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PREFACE  

 

Welcome to the joint meeting that combines the 39
th
 annual Symposium of the Society for 

Astronomical Sciences, and the 2020 Spring Meeting of the American Association of 

Variable Star Observers.  This yearôs agenda reflects the broad diversity of interests among 

SAS and AAVSO 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 

 

The Leaders of the AAVSO are: 

Dr. Stella Kafka (Executive Director) Gordon Myers (President) 

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! 

This yearôs Symposium is an ñonline onlyò event, due to the Coronavirus epidemic and 

consequent restrictions on travel and meetings.  We are grateful to the presenters for 

supporting this new adventure, the attendees who have embraced the concept of an online 

Symposium, and the community of practice in small-telescope research that is the heart of 

the SAS and the AAVSO.  We thank all of you for making the SAS Symposium one of the 

premiere events for professional-amateur collaboration in astronomy. 

 

 

2020 May 
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Gaia Data Enables New Methods Of Analysis and 
Discovery 

John E. Hoot 

SSC observatories 

1303 S. Ola Vista, San Clemente, CA 92672 

jhoot@ssccorp.com 

Abstract  

The release of highly precise parallax astrometry, proper motion, photometry and spectral data from the 
European Space Agencyôs Gaia satellite makes possible a paradigm shift in the way we can target, analyze and 
exploit small telescope spectroscopic and photometric observation. This paper explores employing data from 
ESAôs Global Astrometric Interferometer for Astrophysics [Gaia] mission in conjunction with small telescope 
photometric and spectroscopic observations to develop several new and novel methods for exploring our galaxy, 
classifying and modeling stars, modeling the evolution of star clusters and identifying candidate unique or 
variable stars for observation.    

1. Introduction  

With Edwin Hubbleôs proof that the universe 

was populated with many galaxies just under a 

century ago, he changed our perception of our place 

in the universe. For the next century we have mapped 

our galaxy in relation to the universe. While at the 

same time, we have struggled to find our place in our 

own galaxy. Using the same coarse yardsticks as 

Hubble, along with radio astronomy, we have tried to 

build an accurate picture of where our solar system 

resides within our galaxy and have to understand the 

Milk Wayôs history, structure and dynamics. 

 

 
Figure 1.  Hubbleôs Andromeda Cephied Variable 
Discover Plate, Carnegie Inst. Hubble (1925)  

With the advent of space base observatories, a 

series of missions mounted by the European Space 

Agency [ESA] have focused on mapping the stars in 

our galaxy using high resolution parallax 

measurements, photometry and spectroscopy. The 

first was the Hipparcos-Tycho satellite, now followed 

by the Gaia mission. 

 

2. Gaia Instruments & Measurements 

 
Figure 2.  Gaia Spacecraft  

ESA set forth the objectives of the Gaia Mission, 

Gaia Collaboration (2016), as follows: 

 1) Measure the positions of about 1 billion stars 

both in our Galaxy and other members of the Local 

Group, with an accuracy down to 24 micro arc 

seconds. 

2) Perform spectral and photometric 

measurements of all objects and derive space 

velocities of the Galaxy's constituent stars using the 

stellar distances and motions. 
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3) Create a three-dimensional structural map of 

the Galaxy. 

 

To achieve these goals ESA developed a unique 

satellite. The satellite has two identical all reflective 

mirror telescopes with an effective focal length of 35 

meters in an octagonal optical frame. Both telescope 

beams are directed onto a single focal plate array of 

over 100 CCDs. All mirrors are made of fused silica 

so that the system has wide spectral coverage from 

330nm to 1100nm without any chromatic aberration 

that could contaminate its astrometry measurements. 

 

 
Figure 3.  Gaia Optical Telescope Asse mbly  

The optical frame and satellite rotates at near the 

designed rate of 60 arc seconds per second.  Focal 

plane arrays operate in time delay integration [TDI] 

mode, sometimes known as drift scanning. This 

allows the integration time to be determined by the 

number of columns integrated before they are read 

out. This allows precise photometry of targets from 

Magnitude 3 to 21. 

 

 
Figure 4.  Gaia photometric passbands  

Figure 4 shows the photemetric filter passbands. 

Photometric measurments are made in 3 passbands. 

Gaia G band filter covers from 330nm to 1100nm and 

is used for most astrometry and fundemental 

luminousity measurments. Color temperature 

measurements are made with GRP and GBP passbands 

which split the G passband into a red passband and a 

blue passband at approximately 630nm.  Finally, part 

of the beam is directed to a Radial Velocity 

Spectrometer covering a range from 845nm to 

872nm. This band encompasses the Ca II triplet and 

is capable of deriving radial velocities for targets 

down to Magnitude 16, stellar paramterization down 

to Magnitude 14.5, interstellar redding down to 

Magnitude 12.5 and  measurment of elemental 

abundances of Fe, Ca, Mg, Ti and Si down to 

Magnitude 11. This suite of detectors is optimized to 

meet the above requirements. 

 

 
Figure 5.  Orbit Design  

The satellite was launched in December of 2013 

and by January 2014 had reached its target position at 

Earthôs L2 point. L2 is a semi-stable LaGrange point 

161.5 million kilometers from the Sun on a line from 

the Sun, through the Earth. This allows the skirt 

around the base of the satellite to shield it from light 

from both the Sun and Earth. It is spin stabilized and 

can make parallax measurements with a baseline of 

323 million km. 

This orbit allows a phased array X Band radio 

link to relay observations back to Earth at 8 Mbps. 

Given the complexity of analyzing Gaia data, all 

processing is done by the Gaia Data Processing and 

Analysis Consortium [DPAC], Gaia Collaboration 

(2018).  Unlike most such science missions, there is 

NO DATA EMBARGO! All results and data are 

immediately released to the scientific community at 

large. 



 

SAS/AAVSO 39
th

 Annual Symposium Proceeding  

3 

Although the initial title of the mission was 

GAIA, it was subsequently renamed Gaia when a 

direct imaging measurement system was selected 

over an interferometer-based system.  The direct 

imaging method allows the satellite to be self-

calibrating. Initial reference frames were calibrated 

with Hipparcos-Tycho sources. From then on, wide 

field multi-source fitting for parallax and proper 

motion from over 70 epochs of measurement at every 

location in the sky have been used to establish a new 

visually band-based Gaia reference frame. 

 

3. Gaia Data Release 2 

To date DPAC has made two major catalog 

releases. Each catalog is the result of efforts by more 

than 450 scientists and computer software experts. 

They take millions of raw images and calibrate, 

correlate, process them, reducing them into a set of 

tabular catalogs that together constitute a data 

release. DPAC is broken down into 9 separate 

Coordination Units [CUs], each with specific 

responsibility.  

 

CU1 ï Software Design And Strategy 

CU2 ï Data Simulation 

CU3 ï Deriving Astrometry and Poper Motion 

CU4 ï Solar System Bodies, Binaries, Doubles..     

CU5 ï Photometry 

CU6 ï Spectroscopy and Radial Velocity 

CU7 ï Variable Stars 

CU8 ï Object Classification 

CU9 ï Validation and Releases 

 

These working groups are sited at scientific centers 

throughout Europe. 

 

 
Table 1: Gaia Data Relase 2 By The Numbers  
 

Table 1 shows the staggering size of the effort. 

The data set contains billions of entries and covers 

about 1 percent of the stars in our galaxy. 

  

4. Accessing The Catalog 

It is possible with enough disk space and 

bandwidth to own your own copy of DR2. The 

separate tables can be downloaded directly from the 

ESA at https://gea.esac.esa.int/archive/, or from other 

mirror sites. But once you get the data, you need to 

be somewhat of a database expert to load all the 

tables into a relation database, generate the right 

queries and cross link all these tables on the 

appropriate fields in order to tease insights out of this 

mountain of data. Fortunately, there are other 

options. 

 

5. The Art Of Queries 

For the past two decades the astronomical data 

centers around the world have been collecting, 

archiving and distributing catalogs.  As a group, they 

have evolved common standards and access protocols 

to allow researchers to search for and retreive data. 

The acronyms and jargon can be intimidating, but 

when you work through them, the rewards are 

tremendous. Here are some of the key concepts: 

TAP stands for ñTable Access Protocolò. This is 

a network based communications standard used to 

access records from catalogs at distributed locations. 

ADQL stands for ñAstronomical Data Query 

Languageò. It is a database query language that is an 

extension of the common SQL relational base query 

language. It includes syntax extensions for expressing 

geometrical relation commonly needed for 

astronomical searches. These extensions  include 

such notions as ñwithin a circular radius R of 

posistion Xò. An introduction to constructing ADQL 

queries can be found at: 

http://tapvizier.u-strasbg.fr/adql/help.html 

 

https://gea.esac.esa.int/archive/
http://tapvizier.u-strasbg.fr/adql/help.html
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Figure 6.  Vizier Gaia Catalog List  

VO stands for ñVirtual Observatoryò.  It is a 

term used to describe a family of tools that can be 

used to perform ñCone Searchesò of large distributed 

astronomical datasets.  

Cone Search encapsulates the concept  of starting 

with sky aperture and gathering all the available data 

on it and then selective winnowing down the 

collection by adding successive contraints until what 

remains is only the information that is germain to 

your investigation. 

To make constrained queries on Gaia data from 

the web, the best place to start is with the Vizier 

catalog service: 

http://vizier.u-strasbg.fr/ 

Mirrors: 

http://vizier.cfa.harvard.edu/vizier/ 

http://vizier.ast.cam.ac.uk/vizier/index.gml 

http://vizier.hia.nrc.ca/vizier/index.gml 

Vizier support TAP, ADQL and VO queries in 

addition to an interactive web interface. From the 

main Vizier web page, type ñGaia DR2ò into the 

search box and press ENTER. You will be rewarded 

with the screen displated in Figure 6. 

 

The leftmost column contains the Vizier catalog 

identifier.  Move your mouse over the magnifying 

glass next to table I/345. You will see a popup 

window, a portion of which is displayed in Figure 7. 

 

 
Figure 7.  Gaia DR2 Subtables and Field  

This window shows all of the sub-tables in the 

data release and the fields that they contain. On the 

right are a collection of buttons showing you 

different ways to access the data. The Vizier button is 

for interactive browser access. Click on the Vizier 

button next to table I/345. This gives you access to 

the whole table collection for Gaia DR2. 

http://vizier.u-strasbg.fr/
http://vizier.cfa.harvard.edu/vizier/
http://vizier.ast.cam.ac.uk/vizier/index.gml
http://vizier.hia.nrc.ca/vizier/index.gml
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Figure 8.  Table Query Form  

At this point you will see a long list of fields, one 

for each column in each sub table.  On the left are 

check boxes for the fields you wish to be returned in 

your search. Additionally, you can sort the returned 

table on one of the columns by clicking on the sort 

button for that field.  Next to each field name is a box 

where you can type a constraint on the records 

returned. By clicking on the highlighted 

ñConstraintsò hyperlink at the upper left of the 

screen, a quick tutorial on the syntax for constraints 

can be viewed.  The records returned must match 

ALL of the constraints. On the far left a 

ñPreferencesò box allows you to select how many 

matching records you wished returned and in what 

format you wish to receive your results.  When you 

are ready, click the ñSubmitò button and the search 

will begin. Do not be surprised if it takes several 

seconds to a minute to start returning results. 

This is the way you might want to search for all 

pulsating variables with a period of 0.3 to 1.5 days at 

Declinations above ï10 degrees with an amplitude 

greater than Magnitude 0.3 with an apparent 

Magnitude between 5 and 12.5. 

Should you want to merge data from Gaia with 

other catalogs, visualize data graphically, or work 

with complex proper motion relations, etc., you are 

going to need a more sophisticated search tool. My 

recommendation is to start with TOPCAT (Tools For 

Operating on Catalogues and Tables). 

TOPCAT is an interactive Java based program 

developed at Bristol University in the U.K. to extract 

data from various catalogs to build and download 

linked sub-catalogs for subsequent queries and 

manipulations. Being Java based, it runs on virtually 

any machine with a Java runtime interpreter. 

 

 
Figure 9.  TOPCAT Main Menu  

Figure 9 shows the options available when the 

virtual observatory menu drop-down is selected.  

Among the choices are cone searches, an interactive 

interface to Vizier services, TAP queries with ADQL 

and several other network-based access methods. 

 

 
Figure 10.  M45 Proper Motion Scatter Plot  

An example of the power of this kind of tool is 

seen in the series of figures 10 through 14. Initially, a 

cone search for the Gaia DR2 catalog is made by 

selecting all stars within a 4-degree radius of the 

center of M45 the Pleiades Cluster.  In 30 seconds, it 

returned a sub catalog of 446469 stars.  From this sub 

catalog, a scatter plot is made showing all stars by 

their RA and Dec proper motions. The results are 

shown in Figure 10. Zooming in shows a cluster of 

stars with a different motion than the mean general 

motion that is likely caused by our Suns movement 

relative to the Milky Way. 
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Figure 11.  Selected Co -Moving Stars  

 

TOPCAT allows this a sub-catalog to be created 

by interactively drawing a boundary around the 

region interest on the plot. The next step is to plot the 

distribution of the new sub-catalog of stars as a 

function of their parallax. 

 

 
Figure 12.  Selecting Member At  A Similar Distance  

Next graphically create another sub-catalog 

containing only stars that have similar parallax 

values. This should leave us with a sub catalog with a 

sub-catalog with only members of the Pleiades. This 

winnows the sub-catalog down from approximately 

450000 stars to 1295 cluster members. 

 

 
Figure 13.  M45 Candidate Stars Sky Chart  

Figure 13 shows TOPCATôs plot of the 

candidate members as a finder chart. It shows the 

Pleiades Cluster to have many more faint members 

than we anticipated. 

 

 
Figure 14.  Distribution of M45 Magnitudes  

Figure 14 shows TOPCATs plot of the 

distribution of apparent Gaia G magnitudes in M45 

candidates. Since, we have both total flux and 

parallax in our sub catalog it is trivial to apply the 

mass/luminosity laws and determine the exact 

distribution of stellar masses in the relatively new 

cluster. The magnitudes demonstrate that the 

brightest members that we see visually in the night 

sky are but a tiny fraction of this young cluster. 
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6. A World Of New Projects 

Unless you can afford a satellite, Astronomy 

remains an observational, not an experimental 

science. New discoveries are made by finding where 

conditions in the universe test your particular 

hypothesis and observing it. With key physical 

parameters for over 2 billion stars in our own galaxy, 

searching where in universe to find the conditions 

you need to test new theory and ideas just got a lot 

easier. 

 

 
Figure 15.  Our Warped Galaxy  

Figure 15 illustrates this potential. It was made 

by merging Gaia data with radio data to synthesize a 

new view of our galaxy. It shows that the galactic 

disk is not flat as has been modeled for years but is 

warped.  This was likely caused by past close 

encounters with the Large and Small Magellanic 

clouds. 

For the small telescope scientist, Gaia is a boon 

to campaign design and seeking answers to some 

larger questions. Below are some examples of 

questions and techniques that have occurred to me in 

contemplating the possibilities. 

1) Identifying new spectroscopic binaries. The 

RVS instrument can identify multiple lines in the 

near IR. Follow on observation will be needed to 

confirm and measure the period, stellar types and 

masses of the components. 

2) Check the WDS catalog against Gaia parallax 

data. It will quickly determine which doubles stars 

are likely binary systems. Additionally, the parallax 

data will provide precise distances and hence allow 

the orbit diameter to be directly determined. Finally, 

if enough of the orbital period is covered during the 

Gaia mission, the inclination of the orbit can be 

determined from the Radial Velocity Spectrograph 

data. 

3) Selecting classes of stellar objects for a study. 

Many studies need specific classes of stars. For 

example, the study young stellar objects, Ae and Be 

stars will help unlock the physics of star formation. 

Queries of Gaia will allow easy location of targets 

suitable for your instrumentation that are positioned 

for observation. 

4) Modeling Eclipsing Star Systems without 

radial velocity. The mass of eclipsing systems can 

now be solved based on photometry and parallax 

information. Solve the mass ratio and star 

temperatures from the photometry, Then, using 

parallax working backwards to compute absolute 

luminosities and solve for the component masses. 

5) Understanding Cluster formation and 

evolution becomes easier.  With Gaia data, cluster 

members can now be quickly separated from random 

field stars. Generating an HR diagram and precisely 

measuring member stars, the main sequence turnoff 

and age of the cluster can be easily found. The mass 

of each cluster member can be from parallax and flux 

data. Summing the mass weighted proper motion for 

all cluster members creates a vector back along its 

line of travel in the galaxy. This in turn can be run 

backwards for age of the cluster and the location 

where it formed can be found. 

6) Where are the Sunôs siblings?  Now that we 

know our place in the galaxy, the approximate 

trajectory of the sun relative to the galaxy, its age and 

metallicity, can we find near stars strung out along 

our path with similar ages and metallicity that would 

point towards our solar systemôs origin? 

7) Stellar Seismology in the instability strip of 

the HR diagram. Gaia DPAC groups are working 

hard to find all the pulsating variables they can to 

improve their use as standard candles. With a large 

catalog of pulsating stars, it should be possible to 

select a population with identical initial masses and 

metallicity that are in different phases of their 

evolution. These can then be studied to better 

understand the populationôs evolution continuously 

as its members move back and forth across this 

region. 

8) Looking for cooling white dwarfs. The galaxy 

should be littered with these worn out embers. 

Finding them with Gaia and then measuring their 

effective temperatures combined with parallax 

information will allow us to measure their surface 

area and mass. That information should help build an 

estimate of their ages. Based how many are found 

and estimates of the rate of star formation in the 

galaxyôs past, we should be able to estimate how 

many more exist but have cooled below our detection 

thresholds.  

9) Where are the missing brown dwarfs? The 

distribution of stellar masses created in a star forming 

region shows that every young cluster should also 

produce a large number of brown dwarfs. Do they 

become unbound and float randomly through the 

galaxy or do they remain gravitationally bound to 
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some member of the proto-cluster? Gaia is throwing 

away anomalous flux amplitude transients in their 

processing pipeline. Does anyone one want to stare at 

some of the stars with these seemingly ñone timeò 

events. It may take some time but catching brown 

dwarf transits would be a big deal. 

 

7. Conclusions 

Gaia-like tera-byte data sets are the future with 

more surveys coming online in the coming decade. 

Historically, astronomical research has been asking 

insightful questions and devising an observation 

program to gather the data to answer them.  Gaia and 

surveys to follow are still going to require the 

construction of imaginative hypothesis, but the first 

order test of those theories will be vetted by querying 

a vast storehouse of survey data, followed by focused 

observational follow up. Donôt mothball your 

instruments and buy a big computer quite yet. 
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Abstract  

At the start of the 20
th

 century, professional astronomers had not imaged individual stars in the great spiral 
nebulae of Andromeda (M31) and Triangulum (M33).  Present day, non-professional astronomers have the 
capability to regularly image individual luminous stars in both galaxies, attempting science that Edwin Hubble 
himself would have only dreamed of a century earlier.  But obtaining calibrated photometry from images of M31 
and M33 is significantly hindered by having too few reliable faint photometric comparison stars.  We present an 
updated list of comparison stars fainter than 12

th
 magnitude that the University of Illinois Springfield Luminous 

Stars Survey uses to measure photometry for luminous stars in M31 and M33.  The list is derived from the 
AAVSO Photometric All Sky Survey (data release 10) and checked for accuracy and stability over the eight years 
of imaging in our survey.  The list reliably yields ensemble photometry with better than 0.1 magnitude error for 20 
x 20 arcminute fields covering the spiral arms of both galaxies. 

1. Introduction  

At the start of the 20
th
 century astronomers raced 

to define the nature of and identify stars in the spiral 

nebulae.  Searches for novae and variables in the 

Triangulum spiral (M33) using plates made at 

Yerkes, Lick, Lowell, and Heidelberg had limited 

success (Duncan, 1922; Wolf, 1923).  Then at the 

33
rd
 Meeting of the American Astronomical Society, 

Edwin Hubble reported using the 100-inch telescope 

at Mount Wilson to resolve Cepheid variables in M31 

(Andromeda) and M33 (Triangulum) (Hubble, 

1925a).  This and the publications that followed 

(Hubble, 1925b; Hubble, 1926) were the first 

confirmation of variable stars in those galaxies.  The 

work by Hubble and his team was a marvel of 

technology and patience; accomplished with long 

photographic exposures over many nights using the 

largest aperture telescopes.  Over the past century the 

tools available to Hubble have been improved, 

supplanted and made commercially available.  Today 

anyone can invest in equipment to reproduce 

Hubbleôs seminal work in their backyard (Templeton, 

et al. 2011).  

While non-professionals focus a majority of their 

effort on stars brighter than 15
th
 magnitude, most 

possess the capability and motivation to push the 

envelope and go fainter.  The nearby galaxies M31 

and M33 present inviting targets for northern 

hemisphere observers to discover novae and/or study 

luminous stars (the progenitors of stellar eruptions 

supernovae and other exciting behavior). 

One way that the American Association of 

Variable Star Observers (AAVSO) encourages non-

professionals to observe targets is by providing charts 

with comparison stars which can be used to reliably 

measure brightness of targets.  For a history of 

AAVSO chart making see Malatesta & Scovil 

(2006), Malatesta et al. (2007) and Crawford (2019).  

Good charts include stars of comparable brightness 

with accurate photometry in close proximity to the 

target.   

Since 2007 the AAVSO has generated charts via 

an automated process (Crawford, 2019).  While the 

Variable Star Index (VSX) (https://www.aavso.org/vsx/) 

lists dozens of variables ranging from 14 ï 22 

magnitude in both M31 and M33, the AAVSO 

automated chart making tool (Variable Star Plotter, 

https://www.aavso.org/apps/vsp/) often does not produce  

good charts for those targets.  There are no 

comparison stars in the AAVSO Comparison Star 

Database (CompDB) for M33.  Ten targets in M31 

have comparison stars:  AF And, AE And, PT And, 

M31 V1, plus six recent novae and transients.  But 

large swaths of the spiral arms of M31 have no 

comparison stars nearby.  Without easily available 

charts and comparison stars most observers 

understandably move on to projects that require less 

groundwork to get started.   

The chart making tool SeqPlot (Beck, 2020) 

reveals a large number of possible comparison stars 

in the fields around targets in M31 and M33.  It is 

certain the AAVSO Sequence team would, if asked, 

diligently produce charts for every target requested as 

they have since 2009 (Crawford, 2020).  But charts 

for targets this faint normally require additional 

observations and follow up to ensure accuracy, 

especially when they are being constructed for CCD 

https://www.aavso.org/vsx/
https://www.aavso.org/apps/vsp/
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photometry (Price et al., 2004).  Templeton et al. 

(2011) establish a list of fainter comparison stars to 

measure the brightness of M31 V1 (M31 V0619) but 

that list took special effort and covers only 1/50
th
 of 

the angular area of M31.   

The AAVSO Photometric All-Sky Survey 

(APASS) (Henden, et al., 2016) includes photometry 

for stars 10 - 16.5 magnitudes.  Its photometric 

accuracy is an improvement over other all sky 

catalogs of similar density, making it an ideal catalog 

for the selection of comparison stars.  But it is a raw 

list which needs thoughtful curation to be used 

effectively for CCD photometry.  Combining this 

input catalog with the photometry from imaging of 

the fields around fainter targets, can identify the best 

comparisons in each field. 

At past Society for Astronomical Sciences 

symposia there was interest in tools and guidance to 

observe targets in M31 and M33.  Previous work 

(Martin 2018, Martin 2019) presented targets ranging 

from 14 - 20 magnitudes in both galaxies. This work 

describes the development of an improved list of 

comparison stars for CCD photometry that is used by 

the Luminous Stars Survey at the University of 

Illinois Springfield (Martin & Humphreys, 2017; 

Martin, 2018).  Comparison and check stars in the list 

are selected from the 10
th
 data release (DR10) of the 

AAVSO Photometric All-Sky Survey (APASS) 

(Henden, et al., 2018) and vetted for quality using 

more than 750 BVRI images of M31 and M33 from 

the Luminous Stars Survey.   

This is a work in progress.  Further data releases 

of APASS will be made and fields continue to be 

imaged for the M31 and M33 Luminous Stars 

Survey.  That work will continue to refine and 

improve the list provided here.   

The next section is an overview of the Luminous 

Stars Survey.  Section 3 outlines the selection of the 

comparison stars.  Section 4 discusses the quality of 

the photometry obtained in the survey using the 

comparison stars. 

 

2. The Luminous Stars Survey 

The Luminous Stars Survey at the University of 

Illinois Springfield is the longest running continuous 

photometric survey of M31 and M33 (Martin & 

Humphreys, 2017).  Initiated with National Science 

Foundation Grant AST-1108890 in September 2012, 

its goal is to catalog the long-term photometric 

behavior of the most luminous stars in the two 

galaxies to better understand their evolutionary states 

and observe the lead up to dramatic evolutionary 

changes (e.g. S Doradus eruptions, supernova 

impostors, or supernovae).  The survey is conducted 

with the F/13 20-inch (0.51 m) telescope at the 

University of Illinois Springfield Henry R. Barber 

Observatory located at a modestly dark site near 

Pleasant Plains, IL.  Imaging is done through 

Astrodon Johnson B, V, and Cousins R and I filters 

with a back illuminated E2v CCD42-40 chip which 

captures a square area about 19.4 arcminutes on a 

side with a pixel scale of 0.57 arcseconds per pixel.  

It takes 11 - 15 pointings to cover the targets in M31 

and 4 - 6 pointings to cover the targets in M33. The 

images are 600 second exposures typically reaching a 

SNR of 20 at 19.5 magnitude in B and V and 19.0 

magnitude in R and I, depending on atmospheric 

seeing which varies between 1.5 ï 4.0 arcseconds. 

The survey targets include many classifications 

of luminous stars (e.g. LBV, B[e]sg, Of/WN, yellow 

supergiants, and warm hypergiants). The target list 

has grown over time.  An up-to-date list of targets 

can be found in the online catalog: 

http://go.uis.edu/m31m33photcat  

Each target is imaged in BVRI a minimum of 

once a year.  Fields are imaged in Johnson V and at 

least one other filter each visit. Therefore, to get the 

required coverage in all four filters, at least two 

epochs will be imaged for each target over the course 

of the year.  Targets that attract attention by notably 

changing in brightness are imaged more often as time 

allows.  The survey also serendipitously captures 

thousands of additional stars.  Their photometry is 

archived, and the data can be mined on request.  

M31 and M33 contain many crowded fields 

where the star PSFs overlap so that normal aperture 

photometry is not adequate for measuring the 

brightness of stars on the image.  The survey 

measures instrumental magnitudes from images using 

the DAOphot PSF fitting package in IRAF (Stetson, 

1987) and a customized input catalog based on 

Massey et al. (2016).  Details of the process are 

described in Martin & Humphreys (2017).  This 

approach yields results consistent with aperture 

photometry for unblended stars (Martin, 2018).    

The cadence of this survey requires comparison 

stars that remain constant in all four bands over long 

time scales.  The survey was designed to produce 

photometry with a precision of 0.1 magnitude 

(sufficient to detect S Doradus eruptions or other 

significant evolutionary changes).  As discussed in 

sections 3 and 4, the survey has exceeded those 

expectations. 

The Survey photometry for targets with AAVSO 

UIDs is submitted to the AAVSO International 

Variable Star Database.  Non-professionals can 

contribute by observing targets more frequently than 

the cadence of the Survey and submitting their own 

photometry.  More frequent observation of these 

targets will complement the work of the Survey and 

may reveal additional information about the targets. 

http://go.uis.edu/m31m33photcat
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3. Selection of Comparison Stars 

The inaugural five years of the survey (Martin & 

Humphreys, 2017) used AAVSO Seqplot (Beck, 

2020) to identify comparison stars from the AAVSO 

Comparison Star Database around each target 

following the prescription of Toone (2005).  Since 

the targets are mostly between 14 - 20 magnitude, the 

comparison star list heavily favored photometry from 

APASS DR9 (Henden, et al. 2016).  Every 

comparison star had a Johnson V magnitude and at 

least one BRI magnitude.  The list of comparisons 

was further refined by rejecting stars which were 

consistently 2.5 standard deviations or more offset 

from the derived photometric zero points. 

The inaugural list of 256 comparison stars (Table 

3 in Martin & Humphreys, 2017) yielded photometric 

errors of 0.05 - 0.08 magnitude for targets brighter 

than 18, with somewhat higher errors, not exceeding 

0.15 mag, for fainter targets.  This surpassed the 

original goal and also raised hope that even better 

could be achieved.   

Data Release 10 (DR10) of APASS (Henden et 

al., 2018) provided an opportunity to further refine 

the comparison star list.  Three more years of 

imaging (2017 - 2019) in the Luminous Stars Survey 

also more than doubled the number of images that 

could be used to select the most accurate comparison 

stars. 

Stars with magnitudes in all four bands (BVRI) 

were selected from APASS DR10 following Toone 

(2005): V > 12.0 and 0.0 < (B-V) < 0.8.  The 

photometry of the stars selected from APASS DR10 

was measured from the Luminous Stars Survey 

images (using the old comparisons for the 

photometric solutions).  The average and standard 

deviation of those magnitudes were computed, and 

stars were kept in the list if their average magnitudes 

were within 1-sigma of the APASS DR 10 magnitude 

-and- if the standard deviation of their photometry 

was < 0.05 mag in three bands but not > 0.07 in the 

fourth band.  (The fourth band with the larger 

standard deviation was almost always B or I.)  Price 

et al. (2011) recommend that CCD comparison stars 

have accuracies better than 0.02 mag.  Comparison 

stars with smaller standard deviations were favored 

but following a stricter guideline would have left too 

few stars in this list. 

Fifty-eight (58) stars in the 2017 comparison list 

did not make it into the new comparison list.   Thirty-

nine (39) were either not in APASS DR10, too bright, 

too red, or lacked a B and/or I magnitude.  Eight (8) 

from the inaugural list were too far from the center of 

M33 to be useful and did not appear on any of the 

survey images.  The remaining eleven (11) from the 

2017 list failed to make the cut when they were 

checked for accuracy in the Luminous Star Survey 

images. 

The new list of comparison stars was further 

refined by using it to perform photometric solutions 

for each image.  Those comparison stars that were 

consistently more than 2.5 standard deviations from 

the photometric zero-point were rejected.   Almost all 

those stars rejected in the final cut were fainter than 

V > 16.0. 

A list of check stars fainter than V > 15.0 was 

also developed.  The check stars meet all the same 

criteria but were rejected as comparisons because 

they did not have magnitudes in all four bands and/or 

their average brightness derived from the Luminous 

Star Survey images significantly differed from the 

APASS DR10 magnitude while still having a small 

sigma in the Luminous Star Survey images (< 0.05 

mag).  The check stars were run with the improved 

comparison list to ensure that they did not exhibit 

variability above 0.05 mag over the epochs covered 

by the survey. 

A list of the 317 comparison stars and 66 check 

stars appear in Tables the end of this publication 

(M31:  Tables 2 & 4; M33: Tables 3 & 5) -or- can be 

found in electronic form at: 

http://go.uis.edu/m31m33photcat/compsnchecks.html 

The identification numbers (ID) for the 

comparisons and checks are generated from the V 

magnitude (V) and right ascension (RA) in decimal 

degrees using the following formula: 

 

ὍὈ ).4ὠ ρπ ρπ πȢυ ).4Ὑὃ

ρπ ρπππȢυȾρπππ  

 

A star with a V magnitude of 17.238 and RA of 

10.0836 degrees has an ID number of 72.008. 

 

4. Quality Checks 

Figure 1 and Table 1 show the quality of the 

photometric solutions computed with the new 

comparison list for 769 images in the Luminous Stars 

Survey.  Zero-point errors are calculated from the 

standard deviation of the zero-points for the 

individual comparison stars in the ensemble 

photometric solution.  Almost all the photometric 

solutions for the BVR images have a precision better 

than 80 millimagnitudes with more than half having 

precision better than 50 millimagnitudes.   

On average the precision of the I photometry is 

significantly worse than the errors in other bands.  

There are two factors that contribute to this:  

generally higher errors for I magnitudes in APASS 

and fringing in the survey images.  A back thinned 

http://go.uis.edu/m31m33photcat/compsnchecks.html
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CCD is vulnerable to wave interference when the 

thickness of the absorption depth is comparable to the 

wavelength of light (> 700 nm).  Sharp lined natural 

night sky emission in the I-band combined with this 

effect causes a shifting interference pattern to appear 

on the CCD images taken through the I filter.  

Attempts to model and remove the pattern from 

Luminous Star Survey images have been 

unsuccessful.   

The new comparison list is not significantly 

better than the 2017 list for V and B.  It shows 

modest improvement of the average for R and I.  The 

new   list   has  fewer   outliers   and   provides   more 

 

 
Figure 1.  Histograms of the zero -point errors from the 
Luminous Stars Survey images.  The zero -point errors 
with the old comparisons are plotted in gray and those 
computed with the new comparisons are black.  

 
 

Figure 2.  The computed error in magnitude as a 
function of magnitude in each filter for the Luminous 
Stars Survey.  The magnitudes computed with the old 
comparisons are plotted as gray points and the 
magnitudes computed with the new comparisons are 
plotted in black.  

consistent photometric solutions across all the fields 

in both galaxies. However, when using the new 

comparison list there are fewer of the highest 

precision solutions (zero-point error < 30 

millimagnitudes).  The release notes for APASS 

DR10 warn, ñThe photometric errors appear to be 

worse in DR10 than in DR9.ò  The notes also state 

that there is room to improve APASS in crowded 

fields.  This indicates that there is potential for 

further improvement with future data releases of 

APASS. 

Figure 2 and Table 1 show the errors for 18,087 

photometric measurements of targets and check stars 

in the Luminous Stars Survey using the new 

comparison stars.  The photometric errors plotted 

combine the influence of the zero-point error in the 

photometric solution and the error in the instrumental 

magnitude from the image.  The average error for the 

photometry of both brighter (m < 18.0) and fainter (m 

> 18.0) targets and checks is marginally better with 

the new comparison stars.  The improvement is more 

significant for RI than for the VB.   

For fainter targets (m > 18), the quality of their 

photometry is limited by the quality of the images.  

When the SNR of the flux in a target is high, the 

zero-point uncertainty is the most significant 

contributor to the photometric error.  But the fainter 

the target gets, the larger the instrumental magnitude 

error  becomes  until  it  is  comparable  to  and  then 

 

 V B R I  

Average Error in Photometric Zero Point 

N Images 301 186 164 118 

New Comps 0.042 
(0.012) 

0.046 
(0.015) 

0.045 
(0.011) 

0.059 
(0.016) 

Old Comps 0.043 
(0.014) 

0.049 
(0.019) 

0.053 
(0.018) 

0.070 
(0.026) 

Average Photometric Error for Stars m < 18 

N Stars 5208 2894 3464 2209 

New Comps 0.048 
(0.013) 

0.055 
(0.017) 

0.054 
(0.019) 

0.071 
(0.022) 

Old Comps 0.048 
(0.019) 

0.060 
(0.025) 

0.060 
(0.023) 

0.078 
(0.036) 

Average Photometric Error for Stars m > 18 

N Stars 1815 1558 625 314 

New Comps 0.077 0.077 0.081 0.137 

Old Comps 0.080 0.085 0.088 0.143 

Table 1.  Statistics comparing the photometric solutions 
with the new comparison stars to those computed with 
the old comparison stars.  Standard deviations are given 
in parentheses.  
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Figure 3. Histograms for each filter of the difference 
between the magnitude for a check star and its average 
value across all epochs of observation.  The narrow 
gray bars are photometry done with the old 
comparisons and the wider black bars are the 
photometry done with the new comparisons.  

surpasses the size of the zero-point error. As a result, 

the photometric errors of fainter targets (m > 18) are 

dominated by the SNR of individual images.  Figure 

2 clearly shows this effect as an upward curve in the 

envelope of the photometric errors at fainter 

magnitudes.  Higher errors that sometimes occur in 

the 17 ï 18 magnitude range are caused by lower 

quality images with brighter limiting magnitudes.   

Figure 3 shows that the new list of check stars 

performs well with both the old and new 

comparisons.  The check stars have magnitudes 15 > 

V > 18 and the variance in their derived photometry 

is consistent with the zero-point errors and the 

photometric errors for brighter targets (m < 18). 

 

5. Conclusion 

A list of comparison stars ranging from 12 < V < 

17 magnitude covering the star forming regions of 

M31 and M33 has been derived from the APASS 

DR10 catalog.  For images in the University of 

Illinois Luminous Stars Survey the list is able to 

produce BVR photometric solutions with a precision 

of between 30 ï 80 millimagnitudes over multiple 

year baselines.  The errors are slightly higher in I due 

to both the accuracy of APASS and the quality of the 

Survey images.  These comparison stars are a modest 

improvement over the list published by Martin & 

Humphreys (2017).  Most of the improvement comes 

from the removal of outliers producing a more 

uniform photometric solution across all fields.   The 

photometry errors of fainter targets (m > 18.0) in the 

Luminous Stars Survey are limited by the SNR of the 

instrumental magnitudes but are still mostly under the 

100 millimagnitude precision goal for the survey.  

We anticipate that future data releases of APASS will 

improve the photometric solutions derived with these 

comparison stars.   

 

6. Acknowledgements 

Work like this is always in debt to Arne Henden 

and the people of the AAVSO (an incomplete list 

including: Sara Beck, Tom Bretl, Tim Crawford, 

Robert Fidrich, Jim Jones, Micheal Kopplemann, 

Vance Petriew, Aaron Price, Mike Simonsen) who 

have worked tirelessly to make photometry more 

accessible for everyone.  We are in debt to their 

effort, the code they wrote, the databases they built 

and infrastructure they laid down which is so 

seamless and invisible we too often forget what they 

did to make universal calibration of CCD photometry 

possible.   

This work was initiated under and supported by 

NSF grant AST- 1108890 with additional and 

continuing support from the University of Illinois 

Springfield Henry R. Barber Astronomy Endowment 

funded by the people of Central Illinois. We thank 

and acknowledge the UIS Observatory volunteers 

who helped with the imaging for the Survey 

including Jim Oô Brien, Jennifer Hubble-Thomas, 

Kevin Cranford, Greg Finn, Logan Kimball, John 

Lord, Ian Marvel, Bruce Patterson and Mary Sheila 

Tracy. This research was also made possible through 

the use of the AAVSO Photometric All-Sky Survey 

(APASS), funded by the Robert Martin Ayers 

Sciences Fund. 

 

7. References 

Beck, S. ñSeqPlot, Version 4.1ò (2020) 

https://www.aavso.org/seqplot  

  

Crawford, T.R. ñThe History of AAVSO Charts, Part 

III: The Henden Eraò (2019), J. Amer. Assoc. Var. 

Star Obs. 47, 122-128. 

 

Duncan, J.C.  "Three Variable Stars and A Suspected 

Nova in the Spiral Nebular M33 Trianguliò (1922). 

Pub. Astron. Soc. Pacific 34, 290-291. 

 

Henden, A.A., Templeton, M., Terrell, D., et al. 

ñAAVSO Photometric All Sky Survey (APASS)ò 

(2016), Vizier Catalog 2336, 0 

 

Henden, A.A., et al. ñAPASS Data Release 10ò 

(2018), Amer. Astron. Soc. Meeting #232, 223.06. 

 

https://www.aavso.org/seqplot


 

SAS/AAVSO 39
th

 Annual Symposium Proceeding  

14 

Hubble, E. "Cepheids in Spiral Nebulaò (1925a). 

Popular Astronomy 33, 252. 

 

Hubble, E. "Cepheids in Spiral Nebulaò (1925b). The 

Observatory 49, 139. 

 

Hubble, E. ñA Spiral Nebula As A Stellar System 

Messier 33ò 1926, Astrophys. Journal 63, 236-274. 

 

Malatesta, K.H. & Scovil, C.E. ñThe History of 

AAVSO Charts, Part 1: The 1880s Through the 

1950sò (2006), J. Amer. Assoc. Var. Star Obs. 34, 81-

101. 

 

Malatesta, K.H., Simonsen, M.A. & Scovil, C.E. 

ñThe History of AAVSO Charts, Part II: The 1960s 

Through 2006ò (2007), J. Amer. Assoc. Var. Star 

Obs. 35, 337-338. 

 

Martin, J.C. & Humphreys, R.M. ñMulti-Epoch 

Photometric Survey of Luminous Stars in M31 and 

M33ò (2017), Astron. Journal 154, 81 

 

Martin, J.C.  ñA Multi-Epoch Photometric Survey of 

Luminous Stars in M31 and M33ò (2018), SAS-2018 

The Symposium on Telescope Science and ALPO 

Annual 2018 Meeting.  https://youtu.be/5qIJBKal_mI  

 

Martin, J.C.  ñUpdate on the M31 and M33 

Luminous Stars Surveyò (2019), SAS-2019 The 

Symposium on Telescope Science Joint Meeting With 

the Center for Backyard Astrophysics. 

 

Massey, P., Neugent, K. F., & Smart, B. M. ñA 

Spectroscopic Survey of Massive Stars in M31 and 

M33ò (2016) Astron. Journal 152, 62 

 

Price, A., Petriew,V. & Simsonsen, M.  "Charts and 

Comparison Stars: A Roadmap to the Futureò (2011). 

J. Amer. Assoc. Var. Star Obs. 33, 59-64. 

 

Stetson, P. B. ñDAOPHOT: A Computer Program for 

Crowded-Field Stellar Photometryò (1987) Pub. 

Astron. Soc. Pacific 99, 191 

 

Toone, J. ñReport of the International Chart Working 

Groupò (2005) J. Amer. Assoc. Var. Star Obs., 34, 

76-80 

 

Templeton, M. et al.  "Modern Observations of 

Hubbleôs First-discovered Cepheid in M31ò (2011). 

Pub. Astron. Soc. Pacific 123, 1374-1382. 

 

Wolf, M. ñZwei neue Verªnderlicheò (1922), Astron. 

Nach. 217, 475-476. 

 
ID RA deg Dec deg B mag B err V mag V err R mag R err I mag I Err 

25.125 11.2506 41.8252 13.087 0.031 12.470 0.044 12.096 0.067 11.745 0.093 
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30.060 10.6029 40.7900 13.483 0.017 13.025 0.032 12.717 0.057 12.426 0.080 

30.066 10.6629 41.0945 13.585 0.019 13.010 0.032 12.657 0.051 12.325 0.077 

30.085 10.8527 41.4085 13.627 0.023 12.985 0.030 12.575 0.048 12.191 0.065 

30.086 10.8623 42.0181 13.653 0.041 12.989 0.042 12.600 0.068 12.235 0.100 
30.091 10.9090 41.7824 13.454 0.035 12.954 0.040 12.617 0.061 12.300 0.082 

30.104 11.0387 41.9241 13.653 0.037 13.048 0.045 12.683 0.067 12.340 0.091 

30.120 11.2042 41.8208 13.463 0.029 13.012 0.044 12.736 0.062 12.475 0.083 

30.132 11.3192 41.7394 13.637 0.025 13.009 0.037 12.629 0.059 12.272 0.081 

31.000 9.9961 40.3682 13.612 0.017 13.096 0.026 12.755 0.038 12.434 0.049 

31.015 10.1459 40.5211 13.723 0.028 13.069 0.033 12.691 0.058 12.336 0.084 

31.046 10.4579 41.1826 13.899 0.019 13.088 0.010 12.638 0.051 12.217 0.075 

31.056 10.5629 40.9877 13.687 0.022 13.079 0.040 12.722 0.064 12.386 0.091 

31.076 10.7610 41.7843 13.786 0.032 13.078 0.042 12.667 0.060 12.282 0.087 

31.123 11.2303 41.6253 13.739 0.015 13.124 0.032 12.756 0.055 12.410 0.078 

31.968 9.6793 40.6893 13.852 0.036 13.226 0.025 12.834 0.048 12.466 0.066 

31.970 9.6972 40.6185 13.522 0.037 13.202 0.028 12.996 0.046 12.799 0.064 

31.971 9.7077 40.5395 13.757 0.022 13.245 0.023 12.885 0.040 12.547 0.061 

32.049 10.4906 41.3197 13.728 0.022 13.238 0.024 12.919 0.043 12.618 0.063 

32.139 11.3901 41.4444 13.727 0.020 13.237 0.031 12.922 0.047 12.625 0.063 

32.966 9.6568 40.4690 13.811 0.032 13.326 0.028 13.002 0.055 12.697 0.074 

33.004 10.0423 40.6806 14.008 0.031 13.295 0.015 12.860 0.037 12.453 0.051 

33.050 10.4993 40.7552 13.995 0.038 13.322 0.030 12.915 0.060 12.533 0.089 

33.055 10.5527 41.0994 13.779 0.018 13.292 0.031 12.975 0.049 12.676 0.065 
33.056 10.5632 40.8603 14.021 0.025 13.333 0.036 12.934 0.065 12.560 0.088 

33.086 10.8627 41.9687 14.058 0.041 13.324 0.046 12.878 0.068 12.461 0.093 

33.140 11.3950 41.6454 13.887 0.021 13.329 0.032 12.981 0.050 12.654 0.071 

34.118 11.1828 41.4501 13.963 0.020 13.378 0.033 12.988 0.050 12.622 0.068 

34.125 11.2469 41.3724 13.955 0.017 13.376 0.031 13.023 0.047 12.691 0.063 

34.140 11.3993 41.9840 14.000 0.028 13.361 0.061 13.000 0.088 12.661 0.120 

34.172 11.7188 42.0748 14.121 0.034 13.370 0.060 12.961 0.094 12.578 0.134 

35.095 10.9546 41.8681 14.190 0.033 13.495 0.043 13.097 0.063 12.724 0.090 

35.124 11.2418 41.3164 14.043 0.015 13.549 0.020 13.210 0.033 12.891 0.056 

35.988 9.8797 40.2566 14.257 0.019 13.636 0.032 13.243 0.051 12.874 0.072 

36.003 10.0340 40.5282 14.244 0.025 13.639 0.022 13.287 0.042 12.956 0.064 

36.008 10.0799 41.1300 14.094 0.034 13.606 0.019 13.280 0.042 12.973 0.063 

36.027 10.2732 41.1085 14.184 0.021 13.590 0.024 13.234 0.043 12.899 0.064 

36.037 10.3672 41.4297 14.284 0.033 13.644 0.032 13.268 0.047 12.915 0.066 

36.087 10.8683 41.8450 14.346 0.029 13.557 0.039 13.129 0.062 12.728 0.091 

37.054 10.5371 40.9258 14.544 0.020 13.748 0.036 13.278 0.065 12.839 0.096 

37.076 10.7568 41.1813 14.416 0.019 13.713 0.047 13.287 0.071 12.888 0.095 

37.079 10.7871 41.0939 14.179 0.022 13.682 0.034 13.319 0.061 12.978 0.084 

37.081 10.8057 41.2372 14.341 0.017 13.650 0.043 13.221 0.054 12.819 0.067 

37.968 9.6800 40.4051 14.385 0.025 13.828 0.030 13.475 0.050 13.143 0.074 

38.009 10.0932 40.3275 14.495 0.017 13.841 0.033 13.467 0.052 13.116 0.070 

38.042 10.4216 40.9837 14.426 0.031 13.835 0.039 13.468 0.056 13.123 0.076 

38.047 10.4695 40.9288 14.441 0.034 13.837 0.035 13.472 0.061 13.129 0.096 

38.059 10.5910 40.9479 14.365 0.026 13.811 0.035 13.445 0.060 13.101 0.085 

38.077 10.7667 41.4441 14.489 0.032 13.775 0.046 13.341 0.063 12.935 0.083 

38.083 10.8308 41.6662 14.356 0.027 13.760 0.036 13.359 0.052 12.983 0.070 

38.089 10.8856 41.6954 14.512 0.039 13.769 0.038 13.352 0.061 12.961 0.088 
38.108 11.0813 41.5425 14.304 0.024 13.789 0.038 13.436 0.056 13.104 0.072 

38.117 11.1744 41.1948 14.345 0.026 13.827 0.030 13.459 0.046 13.113 0.062 

38.125 11.2465 41.5273 14.334 0.025 13.845 0.033 13.523 0.048 13.219 0.064 

38.12A 11.2514 41.7985 14.350 0.030 13.799 0.046 13.458 0.066 13.137 0.086 

39.021 10.2114 40.4226 14.449 0.029 13.893 0.032 13.540 0.056 13.208 0.086 

39.051 10.5140 41.2456 14.551 0.032 13.902 0.034 13.527 0.052 13.175 0.073 

39.054 10.5407 41.3797 14.492 0.040 13.870 0.028 13.505 0.053 13.162 0.080 

39.074 10.7377 40.8970 14.538 0.031 13.874 0.038 13.463 0.068 13.078 0.103 

39.084 10.8387 41.2685 14.341 0.024 13.856 0.047 13.526 0.054 13.215 0.066 

39.087 10.8672 41.2391 14.600 0.023 13.878 0.044 13.392 0.064 12.938 0.090 

39.097 10.9721 41.9171 14.578 0.042 13.915 0.036 13.502 0.055 13.115 0.081 

39.103 11.0298 41.9762 14.442 0.042 13.867 0.047 13.501 0.069 13.157 0.099 

40.000 10.0021 40.7503 14.600 0.052 14.048 0.026 13.709 0.040 13.390 0.060 

40.027 10.2657 40.5370 14.536 0.027 14.023 0.039 13.681 0.069 13.359 0.110 

40.078 10.7796 41.8835 14.201 0.040 13.997 0.032 13.873 0.060 13.751 0.094 

40.133 11.3258 41.9282 14.536 0.032 14.001 0.046 13.619 0.068 13.260 0.102 

40.13A 11.3328 41.4786 14.650 0.032 13.956 0.020 13.507 0.035 13.087 0.068 

40.963 9.6326 40.6330 14.756 0.033 14.080 0.024 13.634 0.052 13.217 0.076 

40.969 9.6928 40.3978 14.718 0.028 14.103 0.032 13.735 0.055 13.389 0.084 
40.989 9.8910 40.3312 14.621 0.026 14.136 0.029 13.817 0.049 13.516 0.073 

41.025 10.2476 40.8186 14.530 0.041 14.066 0.032 13.781 0.059 13.511 0.083 

41.048 10.4815 40.7153 14.714 0.049 14.073 0.039 13.699 0.064 13.348 0.095 

41.060 10.6030 41.1051 14.779 0.021 14.139 0.031 13.709 0.055 13.306 0.087 

41.093 10.9295 41.4091 14.743 0.032 14.125 0.018 13.728 0.050 13.356 0.081 

41.108 11.0777 42.1129 14.646 0.046 14.056 0.049 13.696 0.086 13.358 0.131 

41.118 11.1760 41.9656 14.616 0.035 14.114 0.046 13.784 0.072 13.473 0.109 

41.177 11.7703 42.1366 14.754 0.053 14.101 0.066 13.720 0.103 13.362 0.152 

41.971 9.7091 40.6541 14.779 0.034 14.192 0.027 13.847 0.042 13.522 0.067 

42.007 10.0718 40.9919 14.842 0.031 14.226 0.028 13.814 0.050 13.428 0.081 

42.023 10.2275 40.5251 14.664 0.029 14.192 0.021 13.847 0.058 13.522 0.093 

42.071 10.7141 41.1773 14.885 0.024 14.189 0.035 13.776 0.046 13.389 0.061 

42.088 10.8756 41.6041 14.771 0.035 14.211 0.035 13.862 0.061 13.534 0.087 

42.103 11.0291 41.1787 14.756 0.030 14.161 0.026 13.771 0.044 13.405 0.073 

42.111 11.1059 41.9106 14.810 0.035 14.207 0.042 13.866 0.062 13.545 0.092 

42.121 11.2148 41.7723 14.919 0.029 14.222 0.047 13.822 0.064 13.447 0.086 

42.128 11.2837 41.5509 14.850 0.027 14.231 0.031 13.843 0.047 13.479 0.070 

42.143 11.4262 41.5135 14.830 0.030 14.164 0.029 13.779 0.045 13.418 0.072 
42.181 11.8107 42.0521 14.843 0.044 14.213 0.073 13.844 0.107 13.497 0.156 
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42.994 9.9351 40.7567 14.960 0.031 14.298 0.030 13.895 0.055 13.517 0.079 

43.000 9.9968 40.2488 14.952 0.044 14.324 0.026 13.944 0.045 13.587 0.074 

43.010 10.1007 40.7582 14.788 0.047 14.252 0.016 13.909 0.037 13.586 0.059 

43.011 10.1099 41.0419 14.831 0.032 14.258 0.028 13.881 0.042 13.527 0.080 

43.054 10.5420 40.6691 15.034 0.018 14.274 0.045 13.850 0.058 13.453 0.077 

43.055 10.5521 40.9105 14.770 0.028 14.309 0.033 14.001 0.053 13.710 0.073 

43.066 10.6620 41.6324 14.799 0.023 14.272 0.037 13.912 0.056 13.574 0.075 

43.073 10.7341 40.9872 14.927 0.021 14.253 0.043 13.811 0.071 13.397 0.109 

43.085 10.8464 41.1652 14.970 0.028 14.321 0.045 13.888 0.066 13.483 0.098 

43.130 11.2972 41.7508 15.099 0.049 14.334 0.041 13.900 0.058 13.494 0.083 

43.143 11.4300 42.3323 14.975 0.136 14.339 0.089 13.942 0.124 13.570 0.176 
43.150 11.5048 42.0347 14.776 0.025 14.311 0.064 13.968 0.093 13.645 0.125 

43.153 11.5331 42.2077 14.878 0.127 14.251 0.073 13.847 0.119 13.468 0.169 

43.155 11.5473 42.0227 14.807 0.041 14.267 0.064 13.921 0.099 13.595 0.136 

43.970 9.7015 40.4705 15.166 0.045 14.398 0.030 13.976 0.050 13.581 0.082 

44.031 10.3086 41.0302 15.035 0.034 14.446 0.035 14.057 0.063 13.692 0.083 

44.055 10.5512 41.4463 15.143 0.031 14.449 0.036 14.048 0.061 13.672 0.103 

44.081 10.8105 41.5693 14.886 0.034 14.352 0.037 13.984 0.064 13.638 0.093 

44.150 11.4979 41.7980 15.005 0.026 14.404 0.043 14.049 0.071 13.715 0.104 

44.996 9.9606 40.5858 15.165 0.035 14.479 0.029 14.044 0.042 13.637 0.056 

45.037 10.3671 41.2854 15.155 0.035 14.489 0.030 14.088 0.054 13.712 0.083 

45.040 10.3972 41.3538 15.039 0.038 14.485 0.028 14.098 0.047 13.735 0.078 

45.051 10.5126 40.6619 15.217 0.022 14.458 0.026 14.018 0.060 13.606 0.095 

45.059 10.5884 41.0026 14.927 0.027 14.516 0.033 14.284 0.058 14.063 0.105 

45.071 10.7130 41.1324 15.375 0.029 14.490 0.037 13.945 0.067 13.437 0.102 

45.079 10.7910 41.5286 15.017 0.031 14.472 0.038 14.100 0.055 13.751 0.088 

45.080 10.7999 40.9409 14.996 0.031 14.511 0.051 14.199 0.069 13.905 0.100 

45.143 11.4265 41.9548 15.221 0.037 14.538 0.065 14.156 0.096 13.797 0.138 

46.004 10.0400 40.2453 15.162 0.038 14.622 0.032 14.261 0.053 13.922 0.091 

46.011 10.1059 40.7154 15.261 0.038 14.648 0.015 14.239 0.020 13.856 0.061 
46.012 10.1160 40.4785 15.324 0.039 14.649 0.028 14.226 0.048 13.830 0.075 

46.065 10.6520 41.4471 15.057 0.042 14.591 0.059 14.265 0.082 13.958 0.116 

46.067 10.6710 41.5485 15.184 0.043 14.646 0.033 14.254 0.070 13.886 0.108 

46.091 10.9119 41.7882 15.159 0.034 14.607 0.043 14.235 0.063 13.886 0.092 

46.160 11.5998 42.1452 15.271 0.061 14.636 0.056 14.272 0.093 13.930 0.134 

46.968 9.6782 40.6299 15.311 0.040 14.657 0.038 14.233 0.059 13.836 0.083 

46.989 9.8869 40.7710 15.414 0.063 14.668 0.030 14.194 0.052 13.751 0.072 

46.991 9.9103 40.4043 15.387 0.050 14.700 0.026 14.286 0.043 13.898 0.064 

46.994 9.9450 40.6833 15.333 0.033 14.710 0.027 14.309 0.048 13.933 0.068 

47.007 10.0719 40.6855 15.430 0.059 14.717 0.028 14.295 0.059 13.900 0.080 

47.031 10.3141 40.4612 15.442 0.048 14.677 0.028 14.208 0.060 13.770 0.106 

47.038 10.3759 41.0185 15.318 0.042 14.700 0.070 14.258 0.085 13.844 0.107 

47.040 10.3985 41.1278 15.434 0.025 14.707 0.032 14.258 0.057 13.838 0.091 

47.041 10.4130 40.8481 15.387 0.052 14.733 0.028 14.327 0.040 13.946 0.064 

47.042 10.4222 40.9219 15.412 0.049 14.720 0.035 14.314 0.066 13.933 0.096 

47.128 11.2837 41.8100 15.245 0.048 14.706 0.045 14.345 0.069 14.006 0.103 

47.177 11.7703 42.0935 15.484 0.054 14.691 0.085 14.242 0.123 13.822 0.174 

47.994 9.9399 40.4414 15.487 0.061 14.804 0.032 14.370 0.064 13.964 0.091 
48.035 10.3534 41.3527 15.515 0.057 14.805 0.041 14.356 0.062 13.936 0.083 

48.050 10.4952 41.0642 15.394 0.026 14.791 0.033 14.417 0.055 14.066 0.088 

48.056 10.5616 41.6080 15.556 0.040 14.825 0.030 14.416 0.045 14.033 0.081 

48.079 10.7930 41.1539 15.382 0.035 14.758 0.049 14.364 0.066 13.994 0.093 

48.092 10.9176 41.7453 15.359 0.045 14.792 0.036 14.443 0.079 14.115 0.125 

48.139 11.3871 42.3153 15.540 0.141 14.769 0.094 14.294 0.134 13.850 0.183 

48.977 9.7678 40.6358 15.435 0.046 14.903 0.034 14.525 0.053 14.170 0.096 

49.074 10.7387 41.6433 15.474 0.050 14.850 0.035 14.471 0.057 14.115 0.094 

49.128 11.2758 41.5531 15.501 0.047 14.891 0.034 14.503 0.053 14.139 0.089 

49.136 11.3613 41.8267 15.595 0.035 14.910 0.047 14.508 0.082 14.131 0.115 

49.990 9.8960 40.5209 15.616 0.045 14.957 0.027 14.548 0.043 14.165 0.089 

49.992 9.9245 40.6936 15.662 0.038 14.969 0.020 14.546 0.042 14.150 0.080 

50.034 10.3430 41.0734 15.543 0.056 14.958 0.034 14.592 0.062 14.248 0.094 

50.044 10.4373 41.2016 15.748 0.075 15.010 0.039 14.605 0.046 14.225 0.068 

50.056 10.5566 41.6093 15.750 0.073 15.015 0.038 14.558 0.052 14.131 0.075 

50.063 10.6299 41.6354 15.796 0.039 15.021 0.038 14.549 0.063 14.108 0.101 

50.065 10.6519 41.1460 15.661 0.045 14.974 0.043 14.581 0.083 14.212 0.119 

50.082 10.8235 40.9602 15.685 0.050 15.014 0.048 14.555 0.073 14.126 0.103 

50.118 11.1833 42.1165 15.458 0.058 14.950 0.018 14.605 0.114 14.280 0.158 
51.013 10.1341 40.9660 15.633 0.079 15.050 0.032 14.678 0.060 14.329 0.120 

51.025 10.2525 40.9326 15.699 0.060 15.088 0.031 14.655 0.056 14.250 0.098 

51.061 10.6146 41.6167 15.783 0.041 15.136 0.028 14.730 0.043 14.349 0.080 

51.118 11.1817 41.7480 15.696 0.047 15.069 0.045 14.660 0.069 14.277 0.115 

51.123 11.2276 41.9768 15.699 0.053 15.089 0.047 14.695 0.077 14.325 0.127 

52.034 10.3354 40.7283 15.894 0.048 15.186 0.031 14.744 0.072 14.330 0.099 

52.067 10.6686 41.1370 15.754 0.065 15.229 0.059 14.789 0.098 14.377 0.145 

52.111 11.1083 42.0471 15.815 0.069 15.238 0.049 14.893 0.114 14.568 0.173 

52.978 9.7837 40.5803 15.966 0.064 15.257 0.046 14.795 0.078 14.363 0.117 

53.086 10.8596 41.7094 16.026 0.080 15.319 0.043 14.940 0.072 14.584 0.120 

53.088 10.8833 41.5622 15.968 0.075 15.327 0.070 14.929 0.096 14.556 0.154 

53.113 11.1326 41.1638 15.924 0.065 15.264 0.054 14.846 0.072 14.454 0.098 

53.129 11.2873 41.8816 15.801 0.060 15.292 0.049 14.972 0.089 14.670 0.143 

53.148 11.4776 41.7751 15.932 0.085 15.257 0.047 14.786 0.087 14.346 0.136 

54.064 10.6413 41.1060 16.144 0.143 15.404 0.072 15.017 0.088 14.654 0.157 

54.999 9.9868 40.3845 16.017 0.049 15.489 0.033 15.204 0.052 14.934 0.108 

55.037 10.3700 40.6010 16.232 0.087 15.468 0.041 15.027 0.065 14.614 0.114 

55.041 10.4118 41.1030 16.066 0.049 15.522 0.029 15.123 0.052 14.749 0.119 
55.071 10.7136 41.1028 16.054 0.080 15.457 0.068 15.071 0.114 14.709 0.186 

55.075 10.7542 41.1084 16.104 0.090 15.474 0.070 15.119 0.084 14.785 0.128 

55.076 10.7627 41.1260 16.059 0.072 15.524 0.057 15.122 0.085 14.745 0.141 

55.093 10.9336 41.7045 16.145 0.032 15.507 0.037 15.188 0.109 14.887 0.181 

56.025 10.2487 41.1185 16.106 0.054 15.599 0.035 15.178 0.098 14.784 0.145 

56.042 10.4232 40.7569 16.277 0.070 15.570 0.043 15.190 0.060 14.833 0.144 

56.044 10.4354 41.1433 16.339 0.074 15.618 0.011 15.302 0.160 15.004 0.217 

56.075 10.7508 41.1455 16.069 0.072 15.565 0.110 15.164 0.132 14.788 0.187 

56.095 10.9549 41.3693 16.370 0.060 15.647 0.034 15.168 0.063 14.720 0.129 

58.012 10.1241 40.2843 16.410 0.080 15.788 0.059 15.378 0.107 14.994 0.178 

58.112 11.1246 41.7609 16.529 0.083 15.815 0.046 15.404 0.082 15.019 0.146 

58.119 11.1874 41.2203 16.438 0.107 15.799 0.071 15.463 0.113 15.147 0.150 

59.039 10.3928 41.1566 16.357 0.070 15.902 0.031 15.557 0.130 15.232 0.183 

59.088 10.8816 41.4061 16.482 0.129 15.942 -0.004 15.492 0.110 15.071 0.160 

59.997 9.9686 40.7524 16.717 0.100 16.049 0.039 15.652 0.085 15.280 0.186 

60.034 10.3356 41.0720 16.567 0.072 15.981 0.075 15.589 0.120 15.221 0.227 

60.073 10.7338 41.6923 16.535 0.078 15.954 0.089 15.541 0.111 15.154 0.155 

60.093 10.9348 41.1167 16.576 0.114 16.018 0.111 15.595 0.147 15.199 0.246 

61.000 10.0024 40.3952 16.876 0.117 16.108 0.056 15.599 0.096 15.124 0.146 

61.013 10.1278 40.3270 16.755 0.127 16.117 0.091 15.743 0.128 15.392 0.169 

61.119 11.1850 41.2515 16.822 0.069 16.097 0.079 15.612 0.102 15.159 0.193 

62.014 10.1427 41.1399 16.991 0.067 16.204 0.057 15.738 0.105 15.302 0.177 

62.036 10.3617 40.7811 16.675 0.057 16.162 0.053 15.805 0.139 15.469 0.212 

62.090 10.9006 41.2962 16.809 0.136 16.205 -0.005 15.677 0.126 15.184 0.177 

62.118 11.1849 41.8023 16.886 0.103 16.235 0.077 15.834 0.122 15.458 0.218 

62.180 11.8041 42.3521 16.855 0.215 16.156 0.073 15.754 0.159 15.377 0.312 

62.987 9.8676 40.3649 16.984 0.139 16.320 0.068 15.862 0.103 15.434 0.173 
63.128 11.2763 41.4939 17.114 0.094 16.296 0.070 15.689 0.113 15.124 0.163 

65.121 11.2065 41.5175 17.163 0.080 16.486 0.095 15.978 0.187 15.504 0.290 

66.041 10.4125 41.1814 17.205 0.063 16.630 0.029 16.220 0.163 15.836 0.211 

67.181 11.8060 42.2468 17.378 0.190 16.707 0.170 16.137 0.209 15.606 0.321 

69.136 11.3646 41.9251 17.638 0.125 16.882 0.068 16.425 0.127 15.998 0.236 

Table 2. The list of comparison stars for M31 generated 
as described in this work.  Right ascension, declination 
and magnitudes and errors listed are taken APASS 
DR10. 

ID RA deg Dec deg B mag B err V mag V err R mag R err I mag I Err 

24.348 23.4756 30.8115 12.962 0.126 12.266 0.099 11.797 0.135 11.359 0.176 

26.319 23.1907 30.7910 13.026 0.156 12.521 0.099 12.165 0.136 11.830 0.178 

27.359 23.5869 30.7995 13.154 0.121 12.605 0.101 12.225 0.136 11.868 0.176 

27.367 23.6688 30.6652 13.005 0.103 12.587 0.098 12.284 0.125 11.998 0.156 

29.328 23.2834 30.7702 13.357 0.117 12.848 0.095 12.497 0.133 12.167 0.175 

30.355 23.5457 30.4152 13.466 0.093 12.897 0.083 12.541 0.111 12.206 0.145 

30.382 23.8155 30.5358 13.550 0.098 12.945 0.102 12.560 0.128 12.199 0.162 

31.346 23.4566 30.6109 13.638 0.106 13.028 0.101 12.655 0.135 12.305 0.170 

32.331 23.3129 30.9336 13.815 0.048 13.141 0.059 12.664 0.101 12.218 0.151 

33.343 23.4330 30.5859 13.648 0.108 13.202 0.112 12.847 0.146 12.513 0.182 

34.364 23.6379 30.9650 14.009 0.164 13.287 0.092 12.793 0.121 12.332 0.156 

34.372 23.7197 30.4700 13.708 0.090 13.283 0.086 12.969 0.110 12.673 0.139 

35.370 23.6971 30.9409 14.090 0.154 13.361 0.097 12.904 0.127 12.477 0.162 

36.307 23.0678 30.5925 14.116 0.054 13.452 0.046 13.072 0.057 12.715 0.065 
36.336 23.3589 30.9517 14.177 0.135 13.467 0.098 13.036 0.133 12.632 0.170 

36.338 23.3781 30.8455 14.058 0.129 13.457 0.103 13.014 0.142 12.599 0.186 

36.345 23.4457 30.7715 14.057 0.126 13.526 0.098 13.150 0.132 12.797 0.171 

37.375 23.7521 30.7518 14.019 0.116 13.583 0.099 13.282 0.132 12.998 0.162 

38.342 23.4191 30.3202 14.320 0.097 13.742 0.077 13.307 0.106 12.900 0.144 

38.363 23.6330 30.6420 14.197 0.102 13.693 0.099 13.350 0.127 13.027 0.158 

38.365 23.6513 30.3572 14.198 0.094 13.706 0.085 13.328 0.110 12.973 0.140 

38.365 23.6535 30.8826 14.293 0.154 13.722 0.097 13.315 0.132 12.933 0.171 

39.347 23.4743 30.5725 14.416 0.108 13.758 0.089 13.378 0.124 13.021 0.165 

40.371 23.7081 30.4892 14.422 0.098 13.935 0.093 13.553 0.119 13.194 0.144 

41.371 23.7149 30.8747 14.656 0.162 13.953 0.088 13.513 0.121 13.101 0.156 

42.326 23.2629 30.5748 14.710 0.117 14.139 0.085 13.770 0.123 13.423 0.170 

42.352 23.5201 30.9533 14.744 0.116 14.132 0.069 13.734 0.114 13.361 0.175 

42.369 23.6895 30.9153 14.750 0.158 14.063 0.091 13.604 0.122 13.175 0.161 

42.373 23.7344 30.4975 14.844 0.119 14.052 0.092 13.540 0.119 13.062 0.147 

42.379 23.7864 30.6111 14.355 0.101 14.128 0.098 13.971 0.123 13.819 0.148 

43.310 23.1022 30.6355 14.932 0.034 14.241 0.056 13.798 0.072 13.383 0.089 

43.324 23.2392 30.3831 14.668 0.119 14.203 0.089 13.857 0.119 13.531 0.155 
43.340 23.4028 30.8521 14.682 0.140 14.244 0.100 13.893 0.138 13.563 0.190 

44.332 23.3169 30.4681 14.987 0.124 14.287 0.081 13.830 0.116 13.403 0.156 

44.374 23.7438 30.7309 14.876 0.105 14.290 0.097 13.901 0.126 13.536 0.157 

45.355 23.5500 30.4686 14.928 0.107 14.365 0.094 13.952 0.123 13.565 0.162 

45.360 23.5967 30.9213 15.099 0.151 14.431 0.109 14.001 0.137 13.598 0.166 

45.362 23.6240 30.4813 15.166 0.093 14.376 0.111 13.850 0.138 13.359 0.167 

46.314 23.1433 30.6768 15.090 0.035 14.452 0.047 14.128 0.057 13.823 0.074 

46.332 23.3192 30.7361 15.038 0.115 14.499 0.113 14.082 0.148 13.691 0.181 

46.344 23.4366 30.9369 15.302 0.113 14.514 0.084 14.022 0.127 13.562 0.183 

46.352 23.5169 30.4130 15.059 0.123 14.498 0.076 14.056 0.107 13.642 0.153 

46.369 23.6868 30.8290 15.149 0.105 14.470 0.085 14.008 0.116 13.576 0.149 

47.325 23.2527 30.7093 15.177 0.126 14.614 0.093 14.246 0.143 13.900 0.180 

47.340 23.3957 30.7650 15.158 0.126 14.560 0.101 14.110 0.142 13.689 0.189 

48.324 23.2424 30.4012 15.475 0.111 14.703 0.077 14.224 0.113 13.776 0.154 

48.332 23.3167 30.9203 15.396 0.149 14.662 0.100 14.180 0.140 13.730 0.180 

48.332 23.3158 30.6767 15.218 0.121 14.707 0.091 14.324 0.134 13.964 0.180 

48.333 23.3301 30.5633 15.233 0.112 14.739 0.087 14.400 0.122 14.081 0.169 

48.340 23.3987 30.9650 15.321 0.233 14.737 0.117 14.246 0.160 13.787 0.249 

48.374 23.7395 30.8093 15.069 0.118 14.694 0.094 14.402 0.122 14.126 0.164 
48.376 23.7618 30.5360 15.476 0.123 14.687 0.107 14.174 0.131 13.695 0.158 

49.343 23.4306 30.8869 15.187 0.097 14.836 0.091 14.567 0.137 14.312 0.183 

49.368 23.6843 30.4955 15.294 0.094 14.761 0.076 14.386 0.109 14.034 0.149 

51.358 23.5792 30.3438 15.613 0.162 14.994 0.087 14.583 0.125 14.198 0.185 

51.364 23.6413 30.3731 15.539 0.116 15.032 0.100 14.589 0.129 14.174 0.167 

51.378 23.7796 30.7034 15.567 0.120 14.996 0.101 14.640 0.127 14.305 0.156 

52.360 23.5960 30.6957 15.641 0.092 15.058 0.074 14.661 0.121 14.289 0.166 

52.373 23.7345 30.5092 15.692 0.140 15.142 0.095 14.753 0.129 14.388 0.173 

53.359 23.5880 30.5904 15.931 0.144 15.244 0.095 14.822 0.136 14.427 0.181 

54.322 23.2185 30.4008 15.845 0.134 15.265 0.092 14.849 0.128 14.459 0.168 

54.341 23.4125 31.0017 15.845 0.205 15.348 0.104 14.926 0.149 14.531 0.205 

54.365 23.6482 30.8966 15.873 0.166 15.265 0.162 14.858 0.195 14.476 0.241 

56.328 23.2791 30.4366 16.059 0.182 15.512 0.092 15.099 0.134 14.712 0.200 

56.347 23.4700 31.0027 16.225 0.136 15.469 0.095 15.029 0.150 14.617 0.212 

56.350 23.5005 30.4904 16.005 0.136 15.508 0.130 15.121 0.176 14.758 0.290 

56.359 23.5882 30.6114 16.075 0.179 15.485 0.118 15.085 0.157 14.710 0.197 

56.360 23.6019 30.4224 16.130 0.154 15.527 0.073 15.099 0.121 14.698 0.179 

56.362 23.6165 30.6426 16.012 0.116 15.468 0.082 15.079 0.115 14.714 0.172 
56.362 23.6238 30.9202 16.019 0.108 15.503 0.096 15.090 0.135 14.703 0.197 

56.364 23.6386 30.7123 15.999 0.116 15.476 0.085 15.109 0.124 14.764 0.171 

56.377 23.7722 30.5742 16.144 0.155 15.512 0.116 14.984 0.154 14.491 0.198 

57.334 23.3384 30.4408 16.270 0.138 15.574 0.115 15.162 0.156 14.776 0.204 

57.337 23.3749 30.9598 16.135 0.169 15.562 0.086 15.083 0.149 14.635 0.207 

57.356 23.5641 30.9805 16.295 0.124 15.575 0.163 15.109 0.206 14.673 0.247 

57.369 23.6935 30.8781 16.200 0.177 15.551 0.098 15.147 0.147 14.768 0.211 



 

SAS/AAVSO 39
th

 Annual Symposium Proceeding  

16 

57.380 23.7954 30.6355 16.297 0.139 15.555 0.066 15.096 0.112 14.667 0.181 

58.337 23.3744 30.3603 16.093 0.141 15.706 0.156 15.301 0.188 14.921 0.237 

58.363 23.6259 30.5678 16.154 0.165 15.726 0.086 15.387 0.138 15.068 0.207 

58.363 23.6341 30.9724 16.499 0.192 15.732 0.093 15.177 0.155 14.660 0.220 

59.340 23.4030 30.9556 16.240 0.137 15.754 0.095 15.409 0.147 15.084 0.233 

59.356 23.5633 30.4062 16.512 0.218 15.832 0.104 15.361 0.163 14.921 0.219 

59.359 23.5893 30.5383 16.386 0.169 15.834 0.155 15.409 0.207 15.011 0.285 

60.321 23.2128 30.4280 16.390 0.189 15.928 0.103 15.412 0.144 14.930 0.239 

60.366 23.6590 30.6471 16.522 0.210 15.901 0.094 15.468 0.134 15.063 0.193 

61.353 23.5258 30.8277 16.694 0.178 15.984 0.113 15.492 0.162 15.032 0.243 

61.356 23.5636 30.9119 16.755 0.210 15.964 0.115 15.537 0.173 15.137 0.241 
61.369 23.6893 30.4700 16.335 0.214 15.998 0.129 15.613 0.174 15.252 0.264 

62.336 23.3619 30.9901 16.815 0.228 16.148 0.127 15.782 0.211 15.438 0.362 

62.370 23.6952 30.4391 16.734 0.161 16.080 0.109 15.537 0.155 15.031 0.223 

63.321 23.2131 30.7456 16.846 0.191 16.249 0.129 15.730 0.175 15.246 0.236 

63.326 23.2610 30.7793 17.008 0.161 16.243 0.153 15.779 0.234 15.345 0.331 

63.369 23.6893 30.4896 16.835 0.127 16.209 0.090 15.604 0.168 15.041 0.245 

63.371 23.7141 30.5430 16.882 0.227 16.195 0.134 15.745 0.193 15.324 0.277 

64.336 23.3579 30.4440 17.037 0.242 16.257 0.138 15.810 0.199 15.392 0.291 

65.362 23.6235 30.3752 16.988 0.145 16.391 0.143 15.925 0.182 15.489 0.256 

66.306 23.0624 30.7033 17.081 0.416 16.527 0.050 16.077 0.191 15.656 0.261 

66.345 23.4531 30.3120 17.226 0.278 16.542 0.125 16.006 0.221 15.506 0.332 

66.365 23.6469 30.8839 16.980 0.078 16.484 0.064 16.115 0.192 15.768 0.402 

69.320 23.2012 30.4026 17.427 0.240 16.772 0.180 16.246 0.247 15.755 0.311 

71.360 23.6042 30.4577 17.510 0.126 16.958 0.066 16.299 0.123 15.686 0.208 

Table 3. The list of comparison stars for M33 generated 
as described in this work.  Right ascension, declination 
and magnitudes and errors listed are taken APASS 
DR10. 

ID RA deg Dec deg B mag B err NB V mag V err NV R mag R err NR I mag I Err NI 

55.121 11.2136 41.9942 16.118 0.017 16 15.467 0.031 26 15.067 0.028 14 14.681 0.032 7 

61.109 11.0865 41.9185 17.224 0.037 14 16.607 0.039 26 16.220 0.041 14 15.776 0.028 10 
61.110 11.1020 41.8576 16.552 0.011 16 15.992 0.022 29 15.620 0.018 14 15.232 0.026 10 

61.121 11.2137 41.5140 16.997 0.036 13 16.428 0.023 24 16.067 0.019 13 15.707 0.030 10 

62.142 11.4237 41.7910 16.979 0.017 2 16.519 0.024 3 16.195 -- 1 -- -- 0 

64.101 11.0092 41.7610 17.164 0.013 11 16.535 0.020 20 16.153 0.014 10 15.785 0.020 6 

65.087 10.8719 41.4467 17.268 0.031 14 16.555 0.038 24 16.100 0.043 9 15.647 0.024 7 

66.077 10.7728 41.6076 17.464 0.040 12 16.847 0.030 22 16.441 0.036 9 16.062 0.047 10 

67.115 11.1521 41.8592 16.930 0.019 17 16.431 0.023 31 16.103 0.021 16 15.775 0.038 10 
67.122 11.2243 41.8814 17.678 0.034 18 16.996 0.027 30 16.569 0.032 15 16.147 0.039 10 

68.126 11.2564 41.8459 17.214 0.030 18 16.594 0.021 31 16.198 0.023 15 15.809 0.035 11 

68.140 11.3969 41.5440 17.412 0.020 12 16.827 0.014 21 16.441 0.014 11 16.055 0.031 8 

68.141 11.4061 41.7794 17.694 0.022 5 16.899 0.026 9 16.409 0.030 4 15.999 0.069 2 

68.179 11.7939 42.2669 17.641 0.043 6 16.909 0.029 7 16.441 0.029 5 16.030 0.007 2 

69.051 10.5122 40.7390 17.746 0.021 5 16.688 0.036 6 16.056 0.037 4 15.539 0.034 3 

69.063 10.6292 41.7577 17.701 0.014 6 17.024 0.020 12 16.594 0.004 4 16.210 0.033 6 
70.086 10.8630 41.8820 18.302 0.031 11 17.397 0.026 19 16.819 0.029 11 16.291 0.032 6 

70.091 10.9141 41.8602 17.927 0.035 11 17.338 0.028 20 16.972 0.032 11 16.598 0.041 7 

70.09A 10.9131 41.7664 17.824 0.018 14 17.066 0.025 22 16.619 0.022 13 16.215 0.027 9 

70.109 11.0875 42.0178 17.645 0.037 17 17.018 0.030 27 16.620 0.029 15 16.225 0.037 9 

70.984 9.8434 40.5151 17.879 0.027 10 17.200 0.029 15 16.794 0.022 9 16.392 0.042 6 

70.992 9.9218 40.5566 17.690 0.029 15 17.102 0.032 21 16.710 0.028 15 16.345 0.035 9 

72.008 10.0836 40.5224 18.070 0.035 23 17.483 0.042 32 17.106 0.040 19 16.745 0.038 16 

72.058 10.5808 41.6623 17.373 0.018 4 17.420 0.036 8 17.387 0.041 3 17.381 -- 1 

73.097 10.9670 41.8836 17.792 0.040 8 17.200 0.031 14 16.831 0.039 9 16.644 0.432 4 

74.055 10.5451 40.9215 18.565 0.051 13 17.841 0.031 19 17.406 0.039 11 17.019 0.026 7 

74.069 10.6866 41.7421 18.163 0.027 13 17.522 0.033 23 17.088 0.030 9 16.645 0.030 10 

74.120 11.2030 41.4495 18.098 0.043 13 17.505 0.025 24 17.141 0.027 13 16.783 0.062 10 
76.010 10.0995 41.1347 18.229 0.056 7 17.652 0.033 12 17.298 0.044 7 16.959 0.021 4 

Table 4. The list of check stars for M31 generated as 
described in this work.  Right ascension, declination 
and magnitudes and errors listed are the Luminous 
Stars Survey.  

ID RA deg Dec deg B mag B err NB V mag V err NV R mag R err NR I mag I Err NI 

52.314 23.1437 30.7639 15.824 0.031 9 15.159 0.026 13 14.692 0.039 6 14.284 0.036 5 

58.313 23.1262 30.7072 16.286 0.020 9 15.724 0.014 13 15.331 0.027 5 14.945 0.031 4 

58.367 23.6687 30.5505 16.241 0.029 19 15.720 0.021 27 15.351 0.023 18 14.973 0.040 9 

59.370 23.7007 30.6240 16.352 0.034 17 15.792 0.024 25 15.400 0.022 17 14.990 0.026 9 

60.334 23.3377 30.4525 16.654 0.028 13 15.936 0.020 21 15.465 0.026 17 15.042 0.021 8 

60.339 23.3859 30.3204 16.511 0.028 8 16.064 0.018 14 15.686 0.021 9 15.329 0.018 5 

60.372 23.7166 30.5807 16.678 0.029 17 16.043 0.020 25 15.627 0.022 16 15.219 0.030 9 

61.344 23.4404 30.3783 16.786 0.019 10 16.094 0.016 16 15.600 0.026 11 15.155 0.012 5 

61.372 23.7158 30.6639 16.474 0.037 18 15.954 0.027 26 15.580 0.028 18 15.286 0.313 12 

62.328 23.2773 30.7742 16.748 0.024 14 16.125 0.024 18 15.703 0.017 7 15.302 0.011 5 

62.360 23.5982 30.9384 17.116 0.027 13 16.360 0.030 18 15.873 0.030 9 15.446 0.026 5 

63.313 23.1314 30.6688 16.867 0.019 7 16.170 0.022 10 15.719 0.027 7 15.271 0.023 8 

63.325 23.2510 30.3902 16.840 0.024 11 16.228 0.022 16 15.822 0.029 8 15.420 0.033 5 

62.32A 23.2812 30.8120 16.564 0.018 6 16.495 0.022 14 16.364 0.022 10 16.212 0.033 4 

64.338 23.3768 30.3540 16.965 0.023 10 16.252 0.016 16 15.730 0.017 11 15.252 0.014 5 

64.357 23.5710 30.8934 16.980 0.012 9 16.418 0.030 13 16.019 0.024 10 15.636 0.047 8 

65.354 23.5360 30.7029 17.095 0.049 21 16.420 0.036 28 15.974 0.025 20 15.576 0.037 15 

66.335 23.3461 30.8573 17.219 0.028 7 16.558 0.021 12 16.120 0.025 8 15.686 0.036 6 

67.352 23.5234 30.5542 17.294 0.025 20 16.484 0.027 30 15.956 0.027 20 15.461 0.025 12 

67.382 23.8208 30.6213 17.137 0.029 8 16.591 0.021 11 16.193 0.024 9 15.845 0.035 3 

68.332 23.3184 30.3850 18.458 0.029 7 16.988 0.025 12 15.852 0.026 8 14.547 0.012 3 

68.334 23.3356 30.8171 17.336 0.035 11 16.709 0.027 17 16.269 0.033 11 15.843 0.029 6 

68.348 23.4809 31.0025 17.042 0.025 3 16.730 0.029 6 16.474 0.013 5 16.202 0.009 4 

68.349 23.4863 30.8912 17.814 0.033 8 16.699 0.032 12 15.939 0.031 7 15.306 0.031 8 

68.361 23.6131 30.4583 17.412 0.038 14 16.758 0.038 22 16.304 0.030 13 15.870 0.049 9 

69.349 23.4860 31.0040 16.793 0.022 3 16.725 0.023 6 16.553 0.019 5 16.343 0.015 4 

69.360 23.5952 30.6776 17.417 0.041 18 16.813 0.030 26 16.411 0.033 18 16.005 0.039 12 

70.332 23.3206 30.8242 17.528 0.027 11 16.921 0.033 17 16.486 0.040 11 16.083 0.028 6 

70.366 23.6588 30.4996 17.423 0.039 16 16.790 0.021 23 16.363 0.028 14 15.939 0.059 7 

71.310 23.0953 30.5227 17.978 0.045 8 16.885 0.031 14 16.151 0.020 7 15.582 0.028 6 

71.373 23.7264 30.4542 17.665 0.038 5 16.945 0.029 6 16.462 0.053 4 16.068 0.096 3 

72.359 23.5867 30.9525 17.728 0.023 6 17.037 0.024 8 16.567 0.030 7 16.104 0.035 6 

73.347 23.4710 30.3236 18.016 0.033 8 17.565 0.036 14 17.172 0.050 9 16.756 0.039 5 

73.362 23.6231 30.9126 17.923 0.025 9 17.128 0.025 12 16.630 0.021 9 16.192 0.024 9 

74.340 23.3991 30.3590 17.830 0.026 10 17.170 0.015 16 16.672 0.023 11 16.230 0.024 5 

75.340 23.3958 30.4275 17.929 0.042 12 17.258 0.026 18 16.791 0.037 14 16.323 0.038 7 

77.344 23.4380 30.8522 17.932 0.033 14 17.169 0.026 19 16.620 0.033 13 16.100 0.037 10 

Table 5. The list of check stars for M33 generated as 
described in this work.  Right ascension, declination 
and magnitudes and errors listed are from the Luminous 
Stars Survey.  
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Abstract  

       We present a set of reference resources and machine-ready spectral data covering optical bands from UVA 
through 8000+ Angstroms, based on our literature/informatics search of bright spectro-photometric calibration 
sources suitable for small telescope investigations. These data are made available as ñ.datò ASCII 
whitespace/column data with absolute units of ergs s

-1
 cm

-2
 Å. These catalogs have been translated and 

augmented for small telescope spectroscopy using additional data from SIMBAD, GAIA and other references to 
produce a PostgreSQL database. We include a generic telluric line table and files suited to popular 
planning/operational planetarium programs. We discuss the salient aspects of each library reviewed. We include 
methodology to acquire spectral measurements of filters and lamp sources common with photometry and 
spectroscopy. These data and scripts are available through an MIT open source license via GitHUB/Docker and, 
to the extent possible, are platform agnostic. 

1. Introduction  

The Next Generation Spectral Library (NGSL) 

Version 1 (Heap and Lindler, 2007), and NGSL 

Version 2 (Heap and Lindler, 2010) are published 

collections of 377 spectra of sources taken with the 

Hubble Space Telescopeôs (HST) Space Telescope 

Imaging Spectrograph (STIS). The reported vacuum 

wavelengths span 0.2-1.0 ɛm at an effective 

resolution R~1000. These spectra represent the 

energy distribution as seen from Hubbleôs orbit, 

without any Earth-based telluric contamination, 

corrections for radial velocity, line-of-sight extinction 

or any modeling-based adjustments. Wavelength 

calibrations were done with the starôs features and are 

in the starôs rest frame. This calibration approach 

maximized the satelliteôs throughput and negates the 

Earthôs and satelliteôs velocities. 

We converted the FITS tables to ASCII tabular 

ñ.datò files suitable for both IRAF and for small 

telescope scientistsô tools
À
. To assist with planning 

and ancillary reduction techniques, we added and 

integrated SIMBAD information to the fullest extent 

possible. We present a technique to develop the 

spectral profiles of common photometric and other 

filters that may be used by the community when 

applying photometric observation technique 

described by (Bessell, 1983) to estimating overall 

absolute flux of spectra. 

  Preliminary tests of this new reference material 

consist of observing sets of stars and comparing 

ñone-against-the-otherò.  We plan to compare other 

catalogs popular in the community as well. Poor 

weather and other conditions prevented completing 

these tests. This paper is an announcement and first 

report on the project. The UV coverage and more 

exact representation of the flux from these targets are 

suited to direct observation and use by the Small 

Telescope community. 

Inexpensive spectrographs such as the LowSpec-

2 (Rodda et al., 2020) and LowSpec-3 (Gerlach, 

2019) provide an excellent response over a 3600-

7800 Å wavelength range. The newer UVEX 

3D/Mechanical spectrograph (Buil et al., 2019) 

pushes the lower limit below 3200 Å. The UVEX 

instrument shows promise for research into Earthôs 

physical and aerosol atmospheric characteristics 

using ground based astrophysical techniques 

(Pagnutti, 2020). 

We have also included an ASCII .dat table of 

Earthôs telluric lines taken from (Ulmer-Moll et al., 

2019) to assist with the identification of these 

features in small telescope data. The strength of these 

vary over intervals of just a few minutes and cannot 

be relied upon for energy. They are in the observerôs 

rest frame and make for high-reliability wavelength 

references where they occur. This is useful with HŬ 

observations by small Littrow and echelle 

instruments in the R~10000-20000 range. 

Publication consists of extended electronic 

appendices at GitHub
ÿ
. The documentation is at 

ReadTheDocs.io 
ÿÿ

. 
 
The appendix consists of the raw 

files, a Dockerfile and other resources needed to 

reproduce a working copy of the database.  The 

database has been augmented with current SIMBAD 

information to provide a consistent overview of each 

target for planning of observations and reduction of 

data. 
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This collection is part of a continuing effort to 

provide complete lower resolution references for 

faint-magnitude work with SNe and classical novae 

and higher resolution work with bright emission stars 

as well as planetary nebulæ work by (Le Dû et al., 

2018). 

Accurate spectro-photometric references are 

critical when producing an instrumental correction 

curve. Small telescope spectroscopy takes place at 

lower altitudes than professional observations under 

more polluted skies. Since these observations are 

attracting attention from the Earth aeronomy and 

atmospheric scientists, extended records of the 

meteorological information in FITS headers is 

recommended. 

 

 

Figure 1:   Magnitude Distribution out of 377 total stars 
of questionable   NGSL Reference Candidates. Created 
with complex logic within   PostgreSQL and 
Python/Matplotlib. One T -Tauri star omitted.  

 

2. Methods 

Currently we are only working with the NGSL 

catalog. Other catalog are in progress and their issues 

inform our general approach. PostgreSQL treats each 

database as an isolated entity.  Inter-database 

communications are complicated. However, 

PostgreSQL schema partition a single database into 

well managed sub-datasets. Each catalog is 

maintained in its own schema. The FITS spectra 

archives are located, downloaded and the FITS file 

headers are captured into a master órawô database 

table using the provided Python3/Astropy  

ñfits2psqlrawò based capture program (Astropy 

Collaboration et al., 2013, 2018).  Multiple FITS 

HDU headers are preserved verbatim as a single 

PostgreSQL JSONB field type and basic additional 

data is gleamed and preserved using fits2psqlrawôs 

switches. 

PostgreSQL ñMaterialized Viewsò and other 

stored procedures are used to isolate complicated 

logic and ñjoin expressionsò to facilitate general use. 

Both the name of a star and its position are not 

sufficient to find a starôs data within the database. 

Target synonyms, misspellings, abbreviations, 

truncations of star names, different epochs and small 

errors in reporting complicate tying a spectrum to an 

exact star. 

These data represent a broad survey of stars of 

interest to the modeling community and do not serve 

as great photometric reference stars. It is important to 

remove stars that have their own issues. We have 

found double stars may not be a problem provided 

the offending companion can be kept away from the 

slit to prevent significant signal contamination. 

Variable stars are identified in SIMBADôs 

ñal ltypes ò table group in roughly 28 different 

ways. SIMBADôs spectral types are of average to 

poor quality but sufficient to rule out ócomplicated 

starsô, such as emission stars and cool giants, as not 

suited for use as reference stars. 

Currently, the Washington Double Star Catalog 

(Mason et al., 2001), as retained by VizieR and 

therefore directly accessible via TOPCAT by the 

broad community, is downloaded and maintained in 

its own PostgreSQL schema. 

A double star example: SIMBAD has a synonym 

for WDS J04076+3804AB, where the WDS catalog 

itself omits both the ñWDSò, the ñJò and the ñABò. 

The WDS to SIMBAD name translation is achieved 

through SQL by: 

 concat(óWDS Jô,wds.coord,wds.comp).   

It is often the case with FITS headerôs OBJECT 

names that the approach to abbreviations differ 

within the same collection of files. Since the number 

of FITS files are small, manual editing is acceptable 

in order to make a consistent database. This paper 

presents tricks for manual editing in the electronic 

appendix. 

Discordance between FITS headers and 

SIMBADôs collection includes conditions like: 

 

¶ Correct Names (we prefer SIMBADôs 

main_id  name). 

¶ On average, 30 synonyms as popular name 

are often more widely used by the 

community. 

¶ All SIMBAD Fluxes aid in estimating the 

overall blackbody and for first-order flux 

calibration. Missing fluxes factor into our 

confidences. 

¶ Position in crowded fields, together with the 

magnitude offer strategies to choose 

references. Some NGSL stars are in clusters. 
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¶ Spectral classification helps to match 

reference star to target stars 

¶ Combining an instrumentôs response curve 

and spectral classification together with 

fluxes helps to predict overall exposure 

times to match SNR requirements. 

¶ Reference stars with companions or 

background contamination unknown at the 

time the FITS files were produced. The 

WDS catalog (separation, pa, etc.) with 

150,803 stars is included. Our extended 

release will include background stars from 

GAIA data: 

- resolved - wide pairs are fine 

- unresolved - close pairs with close 

magnitudes are an issue 

- the Vizier ID for WDS is ñB/wds/wdsò 

 

¶ The SIMBAD nomenclature for variability 

has numerous types that require a complex 

test. 

¶ Hotter stars with small features are preferred 

for reference stars. 

¶ Other peculiar aspects of the star. emission, 

nebula lines, peculiar nebula, etc. 

 

 
Figure 2:  NGSL Basic Workflow: 1) Get the WDS catalog 
once; 2) Find and download the FITS archive; 3) Export 
órawô file with single/multiple HDUs into database 
schema; 4) Use TOPCAT to create raw tables of with 
SIMBAD/Other data; 5) Materialized Views and external.  

The 150,803 stars of the Washington Double 

Star Catalog was acquired via a TOPCAT query of 

VizieRôs ñB/wds/wdsò. The star ñHD 25893ò 

indicated ñbadò.  A query of the WDS (Table 1) 

shows a close companion to the main star and a close 

companion of a widely separated star. The AB 

companion case rejects this star as a decent reference 

star -- but the CD companion case, while close, is not 

related to the A component. Complete consideration 

of all separations in the hierarchical structure of the 

target star is necessary. 

Example from our PostgreSQL database is in 

Table 1 below. 

8.1 Risk of contamination by a close 

companion 

HD 25893 has two components with small 

separation and relatively the same brightness. This 

star is not suited for spectrographic comparison. 

Assessing the impact of the background 

contamination requires a bit of logic. Here HD 25893 

A component is the one studied, with close proximity 

to the B component. The AC separation is large, and 

while the CD separation is close -- that problem is 

well away from the main star and capable of being 

ignored.  The fail for this star is on the AB pairôs 

separation and comparable brightness. 

 
 

8.2 Other methods 

TOPCAT will return data with the occasional 

0x00 bytes. While designated as ñNULLò in the 

ASCII table, PostgreSQL will fail during a TOPCAT 

upload operation. The TOPCAT data is repaired by 

saving to a local CSV file, running a Unix command, 

ñ< bad.csv sed - e ós/\ o000/NULL/gô > 

good.csv ò loading the good.csv  file and resuming 

the upload attempt. 

FITS files consist of one or more ñHeader Data 

Unitsò (HDU). Each HDU consist of three fields 

(KEYWORD, VALUE, [optional comment]).  The 

new standard provides for continuation cards. 

Historically, COMMENT and HISTORY cards may 

be used. The Python/Astropy program ñfits2psqlrawò 

is given a set of FITS files and produces a textual file 

suitable for directly loading into PostgreSQL. There 

are times where the older HDUs may be written 

inconsistently with Astropyôs wrapped version of 

cfitsio (Pence, 1999, 2020). While Astropy is 

forward-looking, there is no easy way to ameliorate 

the problems. 

The database is designed to be extensible to meet 

local usersô needs. Tools like Aladin (Nebot Gomez-

Moran et al., 2020) are interoperable with TOPCAT 

(Taylor, 2020) and SAOImage/ds9 (Joye and 
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Mandel, 2005) to assist with the program 

development, planning, reduction and publication. 

 

3. Usable stars 

The disambiguation of usable stars using 

SIMBAD data has complicating issues.  Testing the 

database against other resources, like Aladin, the 

WDS catalog, etc. shows care must be exercised with 

each star. 

For example, HD 28978 with SIMBAD óotypesô 

of - X |* |UV |IR  - a spectral classification of 

A2IV with a confidence level of óCô. The otypes of 

NGSL database lists 57 X-Ray sources (otype of X).  

While SIMBAD offers an XMM observation number 

of 0143630901, casual use of Aladinôs offers of 

XMM images show no strong evidence of X-rays 

from this starôs position.  There is a near-by target: 

Mrk 1506, a Seyfert 1 Galaxy that is quite bright. 

Additional follow up is required. 

 

Summary: A deeper investigation of the X-ray 

reference attached to this star, contained in the 

associated ñotypesò from SIMBAD is in order. 

 

A second example is a deep-dive into the double 

star HD 25893, from the database (Table 1 below). 

HD 25893 shows the need for a containerized 

database, accessible from a more traditional 

programming language like Python 3 or SWI-Prolog. 

This permits complex logic to be applied using an if-

then-else structure or the judicious use of triggering a 

green-cut operator when the target is too close to a 

contaminating source. 

 

Summary: We need to rely on larger datasets 

for raw information related to targets or reference 

sources. The container offers ease of access without 

un-necessary impact on the analysistôs operating 

system resources. 

 

 

4. Measuring Photometric filters 

Flux data was added to the NGSL database to 

assist with rough estimates of exposure times, SNR, 

and for first-order absolute flux calibration. Bessel 

(Bessell, 1983) describes a technique using 

photometric observations of spectrographic targets 

for a first-order absolute flux calibration fit. In order 

to use this technique for small telescope work, it is 

necessary to have a good understanding of the filter 

being used. Modern birefringent filters have different 

response curves. The small telescope scientist that 

wishes to use this approach may consider measuring 

their exact filters. 

Yeager undertook examining filters with the 

LowSpec-2 spectrograph with an eye towards 

óscience-in-the-cityô. This was extended to include 

additional photometric filters. The data were taken in 

a closed room using a ZWO 1600mm-cooled camera 

and filter wheel pointed at a tungsten light source. 

The exposure times were varied, and levels of noise 

were determined for the detector. The exposures were 

calibrated in the usual manner using a Ne/Ar Relco 

bulb. Results were published in a presentation made 

to a local astronomy group. 

 
Figure 3:   Example of some common filters measured. 
(a) shows how visual filters are not suited to science 
observations; (b) measured narrow band filters suited 
for science work; (c) spectrum of a LED house lamp 
bulb brighter in the blue; (d) alignment of narrow 
passbands with the pollution lines.  

The spectrum for an EL panel is in Figure 4 

below. 

The critical issues for flux calibration include: 1) 

the state-of-affairs of the observerôs local atmosphere 

and current solar activityôs nightly contributions to 

telluric lines; 2) engineering aspects including the 

telescope/spectrographôs combined point-spread-

functions, deflection and thermal expansion; 3) 

operational aspects including planning and 

scheduling reference star observations and applying 

parallactic angle for observations; 4) reduction of the 

data under necessary attendant subjective decisions; 

and 5) the need to provide a meaningful audit trail of 

reduction steps.  Many of the pressing issues for large 

professional telescopes are lost in the noise for 

R~1000 low-resolution small-telescope (ST) 

community but remain for the R~10000/20000 

spectrographs. 

The small telescope community works closely 

with projects and individual researchers to collect and 

publish spectra. Each project has its area of emphasis, 

perspectives and priorities. Every reduced spectrum 

carries inherent noise. This makes it mandatory to 
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retain all images related to spectra that we publish. 

Todayôs routine small telescope patrol image is 

tomorrows pre-discovery image. 

 

5. Conclusion 

The need for flux-calibrated bright stars to 

support small telescope spectroscopy is needed. All 

white dwarfs are too faint for practical use. A follow-

up program of monitoring the handful of NGSL stars 

that meet the selection criteria under different 

conditions and over a given period can be achieved 

by simply collecting all attempts together and 

performing the necessary statistical analysis. We 

strongly support ñpiggy-backò multi-band 

photometric observations be made concurrent with 

the spectral imaging. This will provide a wealth of 

photons of these bright stars and fews of millimag 

photometry will be possible. Future work will include 

refining this technique and applying it to several 

other catalogs we uncovered during the research for 

this work. 
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     SIMBAD Name       

From WDS 

First 
Separation 

Lasl 
Separation 

Primary 
Magnitude 

 Secondary 
Magnitude  

 
 WDS J04076+3804AB     3.4 3.4 3.4 3.4  

 WDS J04076+3804AC     239.8 239.8 239.8 239.8  

 WDS J04076+3804AE     746.1 746.1 746.1 746.1  

 WDS J04076+3804CD     1 1 1 1  
Table 1:   Local PostgreSQL database results show the tight separation between C and D components are not an 
issue, as C is well away from the primary. However, the separation between A and B is an issue.  

 

Type   SIMBAD Abbreviation   Count 

ALgol Stars    Al*   2 

EB stars       EB*   2 

SB stars       SB*   57 

Double SB      **  not V* or SB*  123 

Variable 
Stars   V*  117 

Total:              301 

Table 2:  Combinations of SIMBAD ñotypeò abbreviations that suggest bad candidates.  
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Figure 3:   Example of some common filters measured. (a) shows how visual filters are not suited to science 
observations; (b) measured narrow band filters suited for science work; (c) spectrum of a LED house lamp bulb 
brighter in the blue; (d) alignment of narrow passbands with the pollution lines.  

 

 
Figure 4 :  Electroluminescent flat -panel for spectral flats.  
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Abstract  

Anthony Rodda, following Paul Gerlach's LowSpec design, introduced this team to the power of 3D printing for 
astronomical purposes at the AAVSO Fall Conference in 2018. This was reinforced at the Sacramento Mountain 
Spectroscopy Workshop (SMSW-2) in Las Cruces, NM in February 2019. We have created a shared repository 
which contains results, videos and other resources in support of 3D spectroscopy located on GitHub. This paper 
offers considerations about calibration lamps, thermal expansion issues related to ABS, PETG and other 3D 
media, optics, automation, telemetry, communications and adapting to other focal-lengths.  

1. Overview 

During the SAS 2019 Symposium, Foote (Foote 

et al., 2019) presented the results of an international 

collaboration of small telescope scientists working to 

replicate, explore and adapt the LowSpec-2 project 

(Gerlach, 2020) for 3D printing an R~1000 

spectrograph. This paper details the collaborationôs 

efforts with the LowSpec-3, leading to a new and 

improved LowSpec-NA1 device that incorporates 

remote robotics and ancillary devices.  The LowSpec 

design is in its third iteration and we use that 

platform as the basis for our developments. 

 

The aim of this initiative remains to provide a low-

cost reliable and stable spectrograph capable of 

performing a wide variety of observations under 

remote control, covering low to medium resolutions.  

This will provide an instrument for astronomers 

wishing to produce professional grade science 

contributions. 

 

Whilst it is likely that the LowSpec and other 3D 

printed spectrographs will undergo further 

development elsewhere, the authors have identified a 

rich list of enhancements which now form the 

specifications for the LowSpec-NA1 described 

below. 

 

Figure 1 shows the original LowSpec-2 layout.  This 

is the spectrograph that started our investigation.  The 

layout of the latest version, LowSpec-3, is shown in 

figure 2.  LowSpec-3 upgraded the camera lens to a 

100 mm lens and provided a removable mechanically 

improved turntable/grating holder.   

 

 
Figure 1 - The LowSpec 2 optical layout. (Credit: Paul 
Gerlach -- LowSpec-2 Manual) 

 

 

 



 

SAS/AAVSO 39
th

 Annual Symposium Proceeding  

26 

 
Figure 2 - LowSpec3 (Credit: Paul Gerlach -- LowSpec-3 
Manual) 

 

Other general issues under consideration for 

development include the orientation of the 

spectrograph to correct for parallactic angle, 

improved guiding, an inbuilt calibration unit, using 

more than two cameras at the same time with one 

computer, the cabling associated with the 

instruments, length of the cables required for larger 

diameter OTAs, and several aspects of focusing the 

instrument.  The ultimate aim is to achieve full 

robotic automation. 

 

2. Areas Addressed 

2.1 Calibration Lamp  

The LowSpec-3 design does not, at present, 

include an inbuilt calibration unit. 

The group experimented with local Ne/Ar ballast 

lamps from fluorescent lights which provided usable 

blue as well as red calibration lines.  This expanded 

the useful range of calibration lines across the whole 

visual spectrum from 380nm to 850nm.   

After experimenting, our group decided to utilize 

the Relco bulb, commonly available in UK/Europe, 

which contains both the Argon and Neon gases to 

accomplish spectral calibration within the above-

mentioned range. If this bulb is energized correctly it 

glows with emission lines of the two gases.  (See 

Figure 3 for a plot of Relco Ar/Ne emission lines.)   It 

is designed to operate on 50Hz 240VAC.                

Rodda placed the bulb directly adjacent to the 

Schmidt Cassegrain Telescopes' (SCT) secondary. 

This moves the weight from the payload to the OTA  

 

 
Figure 3 - Relco Neon/Argon emission.  

 
Figure 4.  Modified calibration lamp circuit using either 
the American or European transformers as a build -
option derived from Walkerôs circuit. 

and provides repeatable calibration spectra.  The 

small size of the power unit developed by the authors 

allowed it to be easily hidden behind the SCT 

secondary mirror. 

Walker (Trypsteen and Walker, 2017) published 

a 555 timer/transformer circuit (see Figure 4) using a 

German transformer made by Block. Green and 

Yeager located a transformer more readily available 

in the US and Yeager adapted the circuit and 

produced a preliminary Printed Circuit Board (PCB). 

The design runs the transformer backwards by 

applying 6-12 switched DC to the secondary, causing 

a 250 VAC output on the primary. This circuit seems 

to provide the best energizing of the Relco lamp 

when operating at about 500Hz.  

Experiments were done with respect to the shape 

of the input beam into the slit of the spectrograph. 

The premise assumed a converging beam that more 

closely matched the converging beam of the 

telescope would be best. Foote and Smith devised a 

motorized device to lower a mirror into place and 

allow the selection of Ne/Ar or flat tungsten lamp 

light input. The device uses a small stepper motor 

driving a threaded rod with a mirror on the end. This 

rod can be advanced into the incoming light path 

from the telescope just in front of the slit. The lamps 

are  positioned on  the  opposite side of the  LowSpec  
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Figure 5.  Calibration injector. 

 

such that their light hits the mirror and then is 

reflected into the slit. This injection screen provides 

good illumination without forcing a match of the 

calibration light to the f-ratio.  This can be seen in 

Figure 5. 

Previously, injection of the calibration and flat 

bulbs directly into the incoming light cone was 

attempted using a reversed Off Axis Guider. This was 

ultimately not successful because the direction of the 

light was not in the same plane as the incoming light 

cone, so as it exited the slit, it did not hit the main 

objective mirror or the grating.  This can be seen in 

Figure 1.   

 

2.2 Mechanical and Optical Flexure 

Calibration shifts 

The authors also experimented with introducing 

flexure into the instrument by propping up a corner. 

This also demonstrated a shift in the position of the 

calibration lines shift with respect to orientation is an 

issue. 

Most spectrographs are developed along the 

optical axis. This places the camera at a position 

farther from the back of the OTA and poses a 

clearance issue with fork mounted scopes. For the 

LowSpec-2 this is not an issue. 

Even though the 3D printing process (plastic 

material) can print the T2 threads, the authors found 

that the coupling between the telescope and camera 

needed to be improved and decided upon standard 

metal fittings.  

 

 

2.3 Thermal Shifts  

Yaeger discovered calibration discrepancies with 

the LowSpec-2 under thermal loads encountered 

during the winter conditions in Colorado, USA.  This 

led to using an Arduino and Maxim/Dallas 18B20 

temperature sensors to monitor differential 

temperatures while taking exposures. The 

spectrograph was not moved between exposures to 

rule out flexure and other aspects. The conclusion is 

that a shift was observed in the position of the 

calibration lines on the CCD sensor due to 

temperature over a duration matching a nominal 

exposure sequence. 

The southern part of the United States 

experiences large shifts in diurnal temperature. The 

expansion coefficients of the printing plastics are on 

the order of 50ɛm per meter per K. The coefficients 

for aluminum/brass and steel are on the order of 21 

and 9 ɛm/m/K respectively. The current layout of the 

LowSpec-3 allows different areas to come to thermal 

equilibrium at different rates, introducing torque on 

the optical axis. Other observers, located in Northern 

Europe and the UK, for example, do not experience 

these fast/large temperature swings.  

An analysis of the component layout of the 

LowSpec designs revealed the source of the 

wavelength shift. Initially it was thought that the 

angle between incoming collimated beam into the 

grating and the outgoing collimated beam into the 

camera lens was the cause. A location diagram 

followed by controlled thermal expansion testing 

revealed that the angle doesnôt change. 

It was found that the temperature-induced 
wavelength change was due to the LowSpec 

micrometer and arm which are part of the 3D printed 

grating stage.  As such, when the temperature 

changes, these dimensions change thus altering the 

grating angle. 

 

2.4 Focus 

Due to the thermal expansion of the 3D-printed 

LowSpec body, focus drift over a night's run is a 

problem. Additionally, due to the simple achromatic 

camera lens there is a curved focal plane at the 

camera. This curved plane puts the red and blue ends 

of the spectra out of focus when the center of the 

dispersion is in sharp focus. This effect is more 

noticeable when operating at low R values. Part of 

the automation effort involves being able to refocus 

the spectrograph between runs. This involves both 

mechanical drives as well as software capable of 

rapidly determining FWHM of the calibration 

emission lines. 
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2.5 Guiding 

The current spectrograph optics produce a less 

than optimal image with poor peripheral star images 

such that only the central third of the guide image is 

usable.  It should be stated that this is common in 

mass produced spectrographs. Increasing the 

diameter of the guide camera lens resulted in better 

star images.  

A LED added inside the spectrograph 

momentarily illuminates the slit to establish its 

orientation with respect to the guiderôs sensor. This is 

also helpful for positioning the target star on the slit. 

The field of view of the guide camera has to be 

large enough to allow guiding software to function 

and to allow use of an off-slit star when the target star 

is too dim to correctly center it on the slit and guide 

with it. 

 

2.6 Gratings and Grating Orientation  

The working dispersion range is controlled by 

the focal length of the ñcamera'' lens as well as the 

number of lines per mm of the grating. Orientation of 

the grating is critical to avoid order-overlap at low 

resolution. The current implementation allows for 

gratings to be quickly changed without the need to 

dismount the entire spectrograph, further enhancing 

the usefulness and flexibility of this system. 

The authors have developed a motorized remote-

controlled grating turntable that enables remote 

alignment and wavelength selection. As alluded to in 

the thermal analysis section, rather than using a 

micrometer pushing on an arm to adjust the grating 

angle, the grating holder was fitted with a gear. This 

gear was then driven by a high-resolution stepper 

motor with a spring bias to take up any gearing slack. 

Positioning the grating by having the motor 

approach from the same rotation direction, biases the 

lash in a repeatable fashion, keeping the grating angle 

to within 1 minute of arc.  Further, any thermal 

expansion of the rotation system does not change the 

gearing ratio and thus does not change the grating 

rotation angle. 

One might think that an accuracy of less than one 

minute of arc would not be sufficiently accurate for 

the spectrograph, however, the purpose of changing 

grating angle is only used to center the wavelength of 

interest on the camera. Calibration frames are always 

taken for every spectra group and the important 

criteria is that the calibration doesnôt change during 

the run. 

 

2.7 The Slit and Slit Assembly  

 

The slit assembly of the LowSpec-3 uses the 

Ovio slit which we have found convenient due to the 

wide selection of widths from 10µm to 500µm in 12 

steps. We have investigated motorizing the slit width 

selection so that this can be changed depending on 

the object or conditions.  

 

2.8 Camera and Instrument Remote 

Control  

A key desire of the project is the need for remote 

control and full automation.  This involves mounting 

small computers on the mount or optical tube and 

using open interfaces. 

John Hoot (Hoot, 2019) introduced the idea of 

using an ODroid XU4 Single Board Computer (SBC) 

with an eMMC flash drive and running a ARM 

Cortex-A53 processor with Ubuntu 18.04 OS. The 

heart of the main software suite includes KStars, 

Ekos, and INDI capable of controlling 2 USB 

cameras.  The SBC is small and light enough to be 

attached to the OTA.  The SBC requires only Power, 

Ground and an ethernet cable and is remotely 

controlled through X-Windows protocols. The 

software suite has been augmented by compiling 

SAOImage/ds9 (Joye and Mandel, 2003, 2005) from 

source on the SBC, adding Sextractor (Bertin and 

Arnouts, 1996; Bertin et.al., 2015) and 

Astrometry.net (Lang et al., 2010, 2012) with a 

subset of the index files as required for the field size. 

The ds9 program assists with focus.  

Images are acquired and stored on the SBC and 

may be simultaneously written via SMB or NFS 

protocols to a remote computer. The SBC also 

supports a distributed MQTT broker service and 

handles telemetry reports from various additional 

instruments discussed herein.  

 See Figure 6 below for a high-level logic 

diagram. 

 

2.9 Telemetry  

A major benefit of the remote-control approach 

is the greatly simplified wiring connections needed 

for operation.  It is envisaged that a single ethernet 

cable and one separate power lead will be required 

for all spectrograph and camera control operations. 

The heart of the communications is a distributed 

round-robin multi-drop serial communications 

protocol where several devices share a common 

Rx/Tx line with a ñmaster/hostò. A master polls a 

suite of peers -- the peer recognizes its address and 
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transmits the proper response. MQTT is implemented 

as a TCP/IP ñpublish/subscribeò architecture sending 

ñreal-timeò ñstate-of-affairsò telemetry to the 

network. In MQTT, a ñsubscriberò registers its 

address together with a ñtopicò. Each sensor/data-

source prepares information to pass along as a 

fragment of a larger topic. This concept can be used 

for automation of multiple instruments or, indeed, 

observatories., For example: ñPier-1ò has a sensor 

that monitors the temperature of the back of a grating 

within its payload named ñATM_Monitorò. An 

example MQTT Topic might be: 

ñSMTNet/Strausburg/Pier-

1/ATM_Monitor/Focuser/...ò where requests for 

information or commands are ñpublishedò and 

accepted, and responses are likewise ñpublishedò 

responses/acknowledgements/data may be returned. 

 

 
Figure 6.  Shows only two cables, power and LAN cable 
connecting the mount to off -site PC.  

 

The serial port nature of single-board-computers 

(SBC) makes it necessary to use a larger Raspberry-

Pi/ODroid computer with Ethernet capability to serve 

as one of possibly many ñBrokersò in the system. The 

Broker polls each SBC, aggregates the responses and 

ñpublishesò the messages. In the larger system, a 

PostgreSQL database 

is a subscriber -- adding ñpersistenceò to the 

messages. Persistence provides a logging mechanism 

and provides machines that drop-out and recover the 

chance to review the recent state-of-affairs of the 

system.  

The Arduino Nano 33 BLE Sense is a single 

board microcontroller with a number of sensors on 

the card. The main sensors are a microphone, a 3-axis 

accelerometer, a 3-axis magnetometer, a 3-axis 

gyroscope providing a 9-degree of freedom (DOF) 

IMU, temperature sensors and light sensors.  The 

Arduino computers use a subset of C++ and classes 

have been written to adapt each sensor to the small 

telescope spectroscopy needs. Telemetry is 

``published'' by the Arduino and managed by a 

MQTT broker running on the ODroid. C++ and 

Python classes are available. See the electronic 

appendices for this paper provided in public GitHub 

and documentation repositories.  They may be found 

at: 

https://github.com/The-SMTSci/NGSL 

 

MQTT Banks et al., 2020; Light, 2017) is a 

Publish/Subscribe protocol. Messages are simple but 

may include embedded text-only JSON structures. 

Each sensor may publish its data and many 

subscribers may receive the messages. The sensor 

module may subscribe to a topic as well and receive 

instructions. A non-MQTT out-of-band serial control 

structure has been developed to allow one or more 

Arduino devices to take sensor readings, perform 

basic actions, etc. in a distributed manner.  

Overall, the MQTT is well known and well 

supported. Control can be by special code modules or 

via the Node-RED (OôLeary and Conway-Jones, 

2013) web-based mechanism and a simple browser.  

 

3. New Directions  

In keeping with the design philosophy of the 

LowSpec, any new design must be easy to fabricate 

and keep the cost low. Toward this end the 3D 

printed spectrograph body is being replaced with a 

commercially available die-cast aluminum box. This 

requires some machining but delivers enhanced 

mechanical strength, light insulation and lower 

thermal expansion. Clever hand tools and additional 

printing can be employed. The optical layout is 

achieved with printed parts to hold each of the 

components. In addition, a larger collimating lens 

reduces edge effects and improves focus along the 

dispersion axis.  The camera lens was replaced with a 

commercial photographic lens of 100 mm focal 

length. These lenses have been designed to maintain 

focus out to the edge of the field of view, which 

keeps the red and blue end of the spectra in sharp 

focus. It might be thought that using a commercial 

lens negates the ñlow costò portion of the LowSpec 

design, however commercial lenses on the secondary 

market are usually less than a new achromatic lens. A 

first pass layout of the LowSpec-NA1 can be seen in 

Figure 7 below. 

 

4. Results to Date. 

General results from the LowSpec spectrograph have 

been very encouraging.  Figure 8 shows a full optical 

spectrum of a Miles catalogue standard star taken 

recently with a LowSpec-3 using a 300 lines/mm 

grating overlaid with the library reference plot.   

https://github.com/The-SMTSci/NGSL
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Figure 7. Concept layout of LowSpec -NA1. 

 
Figure 8. HD142373 Miles Catalogue star comparison.  
Plot produced using ISIS (Buil, 2020) software.  

HD142373 is an F9 main sequence star at 4.62 mV.  

As can be seen, this is a good representation and 

achieves an R value of around 800.  This 

performance is achieved using low grade lenses and 

the órestrictedô 80mm focal length camera lens.  The 

loss of sensitivity in the blue region is due, in part, to 

the poor blue-end performance of the science 

cameraôs sensor. 

Figure 9 below shows bench results from the 

same LowSpec-3 reduced using BASS software 

(Pareskeva, 2019) but this time using an 1800 

lines/mm grating.  This solar spectrum achieves an R 

value well in excess of 8,000.  This will improve with 

the intended 100mm focal length camera lens. 

 

 
Figure 9.  A solar spe ctrum taken using a LowSpec -3.  
Processed using BASS software.  

 

5. Conclusions  

Initial findings and investigations gained from 

the LowSpec-NA1 spectrograph warrant further 

development for automation and mechanical and 

control enhancements.  The authors have undertaken 

several initiatives that, they believe, will render a 

fully automated spectrograph capable of science 

grade observations. 

Exploring 3D printing capability led the authors 

to collaborate biweekly via Zoom on an 18-month 

project resulting in a GitHub repository for public 

consumption: 

https://github.com/dxwayne/SAS_3D_2020  and 

https://SAS_3D_2020.readthedocs.io. 

 

The authors continue to collaborate on an 

ongoing basis that has proven to be highly 

educational and fun. 

One issue that still needs to be resolved is the 

guide image size and quality. As stated above the 

guide image needs to be large enough to show 

sufficient stars for plate solving and have good 

enough star images quality to allow guiding on a star 

that is in the field but not on the slit. 

We have shown that the LowSpec-3 is a capable 

design that lends itself to improvements and 

automation while still maintaining the original design 

philosophy. 

A number of mechanical and control approaches 

were developed in response to using 3D printed 

spectrographs for collection of scientific data in the 

field. We added a LED using microcontroller control 

behind the slit to visualize the slit remotely.  

 

https://github.com/dxwayne/SAS_3D_2020
https://sas_3d_2020.readthedocs.io/
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8. Appendix 

 

 
 

The science case calls for three basic payload 

scenarios and some additional instrumentation.  

Case 1: the science goal calls for photometry -- 

using a science camera/filter-wheel and a guide 

camera. This maxes out the general rule of 2-cameras 

per CPU and will utilize all three USB ports for a 

ODroid XU4. This configuration does not have 

sufficient USB ports to support a rotator or a focuser. 

Case 2: the ñspectroscopyò case -- with a science 

camera (spectrograph) and a guide camera. In 

addition to this case, a way to introduce high voltage 

/ high frequency power to a gas discharge lamp 

(Relco) and a bright ñflatò lamp is required. This may 

be utilized with a special power block and messaging.  

Case 3: a compelling case, whereby photometry 

is acquired from the field of study during the required 

long spectrographic exposures to provide 

photometry-band flux to assist with absolute flux 

calibration of images. Case 3 requires 2 ODroid 

computers. The CMOS Finder, shown above is a 

USB connection that cannot be used with one ODroid 

in Case 1, but may be used with the addition of a 

ODroid for that case. 

With so many computers on the OTA a small 

switch will be required. However, the number of 

physical wires from the pier to the OTA is still at a 

minimum 

The additional case calls for placing small 

Arduino Pro-Mini or Nano 33 BLE elsewhere on the 

OTA to minimize heat and balance issues. The 

Arduino Small Board Computers (SBC) utilize serial 

communications. 

Summary: The two ODroids have enough USB 

to support focal plane focuser, guider, spectroscopy 

science camera, filter wheel, a high voltage power 

source for calibration and flat lamps, and a piggy-

back photometry system.  

Note: Some focal plane focusers share the USB 

to support a rotator. 
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9. Addendum:  Larger-size Figures 

  
Figure 1 - The LowSpec 2 optical layout. (Credit: Paul Gerlach -- LowSpec -2 Manual)  
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Figure 3 - Relco Neon/Argon emission  

 

 
Figure 4.  Modified calibration lamp circuit using either the American or European transformers as a build -option 
derived from Walkerôs circuit.
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Figure 6.  Shows only two cables, power and LAN cable connecting the mount to off -site PC.  

 
Figure 7. Concept layout of LowSpec -NA1. 
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Abstract  

The recently published ATLAS Reference Catalog 2 contains Gaia astrometry, including proper motions and 
neighboring-star flags, as well as high-precision photometric data, cross-calibrated over the entire sky, on 105 
million stars to 16th magnitude. In the present approach to asteroid lightcurve generation from raw images, we 
gather all ATLAS comparison star candidates within a telescopeôs field of view, then automatically screen them 
for: magnitude range, magnitude uncertainty, color range, and absence of neighboring stars. The implementing 
software generates simple statistical plots to help the observer identify and optionally exclude: outlier comp stars, 
outlier individual comp observations, image-to-image zero-point fluctuations, and comp stars suspected of 
variability. This approach uses every fully qualified comp star in the asteroidôs field of view--these typically 
number 30-80. The approach is rapid and so far has yielded lightcurves of high quality and has eliminated most 
need to adjust nightly zero-points.  

1. Introduction  

Certain new star catalogs offer advanced amateur 

astronomers new opportunities in both astrometry 

and photometry. The present work develops one such 

opportunity: applying the publicly available ATLAS 

refcat2 catalog to asteroid photometry, whose results 

may be applied to asteroid period determination and 

shape estimation, and over time to estimation of 

Yarkovsky and YORP effects.  

The ATLAS catalogôs GAIA-based astrometry 

helps identify comparison stars more accurately and 

helps exclude comparison stars that are interfered 

with by too-close neighbor stars. The catalogôs 

PanSTAARS-grounded photometry and its excellent 

all-sky calibration help the observer build nightly 

asteroid lightcurves that can be joined into apparition 

lightcurves with little or no need to adjust nightly 

zero-point values. 

In this document we summarize a new 

photometric workflow and give lightcurve examples 

obtained from that workflow. 

 

2. The ATLAS Catalog 

The ATLAS All-Sky Stellar Reference Catalog 

(hereafter ñATLASò) version 2, released 2018, 

combines astrometry from GAIA Data Release 2 with 

photometry from the Pan-STARRS sky survey as 

supplemented by selections from the APASS, GAIA 

DR2, SkyMapper, Tycho-2, and Yale Bright Star 

datasets. The catalog appears to be 99% compete to 

19
th
 magnitude and practically 100% complete to 16

th
 

magnitude. 

The author finds that the ATLAS catalog offers 

the best of both the astrometric and photometric 

worlds. All-sky astrometry from GAIA includes 

parallax, proper motions, and flags for nearby 

interfering stars at 3 distinct radii. These interference 

flags are especially useful in retaining only isolated 

comp stars for use in aperture photometry. The all-

sky catalog magnitudes benefit in reliability from 

multiple scans of the sky by most contributing 

datasets, and from cross-validation between the 

datasets. ATLAS Photometric entries are given in 

Pan-STARRS g, r, i, and z passbands, which are very 

close to Sloan passbands of the same name and are 

designed to be interchangeable with them. ATLAS g, 

r, i, and z magnitudes have been tested against 

synthetic magnitudes from STScI and found to agree 

within 0.005 magnitude. Magnitudes in Gaia G and 

2MASS J, H, and K passbands are also available but 

perhaps of less direct interest to most asteroid 

photometry. 

The completeness of the ATLAS catalog allows 

the observer to begin with very many potential 

comparison stars (ñcomp starsò) and then discard the 

unsuitable ones; this is by contrast to the traditional 

practice of selecting one or more comp stars from a 

candidate pool and trusting that the chosen stars are 

both suitable and representative.  
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3. The Current Workflow  

A bit of scripted automation simplifies and 

makes almost instantaneous the gathering of very 

many comp stars for each asteroid session. The 

current workflow makes maximum use of this by 

gathering and screening dozens to hundreds of comp 

stars per photometry session (field of view), in an 

attempt to minimize systematic and random errors. 

 

3.1 Planning the session and imaging 

For the example lightcurves in this work, 

asteroids were chosen from target lists in the Minor 

Planet Bulletin. For each night, asteroid observations 

were scheduled to fill phase gaps in its lightcurve for 

the current apparition, a process greatly aided by 

graphical scripts when the period is known. Exposure 

times targeted asteroid aperture-photometry S/N of 

200 and so were typically 50-300 seconds. Cadence 

(the interval between image mid-times) typically 

targeted 1/60 of the period when the period known. If 

the estimated duty cycle (the sum of exposure plus 

image overhead, divided by the cadence) was 

significantly below 100%, two or more asteroids 

were usually scheduled to image in alternation. 

Images for this workôs example lightcurves were 

acquired at Deep Sky West Remote Observatory 

(northern New Mexico, altitude 2210 m, IAU V28) 

with a 0.35 meter SCT at f/7.7, SBIG STXL-6303E 

camera cooled to -35C, and PlaneWave L-500 direct-

drive mount, all automated by ACP software (DC-3 

Dreams). Exposures longer than 120 seconds were 

auto-guided. Image series were often interleaved by 

cycling between the positions of 2-4 asteroids, as 

facilitated by the direct-drive mountôs rapid slew and 

settling rates. Time basis was continuously 

standardized by Meinberg NTP service and monitor 

(Meinberg, 2020) against 5-7 remote NTP servers to 

within about 10 milliseconds. 

FITS images were plate-solved by PinPoint (DC-

3 Dreams) and calibrated by MaxIm DL Pro 

(Diffraction Limited) using median-averaged dark 

images and recent flat images using a flux-adjustable 

flat panel, with CCD temperature matching that of all 

light images. 

 

3.2 Gathering and Selecting Comp Star 

Candidates 

The photometry workflow described in this work 

begins by defining a (spherically) rectangular sky 

section matching the imagesô field of view for each 

asteroid, extended by 3% to cover star proper motion 

and any errors in mount pointing, tracking, and 

guiding. All stars whose sky positions on the night of 

imaging fall within the defined sky section are read 

from a local copy of the ATLAS catalog, corrected in 

position for proper motion on the imaging night, and 

then required to pass several screening criteria before 

acceptance: 

¶ Magnitude appropriate to target 
ŀǎǘŜǊƻƛŘΩǎ ŜȄǇŜŎǘŜd magnitude, 

¶ Color index (r-i) appropriate to the 
ǘŀǊƎŜǘ ŀǎǘŜǊƻƛŘΩǎ ƪƴƻǿƴ ƻǊ ŀǎǎǳƳŜŘ Ǌ-i 
color, and 

¶ Absence of other catalog stars nearer 
than the photometric sky aperture. 

No limit whatever to the number of comp stars is 

applied; all that pass the screens are automatically 

included; for asteroids in or near the Milky Way, 

comp stars often number in the hundreds. 

When an asteroid moves slowly enough and the 

field of view is large enough, the asteroid may be 

imaged at the same sky position for two (or more) 

consecutive nights. The same comp stars would then 

be retrieved from the ATLAS catalog, and in 

principle exactly the same comp star set could be 

used for the consecutive nights. However, to get the 

desired suppression of star-selection error, the 

observer must also ensure that the same comp stars 

are actually included for both nights. 

 

3.3 Automated Aperture Photometry 

Before aperture photometry, we exclude every 

image that fails any one of several tests: 

¶ Clouds, poor star profiles, stray light, or 
other artifacts, by visual inspection; 

¶ LƴǘŜǊŦŜǊŜƴŎŜ ǿƛǘƘ ŀƴ ŀǎǘŜǊƻƛŘΩǎ ŀǇŜǊǘǳǊŜ 
or sky annulus caused by a star, 
satellite, or deep sky object, by visual 
inspection; or 

¶ Plate solution outlier results, including 
plate scale, position angle, etc. 

From two retained images in which the asteroid 

appears distinctlyðone early and one late in the 

seriesðthe observer identifies the asteroid, verifies 

its location with a MPES (MPC, 2020) ephemeris, 

and records the asteroidôs pixel location in each. 

Using plate solutions and exposure mid-times, a 

python script interpolates the asteroidôs sky location 

for each image and back-converts to asteroid pixel 

locations in each image. This seemingly circuitous 

approach reliably identifies the target asteroid in each 

image, especially when the imagesô centers wander in 

sky position, as is often the case when interleaving 

asteroid observations with those of other targets. 
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Using python scripts adapted from the authorôs 

ongoing variable-star photometry program (Dose, 

2019), source-minus-sky aperture photometry is 

performed upon the target asteroid and every comp 

star, on every retained image. 

The next, distinctive step in the workflow is to 

keep only comp stars represented in every image. 

This step discards fewer comp stars than one might 

expect, and it removes error in final asteroid 

lightcurve magnitudes caused simply by differing 

comp star sets between images. 

 

3.4 Mixed-Model Regression 

The curated comp-star observation data are then 

fit by mixed-model regression (Gelman and Hill, 

2006) as implemented in the python package 

statsmodels. The linear modelôs independent variable 

is simply raw instrumental magnitude computed from 

the log of asteroid aperture flux, net of scaled sky 

annulus flux. 

Fixed dependent variables in the mixed model 

(for which the fitted parameter value is fixed across 

all comp star observations) always include: nightly 

zero point magnitude, catalog r magnitude, and 

catalog r-i color index. Optional fixed variables are:  

¶ Airmass, to fit nightly extinction in r as a 
fixed parameter (if omitted, the 
observer may specify an extinction 
value suitable to the observing site, 
season, and weather); 

¶ ά±ƛƎƴŜǘǘŜέ όŀƴ ŀǇŜǊǘǳǊŜΩǎ ǎŎŀƭŜŘ 
distance squared from image center in 
pixels2), accounting for residual 
vignetting from imperfect flat 
calibration; 

¶ ά·έ ŀƴŘ ά¸έ όŘƛǎǘŀƴŎŜ ŦǊƻƳ ŎŜƴǘŜǊ ƛƴ ǘƘŜ 
x and y CCD direction), to account for 
small, uncorrected linear gradients, 
rarely needed, and  

¶ άW5ψŦǊŀŎǘέ όŦǊŀŎǘƛƻƴ ǇŀǊǘ ƻŦ ƛƳŀƎŜ Wǳƭƛŀƴ 
Date), to account for drift in zero point 
during the imaging session. 

For all examples in this work, the dependent fixed 

variables were: zero-point, catalog r magnitude, 

catalog r-i magnitude, vignette, and JD_fract. 

The modelôs sole dependent random variable is a 

distinct feature of mixed-model regression. This 

variable is non-numeric and categorical, that is, an 

arbitrary tag that is uniform for all observations from 

one image but distinct between images. The resulting 

fitted parameter value is not fixed across the 

regression but is specific to observations of a single 

image, and it thus accounts for modest pseudo-

random image-to-image variations in model zero-

point. In the end, photometric results are numerically 

the same as those from differential photometry, but 

with the advantageous plotting of zero-centered zero-

point adjustments vs image JD to yield a ñcirrus 

plot,ò a valuable diagnostic tool not offered by 

traditional differential photometry. Asteroid r-i color 

may be measured from Sloan or (with transforms) 

Johnson-Cousins photometry, or may simply be 

estimated, ideally while accounting for the asteroidôs 

composition or class when known. 

Also resulting from the regression results are 

numerous diagnostic plots, as described in section 

3.5. These plots guide the refinement of image 

selection, comp-star selection, and model settings. 

 

3.5 Iterative Refinement via Diagnostic Plots 

While the preceding steps have been strictly 

sequential, the remaining steps described in this 

section form one iteration of a convergent cycle. 

Each cycle offers plots to guide the observer in 

removing images, comp stars, or individual comp star 

observationsðfirst categorically with applied limits 

on magnitude, color, catalog mag error, etc., then on 

outlier individual data points as the observer sees fit.  

Probably because the ATLAS catalog stars are so 

numerous and of such high quality, the author has 

repeatedly found that even when committing small 

inconsistencies in setting limits on magnitudes, 

colors, and errors, in judging comp stars and points to 

be outliers, and in adjusting regression settings, the 

final photometric results vary remarkably little. The 

next steps outlined for each refinement iteration may 

appear daunting, but: (1) the diagnostic plots usually 

make obvious which refinement is needed next, (2) 

refinements can be reversed simply by undoing the 

latest changes made to the control text file, and (3) if 

general guidance offered herein is followed, specific 

inconsistencies in discretionary culling of input data 

will probably matter very little to the final results. 

For each iteration of model refinement, the 

following categories of plots should be examined, 

ideally in the order of the following subsections: 

 

3.5.1. Comp Star Variability Plot  

For each comp star retained in the regression 

model, its fit residual vs JD is plotted (examples in 

Figure 1). These are in fact jackknife residuals, 

calculated against a regression that includes all other 

comp stars. Any strong trend in residuals suggests 

that that comp star is variable or that its color index is 

an outlier; large and consistent residuals indicate that  
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Figure 1. Examples of comp star variability plots,  
October 28 2019 session observing asteroid (1130) 
Skuld. mMag is millimagnitudes.  

the comp starôs flux differs from that expected from 

the catalog, possibly because of a neighboring star. In 

either case, that comp star probably should be 

excluded. 

The example plots of Figure 1 represent 12 of the 

36 comp stars included in the photometric reduction 

of October 28 2019 observations of asteroid (1130) 

Skuld. In this example, no comp star shows evidence  

of significant variability, but comp star 207 is 

sufficiently erratic that an observer might remove it 

at his discretion. 

 

3.5.2. Comp Star Residual Plots 

The workflowôs nine residual plots (of which 

Figure 2 shows three) help the observer check for 

systematic errors in the regression fit, as well as to 

screen comp stars by their ranges of  any or all of:  

 

 
 

Figure 2. Example of comp star residual pl ots, October 
28, 2019 session observing asteroid (1130) Skuld.  

catalog r mag, raw instrumental mag, catalog r-i color 

index, airmass, sky flux (aperture background), and 

CCD horizontal or vertical displacement from center.  

In the example plots of Figure 2, the r-i color 

index range has already been restricted to match and 

bracket the estimated color of the target asteroid (red  
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Figure 3. Example of catalog and time plots, October 28 
2019 session observing asteroid (1130) S kuld.  

point). There is no trend with airmass, so extinction 

effects appear to be canceled already. There is also no  

trend of residual with comp star distance from the 

CCD center, which confirms that vignetting has been 

accurately flat-calibrated. The last plot confirms 

absence of trend in comp-star residuals with time. 

 

3.5.3. Catalog and Time Plots 

These nine plots (of which Figure 3 shows four) 

help the observer to check for additional systematic 

errors and then to restrict the set of comp stars if 

needed. 

Catalog plots help the observer limit comp stars 

to ranges of catalog magnitude uncertainty and color 

index. ñCirrus plotò (image differential zero-point vs 

JD) and sky flux (background brightness) plots can 

signal passing weather or even equipment instability. 

Plots of signal FWHM and instrument magnitude 

uncertainty plots (vs JD) can signal problems with 

focus, weather, or tracking.  

In the example plots of Figure 3, the instrument 

magnitude shows the usual trend with catalog 

magnitude, and the cirrus plot suggest cirrus clouds 

early in the session. The sky flux plot shows the usual 

trend as the target crosses the meridian, and the one-

night lightcurve is already taking shape. 

Residuals for the target asteroid are plotted in a 

contrasting color. Restricting the comp star set to 

colors near to and centered on the asteroid color 

serves to cancel, to a first order, any inaccuracies in 

extinction coefficient or color transform.  

 

3.5.4. Comp Star Q-Q Plot 

This statistical plot (example in Figure 4) gives 

the shape of residuals of all retained comp stars, with 

each point an average for one comp star over all 

retained images. Q-Q plots help the observer evaluate 

how random (normal, or Gaussian distribution) are 

the residuals in question, as well as to identify 

individual deviants from a normal distribution. That 

is, outliers are indicated as a deviation from a 

distribution, in context, rather than simply as an 

excessive deviation from the mean value. Q-Q plots 

are constructed by sorting the residuals in ascending 

order, computing the t-values for an equally spaced 

normal probability curve with n as the number of 

residuals, and then plotting these t-values on the x 

axis and the residual values themselves on the y axis. 

Bona fide outliers should of course be removed, 

especially when there the observer has external 

evidence for the cause. But in practice the author 

finds that careful use of the variability, residual, 

catalog, and time plots mentioned above typically 

leaves very few or no remaining outliers. That is, the 

mean comp star residuals usually fall very nearly 

over on the reference line of slope one, which in a Q-

Q plot indicates that the residuals are normally 

distributed and that no outlier comp stars remain. 
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Figure 4. Example of Comp Star Q -Q Plot, October 28 
2019 session observing asteroid (1130) Skuld.  

 
 

Figure 5. Example of Comp Star Observations Q -Q Plot, 
October 28 2019 session observing asteroid (1130) 
Skuld.  

In the example plot of Figure 4, no comp stars 

appear as outliers, and the residuals fall close to the 

reference line, which always has intercept of zero and 

slope giving the standard deviation. 

 

3.5.5. Observations Q-Q Plot 

This plot is similar to the Q-Q comp star plot 

(Figure 4) except much denser, as it generally 

includes a thousand or more comp star observations. 

Again, typical such plots are usually very nearly 

linear. Outliers are rare but are labeled when they 

exist to aid in their accurate removal. Standard 

deviation in observation Q-Q plot are often 5-20% 

higher than in comp star Q-Q plots, because here the 

observations of each comp star are no longer 

averaged. 

In the example plot of Figure 5, a clear majority 

of the observation residuals fall within perhaps 5 

millimagnitudes of the reference line, indicating that 

they appear to be normal in distribution and are 

absent outliers. Indeed, at the high and low ends the 

residuals slopes decrease, indicating negative kurtosis 

rather than individual outliers; this is more common 

than might be expected, especially when outliers 

have been removed either implicitly (e.g., through 

restricting magnitude or color ranges) or explicitly 

(by removing comp stars or observations directly). 

 

3.6 Convergence and Final Session Results 

Along with the diagnostic plots, predicted 

asteroid magnitudes and their uncertainties are also 

generated from each iterationôs regression model and 

instrument magnitudes and color index values for the 

asteroid. Asteroid magnitudes and uncertainties are in 

fact the goal of the entire workflow, but in all 

iterations but the last they are discarded.  

Only when the observer judges that all 

regression parameter values and diagnostic plots 

appear satisfactory do the iterations stop; the latest 

predicted asteroid magnitudes and uncertainties are 

accepted as the workflowôs end results. These final 

asteroid magnitudes and uncertainties represent the 

input to higher-level asteroid studies, especially for 

lightcurve analysis usually to determine rotation 

period and possibly to estimate asteroid shape. 

 

4. Example Lightcurves from the 

Workflow  

We present two recent lightcurves determined 

via the workflow described above. Canopus version 

10 software was used to make distance adjustments 

to the magnitudes resulting from the present 

workflow to yield ñreducedò magnitudes, to make 

light-travel adjustments to the observations times to 

place times on an asteroid-reflection basis to estimate 

the synodic rotation period, and to generate the phase 

and split-period plots for asteroids (1130) Skuld and 

(39197) 2000 XA. 

 

4.1 (1130) Skuld 

Bright asteroid (1130) Skuld was observed in 

clear filter during five October-November 2019 

sessions. The present photometric workflow and 

period estimation from Canopus 10 yielded the 

phased lightcurve of Figure 6. 

Of the five nights, zero-point adjustment was 

needed for only the second night, whose observations 

were brighter by 50 millimagnitudes than expected 

from H-G adjustments (Harris, 1989) using any 

reasonable value of G. That nightôs sun-asteroid-

observer phase angle was an extraordinarily low 

0.17º,  so  close to  zero  that  one  might  well expect  
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Figure 6. Phase Lightcurve for asteroid (1130) Skuld.  

measurable deviations from traditional H-G phase-

angle formulas that were designed for higher phase 

angles, just as earlier applied to this same asteroid 

(Buchheim, 2010).  

The excess asteroid brightness observed very 

near zero phase angle may be caused by 

retroreflection from asteroid surface crystals having 

right angles, and at slightly wider phase angles may 

be enhanced by spheroid glass-like beads from 

impact melt. 

 

4.2 (39197) 2000 XA 

Fainter asteroid (39197) 2000 XA, observed in 

clear filter for five nights in October-November 

2019, yielded the phased lightcurves of Figure 7. 

The example plots of Figure 7 were assembled 

without nightly zero-point adjustments. 

Though (39197) 2000 XAôs rotation lightcurve is 

thought to be bimodal, in Figure 7 there is little to 

help decide between the unimodal and bimodal 

possibilities. No synodic periods have been reported 

from dense-cadence lightcurves for this asteroid 

(Warner, 2020) in the Lightcurve Database LCDB 

(Warner et al, 2009). A sole lightcurve from sparse 

observations (Waszczak et al, 2015) reports a synodic 

period of 5.221 hours, a clearly bimodal 

interpretation and in close agreement with the present 

result if bimodal. 

The split halves phased plot of Figure 8 favors 

neither a bimodal nor unimodal interpretation, to 

within the low RMS uncertainty of the individual 

points.  

Especially in the very common case where a 

single nightôs images can cover only about half or  

 

 
 

Figure 7. Phase Lightcurve s for asteroid (39197) 2000 
XA. 

less of the asteroid bimodal period, the ability to 

interpret split-halves phase plots is greatly enhanced 

by the availability of numerous accurate comp stars 

as in the present workflow, so that multiple nightsô 

lightcurves may be joined as in Figures 7 and 8 

without the need to judge and apply zero-point 

adjustments. 

 

5. Conclusions 

With appropriate software and a comprehensive, 

high-precision, easily accessible star catalog such as 

ATLAS refcat2, starting an asteroid photometry 

workflow with all possible comparison stars within 

the imagesô field of view is unexpectedly 

straightforward and arguably less arbitrary than is the 

popular practice of manually selecting a few comp 

stars. 

Beginning with dozens to hundreds of comp star 

candidates allows the observer to restrict the adopted 

comp  star  set to  only  those  comp  stars  reasonably 
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Figure 8. Split Halves Phased Plot for asteroid (39197) 
2000 XA. 

matching the asteroid in brightness and color index. 

A broad variety of diagnostic plots aids in comp star 

selection, including recognition and removal of 

variable or outlier candidates. Indeed, the author 

finds that mapping the comp star set and regression 

model through the set of more than 20 diagnostic 

plots eases rather than complicates the model 

refinement process, and final convergence can be 

declared with confidence. When carried out carefully, 

the workflow has produced nightly lightcurves that 

can be assembled into a multi-night apparition 

lightcurve needing few or no discretionary zero-point 

adjustments. 

Fully automatic aperture photometry is aided by 

the catalogôs offering precise GAIA sky positions and 

proper motions, so that stars can be identified 

automatically with very high confidence. If the 

imagesô plate solutions also contain accurate 

distortion parameters in an open standard format such 

as SIP, then the catalogôs parallax entry for each star 

could be used as well. The catalogôs radial flux 

values should be used as well, to exclude candidate 

comp stars at high risk of overlapping apertures.  

Finally, the author notes that recent advanced 

star catalogs, including the ATLAS refcat2, 

increasingly adopt the Sloan passband standards over 

legacy Johnson-Cousins and related passbands; the 

authorôs asteroid photometry program will be based 

upon Sloan passbands from the outset. 
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Abstract  

This paper presents a summary of the results of a five years study by SSC Observatories [SSCO] of short period 
variable star candidates in the MOTESS-GNAT 1 Catalog. It presents confirmation, light curves and classification 
of 73 previously unconfirmed variable stars. Additionally, it merges SSCOôs confirmations with other observersô 
confirmations to develop statistics on the predictive quality of MG1. It also presents a revised version of the 
catalog that includes updated periods, confirmation and classification information from SSCO and other 
published sources designated as the Vetted-MOTESS-GNAT Candidate Variables Catalog [VMGC 2020]. 

1. Introduction  

In September 2015, with completion and first 

light for the latest of SSC Observatoriesô [SSCO] 

robotic telescope, a program was initiated to follow 

up on candidate short period variable stars in the 

MOTESS-GNAT 1 catalog [MG1], Kraus, et al 

(2007).  The MG1 catalog was created by re-

analyzing observations made by the MOTESS 

Survey, Tucker (2007).  MOTESS consisted of 3 

fixed telescopes that, using time delay integration, or 

drift scanning, monitor a 48 arc minute high strip of 

sky at a fixed declination. This design was optimized 

for the discovery, monitoring and tracking of 

asteroids, comets and other moving transients. By 

staggering the three scopes in right ascension at a 

common declination, moving objects could be easily 

found via automated data analysis. 

It was apparent to MOTESSôs creators that more 

rigorous automated processing could also detect 

transients and variability in the luminosity dimension.  

To this end, several years of observational data from 

the MOTESS program were processed to generate a 

catalog of probable variable stellar sources. The 

resulting catalog contains 26,402 candidate variable 

stars.  Each candidate is listed with position, 

instrumental V magnitude a computed period, 

instrumental amplitude of variation and a probability 

that the source is indeed variable.  

The authors of the catalog verified that a high 

percentage of know variables were identified by their 

processing pipeline. They did not however follow up 

on any significant number of their candidate stars. 

When searching for a worthy project for the 

SSCOôs automated telescopes, vetting under-sampled 

candidate short period variable stars in the MG1 

catalog was selected for one of the initial campaigns. 

The campaign commenced with observations 

beginning in November of 2015 and continues 

through the present. 

Results of the initial four and half years of this 

campaign are summarized in this paper. 

 

2. Instrumentation 

The bulk of the program utilizes SSCOôs 0.254m 

Schmidt Cassegrain telescope at the Center For Solar 

Systems Studies [CS3]. The telescope operates at f6.3 

and currently is equipped with a ZWO ASI 1600m 

CMOS camera with photometric filters. For the first 

three years of the campaign, the scope used SBIG 

CCD cameras with photometric filters. The telescope 

system operates fully autonomously. It opens the 

roof, monitors weather, focuses, points, plate solves, 

guides, images, parks and shuts down autonomously. 

Typically, it lingers on one or two targets a night, 

alternating V and Rc band exposures while the 

targets remain above 2 airmasses. At the end of each 

session calibration images are taken and all data is 

uploaded to SSCOôs office for processing. 

During the course of the campaign SSCOôs 0.4m 

scope at CS3, SSCOôs 0.3m telescope and the Las 

Campanas Remote Observatoryôs 0.3m telescope 

have been employed to fill in during maintenance on 

the 0.25m telescope and to break aliasing of periods 

near multiples of 8 and 12 hours.  

 

3. Data Reduction and Analysis 

Depending on the targetôs brightness, exposures 

typically range between 1 and 8 minutes. With 

photometric filters, targets at magnitude 16.0 can be 

measured to 0.015 magnitude precision.  That was 

near the practical limit for most targets selected. For 

the past three years the entire data reduction pipeline 
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has been implemented on a CUREA Virtual 

Machine, Hoot (2018a). The virtual machine can be 

hosted by almost any x86 based computer. The 

virtual machine is a Linux Ubuntu system using 

UREKA, Hist et al (2014), scripts to calibrate a 

session. It takes about five to ten minutes to calibrate 

a typical nightôs data that ranges from 50 to 400 

images. Photometric measurements are then made 

with SSCOôs Large Ensemble Photometry package 

[LePhot], Hoot (2018b). The entire process typically 

takes under 30 minutes. 

The LePhot package is also used to do period 

solving, plotting and exporting observing sessions in 

CSV, Tab Delimited, or AAVSO report formats. 

From the campaignôs inception through 2017 

data from the calibration pipeline was analyzed using 

the MPO Canopus software package, Warner (2016). 

  

4. Candidate Target Selection 

Methodology 

Over the course of the campaign, the target 

selection process evolved as the idiosyncrasies of the 

MG1 catalog became better understood.  Initially, 

targets were selected if  

1) The starôs Right Ascension was within 1 

hour of the LST at local midnight at the 

observatory site. 

2) The catalog period was below several days. 

3) The ñProbability of False Detectionò was 
near 0.    

 

This methodology led to monitoring many 

candidates that showed no variability. Examination of 

the target fields led to discovery that many non-

variable stars were flagged if they were part of 

double or multiple stars.  The probable cause for their 

inclusion in the MG1 catalog is that seeing 

modulation during the survey, combined with drift 

scanning on a 1-day cadence, causes the measuring 

aperture to capture difference portions of the 

companion starôs PSF. This triggered false detections 

by the MG1 catalog generator software.    

As a result, an additional step was added to 

target selection. After the initial selection process 

above, each target field was first examined using 

images from Aladin, DSS, or SDSS, before 

scheduling sessions on a candidate star. 

After about a year of the program, it was realized 

that SSCO was not alone in the vetting of MG1 

candidates. While logging ñnew?ò discoveries, it was 

found that the Catalina Sky Survey[CSS] Drake et. 

Al. (2014) and subsequently other surveys were 

confirming sources in the MG1 catalog.  Many 

surveys simply noted the variability of MG1 

candidates, but some, and most notably CSS, were 

providing period and complete period coverage. 

To prevent duplication of effort, in addition to 

the above selection steps, each target was also 

checked with SIMBAD and VIZIER of CDS to be 

sure the candidate had not been worked before 

scheduling it for photometric observation. 

 

 

5. Results 

Since its inceptions, SSCO campaign has 

observed on 722 nights in 785 target sessions. A total 

number of images reduced now exceed 53,00 images. 

Raw data for all sessions is save on DVDs and 

portable hard disk drives for archival purposes. 

  

 
Table 1: MG1 Vetting Campaign Statistics 

 

Over the course of the campaign 110 candidate 

variable stars have been observed. Of those targets, 

73 variable stars have been confirmed. Of the 

confirmed variables, 35 are new confirmations. All 

but 19 new confirmations have complete light curves. 

Observations of 22 candidate variables confirmed by 

other observers have been made and light curves 

created. Alternate periods are proposed for 2 of these 

previously confirmed targets.  Additionally, based on 

SSCOôs light curves, the campaign suggests 

reclassifying the variable type of 5 previously 

reported variables. 

Sixteen candidate stars have been observed and 

have been determined not to be variable stars. The 

remaining 20 targets do not have sufficient period 

coverage to yet make a determination of whether or 

not they are variable. 

This breaks down to an average of 181 nights of 

observations per year over the last 4.25 years. 

Appendix A of this paper contains a table 

summarizing the results of measurements of all 110 

targeted stars. 
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Appendix B of this paper contains light curves 

for all newly confirmed, or reclassified variable stars 

measured to date. 

 

6. Release of the Vetted MOTESS 

GNAT Candidate Variable Star 

Catalog 

As SSCôs observations and confirmations from 

other sources have become more numerous, SSCO 

has created a new reversion of the MG1 catalog. It 

contains all of the original MG1 candidate stars and 

merges SSCOôs results with those found in AAVOôs 

VSX, Panstarrs and GAIA. The new catalog, 

designated ñVetted MOTESS GNAT Candidate 

Variable Star Catalogò [VMG 2020] is published by 

SSCOôs website at: 

 

 http://www.ssccorp.com/Observatory/VMG-2020. 

 

7. Analysis 

Over the course of the vetting campaign several 

sources of systematic error in the MG1 survey have 

come to be recognized: 

 

Figure 1: Example of MOTESS Blooming, 

Tucker(2007) 

 

¶ CCD blooming as shown in Figure 1, in both the 

horizontal rows and vertical columns by bright 

sources near the target corrupted photometry 

measurements. The horizontal blooming being 

due to the nature of the saturated source during 

drift based integration. Stars in the boxed areas 

are examples of targets that are contaminated. As 

the amount of blooming will vary with the bright 

sources PSF and sky background level, these 

variations will be recorded in contaminated stars 

as brightness variations. 

 

¶ Moon light scattering during transits of the 

Moon that vary during the lunar orbit cycle 

modulate sky background with a period of the 

lunar cycle and can trigger false variable 

detections of stars near saturation, or stars 

operating in nonlinear ranges of the detectors. 

This led to avoiding vetting candidates brighter 

than 14
th
 magnitude 

 

¶ Similarly, night to night variation in seeing can 

make bright stars move in and out of saturation. 

This was yet another reason, candidates brighter 

than about Magnitude 14 were avoided. 

 

¶ As noted earlier, close multiple stars combined 

with night to night variations in seeing can 

contaminate the photometric apertures. Nearby 

sources such a faint companion stars or 

background galaxies led to false candidates 

being included in the catalog. 

 

 

 
Figure 2: Ratio Catalog Periods to Confirmed 

Periods 

 

Figure 2 shows a quirk of synodic sampling. It aliases 

variable stars with periods that are near integral 

multiples of 3 and 4 hours leading to imputed periods 

many multiples of the actual period. 

http://www.ssccorp.com/Observatories/VMG-2020
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Figure 3: Catlog Periods vs. Confirmed Periods 

 

¶ Figure 3 highlights another impact of the MG1 

surveyôs synodic period of observation. The 

synodic period leads to under-sampled data for 

periods shorter than several days. For confirmed 

short period variables, the MG1 catalog shows 

no period of less than 24 hours. While confirmed 

periods are dominated by RR Lyrae type 

variables with a smattering of eclipsing 

variables. 

 

¶  

 

 
Figure 4: Distribution of Confirmations vs MG1 

Probablity Estimates 

 

¶ Figure 4 shows the number of confirmed 

variable stars as a function of  MG1ôs probability 

of variability. Clearly, stars with assigned 

probabilies of variabilty betterh thsn 96%, of 

prove to be truly variabe. The scattering of 

detections at probabilites below 50% is puzzling.  

More data is needed to understand what is 

happening there. The problem being that in 

general spending observering resources on these 

candidates is not a profitable use to time. 

SSCOôs most likely guess is that these detections 

are eclipsing systems that simply dance between 

the synodic sampling period. They are thus 

detected as transient events, and hence included 

in the catalog, but since no period could be 

confidently measured by the MG1 catalog 

generator,  they were assigned a low probability. 

 

¶ Apparently the MG1 source filter misidentified a 

number of small galaxies and Quasars. These 

have found their way into the MG1 catalog. This 

is yet another reason to check DSS and other 

sources before starting a session on a candidate. 

 

8. Conclusions 

This campaign has been a foretaste of what we 

can expect as many larger surveys come online in the 

coming decade.  We can expect many detections of 

variation and transients whose true periods and 

natures can only be resolved by continuous long time 

series observation; these are the type of activities 

where small telescope science excels. 

Further, these results emphasize the importance 

of surveys randomizing the period between revisiting 

the same fields.  It is key to allow data analysis 

pipelines to more accurately estimate and classify 

variable sources. 
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Appendix A: Campaign Results For 110 Candidate Variable Stars 
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