass FLI Proline 1001E 
0.35-m f/11  Schmidt-Cass SBIG STL-1001E 
0.40-m f/10  Schmidt-Cass  
0.50-m f/8.1 Ritchey-Chrétien  

Table I. List of available telescopes and CCD cameras at 
CS3. The exact combination for each telescope/camera 
pair can vary due to maintenance or specific needs. 

2. Wide Binary Primer 

Creating an asteroid lightcurve requires time 

series photometry, in which dozens of images of the 

target field are acquired over several nights and 

measured using differential photometry with MPO 

Canopus.  

Binary asteroids are thought to form from 

rotational fission after having been spun up by the 

Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) 

effect. Their orbits are expanded by the binary YORP 

(BYORP) effect which cause them to desynchronize. 

For typical “close” binary asteroid, the primary 

(P1) and dominant period is usually in the range of 

2.2 to 4 hours, and the secondary period (P2) from 

the satellite can be in the range of 10 to dozens of 

hours. The secondary period almost always has a 

very low amplitude. Mutual events (eclipse or 

occultation attenuations) for the “close” binary 

asteroids can often been detected, which provides 

confirmation that the system is binary. 

For the very wide binaries, the main lightcurve 

has a very long period (P1) that ranges from 50-600 

hours. The second lightcurve has a much shorter 

period (P2) that ranges from 2.3-32 hours. Many 

short periods are in the range of 2-4 hours, which is a 

similar range for the primaries of "close" binary 

asteroids. 

Based on Jacobson et al. (2014) and Pravec et al. 

(2016), we suggest that P1 represents the primary 

(larger) body of the system and P2 represents the spin 

rate of the satellite. 

Supporting this supposition is that the large 

amplitude (A1) must be from the larger body, 

Figure 2: Bob Stephens with two of the 16-inch 
telescopes at CS3. 



3 

 

otherwise the dilution of amplitude requires the 

smaller body to be unreasonably elongated. The 

limiting size ratio for binaries is around 0.6 (Pravec 

et al., 2010, Fig. 1), or a magnitude difference of 

about 1.0. For a secondary 1.0 mag fainter than the 

primary to produce a total lightcurve amplitude of 

~0.4 mag would require an undiluted amplitude for 

the secondary of several mags, i.e. infinite 

elongation, and be viewed at a nearly equatorial 

aspect. This is not likely. 

Given the lack of mutual events, these are 

considered to be only possible binaries. Since the 

orbital period is probably very long, it seems very 

unlikely that mutual events will ever be seen. 

 

2.1 Types of Binaries 

The asteroid lightcurve database (LCDB; Warner 

et al., 2009), specifies three broad categories of 

binary systems. 

 

2.2 Fully-asynchronous 

The very wide binaries fall into this category. 

The primary and secondary have independent periods 

and the secondary's rotation period is not the same as 

its orbital period. Which body is the primary is not 

always clear, but for the very wide binaries, the 

primary is the one with the longer period. 

 

2.3 Fully-synchronous 

In these systems, the bodies have the same 

rotation period, which is also the orbital period. So-

called "contact binaries", e.g., Hermes, are examples 

of this type. The bodies do not have to be nearly the 

same size: the Pluto-Charon pair is fully-

synchronous. 

 

2.4 Singly Asynchronous  

These systems are the most common type, at 

least among NEA and Main-belt objects. Here the 

primary is the larger body and, usually, has a 

relatively short period (2-5 hours). The satellite 

rotation period is tidally-locked to its orbital period 

(see Pravec et al., 2008). 

 

3. Finding Wide Binaries 

The first and foremost step is to obtain dense 

lightcurves on every possible night for enough nights 

to cover the long period at least once. By “dense”, we 

Figure 4: This Fully Synchronous NEA was observed 
from CS3 in 2017. The orbital period of the secondary 
matches its rotational period and deep eclipses can be 
seen. 

Figure 3: The proposed Very Wide Binary, (23615) 1996 
KF12 observed from the Center for Solar System 
Studies in Landers, California. The primary period (P1) 
is a long 368 hours (15.3 days) with an amplitude of 0.23 
magnitudes. The secondary period is 3.6456 hours with 
an amplitude of only 0.09 magnitudes. 
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mean an observing run that would produce around 

10-20 data points per hour of the shorter period. If P2 

= 3 hours, this would require 30-60 data points per 

night that spanned at least three hours. Unfortunately, 

it often happens that once a long period component is 

seen, there is a tendency to get only a small hand-full 

of data points each night. This makes it nearly 

impossible to find a short period component. It also 

makes it highly unlikely that any mutual events will 

be seen. 

 

3.1 Well-Calibrated Data 

The zero points from night-to-night must be 

determined to within 0.05 mag or better. Otherwise, 

attempts to adjust zero points to find the short period 

may mask the long period. It is important to let the 

data “go where they may” until any long or short 

period can be eliminated. 

 

3.2 There Be Dragons 

Not every lightcurve with a long period also has 

a short-period component. Sometimes it really is just 

noise and not a low amplitude lightcurve that appears 

to be within the data. 

Finding a reliable solution for a low-amplitude 

secondary period requires high-quality data, i.e., on 

the order of ±0.01-0.02 mag. If the amplitude of the 

secondary period is less than the noise, then chances 

for success are reduced considerably. 

It's easy to be fooled when searching for the long 

period. For example, each night may be sampling 

almost the same part of a lightcurve with a period of 

24 or 48 hours. A casual glance at the raw data can 

lead to an estimate that is much longer, one that is the 

order of the number of days that it takes for the 

observing window to move along the entire 

lightcurve. 

The CS3 observing plan and available resources 

allow us to meet the requirements for finding very 

wide binary asteroids. With up to nine telescopes 

available, we are able to dedicate a single telescope 

for the weeks and even months needed to determine 

the periods for a wide binary. 

 

4. Breaking up is hard to do 

The evolution of binary asteroids is strongly 

dependent on the satellite to primary mass ratio. The 

very wide binaries fall into a narrow range and, even 

then, their final fate is not certain.   

 

4.1 Small Mass Async Binaries 

If the mass ratio is <0.2 or so, the secondary will 

evolve out by tides but will stall before it gets to the 

outer synchronous end state. If the mass ratio is <0.1 

or so, the primary remains fast-spinning and, in fact, 

may shed another satellite or two by YORP spin-up. 

 

4.2 Heliocentric Pairs/Distant Binaries 

If the primary body is irregular such that tidal 

interactions can transfer orbital and spin angular 

momentum back and forth, a satellite orbit may be 

unstable and suffer varying fates, all of which depend 

on mass ratio.  

Low mass satellites that become stabilized 

become small asynchronous satellites. When the 

satellite doesn't stabilize, it may be ejected and 

become a heliocentric pair in similar solar orbits. 

If the satellite is more massive than ~0.3, the 

system's angular momentum will be too small for the 

satellite to escape, even if all the momentum is 

transferred into the satellite orbit. Such a system will 

likely come crashing back together at some point and, 

maybe, create a "contact binary." 

If the satellite is in the range 0.2-0.3, the satellite 

might escape. However, the process leaves the 

primary with very little spin momentum. Near the 

Figure 5: This Singly Asynchronous Mars Crossing 
asteroid was discovered by Warner and Stephens at 
CS3. 
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boundary of 0.3, it's possible that the satellite cannot 

quite escape and so goes into an orbit so distant that 

planetary and solar perturbations may raise the 

periapse high enough for long term stability. This 

ends up with a nearly de-spun, very long period 

primary and a quite distant secondary. 

 

5. And the Nominees Are 

A list of the Very Wide Binary asteroid 

candidates is in Table 2. There are now 29 candidates 

for this class of object. Not all of these will prove to 

be Very Wide Binary asteroids, or even binaries at 

all. Because of the wide orbits, there is almost no 

chance of detecting an attenuation (eclipse) event. 

The current standard is that without attenuation 

events, they are only suspected binaries. Plus, due to 

the low amplitudes of the secondary lightcurves, 

some may prove to be tumbling asteroids or merely 

spurious events due to observational error, rotational 

alias, or periodic noise in the Fourier analysis. 

 
NUM NAME P1 A1 P2 A2 FAM 

 2009 DL1 41 0.42 4.57 0.01 NEA 

 2009 EC 49 0.44 3.26 0.13 NEA 

 2009 ES 28 0.33 2.99 0.09 NEA 

 2013 US3 450 1.20 2.41 0.09 NEA 

 2014 PL51 205 0.43 5.38 0.09 NEA 

 2014 QR295 62 1.04 9.84 0.12 NEA 

 2016 BU13 39 0.24 2.45 0.11 NEA 

 2016 EV27 61 0.45 18.00 0.13 NEA 

 2018 RL 155 1.00 7.78 0.01 NEA 

1876 Napolitania 46 0.24 2.83 0.08 HUN 

2759 Idomeneus 479 0.19 19.30 0.14 TR-J 

5626 1991 FE 134 0.13 2.74 0.04 NEA 

8026 Johnmckay 355 0.70 14.93 0.16 HUN 

15778 1993 NH 113 0.61 3.32 0.04 M-C 

19204 Joshuatree 480 0.25 21.25 0.08 PHO 

23615 1996 FK12 367 0.23 3.65 0.09 HUN 

26083 1981 EJ11 347 0.34 25.14 0.17 NYSA 

52750 1998 KK17 26 0.24 3.13 0.16 NEA 

67175 2000 BA19 275 0.25 2.72 0.07 HUN 

119744 2001 YN42 625 0.52 7.24 0.07 MB-I 

190208 2006 AQ 182 0.25 2.62 0.08 NEA 

215442 2002 MQ3 473 0.38 2.65 0.31 NEA 

218144 2002 RL66 587 0.32 2.49 0.04 M-C 

252793 2002 FW5 61 0.33 8.33 0.10 NEA 

381677 2009 BJ81 325 0.40 27.08 0.02 NEA 

442742 2012 WP3 221 0.30 8.19 0.01 NEA 

454177 2013 GJ35 50 0.52 2.82 0.01 NEA 

463380 2013 BY45 425 0.49 15.63 0.09 NEA 

523604 2004 QB17 75 0.15 2.35 0.01 NEA 

Table 2: A list of the Very Wide Binary asteroid 
candidates found at CS3. NUM is the asteroid number 
and NAME is its name or designation. P1 is the primary 
period and A1 is the primary amplitude of the lightcurve. 
P2 and A2 are the secondary period and amplitude. FAM 
is the asteroid family/group (Warner et al. 2009). 

 

Figure 6: The suspected Very Wide Binary 2014 PL51 
was observed from CS3. 

Figure 7: The NEA (119744) 2001 YN42 is suspected to 
be a Very Wide Binary. 
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6. Conclusion 

Searching for Very Wide Binary asteroids is 

extremely difficult because of the massive amount of 

observing time needed to sample enough candidates 

and follow them long enough to determine a result. 

Also, these objects are often very dim and fast 

moving Near-Earth objects, testing the limits of your 

telescope systems. But these results are very 

important since they may provide a missing link – or 

evolutionary back water for asteroids and help model 

the forces at play in the inner solar system. 
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Photometry 
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Abstract 

High-quality phased lightcurves of asteroids are useful for determining their rotation periods and creating shape 
models.  While the number of related papers submitted to the “Minor Planet Bulletin” and elsewhere is increasing 
rapidly, plenty of useful work remains to be done using modest equipment at light-polluted sites.  It is of course 
expected that recently discovered asteroids have few or no follow-up observations, but perhaps unexpectedly, 
rotation periods of many low-numbered asteroids are either incorrect or absent. Remedying the incorrect results 
and filling in the gaps would be a great service to professional astronomy.  To that end, this paper describes (a) 
methods to plan observations and improve the quality of phased lightcurves, from image acquisition to data 
reduction, and (b) common sources of error and how to avoid them.  Examples of interesting cases are provided. 

1. Introduction 

With the development of affordable CCD 

cameras, online databases, and automation and data 

reduction software, photometry of asteroids has 

become a popular endeavor.  The latest release of the 

Asteroid Lightcurve Database (LCDB; Warner et al., 

2009) shows rotation periods for nearly 20,000 

asteroids. In 2018 alone, 730 unique period solutions 

for 645 asteroids were published in the Minor Planet 

Bulletin.  

Despite these encouraging numbers, correct 

periods are lacking for many bright Main Belt 

asteroids.  Reliable periods are published for only 30 

percent of asteroids numbered 1 through 10,000, and 

far fewer still have high-quality, phased lightcurves.  

Therefore, the field remains wide open for fruitful 

contributions by amateur astronomers. 

Variable star researchers who enter asteroid 

photometry for the first time may be relieved to learn 

that challenges associated with varying color, lack of 

periodicity, and extremely small or large amplitudes 

are absent.  However, a new set of challenges arises.  

Asteroids are moving targets, often passing directly 

in front of field stars.  The field center varies from 

night to night, requiring new comparison stars with 

consistent catalog magnitudes.  Morphology of 

phased lightcurves differs between apparitions as the 

lighting changes.  Period solutions are often 

ambiguous due to aliasing, and the uncertainty 

regarding the number of  inflections in the phased 

lightcurve.   

Having begun photometry of minor planets in 

June of 2016, I am still relatively new to the field.  

During the past three years, I have published phased 

lightcurves for 80 asteroids.  In nearly half of these 

cases, the previously published rotational periods are 

strongly suspected to be incorrect.  This experience 

has alerted me to the many pitfalls unique to asteroid 

photometry. 

This paper describes my process, including 

planning, scripting, processing, and reduction of the 

data.  Comments are made along the way that should 

be helpful for determining correct period solutions 

and phased lightcurves.  

 

2. Target Selection 

The process begins with selection of an 

appropriate target.  Selecting minor planets near 

opposition maximizes their brightness and duration 

of availability.  They should also be bright enough to 

result in acceptable photometric errors for one’s 

equipment and site. Avoid making redundant 

observations of asteroids that are already very well-

characterized. 

Fortunately, resources exist that supply more 

than enough targets to occupy one’s observing time.  

Perhaps the best  resource is the back pages of every 

issue of The Minor Planet Bulletin.  For example, 

Warner et al. (2019) provides observing opportunities 

for the upcoming quarter. Included as candidates are 

those with uncertain periods, low phase angle, shape 

modeling requirements, and targets for radar 

observations. 

My preferred target selection method is to select  

candidates using the Collaborative Asteroid 

Lightcurve Link (CALL) (Warner, 2011) web site. 

An online form enables filtering by parameters such 

as family/group, uncertainty, magnitude range, and 
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declination range for a given month.  Northerly minor 

planets brighter than magnitude 15 with uncertain 

period solutions are brought into a spreadsheet, 

where they are filtered further.  For each candidate, 

the LCDB is consulted, where papers describing any  

previous analysis can be accessed. 

 

3. Planning An Evening 

The optimal number of targets per night depends 

on a number of factors.  Observing too many objects 

results in a low cadence, which is particularly 

detrimental when the rotation period is short.  

Imaging too few objects only reduces productivity, 

and often causes unnecessarily dense coverage. 

Observing cadence is a function of the equipment and 

site, which affects minimum exposure time.  After 

determining the correct exposure for your site, an 

appropriate cadence can be assigned. 

In my case, 2-minute exposures through a Clear 

filter provide good signal-to-noise ratio without 

overexposing at my urban observing site in 

metropolitan Phoenix, Arizona.  It has worked out 

that three asteroids are typically followed during the 

course of a night.  Exceptions can occur when it is 

learned that an asteroid has either an extremely short 

or long period.  Images of each object are carried out 

in trios, which enables either binning or rejection of 

outlying data points.  After accounting for slewing 

and settling time, the telescope is occupied for 

roughly 7 minutes per target before cycling through 

to the next target.  At the end of a winter night, about 

90 images of each asteroid (30 sets of 3) will have 

been gathered. 

 

3.1 Pointing 

While pointing may initially seem like a trivial 

exercise, it should be refined.  Minimizing the 

number of fields reduces the number of required 

comparison stars, and associated inconsistencies in 

their catalog magnitudes.  Minor planets at 

opposition typically retrograde at a rate of roughly 

15’ per night.  For the 45’x30’ field of view of my 

camera, an asteroid will remain in the same field for 

three consecutive nights. 

One of the most commonly used resources for 

determining coordinates of Solar System bodies is 

JPL’s HORIZONS system (JPL 2019).  The target 

body and time span are entered, and HORIZONS 

provides an ephemeris with selected parameters, 

which at minimum includes coordinates and 

magnitudes. 

A more graphical, and perhaps more useful, 

approach employs using an inexpensive planetarium 

phone app with countless other useful features.  

SkySafari (Simulation Curriculum, 2019) is a leader 

in this field.  After overlaying a frame that matches 

my CCD field, pointing is determined by setting the 

time to midnight of the second of three consecutive 

nights.  As an example, an asteroid’s path is plotted 

in Figure 1, confirming that it will remain in the field 

for all three nights. An overlay illustration of 

composited CCD images from those same three 

nights is presented in Figure 2. 

 

 
Figure 1.  Path for three nights depicted by SkySafari 

 
Figure 2.  CCD images from three nights in Figure 1 

3.2 Scripting 

Obviously, repeated observations over the course 

of a full night should not be done manually.  

Automation of pointing and imaging can be achieved 

with many software packages.  While much more 

sophisticated scripting software exists, CCD 

Commander (Thomas 2018) accomplishes the type of 

cycling through targets unique to photometry for a 

low cost. 

My scripts allow the telescope to follow objects 

only above 20 degrees altitude (3 airmasses), below 

which photometric errors begin to blossom.  Since 

the sets of asteroids are at different positions, their 
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observations are “turned on and off” at various times 

of the night. 

File naming is an often underappreciated aspect 

in imaging. The software is instructed to name files 

as follows:  YYYYMMDD_OBJECT_FILTER_UT. 

Files named in this manner sort by object each night 

in chronological order. 

 

3.3 Filling in a phased lightcurve after the 

period is known 

Our essential task in all this effort is to generate 

a phased lightcurve, that is, a plot in which all of the 

photometric data is coherently fit onto one single 

period of rotation. In some cases, a long period 

emerges after a number of nights of observations.  

Here, low-cadence observing of that object is inserted 

into the script - as low as a dozen widely spaced 

images per night, until the phased lightcurve 

completes a full cycle.   

Often, a short period becomes clear after only 

several nights, but the lightcurve coverage is 

incomplete.  A phase calculator is handy to inform 

the observer which dates and times data will be 

useful rather than simply overlaying redundant points 

on a phased lightcurve.  This is especially useful 

when an asteroid’s period is nearly in resonance with 

the earth’s rotation period. 

 

4. Image Processing 

Compared to multi-color photometry of variable 

stars, calibration of minor planet images is relatively 

simple.  Exposure time for my science images is 

always 120 seconds, which is appropriate for 

asteroids ranging from magnitude 12 to 15. This 

minimizes the required number of dark frames, which 

are created for temperatures of -35C, -25C, or -15C, 

depending on the season.  Flat frames are taken every 

several days to counteract the constant rain of dust at 

my site.  An electroluminescent panel  enables 

creating flats at any time of the day in the darkened  

observatory.  Calibration is then accomplished with 

MaxIm DL software (Diffraction Limited, 2019) 

After a night of imaging, all files for a particular 

asteroid are read into MaxIm DL, and batch-

calibrated.  Then they are plate solved and aligned.  

A movie of all the images is always run to confirm 

that the asteroid was captured.  Frames to reject due 

to clouds or artifacts are noted, and deleted before 

data reduction begins. 

For those who are collaborating by sharing 

images, it would be considered an act of courtesy to 

share only usable images that have already been 

calibrated and aligned.  It is best to follow the 

convention of having north up, east left.   

 

5. Data Reduction 

Photometric reductions are best performed 

immediately after calibrating and processing the 

images. As with any photometry, a set of images for 

a single object is read into software that compares 

fluxes of a target against those of comparison stars of 

known magnitudes.  Unlike variable star photometry, 

the software has to follow the target across the frame, 

interpolating its position between the starting and 

ending points.  Other differences unique to minor 

planets will be described in the next section. 

 

5.1 Importance of consistent comparison star 

magnitudes 

As has been mentioned, minor planet photometry 

requires the use of comparison stars across multiple 

fields.  Even with the recent explosion of photometric 

catalogues, there is no single end-all source for 

accurate magnitudes.  If these values are inconsistent 

from field to field by more than a few hundredths of a 

magnitude, the lightcurve will not link between 

nights, leading to an incorrect interpretation of the 

period solution.  These erroneous results, typically 

for low-amplitude asteroids, occasionally make their 

way to publication. 

Since asteroids are typically imaged through a 

Clear filter, we have our choice of which band to use 

for photometric reduction.  It is best to use a 

wavelength that corresponds with the peak sensitivity 

of the chip.  In the case of the ST-6303, the best 

bands are either Cousins R or Sloan r’.  The most 

reliable sky surveys use Sloan r’, so I have adopted it 

for my comparison star magnitudes. 

Some observers use a single catalog that is 

included in the software package, but checking two 

or more sources often reveals large inconsistencies in 

magnitudes in any single star catalogue.  The best 

currently available star catalogues for Sloan r’ 

magnitudes are listed: APASS DR 10 (Munari et al. 

2015),.CMC15 ((Muiñoz et al. 2014), GAIA DR2 

(Gaia Collaboration et al., 2018), PanSTARRS 

(Magnier et al. 2016), and SkyMapper (Wolf et al. 

2018). 

The VizieR catalog access site (VizieR 2019)  

enables inputting a list of comp star positions to 

produce a table of magnitudes from a selected star 

catalogue.  Having magnitudes from two or three 

catalogues allows the observer to average the values, 

or throw out obviously erroneous values. 
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5.2 Features of MPO Canopus software  

Most asteroid photometrists use MPO Canopus 

(Warner 2019) due  to its features that are tailored 

specifically for Solar System bodies.  Star subtraction 

removes stars that lie in the path of the asteroid. In 

addition to accessing the orbital elements to predict 

any asteroid’s position, the software adjusts 

magnitudes based on the body’s ever-varying phase 

and distance from the sun and earth. The comparison 

star selector is useful for identifying appropriate stars 

of nearly solar color.  After a phased lightcurve has 

been created, the “comp star adjust” feature provides 

a means to slightly move a night’s points that are 

shifted relative to the curve due to inaccurate comp 

star magnitudes.   

 

5.3 Phased lightcurve guidelines 

In this section, we discuss the many issues that 

arise in the creation of phased lightcurves. 

Determination of the correct rotation period is 

performed in Canopus with Fourier analysis FALC 

fitting (Harris et al., 1989) by locating minima in the 

period spectrum. 

In some cases, observers have clearly done the 

data reduction correctly, and obtained an accurate 

raw lightcurve, but the period result is erroneous.  It 

is common to find published periods that are 

multiples of the correct period.  This includes not 

only half and double periods, but integer ratios such 

as 2:3 or 3:2.  When the observing interval is too 

short, it is easy to settle for a similarly too-short 

rotation period.  If clouds or other factors reduce the 

number of usable nights, multiple aliases will appear 

in period spectra of short-period asteroids, leading to 

ambiguity.  These error sources are described below. 

The most common phased lightcurve of a minor 

planet is bimodal, with two sets of maxima and 

minima per cycle.  This is due to an elongated body 

presenting alternately large and small projected areas 

during each rotation.  Harris (2012) has shown that a 

phased lightcurve must be at least bimodal if the 

amplitude is greater than 0.3 magnitudes.  A 

monomodal lightcurve can also be ruled out if the 

pairs of maxima or minima do not match within 

errors.  Even with these guidelines, there remain 

ambiguous cases in which both monomodal and 

bimodal lightcurves must be presented.  Moreover, 

physical features on rotating asteroids can cause more 

than two pairs of peaks and troughs in a lightcurve. 

To secure a correct solution, observations should 

be carried out for at least the full length of a rotation 

period.  Some asteroids have rotation periods that last 

many days.  A common problem is monitoring such 

an asteroid through much less than a full cycle, and 

misinterpreting the period to be too short.  Slow 

changes in magnitude over the course of a single 

night and large changes from night to night are good 

indicators that an  asteroid is a slow rotator.  Note the 

cyclical changes and large amplitude during the 32-

night observing interval in the raw (not phased) 

lightcurve of asteroid 384 Burdigala shown in Figure 

3. 

Figure 3.  Raw lightcurve of slowly rotating asteroid  

Often, periods of cloudiness intervene to prevent 

the dense data gathering required for asteroids with 

short rotation periods.  This shows up as multiple 

aliases in the period spectrum.  The Fourier analysis 

cannot determine if the asteroid has completed, say, 

100 cycles of 2.6 hours duration or 101 cycles of 

2.574 hours duration.  An example of a period 

spectrum with many aliases appears in Figure 4. This 

problem is overcome by acquiring dense data over 

two or three consecutive nights, but this can be 

difficult at sites that are inferior to the Atacama 

Desert. 

 

Figure 4. Period spectrum with multiple aliases 

Finally, there is the problem of a lightcurve’s 

changing morphology as the lighting varies with 
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phase angle.  If observations are halted, and then 

resumed many weeks later, even data points with 

very good photometric precision will not line up, 

since the lightcurve shape is not constant with time.  

It is always interesting to compare the shape of a 

phased  lightcurve from a previous apparition to that 

of the current one. This behavior  is used to 

advantage by shape  modelers, who require multiple 

apparitions to compute pole  orientation and shape. 

 

6. Interesting Results 

Since June of 2016, I have computed periods and 

created phased lightcurves for 96 minor planets.  

Some examples illustrating the vagaries of period 

analysis are described in this section. 

If it wasn’t challenging, everybody would be 

doing it.  Very few asteroids were as easy to analyze 

as 1334 Lundmarka (Figure 5), which has a generous 

amplitude of 0.72 mag and a rotation period that can 

be fully captured in a single night  The RMS error of 

the fit is only 3 percent of the amplitude, making it a 

textbook beginner target. 

 

Figure 5. Phased lightcurve for 1334 Lundmarka 
 

At the other end of the amplitude scale is 5321 

Jagras, which was analyzed independently by two 

other teams and myself in 2019.  All of us found 

similar periods of roughly 2.64 hours, albeit with 

very large scatter, and a convoluted lightcurve. While 

the signal in the period spectrum shown in Figure 6 is 

small, it does appear to indicate a correct period with 

low amplitude (Figure 7). 

 
 

 

Figure 6. Period spectrum for 5321 Jagras 
 

Figure 7. Lightcurve for 5321 Jagras 
 

In some cases, monomodal and bimodal period 

solutions with low amplitude appear equally valid.  

Figures 8 and 9 show such lightcurves for 896 

Sphinx. 

 

Figure 8. Bimodal lightcurve for 896 Sphinx 
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Figure 9. Monomodal lightcurve for 896 Sphinx 
 

When the rotation period is commensurate with 

that of the earth, it can be difficult to fill in a full 

phased lightcurve, as in the extreme case of 1178 

Irmela, shown in Figure 10.  We can have high 

confidence in the period, but data would have to be 

gathered from a very different longitude while it is 

daytime at my site in order  to complete the curve. 

 

Figure 10. Phased lightcurve for 1178 Irmela 
 

A common property of slowly rotating minor 

planets is slow tumbling as they rotate.  This 

manifests itself as misalignment of points between 

rotational cycles.  1707 Chantal, shown in Figure 11, 

exhibited this behavior over the 2-week observing 

interval.  Obtaining a solution for tumbling frequency 

is a major feat, as it requires observations through 

many cycles. 

 

Figure 11. Lightcurve for tumbler 1707 Chantal 

 

While in a minority, some minor planets have 

rotation periods that are best expressed in weeks.  

These can be observed with a low cadence.  An 

extreme case of slow rotation is apparent in 2056 

Nancy, which required two full months of 

observation to secure its period of over 56 days, as 

shown in Figure 12.  Its period is the third longest 

reliable value in the LCDB. 

 

Figure 12. Lightcurve for slow rotator 2056  Nancy 

 

7. Conclusions 

Why do it?  Many asteroids well within reach of 

amateur equipment have incorrect or unknown period 

solutions.  Obtaining correct solutions contributes 

scientifically by adding to the body of knowledge for 

the entire population. Phased lightcurves created at 

different apparitions are being used to create shape 

models that can be calibrated against occultation 

profiles and radar imagery.  In addition to these 

reasons, my answer to why I do it is that this is what 

retired engineers consider to be “fun.” 
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Abstract 

Early in 2011 the 4.66 hour orbital period of the eclipsing UGSS dwarf nova HS 2325+8205 suddenly increased 
by 22.6 msec. Its subsequent behaviour appears to have been unchanged by this event. We examine the 
observational evidence, investigate what we can discover about this binary system and discuss a possible cause 
of the increase in its orbital period. 

1. Introduction 

First reported as variable by Morgenroth (1936), 

HS 2325+8205 (hereafter HS2325) was subsequently 

identified as a possible cataclysmic variable (CV) in 

the Hamburg Quasar Survey (Aungwerojwit et al. 

2006). CVs are binary systems in which a white 

dwarf (WD) accretes matter from a main sequence 

(MS) companion via Roche lobe overflow through 

the inner Lagrangian point (L1). The accreting steam 

of matter tends to form a disc around the WD before 

settling onto its surface unless the WD has a strong 

magnetic field in which case the stream flows 

directly from L1 onto one or both of the magnetic 

poles of the WD. The gradual accumulation of matter 

in the disc may eventually lead to thermal instability 

which causes the disc to brighten for a period before 

fading back to its quiescent state. These bright events 

are known as outbursts and are a signature of the sub-

class of CVs known as dwarf novae (DNe).  

 

The long term light curve of HS2325 in the 

AAVSO database (AAVSO) (Figure 1) shows that it 

spends almost as much time in outburst as it does in 

quiescence. Its quiescent state is around magnitude 

17 rising to slightly brighter than magnitude 14 in 

outburst. The light curve shows no evidence of 

standstills between outburst and quiescence or vice 

versa and it is therefore unlikely that HS2325 is a 

ZCam type of DN. Outbursts all appear to have very 

similar maximum brightness with no evidence of 

brighter superoutbursts so it is unlikely to be a UGSU 

type DN. We are therefore drawn to the conclusion 

that HS2325 is a UGSS type DN.  

 

When the inclination of the binary orbit in a DN 

is sufficiently high, as is the case with HS2325, 

eclipses occur which can provide information about 

the system including its orbital period. HS2325 was 

the subject of a paper by Pyrzas et al. (2012) which 

found an inclination of 75° and an orbital period of 

0.194334535 days. 

 

 
Figure 1:  AAVSO V-band and unfiltered light curve of 
HS2325 showing the estimated date of orbital period 
increase as a vertical line. 

2. Data acquisition 

Unfiltered photometry of HS2325 from the 1.2m 

telescope at the Kryoneri Observatory in Greece 

between 2004 and 2006 was obtained from Prof 

Boris Gaensicke. These data were phased on the 

above orbital period and 9 eclipses were identified. 

The lower part of each eclipse was fitted with a 

parabola to find the time of minimum.  

 

4945 V-band and unfiltered magnitude 

measurements of HS2325 by various observers 

between 2007 and 2018 using a variety of telescopes 

up to 0.4m aperture were obtained from the AAVSO 

database. These data were searched for eclipses 

which had been sufficiently well recorded to provide 

times of minimum.  In total 18 such eclipses were 

found, all between 2007 and 2009, and all but one 

recorded by Ian Miller. 

 

A further 5071 V-band and unfiltered magnitude 

measurements were made by the author between 
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2009 and 2019 with a 0.35m telescope. Magnitudes 

were calculated by differential aperture photometry 

with respect to the magnitudes of comparison stars 

from the AAVSO chart for HS2325. These provided 

a further 41 eclipse timings.  

 

The online database of the All-Sky Automated 

Survey for Supernovae (ASAS-SN) (Kochanek et al. 

2017) provided an additional 814 observations of 

HS2325 made with either Johnson V or latterly Sloan 

g filters between 2013 and 2019. Within the colour 

range of HS2325 the difference between Johnson V 

and Sloan g magnitudes is 0.1 magnitudes or less and 

given the 3 magnitude range of HS2325, we shall 

treat Sloan g magnitudes as if they were Johnson V 

magnitudes. The cadence of these measurements 

meant they did not provide any eclipse timings. 

 

Three times of minimum in 2012 and 2013 were 

found in a paper by Hardy et al. (2017) making a 

total of 71 eclipses with measured timings.  

 

The times of all eclipses were converted to 

Heliocentric Julian Date (HJD). 

 

A flux calibrated spectrum of HS2325 recorded 

on 1992 August 10 was obtained from the Hamburg 

Quasar Survey Source Catalog (HQS). B and V 

magnitudes obtained from this spectrum by synthetic 

photometry provided a measurement of its (B-V) 

colour index at the time. We are assuming this 

spectrum was recorded outside eclipse.  

 

 
Figure 2:  Variation of (B-V) colour index of HS2325 with 
V magnitude outside eclipse. The value of (B-V) 
obtained from a 1992 HQS spectrum is shown as a 
cross. Other data were measured in 2019. The line is a fit 
to the 2019 data. 

Additionally, several near simultaneous B and 

V-band measurements were made by the author 

outside eclipse during 2019. The variation of (B-V) 

colour index with V magnitude is plotted in Figure 2 

showing that the object becomes bluer as it brightens. 

Note that the colour index obtained from the HQS 

spectrum recorded in 1992 and shown as a star in 

Figure 2 agrees well with those obtained in 2019. 

 

3. Orbital period analysis 

Knowing the orbital period, cycle numbers can 

be unambiguously assigned to each eclipse and a 

linear fit performed of eclipse time vs cycle number. 

This linear ephemeris provides a calculated time for 

each eclipse. A plot of observed minus calculated (O-

C) times for eclipses between 2004, when 

observations of HS2325 started, and 2009 is 

consistent with a linear ephemeris. However after 

2011 the O-C plot deviates from this ephemeris and 

follows a new linear ephemeris with a longer period. 

The three eclipse times from Hardy et al. (2017) are 

consistent with the second ephemeris.  

 

Figure 3 shows the O-C plot for all 71 eclipses 

with respect to a linear ephemeris calculated on the 

31 eclipse timings between 2004 and 2009 (HJD 

2453168 – 2454948). This ephemeris is given in 

equation (1) with E as the cycle number and is 

represented as a dotted line in Figure 3. It 

corresponds to an orbital period of 0.194334479 

days. 

 

Tmin (HJD) = 2453168.46157(4) + 0.194334479(9) * E (1) 

 

The 40 eclipse timings between 2011 and 2019 

(HJD 2455694 – 2458584) follow the linear 

ephemeris in equation (2). This is shown as a dashed 

line in Figure 3 and corresponds to an orbital period 

of 0.194334740 days. The three observations from 

Hardy et al. (2017) are shown as crosses. 

 

Tmin (HJD) = 2453168.45832(13) + 0.194334740(5) * E(2) 

 

 
Figure 3:  O-C plot for all 71 eclipses with respect to the 
linear ephemeris in equation (1).  The three observations 
from Hardy et al. (2017) are shown as crosses. 

The orbital period therefore increased by 22.6 

msec, equivalent to 1.3 x 10-6 of the orbital period, 

apparently as a sudden change. By intersecting these 
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linear ephemerides, the most likely time for this to 

have occurred is on or about 21 January 2011 (HJD 

2455583) with an uncertainty of ±3 months 

calculated from the standard deviations of the 

ephemerides. This estimated date is marked as a 

vertical line in Figure 1. 

 

4. Eclipse profiles 

Taking orbital phase zero as the time of eclipse 

minimum, eclipse profiles with respect to orbital 

phase were obtained using the appropriate ephemeris 

for each eclipse. Profiles of eclipses before and after 

the orbital period increase were compared to see if 

there was any detectable difference.  

 

Figure 4 shows profiles of two eclipses recorded 

when the system was close to maximum brightness 

during outbursts. The profiles before and after the 

orbital period increase are very similar. At this time 

the brightest object in the system is likely to be the 

accretion disc which will be considerably brighter 

than either stellar component. The dominant feature 

is the symmetrical V-shaped dip extending between 

phases -0.10 and +0.10 produced by partial eclipse of 

the accretion disc by the MS star. These are the same 

limits of eclipse of the accretion disc adopted by 

Pyrzas et al. (2012). There is no indication in these 

eclipses of a steep-sided WD eclipse around phase 

zero, presumably because in outburst the WD is 

relatively too faint for this to show.  

 

 
Figure 4:  Profiles of two eclipses recorded close to 
maximum brightness during outbursts before and after 
the increase in orbital period. 

Figure 5 shows profiles of two eclipses recorded 

with the system between maximum brightness and 

quiescence. Again the profiles before and after the 

orbital period increase are very similar. The eclipses 

now show a steep-sided dip around phase zero as the 

WD is eclipsed by the MS star. Ingress and egress of 

the WD eclipse begin and end at phases -0.02 and 

+0.02 respectively. After the WD emerges the hot 

spot, where the accretion stream impacts the edge of 

the accretion disc, follows it out of eclipse. The 

accretion process is stochastic and this section of the 

eclipse profile varies in brightness from eclipse to 

eclipse. As the hot spot is exposed the light level rises 

towards the point where the edge of the accretion disc 

emerges from eclipse. 

 

 
Figure 5:  Profiles of two eclipses recorded between 
maximum brightness and quiescence before and after 
the increase in orbital period. 

5. Outburst profiles 

The V-band and unfiltered light curve data from 

all available sources were combined and the eclipses 

between orbital phases -0.10 and +0.10 were 

removed. The data before the orbital period increase 

was too sparse to define the profile of individual 

outbursts but after the increase there were several 

stretches of the light curve when outbursts were well 

defined and could be unambiguously identified. The 

longest such stretch was between HJD 2457479 and 

HJD 2457841, an interval of 362 days. Figure 6 

shows this stretch of light curve which covers 25 

outbursts, 7 long outbursts with an average duration 

of 18 days and 18 short outbursts with an average 

duration of 13 days. These look like normal UGSS 

outbursts. 

 

 
Figure 6:  Outbursting light curve excluding eclipses 
between HJD 2457479 and HJD 2457841. 

6. Is there evidence of change? 

The magnitude range of HS2325 shown in 

Figure 1 appears to have been unchanged by the 

increase in orbital period. Figure 2 shows that the (B-

V) colour index obtained from a spectrum recorded 
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in 1992 is consistent with those measured in 2019. 

The profiles of eclipses recorded before (Figure 4) 

and after (Figure 5) the orbital period increase appear 

to be the same.  

 

On this evidence we conclude that we have not 

detected any change in the observed behaviour of the 

system following the increase in its orbital period 

around 2011. We also note that the pattern of 

outbursts after the event shown in Figure 6 is normal 

for a UGSS type DN. 

 

7. Binary components 

To investigate possible causes for the orbital 

period increase, we need to discover more about the 

components of HS2325. 

 

Published relations between the orbital period of 

a CV and the mass of the MS star in Smith & Dhillon 

(1998) and Knigge (2011a) suggest an average value 

of 0.456 M⨀ for the mass of the MS star in HS2325. 

There are many published relations between the 

orbital period of a CV, the mass of the MS star and 

the radius of the MS star, for example in Beuermann 

et al. (1998), Smith & Dhillon (1998), Knigge 

(2011b) and Hellier (2001). These all give similar 

results and taking an average we get 0.503 R⨀ for the 

likely radius of the MS star.  

 

According to Smith & Dhillon (1998) the mean 

WD mass in DNe above the period gap is 0.75 ± 0.03 

M⨀ so we take this as a starting value. Assuming 

their relative orbit is circular, normally the case in 

DNe, and using the above values for the masses of 

the two components, we use Kepler’s Third Law to 

calculate initial values for the radius of their relative 

orbit and the radii of the barycentric orbits of the WD 

and MS star. 

 

Pyrzas et al. (2012) reported radial velocities of 

the WD and MS star as 145 ± 9 km/s and 237 ± 28 

km/s respectively and the orbital inclination as 75 ± 

9°. Using the relation between the radial velocities of 

components in spectroscopic binaries and their 

component masses and orbital inclination, we varied 

the WD mass and orbital inclination to minimise the 

least squared residuals between the calculated and 

measured radial velocities of the two components. 

This gave calculated radial velocities of 145.0 km/s 

and 237.1 km/s respectively. The WD mass and 

orbital inclination corresponding to the minimum 

residuals are 0.745 M⨀ and 78° respectively. These 

are consistent with the values given above and we 

now adopt them. Using this value for the WD mass, 

the radius of the relative orbit is 1.501 R⨀ and the 

radii of the barycentric orbits of the WD and MS star 

are 0.569 R⨀ and 0.931 R⨀ respectively.  

 

With these masses for the WD and MS star we 

get mass ratio q = 0.612. From Eggleton (1983) the 

mean radius of the Roche lobe of the MS star is 0.506 

R⨀, consistent with the MS star radius found earlier.  

From the mass-radius relationship for WDs described 

in Burrows (2017), the above WD mass gives the 

radius of the WD as 0.0106 R⨀ (= 1.16 R⊕).  

 

The eclipse profile tells us that the WD is 

eclipsed between orbital phases -0.02 and +0.02. 

Using the radii of the WD and MS star and the radius 

of their relative orbit, we can calculate that the 

minimum orbital inclination such that the WD is 

eclipsed by the MS star is 73°. This is consistent with 

the orbital inclination of 78° found earlier. Given that 

the accretion disc during outburst is partially eclipsed 

between phases -0.10 and +0.10, we can also 

calculate an approximate radius for the accretion disc 

during outburst as 0.70 R⨀.  

 

Although not strictly relevant to our present 

analysis, it is interesting to note that thanks to Gaia 

we now have an accurate distance for HS2325. 

According to Gaia Data Release 2 (Gaia 

Collaboration 2018) the distance to HS2325 is 460 ± 

8 pc. 

 

Table 1 lists the system parameter values derived 

above. As these are based on the assumption that 

HS2325 is similar to other such systems, which 

appears to be consistent with the evidence, we have 

not attempted to assess uncertainties in these 

parameter values. 

 

 

Parameter Value 

WD mass 0.745 M⨀ 

MS star mass 0.456 M⨀ 

Mass ratio 0.612 

WD radius 0.0106 R⨀ 

MS star radius 0.503 R⨀ 

Roche lobe mean radius for MS star 0.506 R⨀ 

Relative orbit radius 1.501 R⨀ 

Barycentric orbit radius of WD 0.569 R⨀ 

Barycentric orbit radius of MS star 0.931 R⨀ 

Radius of accretion disc in outburst 0.70 R⨀ 

Orbital inclination 78° 

Table 1:  Values of system parameters for HS2325 
derived as described in the text. 
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8. A possible cause of the orbital period 

increase 

A possible cause suggested to the author is mass 

transfer via Roche lobe overflow from the MS star to 

the WD while conserving both mass and angular 

momentum. Using Kepler’s Third Law and the 

expression for the total orbital angular momentum of 

the system (see for example Hilditch 2001), and the 

parameter values derived above, we can calculate that 

to cause the observed increase in orbital period would 

require the spontaneous transfer of 5.26 x 10
-7

 M⨀ (= 

0.18 M⊕) from the MS star to the accretion disc and 

hence onto the WD.  

 

However this is some 100 to 1000 times the 

average annual mass transfer rate for a dwarf nova 

due to magnetic braking. It therefore seems very 

unlikely that such a large transfer of mass would 

happen in one event, but if it did it would produce a 

dramatic and long-term change in the brightness of 

the system. As we saw no evidence for such a change 

we have to conclude that this explanation is not 

feasible. Other possible causes are being investigated 

and will be the subject of a later publication. 

 

9. Summary 

We observed an apparently sudden increase of 

22.6 msec in the 4.66 hour orbital period of the 

UGSS type dwarf nova HS 2325+8205 which 

occurred most probably during January 2011. We 

have derived possible parameter values for the binary 

system and based on these have calculated that to 

cause the increase observed in the orbital period of 

the system would require a transfer of 5.26 x 10
-7

 M⨀ 

from the MS star via the accretion disc onto the WD. 

As this would have caused major changes in the 

system which we did not observe, we conclude that 

such a mass transfer is unlikely to have been the 

cause of the increase in its orbital period. 
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Abstract 

The detection methodology for exoplanets has been refined over the years with the majority of search teams 
using the Box Least Squares (BLS) method for detecting transit signals. This method uses a large list of periods 
to search the extended light curves and presents a significance value for each period in the form of a histogram. 
The researcher looks for particular periods showing a statistically higher significance value that everything else in 
the histogram.  Typically this means the tallest peak in the period search results is examined for a transit and 
most often it is rejected for a myriad of reasons. The focus of this research explores the theory that in some 
cases a spurious signal can come through stronger than a real exoplanet which is overlooked. A software 
program was developed to filter out the strongest signals in the exoplanet regime for each stars BLS analysis. 
This typically would produce 3-8 detections per star times a field of 3000 stars equals approximately 20k 
detections for an observing season. Each of these 20k detections was phase folded into a jpg plot. This brute 
force detection methodology uses a visual examination by a human for each of the plots looking for exoplanet 
transits with the proper shape characteristics. This method over two seasons produced one exoplanet candidate 
with a 4 millimag transit feature that would not have been detected by normal means.  The event is so small that 
ground based single night follow-ups make the signal difficult to verify. It is expected that TESS will provide 
positive confirmation when it rotates to the northern hemisphere this year. If the detection proves out, the “brute 
force” method opens up new possibilities for amateur discoveries of exoplanets.  

1. Introduction 

The field of exoplanet discovery is now mature 

with thousands of known planets listed. Initially the 

radial velocity technique was the primary discovery 

technology but that gave way to the transit method 

highlighted by the very successful space based 

telescopes that have produced the vast majority of 

discoveries over the last decade.
1
 The most successful 

Earth based transit search teams spend a great deal of 

time developing automated pipelines to detect 

exoplanet transits. Any weaknesses in the pipeline 

are usually overcome by examining large swaths of 

sky and often including  tens of thousands of stars in 

a single season’s survey.
2
 One of the more popular 

search routines is the Box Least Squares (BLS) 

algorithm
3
 which searches a list of periods looking 

for a statistically significant “hit”. For each star 

examined, the tallest peak in the histogram is usually 

the one of interest if it exceeds a certain detection 

threshold.   

Starting in 2014 the Spectrashift Exoplanet 

Search Project
4
 commissioned a wide field refractor 

to search for transits from SE Arizona. Over the next 

few years the initial field of 800 stars was eventually 

expanded to a 6 degree square field covering 6,000 

stars for analysis. 300 images per night and 150 

nights per season produced 300,000,000+ data points 

per season.  

 

 
 

Figure 1. Borg lens with Apogee Aspen CCD on 
Paramount MEII used in the Spectrashift search. Setup 
provides a 6 degree square search field. 

 

The amount of data generated dictates some form 

of data reduction pipeline. For one night’s data the 

initial calibration, alignment, star extraction and 

magnitude calculation can take a half hour of 

processing time. Each night’s light curves have to be 
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stitched with previous nights which eventually 

produces a single star’s light curve approximately 

45,000 data points long.  

Harris Geospatial Solutions produces the 

Interactive Data Language (IDL) that is widely used 

in astronomical circles. It specializes in handling 

large arrays which is ideal for images. The IDL 

Astronomy Users Library
5
 hosed by Goddard Space 

Flight Center has hundreds of routines that can easily 

be incorporated into a reduction pipeline.  

 

2. Methods 

The IDL pipeline developed for the Spectrashift 

search does the standard darks/flats calibration, 

alignment and extraction of magnitudes for each 

image. The resulting spreadsheet is X columns across 

for the number of stars and each row represents 

magnitudes for each star in one image.  

In spreadsheet format, the standard deviation for 

each star is calculated and represents how “well 

behaved” that star’s data is. The stars with the lowest 

noise floor can easily reveal transits while at some 

threshold, the star is too noisy or variable to detect 

transits in the exoplanet regime, typically 10-20 

millimags. With the data load imposed on the 

pipeline, it is important to extract the 6,000 star 

subset that is actually capable of revealing exoplanet 

transits.  

In order to test detectability, the stars are sorted 

by standard deviation and then additional routines are 

used to inject each star with a synthetic transit signal. 

The synthetic signal is the same for all the stars with 

a pre-determined depth, duration and period. The data 

is now processed through the BLS routine and the 

stars that showed a positive detection are plotted 

against standard deviation a subset of which is shown 

in Figure 2. The parameters for the signal can be 

varied and re-run to determine the detectability range 

for the stars.  

 
Figure 2. Stars sorted by standard deviation each with a 
synthetic exoplanet merged with the data.   Each dot 
represents the successful detection of the synthetic 
exoplanet. Note that the detections are not consistent 
even in the same noise range.  

The plot in Figure 2 reveals the detectability 

range for synthetic exoplanet signals of various 

depths. The detection was successful if the maximum 

detected signal corresponded with the synthetic 

exoplanet parameters. While detections were made in 

the majority of stars, it is important to note that not 

all stars with similar standard deviations revealed the 

“exoplanet”. So in fact the exoplanet was still hiding 

in the data and a secondary artifact took over as the 

strongest detection.  

Since the BLS algorithm is the currently best 

available routine, a “brute force” method was 

designed to potentially reveal these undetected 

exoplanets. Instead of inspecting the strongest 

detection for each star provided by the BLS run, the 

top 10% strongest detections were extracted for each 

star. Those detections were then filtered for 

parameters in the exoplanet range resulting in an 

average of approximately 3 detections per star.  A 

phase plot was generated for each detection and 

saved as a JPG image. The resulting 20k images were 

inspected manually by eye for likely transit events. 

The rather daunting prospect of visually inspecting 

20,000 images was aided by photo organizing 

software that allowed selecting all the files and then 

keystroking through them full screen at a rapid pace. 

In practice the batch could usually be inspected in 

less than 2 hours.  

 

3. Discussion 

Typical exoplanet transits have a characteristic 

flat bottom as compared to most false detections 

which are nothing more than noise dips that 

coincidentally line up. (Fig. 3A.) The other false 

detection characteristic is the beginning or end of the 

nights run where the detection software interprets the 

void as a dip. (Fig. 3B.) Clean detections have light 

curves that progress continuously through the event 

without dangling ends.  
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Figure 3. Typical phase plots for false detections. A, 
random noise phased, detected as false event. B, event 
detected due to beginning and end of nights light curve. 
Only two nights completely transit the event. 

 

 

  
Figure 4. Discovery plot for star #950.  

 

Star #950 was identified visually by the 

discovery image shown in Figure 4 and was marked 

for closer inspection. Zooming in on the smoothed 

data in Figure 5 shows approximately 10 full crossing 

events with the characteristic flat bottom of an 

exoplanet transit. This was the only candidate for that 

season which displayed these characteristics and was 

notably not the statistically strongest detection from 

that stars BLS search.  The BLS statistics determined 

a depth of ~3.9 millimags with a period of 2.14 days 

and a 1.54 hour transit length.  

Before one can get large telescope time to 

confirm an exoplanet, follow-up observations are 

required which turned out to be difficult for this 

detection. The event depth of 4 millimags is thin by 

ground-based search standards.  Multiple nights on 

scopes ranging up to 0.8 meters could not 

unequivocally detect the event from one night. Figure 

6 shows one of the better nights where the event is 

apparent by eye but not statistically significant. The 

conundrum is that the brute force method may detect 

exoplanets that need more advanced follow-ups than 

are easily available.  

 

 
Figure 5.  Smoothed close-up of star #950’s transit 
detection. Virtually all the light curves cross the event 
and it displays a flat bottom.  

 

 
Figure 6. Single night visual but not statistical detection 
of the event. Red line is the expected time and duration 
of the transit. 

 

Looming over all the ground based search 

projects is the Transiting Exoplanet Survey Satellite ( 

TESS)
6
 which will be switching to the northern 

hemisphere this year. It is expected to discover all the 

transiting exoplanets down to about 15
th

 magnitude 

over the course of the following year.  With this in 

mind, our team expects to utilize TESS data for 

follow-up observations on star #950.  Here we 

identify the star as GSC 4556:492, mag 12.71 at RA 

11:40:20.71, DEC 82:00:42.06. This is a claim of 

priority should TESS reveal it is actually an 

exoplanet.  
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4. Conclusions 

The history of exoplanet detections spans more 

than two decades. With a rocky start where initial 

claims fell down, followed by the Kepler space 

telescope which discovered thousands of planets, to 

the crescendo of TESS which will be the final chapter 

in detections as the field moves on to 

characterization. Technology advances utilized by 

non-professional astronomers have participated in 

exoplanet science during the entire time primarily in 

follow-up observations
7
. The “brute force” method 

outlined here, if proven out, demonstrates that non-

professional astronomy continues to advance. While 

independent non-professionals played a supporting 

role in primary exoplanet detections, this technique 

may prove that they are close behind in being able to 

contribute original exoplanet discoveries.  
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We've been long on the trail 

Of a cataclysmic White Whale. 

How hard we have fought 

To learn the Pdot… 

Now hear the tale. 

Abstract 

We report the results of 1978-2019 time-series photometry of AM CVn, the prototype of the "double-degenerate"  
or ultracompact class of cataclysmic variable.  The star remained faithfully in the range V=14.10-14.25 
throughout the ~1400 nights of observation, and flashed its familiar positive and negative superhumps, at periods 
near 1051 s and 1011 s respectively.  These periods, arising from instabilities in the accretion disk, wander 
erratically in phase, on a timescale of weeks.  The 1028.7322 s orbital signal is slightly weaker (~0.003 mag 
semiamplitude), but is phase-stable over many years.  Over a 27-year baseline, timings of orbital minimum show 
a period decrease of 17± 3 µs/year.  This is consistent with evolution driven by gravitational radiation, but only if 
the secondary is a low-mass helium star, rather than a degenerate dwarf. 

1. Introduction 

The now-famous variable star AM CVn was first 

catalogued as HZ29 by Humason and Zwicky (1947) 

in their survey of faint blue stars near the north 

Galactic pole.  Smak (1967) discovered a periodic 

photometric signal at 1050 s, and proposed that the 

star is actually a cataclysmic variable (CV) with an 

accreting white dwarf (WD) and an underlying 

orbital period of 1050 s.  Faulkner, Flannery, and 

Warner (1972, hereafter FFW) presented consistent 

models of this type, the first quantitative discussion 
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of "ultracompact" binaries.  Their Figure 2 -- perhaps 

the most famous figure in the history of CV research 

-- showed two simple models with different donor 

stars: a 0.04 Mo WD, and a 0.4-0.5 Mo star on the 

helium main sequence.  The absence of large radial-

velocity variations ruled out the latter, and thus the 

AM CVn class was born – often called "double 

degenerates".  New members were later found, and 

now the club includes ~40, ably reviewed by Levitan 

et al. (2015) and Ramsay et al.  (2018).  All are CVs 

with helium-dominated spectra and ultrashort orbital 

periods, ranging from 5 to 48 minutes.  And to the 

extent that distances (and thus absolute magnitudes) 

are known, it appears that AM CVn stars obey the 

pattern that other CVs show: with the most and least 

luminous being relatively constant in light, while the 

intermediate class shows outbursts similar to those of 

their hydrogen-rich cousins. 

In order to fit into a very compact binary, the 

donor star must certainly be very small; but it does 

not necessarily have to be a WD.  This was shown by 

Savonije et al. (1986), and developed further by 

Nelemans et al. (2001) and Deloye et al. (2005).  

“Double degenerate" has flourished as a catchy 

nickname, but, as recognized even by FFW, need not 

correctly describe the binary, since P~1000 s still 

permits some types of helium donors to be 

nondegenerate.  Ultracompact is a better term, which 

includes the binaries with neutron-star or black-hole 

accretors.  Figure 1, which compares the binary to 

three objects of well-known size, illustrates just how 

“ultra” is the compactness. 

 

 
 

Figure 1.  The dimensions of the AM CVn (=HZ 29) 
binary, compared with several familiar objects of well-
measured size.  (CM Dra is a famous binary with two M 
dwarfs.)  AM CVn comes by its “ultracompact” name 
honestly. 

 

 

 

 

A secure measurement of orbital period change 

can test the donor star's mass-radius relation.  If Porb 

increases, then the donor is probably degenerate, 

because its radius must increase to keep up with the 

(likely) increasing binary separation.  If Porb 

decreases, then the donor radius must decrease to 

maintain stable mass transfer; otherwise, the donor 

overflows its Roche lobe and the mass transfer runs 

away. 

Among the various photometric periods, Harvey 

et al. (1998) showed that just one (1028.73 s) was 

precise and stable over a season's baseline, and 

identified that signal as the long-sought orbital 

period.  Skillman et al. (1999, hereafter S99) verified 

its stability and gave a long-term ephemeris based on 

1992-9 photometry.  In this paper we extend that 

work, and report timings of  orbital minimum 

throughout our 40 years of observation (1978-2019).  

These timings show that Porb has been decreasing 

over this interval, with dP/dt ≈ -20 

microseconds/year.  This strongly suggests that the 

donor contracts on mass loss, and hence is likely 

nondegenerate. 

 

2. Observations and the Photometric 

History 

The early studies of AM CVn established the 

main properties of its periodic signal.  The dominant 

period is 1051.2 s, with most of the power in the first 

overtone
1
 (Smak 1967, Ostriker & Hesser 1968).  

[
1
Or “second overtone”, at 525.6 s.  We are grateful 

to Matt Wood for pointing out the correct 

terminology, which we have been mangling for 

years].   

This period is somewhat unstable, wandering on a 

timescale of weeks to months (Krzeminski 1972; 

Patterson et al. 1979; S99).  The signal amplitude is 

remarkably constant in waveform and amplitude 

(0.024 mag peak-to-trough, see Figure 5 of S99), and 

the star's mean magnitude stays within 0.1 mag
2
 of V 

= 14.16 (Krzeminski 1972, S99).  The colors are 

extremely blue and nearly constant at B-V = -0.21, U-

B = -1.06 (Krzeminski 1972).  

[
2
Because most of our data is unfiltered, and the 

spectral responses are not standardized, we cannot be 

quite sure of this.  But we have never seen high 

states, low states, trends within a night's data, or 

obvious dispersion in the magnitudes from a single 

observer]. 

There is another periodic signal, also somewhat 

unstable, at 1011.43 s (Solheim et al. 1984).  The 

latter signal ranges in full amplitude from 
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undetectable (<0.003 mag) to 0.018 mag, roughly on 

a timescale of months (S99).  A stable period was 

finally identified at 1028.73 s by Harvey et al. 

(1998), and this precisely fit the orbital period 

required by the accretion-disk interpretation of the 

line profiles (Patterson, Halpern, & Shambrook 

1993).  S99 verified the signal's stability
2
, improved 

the precision to 1028.7322 s, and gave a long-term 

ephemeris. 

This signal is weak (0.005 mag full amplitude) and 

difficult to distinguish, in a short time series, from the 

1051 s and 1011 s signals.  But its proven stability in 

phase, unlike the more powerful signals, identifies it 

as the true orbital period.  Thus it became possible to 

identify the triad of periods as following the pattern 

common in cataclysmic variables: with 1051 s as the 

positive (“common”) superhump, 1011 s as the 

negative superhump, and 1028 s as the orbital period. 

   

         We have continued to study AM CVn with 

time-series photometry, accumulating ~5000 

additional hours during 1300 nights during 1998-

2019.   This was acquired through the Center for 

Backyard Astrophysics (CBA) network of small 

telescopes, scattered around the world.  Details of 

data acquisition and reduction are given elsewhere 

(Patterson et al. 2013, S99).  In order to maximize 

signal-to-noise, we observed mainly in unfiltered 

light, which produced an effective wavelength near 

6000 A.  Occasional use of V filters established a 

rough calibration.  Integration times ranged from 10 s 

to 45 s, and the nightly runs were 2-9 hours long.  

Our primary comparison star was the V = 12.39 star 

located just 2.7 arcmin south of AM Cvn, the 

comparison chosen for nearly all earlier studies. 

Many observers used “ensemble photometry”, which 

increases accuracy.  Using the many time overlaps in 

coverage, we measured the additive constants 

(usually 0.01-0.08 mag) needed to put all data on a 

common instrumental scale.  Then we removed any 

small linear trends (usually arising from differential 

extinction, which in turn arises from the very blue 

color of AM CVn), merged the data into 3-10 night 

runs, and calculated power spectra. 

Nearly every run showed AM CVn's main 

features: the positive superhump at 1051.2 s and the 

negative superhump at 1011.4 s.   The large span in 

terrestrial longitude eliminate daily aliases.  In many 

years the coverage was sufficiently dense and long to 

parse these signals in more detail, and the results 

were consistent with the detailed description given 

earlier by S99 (their Table 2) and Patterson et al. 

1992 (their Table 3)
3
. [

3
We also note that no 

significant “flares” – such as those reported by Marar 

et al. (1988) – were observed during our 5000 hours 

of observation. Nor were any observed during the 

many hours of earlier coverage (Smak and 

Krzeminski, private communications).  This 

compares to 30 hours in the Marar et al study.  Since 

the latter employed only a single-channel 

photoelectric photometer, we prefer the hypothesis of 

a passing moonlit (terrestrial) cloud to that of a 

thermonuclear runaway on a helium white dwarf 

(Wikipedia entry on AM CVn)]. 

The positive and negative superhumps wandered 

in phase on a timescale of a few weeks.  Since these 

wanderings contaminate a search for a weaker stable 

signal, we fit and then subtracted them from each 

time series.  The remaining light curves all revealed a 

signal at 83.987 c/d (=1028.73 s), which is the orbital 

signal.  Synchronous summations at this period 

yielded the mean waveforms, which were broadly 

consistent with each other, and with Figure 6 of S99.   

There were slight (~0.001 mag) variations in 

waveform, but the relatively sharp minimum appears 

to be the best-defined and most stable timing feature.  

We measured that time in each cluster of data, and 

record the times in Table 1.  However, these should 

be considered preliminary; a few individual timings 

may be misprinted or erroneous.  We will check this 

in the final version. 

We receive the timings as JD or HJD. The 

correction to HJD is large, so we present the times as 

HJD.  However, a uniform time base requires a 

further correction to BJD(TDB).  But we omit that 

correction in this preliminary report, because it is 

small (leap seconds have been rare in recent years), 

and because each correction slightly compromises 

our ability to check for consistency in this large data 

set relying on contributions from many telescopes.  

Corrections will be applied at the end of the 2019 

observing season, preferably in early morning after 

two cups of coffee.   

We then prepared an O-C diagram, using the first 

1992 observation as the epoch and adopting a test 

period of 0.011906617 days.  This is shown in Figure 

2, and the quadratic fit indicates a decreasing period, 

given by the ephemeris: 

 

Minimum light = HJD 2,448,742.56134(14) + 

0.0119066194(7)E – 1.6(2)x10
-13

 E
2
. 

 

This corresponds to a rate of period change 

dP/dt = -5.7x10
-13 

(20 microsec/yr), 

or  

 

P/(dP/dt) = 5.3 x 10
7
 years. 
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Figure 2.  The 1992-2019 O-C diagram for the “eclipse” 
timings of AM CVn, fit to a parabola.  The “sheds water” 
curvature of the parabola indicates that the period is 
decreasing, at ~20 μs/yr. 

Two comments are appropriate. 

 

(1) The rms disperson of the orbital timings is 

0.038 cycles = 39 s.  That may seem large, since each 

timing represents an average over ~300 cycles (of 

time spanned, corresponding to ~90 cycles of 

observation).  The main culprit here is variability in 

the amplitude and frequency of the strong negative 

superhump (at 85.4 c/d, compared to the orbital 

frequency of 83.99 c/d).  This variability confounds a 

precise removal of the negative superhump.  In 

addition, many runs show a weak signal at the 

fundamental positive-superhump frequency (82.2 c/d, 

the “subharmonic” of the famous and obvious 164.4 

c/d superhump).  The proximity and aliasing potential 

of these signals to the 83.99 c/d orbital signal is a 

problem. Finally, the precise waveform of the orbital 

signal varies slightly. 

 

(2) We observed AM CVn quite frequently in the 

years prior to the first point (in 1992).  These 

observations were previously described in detail 

(Patterson et al. 1992).  However, we did not come to 

recognize the importance of the 1028 s signal until 

1993, and so the data-taking strategies were not 

optimum (relatively short time series, with significant 

aliasing issues).  In addition, the absolute time stamps 

of this early data could not be consistently recovered 

and checked.  So the 1978-1991 data is not used here.   

      

We conclude that the orbital period is decreasing 

on a timescale of 50 million years.   

 

3. The Decrease In Orbital Period 

It's very surprising to find AM CVn in a state of 

orbital-period decrease. Roche-lobe-filling stars (the 

donors) must satisfy P
2
ρ = constant, where ρ is the 

density of the donor.  For P = 1028 s, this implies ρ = 

1300 g/cm
3
.  A thousand times denser than the Sun!  

That's why the common understanding of the AM 

CVn class always invokes white-dwarf donor stars. 

In particular, 1028 s implies M2 = 0.05 Mo if the 

donor is a fully degenerate (“cold”) white dwarf.    

But white dwarfs expand as they lose matter – and 

that's a big, big problem.  Since P
2
ρ = constant, a 

decreasing period requires an increasing density.  

But white dwarfs expand and become less dense as 

they lose matter.  Contradiction! 

So it's “back to the drawing board”. 

Nearly all CVs, and certainly the short-period 

ones, have a low-mass star losing matter to a high-

mass star.  With angular-momentum conserved, this 

mass-transfer expands the binary and increases Porb.  

But there must be a driver of mass transfer.  In 

ultracompacts, the natural driver is gravitational-

radiation (GR), which operates at a precisely known 

rate – dependent on M1, M2, Porb – and removes 

angular momentum from the binary.  Thus there is 

always a competition between a GR spiral-in term 

and a mass-transfer spiral-out term. 
This calculation has been made many times for 

AM CVn stars.  Under the assumptions commonly 

adopted, the result is always that spiral-out wins.  So 

all AM CVn stars are expected to be increasing their 

periods.  But measured values of dP/dt are now 

available for four members of the class; 3 out of 4, 

including the prototype, are decreasing their periods 

(at 5, 9, and 17 minutes).  Something is seriously 

wrong. 

In the final version of this paper, we will show 

what that something probably is: the assumption of a 

WD mass-radius relation.  In particular, we calculate 

that a 0.2 Mo donor (rather then 0.05, which the cold-

WD theory requires) will have much more spiral-in 

and less spiral-out.  As required!  The trick is to be 

willing to completely surrender the traditional 

assumption of a “cold” WD as the donor star.     

 

4. Summary 

1. We present the analysis of time-series 

photometry of AM CVn over a 40-year baseline 

(1978-2019).  This comprises ~1300 nights (~5000 

hours) of data,  The star always stayed within ~0.1 

mag, and usually within 0.05 mag, of its mean 

brightness (V = 14.18).  It's by far the least 

cataclysmic and least variable of any known CV. 

 

2.  The star displayed its usual cornucopia of 

periodic signals (about a dozen, mostly higher 

harmonics and precessional sidebands of the 

fundamental signals), consistent with our earlier 
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analysis of 1992-8 data (S99).  The strongest are the 

positive and negative superhump, at 1051.2 s and 

1011.4 s respectively.  We separated each season's 

data into a few clusters with a relatively dense 

distribution in time, measured the phase and 

amplitude of the superhumps in each cluster, and then 

subtracted them separately from each cluster.  We 

then computed the power spectrum of the residual 

time series, and always found a signal at 1028.7 s.  

Unlike the superhumps, this signal maintains a stable 

phase over years, and is the true orbital period. 

 

3.  Over the 40-year baseline, the timings of 

orbital minimum-light show a period decrease of 

20±4 µs/yr.  A decreasing Porb implies a decreasing 

orbital separation, which implies a decreasing radius 

for the donor star.  This is inconsistent with the 

traditional belief that the donor is a normal (“cold”) 

WD.  Instead, the donor's radius probably decreases 

slightly (“semi-degenerate”) as it loses mass.  

“Hardly degenerate at all” might be even more 

accurate; seemingly, ρ2 = M2/R
3
 must increase as M2 

decreases, implying R2 proportional to M2
>0.33

.  The 

secondary is probably a low-mass helium star, not a 

WD. 

  

4. Under the plausible theory that evolution is 

driven by GR angular-momentum loss, we can obtain 

the observed dP/dt with numbers like M2 = 0.2 Mo 

and dM/dt = 10
-9

 Mo/yr.  The GR theory fails if M2 is 

substantially less or dM/dt substantially more. 
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TABLE 1 – (Provisional) Orbital Minima (HJD – 2,400,000) 

48742.5612           49041.7147            50526.6726           50570.3826 
50589.7425           50617.5923            50855.7963           50938.6413 
50945.6310           50977.6733            51211.9952           51252.8096 
51292.6620           52349.68235          52364.6729           52368.6026 
52369.5673           53102.76483          53117.6844           53123.6486 
53129.6504           53840.90405          53844.66631         54104.89700 
54176.78582         54499.75634          54507.49544         54535.6422 
54903.86634         54941.61096          55259.6715           55272.6141 
55282.6280           55291.6887            55565.9466           55568.8635 
55576.8052           55590.5338            55644.56545         55657.68665 
55660.57961         55667.87855          55679.54737         55712.63617 
56040.37710         56042.72365          56064.65418         56326.69531 
56359.81871         56365.35541          56709.71873         56717.76868 
56721.47116         56727.60332          57109.42322         57438.54630 
57444.85828         57449.47783          57458.66908         57466.46866 
57466.46866         57469.56370          57826.74985         57829.59560 
57830.50033         57834.46500          57840.68135         57880.60356 
57882.54462         57887.67625          58182.81750         58190.81912 
58195.54527         58200.59377          58210.59600         58213.44176 
58216.28737         58218.28780          58221.33538         58226.53904 
58228.35980         58231.23062          58475.80374         58488.84120 
58525.66865         58529.64482          58531.63300         58540.49320 
58550.60166         58555.37493          58558.38730         58560.56554 
58562.54350         58564.40080          58566.35244         58568.35368 
58570.53260         58572.34218          58574.40245         58584.35640 
58586.35716         58588.59496          58590.49937 
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ASCOM - Not Just for Windows Any More 
Robert Denny 

DC3 Dreams 

rdenny@dc3.com 

Abstract 

This will be an informal "technology briefing" rather than a  science paper presentation. On February 15, the 
ASCOM Initiative announced new technology called ASCOM Alpaca [https://ascom-
standards.org/Developer/Alpaca.htm ].  The objective of Alpaca is extend ASCOM to provide cross-platform and 
internet connectivity between astronomy software and devices. This expansion of the ASCOM ecosystem is 
provided without needing any changes to existing Windows-based ASCOM compatible devices and programs. 
The Windows side of this has already been designed, developed, and tested with unmodified programs on one 
PC and unmodified devices with unmodified ASCOM drivers on another PC, over the internet.  For general 
information see the Alpaca Frequently Asked Questions [https://ascom-standards.org/FAQs/Index.htm]  on the 
ASCOM Initiative web site [https://ascom-standards.org/index.htm], and if you are interested in more technical 
detail, see the Alpaca Developer's Page [https://ascom-standards.org/Developer/Alpaca.htm]. 
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High-Altitude Ballooning with Stanford Online High School 
Kalée Tock 

Stanford Online High School 

kaleeg@stanford.edu  

Abstract 

Together with students, I launched a high-altitude balloon in August of 2016 and again in June of 2018.  On both 
occasions, we tracked the balloon using ham radio.  On the first launch, the camera cut out for unknown 
reasons.  On the second, it overheated.   The flight computer, however, survived intact, and yielded some 
interesting temperature, pressure, and altitude data, which are investigated in this paper.  In particular, 
temperature inversion in the stratosphere was observed.   The experience and results of the first two launches 
are described, and a plan for a third launch to take place in June, 2019 is outlined. 

1. Introduction 

High-altitude ballooning has been a means of 

probing the atmosphere since the late 1800’s, when 

French meteorologist Léon Teisserenc de Bort first 

discovered temperature inversion in the stratosphere.  

At first, he was uncertain whether the believe the 

surprising result.  He initially blamed the absorption 

of sunlight by his instruments, and began conducting 

his experiments at night to avoid this effect 

(Wikipedia, 2018).  Eventually, however, the 

conclusion was inescapable: temperature decreased 

with altitude up to a point, and then began to warm 

again. 

Now, we understand the mechanism of warming 

in this layer.  Ultraviolet light splits diatomic oxygen 

(O2) into single atoms with one unpaired electron, 

called radicals and written as O
.
 (Yip, 2001).  Oxygen 

radicals are unstable, so they quickly react with O2 to 

create ozone, or O3.  Upon stimulation by another 

photon of UV light, ozone combines with an oxygen 

radical to re-create two molecules of O2.  Since O2 is 

very stable relative to O3 + O
.
, this reaction is 

exothermic, releasing the heat responsible for de 

Bort’s observed temperature inversion.  The cycle 

also has the happy consequence that UV light is 

absorbed before it can reach Earth, thereby 

preventing sunburn and cancer, as illustrated in 

Figure 1. 

 

 
Figure 1:  Absorption of UV light by Oxygen and Ozone 
in the Stratosphere, from Yip, 2001. 

I purchased a weather balloon kit from High 

Altitude Science, and set out to replicate de Bort’s 

result as well as perform some additional tests.  As 

part of a 2016 summer minicourse, Stanford Online 

High School (SOHS) students designed experiments 

for the payload of Pixel Flight 1 that included vials of 

water and other liquids, marshmallows, popcorn, and 

tardigrade-containing soil from around Stanford 

campus.  Under the direction of the inimitable 

physics lab instructor Travis Merritt, students 

embedded an accelerometer into a stuffed Pixel (the 

school mascot), attached it to the payload platform by 

a string, and programmed an Arduino to push the 

Pixel off the platform at the time when the balloon 

was projected to reach its maximum altitude.  The 

balloon reached 60,000 feet (only 2/3 of its projected 

height estimate), and landed more than a 3 hour drive 

from where it had been projected to land.  The low-

end video camera on the payload stopped recording 

about 40 minutes into its 3-hour flight.  With help 

from Gary Oas, the balloon was recovered on the 

outskirts of Modesto.  SOHS student Jessie Mindel 

documented the experience with a video (Mindel, 

2016). 

Pixel Flight 2 was not done as part of a 

minicourse but instead was something that I put 

mailto:kaleeg@stanford.edu
https://www.youtube.com/watch?v=XunUB8MOgv8&feature=youtu.be
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together the school’s graduation in 2018.  I was able 

to re-use the frame and flight computer from Pixel 

Flight 1, but bought a higher-end GoPro camera to 

capture video of the Pixel’s journey into the 

stratosphere.  Unfortunately, the new camera had 

embedded batteries, so I could not replace them with 

cold-resistant Energizer Ultimate Lithium Batteries.  

Worried that the batteries would freeze, I enclosed 

the camera in a styrofoam medical supplies box, 

painted black, with an optically-clear plastic window.  

I included some insulation in the box as well as a 

sodium acetate heat pack, and even poured in some 

CO2 (from a baking soda-vinegar reaction in a party 

balloon) to take advantage of its low thermal 

conductivity.  Unfortunately, these precautions were 

excessive, and the camera overheated during the 

launch.   The balloon, however, rose to a height of 

106,000 feet, so if the video had been captured, it 

would have been spectacular.  A small team 

consisting of two SOHS families and myself 

recovered the balloon from a field on the outskirts of 

Yosemite. 

In this paper, I will describe the conditions, 

experiments, and results of Pixel Flights 1 and 2.  I 

will also outline plans for Pixel Flight 3, to be 

performed as part of Stanford Online High School 

graduation on June 8, 2019.   

 

2. The Balloon and Flight Train 

Balloons for both Pixel Flights were purchased 

from High Altitude Science (High Altitude Science, 

2019).  Weather balloons are typically made of latex, 

which is a consistent thickness regardless of the size 

of the balloon.  As noted in the introduction, Pixel 

Flight 1 ascended to approximately 60,000 feet 

before bursting, while Pixel Flight 2 ascended to 

approximately 106,000 feet.  In our case, the 

discrepancy in maximum altitudes may have arisen 

from inexact positive lift estimates more than latex 

variability, but students from the Stanford Space 

Initiative (SSI) balloon group have found latex can be 

somewhat capricious.   In fact, SSI has a dedicated 

latex enhancement team, which has developed new 

methods to increase balloon longevity by 

synthesizing UV and ozone-resistant coatings to 

inhibit latex photodegradation (Stanford Space 

Initiative, 2019). 

The balloon is only partially inflated prior to 

launch, because it expands as it rises to regions of 

lower external pressure.   Figures 2 and 3 show the 

Pixel Flight 1 and Pixel Flight 2 balloons prior to 

launch. 

 

 
Figure 2:  Pixel Flight 1 prior to launch, Aug 15, 2016. 

 
Figure 3:  Pixel Flight 2 prior to launch, June 9, 2018. 

The flight train includes an open triangular frame 

made of American Basswood, which is designed to 

be as light as possible.  Figure 4 shows a High 

Altitude Science balloon with its flight train, and 

Figure 5 shows some experiments that the students 

mounted onto the frame for Pixel Flight 1, as well as 

the flight computer and a mirror pointing down.  In 

the mirror is visible a small stuffed Pixel (the 

Stanford Online High School Mascot), swinging on a 

string.  The little Pixel had an accelerometer 

embedded into its stuffing by the physics lab 

students, who had set the Pixel on the payload 

platform and programmed an Arduino to push Pixel 

off at the projected time of maximum altitude.  The 

students had been hoping to measure the gravitational 

acceleration constant g at high altitude.  

Unfortunately, the Pixel deployed from the platform 

during launch due to jostling, so this measurement 

was not possible, but the downward-pointing mirror 

occasionally reflected its image into the camera as it 



35 

 

swung by.  Incidentally, the triangular payload frame 

is quite sturdy; it was re-used for Pixel Flight 2, and 

it will be employed a third time for Pixel Flight 3. 

 

 
Figure 4:  A High Altitude Science balloon with red 
parachute on the flight line and triangular payload 
platform at bottom of the flight train (High Altitude 
Science, 2019). 

 
Figure 5:  Pixel Flight 1 payload platform experiments, 
including a downward-pointing mirror with the stuffed 
Pixel mascot in view swinging from a string.  At this 
point, the flight train is not high enough for Earth’s 
curvature to be noticeable; any seeming curvature is 
due to the fisheye lens of the camera. 

3. Logistics 

3.1 Federal Aviation Administration 

Regulations 

Special permits are sometimes needed to launch 

a weather balloon, as specified by Subparts A and D 

of the Current Federal Aviation Administration 

(FAA) Regulations and Policies (Federal Aviation 

Administration, 2019).  Because the total weight was 

under 4 pounds and because an impact force of less 

than 50 pounds would separate the balloon from its 

payload, Subpart D did not technically apply despite 

the fact that the total weight/size ratio was more than 

three ounces per square inch.   Nevertheless, as 

recommended by the High Altitude Science Eagle 

Flight Manual, I did adhere to the safety requirements 

from Subpart D: avoiding major airports, launching 

with less than 5/10 cloud cover and at least 5 miles of 

visibility, using less than 50 feet of flight train, and 

ensuring that the balloon was projected to burst over 

and land in a sparsely inhabited area (Maydell, 2016).  

I also filed a NOTAM (Notice to Airmen) by calling 

the Lockheed Martin Notice to Airmen Line (877 487 

6867).  This must be done a maximum of 48 hours 

prior to launch, and is ideally done the day before so 

that the launch conditions are known as precisely as 

possible. 

 

3.2 Selecting a Launch Site 

The launch location was chosen based on the 

recommendation of the SSI balloon group students.  

There are two balloon launching sites that are 

approved by Stanford, listed in Table 1. The Hollister 

site is about an hour away from Stanford campus, 

while Modesto is about 2 hours away.  For both Pixel 

flights, we were able to launch from Hollister. 

 

Site Latitude Longitude Address 

Hollister 36.8489 121.4319 Brigantino 

Park, 2100 

San Juan Rd, 

95023 

Modesto 37.5620 121.1484 Laird 

Regional 

Park, 8250 W 

Grayson Rd, 

95358 

Table 1. Stanford-approved weather balloon launch 
sites. 

3.3 Predicting the Flight Path 

To forecast the burst and landing location of the 

balloon, the vertical and horizontal components of its 

trajectory are predicted separately.  The vertical 

component includes how quickly the balloon will rise 

and how high it will go before bursting.  Once those 

are known, the weather forecast can be used to 

predict the direction in which the balloon will be 

blown during its journey up.  For the vertical 

component, I used the Balloon Performance Predictor 

at tools.highaltitudescience.com.  Figure 6 shows a 

screenshot of the site. 

 



36 

 

 
Figure 6:  Calculator at tools.highaltitudescience.com. 
This is used to estimate the helium required for a 
launch, as well as the vertical component of a weather 
balloon’s flight.  

"Positive lift" refers to the amount of extra 

helium included above and beyond what is needed to 

achieve neutral buoyancy with the payload.  This is 

measured by attaching an upside-down spring scale 

to the balloon as it is being inflated, and subtracting 

the weight of the payload from the reading.  Playing 

with this number on the calculator site reveals some 

tradeoffs: small positive lift means the balloon will 

achieve a higher altitude before rupturing, but have a 

longer flight before doing so.  Table 2 shows some 

predicted flight parameter estimates for a 1200g 

balloon with a 1000g payload and various amounts of 

positive lift.  Note that the ascent rate should not 

exceed 5 m/s, because this might cause premature 

rupture of the balloon.  

 

Positive 

lift (g) 

Helium 

required 

(ft
3
) 

Total 

flight 

time 

(hrs) 

Burst 

Altitude 

(ft) 

Ascent 

Rate 

(m/s) 

100 83 5.4 112,000 1.7 

500 97 2.5 108,000 3.7 

900 111 1.8 105,000 4.7 

Table 2. Flight parameter estimates for a 1200g balloon 
with a 1000g payload, using the calculator at 
tools.highaltitudescience.com. 

Aiming for a 2-hour flight is a reasonable 

compromise for a Pixel flight: we want to go as high 

as possible without having to wait all day, and we 

also want to minimize the uncertainty associated with 

the balloon's trajectory as the flight time 

lengthens.   Also, the camera's battery and space on 

the Micro SD card is unlikely to last much longer 

than about 2 hours (assuming it remains functional 

for the entire flight).   

Once these parameters have been estimated, the 

horizontal component of the trajectory can be 

predicted using the high altitude balloon projector at 

http://predict.habhub.org.  At this site, it is necessary 

to enter the latitude and longitude of the launch 

location chosen from Table 1, along with the 

anticipated Launch Time (in UTC).  Finally, the 

estimated ascent rate and burst altitude are entered 

from Table 2.  Clicking “Run Prediction” will show a 

map similar to Figure 7. 

 

 
Figure 7:  A projected balloon trajectory from 
http://predict.habhub.org. 

On the map in Figure 7, the orange star shows 

where the balloon is predicted to burst, and the green 

dot shows where it is predicted to land.   Small 

adjustments to the parameters on the prediction site 

reveal that the balloon's trajectory is exquisitely 

sensitive to the launch time, as well as to ascent rates 

and burst altitudes.  Even keeping these variables 

constant, the predicted path changes drastically as the 

weather predictions become more certain.  The 

habhub.org site will not generate a prediction more 

than 5 days in advance of the launch. 

 

3.4 Tracking and Recovery 

For all Pixel flights, the payload includes a 

StratoTrack APRS radio bug coded with my Ham 

radio call sign (KM6CSQ-11) as well as a SPOT 

tracker.  The advantage of the APRS system is that 

tracking data is publicly available on launch day from 

http://aprs.fi.  This enables students as well as remote 

friends and families to track the balloon over the 

internet during its flight by entering my call sign into 

the “Track callsign” box.   The SPOT tracker, on the 

other hand, is meant for keeping track of valuable 

possessions, and therefore can only be accessed via a 

website that has my personal login information.  Both 

systems are necessary because the APRS system 

becomes less accurate close to the ground, where 

radio signals might become blocked by trees and 

buildings.  Therefore, APRS is used to track the 

balloon while in flight, but the SPOT tracker is 

employed by the recovery team once we get into the 

general region of the balloon after it has landed.   

http://predict.habhub.org/
http://predict.habhub.org/
http://aprs.fi/
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For Pixel Flight 1, the busload of 16 minicourse 

students retreated to Andersen’s Pea Soup restaurant 

on Interstate 5 to track the balloon.  Because the 

balloon landed several hours’ drive away and the bus 

needed to return to Stanford campus before 5pm, they 

were not able to join Gary Oas and myself in 

recovering the payload from a horse farm near 

Modesto.  The recovery site is shown in Figure 8. 

 

 
Figure 8:  Recovery site of Pixel Flight 1. The red 
parachute and white balloon remnants are visible on the 
ground at right. 

For Pixel Flight 2, which happened as part of 

OHS graduation, families provided their own 

transportation and therefore were not constrained by 

the need to return to campus at a particular time.  

Approximately 9 families participated in the launch, 

following which most of them returned to Stanford 

for the graduation festivities that were occurring that 

day.  After having been warned that the landing site 

could potentially be rugged and that the retrieval was 

a come-at-your-own-risk venture, two families joined 

the recovery efforts.  The recovery team is shown in 

Figure 9 at the landing site. 

 

 
Figure 9:  Recovery site of Pixel Flight 2 along with the 
remnants of the balloon.  Appearing in the photo from 
left to right are Ardaman, Gurmehar, and Harmehel 
Singh, Hagan Hensley, and myself.  Rick Hensley took 
the photo. 

It was my personal dream to be in position to 

watch the balloon fall out of the sky, so we departed 

from the launch site immediately upon loading the 

helium tank back into the rented UHaul truck I had 

used to transport it (helium tanks must be secured in 

a truckbed for transportation).  Due to the strong 

winds blowing that day, we knew that we had a long 

drive ahead of us, and that the balloon would move 

faster than we would.  However, because the balloon 

ascended to such a high height, where the winds were 

calmer and then actually reversed direction, we were 

able to overtake the balloon when it was at maximum 

altitude, and then get ahead of it before it hit the fast 

winds again during its descent.  SOHS student Hagan 

Hensley was a clear-headed navigator from the 

passenger seat, switching between Google maps and 

the APRS tracking site while simultaneously 

estimating how far ahead of the payload we should 

stay due to the projected winds during the descent 

(not to mention patiently answering my constant and 

probably nerve-wracking barrage of questions: “How 

high is it now?!  How about now?!”).  Although we 

missed the moment of landing, we were within a 

couple miles of the landing site when it came down.  

The balloon landing would have been difficult to 

catch in any case, since it occurred off-road. 

 

4. Payload Experiments 

As mentioned previously, the planned 

accelerometer experiment for Pixel Flight 1 did not 

work out because the Pixel was jostled off of the 

platform during launch.  We also had difficulty 

detecting evidence of tardigrades in the moss we had 

sent up; I suspect that our limited ability to identify 

these may have been a factor.   Pixel Flight 1 had a 
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mostly-deflated party balloon in view of the camera 

(visible in Figure 5), which we had been hoping to 

observe expand as the balloon ascended.  During the 

time the camera remained functional, the party 

balloon did not become noticeably enlarged.  Based 

on the fact that it was still intact when the payload 

was retrieved, it is suspected to have had inadequate 

air in it initially, or to have had a leak.  For Pixel 

Flight 2, we secured the party balloon to the Pixel 

and inflated it slightly more prior to launch, so that it 

was the size of a large pear.  Due to the Pixel Flight 2 

camera failure, we did not capture footage of it 

becoming enlarged, but it must have done so, because 

upon retrieval it showed signs of having ruptured 

violently.   

 

5. Temperature and Pressure   

The flight computer remained functional for the 

entirety of Pixel Flight 1 and the first half of Pixel 

Flight 2.  It recorded temperature, pressure, and 

altitude measurements every 6 seconds.   

Figure 10 shows the speed, altitude, and 

temperature of both Pixel Flight balloons at various 

points along its path, based on data taken from the 

flight computer. 

From the leftmost plots, it is clear that in both 

cases, the winds were blowing West at the highest 

point of the balloon’s trajectory and East at the lower 

altitudes.  A slightly warmer temperature coincides 

with the high-altitude region of the plot, though the 

shading is subtle and obscured by the relatively short 

time that the balloon spent in this region.  From the 

rightmost plots, the yellow blip indicates a point 

where the balloon must have caught a sharp gust of 

wind. 

Although the GPS position sensor remained 

intact for both flights, the temperature and pressure 

sensors cut out part way through Pixel Flight 2, as 

evidenced in the middle plots of Figure 11 and shown 

in Table 3.  When the temperature and pressure 

readings from Pixel Flight 2 prior to this point are 

isolated, the temperature inversion layer begins right 

around 15km on both plots, as it is expected to do.   

 

Time 

Km

/h Alt-m Pa 

Temp 

K T/P 

18:34:42 55 32125 861 252.85 100 

18:34:48 46 32165 867 252.95 99 

18:34:54 48 32199 861 253.15 100 

18:35:00 50 32234 861 253.15 100 

18:35:06 42 32269 856 253.15 101 

18:35:12 55 32304 850 253.25 101 

18:35:18 44 32338 845 253.35 102 

18:35:24 51 32371 840 253.35 103 

18:35:30 59 32403 843 253.35 102 

18:35:36 50 32435 842 253.45 102 

18:35:42 66 32466 788 253.65 110 

18:35:48 61 32491 790 253.85 109 

18:35:54 72 32528 554 254.15 156 

18:36:00 61 32498 833 254.05 104 

18:36:06 70 32263 877 253.75 98 

18:36:12 50 31923 834 253.65 104 

18:36:18 57 31626 955 253.35 90 

18:36:24 33 31333 869855 273.15 0 

18:36:30 38 31066 869855 273.15 0 

Table 2. Flight computer data from Pixel Flight 2.  
Shaded in orange is the highest altitude point, which 
coincides with the highest temperature / pressure ratio.  
Shaded in blue is the point where the temperature and 
pressure sensors appeared to cut out.  For all of the 
measurements that follow, the temperature reading was 
273.15K and the pressure reading was 869855 Pa. 

From the Ideal Gas Law (PV = nRT), the ratio of 

temperature in Kelvin to pressure is proportional to 

the volume of the balloon.  Therefore, the ratio of T/P 

at any point during the balloon’s trajectory to its 

value at the outset gives an estimate of the ratio of the 

volume of the balloon to its initial volume.  Figure 12 

shows the ratio of T/P to its initial value as a function 

of flight time.  The plot implies that the Pixel Flight 1 

balloon swelled to 22 times its initial volume (or 

almost 3 times its initial radius) before rupturing, 

while the Pixel Flight 2 balloon swelled to 156 times 

its initial volume (more than 5 times its initial 

radius).  However, the solitary highest point in the 

orange graph for Pixel Flight 2 is suspicious, and in 

the original data file, the reading is aberrantly high, 

as highlighted in orange in Table 3.  It seems more 

believable that the balloon only swelled to about 120 
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times its original volume, which is slightly less than 5 

times its initial radius. 

 

 
Figure 12:  Ratio of balloon volume to initial volume as a 
function of flight time.  Blue is Pixel Flight 1 and orange 
is Pixel Flight 2. 

6. Plans for Pixel Flight 3 

Pixel Flight 3 is scheduled for June 8, 2019.  The 

biggest science goal for this mission is to capture 

footage of the entire flight of the balloon.  To do this, 

it will be necessary to keep the GoPro warm enough 

but not too warm.  I have purchased a lightweight, 

USB-powered hand warmer that might do the job, 

shown in Figure 13.  It heats to 107
o
F, (cooler than 

the sodium acetate heat pack’s 135
o
F) and stays 

warm for up to 5 hours. 

 
 

Figure 13: A USB-powered hand warmer. 

 

However, preliminary tests suggest that this will 

still be too warm, because the black GoPro absorbs 

the radiant heat.  After only 40 minutes in the 

styrofoam box, the temperature probe in the box 

registers 39
o
C, which is warm but not beyond the 

temperature range where the camera should remain 

operational, according to the manufacturer.  

However, the camera feels extremely hot to the touch.  

The box with temperature probe is shown in Figure 

14.  One possibility for circumventing this inordinate 

heating is to wrap the camera in aluminum foil to 

offset its tendency to absorb excessive radiant heat.  

Hopefully, this will still keep the interior of the box 

sufficiently warm for the batteries to remain 

functional, though this is difficult to predict given the 

constantly-changing thermal conductivity of the cold, 

thin air at high altitude.  We will find out on June 8! 

 

 
 

Figure 14: The styrofoam box with temperature probe.  
The USB-powered hand warmer is on the opposite side 
of the box from the black camera, which faces the 
optically-clear plastic window.   

 

7. Conclusion 

Weather balloons provide a unique and direct 

means of probing atmospheric physics and chemistry.  

This accounts for their prevalence: over 800 

meteorological weather balloons are launched each 

day (High Altitude Science, 2019).  Despite the 

logistical challenges involved in launching a balloon 

with students, both previous adventures have been 

memorable and worthwhile learning experiences.  

We reproduced de Bort’s observation of temperature 

inversion in the stratosphere, added our own 

observations, and gained some valuable experience 

with high-altitude ballooning.  I have high hopes for 

Pixel Flight 3!   
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Figure 11: Altitude versus temperature and altitude versus pressure for Pixel Flights 1 and 2. 
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Abstract 

Time-exposed celestial Images generally suffer from varying degrees of distortion.  This effect is usually referred 
to as drift or trailing, and is a result of the telescope mount being misaligned with the polar axis.  However, even 
with perfect polar alignment and accurate guiding, field experience has shown noticeable drift can still occur.  A 
mathematical model of star motion was created to investigate the distortion phenomenon to ascertain if this 
effect could be minimized.  Indeed, polar misalignment is found to be a correctable source of distortion.  
However, there is a second factor that is caused by the rotation of the earth.  Rotation creates an inherently 
small velocity difference across the image field that produces cumulative distortion. It was found that the location 
of the guide star relative to the image center of the field of view (CFOV) is an important factor.  When guide stars 
have the same right ascension as the CFOV but vary only in declination, the image will have the minimum overall 
distortion rate.  Guide stars that vary in right ascension from CFOV have much greater distortion rate.  The worst 
case is found at the intersection of the Celestial Equator and the Meridian.  For comparison, +45 declination was 
also computed.   A typical telescope/camera prime focus image of 16 X 16 arcmin was used as the field of view 
(FOV).  Additionally, a helpful byproduct of this analysis offers an improvement in time savings and accuracy by 
automating the venerable “drift method,” which can also be used alone or as a double check on other polar 
alignment methods. 

1. Introduction 

Producing quality images is enjoyable, but it is 

also hard work.  Site preparation, equipment setup, 

atmospheric effects, unwanted visitors, animals and 

insects are just a few of the potential challenges and 

hazards of imaging the cosmos.  With all the time and 

energy invested in preparation, even more work is 

needed to align the mount, attain focus, acquire and 

track the object, and select camera parameters 

suitable for conditions.  This is time consuming and 

must be done carefully before making object and 

calibration images. 

Imaging results have not always met my 

expectations despite all due care being taken with 

physical preparation.  Perplexed, I decided to analyze 

the physics of the tracking process and hoped to 

clarify what was eluding me.  A mathematical model 

was created and studied parametrically.  It is 

gratifying to find the model worked, and interesting 

results have been obtained.  Steps to minimize 

distortion are presented in Section 3 (Mount 

Considerations), and Section 4 (Guide Star 

Selection).  

 

2. Mathematical Model 

An accurate model of celestial motion was 

needed. The coordinate position of stars (x, y, z) at 

the x2002, B42).  I followed the nomenclature used 

in this section, where “α” is the position angle east 

and west (measured counterclockwise from due west) 

and “𝛿0” is declination.   The earth was assumed to 

be spherical, and other second order effects were 

neglected.  The detailed calculations are too lengthy 

for this work but can forwarded to an interested 

reader. 

 

𝑅0(𝛼, 𝛿) = (

𝑥(𝛼, 𝛿0)
𝑦(𝛼, 𝛿0)

𝑧(𝛼, 𝛿0)
)    

 Eq 1 

   

The equations must be transformed to represent 

the observer’s position, giving: 

 

 

𝑅1 = 𝑅1(𝛼, 𝛿0, 𝛽, 𝜉. 𝜂)    
 Eq 2 

 

 Where “β” is latitude, “ξ” and “η” are 

altitude and azimuth error respectively (arcmin).  

Any star velocity is found from: 

 

𝑉1 =
𝑑𝑅1

𝑑𝛼
∗

𝑑𝛼(ℎ)

𝑑ℎ 
∗

𝑑ℎ

𝑑𝑡
   

 Eq 3 

 

Where “h” is the local hour angle (east positive, 

west negative, Meridian is zero).  To compute the 
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relative velocity of the star, “𝑉𝑆𝐺 “with respect to a 

tracking telescope, the true velocity of the star “𝑉𝑆 

“and the guide star “𝑉𝐺 “are used: 

 

𝑉𝑆𝐺 = 𝑉𝑆 − 𝑉𝐺    

 Eq 4 

Finally, to explore the phenomenon of image 

distortion, a contour map of velocity magnitudes 

difference is computed for points on a 33 X33 point 

grid.  To do this, a few more parameters must be 

captured.  The apparent velocity magnitude is given 

by: 

 

|𝑉𝐴(ℎ, 𝛥𝛼, 𝛿0, 𝛥𝛿, , 𝛽, 𝜉, 𝜂, 𝑟, 𝜃)|    Eq 5 

The additional parameters are:  Δα (guide star 

position in Right Ascension with respect to CFOV, 

arcmin), Δδ (Guide star position in Declination with 

respect to CFOV, arcmin), r (radius vector from 

CFOV to image point, arcmin), and θ (radius angle 

from CFOV to image point, 0<θ<2π, radians).   The 

results (arcsec/min) are compiled in a matrix and 

when viewed as an ensemble provide a contour map 

of the apparent distortion rate for any position on the 

sky dome. 

 

3. Mount Considerations 

 Accurate polar alignment is essential for 

accurate tracking. At my site, I cannot see Polaris; 

however, I have a GOTO mount that has an 

alignment procedure for addressing this problem. I 

used this often and sometimes check results for 

alignment by using the venerable drift method.   On 

the occasions I have checked, I noticed that a healthy 

percentage of GOTO alignments were not accurate.  

So, the time spent on GOTO is wasted. It is even 

more frustrating when this goes unnoticed and the 

image results are poor.  This leaves a choice of using 

the tedious drift method to ensure accuracy or taking 

a chance on the built-in procedure.  Doing both is not 

an efficient use of time. 

  

3.1 Automated Drift Method Alignment 

 Improving the drift method was my goal.  

Before this writing, I had a devised a mathematical 

model of the relative motion of the sky as seen by an 

observer and used it to enhance the drift method.  It 

saved some time but was not as efficient as I had 

hoped.   Lately, I have developed an improved 

version that is far more robust and accurate than the 

first edition and can be automated for field use.  The 

form of the error function is locally linear for +/- 30 

arcmin and is: 

 

𝑬 = 𝑪𝑭 ∙ 𝑫𝑹      

 Eq 6 

where E is alignment error (arcmin), CF is a 

linearized Correction Factor (arcmin*min/arcsec), 

and DR is the measured Drift Rate per unit time 

(arcsec/min). 

For Azimuth error, CFazm is a function of the 

local hour angle (HA, decimal hours) and the 

Declination (DEC, decimal degrees) for the 

alignment star.  Although the formula is very robust 

over a wide range, choosing a star an hour or less 

from the Meridian and near the Celestial Equator will 

give faster results. 

 

CF𝑎𝑧𝑚( HA, DEC) =
−

12

𝜋

cos(
𝐷𝐸𝐶∗𝜋

180
)∗cos(

𝐻𝐴∗𝜋

180
)
  

Eq 7 

For Altitude error, CFalt is a function of the 

local hour angle (HA, decimal hours), latitude (LAT, 

decimal degrees), and declination (DEC, decimal 

degrees) for the alignment star.  Results are improved 

if the star is near the Celestial Equator and between 

4.5 and 3 hours from the Meridian. 

 

𝐶𝐹𝑎𝑙𝑡(𝐻𝐴, 𝐿𝐴𝑇, 𝐷𝐸𝐶) 
 

=

12
𝜋

sin (𝜋
15 ∙ 𝐻𝐴

180 ) cos (𝜋
𝐿𝐴𝑇
180) cos (𝜋

𝐷𝐸𝐶
180 )

 

 

Eq 8 

 

These formulas can be programmed onto a 

spread sheet.  For a fork mount, the declination and 

hour angle may be read directly from the setting 

circles.  The latitude is known from GPS or a map.  

For an electronic mount, the declination and latitude 

may be easily found.  Also, the hour angle can be 

manually measured or calculated by subtracting 

sidereal time from the right ascension of the star. 

 For a German equatorial mount, the hour 

angle may be manually measured with digital level 

placed on the weight bar.  Bear in mind that the 

measurement must be made in a plane normal to the 

plane of the Meridian.  The hour angle is found 

directly by dividing the result by 15.  The hour angle 

is a key parameter.  Even though the equation could 



45 

 

be reworked to use the horizontal angle directly, hour 

angle is helpful in other areas, so I calculate it.  

 Automating hour angle requires computing 

the sidereal time. This involves making a spreadsheet 

and using the computer clock as the standard time 

input.  I have done this already, and it is pretty much 

debugged.  I can forward the spreadsheet to an 

interested reader.  

 

3.2 Mount Characterization. 

 To apply this method, the telescope must be 

characterized.  The observer must know how far and 

how fast the star is moving.  Also, once a correction 

is found, it must be accurately applied.  A very 

straight forward way to characterize the azimuth and 

altitude adjustment knobs might be to use the 

telescope and reticle as a transit.  Useful items for 

this technique are: a reticle, a digital level, a stop 

watch, and a pair of graduated dials to be attached to 

the adjustment knobs.  If the reticle grid (or bullseye) 

spacing data is not known, then with a few timed 

measurements of a star or the sun crossing between 

divisions will enable the observer to calculate the 

angular grid distance for later use. 

 

3.2.1. Azimuth 

  In the daylight, set up the mount and level 

the tube in right ascension and declination pointing 

toward a vertical object about 50 m away with 

distinct endpoints, e.g., a stop sign.  Attach a 

graduated dial to the azimuth wheel.  Measure the 

inscribed angle, “A1,” of the entire sign post from top 

to bottom with declination adjustment controls.  (A 

digital level may be necessary.)  Physically measure 

the stop sign height (H) corresponding to angle A1, 

and width (W, 30 inches for the standard sign).  The 

angle inscribed by the sign (A2) is then (W/H)*A1.  

My scope shows about 53% of the sign with my 

setup.  Use the azimuth adjustment wheel, and while 

keeping track of the turns, move the mount until it 

transits the entire sign.  Then you know the number 

of turns for angle A2.  For my setup it the result was 

0.8 turns for 20.6 arcmin, or 26 arcmin/turn. 

 

3.2.2. Altitude 

 Adjust the telescope so the right ascension 

axis lies in the vertical plane.  Attach a graduated dial 

to the altitude adjustment knob and use a digital level 

safely secured to the top of the scope.  Turn the 

Altitude knob over the range in which you are 

interested, counting the turns.  Take the differences 

of the first and last altitudes and divide by the 

number of turns.  You now know the average change 

in altitude per turn. 

 

3.2.3. Reticle 

 The grid or bullseye spacing in the reticle 

forms an angular span (arcsec) in the FOV.  This is 

important so the drift rate can be measured 

accurately.  For a given reticle, note that the bullseye 

angular span depends on the focal length of the 

telescope.  The span is different for instruments with 

different focal lengths. 

 To begin, select a star within ½ hour of the 

Meridian, measure the transit time of your star in 

right ascension  ( R.A. motor may be more accurate 

than Declination motor) as it crosses the desired 

dimension, then calculate the Transit Angle (arcsec). 

 

𝑇𝑟𝑎𝑛𝑠𝑖𝑡 𝐴𝑛𝑔𝑙𝑒 = 15 ∙ 𝑅 cos (𝜋
𝐷𝐸𝐶

180
) ∙ Δ𝑇 

Eq 9 

 

Where: 15 is the sidereal rate (arcsec/sec), R is 

tracking speed (usually ½ to 1 of sidereal rate), DEC 

is the declination in decimal degrees, and Δ𝑇 is the 

star transit time across the bullseye (seconds).  

Armed with this, the drift rate in both in altitude and 

azimuth can be measured and adjusted for good 

alignment. 

 

4. Guide Star Selection Application 

 The model predicted tracking distortion 

(even with high precision polar alignment) that 

depended the object’s declination and on the position 

of the guide star relative to the CFOV.  Practically 

speaking, it is best to demonstrate this by making 

graphical representations for various locations on the 

Celestial Sphere. The Observer’s latitude is taken to 

be +40°.  Results are similar for -40°.  This is a useful 

average latitude for most observers.  All figures show 

the distortion rate contour for a 16 X 16 arcmin FOV.  

Calculations were made between 2>h>-2 hours.  This 

is the best swath of sky to use for imaging because it 

will minimize atmospheric effects. The highest 

distortion rate is at the intersection of the Celestial 

Equator and the Meridian.    

 

4.1 Guide star and CFOV differ in Declination 

 The distortion rate contour map for Figure 1, 

2 and 3 have been calculated with the guide star +10 

arcmin difference in declination from CFOV.  The 

CFOV coordinates listed represent (hour angle, 

declination, Latitude=+40).  Figure 3 shows the 

additional effect of +10 arcmin alignment error on 

the contour map. 
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Figure 1. CFOV position: (0, 0, +40).  The guide star is at 
+10 arcmin in declination from CFOV. 

 

 

 
Figure 2.  CFOV Position (0,+45, +40).  The guide star is 
located +10 arcmin in declination from CFOV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. CFOV position: (0, 0, +40).  The guide star is at 
+10 arcmin in declination from CFOV and mount axis is 
+10 east of polar axis. 

 

4.2 Guide Star and CFOV differ in Right 

Ascension 

 The distortion rate contour map for Figure 4, 

5, and 6 have been calculated with the guide star at 

either +/- 10 arcmin difference in right ascension 

from CFOV.  

 

Figure 4. CFOV position: (0, 0, +40).  The guide star is at 
+10 arcmin in right ascension from CFOV. 
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Figure 5.  CFOV position: (0, 0, +40).  The Guide star is at 
-10 arcmin in right ascension from CFOV. 

 

 

 
Figure 6.  CFOV position: (0, 0, +40).  The Guide Star is 
at -10 arcmin in right ascension from CFOV and mount 
axis is +10 arcmin east of polar axis. 

 

5. Conclusions 

The good mount polar alignment and optimum 

guide star selection improves image quality.  

Although a bit of effort is required to characterize the 

mount and reticle, it has long term advantages in time 

savings.  Also, the best choice for the guide star lies 

is on a line of declination through the CFOV, while 

the worst choice is a star on a line of right ascension.  

Of course, there is not always a conveniently located 

guide star at that position, so allowances must be 

made with exposure time, etc.  If the mount has 

azimuth error, the center of rotation is displaced east 

or west.  This causes a commensurate dislocation of 

the distortion rate contour.  For example, if the 

azimuth had +10 (east) arcmin error, the distortion 

rate would translate into an extra +2 arcsec/min 

across the entire FOV. 
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Project PANOPTES: Overview and Proof of Concept 
James Synge 

james.synge@gmail.com 

 Abstract 

A Pro-Am collaboration aimed at building a global survey of the night sky to find exoplanets and refine transit 
data, Project PANOPTES guides teams in building and deploying inexpensive, weatherproofed, robotic 
telescopes, and provides centralized storage and analysis of the captured image sequences. This talk will 
provide an overview of the project and the data processing, plus details of an exoplanet transit recorded in light-
polluted Pasadena, CA. 
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The Use of Fixed Observatories for Faint High Value 
Occultations 

Steve Conard, IOTA, steve.conard@comcast.net 
Ted Blank, IOTA, tedblank@gmail.com 

Jack Gross, IOTA, jack144@gmail.com 

Roxanne Kamin, IOTA, rlkamin@prodigy.net 
John Moore, IOTA, john@jmooreou.com 

 

Abstract 

The International Occultation Timing Association (IOTA) has supported the science community by taking part in 
high value occultation campaigns for many years.  Until recently, most of these campaigns involved relatively 
bright target stars, and were most efficiently observed by deploying many small telescopes across the predicted 
path.  A single ambitious observer could deploy ten or more stations, and the cost of each station was in the 
range of hundreds of dollars.  In addition, small private or club observatories were occasionally utilized in 
providing single location chords. More recently, the most scientifically sought-after observations have tended to 
be faint stars being occulted by Jupiter Trojans, Centaurs, and distant Trans-Neptunian Objects (TNO). 

The 15 August 2018 occultation of a 12.9 magnitude star by Pluto offered one of the best opportunities for 
observing the properties of Pluto's atmosphere since the New Horizons encounter.  Data from this event was 
sought by several groups of scientists from both the US and Europe. The authors, rather than either observe 
from our home areas or deploy a single large portable telescope, obtained observing time and operational 
support from four university and museum observatories.  These observatories were very close to the centerline 
of the event, and were in good position to possibly observe the scientifically important central flash.  Our team of 
five contacted these observatories and were enthusiastically welcomed to use their facilities.  Despite weather 
risks, all four sites successfully participated in collecting data. 

We describe our planning of these observations, outreach to the observatories, operations, and results from this 
campaign.  We further discuss the advantages to IOTA produced by pursuing the use of similar observatories in 
the future.  Advantages include ease of logistics, high data quality, public outreach, and recruiting new long-term 
observers. 
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Update on the M31 and M33 Luminous Stars Survey 
 

J.C. Martin  

University of Illinois Springfield 

jmart5@uis.edu 

 

Logan Kimball 

University of Illinois 

Abstract: 

The most luminous stars found across the top of the HR Diagram contribute significantly to the ionization and 
chemical enrichment of the Universe.   Many of those stars are defined by extreme photometric variability for 
which no physical cause has been identified (i.e. supernova impostors, S Doradus outbursts).  Others are 
spectroscopically similar but relatively quiescent with no clear explanation for why they behave so differently.  
The Henry R Barber Research Observatory at the University of Illinois Springfield is conducting a long-term 
targeted multi-filter imaging survey of M31 and M33 focusing on luminous blue variables (LBV), candidate LVBs, 
B[e] supergiants and warm hyper-giants.   Previous results from the survey include the discovery of a new LBV, 
24 new candidate LBV and also similarities between the photometric variability of B[e]sg and warm hyper-giants.  
Now, after the seventh year of the survey, we report an S Doradus outburst observed in LBV AF Andromedae, 
progress made identifying trends in the variability of different classes of luminous stars, and our initial results 
from monitoring red supergiants serendipitously captured in the survey images. 
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Current Status of 'Visual' Comet Photometry 
Charles S. Morris 

Associate Editor, International Comet Quarterly 
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cometguy3783@gmail.com 

 

Abstract 

Monitoring the 'visual' brightness of a comet's coma is a useful way to track its development, compare the 
general activity to other comets, and, for periodic comets, monitor changes in activity from one apparition to 
another.  Although visual comet photometry using the eye as a sensor has been around for a couple of centuries, 
it has only been in the last 20 years or so that the use of CCD photometry, particularly of fainter comets, has 
become popular.   The pitfalls of V eye magnitudes of comets has been well-documented by this author and 
others, including the aperture or focal length effect.  The inclusion of CCD 'visual' comet magnitudes has posed a 
puzzle as many of these estimates are significantly fainter than V eye estimates.  This paper will summary both 
the issues affecting V eye comet estimates and those involving CCD photometry of comets including 
observational issues, the choice of filters, reduction programs.  However, the problem of fainter CCD estimates, 
which are mostly made with larger telescopes, is traced to the aperture/focal length effect.  A solution for 
incorporating these CCD observations into a visual comet light curve is proposed.     

1. Background 

Monitoring the 'visual' brightness of a comet's 

coma is a useful way to track its development, 

compare the general activity to other comets, and, for 

periodic comets, monitor changes in activity from 

one apparition to another.  What the 'visual' 

magnitudes do not provide is a direct link to any 

specific physical process in the comet.  Instead, what 

is seen in the visual range of the spectrum is a 

combination of processes involving gas and dust 

production within the coma of the comet.    

Visual comet photometry using the eye as a 

sensor has been around for a couple of centuries.  An 

early compilation visual photometry was made by 

Vsekhsvyatskii (1958) and more recently by Kronk et 

al. (2000-2017).  There have also been many 

individual light curves published in the International 

Comet Quarterly (ICQ) and other publications.  Light 

curves are now routinely published online at various 

web sites.  For historic comets, researchers have used 

physical descriptions, the time of first and last 

detection to infer a comet's brightness.  This latter 

technique was applied to 1P/Halley before its 1986 

apparition by Bortle and Morris (1984), Marcus 

(various issues of Comet News Service) and others. 

It has only been in the last 20 years or so that the 

use of CCD photometry, particularly of fainter 

comets, has become popular.  The definition of what 

is visual becomes more critical for CCD photometry.  

One has the interplay between spectral responses of 

the CCD camera, the filter used (if any), and the 

object being imaged.  Because the spectral range of 

dark-adapted eye V = V eye is somewhat different 

from the V filter some differences might be expected 

between V eye comet estimates and those obtained 

by a CCD.  However, CCD estimates are often much 

fainter than those made by the eye.  

The purpose of this paper is to review the status 

of 'visual' comet photometry with an emphasis on 

CCD photometry and why CCD obtained visual 

comet magnitudes might be faint. 

 

2. Observations Made with the Eye 

Light curves of visual comet observations made 

with the eye have been notorious for having 

significant scatter.  The first researcher to address this 

problem was Bobrovinikoff  (1941, 1943).  Using 

observations from a very well-observed comet, he 

was able to determine a correlation between the 

aperture of the instrument used to observe the comet 

and the reported magnitude, with larger apertures 

resulting in fainter magnitudes.  This so-called 

aperture effect when applied to observations made 

with refractors, the predominant instrument at the 

time, reduced to scatter in the light curve.  Three 

decades later, this author (Morris, 1973) used comet 

observations from the Association of Lunar and 

Planetary Observers to establish that there was a 

smaller aperture effect when Newtonian reflecting 

telescopes were used.  While the use of aperture 

corrections are a useful tool to minimize the scatter of 

the observations, ultimately, this author began to 
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develop personal corrections for each 

observer/instrument when large numbers of 

observations were available for specific comets. 

In an experiment conducted at the AAVSO 

meeting on Nantucket Island in 1977, four 

experienced observers (John Bortle, Steve O'Meara, 

Peter Collins, and this author) slipped away from the 

banquet (with apologies to then-Director Janet 

Mattei) and observed C/1977 R1 (Kohler).  Using the 

same comparison stars, similar instruments 

(binoculars), and under precisely the same observing 

conditions, these observers obtained, independently, 

estimates that were within 0.1 magnitudes of each 

other.  The importance of this experiment was that it 

indicated what was possible in terms of consistency 

between visual observers.  

The apparition of 1P/Halley in 1986 provided 

significant insight into observers (Edberg and Morris, 

1986).    

-The more experienced observers typically 

reported brighter magnitude estimates than 

inexperienced observers. 

-When the frequency of the tenths place (.0 – .9) 

was plotted for experienced and inexperienced 

observers, the distribution for experienced observers 

was relatively flat, indicating no bias.  The 

inexperienced observers showed significant peaks at 

.0 and .5 magnitude, indicating bias. 

 By requiring ten observations (over many 

months) eliminated most of the inexperienced 

observers and the scatter of the resulting light 

curve was significantly reduced.   

 A significant conclusion was that observer 

experience was the most critical factor in 

determining the quality of the reported 

magnitude estimate. 

 

The author has produced a number of light 

curves of 1P/Halley – Green and Morris (1986),  

Morris (1987), Green and Morris (1987), Morris and 

Hanner (1993).  The light curve from the last paper is 

reproduced here (Figure 1) and illustrates a light 

curve using over 700 observations from 7 

experienced observers.  In Morris and Hanner (1993), 

it was demonstrated that total magnitude fluctuations 

from visual observers as small as 0.3-0.5 magnitude 

coordinated with outbursts in the infrared light curve. 

 

 

                                      

 
 

Figure 1.  Light curve of 1P/Halley during the 1986 
apparition (from Morris and Hanner, 1993).  Over 700 
observations by seven observers are shown.  The 
author's observations are offset below the light curve to 
show the possible effects of phase angle (indicated by 
o) on the magnitude estimates, 

 

Currently, there are light curves by individual 

observers (which can be incomplete) and those 

showing all reported observations have been 

published (mostly online).  Plots of all observations 

are useful, particularly during an apparition, to show 

observers how their observations compare to others.  

What seems to be missing in most cases is the after 

apparition analysis that provides a more refined light 

curve.  Often the use of all the observations - a scatter 

plot - light curve is the final product.   

The photometric equation that is typically used 

to represent a comet's light curve is  m1= Ho + 2.5n 

log r + 5 log Δ, where m1 is the comet's observed 

total (coma) magnitude. Ho is the 'absolute' 

magnitude, n is the rate of heliocentric brightening, r 

is the comet's distance from the Sun in astronomical 

units (AU), and  Δ is the comet's distance from the 

Earth in AU.  It should be noted that the values of Ho 

and n can change, most notably before and after 

perihelion although some comets show changes at 

other times during their apparition.  The average 

value of n for a long period comet is 3.3.  Short 

period comets can show much higher values of n.   

Often n is smaller as a comet recedes from the Sun.  

Occasionally, an incoming comet, particularly an 

Oort Cloud comet, will cease to brighten as it 

approaches the Sun and n will go to 0 (eg., C/1984 

N1 (Austin)). 

When deriving comet photometric parameters, 

such as Ho and n, putting a least squares fit through a 

scatter plot light curve has the potential of resulting 

in significant error.  As noted above, the most 

experienced observers produce brighter magnitude 

estimates.  Unlike standard statistics, most 

observational errors an observer makes in obtaining a 

comet magnitude estimate will result in a fainter 

estimate, not a randomly brighter estimate.  Thus, 

giving equal weight to fainter estimates will skew the 

resulting parameter (Ho) fainter and will perhaps 

affect the derived slope (n). 
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3. Observations Made with CCDs 

The advent of CCD comet m1 observations, 

which started showing up about 20 years ago, was a 

welcome addition.  Before CCD observations, 

observations of fainter comets were almost 

exclusively photographic, which were, at best, 

problematic.  However, as more CCD observations 

were cataloged, a disturbing trend became evident – 

in many cases, the CCD observations were fainter 

than the Veye observations, sometimes substantially.  

The discrepancy seemed to be more pronounced with 

gassy or blue/green comets.  The author first looked 

at this problem 15 years ago (Morris, 2004) and 

proposed a possible reason, which will be discussed 

later. 

At first glance, CCD m1 estimates should be 

reasonably consistent, but should that be the case?  

There are a wide variety of CCD sensors with 

different sensitivities, most peaking in the red part of 

the spectrum.  Observations can be unfiltered or 

perhaps use a V filter.  More recently, observers have 

started using the G (green) filter from the set of RGB 

filters used for obtaining color CCD images, 

apparently an ad hoc alternative to using a V filter.  

The transmission curves of the G and V filters are 

very similar (Figure 2).   

 

 
Figure 2.  Transmission of the G and V filters compared 
to the sensitivity of the dark-adapted eye. 

There are more than 20 photometry software 

packages which have been used to obtain comet 

magnitudes.  Some have circular apertures, and 

others have square apertures.  Some remove field 

stars in the coma, and others do not.  Some provide a 

variety of possible answers depending on assumed 

coma size, some solve for the coma size (with the 

option inputting a specific coma size).  Two of the 

most popular photometric packages today are 

explicitly made for comets, COMPHOT (by Nick 

James, BAA) and KOPR  (by Jakub Cerny).  Both of 

these programs require that the comet image be 

reduced by Astrometrica (by Herbert Raab) which 

searches reference catalogs for comparison stars 

(position & magnitude).  Many observers use 

Astrometrica to provide comet and asteroid positions 

to the Minor Planet Center.  Astrometrica provides a 

new keyword in the FITS header that specifies the 

magnitude zero point of the image that the other two 

programs utilize to determine the comet's magnitude. 

So the use of different programs, filters and other 

aspects in obtaining 'visual' CCD comet magnitudes 

can produce scatter but is that what causes fainter 

estimates compared to  Veye magnitude estimates. 

 

4. What Does Visual Magnitude Mean? 

That should be simple, right?  Well, it is not.  It 

turns out that the dark-adapted eye has a different 

response curve than does the V filter.  The 

professionals specified a V filter that differs from 

what the eye sees.  No doubt a committee designed 

the filter and had good reasons for the wavelengths 

they selected.   

This difference has been the bane of Veye 

observers for a long time.  Trying to sort out 

comparison stars in a field is sometimes tricky.  

Frequently, two stars are listed as the same V 

magnitude, and yet they appear to differ by several 

tenths of a magnitude to the eye.  The difference is 

due to the color (temperature) of the stars in question.   

If the V filter matched the eye, this would not be a 

problem, but it does not (as shown in Figure 2).  

 

5. Why are CCD Comet Observations 

Faint? 

Figure 3 shows a scatter plot of the observations 

of a recent comet, C/2018 Y1 (Iwamoto) from the on-

line COBS comet database.  It is evident that many 

CCD observations are faint compared to visual (eye) 

observations.  
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Figure 3.  Light curve of C/2018 Y1 (Iwamoto) from the 
online COBS Comet Observation Database.  The two 
different lines  (copyright Crni Vrh Observatory). 

 

 

If there is a robust solar-like continuum in a 

comet – a dusty comet, one might expect the 

difference between Veye and the V filter would not 

make much of a difference.  However, for gassy 

comets that have significant emission lines and a 

faint continuum, that definition of 'visual' is 

potentially very important.  Figure 4 shows the 

location of significant emission lines in a comet.  

Some of this energy, specifically the C2 line between 

420-450 nm. falls in the spectral region not covered 

by the V filter that is seen by the dark-adapted eye.  

The loss of spectral energy in the blue, which is seen 

by the eye, for gassy comets using a V filter was 

proposed as a possible reason that CCD observations 

were often faint.  This conclusion was suggested by 

this author initially (Morris, 2004).   

 

                  
 

Figure 4.  The spectrum of C/2001 Q4 (NEAT) by G. V. 
Schiaparelli.  X-Axis is wavelength (Angstroms). 

 

 

The author using an unfiltered CCD, which 

peaks in the visual part of the spectrum (Figure 5), 

observed C/2018 Y1 (Iwamoto) on several nights.  

Given that this CCD covers the entire region of the 

dark-adapted eye, one would expect that the derived 

brightness estimates would be consistent with the 

visual estimates made with the eye.  They were not.  

The author's CCD estimates of this comet using a 

40cm f/6.3 SCT were significantly fainter than the 

visual observers' estimates by about two magnitudes .   

On 2019 March 31 UT, the author's CCD observation 

indicated m1= 12.2 at a time when visual observers 

were estimating m1=10.0-10.5.  [A complete listing 

of the author's observations of this comet will be 

presented at the meeting.]  The author's results with 

an unfiltered CCD makes it very unlikely that the 

difference of the V (or G) filter and the dark-adapted 

eye is the cause of the fainter estimates.  Although, 

there is probably some small effect on the results. 

 

 
Figure 5.  Comparison of the sensitivity of the 8300M 
CCD chip with that of the dark-adapted eye. 

 

What is the cause of the fainter estimates?  An 

examination of the CCD estimates in Figure 3 shows 

that the ones that  are in agreement with the Veye 

data were made with smaller aperture, small focal 

length systems.  The larger aperture, longer focal 

length CCD systems are the ones that produce the 

fainter estimates.   Although more research is 

required, it is probable that the CCD observations 

suffer from the same type of aperture/focal length 

effect as Veye observers do when they use larger, 

longer focal length telescopes.  The optical system is 

not showing the CCD the entire comet.  Fortunately, 

the number of small aperture/focal length CCD 

systems used has increased significantly over the last 

15 years.  This has helped mitigate the effect for 

brighter comets and has made the cause of the fainter 

CCD estimates much more obvious. 

Interestingly, if the Bobrovinikoff (1941) 

correction for refractors is applied to the author's 

CCD observation C/2018 Y1 on 2019 March 31 UT 

of 12.2, the correction is 2.2 magnitudes.  The 
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corrected magnitude of 10.0 is consistent with the 

brighter visual (eye) estimates at the time (Figure 3).  

Why would CCD observations of dusty comets 

not show as much of an effect?   Dusty comets are 

usually much more condensed than gassy comets, 

and their comas are often better defined than gassy 

comets. 

 

6. How to Incorporate CCD 

Observations in a Light Curve? 

Although some average correction might be 

developed to correct the CCD comet magnitudes to 

Veye estimates, a better approach is to develop a 

correction for each CCD system used for each comet 

observed.  Doing this requires a significant number of 

observations to have been made for the comet by 

each observer.  This need emphasizes the importance 

of routine observations of comets by observers.  The 

one-off or occasional observation may be of limited 

value. 

Other questions arise – What to do about comets 

only observed by CCD?  Does the effect go away 

when the comets become very small (arc seconds) on 

the CCD image?  These questions will require 

additional research. 
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Abstract 

          We report an extensive campaign of V-band time-series photometry of the new X-ray transient MAXI 
J1820+070 = ASASSN-18ey.  About 90 days into its outburst, the star developed large-amplitude photometric 
waves with a period of 0.690(2) days. These are likely to be superhumps – characteristic of an eccentric 
instability in the accretion disk of compact binaries with a low mass ratio.  Such waves are common in the high 
state of cataclysmic variables.  Their presence here – along with the luminosity, spectrum, and fast variability of 
the X-rays – probably establishes the accreting star as a black hole of >4 solar masses. 

1. INTRODUCTION 

Soft X-ray transients (SXTs) are close binaries in 

which a black hole or neutron star accretes 

episodically through an accretion disk.  The accretion 

rates parse naturally into high and low states, and in 

nearly all cases the binaries are initially discovered 

when they jump suddenly from obscurity into a high 

state.  In this and other respects they seem to bear a 

close resemblance to the “WZ Sge” subclass of 

cataclysmic variables (CVs; Haswell et al. 1997, 

Uemura et al. 2004), in which the accreting star is a 

white dwarf rather than a black hole.  A very 

common property of the WZ Sge stars is the 

appearance of large-amplitude photometric waves 

(superhumps) near maximum light.  These waves 

occur with a period several percent longer then the 

true orbital period, and are particularly useful 

because the fractional period excess over Porb enables 

an estimate of the binary's mass ratio (Patterson et al. 

2005, Kato & Osaki 2013). 

     It would be very desirable to apply that 

reasoning also to the SXTs.  And it seems reasonable, 

since the eccentric instability (Lubow 1991, 

Whitehurst & King 1991) producing the superhumps 

originates in the outer disk, where all these binaries 
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are probably similar.  But the number of SXTs 

sufficiently well-studied to furnish such evidence is 

still very small.  Studies of superhumps in SXTs have 

not progressed much beyond “some SXTs show some 

evidence for superhumps”. 

A newly eruptive object, anointed MAXI 

J1820+070, was discovered on 11 March 2018 

(Kawamuro et al. 2018), and found to coincide with a 

12
th

 magnitude star (ASASSN-18ey) which had been 

earlier noted on 6 March 2018 as part of the daily 

summary of transients found by the ASASSN survey 

(Shappee et al. 2014, Denisenko 2018).  A flood of 

Astronomical Telegrams followed.  Within a few 

days, the X-ray source rose to be among the brightest 

in the sky, with a hard power-law spectrum, ~100 ms 

flares, and fast quasi-periodic oscillations.  A new 

radio source appeared, suggestive of a synchrotron-

emitting jet.  These are the familiar signatures of the 

“hard state” of a black-hole binary, and in particular 

the SXTs*.  Over the subsequent 12 (and counting) 

months, the star has been studied intensively by X-

ray, ultraviolet, radio, and optical/IR telescopes (e.g., 

Shidatsu et al. 2018, Tucker et al. 2018).  Here we 

report the results of an observing campaign by the 

globally-distributed small optical telescopes of the 

Center for Backyard Astrophysics (CBA). 

- - - - - 

*We keep this term “SXTs” for historical 

reasons, but the term “black-hole X-ray novae” 

(BHXN) is now more accurate and likely to survive.  

Transients with a neutron-star accretor have 

significantly different characteristics (Done 2007). 

- - - - - 

 
2. THE LIGHT CURVE 

      The data consist of nightly time-series 

photometry assembled from individual runs by ~20 

small (0.2-0.6 m) telescopes scattered around the 

world.  CBA data collection and analysis methods 

have been discussed elsewhere (Patterson et al. 

2013).  We obtained ~2000 hours of coverage in V 

and unfiltered light over 162 of the first 200 nights of 

the eruption, and converted all data to a V-magnitude 

scale (using additive constants measured when runs 

were simultaneous).  The nightly runs ranged in 

duration from 3 to 22 hours, and averaged ~11 hours..  

Time resolutions as short as 2-5 s were common in 

the first few weeks, but we settled on 20-40 s for the 

remainder of the campaign.   

      Early in the eruption, our data showed strong 

and chaotic variability on a timescale of a few 

seconds, as reported by many observers in X-ray and 

optical bands.  Several X-ray reports cite 100% 

amplitude variability on a timescale ~100 ms. Such 

phenomena are somewhat commonly seen among the 

accreting black-holes (GX339-4, V404 Cyg, KV 

UMa), but never seen among CVs, whose 

characteristic timescales for flickering and quasi-

periodic oscillations are ~100x slower, and whose 

characteristic amplitudes are ~10x smaller.  Along 

with the X-ray flux and spectrum, and the radio 

detection, these observations firmly exclude 

identification as a CV and strongly support 

classification as a black-hole SXT. 

Figure 1 shows the daily average flux in V (our 

data, except for the very earliest data, mined from the 

flood of ATel reports) and 15-50 keV X-ray (Swift 

BAT) bands during the first 250 days of the eruption. 

 

 
Figure 1. Upper frame, daily average 15-50 keV (Swift 
BAT) flux the first ~240 days of the eruption.  Lower 
frame, daily average V magnitudes from CBA data 
(averaging over the 17-hour variation).  Superposed on 
the slow decline, around days 285 and 400, are 
apparently linked echo outbursts in both X-ray and 
optical light.  The event near day 285 coincides with the 
birth of superhumps, to an accuracy of ~5 days. 

 

The Fx//Fv flux ratio is ~500, which is 

characteristic of accretion onto black holes and 

neutron stars, rather than white dwarfs (because of 

the much deeper gravity well).  The timescales of 

these light curves are similar to those of previous 

SXTs.  But the notable feature here, not clearly seen 

in previous SXTs, is the simultaneous smooth 

increase in X-ray and V flux around days 300 and 

400.  These are reminiscent of the “echo outbursts” 

or “rebrightenings” seen in some SXTs (esp. GRO 

J0422+32, see Figure 3 of Callanan et al. 1995, and 

Figure 3 of Goranskii et al. 1996) and in many dwarf 

novae of short orbital period (e.g. WZ Sge, see 

Figure 1 of Patterson et al. 2002).   

       In December 2018, the star had faded to 17
th

 

magnitude, and disappeared in the solar glare.  Two 

months later, Joe Ulowetz's patrol in the morning 
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twilight was rewarded when he glimpsed the star at 

15
th

 magnitude and brightening (Ulowetz, Myers, & 

Patterson 2019).  This recovery – apparently yet 

another rebrightening – takes us to the present.  The 

star is still eminently worth watching! 

 
3. PERIODIC SIGNALS 

Until day 230, the nightly light curves were 

dominated by the chaotic several-second variability 

(likely containing some yet-faster variations, since 

our time resolution was 2-4 s)..Around day 240, 

variations with a timescale of hours first appeared,  

No stable periodic signal was evident for the next 35 

days.  Near the “superhump” frequency found sightly 

later, the semi-amplitude upper limit was ~0.05 mag 

(and for higher frequencies, much lower).  Around 

day 275, a periodic signal with P ~ 0.7 days became 

obvious, dominating the light curve over at least the 

next 100 days Patterson et al. 2018).  Figure 2 shows 

the progression of light curves in 10-day frames, and 

Table 1 gives the measured times of maximum light 

in the 0.7 day variation.   The mean period is 

0.6903(3) days, and the mean waveform is fast-

rise/slow-decline, as is characteristic of dwarf-nova 

superhumps. 

 

 
Figure 2. V-band light curve over the first 30 days in 
which the periodic signal dominated the light curve.  
However, the periodic signal may have appeared, at 
lower amplitude, as early as day 272. 

 

Well-studied SXTs are compact binaries with 

orbital periods in the range 0.2-20 days, so the 

detected signal is a natural candidate for the 

underlying orbital period. However, the phase of the 

signal slowly drifted as the outburst proceeded, and it 

was quickly evident that it could not represent the 

orbital period,  Instead, the drift (as well as the 

waveform) resembled that commonly shown by 

dwarf-nova superhumps.  There are a few precedents 

for such behavior in previous SXTs; reviews are 

given by Haswell et al  (2001) and Uemura et al. 

(2004).  In some cases the evidence is rather weak; 

just four detections are described as “certain” by 

Uemura et al.  But they are very common in 

cataclysmic variables, occurring in essentially all 

short-period CVs (many hundreds) during large 

outbursts.  Thus they would be no great surprise here, 

since the SXT phenomenon is commonly regarded as 

the black-hole/neutron-star analogue of CV 

“superoutbursts” (e.g. Cannizzo 1998, Lasota 2001).   

 
4. THE SUPERHUMP STORY 

The identifying features for CV superhumps are 

these: 

 

(1)  They always occur in large outbursts 

(“supermaxima”), and never in small outbursts. 

(2) They generally rise in amplitude as the star 

brightens, but sometimes after a delay of ~10-15 

days. 

(3) When they first appear, they show a characteristic 

(but not universal) waveform: fast rise, slow decay. 

(4) Their periods are a few percent longer than Porb, 

and slightly change (usually decrease) as the outburst 

proceeds. 

(5) They are essentially universal in the long 

outbursts of binaries with M2/M1<0.35, and 

(seemingly) never found in binaries of larger mass 

ratio. 

 

These are the features of common superhumps in 

CVs.  How does ASASSN-18ey score by these 

admission criteria? 

It scores well with (2) and (3), and is at least 

consistent with (1).  (5) will have to wait for future 

studies, since the mass ratio is not yet known.  That 

leaves (4), which is the critical distinction between 

orbital and superhump periods.  True orbital period 

changes can only occur on long timescales (>10
7
 

years), while superhump period changes require only 

a small change in the properties of the accretion disk 

(e.g. radius).  We looked for small period changes by 

timing the fairly sharp maxima in the nightly light 



64 

 

curves.  Over the course of the hundred-day duration 

of the superhumps, the phase drifted by ~0.3 cycles, 

which corresponds to a timescale P/(dP/dt)~1000 

years.  Thus they can only represent some transient 

process, such as an episode of sudden accretion – the 

usual model for SXTs. 

 
5. OTHER PERIODS? 

       The only other significant and recurring 

features in the power spectrum are harmonics of the 

superhump frequency.  We then subtracted the mean 

superhump (with second harmonic) from each 10-day 

interval, and searched the residual time series for a 

periodic signal.  We did not find any, to a semi-

amplitude upper limit of 0.03 mag.  This could be 

considered an upper limit for an orbital signal. 

We did see a weak but possibly significant signal 

near 0.6883 days in the last 60 days of our 200 days 

of coverage.  Under the assumption that this 

represents the true orbital period, the superhumps 

appear at a period 1.5% longer – or, in the language 

of superhumps, with a period excess ε = 0.015. 

We mention this just for the record.  No other 

evidence yet favors this interpretation.  The 

amplitudes and shapes of the periodic signal change 

somewhat during the outburst, but do not seem to be 

linked to the date of that slope change in the O-C.  

That casts doubt on the “orbital-period”: 

interpretation. 

 
6. MASSES FROM PERIODS 

      The traditional method for measuring masses 

in binaries requires a double-lined spectroscopic 

binary which eclipses (or is of known inclination).  

This luxury is essentially never available for CVs, 

which are generally not double-lined and of poorly 

known inclination.  Nevertheless, the period and 

Roche-lobe-filling constraints enable a measurement 

of the mass ratio in CVs, and the measurements 

indicate essentially that common superhumps are 

guaranteed in binaries with a mass ratio q<0.3, and 

forbidden for significantly higher q (Patterson et al. 

2005).  That paper also establishes a simple 

relationship between q and the fractional period 

excess ε of superhump period over orbital period: 

     ε = 0.18q + 0.29 q
2

, 

where ε is defined as (Psh-Porb)/Porb. 

      The precise value of Porb, and therefore ε, 

will probably have to wait another year or two, when 

the eruption light fades sufficiently to reveal the 

binary structure within.  But if the superhumps are 

anything like those seen in CVs, then the two 

numbers we do know (Porb near 0.7 d, and q<0.3) 

enable us to make a preliminary estimate of masses. 

An empirical main sequence is known for the 

donor stars in cataclysmic variables (Figure 3 of 

Knigge 2006).  For long orbital periods (>8 hours), it 

is close to an ordinary main-sequence relation [R/Ro 

= (M/Mo)
0.9

].  This implies that to fill the Roche 

lobe of a 0.69 d binary, the secondary should have 

M2 ~1.4 Mo.  This is permitted by the brightness at 

quiescence (V = 18.5) and the estimated distance 

constraint of 3.1 (+1.5, -0.8) kpc (Tucker et al. 2018).  

And since q = M2/M1 < 0.3, this implies that the 

mass of the primary (M1) should exceed 4 Mo. 

 

     On the (somewhat unlikely) assumption that 

0.6883 d represents the orbital period, then the ε(q) 

relation implies M1~20-30 Mo.  Successful 

measurement of the orbital period will straighten this 

out! 

 
7. SUMMARY 

1. In luminosity, spectrum, and X-ray and optical 

light curve, ASASSN-18ey appears to be a fairly 

typical SXT, with a black-hole accretor.  About 90 

days into its outburst, it began to show 0.7 day large-

amplitude waves in its optical light curve.  These 

lasted for at least 80 days, were somewhat variable in 

period, and greatly resembled the superhump 

variations seen in cataclysmic variables and a few 

other SXTs.  They are by far the best exemplar of 

superhumps among the SXTs. 

 

2. Most superhump lore concerns “common” 

superhumps, which show positive period excesses of 

a few percent, and are born in episodes of greatly 

increased accretion.  The obvious periodic signals in 

ASASSN-18ey are apparently of this type. 

Considerable evidence among the CVs suggests that 

these arise from an eccentric instability at the 3:1 

resonance in the accretion disk.  This explains why 

they are only found in binaries with a mass ratio q 

<0.3 (because only in those binaries can the disk 

extend as far out as the 3:1 resonance). 

 

3. The mean photometric period is 0.694 (2) d,  

and it decreased with P/(dP/dt) = 2x10
3
 years.  It is 

this period change which decisively establishes the 

signal as a superhump (rather than an orbit, which 

would be vastly more stable).       
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4. We did not succeed in measuring the 

underlying orbital period of Maxie (as we now call it, 

since it has been so good to us).  That will apparently 

have to wait until the star reaches or approaches 

quiescence – at which point both spectroscopy and 

photometry will probably be able to measure it. 

Compared to dwarf novae, everything about this 

binary – the masses, the duration of outburst, the 

characteristic energies of the emitted photons, the 

characteristic frequencies of fast (and, for that matter, 

slow) variability – is 10-20 times bigger! 
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Abstract 

This paper reports on experiments using a FLIR One Pro thermal camera to obtain images of the Moon with 6-
inch and 10-inch reflecting telescopes. I also captured several images of the Jan 20/21, 2019 total lunar eclipse. 
The sensor head of the FLIR Pro One attaches to an Android or Apple smartphone. Because the FLIR One Pro 
is an integrated camera system, the lens and filter could not be removed for direct access to the thermal sensor. 
Instead, I constructed an infrared-transmitting Ramsden eyepiece made with zinc-selenide lenses, and placed 
the lens of the camera at the exit pupil of this eyepiece. These experiments suggest that thermal infrared imaging 
is not only possible, but is also a potentially productive area for amateur astronomy. 

1. Introduction 

Until recently, imaging and science at thermal 

infrared wavelengths has been effectively closed to 

amateur astronomers. However, with the advent of 

inexpensive room-temperature-bolometer detectors, 

the 8-to-14-micron spectrum is now open. An 

inexpensive camera incorporating such a detector is 

the FLIR One Pro (FLIR, 2019). The device is a 

compact thermal-infrared camera featuring a 

160×120 array of 12-micron photo-sites operating 

with a sensitivity of 70 nK. The camera takes either 

still images or video at 8-frames-per-second. The 

sensing head of the camera attaches to an Android or 

Apple smartphone. It is self-powered with a nominal 

battery life of 60 minutes. 

In this paper, I report a series of experiments 

using a FLIR Pro One camera (from here on called 

the “FLIR camera”) to obtain thermal images of the 

Moon. I used ordinary 6-inch and 10-inch reflecting 

telescopes with a special infrared-transmitting 

eyepiece. My goal was to make images of the 

upcoming lunar eclipse of January 20/21, 2019, in 

hope of capturing images showing thermal surface 

anomalies when sunlight was abruptly removed. 

Because the FLIR camera is an integrated 

camera system, the lens and its filter cannot be 

removed to expose the thermal sensor directly. To 

bring an image to focus, I constructed an infrared-

transmitting Ramsden eyepiece made with zinc-

selenide lenses. Placing the lens of the camera at the 

exit pupil of this eyepiece allowed me to use any 

reflecting telescope as an afocal system. 

In Section 4, I show images and thermal infrared 

drift-scans across the Moon, and in Section 5, I 

describe my attempt to capture images of the January 

2019 total lunar eclipse. 

 

 

 
 

Figure 1. The FLIR One Pro is a thermal infrared camera 
that attaches to Android and Apple smartphones. The 
infrared array senses 8- to 14 μm radiation using a 
160×120 room temperature bolometer. 

2. An Infrared Primer 

We are familiar with optical radiation from hot 

bodies such as the filament of a tungsten lamp at 

2800 K or the heating element of an electric stove at 

500 K. The spectral energy distribution from these 

sources follows the well-known Planck curve, with a 

peak wavelength given by Wien’s Law: 

 

Tλmax = 2.90×10
-3

 m K 

 

To radiate at a peak wavelength, λmax, of 500 nm, 

(green light), an object must have a temperature of 

5800 K, the temperature of the Sun’s photosphere. 

Objects at normal room temperature radiate, too. 

For an object at 300 K, peak radiation falls at a 

wavelength of 9.6 μm, a wavelength roughly 20 times 

that of visible light. This is the radiation that the 

FLIR camera is designed to sense and image. 
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Figure 2. Taken in complete darkness, we see three 
alpacas resting on the concrete floor of a barn. The 
animals are about 3 C warmer than the floor. Cool dark 
structures include a gate, wooden chute, and a manger. 

 

What this means is that you and your entire 

surroundings “glow” with thermal infrared radiation. 

The FLIR camera is designed and calibrated to read 

wavelengths between 8 and 14 m, and to interpret 

the radiation as the temperatures of the radiating 

objects. Its intended uses are many, but most involve 

finding hot or cold spots in the local environment. 

The FLIR camera attaches to the smartphone 

through a female USB connector on the camera head. 

This arrangement is slightly wobbly, but it works. 

The image consists of 160×120 pixels. Software 

installed on the smartphone operates the FLIR 

camera. The camera runs in video mode at 8 frames 

per second. Images can be displayed in grayscale or a 

variety of bright (and confusing) color palettes. The 

software displays temperature from a point, or a 

circular or rectangular region of interest. The 

temperature calibration is meaningful only when 

using the integrated lens and filter. 

Exploring the world in thermal infrared 

wavelengths alone is worth the price of the camera. 

Human faces are warm and appear bright, but glasses 

and hair are cool and appear dark. Your nose is cold 

but your mouth is warm. Your eyes are hot but your 

hair is cold. When you touch an object, the “heat-

print” of your fingers remains for several tens of 

seconds. 

 

 

 

 

 
 

Figure 3. We’re looking at a 6-inch telescope mirror 
reflecting the author holding the FLIR camera. The FLIR 
camera displays 20.1C as the spot temperature of the 
reflected image of the camera. 

 

 

You soon learn a lot of interesting things about 

heat and temperature. For example, on cloudy days or 

at night, outdoor temperatures are uniform; 

everything is the same temperature within 1 to 2 C. 

The ground is typically a bit warmer than trees. On 

sunny days, the ground and sunward side of objects 

heat 5 to 7 C while shadow areas stay relatively cool. 

Water surfaces are reflective, but a duck swimming 

on a pond can be detected as a moving pixel from 

100 m distant. Large mammals stand out as warm 

objects both day and night. 

Virtually all metal objects are specular reflectors, 

so the camera displays the temperature of the object 

reflected by the mirror-like surface rather than the 

temperature of the metal object. Reflecting telescopes 

work with 10 μm infrared light. Because most types 

of glass are opaque at 10 μm, refractors, lenses, and 

eyepieces do not work. 

At thermal infrared wavelengths, the sky is cold. 

The camera typically displays “<–60C” for a clear 

daytime sky, and reads around –20 C when pointed at 

clouds. If you point the FLIR camera at the Moon in 

the sky, it appears as a tiny warm spot. Because the 

Moon does not fill even one pixel at the focus, you 

cannot simply read out the temperature of the Moon. 
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Figure 4. I made a Ramsden eyepiece using two 20 mm 
diameter, 25 mm focal length plano-convex lenses made 
from ZnSe. This material is orange in color, very soft, 
and slightly toxic, so it’s best to handle it with gloves 

 

3. Doing Astronomy? 

Is astronomy possible? It occurred to me that 

with an appropriately long focal length, it was 

feasible to measure the radiant signature of the Moon, 

or even make images. But the lens, filter, and sensor 

of the FLIR camera are designed as a unit, and I did 

not want to tear the camera apart. 

At thermal infrared wavelengths, the Airy 

diffraction disk is some 20 times larger than it is at 

optical wavelengths. The angular FWHM diameter of 

the bright core of the Airy disk is: 

 

θFWHM = 1.02 λ/A [radian] 

 

(Berry, 2011). For a wavelength, λ = 10 μm, with an 

aperture, A = 250 mm, the angular size of the Airy 

disk core is: 

 

θFWHM = 8.4 [arcsec] 

 

This rather large figure for the core of the Airy disk 

suggests that an amateur telescope of almost any type 

or design is diffraction limited in the thermal 

infrared. 

I toyed with building an all-reflecting telescope, 

but decided instead to make an eyepiece for a 

Newtonian telescope using lenses made of infrared-

transmitting zinc selenide (ZnSe). A classic Ramsden 

eyepiece consists of two plano-convex lenses, 

convex-to-convex, separated by 80% of their focal 

length. The exit pupil lies outside the eye lens, where 

the FLIR camera could capture an afocal image 

through the telescope. 

Edmund Scientific sells ZnSe lenses of the right 

sizes for around $300 (Edmund, 2019), but by  

 

 
Figure 5. Looking into  the front of 6-inch f/5 Newtonian 
in complete (optical) darkness shows the heat sources 
inside the telescope that will contribute to the infrared 
flux reaching the FLIR camera sensor. 

 

Googling “znse laser lens,” I found the lenses I 

needed for $20 each (Bang Good, 2019). They are 

made for cutting and engraving with a CO2 laser 

operating at 10.6μm wavelength. 

I mounted the two 20 mm diameter, 25 mm 

focal-length lenses 20 mm apart in a temporary cell. I 

slipped this eyepiece into a 1.25-inch anodized 

aluminum tube, and devised a simple holder from 

heavy cardboard for the FLIR camera and the 

attached Samsung Galaxy 9+. 

Making images required pressing buttons on the 

smartphone or tapping the screen. I would have 

preferred to separate the FLIR camera and the 

smartphone, but could not find a USB-C male-to-

USB-C female cable to connect them. The battery 

lifetime of the FLIR camera is nominally 60 minutes, 

but it’s actually closer to 40 minutes. Recharging the 

battery required disassembling the afocal camera 

system, waiting about 90 minutes for it to reach full 

charge, and reassembling it. 

Afocal imaging with a luminous telescope poses 

interesting challenges. Using a sensor located at the 

focus of the telescope, and a signal that is linear, you 

could make one image of the object+background and 
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another image of the adjacent sky+background; you 

could then subtract the sky image from the object 

image to retrieve an object-only image. However, the 

afocal FLIR camera system renders images that have 

been nonlinearly scaled to temperature. As a result, 

the images cannot be subtracted from one another to 

remove the background level. 

 

 
Figure 6. The First Quarter Moon imaged with a 6-inch 
f/5 Newtonian telescope using a 25 mm focus Ramsden 
eyepiece made with thermal-infrared-transmitting ZnSe 
lenses, and a FLIR One Pro camera. 

 

 

Finally, because the exit pupil of an f/6 telescope 

with a 25 mm eyepiece is 4 mm diameter, the much 

smaller lens in the FLIR camera will receive 

radiation not only from the Newtonian primary but 

also from the warm diagonal mirror, the telescope 

tube, the interior of the focuser, and the eyepiece 

itself, the temperature indicated by FLIR camera is 

no longer one that is calibrated, but becomes instead 

a scale best regarded as arbitrary. 

 

4. Imaging the Moon 

When the lens of the FLIR camera was properly 

positioned in the exit pupil of the ZnSe eyepiece, 

shooting images of the Moon was easy. The lunar 

image was large and bright, and getting good focus 

was no different than shooting images of the Moon 

with a normal smartphone camera.  

What proved difficult was repeatedly centering 

and getting the correct spacing for the FLIR lens. 

This was necessary after every battery-charging 

session. My quick-and-dirty solution was to tack the 

smartphone lightly in place with blue painter’s tape, 

then shift the smartphone until the field appeared 

uniformly illuminated and bright. 

Infrared from the cold sky, the warm diagonal 

mirror, and the eyepiece all affect the image. Because 

the FLIR software defaults to automatically scaling 

the image brightness, when the smartphone becomes 

slightly misaligned the image changes in 

unpredictable ways. It is possible to set fixed scaling 

endpoints, but any interruption in the imaging session 

causes the software to revert to its auto-scale mode. 

 

 
Figure 7. The gibbous Moon was captured with a 10-inch 
f/6 Newtonian and 25 mm ZnSe Ramsden eyepiece. In 
the raw image, lunar features barely show, but 
aggressive processing reveals lunar maria and craters. 
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The FLIR camera displays its image 

continuously. To capture a still frame in “photo” 

mode, you press a smartphone button or tap the 

smartphone screen. Capturing video in “video” mode 

begins when you tap the smartphone screen; a second 

tap stops recording. The system can display a 

continuous temperature display of a point, circle, or 

rectangular region of interest. 

I carried out of series of experiments in late 

December 2018 through January 2019 to make 

images of the Moon at first-quarter and gibbous 

phases through a 6-inch f/5 Newtonian and a 10-inch 

f/6 Dobsonian. Figures 6 and 7 show images typical 

of those I made during these experiments. 

Lunar features were visible in the images, but at 

very low contrast. The lunar maria, such as Mare 

Crisium, appeared a bit warmer than the highland 

areas in both telescopes. In the 6-inch telescope, 

craters were not visible because they were too small. 

In the 10-inch telescope, several prominent craters 

near the terminator were visible, as was the arc of the 

lunar Apennines. Although I was using a grayscale 

display, the brightness scale in the images appears 

banded. 

One striking feature in the images was that the 

western limb of the First Quarter and gibbous Moon 

was brightest, as expected, but the brightness in 

thermal infrared surface appears to fall more rapidly 

toward the terminator than does the optical 

brightness. If the lunar surface takes time to heat up, 

you would expect temperature to lag behind 

illumination. 

To quantify the visual impression, I turned on 

the point temperature display (as seen in Figure 5) 

and aimed the telescope so that the lunar images 

would drift across the measuring point. This insures 

that the geometry of the optics remain constant. 

Figure 8 shows one series of drift points. 

Measurements east of the bright limb showed a 

steady –22 C. The temperature scale rises to nearly 

40 C near the bright limb, then falls to –23 C as the 

illuminated lunar image drifts past. 

Because the temperature scale in the FLIR 

camera was not calibrated for the afocal 

configuration, these temperatures are meaningful 

only in being a monotonically increasing measure of 

radiation falling on the FLIR camera’s sensor. 

I am anxious to try imaging the Last Quarter 

Moon the same way. At First Quarter, the middle of 

the lunar disk will have been illuminated by the Sun 

for just a few days, so if there is a thermal lag in 

heating the surface, those regions will be cool relative 

to the limb. At Last Quarter, however, the middle of 

the lunar disk will have been baking in full Sun for 

about ten days, so I expect they will be warmer 

relative to the limb than they were at First Quarter. 

5. Imaging a Lunar Eclipse 

I was fairly confident I could capture images of 

the eclipsed Full Moon providing the weather 

cooperated. Unfortunately, it did not. We had several 

days of rain before the eclipse, but in the late 

afternoon before the eclipse, the sky cleared. This 

caught me by surprise. 

 

 
Figure 8. Setting FLIR camera to display point 
temperature readings and then allowing the Earth's 
rotation to move the Moon across the sensing point, 
produced a "drift scan" across the lunar image. 

From the Pacific Northwest, the eclipse took 

place in the evening in the eastern sky. I quickly 

scouted a location on my property where I would be 

able to follow the Moon through the eclipse. This 

location had tall weeds growing and lay under tall 

trees that were dripping from the recent rains. 

Because of this, I had to cover the 10-inch Dobsonian 

with a plastic garbage bag except when making the 

actual observations. 

I took a total of 64 images through varying 

amounts of cloud. The image in Figure 9 is one of the 

best. In it and a dozen other images, the Moon is 

clearly defined and in sharp focus. Clouds made it 

hard to tell whether the limb of the Moon was getting 

dimmer, that is, cooling. 

 

It was necessary to break off the initial set of 

observations to recharge the internal battery in the 

FLIR camera. When I returned after 40 minutes, the 

Moon was visibly eclipsed and wreathed in cloud. In 

the infrared, the lunar image had become so much 

fainter and the clouds were changing so rapidly, that 

it was difficult to be sure the Moon was in the field at 

all.  
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Figure 9. The sky was only partially cloudy as the 
eclipse began. Parts of Mare Imbrium are visible and 
they are warmer than the rest of the disk. The irregular 
dark region at top is a passing thin cloud. 

In addition, the placement of the FLIR camera’s 

lens relative to the exit pupil of the eyepiece was 

wrong, causing severe vignetting of the field. Several 

images show a dimmed lunar limb, but the field 

orientation is not clear in those images. I continued 

until the clouds closed in completely and the battery 

ran down again. 

Although unsuccessful, the effort demonstrates 

that it is entirely possible to make thermal infrared 

images of the Moon during a total lunar eclipse. 

 

6. Conclusions 

With the advent of inexpensive thermal infrared 

cameras, the thermal infrared is a new area for 

amateur scientist to explore. In astronomy, with 

telescopes of modest aperture, the Moon may be the 

only object that is both warm enough and bright 

enough at 10 μm to observe. 

Although making a ZnSe eyepiece worked, it 

was useful only in that it demonstrated that 

inexpensive thermal infrared imaging is possible with 

an amateur telescope. The strength of the approach is 

that it worked with an unmodified FLIR camera. 

The FLIR One Pro camera lies at the bottom of 

the thermal infrared camera market. For a few 

thousand dollars, cameras such as the Tau2-640 

(FLIR, 2019a) offer better sensitivity and more 

importantly, access to the raw linear image data. 

Operating such a camera would allow sky and 

background subtraction as well as direct access to the 

14-bit raw images from the sensor. 

My simple experiments with the Moon suggest 

possible high-school and undergraduate projects to 

measure remotely the thermal properties of the lunar 

surface. Calibrating the camera and making lunar 

temperature measurements could be an engaging 

technology/astronomy learning experience. 
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Abstract 

This paper describes the collaboration and the results of that collaboration between the authors to develop and 
improve on a R1000-2000 spectrograph that has been designed for 3D printing. The basic spectrograph and its 
associated parts can be printed in about 80 hours using an affordable 3D printer. The process of 3D printing will 
be discussed and specifically the LOWSPEC2 spectrograph will be presented. Issues associated with a 3D 
printed spectrograph will be considered along with how some of these issues were dealt with. Finally, future work 
will be presented along with a repository for continued collaboration. 

1. Introduction 

The 3D ‘printing’ revolution brings many 

benefits to the astronomical community principally 

around lower construction costs.  These benefits 

grow as new printing materials become available 

which lend themselves to more complex projects. 

The emergence of the LowSpec spectroscope, 

designed by Paul Gerlach in early 2018, is a 

watershed in low-cost spectroscope construction for 

the DIY amateur.  

It provides an entry level spectroscope that 

delivers credible performance and is modifiable. 

Early in 2019 a group of us had been discussing 

spectroscopy and spectrographs. We had signed up to 

attend the Sacramento Mountain Spectroscopy 

Workshop 2 (SMSW-2) in Las Cruces, NM., and 

while there we were introduced to a new 3D printed 

UV spectrograph. At this meeting we had heard that 

one of us (Rodda) had started to print a new 

spectrograph called LowSpec in January of 2018. 

Realizing that we needed to be able to discuss these 

topics in a better fashion we instituted a once a week 

video ZOOM meeting where we could all interact 

face to face. These meetings centered around 

Gerlach’s LowSpec design and evolved into an in-

depth discussion of both spectrograph design as well 

as 3D printing techniques.  

Three-D printing provides the ability to rapidly 

prototype a concept and prove feasibility of a design. 

Not only for spectrographs but for a myriad of parts 

needed for small telescope science. Within our group 

we have printed alignment tools, adapter rings and 

focusers as well as complete spectrographs. 

This manuscript will be about our efforts to 3D 

print a particular spectrograph and on a broader front, 

show the utility of 3D printing of spectrographs of 

different designs and produce a working low cost 

spectroscope of low to medium resolution achieving 

quality sufficient for scientific submission. 

 

2. 3D Printing 

There are seven different types of 3D printers:  

 

 Fused deposition modeling (FDM) 

 Stereolithography (SLA) 

 Digital Light Processing (DLP) 

 Selective Laser Sintering (SLS) 

 Selective laser melting (SLM) 

 Laminated object manufacturing (LOM) 

 Digital Beam melting (EBM) 

 

Our group has been using the Fused deposition 

modeling (FDM) type that uses a thermo plastic 

filament to build the parts.  
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2.1 Concept 

FDM printing involves the extrusion of a melted 

thermo plastic filament through a nozzle which is 

numerically controlled over a work surface laying 

down a thin layer of plastic in a controlled pattern. 

The filament is typically 1.75mm in diameter and can 

be ABS, Nylon, PETG, PLA or other specialty 

mixtures. The decision of what type of material is 

dictated by the part and its use. The most common 

filament is PLA (PolyLactic Acid) which has a melt 

temperature of 180-200°C. This material is easy to 

use and is inexpensive ($20USD /Kg) and comes in a 

wide variety of colors. 

Printers can range from a few hundred dollars to 

well over $5000. The price depends on the print 

volume (L,W,H) , resolution, and higher melt 

temperatures. 

A typical nozzle will produce a 0.4mm wide 

ribbon of plastic and can be controlled to a positional 

accuracy of 0.1mm over the part. This allows a good 

compromise between accuracy and print speed. Each 

layer is usually 0.1mm in height and as each layer is 

printed it is immediately cooled so that the part builds 

up and doesn’t melt into a blob. 

The part is built on a glass bed or special mat 

that is heated to help the part stick. The filament is 

fed from a spool and goes through a feed system that 

pushes the filament into the hot nozzle. This nozzle 

then builds up one layer at a time until the full part is 

made.  

 

2.2 Practice 

 Within the team we have 3 different 

commercial printers ( 2 – Crealty Ender 3 Pro (Figure 

1). 1 – Wanhao i3 Plus (Figure 2),  1 – Crealty CR10) 

as well as a home built unit (Figure 3). All of these 

printers have similar capabilities in terms of 

resolution (0.1mm) and print volume (200mm x 

200mm x 200mm) 

 
Figure 1: Ender 3 Printer 

The Crealty printers needed to be assembled 

from high level kits. This involved mounting pre-

made structures and the carriages that hold the hot 

nozzle. Build time was typically 2-4 hours depending 

on each builders capabilities and how many time it 

had to be dis-assembled and put together correctly.  

These are not complex pieces of hardware but 

attention to detail is important. Thankfully there are 

many YouTube videos on the assembly process for 

all of the printers. Most of these videos include 

recommendations for additional components to either 

improve the print quality or prolong the life of the 

components of the printer.  Overall the cost of the 

improvements were less than $30. 

 The cost of the Crealty Ender 3 Pro printers 

is $285 and they are available on-line. The printer 

kits were delivered by standard shipping methods and 

arrived in a few days. 

 



75 

 

 
 

Figure 2: Wanhao Printer 

 The printers to date have not required any 

maintenance other than cleaning the bed and nozzle 

between prints. This cleaning consists of wiping the 

nozzle with a cotton cloth to remove any adhered 

plastic once the nozzle has gotten up to temperature.  

The bed cleaning involves removing any bits of 

melted filament and recoating with adhesion 

promoters (glass beds: Aqua Net hairspray, specialty 

mat: Glue Stick) if necessary. 

 As with most CNC devices, the printers read 

the instructions from a file that is written in G-code. 

This code is very simple and consists of move, 

position, velocity and shape commands that are very 

low level. The G-code is loaded into the printer on 

microSD memory cards or via a USB port. 

 In operation once the G-code is loaded the 

printer starts to run the code. The first commands of 

the code tell the printer what temperatures the bed 

and nozzle should be and it starts to heat them up. 

Once the temperatures have been reached all three 

axes are commanded to their respective home 

positions. Next the nozzle is lowered to just above 

the bed and the filament begins to extrude. During 

this phase the nozzle is moved over the bed near the 

edge to make sure the filament is flowing correctly. 

Next the nozzle is lifted and moved to where the part 

will be produced and printing begins. As previously 

mentioned, the part is built up one layer at a time 

(0.1mm) with each successive layers built on the 

previous layer. To give a feel for print times, the 

body of the LowSpec2 described below takes about 

40 hours! 

 

 
 
Figure 3: Home Made Printer 

2.3 Software 

The link between concept and a finished 3D 

printed part are various pieces of software. The first 

step is to design the part using software such as 

SolidWorks (Figure 4), Fusion360, TinkerCAD  

(Figure 5) or 123DDesign. All of these programs 

output the part in a .stl format.  SolidWorks and 

Fusion360 are parametric design programs that allow 

features of a part to be parametrically linked to other 

features. TinkerCad and 123DDesign are programs 

that build up a part by adding or subtracting shapes.  

Some of these software packages are free while 

others require a purchase. 

The second step is to generate the G-code that 

the printer needs to operate. This software is 

collectively called a slicer. Basically what it does is 

slice the part horizontally into thin (0.1mm) layers 

that will then be printed one on top of the other to 

build the part. Most of these slicer packages are free 

and versions run on Windows, Mac or Linux 

systems.  Within our group we have used Cura 

(Figure 6) and OctoPrint . One feature that all of 

these slicer packages have is the ability to 

automatically generate the support structures under 

those portions of the part that overhang.  

Please see Appendix I for details on slicing the 

LowSpec2 parts. 
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Figure 4: Lens holder being designed in SolidWorks 

 
 
Figure 5: Tinkercad working with the LowSpec2 body 

 
Figure 6: LowSpec2 body ready for slicing in CURA 

 

3. LowSpec Spectrograph 

Paul Gerlach’s original LowSpec  was 

introduced in 2017 when he shared it on Thingiverse.  

After he realized the utility of the design he upgraded 

it to the LowSpec2 in 2018. This revised version 

consists of 20 individual printed components (Figure 

7), all of which are on the Thingiverse site as thing: 

2455390 along with a full assembly document. 

 

Figure 7: Some of the 20 parts that make up the 
LowSpec2 

The LowSpec's optical layout is that of a 

classical spectroscope (Figure 8).  

 

 
Figure 8: LowSpec optical layout 

 

 

 

 

The light from the telescope falls on slit (C) and 

is being directed via a mirror (D) to a collimator (E). 

This mirror was introduced in order to keep the 

overall design as compact as possible. The light then 

falls on a reflective grating (F) and is being focused 
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by an achromatic lens (G).  The idea is that everyone 

should be able to build this instrument. So the optical 

components can not be 'one-of-a-kind' but have to be 

'off-the-shelf'. Most of the components are from 

Thorlabs (Table 1) 

The design incorporates a OVIO Slit (Figure 9) 

which has 12 individual slits from 10, 20, 30, 40,… 

to 700 micron. The 700 micron slit is suitable for 

photometry.  These slits, when mounted on a holder, 

can be indexed into the incoming beam from the 

telescope.  The surface of the OVIO slit is polished 

and reflective allowing the guide image to be 

reflected to a guide camera. This slit can be back 

illuminated so that its location in field can be noted. 

Figure 9: OVIO Slit wheel  

 

(A) lens for autoguider (f=30 mm) 

(B) autoguider mirror 

(C) mirror 

(E) Collimator lens (f = 125 mm) 

(F) grating 25 x 25 mm (300 l/mm) or 

1800 l/mm 

(G) camera lens (f = 100 mm) 

Table 1. Optical components 

 

 

The cost of the completed spectrograph (Figure 

10), without cameras, is approximately $360USD for 

the optics and $40USD for the hardware with a 1kg 

spool of PLA filament at $20USD. The print time for 

the entire project is approximately 80 hours with the 

longest single part (body) print time of 40 hours 

while most of the smaller parts print in 2 hours or 

less. 

 

 
 

Figure 10: Interior of LowSpec 

 

Technical Data: 

Total weight (without cameras):   608 gram 

Resolution: 

  R≈900 (with 300 l/mm grating) 

  R≈9500 (with 1800 l/mm grating) 

Spectral range   

 2871Å(with 300 l/mm grating) 

 476Å (with 1800 l/mm grating) 

 

4. Issues 

As the group considered the possibility of 

making a working spectrograph using 3D printing 

techniques we considered a number of issues. We 

tried to identify these issues and determined how to 

deal with them. 

 

4.1 Thermal stability 

Having a spectrograph mounted on a telescope at 

night exposes it to a considerable change in ambient 

temperature, in some cases as much as 23°C. This 

puts a high demand on maintaining focus of the 

spectrograph optics.  Since the spectrograph housing 

is made from thermo plastic with a CTE of 20-40 e-6 

M/M-°K and the lenses in the spectrograph have a 

focal length of 100mm we could expect a change of 

focus of 0.04-0.09 mm over that temperature range. 
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There is evidence that these plastics have a lower 

CTE parallel to the layers. 

We considered incorporating metering rods of 

Invar but decided to not increase the complexity of 

the unit but make refocusing easier during the night.  

 

4.2 Flexure 

Since flexure in the spectrograph components or 

housing would result in a shift in calibration we 

considered ways to increase the stiffness of the 

housing/camera combination.  Also as part of this 

issue the type of telescope was considered.  A 

Cassegrain type telescope keeps the spectrograph on 

the optical/mechanical axis minimizing off axis 

flexure. Whereas a Newtonian type telescope has the 

spectrograph mounted a considerable distance off the 

mechanical axis. We have printed the spectrograph in 

both PLA and carbon filled PETG materials. The 

Carbon filled materials are about 30% stiffer than 

PLA.  Camera mounting must be carefully 

considered in light of flexure and on a case by case 

application special camera mount supports may be 

needed. 

 

4.3 Material 

There are several 3D Printing materials to choose 

from and every day new materials are added. 

Choosing the right material is very important. The 

most common is PLA. It's a very easy material to 

print with and therefore the most used. But PLA has 

its drawbacks. It'll start to lose its shape when it gets 

up to a temperature of about 55 °C. So leaving your 

LowSpec  printed in PLA in the sun is not a good 

idea.  

Another common material is ABS. It's not as 

stiff as PLA but it can handle temperatures up to 90 

degrees Celsius. It is more challenging to print with 

as it will shrink more than PLA when it cools during 

printing. A heated print bed and enclosure for your 

printer to keep out draft is preferred. 

ASA is the material Gerlach has printed most of 

his projects with. It chemically resembles ABS but 

has some advantages over it. It's stiffer and stronger 

than ABS and has far better resistance against the UV 

light. ABS becomes brittle if it's left for long periods 

in the sun as the UV light breaks down the molecules. 

Rodda has been using carbon filled PETG while the 

rest of the team have been using PLA while learning 

the print process. 

There are some materials that we will be trying 

out in the near future. One is Polycarbonate, a very 

strong and hard material. The other is Nylon with 

carbon. This has less thermal expansion than  PLA, 

ABS or ASA and is much stiffer. It combines the 

strength of Nylon and the stiffness of Carbon fibers. 

Characteristics you want if building a spectroscope. 

 

4.4 Light Tightness 

Stray light inside of the spectrograph needs to be 

controlled for obvious reasons. However one 

unexpected issue developed:  PLA is translucent at 

IR wavelengths. The carbon filled PETG is much less 

translucent. Printing with carbon filled material 

requires a higher print temperature and is abrasive on 

the printer nozzle. For this reason we have 

investigated using coatings on the outside of the PLA 

housing such as paint and/or aluminum foil. These 

tests are ongoing. 

 

4.5 Adjustments 

A spectrograph requires multiple adjustments to 

realize the maximum science from the device. These 

adjustments are over and above the basic focus of the 

telescope.  

In order to keep the star guided on the slit and 

maximize the amount of light entering the 

spectrograph it is imperative to have the star in focus 

on the slit. These designs use a reflective slit which 

allows the guide image to be auto guided as well as 

making the field stars available to be plate solved to 

assure the proper star has been centered on the slit. 

The focus of the guide image is usually a onetime 

process and although a tedious adjustment, is usually 

set and forget.  

The spectrograph focus is altogether different. If 

the spectrum that is projected onto the camera is not 

in precise focus there is a loss of resolution as well as 

a broadening of the spectral features. Both of which 

decrease the available science from the spectrograph. 

As mentioned under thermal stability, we have tried 

to make this an easy adjustment that can be made on 

a nightly or sub-nightly basis, more on this in 

following sections. 

Another adjustment that follows the science is 

the size of the slit. Often an extended object is the 

candidate for observation in which case having an 

adjustable slit width is important. In the LowSpec2 

we use the  OVIO slit wheel  with its 12 different 

slits. An image of the reflected light entering the 

spectrograph showing the slit is in Figure 11. This slit 

wheel can be adjusted without disassembling the 

spectroscope.  
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Figure 11: Image of 30 micron OVIO guide slit as seen 
by a Starlight Express Lodestar camera and focused by 
a 32mm f.l. lens 

A final adjustment is the center wavelength of 

the spectrum. With the LowSpec2 this is adjusted 

with a micrometer on the side of the spectrograph. 

When the LowSpec2 is set for low resolution(R=800-

1000) the entire visible spectrum is available on the 

camera. However when the grating is replaced with a 

higher groove density the center wavelength needs to 

be controlled.  

 

4.6 Calibration 

Flats have been generated using a tungsten bulb 

illuminating a screen external to the attached 

telescope but more recent developments use a small 

tungsten bulb close-coupled to the spectroscope and 

driven by circuitry of a DIY calibration unit. Both 

methods are well tried amateur techniques and when 

properly adjusted produce acceptable, reproducible 

results although blue ‘end’ performance is poor due 

in this case to the ageing camera used for testing 

(Figure 12).  

It is envisaged that the future design will allow 

flats and spectral calibration lamps to be close-

coupled and driven locally. 

Spectral calibration has been performed using 

standard neon and Argon-Neon (Relco) bulbs driven 

by various circuitry external to the spectroscope.  

More recent developments using a Xenon bulb to 

provide better blue continuum lines are ongoing. 

Initially calibration was performed on the bench 

using two f5 & f8 refractors to roughly match the 

various spectroscope configurations.  This then 

progressed onto a mounted 235mm f6.3 SCT with the 

calibration units attached to the telescope dew shield.  

 

 
Figure 12: Master flat for 300 grating, 30µm slit and 
SXHV9 camera. 

 

The first calibration attempts were very 

encouraging. 

The first Neon lamp calibration (Figure 13) 

produced on the bench with a 20µm slit and an 

SXVH9 camera (using the same Sony chip as the 

Atik314L).  The lines are clean and well defined 

(Figure 14). The following FWHM measurement was 

obtained from BASS: FWHM: 0.860474nm (R = 767 

@659.824nm) 3.40332px 

 
Figure 13: First Neon calibration 
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Figure 14: Raw Neon calibration image. 

 

The second “Relco” Ne-Ar lamp calibration 

produced on the bench with a 20µm slit and an 

SXVH9 camera (using the same Sony chip as the 

Atik314L).  Again, the lines are clean and well 

defined (Figure 15) and have excellent definition at 

the blue end. The following FWHM measurements 

were obtained from BASS:  

 

FWHM: 0.642487nm 

(R = 707 @454.449nm) 2.63956px  

 

FWHM: 0.923157nm 

(R = 774 @714.676nm) 3.72363px. 

 

 
Figure 15: Relco starter lamp. 

 

4.7 Modifications (focal ratio) 

The original LowSpec was produced using an f5 

collimating lens although the remaining optics and 

dimensions within the spectroscope appeared 

optimized for f7.  That is, f5 produced slight overspill 

light loss at the grating (25mm x 25mm) and the 

camera lens.  

LowSpec2 was issued with the collimating lens’ 

aperture ‘stopped down’ to f10 and a larger diameter 

and focal length camera lens, principally so that an 

1800 l/mm grating could be used for higher 

resolution.  

This has reduced light throughput but 

calculations suggest that for a 300 l/mm grating the 

collimating lens can be opened up again to below f6 

whilst still remaining within the optical dimensions 

of the grating and camera lens. 

For the 1800 l/mm grating it is difficult to see 

how anything below f10 could be used. 

The conclusion is that in its ‘low resolution’ 

mode of around R = > 1,000 (using a 20um slit and 

an Atik314L camera) the spectrograph can again be 

operated below f6 but in ‘high resolution’ 

configuration of R > 9,500 it should be operated at 

f10 and preferably with a 30mm x 30mm grating 

fitted. Figure 16 shows the spectral range and 

calibration of the 1800 l/mm unit.  This is a noisy test 

image taken on a mismatched focal length telescope 

but to demonstrate the range but clearly shows good 

coverage of the Hα region.  This was taken with a 
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23µm slit and a Starlight Xpress SXVH9 camera. 

Bass software produced the following 

measurements… 

 

FWHM: 0.0776978nm 

(R = 8407 @653.207nm) 1.83899px. 

 

The above modifications are easy to make in 

most CAD software packages and are being tried by 

the authors. 

 

 
Figure 16. Spectral calibration and a test image around 
Hα 

4.8 Remote operations: 

In order to remotely operate the LowSpec2 

spectrograph some modifications to the original 

design are needed. Here is a list of items that our 

team decided needs to be incorporated into the 

modified design: 

Full rotation of the spectrograph is needed to 

properly align the spectrograph slit with the sky 

orientation. This can be provided by creating a 

system rotator using some additional 3D printed 

parts, a stepper motor, an optional encoder to provide 

a feedback loop. 

 Motorized focusing on both the science camera 

and the guide camera. 

 Motorized control of the grating tilt micrometer. 

 Internal LED illumination of the slit for guiding 

and initial target acquisition. 

 Flat field illumination and a flat target of some 

sort. 

 Calibration lamp control. 

 Support software to integrate these additions for 

user control. 

 

There are many challenges to running a properly 

controlled remote telescope, CCD cameras, rotators 

and all other devices. Once the basic observatory 

functionality and control has been established then 

for remote operations there are just a few more steps 

to perform. 

There are several imperatives that must be 

incorporated in order to safely operate just about any 

equipment that is out of hands reach. Here are some 

of them: 

Safe operation of the observatory, be it a dome, 

roll-off, or other variety. Safety items such as power 

supplies with UPS backup is extremely important but 

it also must be accessible so the necessary 

infrastructure is vital and should be included in the 

overall communications and power management 

scheme. 

Environmental monitoring is necessary and 

includes current and predictive local weather 

conditions. 

Devices like web cameras make seeing the 

operation much better. Audio in both directions is 

desirable to allow the operator to hear what is going 

on inside the observatory and to assist with setups 

with a remote configuration individual in contact 

with the observatory directly. 

 

Microcontroller Hardware: 

In this system the current plan is to utilize an 

Arduino UNO (Atmega 328P microprocessor), 

associated relays and LEDs and all should be 

mounted in a semi-water resistant housing such that 

during periods of non-operation the hardware is 

protected. Placing the control unit onto the telescope 

mount will allow for shorter cable runs and 

communications with the client systems could be 

accomplished through Wi-Fi. 

 

Software details: 

The control software is being prototyped using 

Python3 and its Graphical User Interface (GUI) 

object types. The main control GUI is depicted below 

in Figure 17. Along with the main program, a support 

function and GUI for managing the configuration is 

provided as depicted in Figure 18. 

This prototype interface will be modified and 

enhances as we actually implement the remote 

controls so this is actually a first look. 

Along with the interface, Arduino “sketches”, 

which are compiled and stored on the Arduino, are 
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created to perform the various I/O tasks associated 

with the spectrograph. Mains-capable relays can be 

driven from the Arduino, utilizing an external power 

source. These sketches can be created using an 

external computer, or in our case, a small single-

board computer that can ride alongside of the 

Arduino unit on the telescope directly. The 

combination of microcontroller and microprocessor 

make for a truly robust and expandable control 

architecture. 

 

 
 

Figure 17: Main Control program 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 18: Configuration editor 

At present the team plans to incorporate 

necessary gearing and linear actuators to accomplish 

rotation and focus. A dimmable internal LED will be 

used to back illuminate the slit when setting up 

guiding and more. Many of these items are planned 

to be designed and 3D printed by the team members. 

There is a certain amount of individual freedoms 

in the design modification needed to provide an 

implementation on many different telescope focal 

lengths and cameras. 

 

5. The LowSpec2 Summary 

 Performance-The LowSpec2 has been 

produced in two configurations using a low 

resolution 300 lines per mm grating providing a 

‘whole’ spectrum view from 380nn to 750nm at 

resolution circa 800 and an 1800 l/mm grating which 

provides resolution around 10,000 for a spectral 

domain of 60nm coverage both configurations using 

a 20µm slit and an 8.9mm ICX285 chip. 

 

Day time spectrum using an 1800 l/mm grating 

centered on Hα (Figure 19). 
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Figure 19: Paul Gerlach’s own first attempt at a daytime 
spectrum for the 1800 l/mm unit producing a R = 9,500. 

 
What can you do with it- The simple answer to 

this question is “anything that a low to medium 

spectroscope can do”.  Essentially the performance is 

dependent upon the optical configuration and optic 

component quality rather than the design materials. 

 Suitable targets for this class of spectroscope 

apply to a wide population of astronomical targets 

most of which are scientifically important and benefit 

from submission to the appropriate database… 

 

 Classifying stars generally – according to 

OBAFGKM, and measure their temperatures. 

 Planetary Nebulae – spectacular emission lines 

from the expanding gas. 

 Classification and evolution of Novae and 

Supernovae – measure the doppler shift of 

emission lines in the rapidly expanding gas from 

novae explosions. 

 Seyferts and Quasars – bright, distant galaxies 

that allow you to measure galactic redshift! 

 Be stars – Detect HI and HeII emission lines 

from massive, hot stars throwing off material.  

Submit your observations to the BeSS database! 

 P Cygni stars – Massive hot stars producing 

stellar winds showing ‘lop sided’ H and HeI 

emission line profiles. 

 RR Lyra – pulsating stars that show long term 

changes in magnitude and changes in absorption 

lines. 

 Miras – Cool starts that have many absorption 

characteristics but produce Balmer emission 

lines. 

 T Tauri – these are young stars evolving onto the 

Hertzsrung-Russell main sequence.  They are 

often shrouded in the dust and gas that formed 

them and hence produce emission lines. 

 Symbiotic – binary stars (often a white dwarf 

and an evolving red giant) producing a 

composite spectrum with cool molecular bands 

but with strong emission features.  Submit your 

observations to the ARAS network! 

 Cataclysmic – another class of binary, this time 

where an accretion disc forms around the white 

dwarf and can erupt into outbursts that 

dramatically change the basic shape of the 

spectrum and produce strong emission lines. 

 Wolf Rayet stars – O type giant stars that are 

very active showing broad emission lines caused 

by stellar winds. 

 Comets – detect the composition. 

 Asteroid – classification. 

 

6. UVEX and other Printed 

Spectrographs  

3D printing has revolutionized commercial 

manufacturing processes in general and has been 

present on an industrial scale for more than a decade.  

The home market for printers has now progressed 

beyond the self-construct DIY phase and many 

mature 3D printers are now available making 

adoption by hobbyists a low cost, low risk endeavor. 

As such, it’s no surprise that many amateur 

astronomers are making use of this technology in the 

‘printing’ of telescopes, spectroscopes and other 

devices.  It should be noted that, until more filament 

materials become available, it is likely that hybrid 

designs, those incorporating 3D and metal elements 

at key stress bearing interfaces are more likely to 

succeed. 

There are now several credible 3D printed 

spectroscope designs some of which can be found on 

websites such as Thingiverse . 

Examples of spectroscopes currently under 

development include classic designs such as the 

Lowspec2, design and printed by Paul Gerlach; a 

basic Littrow printed by John Pereskeva; a Tragos 

printed by Tony Rodda and based on a design by 

Vadim Burwitz, CAOS, and Czerny-Turner, among 

others, designed and printed by Christian Buil. 

 

7. Collaboration 

This team has greatly benefited from 

collaboration. We have utilized two main avenues: 
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face-to-face video conferencing and a repository for 

new parts, thoughts and test results. 

 

7.1 Repositories and Sharing 

Prior to SMSW-2,  Sims and Green had started 

using BitBucket, Slack and Zoom  collaborative 

tools. BitBucket is a set of code/data repositories that 

supported sharing; Slack did not prove that valuable 

while Zoom video with its screen sharing allowed 

highly productive work.  After SMSW-2 we decided 

to hold weekly Zoom meetings. A GitHub™ 

repository was created to support sharing data and 

building a wiki with links and videos of the sessions. 

This is a private repository for now, and may be 

opened to the public at a later date. We record the 

Zoom meetings, Buchheim converts the mp4 video to 

a YouTube unpublished video and a link to that video 

is then made available to the attendees.  

 

8. Conclusion 

Working with 3D printers and specifically with 

the LowSpec2 spectrograph has had many rewards. It 

has given us a new insight into spectrograph design 

but also the problems and solutions of those designs. 

We would be remiss in not thanking Paul 

Gerlach for his generous contribution to our fun. 

Without his sharing of the LowSpec we would not 

have had an anchor to our wild imaginations. On a 

more personal level, Paul is a gifted designer which 

one can only see by working with the parts of the 

LowSpec2. 

  

9. Sources 

3D printer review and all things 3D 

 https://all3dp.com/ 

 

Ender 3 assembly video 

https://www.youtube.com/watch?v=me8Qrwh907Q 

 

Modeling software 

https://www.solidworks.com/ 

https://www.autodesk.com/ 

https://www.tinkercad.com 

 

Slicing software 

https://all3dp.com/1/best-3d-slicer-software-3d-

printer/ 

 

Thingyverse 

https://www.thingiverse.com/ 

 

LowSpec2 

https://www.thingiverse.com/thing:2455390 

 

Optical Components 

https://www.thorlabs.com/ 

https://www.edmundoptics.com/ 

https://www.surplusshed.com/ 

https://en.ovio-

optics.com/catalogsearch/result/?q=204012 

 

Hardware 

https://www.mcmaster.com/ 

https://www.belmetric.com/ 

 

Calibration sources 

RELCO starter: 

 https://www.eibmarkt.com/gb/products/Relco-

Starter-for-fluorescent-lamp-4-80W-SC480.html 

RELCO spectrum: 

 https://www.ursusmajor.ch/downloads/sques-relco-

sc480-calibration-lines-5.0.pdf 

Xenon flash tubes: 

 https://www.ursusmajor.ch/downloads/sques-relco-

sc480-calibration-lines-5.0.pdf 

Neon tubes: https://www.amazon.com/slp/neon-

bulb/yrjms7pcbhmored 

Neon Spectrum: 

http://www.astrosurf.com/buil/us/spe2/calib2/neon1.g

if 

 

Remote operation components 

Arduino : https://www.arduino.cc/ 

 

Repositories and Sharing 

GitHub: https://github.com/ 

BitBucket:  https://bitbucket.org/product/ 

Zoom:  https://zoom.us/ 

 

Other Resources 

BASS: 

www.aesesas.com/mediapool/142/1423849/data/DO

CUMENTOS/BASS_Project_1_.pdf 

 

CAOS: http://www.eso.org/~cguirao/caos/; 

 

Shelyak Instrumants 

 https://www.shelyak.com/?lang=en 

 

Cochard, Francois (2018) Sucessfully Starting in 

Astronomical Spectroscopy, France, EDP Sciences 

   

Appendix I. Slicing the LowSpec2 parts. 
The team has been using Cura for slicing the 

parts we built for the LowSpec2 spectrograph.  As 

there are up to 150 parameters that can be set in Cura 

that govern the slicing operation, a few 

recommendations are in order. 

https://all3dp.com/
https://www.youtube.com/watch?v=me8Qrwh907Q
https://www.solidworks.com/
https://www.autodesk.com/
https://www.tinkercad.com/
https://all3dp.com/1/best-3d-slicer-software-3d-printer/
https://all3dp.com/1/best-3d-slicer-software-3d-printer/
https://www.thingiverse.com/
https://www.thingiverse.com/thing:2455390
https://www.thorlabs.com/
https://www.edmundoptics.com/
https://www.surplusshed.com/
https://en.ovio-optics.com/catalogsearch/result/?q=204012
https://en.ovio-optics.com/catalogsearch/result/?q=204012
https://www.mcmaster.com/
https://www.belmetric.com/
https://www.eibmarkt.com/gb/products/Relco-Starter-for-fluorescent-lamp-4-80W-SC480.html
https://www.eibmarkt.com/gb/products/Relco-Starter-for-fluorescent-lamp-4-80W-SC480.html
https://www.ursusmajor.ch/downloads/sques-relco-sc480-calibration-lines-5.0.pdf
https://www.ursusmajor.ch/downloads/sques-relco-sc480-calibration-lines-5.0.pdf
https://www.ursusmajor.ch/downloads/sques-relco-sc480-calibration-lines-5.0.pdf
https://www.ursusmajor.ch/downloads/sques-relco-sc480-calibration-lines-5.0.pdf
https://www.amazon.com/slp/neon-bulb/yrjms7pcbhmored
https://www.amazon.com/slp/neon-bulb/yrjms7pcbhmored
http://www.astrosurf.com/buil/us/spe2/calib2/neon1.gif
http://www.astrosurf.com/buil/us/spe2/calib2/neon1.gif
https://www.arduino.cc/
https://github.com/
https://bitbucket.org/product/
https://zoom.us/
http://www.aesesas.com/mediapool/142/1423849/data/DOCUMENTOS/BASS_Project_1_.pdf
http://www.aesesas.com/mediapool/142/1423849/data/DOCUMENTOS/BASS_Project_1_.pdf
http://www.eso.org/~cguirao/caos/
https://www.shelyak.com/?lang=en
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In general the large parts (body & lid) were 

printed with 50% infill while the smaller parts were 

printed with 70% infill. All parts were printed with 

layer height of 0.1mm and a layer width of 0.4mm. 

Wall thickness of 0.8mm and a top/Bottom Thickness 

of 0.6mm. Support structures were only used when 

there was an overhanging portion greater than 50 

degrees. When support was needed we used a support 

X/Y distance of 0.7mm and a support Z distance of 

0.2mm. 

As 3D printing a part is different than machining 

sometimes experimenting is necessary to optimize 

the specific part. If you have trouble there are many 

references on line for help. We have found that those 

on  www.all3dp.com to be very helpful. 

 
 

 

http://www.all3dp.com/
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Abstract 

AT 2019abn is a transient intermediate luminosity event (SNe Impostor) located within the spiral arm structure of 
M51 (D=8.58 0.10 Mpc z ~ 0.00155 [0.00020] / cz 465.0 [61.0] km s−1) McQuinn  et al. (2016).  
We were informed of this object shortly after it appeared, and were challenged to investigate: 
(1) Can it be detected with small telescopes in V, R, Hα and Hβ? 
(2) Can small telescopes provide sufficiently good photometry to contribute photometric monitoring (as opposed 
to qualitative confirmation that “it is visible/invisible”)? 
(3) Can small telescopes provide better observing cadence, compared to large telescopes?  
The answer to all of these appears to be “yes”, with some caveats. 

 

1. Introduction 

On 26 Jan 2019, ATel #12433 Rutledge et al. 

(2019) announced the discovery of a bright event, r-

band magnitude of 19.58 and rising in M51. M51 is a 

SABbc galaxy seen face on with coordinates of 

RA=202.46957, Dec = +47.19525 (IRCS). It is 

located at a distance D=8.58 0.10 Mpc with a redshift 

of z ~ 0.00155 [0.00020] cz 465.0 [61.0] km s−1 

Wenger et al. (2000). This redshift amounts to about 

1 nm – small enough that redshifted emission lines 

will remain within the bandpass of typical amateur 

narrowband filters. 

Intermediate luminosity events like this one may 

be LBV, embedded SNe or one of several classes of 

very rare stellar-merger events. They are of great 

interest as they are few in number and of unknown 

duration. The discovery rate is on the order of one per 

year per galaxy. This time it appears to have been 

M51’s turn. 

On 21 Feb 2019, Dr. John Bally of the 

University of Colorado brought the event to Green’s 

attention. Green promptly asked Sims in Phoenix, AZ 

if images of this could be taken in V, Rc ,r’, and Hα. 

An archival HST image (Figure 4-7) was retrieved 

that day showing a promising cluster. Sims obtained 

initial V and Hα images that were sent to Dr. Bally 

and included in the data reported here. Later we 

decided to undertake a more robust observing 

campaign. 

The initial goal was simply to verify that the 

event was still detectable in visual bands with small 

telescopes. Given the bad weather plaguing the USA 

at the time, we decided to take more frequent images 

and to extend coverage to include Hβ and Johnson-

Cousins Rc bands. The project was expanded to 

create spectral transmission curve data for these 

filters. Buchheim joined the project, measured data 

for these filters and added to the photometry to fill in 

observations. Buchheim’s SBIG ST8-XME camera 

expanded our investigation into the characteristics of 

camera noise. Green was involved with reductions 

and noise investigations. Deliberate attempts were 

made to coordinate visual band data with 

spectrographic runs at Apache Point Observatory 

(APO). 

In Section 2 we report the raw instrumental data 

and instrumentation details to be considered by the 

small telescope science community. 

Bad weather plagued observations at Apache 

Point, but Sims and Buchheim were able to complete 

a number of additional runs. 

A recent paper by Jencson et al. (2019) carries 

the discovery report and magnitudes through 18 

April, 2019. Spitzer did not get data on this event 

until early April (in prep.). 
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Figure 1: (a)(b) - Example pre-discovery images 
obtained via Aladin. (c)-The analysis thumbnail region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Observations 

The M51 transient AT2019 abn presented some 

observing challenges.  Sims and Buchheim had 

similar setups, in their backyard observatories: 

 Modest-aperture (Bob= 11-inch Celestron, 

Woody = 14-inch PlaneWave) 

 CCD sensors (Bob= ST-8XE, Woody = ATIK 

460ex) 

 Good Mounts:  (Bob= Paramount ME, Woody = 

AP 1100GTO) 

 Astrodon photometric filters (plus Woody used 

Baader H-α and H-βfor some nights) 

 Suburban skies:  noticeable light-pollution, 

mediocre seeing (typical 3-4 arc-sec FWHM), 

variable transparency (i.e. not “photometric 

sky”). 

 

Figure 2 shows what the target looks like in an 

R-band, 90 minute exposure. 

 

 
Figure 2:  Typical image of target in M51 

 

The target is faint, and is embedded in a complex 

background of galaxy light, as illustrated in Figure 3. 
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Figure 3:  Area plot of ADU signal vs x, y position.  

Note the complex background from the spiral arm 

of the galaxy, and the quite low signal level. 

 

From the standpoint of science goals, we thought 

that we could offer something that scientists like Dr. 

Bally might not get at the large ‘scopes:  frequent, 

consistent, and long-duration photometric monitoring 

of this object to confirm that it was still visible.  

Either one or both of us took at least one set of 

images almost every clear night. The secondary goal 

was to collect a long-term lightcurve, in at least V- 

and R-bands, as a bridge to the sparser data sets from 

large observatories.  Tertiary goal was to check for 

evolution in H-α and H-β (narrow band).  At the start 

of the project, we discounted the value and feasibility 

of monitoring the target in B-band; but in retrospect 

we wish that we had added B-band imaging to the 

project. 

We used the standard approaches for imaging of 

a faint target with small aperture: 

 Take long series of images, and then shift-

combine them to achieve a total exposure of 1-2 

hours each night.  Typical sub-images were 5 

minutes in V- and R-bands, and 10 minutes in 

narrow-band H-α and H-β. 

 Sims dithered his images, which seems to have 

helped to reduce “single-pixel” noise in the 

resulting sum image, compared to Buchheim 

(who didn’t dither). 

 Cool the imaging chip to reduce dark current and 

associated noise as much as practical.  Camera 

cooling was always a limitation:  we could never 

get below Tc= -15 C, and some nights only down 

to Tc = -5C.  That’s a fact of life in Phoenix.  

The difference in dark current/noise at warmer 

chip temperatures was noticeable. 

 Autoguide to achieve the best possible PSF 

(which in our area is about 3 to 4 arc-sec 

FWHM). 

 Try to capture the target when it is reasonably 

high in the sky (>30 degrees minimum). 

 Make darks and flats frequently (ideally every 

night), and make a sufficient number for good 

averaging. 

 

Even with hour-long total exposure, the signal 

from the target was weak (SNR≈ 5-15).  This is 

certainly sufficient for “alert monitoring”, but 

marginal for photometric monitoring.  To some 

degree we could compensate for low signal by 

getting many more nights than the typical large 

observatory; but still we expected that our error bars 

would be pretty large. 

The long sub-exposures and long total exposure 

inevitably leads to quite a few cosmic ray hits.  

Again, that is a fact of life.  We used IRAF’s 

crmedian to remove cosmic rays and single-pixel 

anomalies before combining the night’s images into a 

single 1-2 hour image. 

There are surprisingly few good guide stars 

available in this field, at our image scales. 

We both have German equatorial mounts.  

Hence, we planned ahead to capture at least 60-90 

minutes total exposure before meridian flip.  Then we 

could get a second set (possibly in a different filter) 

after meridian flip.  We didn’t attempt to combine a 

“pre-flip” image set with an “after-flip” image set. 

We live about 25 miles from each other, which 

meant that the weather at the two sites was usually 

very similar.  It would have been better to have 

another collaborator located a few hundred miles (or 

more) away, to reduce the correlation in our nightly 

forecast.  Surprisingly, there were a couple of nights 

when one of us was under clouds and the other had 

clear sky, just 25 miles away. 

We both use “amateur” software for observatory 

and camera control (Bob= TheSkyX and Woody = 

ACP + MaximDL).  Both of these have peculiarities 

in the file-naming convention and FITS header 

keywords that are “non-standard” to what IRAF 

expects.  This was a “fact of life” that made some 

extra work for Green, who did the image and data 

reduction. 

 

3. Data Reduction 

Processing was done with tailored PyRAF de La 

Peña et al. (2001) “cl” scripts. Filenames were 

repaired, headers updated, raw images were cosmic-

ray corrected, zero subtracted, platesolved with 

Astrometry.net using the index-42 stars,  combined 

by IRAF Valdes (1984); Ogaz & Tollerud (2019) 

using imcombine offsets=wcs and overlap was 
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trimmed. The photometry values corresponding to 

UCAC4 AAVSO (2009); Henden et al. (2009) targets 

were extracted using the IRAF imexamine leveraging 

its logging feature. These logged data were converted 

to a PostgreSQL database with the RA and Dec fields 

from imexamine serving as a compound key indexed 

using Q3C Koposov & Bartunov (2006). No darks 

were used as we have determined the offsets are 

virtually the same but the pixel variance rises with 

time for a small count. Ignoring darks saves the time 

to accumulate them and avoids introducing noise into 

the mix. 

The UCAC4 catalog stars were acquired using 

ds9 and saved as a catalog object. The UCAC4 

catalog was imported to a PostgreSQL table. An 

index for the UCAC4 tabular files was added to the 

database using Q3C. This list was supplemented with 

values from SIMBAD Wenger et al. (2000). 

An additional flux table from SExtractor catalog 

files for field stars was matched to UCAC4 

magnitudes to calculate an independent zpt (zero-

point magnitude) magnitude (ADU) for each 

combined image. Unfortunately, SExtractor and 

PyRAF both failed to converge on the target due to 

the amount of background contamination. See Figure 

4-6. 

The lumpy nature of the spiral arms presents a bit 

of an issue. The thumbnails program averaged 

samples from several selected apertures immediately 

around the target to estimate a value for surface 

brightness subtraction. This was the only approach 

available without pre-images and because PSF 

(Point-Spread-Function) extraction did not converge 

at the target location. 

The data in Table 1 shows the zero points we 

have determined for each night’s images. 

To determine the nightly zero-points, the 

UCAC4/SIMBAD Johnson B filter was used as the 

analog for the Hβ images and the UCAC4 Sloan’s r! 

as the analog for Hα images. While the Hβ and Hα 
magnitudes are false, they are a crude reference with 

Johnson/Sloans values for their wider passbands. 

Johnson Rc was synthesized from Sloan r! filter data 

using the approach by Lupton’s Lupton (2019) 

equation: 

 
R = r − 0.2936 × (r − i) − 0.1439        σ = 0.0072 

     

3.1 Issues with Reduction 

The big challenge here is dealing with the 

complex, bright and structured background of the 

galaxy glow on and near the target.  We have tried 

several approaches, so far with unsatisfactory results: 

SExtractor and PyRAF both failed to converge 

on the target due to the amount of background 

contamination. 

A Fourier-filtering concept to create an estimate 

of the background (without the target) seemed 

promising but ultimately we gave up on it. 

A “sampling” method, in which the background 

is measured at a few specific points surrounding the 

target seemed to be more robust than the “Fourier 

filtering” method, but so far the results do not line up 

well with Jencson et al’s report. 

A secondary challenge is the paucity of 

comparison stars with well-calibrated photometry.  

There are a few APASS stars in the field of our 

images, but they only have one measurement each.  

We will examine our images for any suggestion of 

variability in these stars; and will check the internal 

consistency of their photometry over the time interval 

of our observations. 

We still do not have photometry for the target 

that we are confident in.  We do, however, have a 

good data set in which the target is clearly visible, so 

we’re confident that with continued effort we will 

have a light-curve to present at the SAS Symposium. 

Figure 4 shows the effects from artifacts 

introduced when Sims dithered images to avoid 

placing the same single pixel errors in the same places. 

Dithering allows noise to be noted and excluded rather 

than remaining as a hidden systematic and 

anonymous noise. This resulted in interesting 

artifacts that took some time to discern. This issue 

was resolved by trimming the edges from the 

combined final images. 

 
Figure 4: Histograms (a) untrimmed small borders 
caused artifact resulting from dithering. (b) improved 
after trimming by 10 pixels and reprocessing. Sextractor 
had numerous false detections (c) in the overlap. 
Dithering evident by the overlapping edges (d) in the 
corner of an image. 
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3.2 Software Suite 

Additional packages and data catalogs were used 

to gauge consistency and to explore noise: a 

combination of PyRAF with extensions; Glue 

Goodman et al. (2018) running under Anaconda’s 

python environment Anaconda, Inc (2019); 

SAOImage/ds9; TOPCAT to access numerous VizieR 

catalogs and to save tables of data to PostgreSQL and 

MAST’s Query/CasJobs capability Li et al. (2005) to 

issue PanSTARRS Chambers et al. (2016); Flewelling 

et al. (2016) queries. In all, a wealth of data is 

accessible via these freely available tools. 
 

For early reductions, ds9 was used to acquire a 

catalog of UCAC4 values. These values were sent 

directly to TOPCAT using the SAMP interface. 

SAMP is platform agnostic and permits sharing of 

data between ds9, Aladin, TOPCAT and Glue. 

TOPCAT was used to create the initial PostgreSQL 

UCAC4 table via a direct tie to the database. This 

combination of freely available tools set the stage for 

analysis. 

 

 

4. Filter Curves 

We used Astrodon “Photometrics” filters for 

Johnson-Cousins V and Rc images. We wondered how 

well our filters matched the published spectral throughput 

curves, so we used a Shelyak Alpy spectrograph to 

develop the curves for the filters.  Buchheim used the 

bench-fixture shown in Figure 5 to develop the 

transmission data shown in Figure 6. 

 

 

 
 

Figure 5: Filter measuring fixture. 

 

 

 

 

 
Figure 6: Astrodon B-V-Rc Filter Bandpass Measured 
with Alpy Spectrograph. 

 

As it turned out, the measured filter spectral 

transmission data (Figure 6) appear to be essentially 

identical to the curves provided on the AstroDon 

website. 

 
5. Summary 

What started as a quick CCD image check with a 

small aperture quickly became interesting.  Frequent 

observations were made and raw images sent to Dr. 

Bally with an eye to saying that “the ball was still in 

the air”. We became interested in how to do 

photometry with a sparse count of field stars that did 

not have calibrated photometry in all of our filters. 

These data were originally collected to show that 

small telescope imaging could detect the target. The 

expectation was that more apertures would 

participate with collecting data. Clouds prevailed on 

several Apache Point runs, while Sims and later 

Buchheim were able to routinely image from the 

Phoenix AZ, USA area. It became apparent that the 

size of this dataset was large enough to warrant this 

report. The authors appreciate the alert from Dr. John 

Bally (University of Colorado) and his positive 

comments on our progress 

This campaign allowed us to examine the 

difficulties in extracting data from a target with 

strong ``texture'' (galactic HII regions) in the 

background. The technique needs refinement. We 

will pursue adding Point-Spread-Functions to future 

releases. The nominally bad seeing and small pixels 

should allow accurate PSFs to be created. 

We have a good data set in which the target is 

clearly visible. We are continuing the refinements to 

our photometry extraction. We will pursue several 

additional methods for extracting reliable photometry 

from our data set, and will strive for both internal 
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consistency, reasonable estimate of photometric 

uncertainty, and good correlation with the 

photometry from Jencson et al (who captured only a 

few data points in V and R, very shortly after 

discovery of this event). 
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Table 1:  Log of observations, with Nightly zero-points, based on our array of comp stars 

 

   nightly zero points 

UT Date fname filter zpt stddev 

2019-03-28 2019-03-28_trimmed_VbandCombined_West.fits V 23.87 0.59 

2019-02-27 2019-02-27_trimmed_AT2019abn_VBand.fits V 21.43 0.6 

2019-03-16 2019-03-16_trimmed_AT2019abn_VBand.fits V 24.12 0.58 

2019-03-24 2019-03-24_trimmed_AT2019abn_VBand.fits V 22.58 0.53 

2019-03-22 2019-03-22_trimmed_AT2019abn_VBand_full.fits V 22.74 0.71 

2019-03-28 2019-03-28_trimmed_VbandCombined_East.fits V 23.56 0.5 

2019-03-19 2019-03-19_trimmed_AT2019abn_VBand_cleaned.fits V 23.65 0.66 

2019-03-18 2019-03-18_trimmed_AT2019abn_VBand.fits V 24.17 0.51 

2019-03-22 2019-03-22_trimmed_AT2019abn_VBand_cleaned.fits V 21.9 0.12 

2019-04-02 2019-04-02_trimmed_AT2019abn_VBand.fits V 23.43 0.56 

2019-02-19 2019-02-19_trimmed_AT2019abn_VBand.fits V 22.14 0.4 

2019-03-18 2019-03-18_trimmed_AT2019abn_VBand_short.fits V 23.74 0.17 

2019-03-19 2019-03-19_trimmed_AT2019abn_VBand.fits V 24.01 0.64 

2019-03-22 2019-03-22_trimmed_AT2019abn_RcBand_full.fits Rc 22.96 0.8 

2019-03-24 2019-03-24_trimmed_AT2019abn_RcBand_full.fits Rc 22.65 0.51 

2019-03-28 2019-03-28_trimmed_RcCombined_West.fits Rc 23.46 0.05 

2019-03-28 2019-03-28_trimmed_RcCombined_East.fits Rc 23.55 0.6 

2019-02-19 2019-02-19_trimmed_AT2019abn_HAlpha_two.fits Halpha 19.86 0.13 

2019-02-27 2019-02-27_trimmed_AT2019abn_HAlpha_one.fits Halpha 23.51 0.14 

2019-03-28 2019-03-28_trimmed_HACombined_East.fits Halpha 22.24 0.51 

2019-04-02 2019-04-02_trimmed_AT2019abn_HAlpha.fits Halpha 23.24 0.56 

2019-03-28 2019-03-28_trimmed_HACombined_West.fits Halpha 23.35 0.1 

2019-02-19 2019-02-19_trimmed_AT2019abn_HAlpha_one.fits Halpha 21.25 0.99 

2019-03-16 2019-03-16_trimmed_AT2019abn_HAlpha.fits Halpha 20.27 0.64 

2019-03-28 2019-03-28_trimmed_HBCombined_West.fits Hbeta 24.44 0.37 

2019-03-28 2019-03-28_trimmed_HBCombined_East.fits Hbeta 23.2 0.8 

2019-04-02 2019-04-02_trimmed_AT2019abn_HBeta.fits Hbeta 24.38 0.66 
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Figure 7: Overlay of additional sources from SIMBAD in immediate area of AT2019abn. Red square matches the size 
of the thumbnail extracted. 
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Figure 8: Archive image from HST via the MAST service. Red circle at location of AT2019abn. 
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Abstract 

We explore the impact of spectrographic parallactic angle and noise sources related to atmospheric effects, 
extinction, mechanical deflection, optical distortion, focus, alignment, slit alignment, cosmic rays, processing 
artifacts and sensor noise on spectra taken with small spectrographs and small telescopes. We offer a 
framework of tests and tricks to identify, qualify, correct and report the impact of these sources when creating 
publishable data. A public set of data is provided for training and test suites for processing approaches.  

 
Figure 1(a) HD065900 spectra with parallactic error 

 
Figure 1(b) The same target 15 minutes later after 
rotating the whole instrument package 90 degrees. 
Thus, the inquisition begins. 

 

1. Introduction 

Mid-December 2018, a request for spectra for 

TYC4246-883-1[RA: 20 42 58.3, Dec: +60 38 06.3] 

arrived and spectra were taken using a Shelyak LISA 

spectrograph (~R 1000) attached to a Planewave 

CDK14, an Atik 414EX camera and a Starlight 

Express LodeStar X2 guide camera. During the initial 

reduction of the spectrum of TYC4246-883-1, the 

blue end of the spectrum appeared dim by about 

50%, similar to that shown in Figure 1(a).  

We became suspicious that somehow the slit 

position was at the center of this mystery. The main 

recommendation for amateur spectroscopy has been 

to set the slit to be fixed parallel to declination (‘dec-

parallel orientation’) to manage tracking difficulties 

for instruments without permanent mounts. 

A MILES reference star, HD065900, an A1V 

star with a well-known spectrum, was chosen for a 

quick experiment devised to test the impact of the 

parallactic angle. The instrument package is mounted 

to the telescope backplate with 4 screws permitting a 

rapid (~15 minutes) 90 degree rotation of the package 

with no appreciable change in focus.  An image was 

taken with the recommended ‘dec-parallel 

orientation’ of the slit, Figure 1(a). Then the 

instrument was rotated 90 degrees and a new image 

was taken with a ‘RA-parallel orientation’ of the slit. 

Figure 1(b) shows the much improved result. 

We explore the impact of spectrographic 

parallactic angle and noise sources related to 

atmospheric effects, extinction, mechanical 

deflection, optical distortion, focus, alignment, slit 

alignment, cosmic rays, processing artifacts and 

sensor noise on spectra taken with small 

spectrographs and small telescopes. We offer a 

framework of tests and tricks to identify, qualify, 

correct and report the impact of these sources when 

creating publishable data. A public set of data is 

provided for training and test suites for processing 

approaches. 

mailto:dxwayne@gmail.com
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A small image rotator was added to the 

instrument package to mitigate the impact of 

parallactic angle for future spectra. 

This experiment led to additional questions. 

Where in the sky is the recommended dec-parallel slit 

orientation good and where is it bad? How is the 

parallactic angle best computed? What is the 

definition of the parallactic angle and how is the 

angle expressed and communicated between 

observers and control programs? How is the 

parallactic angle recorded in FITS headers? 

Secondary questions arose about noise from 

small modern cameras.  How does one recognize, 

work around and report noise related to single pixel 

errors and cosmic rays in images?  What are the 

impacts of processing with darks and what strategies 

apply for current cosmic ray mitigation? 

For completeness, the experiment was expanded 

to understand how other influences with the 

instrument package require attention during planning 

and operations. Other issues include deflection 

(Young's modulus) causing a shift in a spectra of 

several angstroms with respect to calibration lamp 

images as discussed in Section 4.5. 

 

1.1 The Parallactic Angle 

The expression ‘parallactic angle’ is overloaded. 

It originally referred to aspects of stellar parallax 

measurements. Its common use expresses an angular 

distance ‘along’ the sphere, the direction from the 

target to the zenith. This angle is expressed as the 

angle from North through East through the target to 

the telescope's zenith. One popular description of its 

effects is from Filippenko's 1982 article (Filippenko 

(1982)) showing the effect for a few major 

observatories. The general approach to atmospheric 

dispersion by Simon (Simon (1966)) was coded into 

python for atmospheric impact calculations used 

here. 

The effects of atmospheric dispersion is to 

increase the spot size in blue more than red along a 

line from the target, perpendicular to the horizon, in a 

asymmetric fashion. A slit that is too narrow will not 

admit as much of the blue light, thus adversely 

changing the intensity admitted to the spectrograph 

for the blue end of the dispersion axis. By setting the 

slit to be parallel to the direction of atmospheric 

dispersion, the effect is to spread the aberrated light 

along the slit.  Thus we are collecting all the light 

more uniformly along the dispersion axis rather than 

losing some of it to the sides of the slit. 

With a fixed slit position, spectra of the target in 

one part of the sky and a reference star in another part 

of the sky leads to errors when correcting the target 

w.r.t. the reference star. 

In simple terms, the atmosphere acts like a 

prism. Physics shows atmospheric dispersion to be a 

function of the index of refraction of the medium. 

The atmosphere is a piece-wise continuously varying 

fluid medium with pressure and temperature 

gradients. The gradients have distinct, sharp but 

continuous boundaries. Figure 1-2 shows the results 

of a typical weather balloon measurement along its 

flight path. 

 

 
Figure 1-2 Weather balloon data from Denver 
International Airport on 12 April 2019.  Note most of the 
moisture is in the lower atmostphere with high 
stratospheric winds 

Atmospheric dispersion is due to the differential 

diffraction of light in the atmosphere. There are two 

main ways to compensate for this condition: 1) the 

spectrograph can be rotated w.r.t. the celestial sphere 

to bring the slit parallel to the diffraction direction 

and 2) employ a set of prisms forming an 

atmospheric diffraction corrector (ADC). 

An inexpensive ADC has several main 

drawbacks for small telescope spectroscopy.  The 

coatings on the prisms are suited for planets, with 3% 

cutoffs around 3500-7000 Angstroms. The 3% 

cutoffs and close placement of the prisms create a 

Fabry-Perot effect that can cause modulations in the 

spectra along the dispersion axis. Using an ADC still 

requires the calculation of several rotations. While 

the ADC is great for imaging, the cost, weight and 

impact on spectra make the solution less than 

desirable. 

This leaves the rotation of the spectrograph as 

the best solution. 

 

2. Computing the Parallactic Angle 

To what degree do the fine points of the actual 

physics have to be satisfied in a parallactic angle 

algorithm? How do the constituent gasses in the 
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atmosphere contribute to the dispersion? What 

contributions do seeing conditions make through-out 

the night? 

 

 

 
Figure 2-1 Platesolved guider camera view annotated 
with ds9 show dec-parallel orientation. Date: 2018-12-
19T01:36:03 

Here we define the parallactic angle as the Pole-

Target-Station (P,T,S) angle measured and stated 

from north through east with its apex at the target and 

terminus at the station. Figure 2-1 is a guider-image 

showing the proper parallactic (azimuth) angle.  The 

parallactic angle is greater than 180 degrees for 

targets east of the meridian.  

The common subjective solution uses simplified 

spherical triangles. With spherical triangles, the 

viewpoint is one of looking down onto the ‘back’ of 

the celestial sphere. But astronomers and their 

instruments take the viewpoint of looking from inside 

the sphere.  The two conventions are often casually 

conflated and this confusion promotes errors. 

When targets are to the east of the meridian, 

Figure 2-2(b) requires the complement of the angle 

which is often wrongly stated as the angle itself. This 

approach actually comes close for the case where the 

target is west of the meridian. With the spherical 

triangle method, details like the height of the station 

above sea-level (the Earth is an oblate   spheroid with 

a difference of around 21 km from equator to poles) 

and the flattening parameters of the Earth's geoid are 

ignored. FITS (Chiappetti (2018)) header keywords 

should report the longitude, latitude and height above 

‘a standard geoid.’ This is seldom the case. [FITS 

provides no standard for stating which geoid is used. 

The parameters OBSGEO-X, OBSGEO-Y and 

OBSGEO-Z are   provided. The FITS standard 

(Chiappetti (2018)) states the WGS84 geoid as the 

official authority]. 

While the human mind easily resolves 

ambiguities, there are a few subtle edge conditions in 

the computer algorithms that require careful attention 

to details.  Small needle-angles (Kahan (1999)) are a 

problem for computer's trigonometry libraries. 

Despite Astropy's expert handling of the complexities 

of the Earth/celestial coordinate systems (traceable to 

national labs) their function for parallactic angle was 

lifted from Eqn (14.1) of Meeus' Astronomical 

Algorithms (Meeus (1998)) serving as a placeholder. 

There are a few things to remember with the 

mathematics of angles. 

It is important to remember that angles are stated 

to be positive when they move counter-clockwise 

w.r.t the origin in a right-handed coordinate system. 

They are stated to be negative when the movement is 

clockwise.  The right-hand rule defines the North 

Pole for planets and other rotating bodies. Another 

common mistake is to forget that mathematically, 

angles are measured away from the Pole to a station 

or target sub-point. Cartographers and astronomers 

state latitude and right ascension as measured away 

from the equator. The complement (ie, 90 - latitude) 

is required. 

The vector solution includes the height above 

sea-level and takes care of the flattening parameter 

w.r.t. the WGS84 geoid (Mularie (2004)). Another 

often overlooked aspect of this issue is the thickness 

of the atmosphere. Using a very rough distance to the 

tropopause as 10km, the sight-distance through the 

effective part of the air 357km at sea-level and 

319km at a station height of 2km (6600 feet), a 

roughly 10 percent difference at the horizon and 20 

percent difference at the zenith. The atmosphere is 

often treated as a slab creating a virtual singularity at 

the horizon for air mass and atmospheric dispersion. 

[In the dispersion graphs, the value was truncated at 

the undesirable level to avoid the exponential growth 

at the horizon]. 
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Figure 2-2(a) Visualizing parallactic angles east and 
west of the meridian using a dec-parallel orientation 

 
Figure 2-2(b) Spherical Representation 

 
Figure 2-2(c) Vector Representation 

 

 

 

A vector based approach to calculating the 

parallactic angle was used to disambiguate quadrant 

folds common to spherical trig solutions. There are 

cases where the interior angle does not yield a 

consistent result. The approach first converts the 

station position to right ascension using the Local 

Apparent Sidereal Time (using Astropy's algorithms). 

These are tied to national labs and account for all 

aspects of the Earth pointing model. A separate 

calculation determines the length of the vector for the 

Earth geoid at the station location. This vector is 

scaled to a unit radius and extended by the altitude of 

the station.  This makes the station "proud" of the 

celestial sphere. At this time a few cross products are 

calculated that gives the rotation from the Pole 

eastward through the target to the station. 

Figure 2-2(a) shows the case for TYC4246-883-

1 with the sub-point for the star to the north and west 

of the meridian. In this case the angle is < 180, and is 

intuitive. The 'Good' position shown in the figure has 

the same latitude as the station, and the dec-parallel 

orientation is satisfied. The point in South Dakota has 

an angle that is > 180 degrees -- and illustrates the 

case where a dec-parallel orientation is poor. The 

worst case for a dec-parallel orientation is a transiting 

object. The distance along the meridian will be 

distorted in an amount shown in Figures 3-1(a) and 

(b). 

 

3. Effects of Parallactic Angle 

Figure 3-1(a) and (b) show the ranges of 

atmospheric dispersion using Simon's general 

approach. To mitigate the effect of going deeper into 

the red (farther from center) the slit width must be 

widened to match the dispersion. The slit width is a 

function of the pixel scale as discussed in Section 5.1. 

Widening the slit incurs a loss of spectrographic 

resolution. 

Figure 3-2 (a) (b) are ds9 plots of the raw data in 

Figure 1.  Figure3-2(c) shows the raw data and their 

difference. Counts are raw ADU. (Figure 3-2 can be 

found following Conclusions.) 
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Figure 3-1(a) Zenith distances to 1.5 arc seconds of 
dispersion (independent of azimuth) 

 
Figure 3-1(b) Zenith distances to 2.5 arc seconds of 
dispersion (independent of azimuth 

 

4. Additional Questions 

To address the other issues uncovered during the 

confirmation of the effect of parallactic angle, 

additional questions were explored in detail.  

 

4.1 Mechanical Deflection 

Two calibration line images were taken, one at 

the start of a long exposure and another at the end. 

Subtracting the two images should ideally result in a 

zero (or at least noise-only) image.  However distinct 

lines features were observed. The deflection is a 

function of the gravity direction and will vary with 

position on the sky.  Figure 4-1 shows the results of a 

deflection test.   

One current suggestion is to average the shift 

between exposures. This is a form of rectification that 

is not well correlated with telescope orientation, 

setup, temperature and other factors. 

 

The safest solution to this problem is to take 

frequent calibration images. They are short in 

duration and do not take significant time away from 

target observations. It is difficult to switch the small 

telescope spectrograph between calibration and target 

mode without being physically next to the telescope. 

This issue is being addressed by Foote et al (2019). 

Take the case of a simple test using image 

subtraction on calibration images, widely separated in 

time. The expectation would be that with no 

deflection the image should be noise with small 

excursions. In Figure 4-1(a) shows structure where 

you would expect only noise.  One image was shifted 

positively and subtracted (b), then shifted negatively 

and subtracted (c). The results in (b) and (c) suggest 

the real shift was about 1/2 pixel, otherwise, a 1 pixel 

shift would have mitigated the noise.  Sub-pixel 

shifting requires re-sampling. 

 

 
Figure 4-1(a) 

 
Figure 4-1(b) 
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Figure 4-1(c) 

4.2 Binning Considerations 

The spectrograph records spectral lines. Binning 

only makes sense for very small pixels ~4.5 μm and 

very low resolution spectrographs where the native 

resolution is still sampled adequately. However, the 

abundance of single pixel errors may essentially 

corrupt binned cells. This should be avoided.  

The region-of-interest feature can speed up 

focusing and guiding by capturing one (or more) 

stars. While 3 pixels can determine a Gaussian 

profile, 7 pixels or more are preferred. Roughly 4.2 

LodeStar X2 pixels binned and 8.4 un-binned pixels 

cover the nominal 3.5 arcsecond skies in Phoenix.  

The more precise FWHM fitting means better 

focusing and guiding. 

 

 

4.3 Microlenses 

The light detection spot within each pixel occurs 

on a regular grid, but there are large gaps within the 

pixel. The ratio of the photosensitive area to the rest 

of the circuitry for the chip is known as the fill-factor. 

To improve the overall light detection sheets with 

tiny lenses are bonded to the surface of the chip.  

Each lens has a fairly high numeric aperture and 

loses light for telescopes with fast telescope f/ratios. 

The main effect is vignetting -- a loss of signal at the 

ends of the dispersion axis. 

 

4.4 Fast Exposures 

The arrival rate of photons is a Poisson process. 

Fast exposures combined with the dynamics of seeing 

can lead to few photons, lower signal to noise and 

poor focus estimates. Allow a sufficient exposure 

while focusing to average the seeing disk. Fast 

exposures with cal lamps or flats probably lead to 

uneven illumination. Plan dome flat systems to be 

illuminated with small tungsten sources, over-driven 

with voltage to produce a more star-like spectrum 

and plan on taking sky flats deeper into twilight. 

Note: check that tracking is disabled for twilight flats. 

Check that RA and Dec are recorded for these 

exposures to help reconcile any flexure. 

 

4.5 Flat Lamps 

The internal flat lamps have issues. 

Spectrographic flats are needed for the same reason 

as in photometry, ie, to correct the local effects of 

dust and vignetting in the optical path (ie, inside the 

spectrograph itself).  A bulb that is internal to the 

spectrograph must be on the primary telescope's 

optical axis, must not allow the filament's shadow to 

be in line with optical axis, and the bulb must have a 

very uniform coating. The case presented in Figure 4-

2 shows the effects of misalignment. 

In Figure 4-2: from ds9, the main image (a) of 

the dispersion axis. The two horizontal lines are ds9 

projection regions showing the values through the 

bright spot (b) and a cut through the usual location of 

the dispersion axis (c). The vertical cut (d) is through 

the bright spot and shows the long-slit value rising, 

peaking then rolling off. The roll-off is not part of the 

optical tube assembly’s point-spread-function. 

Valerie Desnoux told us that she shines the “flat 

lamp” and the “calibration lamp” into the aperture of 

the telescope. 

 

4.6 Charge Transfer Efficiency (CTE) 

Charge Transfer Efficiency occurs in two 

directions.  With the chip size of 1391x1039 the 1039 

columns are read from top to bottom. Subtracting the 

bottom row (read first) from the top row shows the 

change for a presumed flat zero file. We measured 

approximately a 2% gradient from the top to the 

bottom of the chip [determined by comparing the 

value of row NAXIS1 (X-dimension from FIT 

header) to row 1]. 
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Figure 4-2(a) 

 
Figure 4-2(b) 

 

 

 
Figure 4-2(c) 

 
Figure 4-2(d) 

 

 

4.7 Bias vs Darks 

PyRAF analysis of zero (bias) and dark frames, 

see Table 1 (below), revealed the two files are 

essentially the same on average, with higher noise in 

the darks. This camera, Atik 414EX has both anti-

blooming and a special Hole-Accumulation-Diode 

(HAD) to mitigate dark current. The darks showed 

pixels fully saturated that were normal in zero files. 

The question became one of where within an image 

were the varying pixels?  The pixel test results are in 

Table 1 below.  

The collection of dark images was processed 

using Python with Numpy arrays.  A cube was 

created, and the locations of bad actors determined 

(Figure 4-3). A bad actor was a pixel that was 3-

sigma above the mean in at least one image and 

whose range was more than 3-sigma through the 

depth of the cube. (Same pixel location across all 

images.) A few distinct cases appeared. Customary 

dark processing presumes all pixels should perform 

within a tight range of values, and cosmic rays would 

fall well away from the median and may be safely 

ignored. The median value is presumed to be the best 

value to use. 
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Figure 4-3 A data cube with a Z-depth of 27 images was 
assembled, statistics computed and a list of bad- actors 
were prepared 

 
Figure 4-4 A subset of the 377 identified pixels where 
the variance across all images for the pixel was greater 
than 3σ were plotted. Of the 80 pixels, a few were 
recognized as cosmic-ray type events. The rest were 
deemed “bad actors” being too unstable to reliably 
remove by customary reduction means. 

In this experiment, a few instances were due to 

obvious cosmic-ray events and would be properly 

removed with customary processing.  The remaining 

bad actors (Figure 4-4) are best added to the mask 

(cosmetic file in ISIS), identifying pixels to avoid 

when performing image analysis. The cases include a 

number of pixels bouncing between high and low 

values inconsistent with Gaussian or Poisson 

distributions, implying there can be no valid median 

value. Several pixels were simply very high. They are 

broken pixels and should be identified in a mask. A 

few simply saturated. These same pixels are well 

behaved in the zero images. 

 

5. Spectrograph Calculations 

The theoretical resolution of the telescope is 

overwhelmed by seeing for small telescope 

observing. An estimate of the seeing disk size is 

substituted for the potential resolution of the 

instrument. The small pixel sizes for popular small 

telescope spectrographs are on the order of 4.5 μm. 

Binning is not recommended in spectroscopy due to 

noise in the detectors. 

 

6. Slit Width Considerations  

The sales literature refers to a slit's width in 

microns (μm). From the slit through the spectrograph 

to the sensor, the width of the slit affects the 

resolution of the instrument. The size of the star is 

usually stated in terms of arc-seconds. It is necessary 

to fit the width of the slit to the size of the star. 

Equation (1) translates microns into arcseconds 

providing a factor for the ‘pixel scale’, 

 

 
 

 

where 206264.8 is the number of arcseconds in a 

radian, the focal length of the Planewave CDK14 is 

2563.3 mm or 2,563,300 μm. The ‘pixel scale’ is also 

the ‘slit scale’ and is used to match an optimal slit 

width for an instrument to the seeing conditions.  

With nominal 2.0 arcsecond skies, the slit width of 

2.0 / 0.080468 = 25 μm is recommended. For bad 

seeing (3.5 arcsecond skies in Phoenix), the slit width 

increases to 43 μm. 

 

7. Conclusions 

The short answer is:  “Orient your slit to be 

perpendicular to the horizon.” 

Parallactic angle was clearly revealed as the 

cause of the difference between Figures 1(a) and 1(b) 

with the simple experiment of rotating the instrument 

while taking data along the meridian. The effects of 

atmospheric constituents other than water vapor 

pressure are overwhelmed by seeing. Careful 

consideration of other aspects of small cameras and 

spectroscopy led to discoveries about the spectra we 

were producing. 
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Using a rotator, or carefully working only part of 

the sky, is necessary to avoid SNR issues due to a 

disproportionate amount of light through the slit. 

Testing reductions by subtracting two calibration 

images assures accurate wavelength calibration 

(Section 4-1).  Using ds9 to test the internal flat lamp 

has encouraged taking dusk/dawn flats -- the 

advantage being a full representation of the point-

spread function of the whole system. Careful 

smoothing of these sky flats provides a more uniform 

way to flat-field the spectra. 

Careful analysis of zero and dark images 

demonstrated that taking darks is not necessary for 

cameras with newer noise reduction technology. 

However, careful accounting of ‘bad actor’ pixels via 

masks is important. For example, in photometry it is 

possible to transfer WCS information from a final 

test image to the mask to assure bad pixels do not 

coincide with targets.    With spectra, transferring the 

details of the dispersion axis to the mask helps assure 

a bad pixel does not coincide with a critical spectral 

line.  Knowledge of CTE and other issues with the 

statistics of images helps to inform the error bars for 

reported data. Where 99.962% of the pixels were 

good citizens, the bad actors were distributed evenly 

enough. 

A public data set that can be used for training 

purposes or test suite approaches can be found at: 

 
https://github.com/dxwayne/SAS_ParallacticAngle.git 
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Figure 3-2(a) Dec Parallel (raw) 

 

 

 

 
Figure 3-2(b) RA Parallel (raw) 
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Figure 3-2(c) Dec- and RA-parallel (raw) and difference of the two 



107 

 

 

 
 

Table 1 Basic statistics from IRAF imstat of a set of Zeros (left) and Darks (right).  Note the mean values are close to 
the same but the variance (see highlighted columns) has grown significantly. 
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Abstract 

AZCas is a mag 9 spectroscopic eclipsing binary with a 9.3 year period.  The binary is apparently an M0 
mass=19 giant plus a B0 mass=13 emission star.  The little known about the system is largely based on a single 
paper (Cowley et al) from 1977.  Surprised by rapid (hours) changes I observed in the spectrum in Aug 2012, I 
have begun detailed coverage to improve knowledge of the system as it approaches eclipse in May 2022.  
Techniques include using the homebuilt R=3000 spectrometer to measure Doppler velocity changes down to 
about 10km/s (10x the resolution), and close tracking of whatever spectral changes occur in the region 6300-
6800A. 

1. Introduction 

In 1956, Ashbrook discovered that AZCas was 

an eclipsing variable star, and using archived images, 

showed that the star had a 9.3year period.  Cowley et 

al in 1977 continued work on AZCas, recompiling 

old data plus taking new measurements, especially 

spectra to determine Doppler velocities in the system 

to allow system parameters to be computed.  These 

data were taken using large professional telescopes 

and equipment, including the 84inch Kitt Peak 

telescope.   

Although AZ Cas is not bright at about mag 9.2 

(V), its light is dominated by the red giant (M0), and 

it was (and is) very difficult to obtain spectra of the 

fainter companion, although near UV measurements 

show that it is likely a B0.  Both stars are massive, 

with solar masses of 17 and 14 respectively.  The 

diameters are also interesting, with the M star having 

an estimated radius about equal to the orbit of Mars, 

and the B star having a radius about 10x solar radius 

(about 1% of Mercury orbit).  The system has a large 

eccentricity of about 0.55, and although we view the 

system almost edge-on, the eclipse actually occurs 

about a year before periastron as shown in Figure 1.  

Figure 1 is a fairly accurate scaled schematic of the 

system, which has been modified from the original 

schematic in the Cowley paper.  The current phase 

angle (May 2019) is about 0.68. 

AZCas is also listed as a Be star, ie, a B-star that 

has shown Ha (e)mission at some times in the past.  

In 2012, I became interested in Be stars in part to 

exercise my new, medium resolution spectrometer, 

and because many Be stars show changes in their 

emission over short times (that is, they are not 

boring).  

 
 

 I therefore took spectra of AZCas over a five 

day period in August 2012, as shown in Figure 2.  

Not only were there changes day to day, but the 

August 6 run was interrupted by clouds (while I was 

asleep).  The differences in the spectra before/after 

clouds were so stark, I was convinced that that the 

scope had drifted onto a different star during the 

clouds.  After months of searching for the “different” 

star, I gave up and went on to other projects.  

Reviewing the 2012 AZCas data in 2018, however, I 

quickly became convinced it had always been the 

correct star, and decided to begin a detailed, long 

term monitoring program.   Note-in 2012, reference 

spectra were not taken.  In their place, in these 

mailto:john@menkescientific.com
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images the “reference” black curve is a an average of 

approximately ten spectra of AZCas taken in May-

June 2018, with all spectra adjusted to match the 

absorption at approximately 6495A.  

 

 
 

Figure 4 2012 AZCas Spectra 

 

Since April 2018, I have conducted spectroscopy 

on every night of adequate weather (about 1 in 3 in 

Maryland).  Recently, I have also begun a 

photometry program.  The next eclipse is May 2022 

so this is a good time to start! 

The main goals of this observing program are to 

track both large scale sudden or smaller and slower 

changes in the spectrum around Ha, and to attempt to 

improve the Doppler measurements of the orbital 

velocities (the Cowley data were all from 

photographic sources).  Of course, it will also be 

interesting to see whether an amateur observatory in 

2019 can match the excellent work of Cowley, et al 

in 1977. 

 

2. Observing Equipment and Program 

The spectrometry is conducted using a home-

built, Littrow design, medium resolution 

spectrometer of R=3000.  The spectrometer uses a 

partially reflecting pickoff mirror for guiding that 

keeps the guide star on the slit to about 0.3 pixel 

(approximately (0.3a-s).  The spectroscope science 

camera is an ST-8300 monochrome camera, with 

5.6u pixels binned 2x2, yielding approximately 

0.4A/pixel vs. a spectrometer resolution of about 2A, 

thus somewhat oversampling the spectrum.  The 

spectrometer is described in detail at SAS2012 and 

on our website www.Menkescientific.com. 

The spectrometer is mounted on a home-built 

f3.5 18 inch thin mirror Newtonian telescope on an 

AP1200 mounting, housed in a 10 ft. ProDome.  The 

system can be operated in person, but normally is 

operated via local network or via the Internet at long 

distances.  This telescope is described in SAS2007 

and on our website. 

The spectral images are taken using MaximDL 

V5, usually under CCD Commander control to 

provide the desired sequence of target and reference 

stars, and controlled observatory closure at the end of 

the observing session.  The images are batch 

processed using a Visual Basic program that working 

with Maxim to accomplish quick processing, taking 

about five minutes for the entire data set of 1-300 

spectral images.  The resulting spectra are pasted into 

Excel spreadsheets for calibration and further 

analysis.  For most purposes of analysis, we 

normalize to =1 the spectral intensity relative to the 

fairly smooth region of 6480A. 

The observing scheme in use calls for 9x300s 

spectral images of AZCas, followed by one of a 

bright (mag 6.3) nearby (5a-m) B7 reference star, and 

a second nearby (20a-m) K2 (mag 7.0) reference star 

identified in Figure 3.  The exposure cycle takes 

about one hour, and three hours will yield quite good 

AZCas and reference star spectra if the weather is 

good.  AZCas is circumpolar for Maryland; however, 

in the springtime, AZCas is as low as 10 deg making 

good spectra very difficult to obtain due to clouds 

and trees. 

 
Figure 3 Apr 18, 2018 Disturbance 
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The photometry program uses a C11 telescope 

operating at f3.5, and an ST1603 (large format) 

camera, also operated by MaximDL.  The large 

format allows each image to contain AZCas plus 

approximately six good reference stars of differing 

colors on each science image.  Although there is 

serious vignetting (up to 30%), flat correction plus 

always placing the target stars on the same chip areas 

allows for good precision.   Photometric (Johnson) 

filters are used to calibrate the photometry against 

Landolt reference stars.  A color filter wheel (CFW-

8) that has been custom fitted to the camera carries 

the filters, and is driven by a serial output of the 

control computer. 

 

3. Observational Results 

The primary goal, of course, is to establish a 

detailed long term baseline of this system well before 

the eclipse of 2022.   This baseline data will include 

both spectral measurements, primarily in the Ha 

region, but also detailed photometric tracking of the 

system. Secondarily, it is desirable to improve, if 

possible, some of the orbital parameters of the 

system, especially of the Doppler velocity measures. 

Virtually all measurements in this program are 

taken in the range of about 6300-6800A.  Several 

observations have been made in the blue (4250-

4600A), but the results were disappointing with 

relatively high noise in the spectra, and little sign that 

the B0 star was in fact being detected.  However, in 

summer 2019 when AZCas is higher in the sky, 

further attempts to measure the blue spectra will be 

made. 

Spectral observations are of three types: 

 Gross changes in the Ha emission/absorption 

lines 

 Time variations in smaller features in the Ha 

region of the spectrum 

 Extraction of Doppler velocities from the spectra 

 

3.1 Gross changes in Ha 

 

As noted above, the first several spectroscopic 

observations of AZCas in 2012 showed a very fast 

(hours) change in the Ha structure, near the time of 

the 2012 eclipse (phase~-0.05), which preceded 

periastron (phase~0.09).   Limited observations in 

August 2013 at phase~0.07 showed strong Ha 

emission.   These kinds of spectral changes are 

associated with major changes to the belts that 

frequently encircle a Be star, and have been 

extensively studied in other Be stars.  The proximity 

of the M0 star near periastron also increases the 

probability that mass exchange is occurring. 

Ironically, when observation began in 2018 after 

6 years of virtually no observation,  the spectra again 

showed another major disruption in the Ha region 

that had evidently begun some time earlier than April 

2018 (phase~0.56).  This disturbance, shown in the 

red curve in Figure 4, continued to evolve over 

approximately 8 weeks.  In this image, the black 

curve is the nearby B7 reference star with its Ha 

absorption line. 

 

 
Figure 4 AZCas Typical Spectrum Oct 30, 2018 

 

Since May 2018, even when observed every 

available night, the Ha line structure on AZCas has 

shown no noticeable change.  A typical current 

spectrum (Oct. 2018) is shown in Figure 4.   

There are the obvious questions—just what is 

going on?  Are the Ha signals we see arising from the 

M or the B star?  Or from a mixture of the two?  Or 

from enveloping gas in the system? 

 

3.2 Time Variations in Ha Region 

Coverage of the AZCas spectrum is normally 

from about 6300-6800A.  Within that region, there 

are hundreds of features, with virtually all of them 

evidently coming from the M0 star (as shown by 
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comparing the AZCas spectrum to a K2 or B0XX 

star).   Although some of these features do appear to 

change shape or amplitude, for most there has been 

no obvious pattern of change, and in any case, are 

confused by night to night variations in spectral 

quality. 

 

There is one set of features, however, that are 

clearly above noise levels and that appear and 

disappear, in a definitive way, even if not 

periodically.  These are three features (bumps) that 

occur on the redward side of the main Ha feature, as 

shown in Figure 5.  These bumps come and go on a 

several to 10 day basis.  The wavelengths of the 

bumps do not change as the come/go.   

 

 
 

Figure 5 AZ Cas Ha Detail 

We used Fourier analysis program (Peranso) to 

help identify the strength of the bump features.  As 

shown in Figure 6, in the last several months of 2018 

the bumps have reduced amplitude and have been 

seen less often.  Presumably these bumps are also 

associated with changes in the belt structures around 

the B star in AZCas; however, no detailed modeling 

is available to clarify this.  In any case, changes in the 

bumps are presumably related to the changing 

distance and orientation of the M0 and B0 stars, and 

are thus worth following. 

 

3.3 Extraction of Doppler Velocities 

The expected range of Doppler velocities of the 

two stars in this system is approximately 20-40km/s 

as noted in the Cowley report.   Cowley in the mid-

1970s was unable to obtain quality spectra of the B 

star in AZCas, and the same problems are still 

present.  The B star has relatively few spectral 

features and is fainter than the M star by some 2-3 

magnitudes.  Thus, the AZCas spectrum is almost 

totally dominated by the M star, except for the Ha 

line area where both possibly contribute.    

 

 
Figure 6 Relative Strength of Ha Bumps 

 

50km/s corresponds to a wavelength shift of 

about 1A at 6000A wavelength.  Our spectrometer 

has a resolution of about 2A which would imply great 

difficulty in measuring a small Doppler shift.  

However, we can take advantage of several factors 

 There are scores of features in the AZCas 

spectrum available for measurement 

 We can use a nearby K2 star (roughly 

similar to M0) as a Doppler reference (its 

doppler velocity as shown in Table 1 is only 

1km/s) 

 Because the reference K2 star is only 20a-m 

from AZCas, the varying earth velocity will 

cancel out in the comparison 

 The spectrometer is highly stable hour to 

hour and night to night, so the wavelength 

variation is small for the mean value of any 

spectral feature  

 Because there is little “contamination” of the 

M star spectrum by the B star, we can use all 

the spectral features in comparing the 

wavelengths of the AZCas M star and the 

reference star over a broad wavelength 

interval.  We do this by calculating the 

required offset between the two spectra to 

maximize the correlation between them 

(using Excel).  

 

The correlation calculations are carried out using 

standard Excel correlation functions within the data 

spreadsheet, then fitting the resulting correlation 
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curve with an asymmetric Gaussian to interpolate to 

find the peak of the curve or “best” offset.  This 

approach appears to have been very successful, with 

rms errors of under 10km/s.  Figure 7 shows the 

current results.  The vertical axis is in pixels of offset 

(Not A) at maximum correlation.  In that figure, two 

data sets are shown that compare AZCas to the K2 

reference star (lower curve), and to the B7reference 

star (upper curve).  The latter curve shows far more 

scatter as there are fewer spectral features, plus the 

reference star Ha absorption line is rather broad and 

ill defined.  It is also less clear what is being 

measured, as the comparison uses only a narrow band 

near Ha line, and thus may have contribution from 

both the M and B star (each having different 

velocities).  The black curves shown are best fit 

polynomials to the respective data sets.  There is, as 

yet, no evaluation of the systematic errors in these 

measurements.  However, it is observed that the 

difference in the two black curves is approximately 

10km/s, vs. the Simbad velocity difference shown in 

Table 1 of about 4km/s.  This relatively small 

disagreement of <10km/s would appear to support the 

ability to measure small Doppler shifts accurately 

using these methods.  

 

 
Figure 7 AZ Cas Doppler Velocity 

 

The results are encouraging as they show the 

capability of making rather precise Doppler 

measurements even with only a medium resolution 

spectrometer and relatively small telescope, and thus 

may lead to improved Doppler measurements for this 

system.  Indeed, this kind of measurement would 

seem to be very feasible for other observers using 

relatively modest equipment: advanced amateurs 

should not be scared off by this challenge. 

4. Conclusion 

The 9th magnitude AZCas eclipsing system, 

with its two close M0 and B0 stars, shows a variety 

of time-changing spectral details in the Ha region.  

The upcoming May 2022 eclipse offers a unique 

opportunity to improve our knowledge of this system.  

The work reported here shows that it is possible for 

advanced amateur researchers to contribute to the 

knowledge of this or similar stellar systems. 
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Abstract 

The construction of the Prairie View Observatory complex (PVOC) is nearly finished and the facility is set to open 
by Fall 2019. The primary instruments to be installed in the observatory, as of this writing, include a Planewave 
24-inch and a Planewave 20-inch. The former will be housed in the West Dome, an Ash dome; while the latter 
will be installed in the East Dome, an Astrohaven clamshell dome. The third dome, the south or solar dome 
(Prairie View Solar Observatory), contains the existing 35-cm Vacuum Solar Telescope which began routine 
solar observations in 1998 (PVSO was built in 1997, renovated in 2017, listed as #13 in a list of solar 
observatories in Wikipedia). Once the PVOC is fully online, it will be capable of a wide array of astronomical 
projects that will involve faculty, students, and the general public. We developed advanced cameras in 
collaboration with NASA-JSC over the past ten years for advanced astro-imaging. We are also equipped with a 
state-of-the-art low light calibration source manufactured by LabSphere. This is a custom-built optical calibration 
system for both Planewave telescopes and all our cameras; the system provides an extremely uniform low light 
capability. The Planewave telescopes will be mounted on concrete piers that are stiffened to a tolerance of 0.485 
arc seconds, allowing for high resolution imaging when seeing allows. Also included is a new weather station and 
ground tracking station to “listen in” on our Ten Koh satellite as it passes overhead. Ten Koh was launched in 
late 2018 and is currently operating in low Earth orbit (LEO), detecting radiation of several types. One of the 
projects planned for PVOC is the monitoring of the Moon and Jupiter in search of meteoroid impacts. A 
prominent impact event occurred earlier this year during the widely watched Total Lunar Eclipse. A third-
magnitude flash briefly appeared just after the start of totality and was witnessed by at least two visual observers 
watching with binoculars and imaged by at least a dozen imagers. We hope to use the two telescopes to monitor 
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the moon during eclipses and other favorable times to document and catalog meteoroid impact flashes. We plan 
to have live broadcast of what the telescopes are observing via the network in the near future. These and 
additional projects planned for PVO will be discussed below.  

1. Introduction 

Since the second half of 2017, the Prairie View 

Observatory Complex (PVOC, formerly Prairie View 

Solar Observatory, figure 1) has been undergoing 

much change and renovation. This began with an 

upgrade of the existing Solar Observatory building 

(smaller structure to the right in the opening image) 

to meet current safety standards and to enable control 

of the telescope from the first floor rather than the 

observing level. Starting in early fall 2018, 

construction on the Solar Observatory Addition 

(larger building to the left with the two domes) began 

and resulted in a second building adjacent to the 

Solar Observatory. This new building, which has just 

been completed, features three levels of workspace: 

the ground floor level, which includes storage and 

workspaces and a spacious visitors’ center. The 

second floor, or mezzanine level, includes the control 

rooms for each of the two domes, which occupy the 

third level. 

The CRI-RaISE (Chancellor’s Research 

Initiative – Radiation Institute for Science and 

Engineering, www.pvamu.edu/raise) research group 

continues to engage in innovative radiation biology 

research and has been in operations within the 

Department of Physics at Prairie View A&M 

University for five years. This project, along with 

funding from Department of Education’s Title III 

program, resulted in an increased astronomical 

presence at Prairie View A&M University. PVOC is 

designed to bring astronomy to the students, faculty, 

staff and alumni 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 have 

evenings when we open the facility to the public and 

to PVAMU alumni. We will also work with area 

astronomy clubs (such as the Houston Astronomical 

Society and the Fort Bend Astronomy Club). 

One of the proposed projects of the Prairie View 

Observatory Complex is the ongoing monitoring of 

the moon for meteoroid impact flashes. The two 

telescopes of the observatory addition will be 

engaged in watching the nocturnal part of the moon’s 

disk for these impact flashes during certain times of 

the lunar month. PVOC plans to monitor Jupiter as 

well, looking for fireballs in its atmosphere as has 

been videotaped several times already since 2010.  

With the continued regular occurrence of lunar 

meteor activity, this project has the potential to be 

productive, adding to the work of NASA-MSFC 

Meteoroid Environment Office, NELIOTA (ESA) 

and MIDAS, among others. 

 

 

2. The South Dome – Solar Telescope 

The first constructive stage of the observatory 

development project began in earnest in 2017, and 

was completed in early 2018, with the refurbishment 

of the Prairie View Solar Observatory building to 

bring it up to current safety code and enable 

observations to be obtained from the lower level 

control room. The original telescope, a 35-cm 

vacuum solar telescope (manufactured in Nanjing, 

China in the early 1990’s) remains in place and will 

continue to serve as a historical fixture to the facility. 

It is equipped with a Hydrogen-alpha filter with 

which regular regional observations of solar active 

regions will resume during the summer of 2019. 

Assisting this will be smaller telescopes purposed for 

full-disk solar observations in white light and 

hydrogen alpha. These full-disk observations will 

provide context for the regional active region 

observations. 

The lower level of the two-level solar 

observatory facility will include a control room with 

computers and furnishings for carrying out routine 

solar observations. Unlike the early years of the 

observatory (1998 through 2006) where the observer 

collected the data 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.  

With solar minimum now upon us, we will be 

limited in our targets but we will continue to monitor 

the Sun for new targets, especially as solar activity 

begins to increase toward the next solar maximum. 

The Coronado SolarMAX 90 telescope (one of the 

two full-disk telescopes mentioned above) will be 

useful for full disk Hydrogen-alpha observations and 

will provide an overall view of the global activity 

state of the sun. The white light full disk observations 

will be collected with a Takahashi 5.1-inch refractor 

(the other full-disk telescope mentioned above) 

equipped with a solar wedge. A typical observing day 

will start early in the morning, taking advantage of 

the excellent seeing that usually takes place then. We 

will start with full disk images, followed by regional 

images, and then we will follow the designated 

target(s) of interest for the balance of the day. This 

http://www.pvamu.edu/raise
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target includes specific features such as active 

regions and filaments; which will be followed to 

monitor for activity. Full-disk observations will be 

obtained periodically throughout the day, or as long 

as seeing/weather conditions allow for observation. 

 

 

3. The West and East Domes 

Work is almost finished on the observatory 

addition, and we will install the telescopes soon. The 

west dome will house a PlaneWave 24-inch CDK 

(Corrected Dall-Kirkham) telescope, and the east 

dome will contain a Meade 16-inch LXT telescope. 

This will soon be replaced by a Planewave 20-inch 

that we plan to purchase soon. The installation of the 

24 and the Meade is set for mid-May. The two 

telescopes will be mounted on concrete piers that 

extend 24 feet above ground level, and penetrate to a 

depth of 16 feet. These piers are stiffened to a 

tolerance of 0.485 arc-seconds (all axes), allowing for 

high resolution imaging when the atmospheric seeing 

allows. Long-term plans call for the installation of a 

1-meter PlaneWave telescope in one of the domes.  

 

 
Figure 2. LabSphere “Helios” uniform light source 
system for instrument calibration 

 

We have acquired two high-end, low-light 

calibration devices to characterize the output of our 

cameras and telescopes. One is the Helios uniform 

light source (fig 2, more information can be found at 

the LabSphere link provided in the references 

section) that will provide a very uniform flat field at 

very low intensity for initial calibration of our 

telescopes and cameras. We have developed 

advanced cameras in collaboration with NASA-JSC, 

which will be used for a variety of astronomical 

applications. We will be able to calibrate these, along 

with our commercial cameras, with the LabSphere 

equipment.  

In summary, the PVOC will have the following 

capabilities and equipment (Cudnik, et al. 2018): 

 One 18-foot AstroHaven clamshell dome 

initially housing a Meade 16-inch LX200 

Cassegraine, 

 One 18-foot Ash dome housing a 24-inch 

PlaneWave CDK (Corrected Dall-Kirkham) 

telescope, 

 Visitor’s center with state-of-the art display 

interfaced to astrovideo camera(s) on one or 

more of the above scopes, for public viewing 

sessions and special events, 

 A large observing pad and a wide sidewalk for 

smaller portable deck scopes of all kinds to 

include smaller Cassegraines, reflectors, and 

refractors. We also have several pairs of 

binoculars with tripods, 

 Assorted equipment to include SBIG CCD 

cameras, our custom-made NASA cameras, 

Watec 902 low-light video cameras, Shelyak 

LHiRes III Spectrographs, a photoelectric 

photometer, and more. 

 The custom-made NASA cameras are the result 

of work with CRI-RaISE collaborators: they 

developed a specialized detector system based on 

CMOS (Complementary Metal-Oxide 

Semiconductor) technology. These have been 

and will continue to be used in astronomical 

imaging applications 

 A weather station will be mounted on the roof or 

nearby to monitor ambient weather conditions to 

aid in observing and to obtain data points for 

education and archival purposes. 

 One ground tracking station to “listen in” on our 

Ten Koh satellite as it passes overhead. Ten Koh 

was launched into a polar orbit in late 2018 and 

is currently collecting data on radiation of 

several types 

 

The observing activities will be carried out by 

faculty, staff, students, and other collaborators 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. 

 

4. The Latest on Lunar Meteors 

Just after the start of totality on January 21, 2019 

at 4:41:38 UT, the moon experienced a meteoroid 

impact (figure 3) observed by a number of people, 

including at least two visual observers. This was 

probably the most widely observed lunar impact 

event to date. Days later, the Royal Observatory 
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reported a second impact flash two minutes after the 

first, much brighter flash. This second flash has not 

yet been confirmed independently (Zuluaga et al 

2019). These impact events serve as a reminder as to 

just how common the lunar meteoroid phenomena 

really is (and how surprising it can be). Zuluaga et. al 

(2019) attempted to find the size and mass of the 

impactor. They estimate the diameter to be between 

10 and 27 cm, with a mass between 7 and 40 kg. 

 
Figure 3. Location of the TLE meteor impact flash, image 
courtesy of JM Madiedo, MIDAS 

 

As coordinator of the Lunar Meteoritic Impact 

Search section of the Association of Lunar and 

Planetary Observers, I (Cudnik) receive several 

reports each year from people observing meteoroid 

impacts on the moon. Two impacts occurred within 

less than an hour of each other on 19 July 2018 

(21:53 and 22:29), another on 14 August 2018 (likely 

a Perseid) and five more during the Geminid meteor 

shower of 2018 (one on 12 December and four on 15 

December). In addition to collecting and archiving 

impact images and information, I also collaborate 

with several groups who monitor the moon regularly 

for meteoroid impacts in the United States, Brazil, 

and Europe. 

These groups include the Meteoroid 

Environment Office of NASA’s Marshall Space 

Flight Center (Alabama, USA); the Moon Impacts 

Detection and Analysis System (MIDAS) in Spain; 

the NELIOTA (NEO Lunar Impacts and Optical 

TrAnsients) program, funded by the European Space 

Agency operating out of Greece; the tROCG (Remote 

Observatory of Campos dos Goytazes); and several 

individuals. To date, over 600 lunar meteor impact 

events have been documented among these groups. 

Once the PVOC is completed and the telescopes 

and observing systems tested and verified 

operational, we will start regular video monitoring of 

the moon for meteoroid impacts with the telescopes 

in the east and west domes. Monitoring typically will 

start four days after New Moon, when the Moon is 

high enough in the sky to access; then will continue 

until a day or two after First Quarter. Monitoring will 

resume near Last Quarter and will continue until 

about four days before New Moon. In the beginning 

stages, the work will likely be limited to times when 

the annual meteor showers are active and the moon is 

favorably placed for impact observations. Once the 

program involving the PVOC is settled, then the 

monthly monitoring can begin, probably sometime in 

2020. 

Also planned is the monitoring of Jupiter on a 

regular basis for meteors. With the detection of a 

half-dozen fireballs over the last ten years, plus a 

dark marking resembling the aftermath of a comet 

impact, observable meteor activity is possible on the 

giant planet. In addition, the video monitoring of 

Jupiter will provide real-time documentation of its 

weather patterns and rotation, and central meridian 

crossing times can be accurately determined to help 

refine the rotation rates for Jupiter. These would be 

conducted with one telescope only and would be 

video-based, like the Lunar Impact Flashes 

observation. The scientific and educational value of 

these observations will be significant.  

 

5. Conclusion 

The expansion project of the Prairie View 

Observatory Complex is nearing completion. The 

telescopes will be installed in the east and west 

domes of the addition in mid-May and the imaging 

system for each will be brought on line about that 

time. During the summer months we will be testing 

and verifying the workability of the systems, as well 

as resuming the regular observations of the sun with 

the Vacuum Solar Telescope in the South Dome. By 

the fall of 2019 PVOC will be actively working with 

stakeholders to provide a valuable astronomical 

experience for students, faculty, staff, alumni, and the 

general public. 
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Abstract 

This paper compares the performance of two different high-precision, photometric measurement techniques for 
bright (<11 magnitude) stars using the small telescope systems that today’s amateur astronomers typically use. 
One technique is based on recent work using a beam-shaping diffuser method (Stefansson et al., (2017)) and 
(Stefansson et al. (2018).) The other is based on the widely used “defocusing” method. We also developed and 
used a statistical photometric performance model to better understand the error components of the 
measurements to help identify and quantify any difference in performance between the two methods. The 
popular light curve analysis package, AstroImageJ, was used for the exoplanet image analysis to provide the 
measured values and exoplanet models described in this study. To measure and understand the effectiveness of 
these techniques in observing exoplanet transits, both methods were used at the Mark Slade Remote 
Observatory (MSRO) to conduct in-transit exoplanet observations of exoplanets HAT-P-30b/WASP-51b, HAT-P-
16b, and a partial of WASP-93b. Observations of exoplanets KELT-1b and K2-100b and other stars were also 
performed at the MSRO to further understand and characterize the performance of the diffuser method under 
various sky conditions. In addition, both in-transit and out-of-transit observations of exoplanets HAT-P-23b, HAT-
P-33b, and HAT-P-34b were performed at the Conti Private Observatory. We found that for observing bright 
stars, the diffuser method outperformed the defocus method when using small telescopes with poor tracking. We 
also found the diffuser method noticeably reduced the scintillation noise compared with the defocus method and 
provided high-precision results in typical, average sky conditions through all lunar phases. The diffuser method 
ensured that all our observations were scintillation limited by providing a high total signal level even on stars 
down to 11th magnitude. On the other hand, for small telescopes using excellent auto-guiding techniques and 
effective calibration procedures, we found the defocus method was equal to or in some cases better than the 
diffuser method when observing with good-to-excellent sky conditions. 
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1. Historical Background 

Amateur astronomers have been pushing the 

limits of the science and technology of astronomy for 

more than 300 years. They have also been personally 

investing in cutting-edge, state-of-the-art technology 

in pursuit of knowledge and have developed new 

technologies, processes, methods, and procedures to 

further improve the performance of their telescopes.  

At the turn of the 20th century, educational 

institutions and government entities began investing 

in astronomical science and technology to develop 

large telescope systems, which had become out of 

reach for even the wealthiest of amateur astronomers. 

During most of the 20th century, even the most 

persistent amateur astronomers fell behind the larger 

institutional observatories in the discovery of new 

objects. They also were not able to do follow-up 

observations because most of these objects were not 

visible to the naked eye. The only area of continued 

amateur leadership was in comet discovery. 

However, toward the end of the 20th century, it 

was recognized that amateur astronomers were 

needed after all, and a wave of “pro-am” 

collaborations began. By that time, professional 

astronomers doing discovery work were relegated to 

working with very large, expensive observatories. In 

the 1990s, amateurs were discovering many minor 

planets. In previous decades, professionals had 

viewed these objects as simply a nuisance. Now they 

were beginning to understand that minor planets 

represented a potential threat to Earth. The 

professionals then got involved in minor planet 

discovery but still needed the follow-up work that 

amateurs who used professional-level small telescope 

systems could provide.  

By the end of the first decade of the 21st century, 

instruments, cameras, software, processes, and 

procedures had improved in performance and 

decreased in price such that amateurs could once 

again indulge in pro-am activities in astronomy and 

make real contributions by doing the follow-up work 

that professionals did not have the time nor the 

instruments to do. Other recent improvements in the 

21st century include the use of webcam technology 

for high-resolution lunar and planetary imaging, and 

spectral gratings mounted in a filter wheel to perform 

low-resolution (R=150) spectroscopy.  

Today, amateur astronomers are partnering with 

professionals to provide follow-up observations in 

the areas of minor planets, variable stars, supernova 

searches, and exoplanet transits, using the modern 

version of the classic measurement techniques of 

astrometry, photometry, and spectroscopy (Conti, 

2016.) The most recent, and some could argue, the 

most interesting area is in observing and measuring 

exoplanet transits. According to Conti (2016): 

 

“…Amateur astronomers have been 

successfully detecting exoplanets for at 

least a decade and have been doing so 

with amazing accuracy! Furthermore, 

they have been able to make such 

observations with the same equipment 

that they use to create fabulous looking 

deep sky pictures or variable star light 

curves.” 

 

Presently, not only have amateur astronomers been 

able to just “detect” exoplanets, but they are now able 

to provide the precise measurements needed to model 

the mass and orbital parameters of these planets.  

The work discussed in this paper focuses on 

techniques for improving the photometric precision 

of small telescopes typically used by many of today’s 

amateur astronomers and expanding their application 

in observing minor planets, variable stars, and 

exoplanet transits. 

 

2. Introduction 

The purpose of this project is to study and 

understand the performance of low to mid-grade, 

commercial off-the-shelf (COTS) astronomical 

equipment when making high-precision photometric 

measurements of bright (i.e., <11 magnitude) stars 

using the Defocus and Diffuser Methods. If a high 

level of performance could be demonstrated using 

one or both methods, it would be helpful to the larger 

amateur community. The professional community of 

exoplanet, minor planet, and variable star observers 

would then also indirectly benefit. 

Refractor, Cassegrain, and Newtonian, 

instruments suitable for amateur astronomer 

contributions are typically in the size range of 12.7 to 

16.5 cm for refractors, and 0.2 to 0.3 m for reflectors. 

This assumes that proper attention is given to the 

calibration and measurement processes, methods, and 

techniques. 

Current and future NASA exoplanet missions, 

most notably the recently launched Transiting 

Exoplanet Survey Satellite (TESS) mission, may 

require follow-up observations of a few hundred 

bright, nearby stars (<11 magnitude) that are 

reachable by astronomers using such COTS 

equipment. The more often these exoplanets can be 

observed, the better their ephemerides can be refined. 
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3. Two High-Precision Photometry 

Techniques 

In this paper, we compare two photometric 

measurement techniques that involve the formation 

of the image on the camera’s image plane and how 

the point spread function (PSF) characteristics for 

each technique are different and contribute to the 

improvement of the photometric measurement error. 

We also discuss how these techniques are used to 

minimize the Poisson or shot-noise error so that the 

limiting factor in the total measurement is the 

scintillation error. Observations were conducted at 

the Mark Slade Remote Observatory (MSRO) and at 

the Conti Private Observatory (CPO.) 

Further analysis was performed to understand the 

impact of poor tracking performance on the 

photometric measurement’s precision due to 

differential calibration errors, referred to as the 

residual calibration error (RCE) across the image 

plane. Stefansson et al. (2017) have shown that when 

using the Diffuser Method, the impact of RCE, is 

minimal across the image plane and can mitigate the 

impact of poor tracking on the total photometric error 

(TPE.) As stated by Stefansson et al. (2017): 

 

“…An "in-focus" diffused image brings 

out the best from both of these methods 

[compared with defocused, non-diffused 

images]: allowing for a high dynamic 

range and minimal flat-field and guiding 

errors, while minimizing any phase-

induced errors due to seeing.” 

 

The result is that the flat-field RCE is minimized 

when using the Diffuser Method. 

One of the benefits proposed when starting this 

project was that the impact of the marginal tracking 

performance typical of many of the amateur 

instruments in the field can be minimized. This is in 

large part because the Diffuser Method’s mitigation 

of the RCE, coupled with integrating the 

measurement over many pixels, averages out the 

noise that would otherwise result under standard 

practices.  

This is an important part of the study because 

maximizing and demonstrating a photometric 

precision of 3–5 millimagnitudes (mmag) RMS 

using typical amateur equipment in the face of 

marginal tracking performance will increase the pool 

of astronomers capable of doing these measurements. 

Minimizing the equipment performance needed and 

simplifying the configuration and procedures used to 

acquire the needed data for high-precision 

photometric measurements lowers the barrier for 

those who want to participate in this work.  

The first technique, called the Defocus Method, 

has been widely used by amateurs and professionals 

alike for several decades to minimize the overall 

impact of shot-noise error on the precision of the 

photometric measurement. In this method, the image 

on the camera is defocused by moving the focuser, by 

a few hundred microns, in the in-focus or out-focus 

direction. The goal is to increase the size of the PSF, 

which is of Gaussian shape, from a typical focus 

value of 2 to 3 pixels FWHM to a value of 6 to 10 

pixels FWHM (Figure 1.) The total number of pixels 

within the defocused PSF diameter would typically 

then be from 30 to 80 pixels, whereas the number of 

pixels within a focused PSF would be <10 pixels. 

   
Figure 1. Point Spread Function. The PSF of a stellar, 
point-source image formed on the CCD image plane. 
The PSF has a Gaussian shape where the number of 
pixels measured across the PSF varies based on the 
focus position. For a tightly focused, critically sampled 
image, the typical measured FWHM is 2–3 pixels.  

The second technique used, called the Diffuser 

Method, is a recent technique refined and 

documented by Stefansson, et al. (2017.) The method 

used at the MSRO and the CPO employs the 

Engineered Diffuser™ developed by RPC Photonics, 

Rochester, NY, in the form of a standard 1-inch 

diameter filter form mounted in a 1.25-inch filter cell 

(see Figure 2 and Appendix A.) This inexpensive 

diffuser is available in several different versions 

based on its divergence angle value. The PSF of the 

diffused star image has a “top-hat” profile (see 

Figures 3, 4, and 5), helping to mitigate the effects of 

scintillation and allowing exposures that decrease the 

shot noise. 
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Figure 2. Installing the RPC Photonics Engineered 
Diffuser™ in the Santa Barbara Imaging Group (SBIG) 
ST2000XM camera filter wheel at the MSRO. 

 
Figure 3. The PSF of the RPC Photonics EDC-0.25 

Engineered Diffuser™ (0.25 divergence.) This diffuser 
is installed in the CPO filter wheel. (Graph Courtesy RPC 
Photonics, Rochester, NY) 

 
Figure 4. The PSF of the RPC Photonics EDC-1 

Engineered Diffuser™ (1.0 divergence.) This diffuser 
was installed on the SBIG ST2000XM filter wheel at the 
MSRO. Graph acquired using MaxIm DL™. 

 
Figure 5. The PSF of the RPC Photonics EDC-0.5 

Engineered Diffuser™ (0.5 divergence.) This diffuser is 
currently installed on the QHY174M-GPS filter wheel at 
the MSRO. Graph acquired using MaxIm DL™. 

4. Diffuser Selection 

The proper selection of the Engineered 

Diffuser™ starts with specifying the desired signal 

level required to obtain the level of Poisson or shot-

noise precision required. According to Mann, et al. 

(2011), to make high-precision photometric 

measurements of 1 mmag, the differential 

photometric signal level must be at least 110
7
 

ADU. Our data shows that this recommendation is 

probably applicable only to professional 
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observatories that have seeing conditions of <1 arc-

second FWHM. In this case, the short-term 

scintillation noise (STSN) would approach the same 

level as the sample shot noise (SSN) (1.0 mmag) 

when observing in the pristine conditions at a high-

altitude, professional observatory. This is not the case 

when observing with typical amateur telescopes near 

sea level in rural and suburban areas of the country, 

so the signal level requirement is not quite as high. 

According to equation (8) in Stefansson et al. 

(2017), the PSF FWHM for the diffuser is dependent 

on the distance of the diffuser from the focal plane. 

For the camera systems used in the MSRO and CPO 

observatories, the diffuser is mounted in the filter 

wheel system, which has a filter-to-focal plane 

distance of 30 mm. Using an initial minimum signal 

value of 110
7
 ADU and the full-well depth (FWD) 

and pixel size values for each camera, the optimum 

size of the diffuser was calculated using a Microsoft 

Excel™ spreadsheet. At the MSRO, the differences 

between its two cameras in FWD, filter-to-focal 

plane distance, and pixel size were small and the 

resulting PSF radius for the 0.5 diffuser is 19 

pixels, a FWHM of 38 pixels for both camera 

systems.  

 

5. Observatory Instrumentation 

Table 1 summarizes the three sets of 

instrumentation used to collect data in this study. 

 

Obs Location OTA 

(in) 

Camera Diffuser 

MSRO Wilderness, 

VA 

6.5 ST2000XM 1.0,0.5 

MSRO Wilderness, 

VA 

6.5 QHY174M-

GPS 
0.5 

CPO Annapolis, 

MD 

11 SX694 0.25 

Table 1: Observatory locations and instruments. 

The MSRO, located in Wilderness, Virginia, was 

founded in 2015 by Dr. Myron Wasiuta. (Table 1 and 

Figure 6) This remotely operated observatory houses 

a 0.165-m Explore Scientific 165 FPL-53 APO 

refractor with a 0.7x focal reducer/field flattener, 

f/5.1, FL=851 mm, mounted on an Explore 

Scientific/Losmandy G11 PMC-Eight™ mount 

system. The G11 mount is not auto-guided but uses a 

high-resolution encoder drive correction system on 

the right ascension axis for accurate tracking. 

Declination drift is minimized but not eliminated by 

using a near-perfect physical polar alignment. Two 

imaging instruments were used on this OTA during 

this study (Table 2): (1) an SBIG ST2000XM 

monochrome camera with a CFW8 five-position 

filter wheel and (2) a QHY174M-GPS monochrome 

camera with a QHY-S 1.25-inch six-position filter 

wheel. During the study, the SBIG instrument was 

fitted with both a 1.0 and a 0.5 Engineered 

Diffuser™, and the QHY instrument is currently 

fitted with the 0.5 Engineered Diffuser™. 

 

Camera Read 

out 

Noise 

(e-) 

Dark 

Noise 

(e-

/px/sec) 

Gain 

(e-

/ADU) 

Full-

Well 

Depth 

(e-) 

Pixel 

Size 

(m) 

ST2000XM 15.0 0.35 0.72 47,200 7.8 

QHY174M-

GPS 

5.3 0.20 0.42 27,500 5.86 

Table 2: MSRO camera system. The CCD/CMOS noise 
figures for the instruments used at the MSRO. 

Using the data acquired with the Defocus 

Method, the working limiting magnitude was 

determined for each camera. (Table 3) The 

parameters used in measuring the limiting magnitude, 

which is the magnitude resulting in an SSN of 1.0 

mmag, are: signal level @ ½ FWD, V-band filter, 60-

second exposure time. The values obtained show that 

the two cameras are evenly matched in terms of the 

acquired signal level. 
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Figure 6. The MSRO instrumentation. MPC Observatory 
Code W54. Founded by Dr. Myron Wasiuta (right) and 
Jerry Hubbell (left) in 2015 as a hands-on teaching and 
research facility for the local and remote astronomer 
community. (Image Courtesy of Bill Paolini) 

 

 

 
Table 3: Camera defocus limiting magnitude. The Vmag 
limiting magnitudes for each of the cameras used at the 

MSRO. The stars selected provided a signal level   ½ 
FWD. 

A procedure was developed in April 2018 using 

equation 6 in Stefansson et al. (2017) to select the 

proper Engineered Diffuser™ model based on 

balancing the need for decreasing the shot-noise level 

versus providing enough signal for the dimmest stars. 

Initially, a 1.0 divergence Engineered Diffuser™ 

was selected. However, it was then decided that a 

0.5 diffuser was better suited to balance the need to 

minimize the shot-noise without “diffusing out” the 

dimmer stars so that we could effectively measure 

stars down to 11th magnitude (Figure 7.) 

 

 
Figure 7. HAT-16b sample diffused image. This is an 
example image from the HAT-16b observing session 

taken on 2018 November 11 UT with the 0.5 Engineered 
Diffuser™. The image shown is the target star T1 (TYC 
2792-1700-1) (green) and the selected comparison stars 
(red) used in the analysis. 

 The Conti Private Observatory (CPO), located 

in Annapolis, Maryland (Table 1), includes an 11-

inch Celestron Schmidt-Cassegrain Telescope (SCT) 

OTA with a 0.67x focal reducer, resulting in an f/6.7, 

FL=1873 mm, mounted on a Losmandy G11 mount. 

On-axis auto-guiding was employed to reduce image 

shift. The camera instrument mounted on the OTA is 

a StarlightXpress SX-694 monochrome camera with 

a filter wheel that includes a clear blue-blocking 

(CBB) filter, a clear filter, and a 0.25 divergence 

angle Engineered Diffuser™. 

 

6. Observing Sessions 

Table 4 lists all the observations obtained during 

this study. Items in red are discussed in detail. Non-

exoplanet stars are listed using their Bayer, HD, 

TYCHO, or UCAC4 designator. 

In-transit observations of exoplanets WASP-93b, 

HAT-P-30b/WASP-51b, and HAT-16b were 

obtained at MSRO (Table 6a and 6b.) Both in-transit 

and out-of-transit observations of exoplanets HAT-P-

34b, HAT-P-23b, and HAT-P-33b were observed at 

CPO (Table 5.) Observations of other stars listed in 

Table 4 were also performed to further characterize 

the performance of the Diffuser Method under 

various sky conditions. 

 

 

 

 

 

 

 

 

Camera ST2000XM QHY174M-GPS QHY174M-GPS

Object TYC814-1667-1 TYC13-990-1 TYC3233-2155-1

Right 

Ascension
08h51m50.2s 00h33m50.6s 23h57m27.0s

Declination +11°46'06.8" +04°15'33.9" +37°37'28.5"

Vmag 10.76 10.54 10.63
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Observatory Target Star Exoplanet Date UTC 

MSRO TYC 208-722-1 WASP-51b January 05* 

MSRO TYC 208-490-1 NA January 05 

MSRO TYC 208-705-1 NA January 05 

MSRO TYC 814-2361-1 NA January 18 

MSRO TYC 814-817-1 NA January 18 

MSRO UCAC4-510-048415 NA January 18 

MSRO TYC 3261-1703-1 WASP-93b January 24* 

MSRO TYC 1383-1191-1 NA March 19 

MSRO  (55) Cnc NA May 01 

MSRO HD108201 NA May 01 

MSRO TYC 1949-1897-1 NA May 01 

MSRO  Com NA May 02 

MSRO 15 CVn NA May 02 

MSRO HD115709 NA May 08 

MSRO HD115995 NA May 09 

CPO TYC 1622-1261-1 HAT-P-34b June 30* 

CPO TYC 1622-1261-1 HAT-P-34b July 01 

CPO UCAC4-534-126246 HAT-P-23b July 02* 

CPO UC4-620-041397 HAT-P-33b October 29 

CPO UC4-620-041397 HAT-P-33b October 30 

MSRO TYC 2792-1700-1 HAT-P-16b November 11* 

MSRO TYC 2792-1700-1 HD 3167b December 08* 

MSRO TYC 2792-1700-1 KELT-1b December 11* 

MSRO TYC 2792-1700-1 K2-100b December 12* 

Table 4. Observation sessions. The observation 
sessions shown were held to obtain data to compare the 
performance of the Defocus and Diffuser Methods. 
Observing sessions in red are discussed in detail. *=In-

Transit Observation, =Diffuser Used, =Single Star 
Comparisons. Note: All Dates UTC are in 2018. 

Exoplanet Date UT  In/Out-Transit 
Observation Description 

HAT-P-34b 2018-06-30  In-Transit 

Conducted test using diffuser with 30-second exposures. Transit depth 

observed (0.007) compared favorably to predicted transit depth (0.0079.) 

HAT-P-34b 2018-07-01  Out-of-Transit 

Conducted test using CBB filter with 20-second exposures. RMS values for 

comp stars compared not as good as previous diffuser test, except for one of 

the comp stars. However, transparency was not as good as when diffuser test 

was conducted. 

HAT-P-23b 2018-07-02  In-Transit 

Conducted alternating tests with the diffuser with 90-second exposures, and 

a CBB filter with 20-second exposures. Transit depth with CBB filter was 

closer to predicted, and the RMS value for all the comp stars were better 

with CBB filter vs diffuser. 

WASP-33b 2018-10-29  Out-of-Transit 

Conducted a diffuser test with 20-second exposures, alternating with use of a 

clear filter that consisted of 20 1-second exposures and binned x 2. RMS 

using clear filter was better than the diffuser test for 2 out of the 3 comp 

stars. See below for a comparison with a defocus test of the same target. 

WASP-33b 2018-10-30  Out-of-Transit 

Conducted a defocus test to compare with the previous night’s diffuser test 

of the same target. Despite seeing being poorer, the RMS was better than the 

diffuser tests for 2 out of the 3 comp stars. 10-second exposure, binned x 2. 

Table 5. Conti CPO observation session results.  

 

 

 

 

 

 

 

 

 

 

Object Identifier WASP-93b  WASP-51b 
Object Information   

Tycho Designator TYC 3261-1703-1 TYC 208-722-1 

UCAC4 Designator UCAC4-707-005167 UCAC4-480-043020 

J2000 Right Ascension 00h37m50.092s  08h15m47.962s 

J2000 Declination +51°17'19.64" +05°50'12.82" 

Date—Start UTC 2018-Jan-24 122 2018-Jan-05 0348 

Date—End UTC 2018-Jan-24 0325 2018-Jan-05 0659 

Julian Date—Start 2458142.56 2458123.66 

Julian Date—End 2458142.63 2458123.79 

Magnitude—V-band 10.97 10.43 

Predicted Transit Tmidpoint 2458142.626 2458123.72 

Measured Transit Tmidpoint 2458142.633 2458123.726 

Imaging Information   

Airmass—Start 1.323191 1.510837  

Airmass—End 1.788167 1.195365  

Crossed Meridian? No Yes 

Meridian Flip? No No 

Total Imaging Time 2h03m 3h11m 

Cadence  64-sec 64-sec 

Sample Exposure Time 60-sec 60-sec 

# Images Used/Total 85/105 157/162 

Mean Drift Rate RA +0.978 arc-sec/min -0.254 arc-sec/min 

Mean Drift Rate DEC +0.616 arc-sec/min -0.434 arc-sec/min 

Total Mean Drift Rate +1.156 arc-sec/min -0.503 arc-sec/min 

RA Drift During Session 120.3arc-sec (66.5 px) -48.5arc-sec (-26.8 px) 

DEC Session Drift 76.9arc-sec (42.5 px) -82.9arc-sec (-45.8 px) 

Total Session Drift 142.2arc-sec (78.5 px) -96.1arc-sec (53.1 px) 

Environment Conditions   

Moon % Illuminated Waxing 41.7% Waning 86.5% 

Moon Transit Time 1725 UT 0822 UT 

Lunation 7.04 days 17.94 days 

Temperature 44F 5F 

Cloud Conditions Clear Clear 

Transparency 4/6 5/6 

Instrumentation Info   

OTA 16.5-cm refractor 16.5-cm refractor 

Focal Ratio f/4.9 f/4.9 

Effective Focal Length 808.5 mm 808.5 mm 

Camera System SBIG ST2000XM SBIG ST2000XM 

Filter Used V-band Photometric V-band Photometric  

Camera temperature -40C -40C 

Plate Scale 1.81 arc-sec/px 1.81 arc-sec/px 

Table 6a. Conditions at MSRO for exoplanets WASP-93 b 
and WASP-51 b. *=Estimated based on typical average 

seeing FWHM, =Plate solving during observing run 
added 4 seconds to exposure time (no plate solves 

performed on diffused data), =Partial transit only owing 

to local horizon limits, =increasing or decreasing 
AIRMASS. 
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Object Identifier HAT-P-16b 1383-1191-1 

Object Information   

Tycho Designator TYC 2792-1700-1 TYC 1383-1191-1 

UCAC4 Designator UCAC4-663-002801 UCAC4-536-047613 

J2000 Right Ascension 00h38m17.527s 08h29m44.885s 

J2000 Declination +42°27'47.07" +17°03'28.75" 

Date—Start UTC 2018-Nov-11 0246 2018-Mar-19 0114 

Date—End UTC 2018-Nov-11 0703 2018-Mar-19 0414 

Julian Date—Start 2458433.61 2458196.552 

Julian Date—End 2458433.79 2458196.677 

Magnitude—V-band 10.87 10.83 

Predicted Transit Tmidpoint 2458433.696 NA 

Measured Transit Tmidpoint 2458433.692 NA 

Imaging Information   

Airmass—Start 1.004109  1.088665  

Airmass—End 1.586693  1.255328  

Crossed Meridian? No Yes 

Meridian Flip? No Yes 

Total Imaging Time 4h19m 3h00m 

Cadence  180-sec 71-sec 

Sample Exposure Time 180-sec 60-sec 

# Images Used/Total 79/86 122/152 

Mean Drift Rate RA -0.500 arc-sec/min NA 

Mean Drift Rate DEC +1.175 arc-sec/min NA 

Total Mean Drift Rate +1.277 arc-sec/min NA 

RA Drift During Session -129.5 arc-sec (91.2 px) NA 

DEC Session Drift -304.3 arc-sec(214.3 px) NA 

Total Session Drift -330.7 arc-sec(232.9 px) NA 

Environment Conditions   

Moon % Illuminated Waxing 12.7% Waxing 2.7% 

Moon Transit Time 2023 UT 1820 UT 

Lunation 3.54 days 1.56 days 

Temperature 25°F 31°F 

Cloud Conditions Clear Clear/Partly Cloudy 

Transparency 3/6 4/6 

Instrumentation Info   

OTA 16.5-cm refractor 16.5-cm refractor 

Focal Ratio f/5.1 f/4.9 

Effective Focal Length 851.4 mm 808.5 mm 

Camera System QHY174M-GPS SBIG ST2000XM 

Filter Used 0.5° Diffuser V-band Photometric 

Camera temperature -30°C -20°C 

Plate Scale 1.42 arc-sec/px 1.81 arc-sec/px 

Table 6b. Conditions at MSRO for exoplanet HAT-P-16 b 
and star TYC 1383-1191-1 observations. *=Estimated 

based on typical average seeing FWHM, =Plate solving 
during observing run added 4 seconds to exposure time 

(no plate solves performed on diffused data), =Partial 

transit only owing to local horizon limits, =increasing 
or decreasing AIRMASS. 

7. Measurement Error Noise Sources 

This section will discuss and explain the various 

error sources that are involved in a high-precision 

photometric measurement. A statistical photometric 

performance model will be introduced which is used 

to understand and quantify the various error terms. 

This is necessary to effectively compare the 

performance differences between the Defocus and 

Diffuser Methods. 

 

 

 

7.1 An Analytical View of Short-Term 

Scintillation Noise 

As discussed in section 4, according to Mann et 

al. (2011), to make high-precision photometric 

measurements <1 mmag, the differential photometric 

signal level needs to be at least 110
7
 ADUs. Our 

data show that this recommendation is probably only 

applicable to professional observatories that have 

seeing conditions of <1 arc-second FWHM because 

the shot noise is as large a factor as the scintillation 

noise in that case.  

Used only as a point of comparison with the 

results obtained using the Defocus and Diffuser 

Methods, the theoretical 1 STSN value for a 

focused PSF was determined by Dravins et al. (1998) 

in their equation (10), reprinted here: 
 

𝜎𝑠 = 0.09𝐷−2
31.75(2𝑡int)−1

2𝑒
− ℎ

ℎ0  (1) 
 

where D is the diameter of the telescope in 

centimeters,  is the airmass of the observation, tint is 

the exposure time in seconds, h is the altitude of the 

telescope in meters, and h0 is 8,000 m, the 

atmospheric scale height. The constant 0.09 factor is 

in units of cm 
2/3

s
1/2

. 

As discussed in Stefansson, et al. (2017), the 

scintillation noise is further modeled by adding in the 

impact of using multiple comparison stars when 

making the measurements:  

 

𝜎𝑠𝑐𝑖𝑛𝑡 = 1.5𝜎𝑠√1 + 1
𝑛𝐸

⁄   (2) 

 

where nE is the number of uncorrelated comparison 

stars included in the measurement. 

Insight into the scintillation model can be 

gleaned by looking at the terms in equations 1 and 2. 

For example, the overall scintillation improves when 

more time is spent acquiring the signal because of the 

(2tint)
-1/2

 term. Thus, for a given magnitude star, the 

scintillation will improve the more time is spent 

taking more data. This is because longer integrations 

of the signal tend to smooth out and average out the 

scintillation noise.  

In this study, we calculated the STSN based on a 

three-sample standard deviation (SD) of the 

measured sample AstroImageJ (AIJ) residual error 

(RE) values. The computed AIJ RMS value was used 

as the source for the total scintillation noise (TSN) 

used in these calculations. (See section 7.2 for a 

discussion of TSN.) 

The theoretical STSN value for a focused image 

using the Dravins et al. (1998) equation (our equation 

1) for the MSRO (100-m altitude) 16.5-cm refractor, 
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with an airmass of 1.2 and an exposure time of 300 

sec using four comparison stars, is 1.3 mmag RMS. 

In measuring the star UCAC4-536-047613 (60-

second exposure), the STSN value measured using 

the Defocus Method was 1.68 ±0.17 mmag. This 

seems to be a reasonable result based on the various 

factors involved, including the comparison star count, 

the airmass, the exposure time, the lunar phase, and 

the Moon’s proximity to the star. The lunar percent 

illumination for this measurement was only 2.8%. 

Using the values for the Defocus Method used in 

the observation of exoplanet HAT-P-30b/WASP-51b 

(60-second exposures, a best-case airmass of 1.2, and 

four comparison stars), the theoretical STSN is 2.9 

mmag RMS. The STSN measured using the Defocus 

Method was 3.60 ±0.33 mmag. Again, this value 

seems reasonable even though it was affected by the 

lunar percent illumination, which, for this 

observation, was 86.1% (see Figure 8 and section 

8.3.) 

As an alternative to the Dravins et al. (1998) 

analytical model (equations 1 and 2), which 

lengthens the exposure time or increases the number 

of comparison stars, one can also use the Defocus or 

Diffuser Method to reduce the measured STSN value 

by spreading the light measurement over more pixels 

compared with the focused PSF. This reduction is 

over and above that which is expected with longer 

exposures.  

To further understand the photometric noise 

components, in the following sections, we introduce a 

statistical photometric performance model to 

calculate the error terms involved. With the measured 

values for TSN, SSN, and STSN, this model 

separates the long-term scintillation noise (LTSN) 

value from the TSN and allows us to calculate the 

TPE value. This also allows us to make an effective 

comparison of the performance between the two 

methods. 

 

7.2 Total Scintillation Noise (TSN) 
 

The TSN error includes both STSN and LTSN. 

In our performance model, the TSN value used is 

calculated in AIJ by taking the SD of the RE over the 

total number of samples used in the analysis. Tables 

6a and 6b show the number of samples used versus 

the number acquired in each session. The main 

assumption in this photometric performance model is 

that the SD of the RE over the session is an indicator 

of the TSN, and that it contains both the LTSN and 

the STSN. In our study, the TSN is defined as the SD 

of the RE as calculated by AIJ and reported as an 

RMS value.  

Because both the TSN and STSN are measured 

values, the LTSN is calculated from these two values. 

In the Diffuser Method, the TSN value is greater than 

the SSN value; therefore, all the observations using 

the Diffuser Method are scintillation limited. 

 

7.3 Short-Term Scintillation Noise (STSN) 

 
The STSN is the error resulting from short-term 

changes in the signal over a short duration <10 

minutes. The STSN follows a Poisson distribution 

and is caused by the variation in the light brightness 

as it passes through the atmosphere. The time frame 

and value for the STSN is based on calculating a 3-

sample SD of the measured sample AIJ RE values. 

This noise is assumed to be independent of the SSN 

in the signal. 

 

7.4 Long-Term Scintillation Noise (LTSN) 
 

The transparency noise error, defined as the 

LTSN in this study, is caused by the long-term 

changes in the atmosphere. This results in small 

errors in the differential measurement over the 

observing session. The LTSN is calculated by 

subtracting the STSN from the measured TSN in 

quadrature.  

Exoplanet transits can take from 2 to 4 hours to 

complete. Adding an additional hour before ingress 

and after egress can mean that observing sessions 

upwards of 4–6 hours in duration are not uncommon. 

Depending on the local environmental conditions, 

sky conditions, and the current lunar illumination 

value, either the LTSN or the STSN can make up the 

bulk of the TPE and is the limiting factor in 

determining the overall precision of the exoplanet 

transit measurement. 

 

7.5 Total Photometric Error (TPE) 
 

Taking all the previously enumerated errors into 

account, the resulting TPE value can be calculated 

and determined. The TPE value is a statistically 

calculated number obtained by summing all the 

constituent error terms (SSN, STSN, and LTSN) in 

quadrature because they are all random in nature. The 

TPE value gives the overall precision of the 

measurements made on the target object. 

 

7.6 A Statistical Photometric Performance 

Model 
 

A statistical photometric performance model was 

developed to understand the previously identified 

error components and their impact on the TPE, and 

on the overall measurement precision. In the 

following discussion, a ±1 level of error (68% 



132 

 

confidence level) is the generally accepted measure 

of precision in photometric measurements and is also 

equivalent to the RMS value of error. Using the terms 

discussed in sections 7.1 through 7.5, this error model 

consists of three terms, the sample shot-noise term, 

SSN, and the two scintillation noise terms, STSN and 

LTSN.  

As discussed in section 7.2, the TSN provided by 

the AIJ analysis is assumed to be composed of only 

scintillation noise. This is a conservative approach 

and provides a larger result because the value also 

contains the SSN involved in the scintillation 

measurement. This avoids underestimating the actual 

TPE. This approach also simplifies the model and 

makes it easier to determine the relative value of the 

components making up the TPE. The TPE is used to 

determine any performance difference between the 

defocus and diffuser methods.  

After the measurement and/or calculation of the 

individual terms for each method, they can be 

compared and used to identify any performance 

difference between the methods. In this model, the 

TPE is defined by the following equation: 
 

𝑇𝑃𝐸 = √𝑆𝑆𝑁2 + 𝑆𝑇𝑆𝑁2 + 𝐿𝑇𝑆𝑁2 (3) 

 

where TPE = total photometric error 

SSN = sample shot noise 

STSN = short-term scintillation noise 

LTSN = long-term scintillation noise 

 

The SSN value is equal to the inverse of the 

signal to noise ratio (SNR), where SNR is computed 

by AIJ. 

Using the TSN and the AIJ-measured value for 

the STSN, we can calculate the LTSN value using the 

following equation: 
 

𝐿𝑇𝑆𝑁 = √𝑇𝑆𝑁2 − 𝑆𝑇𝑆𝑁22
  (4) 

 

Once all the terms—SSN, STSN, and LTSN—

are known, then the TPE can be calculated and a 

comparison between the Defocus Method and the 

Diffuser Method can be made.  

 

7.7 Balancing the Shot-Noise Error with the 

Transparency and Scintillation Error 
 

One of the early requirements when starting this 

project was to determine how to choose the diffuser 

divergence angle needed to make effective 

measurements. Several factors should be considered, 

the most relevant of which is the proper PSF profile 

radius. This is a core value that needs to be set: to 

(1) maximize the number of stars that are not 

“diffused out of existence” on the image, and (2) to 

strike a balance to minimize the shot-noise level 

compared with the scintillation noise level. This 

ensures that the measurements are scintillation 

limited.  

As the divergence angle of the diffuser increases, 

the number of pixels used to acquire the data 

increases. As the PSF profile increases in radius, the 

SNR value can be improved by increasing the 

exposure time without overexposing the image. As 

the SNR increases, the shot noise precision improves 

to the point where the reduction of the contribution of 

SSN to the TPE becomes negligible. The goal is to 

reduce the error contribution of the SSN to less than 

one-fourth of the TSN. This one-fourth value is 

widely used in the electronics industry when 

choosing a calibration standard to minimize the 

impact of the inaccuracy of the standard on the field 

measurement. In choosing that value to reduce the 

impact of SSN, we are also reducing the impact of 

the SSN on the TPE. In this way, the SSN impact will 

ensure that the measurement is scintillation limited.  

When the SSN RMS value is reduced to one-half 

of the TSN RMS value and then the TSN and SSN 

are added in quadrature, the SSN only contributes 

about 12% over and above the TSN alone. For 

example, given: 

 

  SSN = 1.5, TSN = 3.0 

TPE = (SSN
2
 + TSN

2
) 

 

 The calculated TPE value is 11.3, or 

3.35. The TSN by itself was 3.0, so a value of TPE 

at 3.35 shows that the contribution of the SSN is only 

0.35, a very small increase of 12%. This is a one-

eighth reduction versus the desired one-fourth 

reduction in impact. In this example, An SSN value 

of 1.5 mmag RMS is equal to an SNR value of  670. 

Obtaining an SNR of >670 ensures that the total 

precision is scintillation limited and not shot noise 

limited. 

Because the SSN error term can be controlled 

through the selection of a specific diffuser, it can be 

effectively balanced against the STSN and LTSN 

error terms. The more the PSF radius is enlarged, the 

lower the average signal level for a given object at a 

given exposure time. To avoid having to take very 

long exposures for a given magnitude, we found that 

the diffuser PSF radius needed to be limited to <30 

pixels; otherwise, the stars would not have the 

required SNR and they would basically “disappear.”  

We were able to accomplish this by using the 

0.5 diffuser. We identified the problem of “diffusing 

out” the stars when initially using the 1.0 divergence 

angle diffuser with an effective PSF radius of 40 

pixels. Early in this project, we identified the desired 
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performance for this instrument as the ability obtain 

an SNR of at least 1,000 for a star of magnitude 10 

with an exposure of 300 seconds. The overall goal 

with this performance level was to decrease the TPE 

as much as possible down into the 3–5 mmag range. 

The following example illustrates how the PSF 

radius is related to the total signal level. To obtain a 

total signal level of 110
7
 ADU with an average 

signal level equal to 25% FWD (16K ADU per 

pixel), the total number of pixels is 110
7
 ADU 

divided by 16K ADU/pixel, or 625 pixels. The 

aperture radius would then be (625/pi), or 14 

pixels. It was found that a diffuser divergence angle 

of 0.5 provided a measured PSF radius of 19 pixels 

FWHM with the MSRO filter wheel set up at a 

diffuser-to-image plane distance of 31 mm. 

Initially, our intention was to use 1-, 3-, or 5-

minute exposures. To normalize the measurements 

for different exposures, 1-minute exposures would be 

binned x3 or x5 to match 3- or 5-minute exposure 

measurements. We ended up using only 1- and 3-

minute exposures at the MSRO. 

 

7.8 Example Calculation Using SSN, STSN, 

LTSN, TSN, and TPE Values 
 

As described earlier, the LTSN is not measured 

directly but is derived from the measured values of 

the TSN and the STSN. The TPE is calculated by 

combining (in quadrature) the SSN, STSN, and 

LTSN values. As an illustrative example, suppose we 

have the following measurements (ET is the exposure 

time): 

 

ET = 180 seconds 

SNR  = 844.1 

STSN = 1.41 mmag RMS 

TSN = 2.92 mmag RMS 

 

The SSN, LTSN, and TPE are calculated as follows: 

 

SSN = 1/SNR             (5) 

 = 1/844.1 

= 1.185 mmag RMS 

 

LTSN = (TSN
2
 – STSN

2
)           (6) 

 = (2.92
2
 – 1.41

2
) 

= (8.53 – 1.99) 

 = 2.56 mmag RMS 

 

TPE = (SSN
2 
+ STSN

2
 + LTSN

2
)     (7) 

 = (1.19
2
 + 1.41

2
 +2.56

2
) 

 = (1.42 + 1.99 + 6.55) 

 = 3.16 mmag RMS 

 

To calculate the equivalent values for a given 

exposure time, one can statistically scale the TPE 

value as follows:  

 

Initial Exposure Time (IET): 180 seconds 

Desired Exposure Time (DET): 300 seconds 

 

Scale value = (DET/IET)                 (8) 

 = 300/180 

 = 1.66 

 = 1.29 

 

300-second TPE = TPE/Scale Value          (9) 

 = 3.16/1.29 

 = 2.45 mmag RMS 

 

7.9 The Analytical Limits of High SNR 

Photometric Measurements 
 

According to Gillon et al. (2008): 

 
“Correlated noise (r): while the presence 

of low-frequency noises (due for instance to 

seeing variations or an imperfect tracking) in 

any light curve was known since the prehistory 

of photometry, its impact on the final 

photometric quality has been often 

underestimated. This ‘red colored noise’ 

(Kruszewski & Semeniuk, 2003) is nevertheless 

the actual limitation for high SNR photometric 

measurements (Pont, Zucker, & Queloz, 2006.) 

The amplitude r of this ‘red noise’ can be 

estimated from the residuals of the light curve 

itself (Gillon, et al., 2006), using: 

 

𝜎𝑟 = (
𝑁𝜎𝑁

2 −𝜎2

𝑁−1
)

1
2⁄

       (3.1) 

 

where  is the RMS in the residuals and N is 

the standard deviation after binning these 

residuals into groups of N points corresponding 

to a bin duration similar to the timescale of 

interest for an eclipse, the one of the 

ingress/egress.” 
 

When this value is calculated using the AIJ RE 

values for the observations of HAT-P-30b/WASP-

51b and HAT-P-16b, the values for r, , and N for 

each of the observations are shown in Table 7. 

 

 Table 7. High SNR limit values. Calculated using the 
equation 3.1 from Gillon et al. (2008.) 

Exoplanet N r RMS 

(mmag) 

 RMS 

(mmag) 

Method 

HAT-P-30b/WASP-51b 80 0.709  6.94  Defocus 

HAT-P-16b 40 0.354  2.67  Diffuser 
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The correlated red noise limit values (r RMS) 

based on the transit model residuals are well below 

the measured values listed in Tables 12, 13, and 14 

because the calculation only applies to correlated 

low-frequency random fluctuations in the signal. In 

addition, based on our measurements of the LTSN 

shown in Table 12, 13, and 14, the analytical value of 

r does not seem to include the impact of sky 

brightness changes over the session period. Further 

work is needed to determine whether this is in fact 

the case. 

According to Stefansson et al. (2017), the noise 

is only correlated when the target and comparison 

stars are within 20 arc-seconds of each other, which 

is not the case here. The comparison stars selected 

when processing the images were well outside that 

distance. 

 

8. Analysis Results 

The analysis results will show the measured 

differences in the photometric performance between 

the Defocus and Diffuser Methods using the 

statistical photometric performance model developed 

in section 7.6. 

 

8.1 Data Analysis 
 

AIJ was used in this study to perform the 

differential photometry, to model exoplanet transits, 

and to compute the various measures used in the 

statistical analysis. AIJ has become the standard for 

exoplanet transit data processing and light curve 

analysis. Other tools are available in the industry for 

performing light curve analysis, but these are 

oriented toward other types of objects.  

After processing and modeling the exoplanet transit 

image data, AIJ provides the results graphically and 

in a measurements table (See Appendix B.) Table 8 

lists the fields that were imported into Microsoft® 

Excel from these AIJ measurements tables and 

further processed. 

 
AstroImageJ Field Parameter 

Label Image Filename 

Slice Image Index Number 

JD - 2400000 Truncated Julian Date 

JD_UTC UTC Julian Date 

rel_flux_T1 Target Relative Flux Value (TSN) 

rel_flux_err_T1 Target Relative Flux Error 

rel_flux_SNR_T1 Target Relative Flux SNR (SSN) 

Source-Sky_T1 Net Aperture Integrated ADU 

HJD_UTC_MOBS Heliocentric Julian Date 

BJD_TDB_MOBS Barycentric Julian Date 

Table 8. Data fields from AIJ measurements tables. 
These fields were processed in Microsoft® Excel to 
obtain the values for SSN, STSN, TSN, LTSN, etc. 

These fields are defined in Collins et al. (2017.) 

8.2 Exoplanet Observations 

 
In-transit observations of exoplanets HAT-P-

30b/WASP-51b and HAT-16b were obtained at the 

MSRO. Both in-transit and out-of-transit 

observations of exoplanets HAT-P-23b, HAT-P-33b, 

and HAT-P-34b were observed at CPO. Observations 

of other star fields at MSRO were performed to 

further characterize the performance of the Diffuser 

Method under various conditions.  

On January 5, 2018 (UT), the exoplanet HAT-P-

30b/WASP-51 b transit was observed at the MSRO. 

The Defocus Method was used to obtain data from 

the host TYC 208-722-1, a V-band 10.4 magnitude 

star. Over the 3-hour session, 162 1-minute samples 

were obtained, and 157 samples are included in the 

analysis using AIJ. See Tables 7 and 9 for these 

measurement results. 

 
Host Star Parameters Catalog Value  

Identifier TYC 208-722-1  

V-band Magnitude—mag 10.43  

Radius—RSun  1.215 ±0.051  

Mass—MSun  1.242 ±0.041  

Planet Parameters Catalog Value AIJ Value 

Transit Period—days 2.810595 ±0.0003 NA 

Transit Epoch—BJD 2455456.46561 ±0.0003 NA 

Transit Depth 12.86 ±0.45 mmag 9.40 ±0.59 mmag 

Transit—Tc—BJD 2458123.72027 ±0.0037 2458123.726 

Transit Time—hms 02h 07m 45s 01h 54m 57s 

Inclination—i° 83.6 ±0.04° 86.34° 

Radius—RJup 1.34 ± 0.065 1.15 

Table 9. Exoplanet HAT-P-30 b/WASP-51 b AIJ model fit 
results. The calculated planet values based on the AIJ 

model fit. Two catalogs are used as a source for these 
data, the Exoplanet Transit Database (ETD) 
(www.var2.astro.cz/ETD) or the Exoplanets Data 
Explorer (www.exoplanets.org.) Other data are sourced 
from the exoplanet discovery paper by Johnson et al. 

(2011.) This column contains both measurements and 
modeled values from the AIJ analysis and Microsoft® 
Excel spreadsheet calculations. 

 

On November 11, 2018 (UT), the exoplanet 

HAT-16b transit was observed at the MSRO. The 

Diffuser Method was used to obtain data from the 

host TYC 2792-1700-1, a V-band 10.8 magnitude 

star. Over the 4-hour session, 86 3-minute samples 

were obtained, and 79 samples are included in the 

analysis using AIJ. See Tables 7 and 10 for these 

measurement results. 
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Host Star Parameters Catalog Value  

Identifier TYC 2792-1700-1  

V-band Magnitude—mag 10.87  

Radius—RSun  1.237 ±0.054  

Mass—MSun  1.218 ±0.039  

Planet Parameters Catalog Value AIJ Value 

Transit Period—days 2.7759600 ±0.000003 NA 

Transit Epoch—BJD 2455027.59293 ±0.0031 NA 

Transit Depth 11.47 ±0.30 mmag 10.76 ±0.33 mmag 

Transit—Tc—BJD 2458433.69585 ±0.0037 2458433.692 

Transit Time—hms 02h 07m 42s 02h 04m 28s 

Inclination—i° 86.6 ±0.7° 86.31° 

Radius—RJup 1.29 ± 0.065 1.19 

Table 10. Exoplanet HAT-16 b model fit results. The 
calculated planet values based on the AIJ model fit. 

Two catalogs are used as a source for these data, the 
ETD or the Exoplanets Data Explorer. Other data are 
sourced from the exoplanet discovery paper by 

Buchhave et al. (2010.) This column contains both 
measurements and modeled values from the AIJ 
analysis and Microsoft® Excel spreadsheet calculations. 

 

On January 24, 2018 (UT), the exoplanet 

WASP-93b transit was observed at the MSRO. The 

Defocus Method was used to obtain data from the 

host TYC 3261-1703-1, a V-band 10.97 magnitude 

star. This observing session accomplished only a 

partial transit measurement. Over the 2-hour session, 

105 1-minute samples were obtained, and 85 samples 

are included in the analysis using AIJ. See Tables 7 

and 11 for the measurement results. 

 
Host Star Parameters Catalog Value  

Identifier TYC 3261-1703-1  

V-band Magnitude—mag 10.97  

Radius—RSun  1.215 ±0.051  

Mass—MSun  1.242 ±0.041  

Planet Parameters Catalog Value AIJ Value 

Transit Period—days 2.7325321 ±0.000002 NA 

Transit Epoch—BJD 2456079.5642 ±0.00045 NA 

Transit Depth 10.97 ±0.13 mmag 9.26 ±0.90mmag 

Transit—Tc—BJD 2458142.62594 ±0.0023 2458142.633 

Transit Time—hms 02h 14m 06s 02h 24m 50s 

Inclination—i° 81.2 ±0.4° 81.03° 

Radius—RJup 1.60 ± 0.077 1.28 

Table 11. Exoplanet WASP-93 b AIJ model fit results. 
The calculated planet values based on the AIJ model fit. 

Two catalogs are used as a source for these data, the 
ETD or the Exoplanets Data Explorer. Other data are 
sourced from the exoplanet discovery paper by Hay et 

al. (2016.) This column contains both measurements 
and modeled values from the AIJ analysis and 
Microsoft® Excel spreadsheet calculations. 

 

8.3 Using the Defocus Method Versus the 

Diffuser Method 
 

In this study, we have demonstrated that it is 

possible to mitigate the effects of tracking errors and 

declination drift by using a diffusing optical element 

called an Engineered Diffuser™ (manufactured by 

RPC Photonics of Rochester, NY) on a small, mid-

grade, astronomical imaging system. As 

demonstrated at the MSRO, the amount of 

scintillation affecting the final measured photometric 

precision can also be reduced significantly compared 

with that seen when using the Defocus Method.     

By using the Diffuser Method, we significantly 

reduced the scintillation noise contribution to the 

total noise to improve the precision of the 

measurement. In addition, the shot noise can be 

reduced to well below 25% of the scintillation error 

contribution depending on the exposure time used. 

The result is that the total measurement error is 

limited only by the sky’s scintillation and 

transparency changes. The overall improvement in 

the precision, , when using the Diffuser Method 

over the Defocus Method at the MSRO is shown in 

Table 12. 

 
Error Source           Defocus RMS 

(mmg) 

Diffuser RMS 

(mmag) 
 (%) 

Total Photometric Error 4.28 ±0.08  2.92 ±0.03  32 

Total Scintillation Noise 4.00 ±0.06  2.67 ±0.02  33 

Long-Term Scint. Noise 1.76 ±0.05  1.74 ±0.02  1 

Short-Term Scint. Noise 3.60 ±0.03  2.02 ±0.02  44 

Sample Shot Noise 1.52 ±0.05  1.20 ±0.01  21 

Table 12. Typical diffuser method precision 
improvements at the MSRO. Several sources of noise 
contribute to the total error and determine the precision 
of the photometric measurement. The Defocus values 

are based on observations of a 10.4 magnitude star 
(HAT-P-30/WASP-51b) for 1-minute x3 binned (180-
second total) exposures. The Diffuser values are based 

on observations of a 10.9 magnitude star (HAT-P-16b) 

for 3-minute (180-second) exposures. The Defocus 
values have been adjusted for the exposure time 

difference (bin x3.) The TSN value is the calculated AIJ 

RMS value using the rel_flux_T1 data. The SSN is 
calculated from the AIJ rel_flux_SNR_T1 data. All other 
values are calculated using the statistical photometric 
performance model (equation 3.) 

 

 Two additional observation sessions were 

conducted with the Defocus Method to further 

understand the impact that the sky conditions would 

have on the photometric measurements. Exoplanet 

HAT-P-93b was observed with the Defocus Method. 

The observation details for this session are presented 

in Tables 6a and 13. 
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Error Source           Defocus RMS (mmag) 

Total Photometric Error 7.96 ±0.14  

Total Scintillation Noise 6.53 ±0.05  

Long-Term Scintillation Noise 3.05 ±0.04  

Short-Term Scintillation Noise 5.77 ±0.02  

Sample Shot Noise 4.56 ±0.13  

Table 13. Defocus Method measured precision. The 

Defocus values are based on observations of an 11.0 
magnitude star (HAT-P-93b) for 1-minute (60-second) 

exposures. The TSN value is the calculated AIJ RMS 

value using the rel_flux_T1 data. The SSN is calculated 
from the AIJ rel_flux_SNR_T1 data. All other values are 
calculated using the statistical photometric performance 
model (equation 3.) 

 

The star TYC 1383-1191-1 was observed with 

the Defocus Method. The observation details for this 

star are presented in Tables 6b and 14. 

 
Error Source           Defocus RMS (mmag) 

Total Photometric Error 5.52 ±0.28  

Total Scintillation Noise 4.17 ±0.03  

Long-Term Scintillation Noise 1.86 ±0.03  

Short-Term Scintillation Noise 3.74 ±0.01  

Sample Shot Noise 3.62 ±0.28  

Table 14. Defocus Method measured precision. The 

Defocus values are based on observations of a 10.8 
magnitude star (TYC1383-1191-1) for 1-minute (60-

second) exposures. The TSN value is the calculated 

AIJ RMS value using the rel_flux_T1 data. The SSN is 
calculated from the AIJ rel_flux_SNR_T1 data. All other 
values are calculated using the statistical photometric 
performance model (equation 3.) 

 

We found that for the observations performed at 

the MSRO, the TPE improved a minimum of 8.3% 

and up to 36.4% when using the Diffuser Method in 

typical moonlit skies (2% to 86% lunar illumination) 

with 180-second equivalent exposures. The TPE 

measured for the Diffuser Method was 2.92±0.30 

mmag RMS. A typical TPE measured for the 

Defocus Method was 4.28 ±0.29 mmag RMS. The 

Diffuser Method measurement of SSN improved a 

minimum of 20.9% with a lunar illumination of 

86.1% and up to 54.4% compared with the Defocus 

Method. The Diffuser Method SSN value measured 

was 1.21±0.16 mmag RMS. The Diffuser Method 

measurement of STSN improved by up to 43.9% 

compared with the Defocus Method. The Diffuser 

Method STSN value measured was 2.02±0.13 mmag 

RMS. The Diffuser Method measurement of LTSN 

was shown to be very constant over lunar 

illumination values from 12% to 86% in periods of 

typical seeing at the MSRO. The LTSN measured 

over several sessions was found to be 1.8 mmag 

RMS. 

When comparing the Diffuser Method used 

during typical moonlit skies and transparency with 

the Defocus Method used during the best 

transparency, seeing, and no Moon (2.8% lunar 

illumination), the Diffuser Method still outperformed 

the Defocus Method with an overall improvement of 

8.3%. We have found that the Diffuser Method is 

effective in minimizing the STSN in typical skies 

with an equivalent Defocus performance level in 

near-perfect skies. Using the Diffuser Method also 

results in further reducing the overall SSN compared 

with the Defocus Method. Using the Diffuser Method 

with the properly selected diffuser divergence angle 

ensures that the overall measurement precision is 

scintillation limited.  

The MSRO mount tracking performance during 

all the sessions was not nearly perfect with drift in 

right ascension and declination measured over 

several hours (Tables 6a and 6b.) The combined right 

ascension and declination drift during the 3- to 4-

hour sessions ranged from -96.1 arc-seconds to 

+142.2 arc-seconds for the Defocus Method sessions 

and +330.7 arc-seconds for the Diffuser Method 

sessions. These results show that the Diffuser Method 

is very effective in mitigating the impact of drift on 

the measurement precision and the placement of 

point-source PSF profiles on the CCD/CMOS image 

plane. 

When using the 11-inch SCT system at the CPO, 

the results were more ambiguous. The improvement 

using the Diffuser Method when compared with the 

Defocus Method was shown to be negligible. Several 

factors contributing to this result may have included 

the well-controlled tracking rate via an auto-guiding 

system, careful attention to proper image calibration, 

and adherence to procedures used when acquiring the 

data. Another factor noted when using the diffuser 

was the impact of the telescope’s central obstruction 

on the top-hat PSF provided by the diffuser. The 

resulting PSF profile was not as smooth as that 

imaged at the MSRO using a refractor. This may 

have limited the overall reduction in scintillation 

noise, reducing any benefit the diffuser would 

otherwise provide.  

 

8.4 Observed Impact of Lunar Illumination 

on Short-Term Scintillation Noise 

 
The data for exoplanets HAT-P-30b/WASP-51b, 

WASP-93b, HAT-16b, and star TYC 1383-1191-1 

(UCAC4-536-047613) were obtained over a several-

month period and at different lunar illumination 

values (Tables 6a, and 6b.) 
The sky background illumination from the Moon 

limits the SNR of the measurement and is obvious in 

the measured STSN. This effect seems to be 

independent of any other scintillation issues, 

including high clouds and haze conditions, and the 

analytical determination of long-term scintillation 
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noise discussed by Gillon et al. (2008) and 

considered in section 7.10. A model fit to the data 

shows a logarithmic relationship between the STSN 

value and the percent of the Moon that is illuminated 

(Figure 8.) This model is based on the data acquired 

using the Defocus Method. The one sample plotted 

on Figure 8 that is below the modeled value was 

obtained using the Diffuser Method at a lunar 

illumination equal to 12.7% and shows a reduced 

STSN of 2.02 mmag versus a predicted STSN of 2.81 

mmag, a reduction of 28%. 

One possibility for the increase in STSN could 

be the amplification of sky brightness variations 

when the Moon is shining bright light on the sky. 

These relatively large variations in brightness might 

be due to short-term changes in the haze, dust, or 

other sky contaminants amplified by the bright sky 

background. The time frame for this variation is 10 

minutes. Further work in this area should be done to 

help quantify this effect and how it may possibly be 

managed as a systematic error in the TPE calculation. 

 

 
Figure 8. The Impact of lunar illumination on the STSN. 
This chart shows a strong correlation between the lunar 
illumination and the amount of STSN present in an 
otherwise transparent sky. The model fit is based on the 
Defocus Method results. The outlier with a value of 2.016 
mmag is the measured STSN for the data acquired using 
the Diffuser Method. The Diffuser Method demonstrated 
a 28% reduction in STSN. 

8.5 Impact of Data Binning 

 
To further improve the overall precision of the 

measurement, a sample binning process can be 

performed during the analysis. Stefansson, et al. 

(2017), demonstrated a binning process to 

statistically decrease the TPE to <1.0 mmag. In most 

instances, the decrease in TPE was proportional to 

the square root of the number of samples binned. 

Stefansson et al. (2017) used an equivalent precision 

based on 30-minute sample times. Table 15 shows 

the results of taking the MSRO results of the TPE of 

the two exoplanet observations (HAT-P-30b/WASP-

51 b, and HAT-16b) and binning them to an 

equivalent 30-minute sample time. TPE was reduced 

to <1.0 mmag for the Diffuser Method 

measurements.  

Figure C1 (Appendix C) shows the impact of 

binning on 30-minute samples taken with the 

Diffuser Method for the 6.26 magnitude star 

HD115995. The resulting AIJ RMS TSN was 

reduced to 0.43 mmag RMS from the 2-minute 

sample AIJ RMS value of 1.87 mmag RMS when 

using the 1.0 diffuser.  



138 

 

Error Source Defocus RMS (mmag) Diffuser RMS (mmag) 

Total Photometric Error 1.35 ±0.08  0.92 ±0.03  

Total Scintillation Noise 1.26 ±0.06  0.84 ±0.02  

Long-Term Scint. Noise 0.56 ±0.05  0.55 ±0.02  

Short-Term Scint. Noise 1.14 ±0.03  0.64 ±0.02  

Sample Shot Noise 0.48 ±0.05  0.38 ±0.01  

Table 15. Binning the results from Table 12 to a 30-
minute equivalent exposure. Each of the terms in Table 

12 is shown in this table decreased by a factor of 10 to 
show what the precision would be for an equivalent 30-
minute sample versus a 3-minute sample.  

 

Binning the data to this level (30-minutes) 

requires that at least 3 to 4-hours of data are available 

to smooth out any variations in the TPE that may 

occur when calculating each mean value.  

 

9. Summary & Conclusions 

The primary purpose of this study was to 

investigate whether the Diffuser Method 

demonstrated any improvements in photometric 

precision over the Defocus Method for a typical 

backyard amateur-level, astronomical imaging 

system. 

We found that for observing bright stars, the 

Diffuser Method outperformed the Defocus Method 

for small telescopes with poor tracking. In addition, 

we found that the Diffuser Method noticeably 

reduced the scintillation noise compared with the 

Defocus Method and provided high-precision results 

in typical, average sky conditions through all lunar 

phases. On the other hand, for small telescopes using 

excellent auto-guiding techniques and effective 

calibration procedures, the Defocus Method was 

equal to or in some cases better than the Diffuser 

Method when observing with good-to-excellent sky 

conditions. 

We have presented the comparison between the 

two methods for acquiring high-precision 

photometric data. We used the small telescope 

observatory systems installed in the MSRO and at the 

CPO. Although the difference in performance 

between the two methods demonstrated at the CPO 

(11-inch SCT) was not shown to be significant using 

the 0.25 diffuser, a significant improvement was 

shown at the MSRO using the 1.0 and 0.5 diffuser. 

The lack of even a marginal improvement at CPO is 

thought to be independent of the defocus and diffuser 

methods and is more likely because the CPO 

instruments are configured and operated to obtain 

high-precision photometric measurements using the 

Defocus Method. The following techniques used at 

CPO likely minimized any real difference in 

performance between the two methods: 

1) Accurate auto-guiding using an on-axis 

guider—This ensures the continuous placement of 

the target object on practically the same pixels of the 

CCD over the entire observing run. This entirely 

mitigated the impact of tracking errors on the 

measurement. 

2) Use of the 0.25 Diffuser—Using this 

smaller divergence diffuser meant that the radius of 

the diffused PSF was close to the same size as the 

defocused PSF, and therefore, the difference in the 

SSN between the methods was smaller. 

Consequently, the diffuser did not contribute any 

measurable improvement to the SSN precision. 

3) Effect of the central obstruction—Any 

improvement shown when using the CPO 11-inch 

SCT with its central obstruction with the diffuser, 

coupled with the smaller PSF provided, did not show 

nearly the difference from the Defocus Method as 

expected. 

Overall, the work that was put into the CPO 

observatory instrument configuration to minimize 

systematic errors and maximize the precision was 

very effective in providing high-precision data. 

Contrary to the results shown at the CPO, the 

results obtained at the MSRO do show some 

differences between the Diffuser Method and the 

Defocus Method. We have shown that the 

observations made at the MSRO support the 

hypothesis that the Diffuser Method can mitigate the 

effects of poor tracking and marginal sky conditions 

that may be more typical of the amateur-level 

telescope systems and viewing locations. The 

Diffuser Method is the first such method available to 

mitigate the impact of poor tracking without resorting 

to using an auto-guiding system. 

The MSRO results show that noticeable 

improvements can be demonstrated in several areas, 

and we can confidently state that they confirm the 

results reported by Stefansson et al. (2017.) We 

found that for the observations performed at the 

MSRO, the overall precision (TPE) improved a 

minimum of 8% and up to 37% when using the 

Diffuser Method in a typical moonlit sky. The 

Diffuser Method AIJ RMS TSN value plus SSN was 

2.92 ±0.03 mmag RMS. A typical Defocus Method 

overall AIJ RMS TSN value plus SSN was 4.28 

±0.08 mmag RMS. The worst case for the Defocus 

Method was 4.60 ±0.12 mmag RMS.  

When using the Diffuser Method, the SSN 

improved as much as 54% over the Defocus Method. 

The SSN value measured was 1.21 ±0.02 mmag 

RMS when using the Diffuser Method. The STSN 

improved as much as 44% when using the Diffuser 

Method compared with the Defocus Method. The 

Diffuser Method STSN value measured was 2.02 

±0.01 mmag RMS. 

When comparing the Diffuser Method used 

during the typical moonlit skies and transparency 
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with the Defocus Method session with the best 

transparency, seeing, and no Moon, the Diffuser 

Method still outperformed the Defocus Method with 

an overall improvement of 8%. We also found that 

the Diffuser Method was effective in mitigating the 

effects of tracking drift of as much as 330 arc-

seconds over a few hours.  

When Stefansson, et al. published their paper in 

October 2017, they opened a new avenue for 

astronomers with small telescope observatories all 

over the world to discover how they could contribute 

at a higher precision level to the growing body of 

data on exoplanets and perform the necessary follow-

up work needed on these objects. It is hoped that the 

work reported here further demonstrates that more 

can be done at the amateur level than sometimes is 

expected based on the conventional wisdom in the 

astronomical community. 

Going forward, it is important to continue to 

spread the word about new technologies developed 

for professional use because there may be ways to 

adapt them for use by amateur astronomers. 

Amateurs interested in doing follow-up work for the 

NASA KEPLER and TESS missions should take 

advantage of this technology and get involved with 

the professional community. There is plenty of work 

to be done. 
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Appendix A—Supplemental Information 
 

 

Figure A1. RPC Photonics, Inc. 0.25 Engineered Diffuser™ datasheet.  

[source= https://www.rpcphotonics.com/wp-content/uploads/2015/01/Fact-Sheet-EDC-0.25-17632-A.pdf] 
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Appendix B—Exoplanet Observation Data 
 

 

Figure B1. Exoplanet HAT-P-30b detailed information. 
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Figure B2. Exoplanet HAT-P-30b Exoplanet Transit Database (ETD) plot after submitting initial dataset to the website. 
(http://var2.astro.cz/EN/tresca/transit-detail.php?id=1515202863&lang=en) 

 

http://var2.astro.cz/EN/tresca/transit-detail.php?id=1515202863&lang=en
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Figure B3. Exoplanet HAT-P-30b AstroImageJ analysis. Un-binned data from observations of host star TYC 208-722-1 V-
band magnitude 10.43. Observed 2018-Jan-05 UT JD2458123.66–JD2458123.80. 157 1-minute samples. Overall precision—
7.417 ±0.77 mmag RMS. 
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Figure B4. Exoplanet HAT-P-30b AstroImageJ analysis. Exoplanet Model Fit. Data detrended for AIRMASS and CCD-TEMP. 
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Figure B5. Exoplanet HAT-16b detailed information. 
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Figure B6. Exoplanet HAT-16b AstroImageJ analysis. Un-binned data from host star TYC 2792-1700-1 V-band magnitude 
10.87. Observed 2018-Nov-11 UT JD2458433.62–JD2458433.80. 79 3-minute samples. Overall precision—2.92 ±0.15 mmag 
RMS.  
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Figure B7. Exoplanet HAT-16b AstroImageJ analysis. Exoplanet Model Fit. Data detrended for AIRMASS and CCD-TEMP.  
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Figure B8. Exoplanet HAT-P-93b detailed information. (Exoplanet.eu) 
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Figure B9. Exoplanet WASP-93b AstroImageJ analysis. Un-binned data from host star TYC 2792-1700-1 V-band magnitude 
10.43. Observed 2018-Jan 24 UT JD2458142.56–JD2458142.63. 85 1-minute samples. Overall precision—±7.96 ±0.13 mmag. 

 

 



150 

 

 
Figure B10. Exoplanet WASP 93b AstroImageJ analysis. Exoplanet Model Fit. Data detrended for AIRMASS and CCD-
TEMP.  

 

 



 
(a) 

 

 

 
(b) 

 

 
(c) 

Figure B11. Observations of exoplanets KELT-1b (a), and K2 100b (b, c) (Morgan, Hubbell). These observations were 
performed in sub-optimal sky conditions using the Diffused Method at the MSRO. Figure (a) shows the impact of high 
clouds and long-term scintillation (transparency) effects on the light curve measured. Figures (b, c) also show the impact 
of the sky conditions on the data but a reasonable light curve was obtained.  



 

 

Figure B12. Summary Precision Model Data from detailed analysis of exoplanets and star observed during study. 

  

UCAC4-536-047613 2.8% Moon
Parameter Calculation DEFOCUSED 180-sec Equivalent DEFOCUSED 60-sec

Calc Total Noise RMS (mmag) (ShN²+StS²+LtS²) = 3.188 5.522

Meas Total Scintillation Noise RMS (mmag) STDEV(T1resid) = 2.409 4.173

Meas Shot Noise (mmag) AVG(1/SNR T1) = 2.088 3.616

Calc Long-term Scintillation RMS (Transparency)(mmag) (ToSN²-StS²) = 1.073 1.859

Meas Short-term Scintillation RMS (Sample)(mmag) AVG(STDEV(3xBinT1resid)) = 2.157 3.736

Cal Total Scintillation Noise (mmag) (LtS²+StS²) = 2.409 4.173

Shot Noise/Total Scintillation Noise Ratio ShN/ToSN = 0.867 0.867

HAT-P-16b 12.9% Moon
Parameter Calculation DIFFUSED 180-sec DIFFUSED 60-sec Equivalent

Calc Total Noise RMS (mmag) (ShN²+StS²+LtS²) = 2.923 5.063

Meas Total Scintillation Noise RMS (mmag) STDEV(T1resid) = 2.665 4.616

Meas Shot Noise (mmag) AVG(1/SNR T1) = 1.202 2.081

Calc Long-term Scintillation RMS (Transparency)(mmag) (ToSN²-StS²) = 1.743 3.019

Meas Short-term Scintillation RMS (Sample)(mmag) AVG(STDEV(3xBinT1resid)) = 2.016 3.491

Cal Total Scintillation Noise (mmag) (LtS²+StS²) = 2.665 4.616

Shot Noise/Total Scintillation Noise Ratio ShN/ToSN = 0.451 0.451

3.019455613

WASP-93b 40.8% Moon
Parameter Calculation DEFOCUSED 180-sec Equivalent DEFOCUSED 60-sec

Calc Total Noise RMS (mmag) (ShN²+StS²+LtS²) = 4.596 7.960

Meas Total Scintillation Noise RMS (mmag) STDEV(T1resid) = 3.767 6.525

Meas Shot Noise (mmag) AVG(1/SNR T1) = 2.632 4.559

Calc Long-term Scintillation RMS (Transparency)(mmag) (ToSN²-StS²) = 1.763 3.054

Meas Short-term Scintillation RMS (Sample)(mmag) AVG(STDEV(3xBinT1resid)) = 3.329 5.766

Cal Total Scintillation Noise (mmag) (LtS²+StS²) = 3.767 6.525

Shot Noise/Total Scintillation Noise Ratio ShN/ToSN = 0.699 0.699

HAT-P-30/WASP-51b 86.1% Moon
Parameter Calculation DEFOCUSED 180-sec Equivalent DEFOCUSED 60-sec

Calc Total Noise RMS (mmag) (ShN²+StS²+LtS²) = 4.282 7.417

Meas Total Scintillation Noise RMS (mmag) STDEV(T1resid) = 4.004 6.935

Meas Shot Noise (mmag) AVG(1/SNR T1) = 1.519 2.631

Calc Long-term Scintillation RMS (Transparency)(mmag) (ToSN²-StS²) = 1.763 3.053

Meas Short-term Scintillation RMS (Sample)(mmag) AVG(STDEV(3xBinT1resid)) = 3.595 6.227

Cal Total Scintillation Noise (mmag) (LtS²+StS²) = 4.004 6.935

Shot Noise/Total Scintillation Noise Ratio ShN/ToSN = 0.379 0.379

Parameter -   Percent

  HAT-P-16b and                

UCAC4-536-047613   HAT-P-16b and HAT-P-30   HAT-P-16b and WASP-93b

Calc Total Noise RMS (mmag) 8.3 31.7 36.4

Meas Total Scintillation Noise RMS (mmag) -10.6 33.4 29.3

Meas Shot Noise (mmag) 42.4 20.9 54.4

Calc Long-term Scintillation RMS (Transparency)(mmag) -62.4 1.1 1.1

Meas Short-term Scintillation RMS (Sample)(mmag) 6.6 43.9 39.5

Cal Total Scintillation Noise (mmag) -10.6 33.4 29.3

Shot Noise/Total Scintillation Noise Ratio 48.0 -18.8 35.5

Defocus Method vs. Diffuser Method Results

Percent Improvement DIFFUSED vs. DEFOCUSED
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Appendix C—Other Miscellaneous Observation Data 

 

Figure C1. 30-minute binned Diffuser Method observation of 6.26 magnitude star HD115995. 

 

 

 

 
Figure C2. A high-precision observation of Minor Planet (19) Fortuna using the Diffuser Method.  
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An Automated Approach to Modeling Jupiter’s 
Synchrotron Radiation from Radio Telescope Observations 

 

Peyton Robertson 

peytonr@ohs.stanford.edu 

 

Connor Espenshade 

Jay Sarva 

 Kalée Tock 

Stanford Online High School 

Abstract 

We used 2.295 GHz radio telescope data to study synchrotron radiation from Jupiter’s magnetosphere.  We 
processed scans of Jupiter and calibrator quasars taken by the Goldstone Apple Valley Radio Telescope, 
developing and automating algorithms for noise removal, baseline subtraction, and Gaussian fitting in order to 
determine the peak intensity of each scan. Comparing the peak intensities of Jupiter to those of the calibrator 
quasars and the known fluxes of the calibrators, we computed the flux of Jupiter on each scan. Plotting Jupiter’s 
flux against the longitude facing Earth at the time of the scan revealed a periodic relationship between the 
variables and thus a model for synchrotron flux from Jupiter at a given longitude. This estimate can inform flux 
measurements at similar frequencies, such as those taken by the microwave radiometer on the Juno probe. 

1. Automation of Radio Scan Analysis 

Using data taken by the Goldstone Apple-Valley 

radio telescope in 2018, we coded the procedure 

shown in Figure 1 in Python.  For each scan, noise is 

removed, a background is subtracted, and a Gaussian 

curve is fit to determine the peak intensity of Jupiter 

at the time of the scan. 

 

 
Figure 1:  Original scan of Jupiter (top) compared to 
processed scan (bottom). 

mailto:peytonr@ohs.stanford.edu


158 

 

2. Model of Synchrotron Radiation as a 

function of Longitude on Jupiter 

Jupiter’s peak intensity is compared to that of a 

calibration source, quasar 3C353, at the time of each 

scan.  This ratio of intensities is multiplied by the 

known flux of the calibrator to obtain the flux of 

Jupiter, and scaled by the inverse-square of the 

distance between Jupiter and Earth at the time of the 

scan. When plotted versus the Central Meridian 

Longitude (CML) of Jupiter at the time of the scan, 

this scaled flux is shown to vary periodically, as 

shown in Figure 2. 

 

 
Figure 2: Model of Jupiter’s synchrotron flux as a 
function of longitude, fit to a sinusoidal function. 

This model can inform the Juno probe’s 

measurements of Jupiter’s radio emission at various 

longitudes, enabling it to make more accurate 

inferences about the molecules that attenuate it, such 

as water and ammonia. 
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Low Resolution Spectroscopy of Uranus 

Apparition of 2018-2019 
Jim Fox, Makalii Observatory, 

Mayhill, NM, 

makalii45@gmail.com 

Abstract:  

Low resolution spectroscopy was used to investigate instances of abnormal (B-V) color variations of Uranus as 
detected by photometric measurements. The spectroscopic investigation revealed unexpected emission lines in 
each instance of high (B-V) measurements. These emission lines are believed to result from aurorae in the polar 
regions of Uranus. 

1. Introduction 

I have been measuring B and V magnitudes of Uranus and Neptune since 2003. During that period, I have 

seen occasional, significant variations in the (B-V) color of both planets. I have tried without success to 

correlate these variations with planetary sub-earth longitudes or latitudes. The only general observation has 

been a slight trend in the increase of variation in Uranus (B-V). 

Beginning in 2018, I began experimenting with low resolution spectroscopy on a variety of stars and other 

objects. Uranus is bright enough (V ~ 5.5) that my low resolution spectrographic images can be obtained with a 

reasonable exposure. 

My photometric equipment, using an Optec SSP-3 photometer with filters transformed to standard Johnson 

B and V has been described elsewhere. My photometer is mounted on a LX-200 ACF telescope having a 0.25m 

aperture. 

 

2. Spectroscopy 

My equipment is a Star Analyzer™, 100 line/mm, objective grating mounted in front of a 150mm telephoto 

lens on a Canon D60a DSLR camera. This results in a dispersion of 2.88 angstroms/pixel with the 4.3m pixels 

in the camera.  

This equipment is mounted “piggyback” on the LX-200 telescope used for photometry. This arrangement 

eliminates the need for demounting the photometer and remounting a spectroscope (with the associated focusing 

problems). Furthermore, this also allows a spectrum to be obtained within 20-30 minutes of the central 

photometric measurement, thereby minimizing any effects of changes in Uranus’ longitude and ensures that the 

spectrum represents the same Uranus hemisphere facing Earth at the time of the photometry. Spectra are 

reduced using RSpec™ from Field Tested Systems, Inc. 
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Each spectral determination consists of a 300 seconds exposure of Uranus, followed by a 60  seconds 

exposure of  Ari, a spectral double whose primary is spectral type A5v, and that is at the same approximate 

airmass as Uranus. The spectrum is calibrated using the hydrogen Balmer lines in  Ari. 

A summary of the photometry and associated spectroscopy are shown in the following table: 

 

Uranus Summary
Apparition 2018-2019 (B-V) mean .563

dev .004

UT Date JD (B-V) (B-V) Sub-Earth Spectrum

2458000+ Deviation Longitude

10/11/2018 402.7146 0.583 +5 176 Not Available

10/28/2018 419.666 0.565 32 Interference

10/29/2018 420.6743 0.566 177 Normal

11/4/2018 426.6618 0.553 297 Normal

11/26/2018 448.6111 0.567 137 Normal

11/28/2018 450.616 0.565 62 Normal

12/21/2018 473.6097 0.563 64 Normal

12/25/2018 477.6021 0.558 265 Normal

12/31/2018 483.5771 0.567 19 Normal

1/4/2019 487.5813 0.594 +8 225 Emmision @ 452.8, 527.8 nm

1/20/2019 503.5694 0.559 317 Not Available

1/24/2019 507.5799 0.565 167 Normal

1/25/2019 508.5889 0.581 +5 313 Emission @ 557.7 nm [O I]?

1/26/2019 509.5979 0.561 98 Normal

1/31/2019 514.5819 0.565 97 Normal

2/8/2019 522.5965 0.570 132 Normal  
 

The spectra of 11 October and 20 January are not available due to equipment problems. The spectrum of 28 

October is contaminated by the superposition of the spectra of nearby field stars. 
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Uranus “shines” by reflected sunlight. The “normal” spectrum of Uranus in the visual range (of the DSLR 

camera) is dominated by strong absorption bands of methane, CH4, in the planet’s atmosphere. A typical 

“normal” spectrum is shown here: 

 
Prior to the 4 January spectrum, I spent considerable time measuring equivalent widths of the various 

absorption regions, expecting that high (B-V) might show less absorption in the higher wavelength regions or 

more absorption in the lower wavelengths. Either of these could explain the observed photometry. 

Surprise! The spectra of 4 January and 25 January show emission lines, and these two dates also 

correspond to high (B-V) measurements. 
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The 4 January spectrum has a doublet emission at 4525 and 4533 angstroms and a single emission at 5278 

angstroms. I have been unable to identify the moieties that contribute to these emissions. 

 
 

The 25 January spectrum shows a single emission at 5577 angstroms. This line corresponds to emission 

from singly-ionized oxygen as seen in some emission nebulae. That similar emission lines do not appear in the 

accompanying b Ari spectrum tends to rule out the telluric effect of “airglow.” 

Although I have not been able to identify the ionization moieties that emit in the wavelengths found in the 

emission spectra, the only explanation I have to explain the existence of emission lines at all is aurorae in the 

north polar region of Uranus. While the Hubble space telescope has photographed aurorae on both Uranus and 

Neptune, I know of no prior amateur detection of the phenomenon. Perhaps both B, V photometry and low 

resolution spectroscopy provide a means for such detection. 

 

3. Conclusions 

1. Aurorae on Uranus may be detected by amateur observers via either low resolution 
spectroscopy or (B-V) photometry. 

2. Aurorae are relatively short-lived, less than 24 hours, based on the observations of 24, 25 
and 26 January. 

3. Aurorae on Uranus should become more easily observable as the north polar region has 
become more directly pointed toward both the Earth and Sun. 

4. A larger aperture spectroscopic instrument may also detect aurorae on Neptune. 
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Uranus and Neptune, Planetary and Space Science, 51, 113-125 
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Mittelman Observatory at Middlebury College: 
Engaging and Inspiring Liberal Arts Students to 

Investigate the Universe from Vermont 
Jonathan Kemp 

Mittelman Observatory, Middlebury College 

Middlebury, VT  05753 

jkemp@middlebury.edu 

Abstract 

Astronomy and observatories have been part of the Middlebury College academic mission since its founding in 
1800.  Recent efforts to further enhance observational astronomy have led to substantial upgrades at the 
College’s Mittelman Observatory.  These changes have created new opportunities for students in the areas of 
education, research, and outreach, engaged the broader community, and encouraged new and creative 
collaborations.  These developments have enhanced Observatory stewardship, stimulated innovative and 
interdisciplinary uses of astronomy as part of a classic liberal arts education, and increased the Observatory’s 
ability to engage and inspire students from across the College to explore and learn about the Universe under 
dark Vermont skies. 
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Classification of Washington Double Star Systems Using 
Escape Velocities Based on Measurements from Gaia DR2 

Tol Wassman, Zachary Haarz, Morgan Watts, and Kalée Tock 

Stanford Online High School 

twassman@ohs.stanford.edu  

Abstract 

The second data release of the Gaia space telescope in April of 2018 contained parallax, proper motion, 
temperature, and luminosity measurements of millions of stars, which makes possible a computation of their 
masses and separations in space.  In this study, we devise an algorithm using Python’s astroquery library to 
match stars in the Washington Double Star Catalogue to stars measured by Gaia DR2.  We compute the escape 
velocity for each system that was matched between the two databases, and compare this to the measured 
relative motion of the stars. 

When two stars orbit each other, the position 

angle and separation of one star relative to the other 

traces out an ellipse over time.  The Washington 

Double Star (WDS) Catalogue collects measurements 

of the position angle and separation of pairs of stars.  

Its purpose is to discover and track binaries, or stars 

that are orbiting each other.  Several binary stars have 

orbital periods that are too long for a significant 

fraction of the ellipse to have been traversed in the 

300+ years they have been observed.  However, if 

their masses and separations in space are known, it is 

possible to estimate the system escape velocity.  If 

the relative motion of the stars is faster than the 

escape velocity, then the stars are unlikely to be 

orbiting each other.  If it is slower, then the stars 

might be candidate binaries.   

In this project, we make use of measurements 

from the European Space Agency’s Gaia satellite 

second data release (Gaia DR2) to infer the escape 

velocity of WDS Catalogue systems.  In order to do 

this, we devised an algorithm to match the stars 

between the WDS and the Gaia DR2 databases.  The 

algorithm is written in Python, using the astroquery 

library.  We matched the stars based on their 

measured magnitudes, proximity to their listed WDS 

J2000 coordinates, and proper motions where 

available.  For each WDS system, we checked the 

matched stars in Gaia by comparing the position 

angle and separation of the Gaia stars to the most 

recent position angle and separation measurements in 

the WDS Catalogue. 

In some cases, Gaia DR2 included the luminosity 

of the primary star, which allowed us to calculate its 

approximate mass based on known mass-luminosity 

relationships for variously-sized stars.  Where 

luminosity measurements were not available, we 

estimated luminosity using parallax together with the 

star’s apparent magnitude.  Plugging the computed 

mass of the primary star into Equation 1 yielded the 

escape velocity for each system. 

 

 
 
Equation 1: Escape velocity, based on gravitational 
constant (G), the mass of the primary star (M), and the 
distance between the stars (r).  The distance between 
the stars was inferred from the stars’ parallaxes 
together with their separation in arcseconds.  The mass 
was calculated based on luminosity where available; 
otherwise it was inferred from apparent magnitude 
together with parallax. 

 

To find the relative velocity of the stars in meters 

per second, we used the proper motion (PM) of the 

stars in milliarcseconds per year together with 

parallax.  We also included the stars’ radial 

velocities, where available.  Finally, for each system, 

we compared escape velocity to relative velocity.   

We were able to match more than half of the WDS 

systems we investigated to stars in Gaia, and 

uncovered several proposed binaries whose relative 

motion exceeded their computed escape velocity. 
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Investigating the Status of EPIC 201534540 with Autovar 
 

Elliott Chalcraft, Shiva Oswal, Andrew Overy, and Kalée Tock 

Stanford Online High School 

elliottq@ohs.stanford.edu 

Abstract 

EPIC 201534540 is a candidate eclipsing binary and also a candidate exoplanet host.  From past literature and 
Gaia DR2 data, we determined this star to have radius 2.54R


 and spectral type A0 or A1V, while its transiting 

body has a radius of 0.37R


. We collected images in clear, red, and blue filters using the Las Cumbres 
Observatory robotic telescope network, and used Our Solar Siblings pipeline photometry to analyze them.  
Michael Fitzgerald’s Autovar algorithm was used to generate lightcurves.  As a test of the algorithm, light curves 
for two known exoplanet systems are investigated.  The operation and settings of the Autovar script are 
discussed, as well as the inherent difficulties in determining the nature of EPIC 201534540’s transiting body. 

1. Introduction 

Exoplanets and eclipsing binary systems can be 

discovered by examining the light of their host stars.  

A periodic dimming of the host indicates that some 

object is transiting in front of the star, blocking its 

light relative to our line of sight from Earth.  An 

eclipsing binary system shows two periodic dips: one 

larger “primary eclipse,” in which the dimmer star 

blocks the brighter, and a smaller “secondary 

eclipse,” in which the brighter star blocks the 

dimmer.  The presence of a secondary eclipse is the 

main method of distinguishing between exoplanets 

and eclipsing binaries.  For EPIC 201534540, a 

secondary eclipse has been proposed, but is difficult 

to discern amid the intrinsic noise in the data.  The 

primary eclipse of this system is shown in Figure 1 

and the proposed secondary eclipse is shown in 

Figure 2.  

 
Figure 1:  Primary eclipse of EPIC 201534540 

 
Figure 2:  Proposed secondary eclipse of EPIC 
201534540 

We studied the existing literature and data on 

this enigmatic system, imaged the star in clear, red, 

and blue filters, and plotted its lightcurve using 

Autovar to see whether we could determine its status 

more definitively. We expected a difference in the 

flux of the star in the red and blue filters, which 

would reveal if a secondary partner is contributing 

counts to the light curve.   

 

2. Existing Data 

The period of EPIC 201534540’s secondary was 

previously found to be 2.72 days (Barros et. al., 

2016).   The second release of data from the Gaia 

space telescope (Gaia DR2) contained measurements 

of the star’s distance, surface temperature, and 

apparent magnitude (Prusti et al., 2016).  This 

allowed us to estimate the star’s absolute magnitude, 

luminosity, radius, and mass.  From these estimates, 

we inferred its spectral type to be A0-A1V.  Given 

the magnitude of the dip in the EPIC 201534540’s 

lightcurve, we were further able to calculate the size 

and orbital radius of the transiting body using 

Kepler’s laws. 

mailto:elliottq@ohs.stanford.edu
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 Our calculations imply that the size of EPIC 

201534540 is somewhere between a Hot Jupiter, a 

Brown Dwarf, and a dim, small star.  A size reference 

is shown in Figure 3. 

 

 
Figure 3: Candidate transiting bodies for EPIC 
201534540.  Image Credit: NASA Jet Propulsion 
Laboratory. 

3. Autovar 

We used Michael Fitzgerald’s Autovar Python 

algorithm to analyze photometry from well-known 

exoplanet systems as a prelude to analyzing images 

of EPIC 201534540 (Fitzgerald et.al., 2019).  This 

algorithm detects non-variable comparison stars in 

the field, from which it generates a “Mega-Comp” 

with which to perform differential photometry on the 

target.  The systems we tested were WASP-50b and 

WASP-43.  Using images collected with the Las 

Cumbres Observatory 0.4-m telescopes, we generated 

the lightcurve of WASP-43 shown in Figure 4.  The 

main dip of this lightcurve is within the margin of 

error of the original lightcurve calculated by Hellier 

on discovery of WASP 43 (Hellier et. al., 2011). 

 

 
Figure 4: Lightcurve of WASP 43, calculated with 
Autovar.   

4. Images of EPIC 201534540 

Images of our target were taken in clear, Bessel-

B, and SDSS-r' filters using the 0.4m telescopes from 

the Las Cumbres Observatory robotic telescope 

network.  Although the network has telescopes all 

over the world, various issues delayed the collection 

of usable images, including a power outage on 

Haleakala and difficulty determining an appropriate 

exposure time. The blue filter images required the 

highest exposure time (8 seconds), both for the target 

and also to expose a sufficient number of non-

variable comp stars in the field.  This is surprising for 

a type A0-A1V star, but consistent with the positive 

B-V magnitude listed in Gaia DR2.  Noise in the 

photometry data, along with inherent variabilities of 

the comp stars in the field, prevents definitive 

classification of the transiting body at the time of this 

writing, but we are continuing to study this system.   
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Abstract 

We investigated 10 double star systems in the Washington Double Star Catalogue.  Some of the systems had 
proposed orbits ranging from Grade 2 to Grade 5; others were sparsely observed and did not have orbital 
solutions proposed.   Historical observations for each system were plotted in Excel to determine the R

2
 values for 

linear versus polynomial fits.  Where available, measurements from Gaia DR2 were used to inform the 
investigation.  For two of the systems, STF 1985 and GIC 129, we contributed measurements of our own, made 
using AstroImageJ on images we requested from the Skynet Robotic Telescope Network’s PROMPT telescopes 
in Chile.  Based on our study of these systems, we support the candidate binary statuses of STF 42AB, STF 
1985, LPM 629, and STT327.  We propose systems HJ 5438 and GIC 129 as candidates for a physical (and 
possibly binary) relationship.  System HDO 182 remains uncertain, but systems J868, D6, and AG87 appear to 
be optical based on their parallaxes and proper motions measured by Gaia.   

We began our investigation of the 10 double star 

systems we selected by plotting their historical 

observations and looking up their data in the second 

data release of the Gaia space telescope (Gaia DR2).  

STF 42AB and STF 1985 are proposed short-arc 

(long-period) binaries, so their nature is uncertain and 

will remain so for at least the next several decades.  

Their parallax and proper motion (PM) 

measurements do suggest a physical relationship, but 

continuing measurements are necessary to confirm 

their status.  Although parallax and PM 

measurements are lacking for  LPM 629 and STT 

327, both of those systems have traversed all or most 

of a complete orbit.  All four of the above-mentioned 

systems are colored green in Table 1, denoting our 

support of binary candidacy. 

Systems HJ 5438 and GIC 129 are both sparsely 

observed doubles, with only 7 historical observations 

each.   However, Gaia DR2 parallax and PM 

measurements indicate their physicality.  These stars, 

which are purple in Table 1, should be observed 

closely over the coming decades. 

System HDO 182 had some anomalies in its 

historical data and proposed orbital solution. 

Together with the missing data for its primary star in 

Gaia, these aberrations cause us to classify this 

system as uncertain.  This star is colored gray in 

Table 1. 

Systems J868, D6, and AG87 appear to be 

optical doubles due to their differing parallax and PM 

measurements.  These stars are colored orange in 

Table 1.  J868 has proposed Grade 5 orbital solution, 

but a linear solution might be more appropriate for 

this system.     

 

Discoverer 

Code and 

Orbit Grade 

Gaia 

DR2 

Parallax 

(mas) 

Gaia DR2 

PM RA 

(mas/yr) 

Gaia DR2 

PM Dec 

(mas/yr) 

STF 42AB 18.5581 185.505 -408.101 

Grade 5 19.0305 178.664 -402.461 

STF 1985 * 26.063 -91.446 -61.315 

Grade 5 26.1413 -75.227 -57.666 

LPM 629 - - - 

Grade 4 - - - 

STT 327 - - - 

Grade 2 - - - 

HJ5438 
2.2445 11.712 -17.926 

2.2267 11.754 -18.288 

GIC 129 * 
27.0904 -333.125 -490.43 

27.0016 -314.739 -499.913 

HDO 182 - - - 

Grade 5 6.3737 2.662 -9.503 

J 868 3.5488 -28.622 -12.53 

Grade 5 1.8935 14.644 -2.777 

D6 
3.5251 -2.589 -1.631 

5.3741 -7.62 -1.879 

AG87 
9.6738 49.021 -66.759 

3.1059 11.347 -19.699 
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Table 1:  Gaia DR2 data on our 10 systems.  Green stars 
are plausible binaries, purple stars have a clear physical 
relationship but sparse observations and no orbital 
solution proposed, gray denotes an uncertain system, 
and orange denotes systems that appear to be optical 
based on parallax.  Systems with an asterisk(*) are 
systems for which we contributed a measurement as 
part of this project. 

The measurements of STF 1985 and GIC 129 

that we contributed were taken using the 0.4m 

PROMPT telescopes on the Skynet robotic telescope 

network.  PROMPT8 is located in the Cerro Tololo 

Inter-American Observatory in Chile, while 

PROMPT3 is in Sliding Springs Observatory in 

Australia.  We measured the position angle and 

separation of the stars in these  images using 

AstroImage J,  as shown in Figure 1.   STF 1985’s 

separation was 5.84 arcseconds ± 0.18 (1 ± SEM) and 

position angle was 355.5 degrees ± 0.84 (1 ± SEM); 

GIC 129’s separation was 9.96 arcseconds ± 0.013 (1 

± SEM) and position angle was 150.5 degrees ± 0.16 

(1 ± SEM). 

 

 

 
 
Figure 1: AstroImageJ measurement  of GIC 129.  
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Abstract 

In 2009, Kisselev et al. proposed an orbital solution –– with a period of 490 centuries –– for the double star 
system STF 619. Based on the parallaxes of the stars in STF 619 from Gaia DR2, the stars are at least 35 light-
years apart and thus likely gravitationally independent. Furthermore, Scardia et al. proposed a linear solution that 
appears to be more plausible for this system based on unweighted linear and polynomial Excel trendlines. 
However, uncertainty remains because of the similarity of the linear and orbital fits over the short potential arc of 
observations.  We made our own measurements of STF 619’s position on March 1, 2019; we found the 
separation and position angle to be 4.04 arcseconds ± 0.019 (1 ± SEM) and 158.5 degrees ± 0.573 (1 ± SEM), 
respectively. 

Past measurements of double star STF 619 

reveal a possible arc in the movement of the 

secondary relative to the primary, shown in 

Kisselev’s orbital solution in Figure 1.   

 

 
Figure 1:  Orbital solution for STF 619 from the 
Washington Double Star Catalogue 

However, the second data release of the 

European Space Agency’s Gaia space telescope 

(Gaia DR2) shows that the two stars in this system 

have proper motions and parallaxes different enough 

to cast doubt on the system’s physical status.  These 

data are shown in Table 1.  

 

Proper Motion   

(RA, Dec) 

(mas / yr) 

Primary   (20.092, -29.382) 

Secondary   (-1.341, -40.991) 

Parallax  

(mas) 

Primary   4.3061 

Secondary   4.5958 

Table 1:  Gaia DR2 measurements of STF 619 

Furthermore, an unweighted second-order 

polynomial fit of the historical observations in Excel 

curves away from the primary star, as shown in 

Figure 2.  This may have prompted Scardia et. al. to 

propose a linear solution for this system (Scardia et. 

al., 2017).   

 

 
Figure 2:  Unweighted polynomial trendline of STF 619’s 
historical observations. 

We imaged STF 619 using Ryan Caputo’s 

apochromatic refractor and ZWO-ASI 1600 mm 

CMOS-sensor camera, shown in Figure 3 (Caputo, 

2019).   Despite their close separation, this setup was 

able to split the stars cleanly, as shown in Figure 4.  

We measured the position angle and separation of the 

stars using AstroImageJ.   
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Figure 3: Ryan Caputo’s astrophotography setup 

 

 

 
Figure 4: An image of STF 619 taken using the setup 
shown in Figure 3. 

 

We found the separation and position angle to be 

4.04 arcseconds ± 0.019 (1 ± SEM) and 158.5 

degrees ± 0.573 (1 ± SEM), respectively.  This falls 

closer to the position predicted by Kisselev’s orbital 

solution than Scardia’s linear one, though the 

difference was slight.  Over such a short arc, the 

distinction between an orbital and linear solution is 

minor, so our measurement was within the error of 

both.  Continued measurements of this system over 

approximately the next 200 years are expected to 

reveal its true nature.   
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