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PREFACE
Welcome to the 40th annual Symposium of the Society for Astronomical Sciences. This year’s agenda reflects
the broad diversity of interests among SAS members, 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
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, Shelyak Instruments, Software Bisque, Starlight Xpress Ltd,
and DC-3 Dreams. Thank you!
This year’s Symposium is an “online only” 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. We thank all of you for making the SAS Symposium one of the premiere events for
professional-amateur collaboration in astronomy.

2021 May
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Symposium Sponsors
The Society for Astronomical Sciences thanks the following companies for their participation and financial
support. Without them, this conference would not be possible. We encourage you to consider their fine
products.

Sky & Telescope Magazine
The Essential Magazine of Astronomy
http://www.skyandtelescope.com/

DC3 Dreams Software
Developers of ACP Observatory Control Software
http://www.dc3.com/

PlaneWave Instruments
Makers of the CDK line of telescopes and
Ascension mounts
http://www.planewaveinstruments.com/
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Symposium Sponsors
The Society for Astronomical Sciences thanks the following companies for their participation and financial
support. Without them, this conference would not be possible. We encourage you to consider their fine
products.

Woodland Hills Camera & Telescopes
Providing the best prices in astronomical products
for more than 50 years
http://www.telescopes.net/

Software Bisque
Enriching your astronomy experience since 1983.
http://www.bisque.com/sc/

Starlight Xpress Ltd
Discovery starts here. The leading UK supplier of
cost-effective cooled CCD cameras and
accessories for astronomy.
http://sxccd.com/

Shelyak Instruments
Astronomical Spectroscopy for research, industry,
education, and leisure.
https://www.shelyak.com/?lang=en
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Symposium Schedule
The 2021 SAS Symposium will be held online. This will not be a typical “sit and watch presentations”
affair. Our format is aimed at facilitating broad audience interaction and wide-ranging discussions. All papers
and posters will be presented as recorded videos; both the videos and the papers will be available for you to
view/read about a week before the associated “live” session.
The YouTube playlist to watch the SAS 2021 presentation videos:
https://www.youtube.com/playlist?list=PLPes_hgrvEVKzTJa0i9eJfQKnELTQPqMe
At each live session, the agenda will be:
45 minutes
60 minutes
Open ended

“Opening reception” (bring your own drink and snacks)
Discussion of the papers assigned to the “live session” (2-minute summary by the
author, followed by 8-minute Q&A from the audience)
Open a few “breakout rooms” for open-ended discussion of any topic related to the
subject of the session’s papers.

Day 1: Photometry Near and Far
June 15, 2021, 5:15 p.m. PDT (0015 June 16 UTC)
Opening Reception (45 minutes)
Discussion & Questions (60 minutes)
Papers
Eric Dose

Improving Asteroid Photometry by Small Steps

https://youtu.be/65vmvctRxoY

Tom Polakis

Minor Planet 1803 Zwicky –
Discovery of a Binary Companion

https://youtu.be/YjQnc-Y_5HI

Steven Hill

Experimental Observations of Jupiter in the
Optical Ammonia Band at 645 nm

https://youtu.be/dhFxFnmqmas

Doug Walker

WISEA J045446.20+033046.9: An Example
QSO/AGN Observed in the MG Sky Surveys

https://youtu.be/i4ycnRoQaHk

Brian Craine

MG Sky Surveys:
Data Pipeline and Project Status

https://youtu.be/LbQd-QO1d1U

Posters
Anvi Bansal &
Paul Hamrick

Identification and characterization of
NGC 5272, NGC 1904, NGC 3201
and Terzan 3

https://youtu.be/6yeLsV0_kiA

Elias Koubaa &
Adhvaith Thurvas

The Age and Expansion Rate
of the Crab Nebula

https://youtu.be/PhLVYIfMIW

Mix & Connect (open ended)
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Day 2: Stellar Variability, Including Exoplanet Transits
June 19, 2021, 10:15 a.m. PDT = 1715 June 19 UTC
Opening Reception (45 minutes)
Discussion & Questions (60 minutes)
Papers
Joyce Guzik

Characterizing variability in bright metallicline A (Am) stars using data from the
NASA TESS spacecraft

https://youtu.be/VrsdYTmLRvM

Stella Kafka

Why you should check your data – The
cleanup of BT Mon

https://youtu.be/h6SivQRUjyo

Heinz-Bernd
Eggenstein &
George Silvis

Preparing the Amateur Astronomer
Community for the next Galactic
Supernova

https://youtu.be/zDcsL0WAXPI

Dennis Conti

The TESS Exoplanet Mission and AAVSO
Contributions to Its Success

https://youtu.be/depEYL1Pp4g

Posters
Hanaan Abdulle

A Photometric Transit Analysis
of WASP-33b

https://youtu.be/y3JG0S5yEIA

Eli Gendreau-Distler,
Elliott Chalcraft,
Milla Ivanova &
Timothy Felton

Ephemeris Update of WASP-43b

https://youtu.be/ceQrK9yj6vw

Ramy Mizrachi,
Leon Brewersdorf &
Dylan Ly

Several New Light Curves for WASP-50b
reduced with EXOTIC

https://youtu.be/-t11kkkaeGE

Gavin Wang

Eclipsing Binaries Identified Through the
TESS Follow-up Observing Program

https://youtu.be/Cr0OlmV9an4

Mix & Connect (open ended)
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Day 3: Stellar Spectroscopy, Binary Stars &
Instrumentation
June 22, 2021, 5:15 p.m. PDT = 0015 June 23 UTC
Opening Reception (45 minutes)
Discussion & Questions (60 minutes)
Papers
Jerry Foote, et al.

Ramifications of 3D printing Spectrographs:
Introducing the Flexible Spectrograph I (FS1)
Small Telescope Spectrograph

https://youtu.be/JhdQZdAeASA

Robert Buchheim,
et al.

Time-series spectra of AD Leo:
Signatures of possible stellar flares

https://youtu.be/UuRhAlsfegg

John C. Martin &
Bill Rea

The Spectral Type of Mira Variables
Using Filter Wheel Gratings (Theory)

https://youtu.be/N7yegrZKdwk

Bill Rea &
John C. Martin

Analysis of three Mira-type Variables
Using Filter Wheel Grating Spectroscopy
(Practice)

https://youtu.be/31CX1nqt7tk

Rick Wasson

A Method for Speckle Photometry of
Close Binary Star Components

https://youtu.be/lRhZ8aabeTI

Posters
Ronan Boyarski &
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Characterization of Double Star Systems

https://youtu.be/52-zKMQGgBg

Mix & Connect (open ended)
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Improving Asteroid Photometry by Small Steps
Eric Dose
3167 San Mateo Blvd NE #329
Albuquerque, New Mexico 87110
astro@ericdose.com

Abstract
We describe several improvements to the author’s asteroid photometry workflow as presented at SAS 2020.
Planning of each observing night is now semi-automated, including exclusion of asteroid targets for proximity to
the moon or to background stars. Aperture photometry of comp stars has been improved through stricter
screening of the comprehensive ATLAS catalog’s entries, and by adopting customized, non-circular asteroid
apertures to accommodate asteroid motion. Finally, 21 diagnostic plots are automatically generated from each
session’s mixed-model regression; these plots alert the user to common sources of systematic error and clearly
identify outlier measurements, as well as the few variable comp stars still found in version 2 of the ATLAS
catalog. With these improvements, we find no need to adjust nightly zero-points, which greatly assists lightcurve
construction, especially for asteroids having long rotational periods or low amplitudes.

1.1.1

Introduction

1.1.2

Asteroids present a demanding case for relative
photometry because they move relative to the
background star field and thus require new
comparison stars every few days. This is by contrast
to variable star photometry, for which one set of
comparison stars may serve a given variable star for
decades or longer.
The author’s presentation at the SAS 2020 online
Symposium (Dose, 2020a) described advantages of
using a new, advanced star catalog for advanced
amateur photometry. The ATLAS catalog (Tonry,
2018) was described and its usefulness demonstrated
for accurate asteroid photometry. The current version
2 of this catalog, based on Gaia astrometry and
several curated photometry sources, brings us close
to the limiting goal of including as comp stars every
suitable star in the sky—in practice, within the
camera’s field of view around a target asteroid.
Future ATLAS versions might well offer even better
sky coverage and photometric accuracy.
The catalog’s large star count and high
photometric quality remove longstanding difficulties
in asteroid photometry—in particular, it largely
removes any need to manually adjust zero-points to
make the sessions of a lightcurve match each other.
This is essential for photometry of asteroids with
long rotational periods or low lightcurve amplitude.
This report builds on last year’s by describing
several new improvements in asteroid photometry as
now practiced by the author. These descriptions are
given roughly in the order in which they are
implemented during data reduction.

Session Planning

In this paper, a session has the usual meaning of
all usable images of one asteroid taken during one
night by one observer. Photometric data reduction is
typically performed on one session at a time.
A campaign herein comprises all the usable
sessions of one asteroid during one apparition. A
lightcurve is typically constructed by plotting
reduced magnitude vs. rotational phase, using all
sessions of one campaign.

1.2

Using DSS to elude background stars

Once a target asteroid is chosen for imaging
within a given night, and once its sky position and
imaging filter and exposure time are skillfully
chosen, the resulting images are still often ruined by
background stars behind the asteroid’s sky path.
Light from these stars inflates the asteroid’s apparent
photometric flux, and this mars the session’s
contribution to the campaign’s lightcurve.
Quality loss is aggravated when the asteroid: is
faint (so that stars make a larger relative contribution
to light flux); has low lightcurve amplitude (so that
interference has more effect on lightcurve signal-tonoise ratio); moves rapidly in the sky (so that more
stars interfere); or is passing in front of a dense star
field, especially through low galactic latitudes (so
that there are more stars to interfere). Unfortunately,
each of the above conditions is quite common—
possibly the norm—among asteroids still needing
lightcurves.
One may attempt to remove star flux from the
measured asteroid aperture flux, for example by
1
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using Canopus’ (BDW Publishing) StarBGone™
facility to identify stars and remove their effect. Or
the observer may, to be safe, simply reject images
suspected of star interference. In dense star fields
especially, this last practice results in rejection of up
to half of the images taken.
The author is separately working on an algorithm
based on convolution and linear programming to
remove background effects without first having to
identify stars; early tests are promising, but its
mathematics and implementation are formidable, and
it certainly will not be ready before 2022.
This star interference problem may be more
straightforward to avoid than to solve. During the
author’s session planning, the asteroid’s sky region at
planned imaging time is rendered in a planetarium
program. Then a star photograph from the Digitized
Sky Survey (Palomar, not Sloan’s similarly named
Digital Sky Survey) is overlaid, and timespans during
which the target asteroid passes too close to a star or
other background light source are all removed from
the available imaging schedule for that asteroid.
This can deeply fragment some session
schedules, sometimes even making it impractical to
observe an asteroid on a given night. But images
taken during close asteroid passage to a star would be
lost from the session’s results anyway, so this
scheduling refinement serves mostly to return
observing time to other asteroids (and to increase the
effort required for session scheduling).
To make the DSS overlays, the author uses
TheSkyX (Software Bisque; v. 10.5.0 build 12868 or
later). In the author’s experience, imaged asteroid
path, asteroid motion, and star locations match the
planetarium rendering and DSS overlay within a very
few arcseconds, quite accurate enough for the
purpose.

1.3

Imaging
Cadence
Interleaving

and

Target

When starting an asteroid lightcurve campaign,
the author has adopted a simple starting point for
imaging cadence: for an expected rotation period of P
hours, take images separated by P minutes.
Whenever a cadence is longer than the exposure
time, a second asteroid can be imaged between
images of the first. If the telescope slews rapidly
enough, even more asteroids might be targeted in an
interleaved fashion: this avoids data redundancy
caused by unnecessarily rapid cadence. The author
has interleaved observations of up to five asteroids
having suitably long periods.
This cadence starting point has proven most
useful early in a campaign when there is little context
available from prior lightcurve data points. Because

lightcurve development usually results in some phase
overlaps, the final cadence for a given campaign
often averages about P/100, a reasonable compromise
between coverage density and telescope time.

1.4

Phase Strategy: Gaps vs. Overlaps

When planning a night of asteroid photometry,
observers must decide which among several available
targets should be in fact observed. Lightcurves near
completion naturally get higher priority, but beyond
that one must often decide between imaging one
asteroid which has no data at phases available
tonight, versus another which already has data for its
available phases. The first case will help fill phase
gaps; the second will duplicate data at some range of
phases. Each has its value.
Filling phase gaps defines the lightcurve shape
and suppresses alias solutions most rapidly, and so is
preferred early in a campaign. Complete phase
coverage also maximally constrains Fourier
solutions, preventing “fits by exclusion” in which
dubious Fourier solutions arise for certain periods
solely because, for those periods, the data taken to
date leave large phase gaps. Filling phase gaps
(possibly for several candidate periods) rapidly
suppresses most fits by exclusion.
But taking images that overlap in phase with
previous data is also useful, especially when taken at
widely differing geometric phase angles α, so that the
H-G parameter G can be determined. An accurate G
value greatly aids the convergence and final accuracy
of the campaign Fourier fit, and is a useful result in
its own right.
The author generally begins a campaign
intending to fill phase gaps using the most likely
available value for rotational period, then to ensure at
least two phase-overlap sessions. Of course, if
previous period reports are mistaken, or if one is
undertaking a de novo campaign (for which no prior
estimate exists), then all the above guidance must
wait for at least a provisional working value for that
asteroid’s period.
1.4.1

Catalog and Comp Star Handling

The author’s previous presentation (Dose,
2020a) described several comp star selection
strategies
afforded
by
ATLAS
catalog’s
completeness and accuracy. We describe here two
unexpected extensions of those strategies.

2
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1.5

Stricter Screening of Comp Stars

During a session’s data reduction, it is tempting
to keep all 50-250 plausible comp stars that pass
typical screens. However, the author has found that
more tightly restricting the comp star set improves
stability and accuracy of the session’s final asteroid
magnitudes. These tighter restrictions fall into two
categories: quality control, and similarity to the
target.
Despite high quality of the ATLAS refcat2
catalog, occasional quality outliers are still found. By
far, our most important new quality comp-star screen
is in replacing our previous qualitative limits on
nearby flux with a new exclusion of all catalog star
entries marked with any nearby-flux value whatever.
This aggressive tactic remarkably decreases the
number of outlier comps during session data
reduction. (Additional quality screens are described
in Section 4.3, below.)
The large number of catalog stars available in
most images also allows for selection of only those
stars most closely matching the asteroid in brightness
and color. Magnitude ranges are easily set, though
there is a minor but awkward recursive aspect to it:
the asteroid magnitude estimate depends on the comp
star set chosen, and vice versa. Color is currently
restricted to the range +0.10 to +0.34 (catalog Sloan
r’–i’). The central value of +0.22 is close to mean
asteroid reflected color, just red of the solar color
incident on the asteroid. The author is developing a
new program to measure asteroid colors quite
separately from lightcurves; this will make a colorbased selection of comp stars specific to each target
asteroid.

1.6

Applying Per-observation Airmasses

This workflow refinement arose from the
author’s determination to continue observing
asteroids during the 2020 wildfires of the Western
U.S., which lay upwind of the author’s observing site
in northern New Mexico and caused remarkably high
atmospheric extinction of light from asteroids and
comp stars alike.
The idea is simple: when estimating light
extinctions as extinction coefficient ε multiplied by
airmass, apply each comparison star’s and asteroid’s
own airmass, in each image, rather than the
customary application of image-center airmass to
every light source in the image. Even under the
author’s normal high-altitude skies (ε for Clear filter
~ 0.16), improvement from this refinement is
detectable at 30° altitude (Airmass 2). In this way, it
was possible to extend measurements to smoky skies

having ε(Clear) ~ 0.7, where only ¼ of the light
penetrates the atmosphere.
A typical advanced amateur optical system with
corner-to-corner view angle of 40 arcminutes, when
pointed to 30° altitude, will present about 0.04 range
in airmasses from top to bottom image corners. At
ε=0.16, this results in extinction difference of about 6
millimagnitudes. But at ε=0.7 this results in a
difference of 28 millimagnitudes, which is well
outside the ATLAS catalog’s magnitude uncertainty
as stated and as verified by experiment.
The author now applies this practice for all
datasets. Per-observation airmasses are always at
least as good as the traditional per-image airmasses.
1.6.1

Aperture Photometry

In general, this work retains customary aperture
photometry practices: measuring the target flux
within an aperture surrounding the flux centroid, then
subtracting from each aperture pixel an estimated sky
background flux per pixel, as measured from an
annulus surrounding the target aperture. We present
here one refinement of the asteroid aperture, and
another refinement of the sky-background annulus
for both asteroids and comp stars.

1.7

“Pill-shaped” Apertures for Asteroids

Asteroids typically move across the sky
background during a single exposure; stars including
comp stars don’t. Asteroids can move so rapidly that
an aperture size optimized for stars will cut off
significant asteroid flux. This damage to accurate
photometry is worst when: the asteroid moves
rapidly, when the asteroid is faint and exposures need
to be long, when the optical system renders very
small star profiles so that the comp star aperture is
made small, and for signal-to-noise reasons when the
asteroid’s lightcurve amplitude is small.
In this workflow improvement, the author
constructs for asteroids a new, customized flux
aperture shape, one that retains the star apertures’
radius but is elongated to precisely the extent that the
asteroid centroid moves during image exposure—in
effect, a pill-shaped aperture.
Constructing these apertures for the images of a
session requires that: (1) the asteroid’s apparent
velocity in Right Ascension and Declination and their
position in Right Ascension and Declination at some
reference time be established from two images early
and late in the session; (2) the image-start and imageend Right Ascension and Declination and
corresponding pixel positions of the asteroid be
interpolated in time for each image; (3) two circular
3
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apertures be defined for each image using the same
radius as for the comp stars, one centered at the
asteroid’s starting pixel position and one at its end
pixel position; (4) a rectangular aperture be defined
for each image, with opposite edges centered on the
asteroid’s start and end pixel positions and with
width equal to the radius of the circular apertures;
and (5) the union be taken of the pixel sets
comprising the rectangular and the two circular
apertures. The resulting aperture is pill- or capsuleshaped, and neatly encompasses asteroid flux.
The author now uses this new aperture for all
asteroid photometry. Its use has simply eliminated
flux loss from asteroid motion, for apparent motions
up to about 2 times the comp-star aperture radius. A
small loss in signal-to-noise results from including
more pixels in the asteroid aperture, but that loss
results from the asteroid’s physical spreading of its
flux over more pixels—aperture elongation simply
serves to accommodate it.
Perhaps surprisingly, the 3 component apertures
may be constructed without trigonometric functions
(Dose, 2021).

1.8

error. The author now applies this background
aggregation approach to all his aperture photometry.

1.9

Using Diagnostic Plots

The author’s 21 diagnostic plots per session have
little changed from those presented last year (Dose,
2020), but they are now used to screen suspicious
comp stars and comp star observations more strictly.
This parallels the tighter automated screening of
catalog entries (Section 3.1 above). Also, outliers
stand out more clearly from the decreased noise, as
afforded by the other practices described in this
document.
Diagnostic plots afford the last chance to exclude
variable and other defective star entries that persist in
the current version of the ATLAS catalog, as in
Figures 1 and 2:

Better Estimation of Sky Backgrounds

In aperture photometry, one measures within the
sky background annulus an ADU value for each pixel
in it, whereas what is needed is a single best
background ADU level. That is, the pixel ADU
values must be combined to a single background
value. After setting of aperture size, combining of
background pixel values is probably the most varied
practice in aperture photometry. Modern software
typically applies a sigma-clipped mean or sigmaclipped median function, both superior to a simple
mean or median.
In the past year, the author has adopted an
iterative sigma-clipped median function, constructed
from functions of python’s astropy and photutils
packages. In practice, one performs an initial
masking out of obvious outlier pixels, and then the
sigma-clipped median function is applied repeatedly
to the remaining pixel set.
This approach is extraordinarily proficient at
removing the effects of artifacts like cosmic rays, hot
pixels and nearby stars while preserving the statistical
power of aggregating the unaffected pixels. Its
known disadvantages are in its relatively high
computational demands and in the final result’s being
constrained to integer results, which adds an
unfortunate dithering variability. Fortunately, this
dithering variability is always less than one ADU, so
in all practical cases the removal of systematic errors
from artifacts is well worth this random dithering

Figure 1. Example diagnostic plot. Comp star 44 arises
from a faulty magnitude entry in ATLAS refcat2.

Figure 2. Example diagnostic plot. Comp star 19 is a
variable star not labeled as such in ATLAS refcat2.

Diagnostic plots are also the best means of
rejecting observation outliers. With the large number
of comp stars used by the current workflow, outlier
observations numbering to ten or more per session
are not unusual, and rejection is necessarily
discretionary in some cases. Such subjective rejection
of data points may be uncomfortable, but one’s
4
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judgments improve with practice. And in any case,
discretionary rejection has been found to cause little
or no harm to sessions’ results, certainly less than the
compensating gains in signal-to-noise and in nightto-night stability of photometric zero-points (Section
5.3 below).

campaign is closed, a final fit series is performed
with up to a dozen test G values, and the best G value
is reported with the lightcurve. To date, precision has
been roughly 0.05, but even so we have found few
asteroids whose best G value equals the default value
of 0.15.

1.11 No Nightly Zero-Point Adjustments
(and its benefits)

Figure 3. Examples of diagnostic plot. Comp star 34 has
an outlier photometric observation (the third), very
probably caused by a cosmic ray artifact within the
target aperture, adding flux to it and decreasing its
apparent magnitude.

1.9.1

Lightcurve Construction

In this work, a lightcurve is a plot of one
asteroid’s reduced magnitudes vs. rotational phase,
for data taken during one campaign. Reduced
magnitudes are obtained by applying corrections for
sun-asteroid distance, asteroid-earth distance, and
viewing phase angle (H-G correction) to absolute
(catalog-basis) magnitudes from aperture photometry.
Lightcurve construction is not truly part of
aperture photometry, but we will very briefly cover
here a few lightcurve improvements to the author’s
workflow.

1.10 Determine G and Period Together
The H-G parameter G (Harris, 1989) describes
the dependence of an asteroid’s distance-corrected
magnitude on its viewing phase angle. During a
campaign, phase angle will usually vary significantly,
so that a misestimated G value will cause systematic
errors that will impair the Fourier fit. Unfortunately,
reliable G values are seldom known for asteroids still
needing lightcurves.
Early in a campaign, the current workflow
assumes the widely accepted default G value of 0.15.
But as soon as is practical—usually meaning when
four or more sessions have been measured that cover
a phase angle range of perhaps 5 degrees or more—G
is estimated from a range of candidate G values as
the value yielding the best Fourier fit. When the

By relying on a catalog with accurate photometry
on millions of stars across the whole sky, the author
has dispensed with the custom of making minor
session-to-session magnitude adjustments. Such
adjustments, sometimes referred to as nightly zeropoint adjustments, have sometimes been needed to
match sessions’ magnitudes within a campaign
lightcurve.
The author has now acquired 30 consecutive
asteroid lightcurves without adjusting zero-point of
any session. (Strictly speaking, G value adjustment is
a kind of zero-point adjustment, but G value
adjustments are physically grounded and extremely
highly constrained by phase angle.)
Zero-point adjustments must still be allowed for
sessions at small phase angles of perhaps < 1.5°,
where anomalous reflection from particles on the
asteroid’s surface can increase brightness beyond
what is allowed by the H-G relation, similar to
enhanced axial reflection from car tags and road
signs. But this concession is slighter than it might
appear, as such adjustments are highly constrained:
they are limited to phase angles around zero, and they
must decrease monotonically with the phase angle’s
absolute value.
Eliminating need for zero-point adjustments
markedly improves lightcurves and confidence in
them, especially for: long rotational periods, where
magnitude changes are often larger between sessions
than within them; low-amplitude lightcurves, where
even small zero-point adjustments can overpower
real magnitude changes; unusual lightcurve shapes,
especially for de novo period determinations for
which there is no prior guidance; and asteroids
rotating non-axially, especially precession or
“tumbling,” where nightly zero-point variations
would very likely obscure tumbling effects, and vice
versa.
1.11.1

When to Close a Campaign

One could continue a campaign until the asteroid
stays below the horizon all night or until its sky
position gets too close to the sun’s. But for practical
lightcurve determination it’s best to close a campaign
5
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when the lightcurve cannot or need not be improved
within its current apparition. So, when exactly is
closure best declared?
The key lies within the two conditions “cannot”
and “need not,” as judged by the observer. As with
most judgments, experience helps, but we offer some
starting guidance here.
The “cannot” condition may be triggered by the
practical end of the target asteroid’s observable
apparition: it has moved too far from earth and thus
has become too faint (common); its motion has
become too rapid (but see Section 4.1); its sky
elevation is too low all night; or, rarely, it has
ventured too close in the sky to the sun. Or the
observer may give up on the campaign as unlikely to
yield a usable lightcurve during this apparition; the
amplitude seems too low to allow for period
determination; the lightcurve suggests that the
asteroid is binary and the observer does not feel
equipped to interpret it; or the lightcurve shape seems
too erratic, non-periodic, or irreproducible to accept.
These last two cases might call for consulting a very
experienced observer: sometimes the oddest data end
up the most fruitful. But sometimes at the end of the
target’s apparition the data simply remain
insufficient. In these cases, it’s usually best to cut
one’s losses, close the campaign, redirect observing
time to other targets, and but still consider uploading
to ALCDEF (Warner, 2011) those sessions in which
the observer is confident.
The “need not” set of campaign-closure criteria
are happier, because all needed data for the campaign
are now in hand. The author currently retains only
three closure criteria: (nearly) complete phase
coverage, a credible lightcurve shape, and the
absence of credible alias solutions. All three criteria
are partly subjective, but a lightcurve that reasonably
satisfies all three criteria and whose sessions have not
been arbitrarily adjusted will almost certainly be
worth publishing, for example in the Minor Planet
Bulletin. And while more data are almost always
better, in an ongoing observing program the decision
is not whether to take more data on a given asteroid,
but whether to allocate yet more observing time (and
observer effort) to that asteroid or to another.
1.11.2
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Minor Planet 1803 Zwicky
Discovery of Binary Companion
Tom Polakis
Command Module Observatory
121 W. Alameda Dr., Tempe, AZ 85282
tpolakis@cox.net

Abstract
1803 Zwicky is an inner main-belt asteroid in a highly inclined and eccentric orbit. Through 2020, the only
published rotation period was 2.73364 ± 0.00005 hours, using photometry from TESS satellite observations.
Photometry at Command Module Observatory (MPC: V02) in Arizona produced a similar result, but with outlying
points appearing in the phased lightcurve. A new analysis of the TESS photometry showed deeper, periodic
minima overlaid on the short rotation period, suggesting mutual events with a binary companion. After four
additional nights of observation at V02, the binary nature was confirmed, and dual-period analysis was used to
compute an orbital period of 28.48 ± 0.02 hours. The secondary-to-primary mean diameter ratio is 0.26 ± 0.02.
The lack of flat features in the lightcurve indicates that eclipses and occultations are partial. The discovery
process and period solution methods are discussed in this paper.

1

data, and conclusions gleaned from the resulting
lightcurves.

Introduction

Asteroids vary in brightness as they rotate.
Photometry carried out with sufficient density and the
appropriate interval can be used to reveal not only
rotation periods, but also shapes, and information
about their composition and origin. On some
occasions, companion bodies manifest themselves as
periodic drops in brightness that occur during
eclipses and occultations.
1803 Zwicky was discovered by Paul Wild at
Zimmerwald Observatory in Switzerland in 1967. It
is a member of the Phocaea family, and has a high
eccentricity of 0.247, and a large inclination of 22⁰.
Its inferred diameter is 9.9 km.
In the process of selecting targets for
photometry, it is standard practice to consult The
Asteroid Lightcurve Database (LCDB; Warner et al.,
2009) to find previously published rotation periods.
The only period for 1803 Zwicky is that of Pal et al.
(2020), who computed 2.73364 ± 0.00005 hours. The
authors of that paper published rotation periods and
lightcurves for nearly 10,000 minor planets using
data mining from the Transiting Exoplanet Survey
Satellite (TESS).
Photometric observations of 1803 Zwicky
carried out by this author showed a series of
anomalous, fainter points in the lightcurve during one
of the first four nights. Further observations were
made in the following week to confirm the presence
of mutual events involving a companion, and to
determine its period of revolution.
Described herein are the observations, dualperiod analysis applied to both TESS and the new

1.1.1

Image acquisition, calibration, and
data reduction

Observations were performed at Command
Module Observatory (MPC V02) in Tempe, AZ. The
equipment at V02 consists of a 0.32-m f/6.7 Modified
Dall-Kirkham telescope and an SBIG STXL-6303
CCD camera with a Clear filter, producing an image
scale after 2x2 binning of 1.76 arcsec/pixel.
Images were calibrated using sets of 15 bias,
dark, and flat frames. Image calibration and
alignment was performed using MaxIm DL software
(Diffraction Limited 2018).
The data reduction and period analysis were
done using MPO Canopus (Warner, 2020). For each
set of images, the asteroid and five comparison stars
were measured. Comparison stars were selected with
colors within the range of 0.5 < B-V < 0.95 to
correspond with color ranges of asteroids. MPO
Canopus plots instrumental vs. catalog magnitudes
for solar-colored stars, which is useful for selecting
comp stars of suitable color and brightness.
Clear-filtered images were reduced to Sloan r´ to
minimize error with respect to a color term.
Comparison star magnitudes were obtained from the
ATLAS catalog (Tonry et al., 2018), which is
incorporated directly into MPO Canopus. The
ATLAS catalog derives Sloan griz magnitudes using
a number of available catalogs. The consistency of
the ATLAS comp star magnitudes and color-indices
7
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allowed the separate nightly runs to be linked with no
zero-point offset.
1.1.2

1.2

Photometric results
Data from first four nights

On 2021 Feb 21 through 23, 264 images were
obtained, and data was reduced in the usual manner.
A robust rotation period solution was obtained, but a
significant number of stray data points departing
from the phased lightcurve appear on only Feb 22.
Therefore, sampling was increased on Feb 24, and an
additional 184 images were acquired. The raw and
phased lightcurves from the first four nights appear in
Figures 1 and 2. Since the Feb 24 data did not show
any anomalous points, image gathering was halted.

1.3

Data from Mar 1

A week later, 1803 was revisited for one more
night of dense observations in hopes of capturing a
possible mutual event. A total of 234 images were
gathered, resulting in the raw lightcurve shown in
Figure 3. Here we can clearly see the cyclic
variations caused by rotation, and a deeper minimum
suggesting a mutual event.

1.4

Lightcurves from TESS data

Included in the Pal et al. paper are links to
archives of their lightcurves and photometric data.
Raw data from 2018 Aug is shown in Figure 4. Note
the presence of minima with a regular spacing of 0.59
days.

Figure 1. Raw lightcurve for first four nights
Figure 3. Raw lightcurve from Mar 1

Figure 4. Raw lightcurve of 2018 TESS data
Figure 2. Phased lightcurve for first four nights
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Figure 5. Raw lightcurve from Mar 1 through 4

1.5

Further observations: Mar 2 through 4

The periodic nature of the dips in brightness in
the TESS data enabled the creation of a rough
ephemeris to predict future mutual events. These
would occur on March 3 and 4. Data was obtained at
V02 for March 2 and 3, but clouds prevented
obtaining images in Arizona on March 4. The
associated weather system had departed Southern
California, however, and Bob Stephens generously
acquired images for that full night. A raw lightcurve
combining observations from March 1 through 4
appears in Figure 5. Since mutual events can be
masked by variations in the rotation lightcurve, they
are more clearly seen in a phased lightcurve for
revolution, which is discussed in the next section.

1.6

Figure 6. Phased lightcurve for rotation

Computing rotation and orbital periods

Equipped with dense data spanning 11 nights, it
was possible to determine rotation and orbital
periods. Canopus software has a dual-period search
feature that enables the user to iteratively isolate the
superimposed periods.
The rotation period was determined to high
precision as 2.7331 ± 0.0002 hours. Each revolution
of the secondary body produces two mutual events:
an occultation and an eclipse. The orbital period is
28.48 ± 0.02 hours. Phased lightcurves for both
rotation and revolution are provided in Figures 6 and
7. The lack of flat bottoms in the minima suggests
that the mutual events are partial.
Dual period searching also enables determination
of a rotation period of the secondary body. This
method produced a flat lightcurve, which suggests
that this may be a synchronous binary, although the
photometric precision is not sufficient for this
assertion to be conclusive.

Figure 7. Phased lightcurve for revolution

All of the data was passed to Petr Pravec, who
refined the period solutions slightly. His calculations
for rotation and orbital periods are 2.7329 ± 0.0002
hours and 28.46 ± 0.02 hours, respectively. Using the
depths of the mutual events, he concluded that the
secondary-to-primary mean diameter ratio is 0.26 ±
0.02. The discovery was announced on CBET 4942.
1.6.1

Conclusions

Routine photometry of the poorly characterized
asteroid 1803 Zwicky revealed the presence of
mutual events. Dense observations were used to
determine the orbital period of a secondary body.
Access to the TESS data from the Pal et al. paper was
useful in confirming the binary nature and creating an
ephemeris. Since the mutual events had gone
unnoticed, it is likely that further perusal of the
nearly 10,000 TESS lightcurves will turn up
additional binary candidates.
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Experimental Observations of Jupiter in the Optical
Ammonia Band at 645 nm
Steven Hill
Smhill001@gmail.com

Abstract
In this work, a commercial 647nm narrowband (10nm FWHM) filter is used to image Jupiter in the 645nm absorption
band of NH3. Because of the small equivalent width of the NH3 band, all analysis is performed in comparison to
observations made in adjacent continuum bands. The work covers three phases. First, a cooled CCD camera is
used to obtain images for photometric analysis to demonstrate disk integrated retrieval of ammonia absorption. The
observed disk integrated absorption is within the 95% confidence interval when compared to absorption predicted by
convolving the filter response with a reference Jupiter spectrum. Second, these images also provide sufficient
resolution to investigate well known zonal differences in ammonia abundance, e.g., enhancement in the Equatorial
Zone (EZ) and depletion in the adjacent belts. Third, a high speed, uncooled CMOS camera is used for lucky imaging
at a much finer plate scale to look for specific feature dependent variations in NH3. These high-resolution images
show intriguing variations both in latitude and in longitude. However, instrumental and analytical causes for these
features must be eliminated before they can be attributed to a Jovian origin. For example, small differences in
alignment or seeing conditions between the in-band and out-of-band images could return false contrasts. If spatial
and temporal variations can be retrieved successfully, narrowband ammonia imaging could provide insights into
Jupiter’s upper troposphere and complement professional investigations underway at other wavelengths.

1

and depletions in adjacent dark features [Leigh N.
Fletcher et al., 2016; L. N. Fletcher et al., 2020].
However, these correlations are not rigid and show
temporal evolution on multiple time scales. Figure 1
provides an example of the general enhancement of
ammonia in the EZ. Note the longitudinal variability
along with the substantial, but imperfect correlation
with visible light features.
Ammonia, like methane, has molecular
absorption bands accessible in the visible and near
infrared (NIR) regions of the spectrum. While
methane band observations have become a standard
part of both professional and amateur astronomers’
toolkits for many years [Kardasis et al., 2016;
Mousis et al., 2014], ammonia observations in
visible/NIR regions have been less extensive [Teifel'
et al., 2018; Tejfel et al., 2017]. In large part this is
because the relatively weak absorption of NH3
compared to CH4. In addition, professional
researchers have at their disposal other powerful tools
in terms of visible/NIR integrated field spectroscopy
[A. S. Braude et al., 2017; Ashwin S. Braude et al.,
2020; P. G. J. Irwin et al., 2017; Patrick G. J. Irwin
et al., 2018] and mid-infrared wavelength
observations [Leigh N. Fletcher et al., 2016; L. N.
Fletcher et al., 2020].
This work provides a proof of concept that
routine tracking of ammonia distributions is possible
using amateur equipment. Except for disk integrated
photometry, this work should be treated as

Introduction

Jupiter’s atmosphere has two primary
condensable cycles, one based on water, the other on
ammonia [Leigh N. Fletcher et al., 2019]. Ammonia
condensate clouds are responsible for most of the
cloud and band structure seen in visible light. (Water
clouds lie lower in the atmosphere, hidden by the
ammonia clouds above.) The distribution of ammonia
gas is dependent on vertical and horizontal motions
along with sources (chemical production, evaporating
condensates) and sinks (condensation, photochemical
destruction). In essence, it is a proxy for active
weather in the upper troposphere.
Studies of ammonia in Jupiter’s atmosphere
initially established the global average abundance
range and its vertical profile [Taylor et al., 2004].
Later works were able to characterize latitudinal
abundance variation, including a general pattern of
enhancement in the bright zones and depletion in the
darker belts [Leigh N. Fletcher et al., 2016]. This was
interpreted as uplift and condensation in the zones
forming higher clouds and dryer downdrafts in the
belts. Of particular note was the strong enhancement
seen in the Equatorial Zone (EZ) and the depletions
noted in the South Equatorial Belt (SEB) and North
Equatorial Belt (NEB). More recent studies have
established the non-uniformity of ammonia
abundance longitudinally and vertically as well as
correlations between discrete features and abundance.
Current work shows associations between ammonia
enhancement and bright plumes in the northern EZ
11
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quantitative manner. In this configuration, the
telescope was used with a 2x Barlow lens, an
uncooled ZWO ASI120MM camera, and a seven
position Starlight Express filter wheel. This setup
gave a plate scale of 0.13 arcsec-pix-1. The second
configuration captured images for which filterrelative, quantitative photometric analysis could be
performed. In this configuration, the telescope was
used at the f/10 prime focus with an SBIG
ST2000XM camera with a five position CFW-8 filter
wheel. This setup gave a plate scale of 0.54 arcsecpix-1.
A commercial off the shelf (COTS) bandpass
filter centered at 647nm with a FWHM of 10nm was
procured from Edmund Optical (part no. 65169).
The filter transmission profile was measured by
taking the ratio of spectra of reference stars and
planets both with and without the filter in the optical
path. While slightly offset in wavelength, this filter
overlaps the absorption profile of the NH3 band at
645nm sufficiently for meaningful measurements.
Because the absorption signal is weak (a few
percent), adjacent fluxes are measured as continuum
references. Filters are readily available for these
wavelengths, and those considered and tested include
656±4.0, 658±1.5, and 672±4.0 nm - filters that are
typically used for Hα, NII, and SII nebular emission
lines. The transmission of these filters was
characterized like the 657 nm filter. Figure 2 shows
the Jovian reference spectrum [Karkoschka, 1994] in
the region 600-700nm along with filter transmission
profiles convolved with the reference spectrum.

Figure 1: Visible light image compared to ammonia
distribution IRTF-TEXES spectrometer [Leigh N. Fletcher
et al., 2016].

qualitative. With effort, quantitative measurements
also should be possible with the techniques presented
here. If taken up by a portion of the amateur
community, these observations would provide regular
context and continuity for targeted professional and
spacecraft observations.
The remainder of the paper is organized as
follows: The next section describes the observations
through the 2020 apparition. Sections three through
five progressively demonstrate the success of the
method, first through full disk photometric detection
of ammonia, second by detecting the largest and most
persistent spatial distribution signals of ammonia
(well-known variations with latitude), and finally by
showing finer scale spatial features consistent with
professional observations. The sixth section
summarizes the work and its findings, and future
work suggested.
1.1.1

Observations

Observations were carried out from the author’s
observatory in Denver, Colorado. Two imaging
configurations were used during the 2020 apparition,
both with a 0.28m aperture Celestron 11 catadioptric
telescope. The first configuration used lucky-imaging
at a long focal length to attempt to detect discrete
ammonia abundance features, but in a non-

Figure 2: Top: Jupiter's disk-integrated albedo and
methane absorption coefficient [Karkoschka, 1994]
along with a spline fit across absorption bands to model
Jupiter’s continuum. Bottom: convolution of filter
transmission with Jupiter’s albedo and fit to the
continuum.
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A total of four nights of CMOS observations
were made in July (Table 1) and CCD observations
were made for eleven nights in September and
October (Table 2). Observing conditions varied during
the experiment. In July transparency and seeing were
very good. During the first three observations in
September, the conditions were photometric, or
nearly so. For next three observations, from
September 13-15 there was some suspicion of light
haze or smoke from western wildfires. By the second
half of September through then end of the
observations, smoke was noted as ‘mild’ to
‘moderate’ and significant reddening was plain to the
eye. The extent and variability of the smoke was
difficult to quantify, but in the daytime variability
was seen on the scale of minutes to days.
Context images in bands other than those
directly used for NH3 measurements are important to
disambiguate potential contaminating signals.
Potential correlations that could influence the
detection of ammonia include variations in
broadband reflectivity (RGB broadband reflectivity),
variations in color slope (R/G color slope), variations
in cloud height (methane optical depth), and aerosol
absorption (NUV absorption). Where possible,
context images were taken with the same equipment
as the 647 and 656 nm images. When that was not
possible, context images were obtained from publicly
available amateur image databases. Contributions are
listed in the Acknowledgements.

1.1.2

1.2

Date

Central Time

𝜆1

𝑆 = ∫ 𝐹(𝜆)𝐴(𝜆)𝑇𝑎𝑡𝑚 (𝜆)𝑅(𝜆)𝑇𝑓𝑖𝑙𝑡 (𝜆)𝑑𝜆

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

Jul 30 2020-07-30-0515_7

✓

✓

✓

✓

✓

✓

✓

Jul 31 2020-07-31-0454_1

✓

✓

✓

✓

✓

✓

✓

Where S = integrated photometric signal in
DN-s-1 for Jupiter or a moon in a given filter. F =
solar flux as a function of wavelength. This can be
considered constant with time. A = albedo of Jupiter
or a moon as a function of wavelength. These should
be close to constant with time, with some rotational
modulation. Tatm = transmission of Earth’s
atmosphere as a function of wavelength. This is
variable with time as atmospheric opacity changes. It
is especially important because of the fires in the fall
of 2020. R = instrument response as a function of
wavelength, including all optics and detectors but not
filters. This should be constant on the timescale of
weeks or months. Tfilt = transmission for either the
647 or 656 nm filters. (Only the 656 nm filter is used
for reference in the rest of this work since it is
available for all observations.)
To first approximation F, Tatm, and R can be
taken as slowly varying in both time and wavelength
and thus be replaced with average values and moved
outside the integral:

Table 2: CCD Imaging Observations.
Date

Central Time

647 656 658 672 501 889 940 1μm

Sep 02 2020-09-02-0327_8 ✓

✓

✓

✓

✓

Sep 03 2020-09-03-0341_8 ✓

✓

✓

✓

✓

Sep 04 2020-09-04-0246_1 ✓

✓

✓

✓

✓

Sep 13 2020-09-13-0328_4 ✓

✓

✓

✓

✓

Sep 14 2020-09-14-0245_3 ✓

✓

✓

✓

Sep 15 2020-09-15-0200_3 ✓

✓

✓

✓

Sep 24 2020-09-24-0251_2 ✓

✓

✓

✓

✓

Sep 25 2020-09-25-0242_1 ✓

✓

✓

✓

✓

Oct 07 2020-10-07-0142_0 ✓

✓

✓

✓

✓

Oct 08 2020-10-08-0149_2 ✓

✓

✓

✓

✓

Oct 09 2020-10-09-0113_3 ✓

✓

✓

✓

✓

✓
✓

(1)

𝜆0

647 656 380 450 550 >685 889

Jul 29 2020-07-29-0413_4

Methods

The hypothesis of this work is that the ammonia
signal from the 645 nm absorption band is detectable
through a narrowband filter centered on the 647 nm.
The signal is small, so an adjacent continuum
reference is needed along with a photometric
reference. The adjacent continuum filters are
described above. The photometric references used are
the visible Galilean moons for a given observation.
Aperture photometry was performed on calibrated
FITS images using the Python photutils library, an
Astropy affiliated library.
The signal from a solar system object like Jupiter
or one of its moons can be written as:

Table 1: CMOS Lucky Imaging.
Jul 20 2020-07-20-0457_9

Disk-Integrated Photometry

𝜆1

𝑆 ≅ 𝐹̅ 𝑇̅𝑎𝑡𝑚 𝑅̅ Δ𝜆 ∫ 𝐴(𝜆)𝑇𝑓𝑖𝑙𝑡 (𝜆)𝑑𝜆

(2)

𝜆0

With this approximation, it is straightforward to
use the Galilean moons to estimate the Jovian
continuum signal expected at 647 nm in the absence
of NH3 absorption:
∗
𝑆𝐽,647
=

𝑆𝑚,647
𝑆
𝑆𝑚,656 𝐽,656
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(3)

The expected signal from Jupiter in the 647 nm
filter with NH3 absorption is then:
∗
𝑆𝐽,647 = 𝑇𝑁𝐻3 ∙ 𝑆𝐽,647
= 𝑇𝑁𝐻3

𝑆𝑚,647
𝑆
𝑆𝑚,656 𝐽,656

(4)

The goal is to observe the ammonia absorption
aNH3 = 1-TNH3, where TNH3 is the transmission of the
645 nm ammonia band in the Jovian atmosphere.
With the approximation in equation 2 an expected
value can be calculated for transmission:
𝜆

𝑇𝑁𝐻3 ≅

1
∫𝜆 𝐴𝐽 (𝜆)𝑇647 (𝜆)𝑑𝜆
0

𝜆1
∫𝜆 𝐴𝐽∗ (𝜆)𝑇647 (𝜆)𝑑𝜆
0

= 0.9613

(5)

Figure 3: 647/656 filter ratios for all Jupiter and moon
observations.

Where AJ and AJ* are the reference spectra for
Jupiter in with and without NH3 absorption shown in
Figure 1. Thus, the expected absorption is aNH3 =
0.0387.

1.3

angular scales, accuracy would be significantly
degraded. Figure 3 shows the observed 647/656 nm
ratios for every CCD observation of Jupiter and its
moons. When the ammonia absorption is computed,
the first six observations give value twice that of the
last five days, e.g., aNH3 =0.032±0.010 versus aNH3
=0.016±0.024. Note that the uncertainty more than
doubles for the last five days. This suggests that the
first six days show more self-consistency, and also
support an absorption value much closer to the
expected value.
The second issue is the fact that Jupiter’s albedo
has a very flat continuum slope near 645nm
[Ordonez-Etxeberria et al., 2016], whereas the
moons, shown in Figure 4, exhibit increasing
reflectivity toward the red [Clark and McCord,
1980]. This slope would appear as a decrease of the
Jovian ammonia absorption. The magnitude of the
apparent decrease is estimated by convolving the
filter transmissions with the moon albedos and
computing the signal ratios (Figure 4). These show
offsets from a flat albedo ranging from 0.7% for
Ganymede to 2.3% for Io that can be used as
correction factors. Applying the appropriate
correction factor for each moon to the ammonia
retrieval should remove the bias effect of that moon’s
spectral slopes. Note that Io shows a significant
dichotomy between its leading and trailing
hemispheres in Figure 4. Thus, no single correction
factor will be adequate when using that moon as a
reference.
To better understand the influences of these
factors, the data are explored along three dimensions:
1. Dates included in the analysis: Sep 2 – Sep 15
versus Sep 24 – Oct 9 versus Sep 2 – Oct 9.
2. Moon color slopes: Corrected versus uncorrected.
3. Io variability: Including Io versus excluding Io.

Analysis

On each of the 11 nights of observations,
between two and four moons were available as
references. The average filter ratio of the moons was
found to be:
𝑆𝑚,647 ⁄𝑆𝑚,656 = 1.347 ± 0.035
The uncertainty shown is the 95% confidence
interval. Similarly, the filter ratio for Jupiter was
found to be:
𝑆𝐽,647 ⁄𝑆𝐽,656 = 1.314 ± 0.023
From these values, transmission and absorption are:
TNH3 = 0.976±0.016 and aNH3 =0.024±0.016
Given the simplicity of the measurement, the
agreement between the expected and observed values
seems rather poor. Therefore, potential systematic
effects are assessed. The first issue examined is poor
observing conditions during the last five nights of
CCD observations. The second is the influence of the
Jupiter’s and Galilean satellite continuum color
slopes and temporal variations.
As described in the Observations section above,
significant smoke affected the sky over the
observatory. In theory, the ratio analysis method
presented here should be robust to different
atmospheric transmission conditions. However, in the
case of time variable variations (on the timescale of
an observing run), or variations on small (sub-degree)
14
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visible wavelengths [Fujii et al., 2014]. Io and
Europa exhibit the greatest variations between
leading and trailing hemispheres. Io exhibits the
largest variations in spectral slope. While the Jovian
slope modulations are small, the moons’ rotation may
cause errors that contribute significantly to the
residual uncertainties seen in Table 3.
1.3.1

Equatorial Zone enhancement and depletion of
the adjacent belts is a prominent and persistent largescale feature of the Jovian ammonia distribution. The
causes behind this enhancement are not fully
explained by current models and are an active area of
research. The combination of large spatial extent and
significant signal make this a good next test for
optical ammonia retrieval. To investigate this
meridional distribution of ammonia, 656/647 ratio
images along with context images were mapped onto
a cylindrical projection.
First, the observations were navigated using the
popular WinJUPOS software by aligning Jupiter’s
limb and visible moons as reference points.
Alignment is considered to have sub-pixel accuracy.
Second, WinJUPOS software tools were used to align
the 647 and 656 images with compensation for
Jupiter’s rotation during the observing run. Finally,
MaximDL was used to produce a 656/647 ratio
image with an average ratio of 1.0. Thus, ammonia
enhancements appear >1.0 and depletions <1.0.
These images are considered to be qualitative
representations of the ammonia abundance since the
transformations performed have not been tracked in
detail.
Since the central portions of Jupiter’s disk are
less affected by limb darkening, only the central 90
degrees of longitude and the central 90 degrees of
latitude are taken to create a cylindrical project map.
This was done for 656/647 and all context images
using the default limb darkening settings in
WinJUPOS.
To boost the signal for the latitudinal variations,
the maps were co-added without regard to actual
longitude. In other words, they were treated simply as
90 degrees by 90 degree images to be summed. This
results in a quasi-composite image, blurring
longitudinal features and emphasizing variations in
latitude. The CMOS data from July and the
September 2-15 CCD data are summed separately in
Figure 5 and Figure 6, respectively. The last five days
of CCD observations are not included due to the
impacts of smoke conditions.

Figure 4: Top: Reflectance spectra of the Galilean
moons [Clark and McCord, 1980], normalized to 1.0 at
1.0 micron. Bottom: convolution of filter transmission
with moon albedos.

Table 3 shows ammonia absorption in each of
these dimensions. The best matches to the expected
values, with the narrowest confidence intervals (±22
to ±32%) are the six observations between September
2 and 15. The adjusted and unadjusted values of
ammonia absorption nicely bracket the expected
value ((O-P)/P from -22% to +9%) and lie
comfortably within their respective confidence
intervals. Thus, good photometric accuracy can be
achieved in retrieving the global NH3 absorption, as
long as observing conditions and the spectral slopes
of the moons are considered.
Table 3: Observed versus predicted values of Ammonia
Absorption.
Uncorrected
Case

aNH3

O-P

Corrected
aNH3

O-P
-0.002

Sep 2-Oct 9

0.024±0.016 -0.014

0.036±0.016

w/o Io

0.027±0.013 -0.012

0.036±0.013

-0.002

Sep 2-15

0.032±0.010 -0.007

0.045±0.010

+0.006

w/o Io

0.034±0.011 -0.005

0.043±0.011

+0.004

Sep 24-Oct 9

0.016±0.024 -0.023

0.027±0.024

-0.012

w/o Io

0.021±0.024 -0.018

0.030±0.024

-0.009

Equatorial Zone Enhancement

Finally, the residual uncertainties and possible
causes are examined. First, rotational brightness
modulation is seen for Jupiter [Ge et al., 2019]
ranging from about ±0.3% to ±0.8% at 631nm and
658 nm. However, the maximum diurnal variation of
the ratio of these two wavelengths is 0.15% and can
be as low as 0.02%. Second, more significant
rotational modulations are seen for the moons at
15
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Figure 5: Co-added maps of CMOS observations in July.
See text for description of co-adding process.)

Figure 6: Co-added maps of CCD observations in July.
See text for description of co-adding process.)

The panels in the figures represent the following:
a) RGB: Color context image. Figure 5 uses an NIR
>685nm filter for the R channel. Public images
used for the Figure 6.
b) Reflectivity: Relative brightness in the optical
(panel ‘a’ converted to a monochromatic image).
c) Continuum slope: Red/Green broadband channel
ratios. Redder areas are brighter.
d) NH3: Ratio of 656/647 images as an index of NH3
abundance. Brighter represents more NH3.
e) 889nm: Methane channel maps correlate to cloud
or aerosol height. Bright areas represent higher
clouds.
f) 380nm: NUV aerosol absorption images. Brighter
areas represent less absorption. Not available for
Figure 6.

Examining the NH3 maps in Figure 5 and Figure
6, one can see clear variations, with an enhancement
of the northern half of the EZ especially notable. The
context images show that this signal is not primarily
driven by reflectivity, color slope, cloud height, nor
aerosol absorption. Second order effects are certainly
possible, but the primary cause of the latitude
modulation is most likely due to NH3 variations.
These images lost photometric accuracy through
remapping and stacking without detailed regard to
limb darkening, etc. However, the general form of
latitude variation should be verifiable against the
literature. While there have been many measurements
of latitudinal variations presented as meridional
profiles, recent work is used here as a benchmark for
comparison [Leigh N. Fletcher et al., 2016]. This
work uses observations from the IRTF-TEXES
instrument and the Cassini spacecraft CIRS
instrument along with sophisticated retrieval
algorithms to determine the ammonia mole fraction at
the 500 mb (Figure 7).
16
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Figure 7: Profiles of ammonia mole fraction from IRTFTEXES observations in 2014 and Cassini CIRS in 2000
[Leigh N. Fletcher et al., 2016] compared to 656/647nm
ratio profiles from the current work which have been
arbitrarily scaled to the same vertical extent.

The NH3 maps for the CMOS and CCD data, as
well as a combination of the two are used to create
profiles. For a given latitude, the profiles represent
the average ammonia signal extending to ±45 degrees
of longitude from the central meridian. Since the
profiles are non-quantitative and represent line of
sight absorption rather than mole fraction at a
specific atmospheric level, they have been scaled to
roughly fit the peak-to-peak extent of the TEXES and
CIRS data. The TEXES and CIRS data are presented
with error bars that represent formal retrieval
uncertainties, not actual observed variations at a
given latitude.
The profiles in this work mostly lie within the
TEXES and CIRS error bars. Notable exceptions are
ammonia enhancements relative to the professional
observations at 10-20deg S and to a lesser extent in
the 10-20deg N region. An idea of the range of actual
variation can be seen by examining the differences
between the TEXES and CIRS data, which were
taken in 2014 and 2000, respectively. Those
differences are commensurate in magnitude with that
seen in the current data, especially in the 10-20 deg
latitude bands.
To summarize, the EZ enhancement is clearly
evident and the ammonia signal at most latitudes is
within the formal uncertainties of other works. The
values outside the error bars may be within the range
of real physical variations.

Figure 8: CMOS observations from July 29, 2020 (UT).
Longitudes are System II.

1.3.2

Discrete Features

A further step is now taken to examine the higher
resolution data from the CMOS lucky imaging
observations. Specifically, the goal is to determine
whether features like enhanced ammonia near the
bright plumes of the northern EZ and depletion near
dark features (5μm hot-spots) are evident in the data.
Figure 8 shows CMOS observations from July 29,
2020 (UT) as one example.
In panel (d) NH3 shows enhancement in the
northern EZ, but not uniformly in longitude. These
patches of enhanced NH3 occur near the southern
border of dark features and near or over bright
plumes seen in the context images. The dark features
seen in the context image are very blue and show up
as dark spots in panel (c). While the central latitudes
of the NH3 enhancements are 4-5 deg north, the
dark/blue features have centroids that are 6-8 deg
north. The lack of perfect alignment with these
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optical features is consistent with recent observations
[L. N. Fletcher et al., 2020].
Additional longitudinally extended features are
also seen. At the northern edge of the NEB, there is a
region of depleted NH3 centered between 15 and 18
deg north. Here the corresponding context images
show the boundary of the NEB and the North
Tropical Zone (NTrZ). In the southern hemisphere,
enhancement is seen in the SEB in two faint bands.
A major note is that the Great Red Spot (GRS) is
prominent near the edge of this map, especially in
panels (c) and (d) (methane). Despite having a very
strong red signal and a strong methane signal, there is
no obvious enhancement or depletion in the NH3
abundance. This suggests that localized NH3 signals
measured by the filter ratio technique are generally
independent of both color slope and methane
absorption. Looking back at Figure 1, there is a
depletion seen in and around the GRS from the
TEXES observations. This depletion is not seen in
this work; however, the GRS is near the edge of the
map considered and future measurements may obtain
better results.
Finally, it is clear that there are no noticeable
issues associated with either co-alignment or
differences in spatial resolution (due to e.g., seeing or
changes in focus) in the 656/647 ratio images. The
former would appear as bright-dark pairings of
features. The latter would appear as bright or dark
‘rings’ around features, depending on which channel
had the lower resolution.

2.

3.

4.

5.

This paper has confirmed the hypothesis that
ammonia distributions on Jupiter can be observed
with a simple filter ratio approach in the optical
region of the spectrum. It’s especially important to
note that this has been demonstrated with a telescope
of modest aperture and filters that are affordable and
commercially available. This opens the possibility of
advanced amateur astronomers providing regular
observations
and
monitoring
of
ammonia
distributions, much the same way amateurs have
adopted imaging in the 889 nm methane absorption
band.
1.3.4

1.3.3

Spectral slopes of the Galilean satellites
along with observing conditions must be
considered.
Meridional profiles of ammonia abundance
are generally consistent with those published
in the literature. While some notable
differences are observed, e.g., in the SEB,
these may be within natural physical
variations on Jupiter.
High resolution lucky imaging shows
discrete enhancement features at the
northern edge of the EZ that appear
consistent with observations published in the
literature.
Differences in alignment or focus between
filter channels are not issues in this analysis.
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This paper has presented a new filter ratio
technique for retrieving qualitative and quantitative
ammonia abundances and distributions in Jupiter’s
atmosphere. It uses commercially available 647 nm
optical bandpass filters, along with a continuum
reference filter at 656 nm to assist in detecting the
faint NH3 signal. Multiple observing nights were
spent in two configurations (CMOS lucky imaging
and standard CCD imaging) observing Jupiter.
The analysis proceeded through three stages.
First, the basic technique was proven by analyzing
the disk-integrated ammonia signal of Jupiter.
Second, the ability of the technique to detect the
well-known EZ enhancement was demonstrated.
Finally, lucky imaging results were examined for
finer spatial features. In assessing the effectiveness of
this technique, the findings are:
1. Absolute NH3 abundance measurements
made for disk-integrated observations agree
with predictions from reference spectra and
filter transmissions.

1.3.5
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Abstract
We present an initial investigation into optical variability of known Active Galactic Nuclei/Quasi-Stellar Objects
(AGN/QSOs) which have been imaged by the Moving Object and Transient Event Search System (MOTESS)
and Global Network of Astronomical Telescopes (GNAT) in celestial equator (0° to +12° declination) survey
bands. It has been established that essentially all AGN/QSOs vary at some level, often on longer period
timescales. The goal of this project is to determine if long timescale AGN/QSO data have been successfully
captured in the MG surveys and if so, can such data add to the knowledge base of AGN/QSO variability. The
MG survey databases consisting of MG1 and MG6 (both centered at declination +03 18°) observed from 2001
Apr-2003 Jul (MG1) and 2011 Aug-2013 Jun (MG6) provide a 12-year span of observations for candidate
searches. Our initial search revealed multiple AGN/QSO candidates. A particularly interesting AGN/QSO
candidate, designated as Astronomical Wide-field Imaging System for Europe object (WISEA)
J045446.20+033046.9 is an optically observable AGN/QSO at magnitude approximately 16 to 17. We present
the results of an investigation into the behavior of this AGN/QSO in the context of pros and cons of using MG
survey data to characterize such detections. Demonstration of the utility of the MG databases in this application
could be expanded to include all the completed MG surveys.

1
1.1

Introduction
Overview

GNAT in collaboration with MOTESS has
successfully applied the MOTESS asteroid search
images to identification and characterization of light

curves of stellar appearing celestial objects. The
three telescope, time-delay-integration (TDI), 2D
CCD imager MOTESS imaging system has been
described elsewhere in detail (Tucker 2007).
Since 2010 this collaboration has produced
several photometric time series surveys within about
12° of the celestial equator. The surveys have been
reduced using GNAT developed software (Kraus et
20
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al. 2007; Craine et al. 2021), and the resulting
databases have proven useful for various follow-up
studies of different types of variable stars, including
MDEBs (Kraus et al. 2011), contact binaries (Craine
et al. 2013), miscellaneous short period variables
(Tucker et al. 2013), and Long Period Variables
(LPVs) (Craine et al. 2015).
The MG surveys are thus a proven source of
serendipitous observation of many types of variable
stars. The data thus generated occupy a very useful
location in a brightness, limiting magnitude, and
frequency of observation matrix, as noted in Figure 1
of Kraus et al. (2007).

1.2

Objective of Study

The goal of this study is to determine whether
MG sky surveys are of utility in characterizing
known AGN/QSO sources. A cross-correlation
between the Million Quasars (Milliquas) catalog,
version 6.3 (Vizier, Flesch, 2015) and known objects
in MG surveys produced a small overlapping list.
From this list, a single AGN/QSO was found
(designated as MG1-122182) and selected for study
to determine whether any characteristics of the
AGN/QSO behavior could be filtered. This resulted
in the analysis which is presented below.
This paper is broken out into the following three
parts.
Part 1 (Sections 2-4) – reviews the properties of
the MG1–122182 found in the MG survey, confirm
the object’s identity in other survey images,
photometric characteristics of light curves, and
MOTESS observational characteristics. Part 2
(Section 5) – an initial investigation into the longterm periodicity of the AGN/QSO utilizing both
GNAT developed algorithms and established period
search techniques and Part 3 (Section 6) which
contains follow-up observations of the AGN/QSO
acquired from the Colin Gum Observatory (CGO) to
determine whether short term variability could be
recognized. Because the optical variability properties
of AGN/QSOs are of interest to the astronomical
community, it is a goal of this paper to explore
whether the MG surveys can productively contribute
to this understanding.

2
2.1

majority of the images are made clear channel to
increase their photometric reach, but each survey also
has some VRI band images made during bright time.
Because MOTESS is a TDI survey the image
integration time is set by the earth’s rotation; and it
varies slightly as a function of declination of the
observed survey strip. Integration times in each
instance are close to 3 minutes. This yields a
practical limiting magnitude of about 18-19 mag.
The first MG survey variable star catalog (MG1VSC) was a subset of the first attempt to reduce the
MG1 survey and produce a comprehensive database.
Thus MG1-VSC is a subset of MG1 selected to meet
certain specific variation criteria (Kraus et al. 2007).
More recently, a new data pipeline has been
developed and applied to all the MG surveys,
yielding in each case a complete relational database
which can then be searched for specific objects or
types of objects using user-defined criteria (Craine et
al. 2021, this SAS Proceedings).

2.2

Survey Follow-up Observations

Examination of the MG survey light curves
frequently reveals stars that show a variety of forms
of optical variation. Since the MG surveys are best
thought of as preliminary sieves for identifying
interesting behavior, it is often the case that these
stars require further observation to interpret their true
character. Such observations may be photometric but
can also include other regions of the electromagnetic
spectrum (e.g., radio and x-ray) or types of
observation (spectroscopy). These observations may
be made by GNAT principals but are often
augmented by work of interested collaborators.

Observational Data
MG Databases

To date there are seven MG surveys completed,
with an eighth underway. Each survey is of duration
about 2 – 3 years and comprises a 360° strip of the
sky that is 48 arcmin wide at a given declination. The

Figure 1. Distribution of AGN/QSO in the MG1
declination strip by magnitude for all AGN/QSOs from
Milliquas catalog (black) and from those that
crossmatch both MG1A and MG1B survey database.
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2.3

Data Reduction

The first MG survey variable star catalog (MG1VSC) was a subset of the first attempt to reduce the
MG1 survey and produce a comprehensive database.
Thus MG1-VSC is a subset of MG1 selected to meet
certain specific variation criteria (Kraus et al. 2007).
More recently, a new data pipeline has been
developed and applied to all the MG surveys,
yielding in each case a complete relational database
which can then be searched for specific objects or
types of objects using user-defined criteria (Craine et
al. 2021, this SAS Proceedings).

3
3.1

AGN/QSO - MG Survey Correlation
AGN/QSOs in MG1/MG6

The first task for this project is to extract
AGN/QSO candidates from the MG surveys. For this
purpose, MG1 and MG6 was used, since they were
done at the same declination, but ten years apart.
The expected AGN/QSO population in the MG1
survey strip was accessed by querying the Milliquas
catalog (Flesch 2015). This returned a total of 26,126
QSOs. Cross matching the Milliquas catalog with the
MG1A and MG6A databases resulted in 290
positional matched (radial distance < 5.0 arcsec)
AGN/QSO detected in both surveys. An additional
149 were matched in MG6A only and 20 were cross
matched in MG1A only. The vast majority of
AGN/QSO are too faint to be observed in the MG
surveys as detailed in Figure 1.
The MG databases are limiting at an R
magnitude of about 17.5 making it unlikely that the
MG matches at the faint tail of the distribution curve
of Figure 2 are true AGN/QSO matches. Comparing

the MG survey magnitudes (which approximate an
R-channel) with the AGN/QSO Rmag should provide
further indication of matching fidelity. As can be
seen in Figure 2 there are a number of cross matched
objects that fall well off of the linear correlation of
the objects in the main MG target zone of 10-17 mag
(see Figure 2). Many of these objects are at the faint
end as expected. Some of the others represent
AGN/QSOs that are in proximity with another object.
These considerations reduce our predicted AGN/QSO
population to a maximum of about 200 candidates for
follow-up analysis of their long-term optical
behavior. Each of the candidates will need to
manually be confirmed to correspond with an
AGN/QSO.

3.2

An Example AGN/QSO Target

An example candidate is MG1-122182, found in
the MG1 and MG6 surveys, which cross referenced
to WISE J045446.20+033046.9 and is found in the
Milliquas catalog. The MG6A finder chart showed a
well isolated optical target at the coordinates for the
QSO suggesting that the two objects were identical,
see Figure 3. The comparison with the deeper look
afforded by the Digital Sloan Survey (Ahumada, et
al. 2020) provided further confidence of the assigned
match as shown in Figure 4.
Some of the basic characteristics of MG1122182 are listed in Table 1. It is notable that the MG
survey apparent magnitude is close to the Gaia R
magnitude. It is also notable that the object is flagged
in our screening survey as a possible variable object
with a low false alarm probability of 3.2E-5.
Parameter

Value

ID(MG1)

MG1-122182

RA(2000)

04:54:46.21

DEC(2000)

+03:30:46.9

mMG(mag)
Gaia R(mag)
B-R(mag)

16.7
1

16.9

1

0.403

Z2

0.8
3

FAP

3.2E-5
4

Figure 2. Comparison of the magnitudes of the reported
AGN/QSO (Rmag) and the positional matched MG
survey object from the MG1 declination strip (mMG). The
red dashed line is a linear regression for objects with
MG magnitudes 10-17 mag.

S8.4GHz(mJy)
71.3
1
Gaia EDR3 release
2
Milliquas catalog
3
Preliminary screening false alarm
probability (Lomb-Scargle).
4
CLASS survey, Vizier VIII/72/catalog
Table 1. MG1-122182 characteristics.
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MG1-122182 also exhibits a strong radio signal
of 71.3MJy at 8.4Gz. The center of this radio source
is seen to coincide with MG6A 385489 in the NRAO
VLA Sky Survey (Condon et. al 1998) flux density
image (see Figure 5) providing further support for the
identification of the object as a quasar.

4

Variance Analysis

An analysis was performed comparing the
magnitude variation of MG1-122182 across the four
observation seasons to a check star in close
proximately and of comparable brightness. The
purpose was to better determine whether the
variations seen in MG1-122182 were due to
astronomical causes or observational effects.
MG1 and MG6 images of MG1-122128 and the
check star were re-measured relative to a bright, nonvariable reference star using an aperture photometry
routine. The resulting differential magnitudes are
shown in Figure 7 for each of the four observing
seasons.
Figure 7 shows a long-term trend for MG1122128 to fainter magnitudes, which looks real. Not
shown is the non-zero intra-season linear trendline
for the QSO (for slope m: | m | ~ 0.004). The
differential magnitudes were subsequently de-trended
to slope m = 0.0, and the means and standard
deviations about the means were calculated for each
season, as summarized in Table 2.
The standard deviation of the mean of the
constant check star can be taken as an estimate of the
error in photometric measurement at the brightness
(S/N) level of the check star.
From Table 2 it can be seen that the variance of
measurement for the QSO is about 57% greater than
that of the check star, suggesting that the QSO is
exhibiting real variability within each season of
observation.
It becomes apparent that below relatively large
amplitudes (e.g. 3 ~ 0.3mag) the MG surveys are
not particularly well suited for monitoring optical
variability in faint objects such as QSOs. However,
for larger amplitudes the MG surveys can provide
useful photometric data for the brighter QSOs (mag <
17 or 18). This is especially true if the MG data are
used in conjunction with some other complementary
surveys, as shown in Section 5.

5

Variability Analysis

A Vizier (Ochsenbein 2000) search for this QSO
revealed the availability of further light curve data
from the Catalina Sky Survey (Drake 2009) and the
Zwicky Transient Facility (Masci 2018). These data

Figure 3. Finder Chart for QSO MG1-122182 from the MG
survey.

Figure
4.
DSS
J045446.20+033046.9.

Season
1
2
3
4
1
2
3
4

optical

Object
Ck star
Ck star
Ck star
Ck star
QSO
QSO
QSO
QSO

image

<m>
0.008
0.012
-0.011
-0.010
0.301
0.454
0.524
0.708

of

WISE

σ
0.054
0.060
0.055
0.052
0.099
0.080
0.074
0.095

Table 2 – Check Star Magnitude Variation

combined with the MG survey data provided a light
curve with a span of about 19.7 years (6,714d). Some
of the MG survey data overlapped the CSS data in
time and allowed for the translation of the MG survey
magnitudes to match those of the CSS red channel.
The combined light curve is shown in Figure 8.
23

SAS 40th Annual Symposium Proceeding

Figure 7. Photometry of MG1-122128 (black) and nearby
check star (red)

Figure 8. Light curve for MG1-122182 using combined
data from MG, CSS, and ZTF surveys.

Figure 5. NVSS flux density images. Top shows the
1.4GHz contours with DSS9 R channel background.
Bottom shows the 1.4GHz flux density with contours.
The green crosshair shows the location of MG1-122182.

Figure 9. A phase diagram showing the magnitude data
from the MG, CSS and ZTF surveys and the best fit least
squares model.
Figure 6. SED for MG1-122182. Excess IR is observed
particularly at 2.16μm. Data from SDSS, PAN STARRS,
GAIA, and 2MASS surveys.
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Visual inspection of the combined light curve
suggested a quasi-sinusoidal periodic optical
variability. This possibility was further explored by
utilizing a GNAT developed package to determine
the best QSO period fitting the observed data. The
model defined by:
𝑁

𝑁

𝑀𝑘 (𝑡) = ∑ 𝐴𝑘,𝑛 𝑐𝑜𝑠(𝑛𝜔𝑘 𝑡) + ∑ 𝐵𝑘,𝑛 sin (𝑛𝜔𝑘 𝑡) + 𝐶𝑘
𝑛=1

𝑛=1

was fitted to the combined magnitude data from the
MG, CSS and ZTF surveys using an algorithm
derived by GNAT. The algorithm determines sets of
coefficients {𝐴𝑘,𝑛 , 𝐵𝑘,𝑛 , 𝐶𝑘 }over a grid of discrete
values of the circular frequency variable, 𝜔 by least
squares estimation. The optimal set of coefficients
corresponds to the value of 𝜔 which maximizes the
periodogram. The periodogram was constrained to a
minimum frequency of 2.9E-4d to consider only
seasons for which at least two cycles of data were
observed during the 6,714d data timespan. The best
fit occurred when the value of N was equal to two. In
this case the period of the light curve turns out to be
2,733±124d. A phase diagram showing the model
and magnitude data are displayed in Figure 9.
To corroborate the determined period, the light
curve was also analyzed using the analysis of
variance (ANOVA) algorithm. This method employs
periodic orthogonal polynomials to fit observations,
and the ANOVA statistic (Ɵ) to evaluate the quality
of the fit. This method was proposed by
Schwarzenberg-Czerny (1996) and was implemented
with the commercial software package Peranso
(Paunzen E. 2016). There were several peaks present
in the periodogram as shown in Figure 10A. A cluster
of peaks were found in the period range of 300-900
days. A major peak was present at a period of about
2,743+/-119d. The major peak determined by the
least square minimization method and the ANOVA
method overlapped within the error range of the
methods.
To further understand the ANOVA results a
sample of synthetic data was prepared using the same
temporal cadence as the actual data, but data points
were generated for a least square two term Fourier fit
to the original data with a set period of 2,725d. As
expected, the periodogram of the synthetic data
(Figure 10B) returned a period of 2,933d, essentially
the same as the input. The synthetic data periodogram
is plotted with a log scale to show that a cluster of
peaks at periods of 300-900d are also present.
Addition of random error of 0.1 mag, similar to that
which we observe in the MG survey, resulted in the
accentuation of peaks in the 300-900d region similar
to that observed in the actual data. This suggested

Figure 10. Periodograms from ANOVA analysis of A)
MG1-122182, B) synthetic curve with P=2725d and
duplicated sampling cadence of actual data from A, and
C same as B with added noise of standard deviation =
0.1 mag.

that the shorter periods are artifacts due to noise and
observing cadence.
The 2,733-2,743d period is consistence with the
zero-crossing approximation by visual examination
of Figure 10. However, with such a long period the
data time span only covers two cycles. In addition,
there are considerable gaps in coverage We note that
MG1-122182 was not selected for periodicity and
only 12 objects were scanned for possible interest
before selection for further study. Therefore, it is
unlikely that the observed behavior is a manifestation
of the look-elsewhere effect, that has been raised as a
concern for some other studies (Chen Y-C 2020).
Recent work has shown that optical long-term
variability of AGN/QSOs can be modelled by
damped random walk (Zu 2018). Such models are
recursive in nature and are dependent upon a decorrelation or dampening timescale, a signal (or QSO
magnitude) variance and the time interval between
observations, (Kozłowski 2016). The recursive
relation that generates the QSO magnitude can be
made more realistic by the inclusion of the
photometric noise, itself a Gaussian process.
(Kozłowski 2017).
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For time scales that are not much greater than the
dampening timescale, a damped random walk may
exhibit periodic type trends and a period could be
extracted by performing period analyses as already
described in this paper. One could easily draw false
conclusions as to the apparent periodic nature of the
light curve. The trick would be to ensure that
observations cover sufficiently long times, but what
is sufficiently long actually mean? A conservative
estimate would be 10-20 times the dampening
timescale. The literature cited above suggests
dampening timescales anywhere between 200 and
600 days. In addition, to have confidence in a
determined period it has been suggested that at least
five cycles may need to be observed (Vaughan et. al.,
2016). Therefore, the results of the period analysis in
this paper must be treated with caution. The analysis
does not prove a periodic QSO, while a random walk
light curve model for MG1–122182 cannot yet be
ruled out based upon the photometric data and
variability analysis presented here.
Short term optical variability on the order of
hours to months is exhibited by AGN/QSOs as
reported in Mushottzky et al. (2011) stating that the
observed variations can possibly be explained by
accretion disk fluctuations based on magnetorotational stability calculations. Furthermore Zu
(2018) notes that damped random walk models are
limited down to timescales of 1-3 months. Webb
(2016) points out that short term variations observed
in AGN/QSOs could be due to mechanisms within
the jets as well as accretion disks or to both jets and
disks. Large short-term variations (4-5 magnitudes)
are possible over timescales of weeks, while
variations of around 0.1 magnitude are possible for
micro-timescales lasting from hours to days.
Considering the interest in understanding the
nature of short-term optical variations and also
considering that short term optical variations are
proving to be a challenge to the damped random walk
modeling approach, it was decided to investigate the
feasibility of dedicated observing of MG1–122182
and possibly other AGN/QSOs using GNAT
facilities.

6
6.1

AGN/QSO Short Term Variability
Observations of MG1–122182 from
Colin Gum Observatory

To ascertain the feasibility of observing any
short-term variability that MG1-122182 may exhibit
using small telescopes, preliminary observations
were carried out using a 14in f/8 SCT equipped with

an SBIG 8300M camera at Colin Gum Observatory,
(CGO), Greenhill, South Australia, Australia.
This telescope (dubbed the “EK” telescope) is a
newly acquired GNAT resource. It is mounted on a
Losmandy G11T mount which has been modified at
CGO to include a pier for additional stability.
Telescope motion is controlled by the Losmandy
Gemini 2 firmware, whilst camera imaging is
controlled by SBIG software.
Observations were carried out on 16 nights
between 2021 Feb 16 and 2021 April 07. A sequence
of short exposure (60-120s) frames was taken each
night. Frames exhibiting round stellar images were
dark subtracted, flat-fielded and co-added to produce
high quality, longer integration 18–24-minute frames
suitable for photometric analysis. Signal to noise
ratios typically around 250 (24dB) were obtained for
the AGN/QSO and the coadded frames showed stars
down to 19 magnitude. All observations were carried
out in clear channel (i.e., with no filter).
Atmospheric extinction acts as a natural filter that
attenuates the blue end of the observable spectrum
and when the modeled extinction was combined with
the quantum efficiency of the detector, (a Kodak
KAF-8300), the overall system response as a function
of wavelength proved to be similar in shape to that of
GAIA operating in the G passband, with at least 90%
of the CGO passband overlapping the GAIA G
passband. This result enabled magnitude differentials,
from many calibration stars, located on the same
image frames as the AGN/QSO to be directly
compared with the calibration star GAIA G
magnitudes.

6.2

CGO Analysis

For each composite image (one per night), the
magnitude differentials, defined as the difference
between the instrumental magnitude of the
AGN/QSO and that of a calibration star were plotted
against the respective calibration star GAIA G
magnitudes. For this exercise, the same 30 calibration
stars were chosen from the AGN/QSO’s surrounding
starfield, ranging in magnitude from 14 to 19 but
irrespective of color (see Figure 11). The variation in
air mass for each night’s observing session was less
than 0.2. The variation in air mass across the
observing season, that is from the first exposure on
2021 Feb 16 till the final exposure on 2021 Apr 07
was around 0.6. Color dependencies on magnitude
differentials were neglected.
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Figure 11. shows the starfield surrounding the
AGN/QSO. This is a composite image from several coadded frames taken by the Colin Gum Observatory’s
14in EK telescope on 2021 Mar 11. The faintest stars in
this image are 19 magnitude. The red arrow points to the
QSO.

A quadratic function that relates the magnitude
differentials to the GAIA G passband magnitudes
was adopted as a calibration model and a weighted
least squares fit was used to estimate the model
coefficients. The model y-intercept is one of the
coefficients and is interpreted as the AGN/QSO
magnitude, while the other coefficients define the
shape of the calibration curve.
The uncertainties in the coefficient estimates depend
on the residual sum of squares, the number of data,
the number of coefficients and the associated error
matrix. Details for calculating coefficient estimate
uncertainties are outlined in (Liebelt 1967) and
(Silvey 1991). With 30 data used in each least
squares fit, the error in the AGN/QSO magnitude
estimate ranged between 0.01 and 0.04 magnitudes.
Figure 12 shows an example of one of the calibration
curves and Table 3 summarizes the AGN/QSO
magnitude measurements for each of the observing
nights.
The variations in brightness cover 0.2 magnitude
across the observing season and a plot of the
magnitude time series is shown in Figure 13. The
average error turned out to be 0.021mag. Poor seeing
conditions due to strong turbulence and varying
humidity contributed to higher uncertainties
experienced on 2021 Mar 03 – 2021 Mar 08.
Observations taken between 2021 Mar 29 and 2021
April 07 warrant separate attention as seeing
conditions were excellent during this time and the
observations form a consecutive ten-day data set. The
average magnitude estimation error during this time
was 0.016mag.

Figure 12. Magnitude calibration curve for observations
taken on 2021 Mar 11 at CGO.

Date
2021 Feb 16
2021 Feb 17
2021 Mar 03
2021 Mar 04
2021 Mar 08
2021 Mar 11
2021 Mar 29
2021 Mar 30
2021 Mar 31
2021 Apr 01
2021 Apr 02
2021 Apr 03
2021 Apr 04
2021 Apr 05
2021 Apr 06
2021 Apr 07

Magnitude
17.28
17.23
17.35
17.23
17.15
17.28
17.33
17.25
17.23
17.18
17.16
17.28
17.23
17.32
17.24
17.26

Error
0.02
0.02
0.04
0.03
0.03
0.02
0.01
0.02
0.01
0.02
0.01
0.02
0.03
0.01
0.01
0.02

Table 3. Display of the magnitudes of MG1–122182
calibrated against the GAIA G passband as described in
the text, for each night.

Figure 13. Magnitude variations of MG1-122182 over 10
consecutive nights as measured by the 14in EK
telescope at Colin Gum Observatory.
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There are at this stage too few measurements to
draw conclusions about the nature of the short-term
variations, although, considering the ten consecutive
day data set, it is indeed tempting to think that there
may be an oscillatory trend in these 24hour
variations. At this stage, the simple conclusion
reached is that MG1-122182 does exhibit at least
24hourly variations and that it is feasible to
investigate the variability of MG1-122182 over
timescales of days to weeks, in the manner described
here. Further observations using the 14in EK
telescope are planned for 2021 Nov – 2022 Mar.
In summary, it would be possible to investigate
short term variations (timescales of days to weeks) of
AGN/QSOs down to a limiting magnitude of 18,
using the equipment and methods described in this
section.

7

Conclusions

The goal of this effort was to determine whether
the MG databases might provide information useful
in further characterizing previously identified
AGN/QSOs. A few conclusions can be made:
• AGN/QSO light curves can be made from
MG data for objects brighter than R ~ 17-18
mag.
• Long period variation (> 1,000 days) of
amplitude ~ 0.4 mag or greater is readily
detectible.
Such variation can appear
convincingly periodic.
• Characterization of such variation in MG
data can be significantly enhanced in
combination
with
complementary
observations from other surveys, such as
CSS and ZTF.
• Dedicated high temporal frequency small
telescope (≥ 14 in) CCD follow-up
observation can usefully characterize short
term variability.
It appears that a worthwhile project would be to
investigate MG database light curves for known
AGN/QSOs brighter than R ~ 17.5 mag. The goal
would be to find targets with long period quasisinusoidal light curves which may thus be potential
binary black hole (BBH) systems. As noted above,
such variability is not a definitive diagnostic of BBHs
since studies have shown that a similar behavior may
result from stochastic processes.
Such AGN/QSOs must have follow-up
photometric monitoring to determine if the period
and amplitude of the variation persist long term
(supporting the BBH interpretation), or if the

periodicity disappears (as for a stochastic process).
Unfortunately, this part of a monitoring program will
typically require a years-long commitment to
complete a reasonable number of cycles.
Monitoring shorter term variations over several
weeks, however, is a research activity that can be
pursued by GNAT telescopes and would be
beneficial in investigating the stochastic nature of
brightness fluctuations at these intermediate
timescales.

8
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We regret to report the passing (2021 Mar 5) of our friend and colleague Roy A. Tucker.

ABSTRACT
Since the early 2000s the Moving Object and Transient Event Search System (MOTESS) and the Global
Network of Astronomical Telescopes (GNAT) have collaborated on a program of systematic photometric imagery
of the celestial equator from about 0° to +12° declination. This program has captured light curves for about
5.7E6 objects of which a significant fraction is expected to be variable star candidates of a comprehensive range
of types. A new, more integrated, and convenient data reduction pipeline has been developed which enabled
reduction or re-reduction of the MOTESS-GNAT (MG) surveys spanning a period of 20 years of on-going
observation. Rather than producing a single Variable Star Catalog, as in the case of MG1-VSC, the new pipeline
creates a relational database of millions of light curves that can be searched for objects of interest. Seven MG
surveys have been completed and an eighth is underway. Reported here is the nature of the new pipeline, a brief
summary of follow-up analysis and observing programs, and a call for participation by interested collaborators.

1

Introduction

The Moving Object and Transient Event Search
System (MOTESS) is a time delay integration (TDI)
sky survey instrument originally implemented in
2001 as a highly successful asteroid discovery system
described in detail by (Tucker 2007). It has been
subsequently used as a prolific system for
discovering and characterizing variable stars through
a partnership of the Global Network of Astronomical
Telescopes (GNAT) and MOTESS. The first such
data product was the MG1 variable star catalog
(MG1-VSC) described in detail by (Kraus et al.
2007).
At this writing, the eighth MG survey is
underway. The survey strips (48-arcmin high in

declination) are described in Table 1. Surveys are
typically about two years in duration. MG7P is a
survey in polarized light at the same declination as
MG1 and MG6. MG8 is a repeat of MG2 in terms of
declination. Note that over the duration of each
survey the entire 0-24hr right ascension range is
covered. Statistics of completed surveys are shown
later in Table 5 at the end of the paper.
It should be noted that the MG1-VSC is not the
same thing as the MG1 survey but is rather a subset
of MG1 data that has been selected for specific
thresholds and properties of candidate individual
object variability. Depending upon parameters and
protocols of data reduction there can be multiple MG
survey databases generated for a single declination
(designations discussed later), and each such database
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can likewise produce multiple variable star candidate
lists. MG1-VSC is just one such for the MG1 survey
strip at the specified MG1 declination.
The MG surveys result in serendipitous
discovery of a broad range of optically variable
celestial objects. Many of these objects are unusual
or pathological looking stars that are good candidates
for follow-up observation. Thus, one way to think of
the MG surveys is as a series of “sieves” for
identifying interesting stars for further study.
The purposes of this paper are threefold: 1)
principally to describe the data pipeline, 2) to provide
a brief status report on the current surveys, and 3) to
solicit the participation of potential collaborators in
follow-up observation and analysis of interesting MG
survey discoveries.

2

Data Reduction

The MG surveys produced an average of about
82,000 raw images per survey (about 503,000 total
images) that needed to be analyzed using a typical
desktop computer. This requirement presents
challenges for software performance, reliability, and
scalability. To meet these challenges and to speed
software development, recruitment of mature and
well-developed existing software was considered the
best tactic. To accomplish this task Python was used
as a basic platform to script a two-part processing
protocol to 1) prepare images for photometry and
data archiving (the pyMG-IRS script) and 2) perform
photometry, metric determinations, and database
creation (the pyMG-SPCS script). These scripts made
Survey
MG1
MG2
MG3
MG4
MG5
MG6
MG7P
MG8
‡Center

Declination‡ Start
+03:18:20
2001 Apr
+02:05:00
2003 Jul
+12:18:20
2005 Jul
+05:00:00
2007 Jul
+09:56:00
2009 Jul
+03:18:20
2011 Aug
+03:18:20
2017 May
+02:05:00
2020 Sep
of 48 arcmin strip

End
2003 Jul
2005 Jul
2007 Jul
2009 Jun
2011 Jun
2013 Jun
2019 Nov
Ongoing

Table 1. Summary of MG survey strips.

MOTESS-GNAT Image Reduction Script (pyMGIRS) operating in a 32-bit environment on a
Windows desktop computer in an unsupervised
fashion. The image files were opened, and the 16-bit
image data were read into a Numpy 2D float array for
further handling. The initial raw images are
1024x1124 pixel dimension due to 50 bias columns
at the beginning and end of each row. The process is,
therefore, started by removing the bias columns
yielding a 1024x1024 data matrix. The right
ascension for the middle of this matrix is then
calculated and used to update the FITS header
information.
The next step was to segregate the images based upon
mean pixel intensity into either 1) overexposed
images, 2) dark frame images automatically
identified by a low threshold median pixel intensity,
3) the remaining science images, and 4) ten flat field
images selected from the science images for the
lowest median pixel intensities (i.e., the least
crowded images). The overexposed images
(moonlight intrusion, etc.) were not further
processed.
Component
Astropy

Environment Function
ref
Python
FITS
file [1]
handling,
WCS
and
pixel
to
sky
coordinate.
Ephem
Python
Determine
[2]
solar
angle.
Numpy
Python
Array math [3]
Photutils
Python
Object
[4]
detection
and
aperture
photometry.
PinPoint.Plate DLL*
Plate
[5]
solving.
Sqlite3
Python
Database
[6]
creation.
*DLL, dynamic link library for Windows.
[1] Astropy Collaboration, 2018.
[2] https://rhodesmill.org/pyephem/.
[3] Harris, C.R. et al., 2020.
[4] Bradley et al. 2019.
[5] DC-3 Dreams, Mesa, AZ.
[6] https://www.sqlite.org/index.html.
Table 2. Key external software modules.

use of several powerful Python libraries and external
non-Python code (see Table 2) some of which are
based upon compiled C code which offsets the
performance limitations of Python. These processing
scripts are described in more in Table 2.

2.1

pyMG-IRS

The raw FITS formatted images were preprocessed by night and telescope using a Python

from astropy.io import fits
import numpy as np
//=create synthetic dark frame from
//=list of dark frames
//combine the dark frames vertically
for im in dark_list:
data,header = fits.getdata(im,header=True)
if len(dark_stack) == 0:
dark_stack = data
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else:
dark_stack = np.vstack((dark_stack,data))
//median average the stack of dark frames
dark_synthetic = np.median(dark_stack,axis=0)
Table 3. Python code snippet for creating a synthetic
dark frame.

Since the images are produced in a drift scan
integration mode it is possible to use a 1D synthetic
dark frame and flat field frame for corrections
(Tucker, 2007). The synthetic frames are simply the
average median intensity of the respective collection
of dark or flat field images along the right ascension
axis. These are easily produced in Python as shown
in the code snippet in Table 3. In this example, the
selected dark frames were collected in a Python list,
dark_list, and the image pixel data were read from a
FITS file into the Numpy 2D array. The Numpy
median function operates quickly and efficiently (the
optimized library being based upon C-code) to
produce the 1D dark_synthetic array. The synthetic
flat field array is produced in a similar fashion using
ten chosen flat field frames but normalized to the
mean intensity of the flat fields. One synthetic dark
frame and one flat field frame are produced for each
telescope and night. The dark frame is then
subtracted from all the science images for the night
and respective telescope. The dark corrected science
images are then divided by the synthetic flat frame.
The resulting data array is then clipped to 0 to 65535
to prevent data wrapping as it is converted back to an
unsigned 16-bit integer.
The corrected images are overlapped with the
preceding image in the time sequence by adding the
initial 256 rows of data after the final row of data in
the preceding image. This provides a redundancy
eliminating any gaps in the collection of data
throughout the night. The final image is a 1280x1024
px image.
This image is then plate solved by calling a
commercial Pinpoint DLL (DC-3 Dreams, Mesa, AZ)
with reference to the UCAC 4.0 database (Zachrias et
al. 2013). Pinpoint restricts this part of the process to
the 32-bit windows environment. It is the slowest
step in the processing typically taking 1-4 seconds
per image and by imposing the 32-bit environment
upon the overall process it further slows this script.
Despite the time cost it is preferable to other
alternatives that were available to us.
Finally, the outputs from this part of the image
processing are separated into new directories for 1)
correctly processed clear channel, 2) correctly
processed optically filtered, and 3) images that did
not solve.

2.2

pyMG-SPCS

Photometry was realized using the Python
MOTESS-GNAT Survey Photometry and Cataloging
Script (pyMG-SPCS) operating in a 64-bit
environment and making heavy use of the
Astropy/Photutils library (Astropy Collaboration
2018; Bradley et al. 2019). The 64-bit environment
was key to enabling a timely analysis using a typical
tabletop computer by allowing the maintenance of
large arrays of generated data in memory during the
processing of the entire survey.
The pre-processed images, as described above,
were qualified for acquisition between evening and
morning astronomical twilight (using routines from
the Ephem library), background lighting evenness,
and low background level. Images not meeting these
requirements were removed prior to the next step of
background removal.
Photoutils library provides six methods for
background subtraction using image statistics
including 1) image median subtraction, and 2) the
default SExtractor 2D algorithm. The median
subtraction method was not sufficient for some
images while the SExtractor algorithm was much
more generally applicable. However, the SExtractor
2D algorithm was considerably slower (1.225
seconds to 0.016 seconds per image). A custom local
median (32x32 pixel) subtract routine implemented
through Numpy was found to perform about as well
as SExtractor 2D algorithm but at a fraction of the
compute time (0.032 seconds per image, see Figure
1). The local median subtract routine was, therefore,
applied to all science images.
Objects were detected using the Astropy
implementation of the DAOFIND routine (Stetson
1987). Fixed aperture photometry was then
performed using the Photutils aperture_photometry
function. The returned objects were limited by a
minimum and maximum allowed integrated data
number value to improve measurement precision and
linearity. Due to the overlap region of images any
one telescope per night will have duplicated
measurements for some objects. The duplicate
objects were deleted, and the remaining detected
objects added to a master array of objects either as
new objects or, if already detected, as a new
measurement of an object.
The differential magnitude was determined using
an ensemble approach (Honeycutt, 1992). Ensemble
intensities were determined as the average intensity
for the objects in successive 3-min RA blocks and the
differential magnitude determined using the block
corresponding to the position of the object.
The resulting 480 ensembles had different numbers
of objects per ensemble reflecting the RA position of
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the galactic plane, as shown in Figure 2. This
approach resulted in a large number of objects per
ensemble, the smallest being 149 objects with the
median number being 456 (see Table 4). This large
number should significantly mitigate variations in
observed objects intensity due to included variable
stars. Nightly paired magnitudes (i.e., from telescope
A and telescope B acquired about 20 minutes apart)
were required to match within 0.2 magnitude or they
were discarded.
Inspection of Figure 2 reveals an apparent
general decrease in the average standard deviation of
the magnitude in ensembles with the higher numbers
of objects (e.g., ensembles 330-430). This effect can
be observed in greater detail in Figure 3. The graphic
reveals that the main effect on magnitude precision is
an increased variability in the smaller (<500 objects)
ensembles. The graph indicates that the inherent
system precision is a standard deviation of about
0.075 mag and essentially independent of the
crowding of the field of view. This would imply that
follow-up photometry of this initial screening catalog
should result in improved precision for those objects
detected in amongst the smaller ensembles.
The differential magnitudes determined with this
approach were fitted by a second-degree polynomial
to published Rmag (optical filter 600 – 750 nm)
values of objects cross-referenced from the 2MASS
catalog (Skrutskie et al. 2006) to our MG survey
objects. The R-channel comparison was chosen since
it most closely approximates that of the MG survey
clear channel. The polynomial fit was then used to
adjust the offset of the initial differential magnitude
to closely approximate that of the apparent Rmag and
referred to as mMG. It should be noted that this
correction does not account for object color and is
only meant to provide an approximate guide for
apparent magnitude.
Examples are shown for objects from different sized
ensembles including a small number (n=275), a
number near the median (n=456) and a larger sized
ensemble (n=1145). All three ensembles show a high
Spearman’s rank correlation of ρ ≥ 0.94.
Furthermore, a comparison between the MG1A and
MG6A survey reductions, obtained 10-12 years apart
for the same declination strip, demonstrate the
reproducibility of the chosen reduction protocol (see
Figure 5).

Figure 1. Example of background subtraction of an
image with uneven light contamination. The leftmost
panel shows the flat-fielded, dark subtracted image with
a line plot shown above the image. The second panel
shows the same image after a median background
subtract. The third panel shows the image after
application of the SExtractor algorithm. The fourth panel
shows a local median background subtract.

Figure 2. Standard deviation (σ) of magnitude as a
function of ensemble is shown in black. The number of
objects per ensemble is shown in red. Data from MG6A
survey.

Statistic
Minimum
Median
Average
Maximum

Objects
149
456
1111
9348

Table 4. Ensemble statistics for MG6A.
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Figure 3. Plot of the standard deviation (σ, sigma) of
objects found as a function of the number of objects in
the corresponding ensemble.

The objects position, right ascension (RA) and
declination (DEC) were then written to the table
objects in an SQL database. A number of derived
parameters were also written to the objects table
including observed mean differential magnitude
(MAG), the number of observations (N), the
coefficient of variation of the magnitude (CV), the
skew of the distribution of magnitudes (SKEW), the
correlation coefficient of the magnitudes with time
(CORREL), the significance of the correlation
coefficient (CORRELP), period (PERIOD) and false
alarm probability (PROB) determined by Lomb
periodogram, STslope, Welch-Stetson Index (WSI),
and η, the von Neuman statistic (ETA).
The time of each observation, a file identifier
(indicating image number and telescope) for each
observation, and the magnitude of each observation
was written to a table, measures, in the database with
a link to the corresponding object ID (see Figure 6).
The resulting database is referred to by the survey
name and a capital letter indicating the current
processing protocol (e.g., MG6A for the survey
described in this paper). Additional derived metrics
or information obtained by cross-referencing with
published databases may be easily included in this
basic database. The images may be re-processed with
different threshold values and modifications in the
future and will then be assigned a new letter. The
basic structure of the database is straightforward and
consists of only the two tables, 1) objects and 2)
measures (as shown in Figure 6).

2.3

Ancillary Software Tools

To facilitate working with and analyzing the
survey information we have developed two software
utilities (LC Viewer and pyMG-IRAC) to aid in 1)

Figure 4. The MG apparent magnitude as a function of
the object’s published Rmag. The data are from objects
by ensemble from the MG6 survey.

Figure 5. Comparison of MG apparent magnitude
determinations for objects in the MG1 and MG6 surveys
obtained 10 years apart.
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Figure 6. Structure of the MG survey databases.

the quick sorting and assessment of objects and 2) to
assist in the rapid retrieval of images for further
photometry (e.g., with software such as Maxim DL or
AstroImageJ).
2.3.1

LC Viewer

LC Viewer is a Windows program written in
C++ (for high performance speed) and a graphical
user interface designed to interact with the MG
survey databases. LC Viewer immediately displays
the information for an object including a time-based
light curve, a phase-folded light curve, the computed
or acquired metrics and information on the individual
intensity measurements.
The power of LC Viewer, in addition to the rapid
display of light curves, is in the different options for
retrieving objects for inspection. These include 1)
entry of an object ID number, 2) entry of a position
and search radius, and 3) most useful entry of an SQL
search statement allowing for selection of groups of
objects based upon any combination of the derived
metrics.
Consider searching the MG6 survey for long
period variable (LPV) stars as an example LC Viewer
exercise. This could entail entering an SQL statement
which would be used to query the MG6A database
and provide a list of potential objects. Such an SQL
statement could take the form of:
SELECT * FROM objects WHERE PROB<0.0001
AND STSLOPE>0.09 AND ETA>5.0

This list can be rapidly examined by simply
clicking the Next button seen in Figure 7. This Figure
displays the results for one of the objects that appears
to be an LPV. The object can be added to a sub-list
collection of potential objects for further review. This
allows even a large list of candidates to be rapidly
assessed visually.

Figure 7. Screenshot of the LC Viewer interface
displaying an object from MG6A retrieved using an SQL
statement to select for potential LPV

2.3.2

pyMG-IRAC Image Collector

As discussed in section 2.2, discovered objects
may provide more precise light curves compared to
the screening curves from the survey database by
performing photometry using carefully selected
reference stars and more flexible, customized
methods (such as annular photometry). To facilitate
such measurements a Python script, pyMG-IRAC
(Image by RA Collector) was developed. This script
works in conjunction with a separate database
archiving all the MG survey images. The function of
this script is, given the RA of the target star of
interest, to search for all occurrences of images
containing this RA from the survey and copy those
images into a single study folder. The images in the
folder can then be batch processed by Maxim DL or
AstroImageJ (Collins, K.A. et al. 2017) to produce
the light curve data by identifying a target of interest
in just one of the images. This also has the advantage
of the possibility of recovering good data that were
unnecessarily rejected in the unsupervised method of
the original processing.
For example, the LPV candidate shown in Figure
7 would also be expected to be present in the MG1
survey that scanned the same declination. Using
pyMG-IRAC to collect a copy of all the images
containing RA 18.430 from MG1 and MG6 into one
folder the LPV candidate could then be processed by
annular photometry with a selected reference star.
The resulting phased light curve is shown in Figure 8,
further supporting that this object is a Mira type LPV.
It can be observed that data points spanning up to 18
cycles fit well on a single sinusoidal curve indicating
a relatively constant period over the about 12-year
time span covered by the two surveys.
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Figure 8. Annular photometry of target LPV object and a
single reference star. Phased light curve derived from
combined MG1 and MG6 images selected by pyMGIRAC. The different symbols indicate data points from
different cycle numbers with cycle 1 being the first cycle
at the start of the MG1 survey. The red line is a least
squares Fourier fit (period = 264d).

3

Survey Status

To date surveys MG1 through MG6 have been
processed using the protocol described in section 2.12.2 to produce an MGnA database (see Table 5 at end
of the paper). Being ground based surveys they are
most significantly affected by weather which imposes
a systematic impact on the cadence of data collection
(i.e., seasonal) and a more random impact. This is
particularly reflected in the number of productive
nights of observation per survey with MG3 and MG6
having the lowest number at about 232 nights. The
highest number of nights were seen in MG2 and
MG5 with about 297 nights. The number of images
rejected was generally around an average of about
16% with most of these rejections due to images
obtained prior to astronomical twilight. However, the
MG3 survey suffered from particularly bad weather
patterns which may account for the high percent of
rejected images.
Processing the data from two telescopes from the
MOTESS array per night provides both paired (about
20 minutes apart) and unpaired (at the start and end
of observing session) measurements of objects. The
number of such observations for each survey
reduction is shown in Table 5 (at end of the paper).
The paired observations can be expected to be
essentially the same magnitude and therefore serve as
a stringent quality control check.
Those pairs of coincident observations that differ
by greater than 0.2 magnitude were rejected from the
survey. The MG5A and MG6A survey reductions
had lower rejection rates than the previous surveys

and may be a productive metric to follow when
evaluating survey performance.
The mean number of observations per object
(Nobs) is also an important metric for characterizing
the quality of the survey results. The MG3A
reduction had a notably smaller number of
observations per object, of only 66.0, compared to the
median of 89.2 (see Table 5 at the end of the paper).
MG5A had the highest Nobs of 107.5, which may
reflect MG5A also having the lowest image rejection
and coincident paired observation rejection rates.
The representation of objects from external
catalogs in the MG survey results was of interest.
Cross-referencing with objects in the 2MASS catalog
(Skrutskie et al. 2006) in the respective MG
declination strips revealed a match with an average of
about 67% of MG objects. This provides important
color information for most of the MG objects.
Similarly, cross-referencing with the General Catalog
of Variable Stars (GCVS) indicates average recovery
of about 76% of the variable stars recorded in the
GCVS in the corresponding declination strip.

4

Program Collaborations

Follow-up observation and analysis is of
considerable value for many of the variable stars
found in the MG databases. Examples of some of the
programs that are currently underway include the
following:
• discovery and characterization of M-dwarf
eclipsing binary stars,
• discovery and characterization of long
period variable stars,
• recovery of pre-outburst, pre-discovery
supernovae light curves,
• de-aliasing periods of short period variable
stars,
• characterization
and
analysis
of
“pathological” serendipitously discovered
variable stars,
• monitoring of chromospherically active
spotted stars,
• characterization of QSOs that are potential
binary black hole hosts,
• automated self-learning algorithms for
morphological classification of variable star
light curves,
• and many others.
To expand these programs to try to exploit the
availability of large numbers of candidate program
stars, it is desirable to attract potential collaborators
into some of these programs.
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Collaborators interested in joining photometry
teams should be equipped for CCD photometry, and
prepared to make observations following GNAT
prescribed protocols. Collaborators who have access
to spectroscopic systems that can achieve high S/N
spectra to magnitude limits of R ~ 14 – 17 are
especially sought after.
Observers who can operate between longitudes
of about 0° through +145° are particularly useful,
though there are opportunities for all observers.
Anyone interested in participating with the
GNAT MG follow-up programs is encouraged to
contact Dr. Eric R. Craine to discuss the possibilities.

6

5
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Abstract
The periods for RR Lyraes in NGC 3201 were calculated using the ‘string length method’ in order to update or
verify the periods. We confirmed a majority of the periods and offer two period updates. We also identified 29 RR
Lyraes for which neither our calculated period nor the existing literature’s period yields a light curve with a clear
pulsation, indicating further study is required. The ‘string length method’ was also used to search for RR Lyraes
in Terzan 3, a cluster with no known RR Lyraes. 28 potential RR Lyraes were identified.

1

visually determined which period yielded a clearer
pulsation pattern.

Introduction

Knowing the period of RR Lyraes in globular
clusters helps astronomers refine period-distancemetallicity relations (Catelan, 2004). We sought to
verify or update the period of RR Lyraes in NGC
3201, and to identify RR Lyraes in Terzan 3.
1.1.1

Methodology

NGC 3201 and Terzan 3 were imaged at a
cadence of 3 hours, over a span of 17 days, in the V
and ipz filters, and reduced using point spread
photometry.
Next, the periods of lyraes and potential lyraes
were calculated using a code we developed, dubbed
‘Genie’. The Genie code uses the ‘string length
method’ (Dworetsky, M.M, 1983). First, the
timestamps on all the star images were folded over
periods ranging from 0.1 to 1 days, at 0.001-day
increments. For each fold, the length of the
magnitude-versus-phase light curve was calculated.
The length is defined as follows: If one were to take a
string and overlay it on the light curve, the length is
the length of that string. The shortest string length
will correspond to the ‘smoothest’ light curve. Thus,
whichever period yielded the shortest string length
became our period estimate/Genie period.
Finally, we plotted light curves by folding over
both the literature periods and the Genie period, and

1.1.2

Results

Only previously identified RR Lyraes in NGC
3201 were studied. In most cases the Genie period
agreed with the literature period. However, there
were 2 RR Lyraes for which the Genie period yielded
a clearer pulsation than the literature period did. A
sample is shown in Figure 1, and the corresponding
string length plot is shown in Figure 2. Furthermore
29 RR Lyraes were identified such that neither the
Genie period nor the literature period yields a clearly
pulsing light curve in our images.
Period estimates and light curves were generated
for all 5142 stars in Terzan 3. In order to qualify as a
potential RR Lyrae pulsator, a star had to pass three
criteria. Firstly, the difference between the maximum
and minimum brightness of the RR Lyraes had to be
at least one magnitude for the pulsation to be
discernible from noise. Secondly, there had to be a
sharp dip in the string length versus period plot for
the star. Thirdly, the plots had to visually
demonstrate a clear pulsation pattern. 28 such
potential RR Lyraes have been identified. A sample
is shown in Figure 3.
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Figure 1: The light curve made using the literature period and
the Genie code generated period, for star at (RA,Dec) =
(154.24583, -46.33000) using dop photometry and the V filter.

Figure 2: Plot of string length versus period for the RR
Lyrae whose pulsation curves are shown in Figure 1.

Figure 3: Light curve for star at (RA, Dec) =
(247.02662076,-35.14889663), a potential RR Lyrae in
Terzan
3.
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Abstract
Images of the Crab Supernova Remnant M1 were requested from the Las Cumbres Observatory Global
Telescope Network as well as the Skynet Robotic Telescope Network, and several color images were created
using the AstroImageJ RGB composer. The change in the remnant’s physical size was calculated between these
images and a set of archival 2016 images, as well as a 1983 image, under the assumption that the remnant is
not receding from or approaching the Earth. As the remnant’s rate of expansion is assumed to be constant, the
age of the remnant was estimated using a simple relation. Our best estimate differed from the scientifically
accepted age by 12%, which may be due to the disparity in exposure times, as well as differences in the aperture
sizes of the telescopes used to take each image.

1. Introduction
When the compact iron core of a high-mass star
(>8±1M☉) exceeds the Chandrasekhar mass, it will
collapse and explode in a Type II core-collapse
supernova (Smartt, 2009). The residual supernova
remnant (SNR) expands over its lifetime. Since the
rate of expansion of a young SNR is approximately
constant (Bester et al. 1996), this expansion rate can
be estimated by imaging it over a time interval and
taking the ratio of its change in diameter to the length
of the time interval. It is then possible to estimate the
age of the SNR by extrapolating backward and
dividing the current diameter of the SNR by the
calculated expansion rate.

Through Skynet, M1 was imaged using the Sleaford
Observatory in SK, Canada, as well as the CerroTololo Inter-American Observatory in Chile. Both
Skynet observatories have telescopes with an
aperture size of 0.4 meters, CCD detector pixel count
1024 x 1024 (width and height), and pixel size 13 x
13 microns. Sleaford telescopes’ focal length is 4540
mm, while the Cerro-Tololo’s is 4576 mm. Both
requests of M1 were made using a 200-second
exposure time in the filters SSDS i’, SSDS g’, SSDS
r’, and Pan-STARRS zs. One of the 200-second
images taken by telescopes at the Sleaford
Observatory is shown below in Figure 1.

2. Imaging Process
The Crab Nebula (M1) was imaged using the
McDonald Observatory in TX, USA. This
Observatory has 0.4-meter telescopes operated by
Las Cumbres Observatory Global Telescope
Network. These telescopes have a focal length of
3251 mm and use an SBIG STL-6303 CCD camera.
The CCD detector pixel count is 2048 x 3072 (width
and height), and each pixel size is 9 x 9 microns.
Additionally, an identical image request was
made using the Skynet Robotic Telescope Network.

Figure 1: A 200-Second Image of M1 from the Sleaford
Observatory.
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3. Color Images
The images were aligned visually by changing
the positions of the images relative to each other. We
ensured that the images did not have saturated pixels
and adjusted their contrast by experimenting with the
dynamic range in AstroImageJ (AIJ). For all of our
color images, the longest wavelength is mapped to
blue, the next longest to green and the shortest to red.
This non-traditional color mapping differs from the
standard astronomical practice and gives the
supernova an atypical appearance. This convention
was chosen to cause the structure of the Crab Nebula
to appear more pronounced in our images. The color
images we created are shown in Figures 2 - 4.

4. Analysis of Color Images
Inferences into the structure of M1, and the
relative strength of the emission of the gases in
several regions of the electromagnetic spectrum can
be made from the false-color images. The SSDS i’
and PAN-STARRS zs filters have center wavelengths
of 7545 Å and 8700 Å respectively. The SSDS g’
filter has a center wavelength of 4770 Å, while the
SSDS r’ filter has a center wavelength of 6215 Å.
Figure 2 shows a composite of the Skynet
images, in which the r’ data is colored red and green,
while the i’ data is colored blue. The relative
brightness and predominance of the blue color across
the entire field of view suggests the gas clouds in the
nebula are emitting more intensely in the i’ band than
in the r’ band of wavelengths.
Figure 3 shows the first LCO composite image. The
r’ data is colored red, the i’ data is colored green,
while the Pan-STARRS zs data is colored blue. The
red areas are more prominent in the structured lanes,
while the yellow regions were distributed throughout
the center, boundary, and periphery. This implies that
the higher energy red light is the predominant source
that reaches us from the Crab Nebula’s structured
lanes, while infrared light reaches us from its gas
clouds.
The second LCO image, shown in Figure 4,
again shows red light (colored green) coming from
the nebula’s lanes and periphery while infrared and
some green emission fills in the center of the nebula.

Figure 2: Skynet r’, r’, i’ to RGB.

Figure 3: LCO r’, i’, zs to RGB.

5. Expansion Rate and Defining the
SNR’s Boundary
The rate of expansion of an SNR slows over an
extremely long time; but can be approximated for
younger remnants using the equation relating change
in position, rate of change, and time, provided the

Figure 4: LCO g’, r’, i’ to RGB.
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rate of expansion is assumed to be constant (Bester et
al. 1996). Therefore, the SNR’s change in angular
size between 2 images over a known time interval
must be determined in order to compute the average
rate of expansion. Because of this, a definition of the
edge of the SNR is needed.

the two images from which the measurements were
made. The mathematical relationship between the
initial angular diameter, final angular diameter and
expansion rate is presented below, in Equation 1. An
illustration of the geometry is shown in Figure 5.

5.1 Creating Outlines of the SNR
When defining the boundary of an SNR, we
considered pixels with a signal of 1.25 times the
strength of the sky background to make up the
remnant’s periphery. The ADU count of the sky
background was obtained using AstroImageJ, by
taking the average strength of 5 pixels in the corner
of one of the 200-second images from LCO.
The
constant
1.25
was
determined
experimentally. Pixels with the ADU count of a trial
constant multiplied by the strength of the sky
background were found by moving the cursor radially
toward the remnant’s approximate center and
stopping when the ADU counts first exceeded the
corresponding product. Several pixels with the ADU
count of the trial constant times the strength of the
sky background were then marked with colored
points on the image, which created an outline of the
SNR. The outlines of M1 created for 5 of these
constants using this method are shown in Figure 6 at
the end of the paper.
These outlines were visually compared to the
shape of the Crab Nebula in an image assembled
from 24 individual exposures taken by the Hubble
Space Telescope (HST).
The HST image also
appears in Figure 6 for comparison (at the end of the
paper). As is evident from the figure, the outline
matches the HST shape of M1 most closely when the
boundary of the SNR is defined as the series of pixels
with an ADU count of 1.25 times the sky
background. Therefore, this constant was then used to
define the boundary of the remnant.

1.2

Measuring the Change in Angular
Diameter

The SkyCoord Python Module was used to
convert the sexagesimal coordinates determined to be
the edge of the remnant to an angular diameter. The
change in the SNR’s physical radius was then found
by comparing our 2021 images to a set of 120-second
exposure images from the LCO Archives, which
were taken in 2016 by Dr. Sarah Roberts. The time
interval between the observations was computed as
the difference of the Julian dates listed in the FITS
headers. The average rate of expansion was
calculated by taking the ratio of the difference in
physical distance to the difference in time between

Equation 1: The expansion rate of the SNR, expressed
as a function of its constant radial distance (𝒅), initial
and final angular diameter (𝝑𝟏 ) and (𝝑𝟐 ), as well as the
time interval between the observations (𝜟𝒕).

Figure 6: The diagram above illustrates the method used
to determine the change in the SNR’s physical diameter.
The ellipse represents the remnant, while the green line
represents the change in its radius.

1.2.1

Estimating Age

The expansion rate calculated using Equation 1
can be used to extrapolate back to estimate the age of
the Crab Nebula. The time that the SNR has been
expanding at the relevant rate, which is also the total
age of the Crab Nebula, can be approximated through
the division of the remnant’s current diameter and the
previously calculated average expansion rate. The
diameter of the remnant used in the following
calculations is 1930 pc (Trimble, 1973). The
relationship between the age, the angular diameter of
the Crab Nebula, the radial distance to the Crab
Nebula, and the expansion rate of the Crab Nebula is
shown in Equation 2:

Equation 2: The age of M1 (𝒕) stated in terms of the final
angular diameter (𝝑𝟐 ), the constant radial distance to the
Crab Nebula (𝒅), and the calculated expansion rate
(𝒓𝒆𝒙𝒑 ).
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5.2 Adjusting for Image Differences
It is optimal if the 2 sets of images used to find
the expansion rate of M1 are as similar as possible
because this reduces the number of factors that could
negatively impact the accuracy of the calculated age.
The 2016 images were taken with a 1.0-meter
aperture telescope exposed for 120 seconds. We
also found an older image from the Second Palomar
Sky Survey (SDSS) taken by the 48-inch SamuelOschin Telescope in San Diego, which had an
exposure time of 20 minutes. Since the ratio of the
light-gathering power of 2 telescopes is directly
proportional to the square of the ratio of their
aperture sizes, an image requested using the 0.4m
aperture LCO telescopes would need a much longer
exposure time in order for the observed brightness of
the remnant to be approximately equal. However, a
750-second exposure is not possible for the 0.4m
LCO telescopes to which we have access; 200
seconds is the longest realistic exposure time.
Therefore, we requested three 200s-exposure images
in a clear filter.
Using the fits-align module
maintained by Edward Gomez, we stacked these to
make the exposure times more similar.

5.3 Finding Age and Expansion Rate
A side-by-side figure of the angular separations
found in AstroImageJ is presented in Figure 7, to
illustrate the way the images were reduced to find the
change in the SNR’s angular diameter. Both images
show the arclength tool, as well as visual estimates of
the 2 points used to define the boundary.
The sets of three 2016 and three 2021 images
were then matched up in pairs, and the age and
expansion rate of M1 were computed for each pair.
The first image taken in chronological order of the
2016 set was matched with the first image in the
2021 set, and so on. The expansion rate and age of
each pair of images were calculated using the
equations above. All of the reduced data are shown in
Table 1. The closest age to the accepted value is 824
years, which has a difference of 16.0% from the
accepted age of 967 years (In this case, percentage
difference is defined as the difference of the values
divided by their average.) The same process was
carried out for the 1983 image compared to the
composite of our three stacked 200-second exposure
images, for which the reduced data are shown in
Table 2. In this case, the calculated age was 853
years, which has a difference of 12.5% from the
accepted age.

6. Sources of Error
It is commonly accepted that the Type II
supernova of the progenitor star from which M1
formed occurred in the year 1054 A.D, 967 years
ago, as this year corresponds with a historical, bright
supernova observed and recorded by astronomers at
this time (Mayall et al. 1942)
Inaccuracies in the estimates of the age of M1
presented here may be partially due to the
aforementioned differences in telescope apertures and
exposure times. Specifically, the light-gathering
power ratio was 6.25 for the analysis involving the 3
pairs, and approximately 9.29 for the comparison of
the 1983 image to our stacked composite image. The
larger telescope apertures and exposure times in the
older images likely illuminated dimmer gas at the
nebula’s periphery, thereby causing its measured
diameter to be larger. This would have caused its
expansion rate to seem smaller, because there would
be less difference between our new images and the
older ones.
Additionally, the short interval of time between
observations (5 years for the 2016 images, and 38
years for the 1983 images) may have contributed to
the discrepancy between the remnant’s estimated age
and the scientific consensus. It is more difficult to
accurately measure the change in the SNR’s angular
diameter over shorter time intervals, as the quantity
of interest is smaller. A slight error in the
measurement of this small value will have a
significant effect on the calculated age.
Lastly, the process used to estimate the Crab
Nebula’s age rests on the assumptions that M1 has
been expanding at a constant rate since its formation
and is not receding or approaching the Earth. We
assumed that the edge of this SNR could be defined
as the annulus-shaped region of pixels that had a
signal of 1.25 times the sky background. All of these
assumptions introduce uncertainty into our estimate
of the Crab Nebula’s age.

7. Conclusion
In this study, the Crab Nebula was imaged in
multiple filters, and its rate of expansion and age
were estimated by comparing its angular diameter in
the images to its angular diameter in 2 sets of
historical images. The expansion rate and age were
then approximated using the time between the
observations. Using the set of 2016 images as a
baseline yielded a result of moderate accuracy, where
our best estimate differed from the scientific
consensus by 16.0%. An archival 1983 image yielded
a slightly more accurate result, where the estimate of
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the age differed from the accepted value by 12.5%.
The discrepancy between the estimate and the true
age of M1 is likely to be due to the difference in
observing conditions.
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Figure 7: The side by side images above show the change in the SNR’s angular diameter between images taken at
different times. The 200-second 2021 image is on the left, and the 120-second 2016 image is on the right.

LCO PAIR 1
Time of
Observation (JD)

Coordinates of Opposite Sides

Angular Diameter
(arcsec)

Expansion Rate
(AU/y)

Calculated Age
(y)

2457403.587

05h 34m 42.067s +21d 59m 45.24rs
05h 34m 20.372s +22d 02m 20.98s

340

2459284.429

05h 34m 42.526s +21d 59m 50.84s
05h 34m 20.424s +22d 02m 24.29s

344

1502

441

Expansion Rate
(AU/y)

Calculated Age
(y)

LCO PAIR 2
Time of
Observation (JD)

Coordinates of Opposite Sides

Angular Diameter
(arcsec)

2457403.589

05h 34m 41.730s +21d 58m 53.71s
05h 34m 26.452s +22d 03m 15.20s

337

2459284.432

05h 34m 42.487s +21d 59m 50.33s
05h 34m 20.628s +22d 02m 21.59s

340

977

671

Expansion Rate
(AU/y)

Calculated Age
(y)

796

824

LCO PAIR 3
Time of
Observation (JD)

Coordinates of Opposite Sides

Angular Diameter
(arcsec)

2457403.590

05h 34m 40.648s +21d 59m 10.10s
05h 34m 26.591s +22d 03m 45.83s

338

2459284.455

05h 34m 43.763s +21d 59m 55.13s
05h 34m 21.374s +22d 02m 12.03s

340

Table 1: Information used to calculate the Expansion Rate and Age for the 3 pairs of images.

1983 SSDS IMAGE AND LCO STACKED IMAGE
Time of
Observation (JD)

Coordinates of Opposite Sides

Angular Diameter
(arcsec)

2445341.783

05h 34m 41.384s +21d 59m 37.40s
05h 34m 25.277s +22d 03m 28.77s

322

2459284.429

05h 34m 43.600s +21d 59m 48.24s
05h 34m 21.808s +22d 02m 15.91s

337

Expansion Rate
(AU/y)

Calculated Age
(y)

763

853

Table 2: Information used to calculate the expansion rate and age for the 1983 image and the stacked Image.
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Abstract
Metallic-line A (Am) stars are main-sequence stars of around twice the mass of the Sun that show element
abundance peculiarities in their spectra. The radiative levitation and diffusive settling processes responsible for
these abundance anomalies should also deplete helium from the region of the envelope that drives  Scuti
pulsations. Therefore, these stars are not expected to be  Scuti stars, which pulsate in multiple radial and
nonradial modes with periods of around 2 hours. As part of the NASA TESS Guest Investigator Program, we
proposed photometric observations in 2-minute cadence for samples of bright (visual magnitudes around 7-8)
Am stars. Our 2020 SAS meeting paper reported on observations of 21 stars, finding one  Scuti star and two 
Scuti /  Doradus hybrid candidates, as well as many stars with photometric variability possibly caused by
rotation and starspots. Here we present an update including 34 additional stars observed up to February 2021,
among them three  Sct stars and two  Sct /  Dor hybrid candidates. Confirming the pulsations in these stars
requires further data analysis and follow-up observations, because of possible background stars or
contamination in the TESS CCD pixels with scale 21 arc sec per pixel. Asteroseismic modeling of these stars
will be important to understand the reasons for their pulsations.

1

Introduction

Stars of nearly every type and evolutionary state
show pulsational variability (Aerts, ChristensenDalsgaard, and Kurtz 2010). The pulsation properties
can be used to infer the internal structure and
processes in stars and validate stellar model physics
and theoretical interpretations. This paper focuses on
two types of main-sequence (core hydrogen-burning)
variable stars that pulsate in one or more radial and
nonradial modes, namely the  Doradus and  Scuti
variables. Greek letters such  = gamma, and  =
delta are used to refer to the brightest stars in a
constellation in order of the Greek alphabet, and
many variable star types are named after their
prototype star.
Here we discuss results of searches for pulsating
variables using photometric data obtained by the
Transiting Exoplanet Survey Satellite (TESS) as part
of their Guest Investigator Program. This paper

updates results presented at the 2020 SAS meeting
and documented in the Proceedings.
The  Sct variables are main-sequence (core
hydrogen-burning) or slightly post-main-sequence
(shell hydrogen-burning) variables about twice the
mass of the Sun, which pulsate in multiple radial and
nonradial modes with periods of about 2 hours, or
frequencies about 12 cycles/day (Aerts et al. 2010,
Breger 2000). The cause of their pulsations is
believed to be the ‘kappa’, or opacity valving
mechanism, named for the Greek letter  (kappa)
used to represent opacity. Opacity is a measure of
how ‘opaque’, i.e., resistant, the stellar interior
plasma is to transfer of photon radiation through the
layer. Figure 1 shows the opacity versus interior
temperature from a two solar-mass model. For the 
Sct stars, the increased opacity region labeled He+
where the second electron of helium is ionizing at
50,000 K in the stellar envelope is at an optimum
location to block radiation, causing this layer to
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Am stars, the diffusive processes responsible for the
abundance peculiarities are also expected to cause
helium to settle out of the pulsating driving region,
making the  Sct pulsation driving mechanism
ineffective (Breger 1970; Kurtz 1976). Nevertheless,
some Am stars do show pulsations, raising questions
about whether another pulsation mechanism is
responsible (see, e.g., Smalley et al. 2017 and
Murphy et al. 2020).
Other pulsation driving
mechanisms also are being explored to explain the
prevalence of hybrid stars throughout the  Dor and 
Sct instability regions. See Guzik (2021) for a recent
review of outstanding questions surrounding  Sct
and  Dor stars.

2
Figure 1: Opacity vs. interior temperature for 2 solarmass main-sequence stellar model. In this plot, the
stellar interior corresponds to higher temperatures
toward the left, while the stellar surface is toward the
right. The opacity enhancement at around 50,000 K
(labeled He+) where the second electron of helium is
being ionized is responsible for driving  Sct pulsations.
The “Z bump” is responsible for pulsations in more
massive stars.

absorb heat, expand, and then cool and contract in a
feedback loop to produce the pulsations.
The  Dor variables are about 1.5 times the mass
of the Sun and pulsate in nonradial gravity modes
with periods of 1 to 3 days (Kaye et al. 1999). The
convective blocking mechanism at the base of the
envelope convection zone (Guzik et al. 2000) is
proposed to drive the pulsations. The pulsation
driving arises because the pulsation period is shorter
than the local convective timescale at the base of the
envelope convection zone, and so the convection
cannot adapt quickly enough during a pulsation cycle
to transport the radiation emerging from the stellar
center, causing radiation flow to be blocked
periodically.
Before the high-precision long time-series
photometric observations made by the Kepler
spacecraft (Borucki et al. 2010; Gilliland et al. 2010),
theory and stellar models for the most part explained
the locations of the  Sct and  Dor instability regions
in the H-R diagram, and hybrid variables pulsating in
both low- and high-frequency modes were found in
the overlapping region between these two instability
regions (see Fig. 12). However, the Kepler data
showed hybrid stars scattered throughout both
instability regions, and even beyond the edges
(Grigahcene et al. 2010; Uytterhoeven et al. 2011).
The metallic-line A (Am) stars show significant
underabundances of Ca and Sc, and enhanced
abundances of Ti and Fe-group elements. For the

Am Star Results from TESS Guest
Investigator Program

The NASA TESS spacecraft was launched on
April 18, 2018 and is in an elliptical 13.7-day lunar
resonance orbit around Earth. Its main mission is to
search for transiting exoplanets around nearby G, K,
and M spectral-type stars using the transit method
(Riker et al. 2015). The TESS spacecraft has four
CCD cameras aligned in a vertical strip to view a 24°
by 90° section of the sky (called a ‘sector’)
continuously for 27 days before moving to the next
(partially overlapping) sector. The sky below the
ecliptic plane was observed in 13 sectors for the first
year of operation (Cycle 1), and above the ecliptic
plane in 13 sectors (Cycle 2). TESS has finished its
main mission, and is now in extended mission,
currently observing 13 sectors, again below the
ecliptic plane (Cycle 3). Because the sectors overlap,
targets near the north and south ecliptic poles are
observable for up to a year. Data products include
full-frame images with 30-minute cadence, as well as
2-min cadence light curves for several hundred
thousand stars in each sector. Beginning in Cycle 3,
TESS is taking 10-minute cadence full-frame images
and also offers 20-sec cadence light curves on a
smaller selection of targets. TESS data is available
from the Mikulski Archive for Space Telescopes
(MAST, https://archive.stsci.edu/).
This paper
includes analysis of observations through Sector 34,
ending February 8, 2021.
Catanzaro et al. (2019) used high-resolution
spectroscopy + Gaia DR2 parallaxes to determine
stellar parameters and detailed abundances for 62
metallic-line A (Am) stars. For Cycle 2 of the TESS
Guest Investigator Program, we requested twominute cadence observations of these stars, most of
which have TESS magnitudes 7-8. Because the stars
in the Catanzaro sample were at declinations visible
from the Northern Hemisphere, while Cycle 3
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observations were targeting regions of the sky below
the ecliptic plane, we decided to expand the target list
using the catalog of non-magnetic chemically
peculiar stars of Paunzen et al. (2013), choosing 49
stars with similar characteristics to the Catanzaro et
al. sample, but observable by TESS during Cycle 3.
See TESS GI programs G022027 and G03060 at
https://heasarc.gsfc.nasa.gov/docs/tess/approvedprograms.html for a list of observations to date.

3

In the Fig. 2-9 captions, we give the number of
frequencies in the amplitude spectrum having signalto-noise ratio > 4. These frequencies are calculated
by successively pre-whitening the light curve to
subtract out the signal from the highest amplitude
peak. Some of these frequencies are combinations of
higher amplitude frequencies.

TESS Amplitude Spectra for  Sct
and Hybrid  Sct/ Dor Pulsators

So far, 32 of the Am stars in the Catanzaro et al.
(2019) sample (Table 1) and 23 stars of the Paunzen
et al. (2013) sample (Table 2) have been observed in
2-min cadence. In Figs. 2 through 9, we show the
amplitude spectra for the four  Sct stars and four 
Sct/ Dor hybrid candidates, calculated using Fourier
transforms of the time-series data. The  Sct stars
show multiple peaks at periods >5 c/d, and the hybrid
candidates show in addition one or more peaks with
significant amplitude (>20 ppm) around 1 c/d.
According to the SIMBAD database, none of these
stars were previously known  Sct or  Dor variables.
Some of the Catanzaro et al. stars have 2-min
cadence observations during more than one sector.
Having a second 27-day sector of observations
sharpens the frequency resolution by a factor of two
and also increases the signal-to-noise ratio by a factor
of sqrt(2). Longer time series are important to
resolve the lower frequency g Dor pulsations, as well
as to resolve rotationally split frequencies (see Fig.
2b).
Our 2020 SAS proceedings paper gives
examples of light curves showing other types of
photometric variability. These variations may be due
to rotation and magnetic activity generating starspots,
or may be the result of the orbital motion of a close
interacting binary. The binary interpretation is
doubtful because Catanzaro et al. (2019) screened the
sample
to
remove
spectroscopic
binaries.
Nevertheless, an eclipsing binary, HD 188854, also
known as V2094 Cyg, with an orbital period of 8.5
days, previously discovered from Kepler data to have
a  Dor component (Çakırlı 2015), was included in
the Catanzaro et al. (2019) sample. Periodicities
caused by rotation/starspots and  Dor pulsations can
be similar. In addition, low-frequency peaks may be
global Rossby waves (Saio et al. 2019) instead of 
Dor g-mode pulsations. Because the cause of the
low-frequency variability is not confirmed, we refer
to possible  Dor and  Sct/ Dor hybrid stars as
‘candidates’.

Figure 2a: Amplitude spectrum for HD 155316, shown to
be a  Sct variable from analysis of two sectors of TESS
data. This spectrum shows 93 frequencies with S/N > 4.

Figure 2b: Another view of amplitude spectrum of HD
155316. Using two vs. one sector of observations, the
S/N ratio is increased by sqrt(2) (see low frequencies in
inset), and the frequency resolution is improved from
0.46 μHz to 0.22 μHz.

Figure 3: Amplitude spectrum for HD 8251, shown to be
a  Sct /  Dor hybrid candidate from analysis of two
sectors of TESS data. This spectrum shows 67
frequencies with S/N > 4.
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Figure 4: Amplitude spectrum for HD 211643, shown to
be a  Sct star from analysis of two sectors of TESS
data. This spectrum shows 45 frequencies with S/N > 4.
However, See section 4 re. possible contamination in
the 2-min light curve data from a nearby star.

Figure 5: Amplitude spectrum for HD 108449, shown to
be a  Sct /  Dor hybrid candidate from analysis of one
sector of TESS data. This spectrum shows 34
frequencies with S/N > 4.

Figure 6: Amplitude spectrum for HD 50635, shown to be
a  Sct /  Dor hybrid candidate from analysis of one
sector of TESS data. This spectrum shows over 200
frequencies with S/N > 11.

Figure 7: Amplitude spectrum for HD 212144, shown to
be a  Sct star from analysis of one sector of TESS data.
This spectrum shows 10 frequencies with S/N > 4.

Figure 8: Amplitude spectrum for HD 209475, shown to
be a  Sct star from analysis of one sector of TESS data.
This spectrum shows over 200 frequencies with S/N > 4.

Figure 9: Amplitude spectrum for HD 196166, shown to
be a  Sct /  Dor hybrid candidate from analysis of one
sector of TESS data. This spectrum shows 156
frequencies with S/N > 4.
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4

Contamination

One of the questions raised by these results is
whether the pulsations are intrinsic to the star or a
result of background or nearby star contamination.
Some of the fields are relatively crowded, and the
TESS pixel scale is 21 arc sec. Tables 1 and 2 list the
TESS Input Catalog contamination ratios for each
star when available; those above 0.01 are highlighted
in bold. One hybrid candidate, HD 196166 (Fig. 9),
as well as two  Sct stars HD 211643 (Fig. 4) and HD
212144 (Fig. 7) have contamination ratios exceeding
0.01. The  Sct frequencies for HD 211643 seem
particularly suspect as their amplitudes are so low.
We used the lightkurve python tools introduced
at the American Association of Variable Star
observers Data Mining Workshop led by Colin
Littlefield in November 2020 to examine the target
pixel data. These tools allow one to create light
curves with varying subsets pixels other those used to
construct the 2-minute cadence light curve product in
the TESS pipeline. For HD 196166 and HD212144,
we cannot rule out a signal from a possible
background or foreground star aligned with the
brightest central pixels. The pulsation variations
decrease or not present in the light curves generated
using only pixels farther away from the central
pixels.
The target pixel data for HD 211643 (Fig. 10a)
shows a bright object above and to the right of the
central star. We selected only four pixels centered on
this object to generate the light curve. A frequency
analysis of this light curve using AAVSO VStar
software (Fig. 10b) shows an amplitude spectrum
very similar to that of Fig. 4. Using the SIMBAD
tool, we find the bright star about 85 arc sec (4 TESS
pixel widths) away (Fig. 10c), and identify it as HD
211604, an A5 star with V mag 8.08, somewhat
fainter than HD 211643 with V mag 7.13. HD
211604 is also not listed in SIMBAD as a known 
Sct variable.

Figure 10a: Light curve generated from target pixel files
for four pixels selected above and to the right of the
target pixels for HD 211643.

Figure 10b: Amplitude spectrum generated from light
curve of selected pixels in Fig. 10a, showing  Sct
frequencies similar to those of Fig. 4.

Figure 10c: SIMBAD search around HD 211643 shows at
85 arc sec separation in the lower right HD 211604, an
A5 star with mag V=8.08 that is likely the source of the 
Sct pulsations. Note that the orientation of this figure
differs from that of the TESS target pixel data in Fig. 10a.

5

HD 43682: Eclipse or planet transit?

HD 43682 (TIC 437984134) observed in Sector
33 shows a dip in its light curve with duration about
4.8 hours that might be caused by an eclipse or a
planet transit. While the contamination ratio for this
object is high, there are no nearby bright objects as
was the case for HD 211643. We again used the
lightkurve software to examine the target pixel file
for this star (Fig. 11). The feature shows up only in
the light curve of the brightest pixels, and disappears
when only the surrounding pixels are selected.
Therefore, the feature may be intrinsic to the star.
The light curve dip only appears once during the 27day time series.
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Figure 11: Zoom-in on TESS light curve for HD 43682
showing a dip of duration 4.8 hours. This feature does
not show up on light curves generated using only
nearby pixels, omitting the brightest pixels.

6

Locations of the Am stars on the H-R
Diagram

Table 1 summarizes the properties of the 32 stars
from the Catanzaro et al. (2019) sample. This table
includes columns for the effective temperature and
luminosity from the TESS Input Catalog version 8.1
(Stassun et al. 2019). This catalog merges data from
a number of photometric and spectroscopic catalogs
and the Gaia Data Release (DR2, Gaia Collaboration,
2018) parallaxes, on which these temperatures and
luminosities are based. The table also includes the
effective temperatures and luminosities derived by
Catanzaro et al. (2019), also making use of Gaia DR2
parallaxes, but basing the effective temperatures and
the flux derivations on their own high resolution
spectro-polarimetry and spectral synthesis methods.
Figure 12 shows log L/Lsun vs. Teff using the
Catanzaro et al. (2019) Teff and luminosity
determinations. Also shown are the theoretical red
and blue edges of the  Sct (Breger and Pamyatnykh
1998) and  Dor (Warner et al. 2003) instability strips
(IS). The two  Sct stars fall within the IS, and one
of the two hybrid stars falls within the region where
the instability strips overlap.
Figure 13 shows the H-R diagram using the
TESS Input Catalog version 8.1 Teff and luminosity.
Using this data set, one of the hybrid stars moves to
significantly cooler temperature, and now lies within
the region where the instability strips overlap.
Figure 14 shows Teff derived from the TESS
Input Catalog v8.1 vs. Teff from Catanzaro et al.
(2019) spectroscopy for each star. The TESS Input
Catalog v8.1 Teff values are slightly hotter than the
Catanzaro et al. values for the hottest stars in the
sample.
Figure 15 shows the stars from the Paunzen et al.
(2013) sample observed by TESS plotted on the H-R
diagram. Two of the stars did not have a luminosity
in the TESS Input Catalog CTL v8.1, so they are
plotted at log L/Lsun = 1.0 with large dashed vertical
arrows. All of these stars are in or near their
expected pulsation instability regions.

Figure 12: Location in H-R diagram of 32 Am stars
observed by TESS (black dots), based on T eff and
luminosity (L) determinations by Catanzaro et al. (2019).
Also shown are the theoretical blue edge and
observational red edge of the  Sct instability strip
(dashed lines) from Breger and Pamyatnykh (1998) and
the theoretical red and blue edges of the  Dor instability
strip (solid lines) from Warner et al. (2003). The stars
labeled are  =  Sct, H = hybrid candidate, and B =
eclipsing binary, as determined from the TESS data.

Figure 13: Same as Fig. 12, except using T eff and
luminosity from TESS Input Catalog v8.1 (Stassun et al.
2019). Note that one of the hybrids has a significantly
lower temperature than determined by Catanzaro et al.
(2019), so that it is now located in the region where the
instability strips overlap.
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7

Figure 14: Comparison of effective temperatures
determined by Catanzaro et al. (2019) and as listed in the
TESS Input Catalog v8.1 for each star of Table 1. The
black dashed line is the trend for perfect correlation.

Of the 32 Am stars in Catanzaro et al. (2019)
sample observed by TESS so far, we find two  Sct
stars and two  Sct/ Dor hybrid candidates.
However, in the TESS 2-min cadence light curve for
HD 211643, the  Sct pulsations likely originate from
contamination by a nearby A-type star in the TESS
field that may or may not be an Am star. Of the 23
stars in the Paunzen et al. (2013) sample observed so
far, we find two additional  Sct and two additional 
Sct/ Dor hybrid candidates. As discussed in the
introduction, Am stars are not necessarily expected to
show  Sct pulsations because the diffusive processes
responsible for the peculiar element abundances also
should deplete helium from the pulsation driving
region and inhibit pulsations. The frequencies
observed in these stars, along with fundamental
properties such as effective temperature, luminosity,
and element abundances, will provide useful
constraints for asteroseismic modeling to understand
the origin of the pulsations.
Much more work is needed to understand the
causes of photometric variability seen in many of the
stars that do not show  Sct pulsations, and to
confirm  Dor g-mode pulsations in the hybrids. The
stars in these samples are bright and amenable to
ground-based photometric and spectroscopic
observations, including observations by amateur
observers. Some possibilities include time-series
spectroscopy and multicolor photometry, useful for
mode identifications and distinguishing between
causes of variability, and to determine whether
amplitudes or frequency content change over time.

8

Figure 15: Location of 20 stars with T eff < 10,000 K in
sample of chemically peculiar stars selected from
Paunzen et al. (2013). The T eff and luminosity (L) as
found in TESS Input Catalog v8.1 (Stassun et al. 2019).
For two of the stars, the luminosity was not available, so
these are plotted at log L/Lsun = 1 with dashed vertical
arrows. The two  Sct stars and two hybrid candidates
are indicated.

Conclusions
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HD #
267
8251
10088
14825
99620
108449
117624
127263
132295
139939
143914
149650
149748
154226
155316
164394
166894
167828
168796
169885
171363
180347
184903
188103
188854
189574
190145
192662
202431
210433
211643
215327

TIC ID
176299362
248946257
151056397
445666347
310922962
393801722
95526455
158035384
298247573
137031010
313423751
198210258
198212148
21673730
21862361
329343467
76038913
158178074
157623505
21162252
289375356
298969563
267813367
209945493
268380299
172758318
366490533
380794470
388078603
328745733
331066260
128920773

TESS
Mag.
8.037
8.173
7.618
7.729
7.529
8.036
8.113
7.928
8.805
7.305
7.758
5.913
7.063
7.752
7.897
7.308
7.694
7.168
7.780
6.236
7.820
8.181
7.813
8.070
7.317
7.530
7.370
8.666
7.203
7.229
7.068
8.000

TESS
CTL 8.1
Teff (K)
7708
7058
7647
8432
7853
7330
7501
7592
6701
N/A
8128
9141
7165
7879
7423
7625
8504
9658
8721
8226
7569
7063
9806
11836
7287
7476
7695
9424
7248
11213
8675
7583

Catanzaro
Teff (K)
8200
8300
7700
8500
7700
7000
7500
8200
7300
7800
8000
8800
7600
7800
7600
7700
8750
8750
8500
8500
7600
7600
9300
9500
7200
7500
7500
8400
7300
8500
8700
8300

TESS CTL
8.1log
L/Lsun
1.01
1.16
1.00
1.25
1.04
0.92
1.20
0.95
1.06
N/A
1.14
1.71
0.94
1.56
0.88
0.91
1.81
1.57
1.51
1.39
1.01
0.98
2.02
2.06
1.21
0.90
1.25
1.80
1.06
2.02
1.13
1.51

Catanzaro
log L/Lsun
0.91
1.08
0.81
1.23
0.93
0.89
1.08
0.88
0.95
0.94
0.96
1.64
0.77
1.45
0.79
0.83
1.73
1.43
1.40
1.55
0.92
0.88
1.75
1.81
1.08
0.80
1.12
1.33
0.94
1.89
1.08
1.30

Contamin.
Ratio
0.00003
0.00019
0.00498
1.27093
0.06044
0.00025
0.00118
0.00017
0.00121
N/A
0.00010
0.00041
0.00026
0.01308
0.00260
0.14943
0.00128
0.00385
0.00882
0.00179
0.00187
0.00538
0.00642
0.05970
0.00333
0.02421

0.00398
0.04673
0.00593
N/A
0.06081
0.00959

#
Sectors
Obs.
1
2
1
1
3
1
1
2
2
1
4
13
12
1
2
6
1
1
1
7
1
3
9
1
2
2
13
2
5
3
2
1

Result
Hybrid cand.

Hybrid cand.

delta Sct

Eclipsing binary

delta Sct

Table 1: Summary of TESS results for 32 of the 62 stars in the Catanzaro et al. (2019) sample. Contamination ratios >
0.01 are highlighted in bold.
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HD #
3644
4570
19963
21933
28355
28546
29479
29589
31373
43682
50635
68099
79066
196166
197889
200052
202152
203313
203653
209475
212144
212797
215875

TIC ID
212982053
333557388
365425158
416713269
245794190
245819988
245911904
245936817
436723855
437984134
155463738
334411408
286055622
1992751647
1992945158
29671013
1992873233
302334615
300272058
206464379
137837596
69750857
146165482

TESS
Mag.
8.692
9.026
7.663
5.838
4.858
5.273
5.000
5.559
5.873
8.165
4.407
6.170
6.023
9.555
7.251
6.024
8.311
9.160
7.819
7.644
9.850
8.355
8.132

TESS CTL
8.1 Teff (K)
7881
7450
7476
11435
7812
7775
8436
14089
13456
7340
7178
12804
7079
7553
7919
8892
7689
7839
7690
7675
6723
7239
8270

TESS CTL 8.1
log L/Lsun
1.12
1.26
0.96
2.01
1.25
1.05
1.40
N/A
N/A
1.12
N/A
N/A
0.78
0.86
1.07
1.38
1.08
1.28
1.44
1.43
N/A
1.08
1.11

Contamin.
Ratio
0.00194
0.01778
0.00002
0.00143
0.00104
0.00026
0.00691
N/A
N/A
0.07555
N/A
N/A
0.00225
3.10795
1.47153
0.00251
2.12545
0.00739
0.00017
0.00380
0.01085
0.00506
0.00002

# Sectors
Obs.
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Result

Hybrid cand.

Hybrid cand.

delta Scuti
delta Scuti

Table 2: Summary of TESS results for 23 stars of the Paunzen et al. (2013) sample. Contamination ratios > 0.01 are
highlighted in bold.
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Why you should check your data –
The cleanup of BT Mon
Stella Kafka1
AAVSO 1
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Abstract
Data validation is one of the critical functions at the AAVSO HQ. Identifying and correcting data discrepancies
requires understanding the stellar system at hand, attention to detail, cooperation between HQ and observers,
and extensive detective work. Data discrepancies are not necessarily related to the lack of observer’s experience
or the means they are using to acquire data. Through the recent case of BT Mon, we will discuss data validation
processes at the AAVSO and some of the most common reasons for discrepant data.4

1

light curves published by Strope et al. 2010. BT
Mon is believed to have reached 4.5 mag, making
it visible to the naked eye, but that value is an
extrapolation; the nova was not observed at peak
brightness. Its brightness decreased after the
outburst by three magnitudes in 182 days, making
it a "slow nova" (Özdönmez et al. 2018). The light
curve for the eruption had a long plateau period, as
demonstrated in Strope et al. 2010.
The nature of this system is still under debate:
although variations of the shape of the eclipse
implied that the accretion disk size was changing
from night to night, Williams (1989), combining
observations and models of the spectral lines in BT
Mon, proposed that during the eclipse, the line
profiles are due to the spiraling infall of gas in a
rotating accretion column, suggesting that the
system is an intermediate polar.

Introduction

Data validation is one of the critical functions
at the AAVSO HQ. Identifying and correcting data
discrepancies requires a good understanding of the
stellar system at hand, attention to detail,
cooperation between HQ and observers, and
extensive detective work. Our long experience at
the AAVSO has showcased that data discrepancies
are not necessarily related to a lack of the
observer's experience or the means (instruments)
they are using to acquire data. Through the recent
case of BT Mon, we will discuss an example of our
data validation processes at the AAVSO and some
of the most common reasons for discrepant data.

2

BT Monocerotis

BT Monocerotis (BT Mon) is a semi-detached
binary star system (Cataclysmic Variable)
consisting of a 1.04±0.06M☉ white dwarf primary
star, which is accreting material from its
0.87±0.06M☉ G8V companion (Smith 1998). The
orbital period is 0.33381379 days (~8 hours) and
an inclination of 88.2° to the line of sight to the
Earth, resulting in an eclipsing binary, with
eclipses of 2.7 mags in depth. Because of the deep
eclipse, a good photometric ephemeris was derived
early on (Robinson et al., 1982).
BT Mon is also a known nova: it was observed
to erupt in 1939 and was discovered on a spectral
plate by Fred Whipple (1940). The known early BT
Mon light curve is included in a catalog of 93 nova

3

How it all started

Earlier this year, we received correspondence
from a researcher who wanted to use the data for
one of his projects. His primary goal was to study
eclipse timing variations and discuss the
hibernation model in Cataclysmic Variables.
Looking at the existing AAVSO BT Mon data
through our light curve generator, the researcher
noticed that, although the peak (out-of-eclipse)
brightness of the star over most of these past 18
years remained at a range of m(CV) ~ 15.0 - 15.3,
after JD~2458100 BT Mon occasionally becomes
0.5-0.7 magnitude brighter, reaching brightness up
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14.5. (figure 1). The PI requested that we check the
data for accuracy before they started interpreting
the outcome.
Taking a closer look at the light curve, we
noticed that different observers consistently
reported different values (see figure 1). Those
individuals are among the AAVSO's most
productive and experienced observers; their data on
this object were inconsistent with historical data.

4

5

Conclusions

Not all researchers will notify AAVSO
Headquarters when they suspect discrepant data;
this leads to those data sets included in data
interpretation and erroneous scientific outcomes in
published papers. We provide all tools and
information necessary for observers to check their
data for quality. For completeness, we include
some of the most common reasons for discrepant
data here:

How it is going

To explore the root of discrepancies at the
AAVSO, we looked at the phase plot for BT Mon
using VStar. The eclipse phased light curve
revealed that there are no eclipse min timing
variations, so the current ephemeris seems to be
accurate. However, the depth of the eclipse appears
to be diluted. Also, the out-of-eclipse light curve
has a scatter larger than the known behavior of the
star. Looking at the VSP chart of BT Mon, we
noticed a close 15.35 mag star only 8" to the north
of BT Mon in the foreground/background of the
old nova. This could be a source of contamination
of the target, if it was taken into account in
photometry.
The next step was to communicate with the
observers whose light curve values was brighter
than historical values. The request was for them to
check the aperture used for photometry and assess
whether the nearby star was included in the
aperture and was the cause of discrepant data. This
was the case; when observers reprocessed and
resubmitted their observations, the light curve
seemed consistent with the historical data.
This was an unfortunate oversight. A close
companion and an aperture of 12" (which translates
to 2-3 pixels) would include the companion's light
in the aperture photometry and result to a brighter
in eclipse and out-of-eclipse value for the star. In
cases of close companions, the AAVSO charts can
be valuable: in those (handful) the chart alerts the
observer that there is a close companion to the
target star. A closer look at the chart and a note in
the observer's log under the specific star's name
would have alerted the observers for the close
companion and prevented discrepancies in the data.
Furthermore, a quick look at the light curve
generator after data is submitted points out
discrepancies with respect to historical data, which
can be a red flag for observers.

5.1

CCD observing
o
o
o
o
o
o
o
o
o
o

5.2

Target saturation
Close companions (like in the BT Mon
case)
Reporting incorrect filter
Low signal to noise (undersampling)
A typographical error in name of target
star in report
Entering a wrong (or obsolete) magnitude
for a comp star into software
Reprocessing and resubmitting data
without first removing the old version
Misidentification of the variable
Misidentification of one of the comp stars
Reporting of wrong time and date

DSLR

In addition to the CCD above, not accounting
for extinction in a wide field with high airmass can
generate differential photometry errors across the
image.

5.3

Visual Observing
o
o
o
o
o
o

Misidentification of the variable
Misidentification of one of the comp stars
A typographical error in the report
Error computing date (UT, JD, or
calendar)
Trying
to
observe
below
telescope/binocular limit
Observing with hard-to-see cirrus clouds

The AAVSO observations are essential for
science. This comes with great responsibility – to
produce the best data we can. So, please do check
your light curves before and after you submit them.
We would love to advertise to our professional
astronomer colleagues that the AAVSO's
observers' data are reliable to download from the
AAVSO International Database and increase the
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inclusion of such data in scientific publications.
Our data validation team at HQ is trying to check
as many light curves as possible. However, this is
not an easy task. We need everyone's help and
cooperation; after all the work you put into taking
and reducing your data, ensuring no discrepancies
in your data is a small extra step that makes all the
difference!

5.4

Robinson et al. February 1982 ApJ 254(2):646
Smith D.A. ,Mon. Not. R. Astron. Soc. 296, 465–
482 (1998)
Strope R.J. et al 2010 AJ 140 34
Whipple F.L. 1940 Bull. Harvard Col Obs, No.
912,5
Williams R. 1989, AJ, 97, 1752

References

Özdönmez, Aykut; Ege, Ergün; Güver, Tolga; Ak,
Tansel, 2018 MNRAS 2018 476 (3): 4162–4186

Figure 1: Screenshot of the BT Mon light curve showcasing the discrepant data.
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Abstract
Without any doubt, an observable supernova in our own galaxy could be the single most interesting astronomical
event in our lifetimes. We propose a set of concrete steps that could be taken to allow the amateur astronomy
community to contribute to the science of the next galactic supernova, including a) the long term monitoring of
potential progenitor stars b) enlisting amateurs in networks that aim for a rapid response to early warning triggers
by neutrino and/or gravitational wave detectors and c) creating training material to prepare amateurs for the
observation of these interesting but rare events. These proposals are meant to encourage a wider discussion in
the community. We also briefly look at how these skills could be used on other, more frequent events that also
require a rapid response, e.g. binary neutron star mergers.

1. Introduction

2. Types, progenitors, remnants and
observable signals of supernovae

Supernovae (SNe) are interesting astrophysical
phenomena as they mark both endpoints in stellar
evolution and at the same time starting points for the
formation of objects through the nuclear synthesis of
many heavier elements, and their role in creating
extremely compact objects like neutron stars and
black holes. Here we will investigate the role that
amateur astronomers and citizen scientists could play
in investigating the next observable supernova,
especially a core collapse SN, in our own galaxy.
After giving a short review of the basic types of
SNe in section 2, we review estimations on the
frequency and observability of galactic supernovae.
Section 4 reviews publicly available channels to alert
observers of a galactic core collapse supernova
(CCSN) even before it is visible in the optical
spectrum. In section 5 we discuss a catalog of
proposals to prepare the amateur astronomy
community for a galactic CCSN observation
campaign. Finally, section 6 provides a summary and
outlines further potential actions towards preparing
the amateur astronomy community for this type of
event.

Supernovae can be divided into two types, based
on the main mechanism that drives the event.

2.1 Thermonuclear SN (SN type Ia)
Supernovae of spectroscopic type Ia are believed
to be driven by a runaway thermonuclear explosion
when the progenitor, a white dwarf in a binary
system, gains mass and finally exceeds the
Chandrasekhar limit, either by accretion, or
potentially by a merger with another white dwarf,
(Liu et al 2016).

2.2 Core Collapse SN (CCSN)
All other spectroscopic types of supernovae are
believed to be driven by the collapse of the core of
stars that evolved from very massive stars, after they
have exhausted their capability to sustain nuclear
fusion in the core.
The collapsing core will eventually form a
neutron star or a black hole, with the exception of a
particular hypothesized type of SN that is believed to
disrupt the progenitor completely without leaving a
compact remnant (Fraley 1968). For events in our
galaxy, the core collapse itself should be detectable
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by the strong emission of neutrinos (Scholberg 2012),
and possibly gravitational waves (GW) (Ott 2009),
even before electromagnetic signals of the core
collapse can eventually penetrate through the star’s
photosphere in what is called the Shock Breakout
(SBO).
It is this delay between the immediate neutrino
signal and the SBO visible in the EM spectrum that
motivates the involvement of amateur astronomers
that we discuss here. Not only does the neutrino
signal provide “early warning” for observers to start
observations, the measurement of the actual delay
time and the SBO’s complete light curve have
immense scientific importance for testing both our
understanding of the internal structure of SN
progenitors and our understanding of the SN
“explosion mechanism”. If the progenitor star can be
identified in archival data (see (Adams et al 2013) for
a discussion of progenitor detection probability), the
scientific value will be even higher. The delay
between a neutrino trigger (i.e. the core collapse) and
the SBO is highly uncertain, depending also on the
progenitor star, and could be in the range of minutes
up to days (Adams et al 2013), calling for both a
rapid reaction to a trigger and tenacity in observing.
While SBOs have already been observed in
extragalactic SNe, notably also by an amateur
astronomer (Bersten et al 2018), only a CCSN in or
very close to our own galaxy will give the benefit of
a detectable neutrino signal marking the start of the
actual core collapse. Here we want to quote (Adams
et al 2013):
“For the next Milky Way supernova, neutrinos
should serve as the starting gun indicating that the
race is on to characterize this once-in-a-generation
event in detail across many timescales and
electromagnetic bands.”
We now examine how amateurs can join this
race in scientifically meaningful ways.

3. Frequency and observability of
galactic supernovae
In order to justify involving amateur volunteers
in the observation of what must be a rare event, we
first review some estimates for the frequency and
observability of galactic SNe.

3.1 Frequency of SNe happening in the Milky
Way
Numerous methods have been used to estimate
the rates at which SNe happen in our galaxy, using

historical records of galactic supernovae, surveys of
galactic supernova remnants, observations of extragalactic SN in galaxies similar to the Milky Way and
even studies of geological deposits of certain isotopes
created in near-by supernovae millions of years ago
(e.g., see references in section 3.5 of (Adams et al
2013)). Here we are interested mainly in the rate for
CCSNe, and even though estimates have considerable
uncertainty e.g., from the small number of
confidently detected historical galactic CCSN, a
frequency of a few galactic CCSNe per century is a
reasonable prior to use in the estimation of events
observable by amateur volunteers. The galactic
CCSN rate derived by (Adams et al 2013) is 3.2+7.3
−2.6
per century.

3.2 Observability
This rate estimate, together with the small
number of historic observations of galactic SNe
suggests that many galactic CCSNe did go unnoticed
by contemporary astronomers. For example, the SN
that created the Cas A nebula was a core collapse
supernova but was not detected as a SN in the 17th
century (Koo, Park 2017).
There are several aspects to the question of
detectability of an event with typical amateur
astronomer resources: the apparent brightness and
color of the transient, angular resolution and the
possibility of confusion with nearby stars of
comparable brightness and also the transient’s
position in the sky in relation to the time of
observation and the geographical position of the
observation site.
We are most interested in the SBO phase of a
CCSN, therefore we will focus on its observability
here. As both the solar system and the most likely
location of a galactic CCSN are in the thin disk of our
galaxy, the dominant factor for the apparent
magnitude (and color) of the observed event will be
extinction by matter in the line of sight rather than
distance alone, as shown in the simulations
performed by (Adams et al 2013). While these
simulations do not go so far as to model the actual
spiral arm structure of our galaxy, we will use these
results to guide us in the following.
Since extinction effects will cause a reddening of
optical observations, the filter band in which
observations will be made cannot be neglected, and
we find results that are applicable to amateur
astronomers in the top row panels of Fig. 4 of
(Adams et al 2013): For example, the probability of
the SBO being brighter than 10.0 mag in the V band
is estimated to be about 40%, and about 50% in the R
band. This is a magnitude value that is relatively easy
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to reach by consumer-grade DSLR cameras as
demonstrated by (Cloppenborg et al 2012).
Telescopes routinely operated by amateurs, even
under suburban sky conditions, can reach much
fainter magnitudes, and often have sensors that are
sensitive in the near infrared I filter passband. The
same study estimates the probability of ~90% (~80%)
and higher for the SBO at 16 mag in the I band (R
band) respectively. While amateurs can routinely
reach even fainter magnitudes, longer integration
times have to be balanced against the need to cover
greater areas in the sky unless a good sky localization
is provided by the alert.
Estimations for the detectability in the J, H and
K bands given in Fig 4 of (Adams et al 2013) are
even more promising, however these bands are not
reachable with the sensors that are in wide use by
amateur astronomers.
A more recent simulation of galactic supernova
observability can be found in (Murphey et al 2020,
preprint) and is in general agreement with the above
predictions. Both studies stress the importance of also
having observation sites in the southern hemisphere.
In summary, we think it is reasonable for young
amateur astronomers to expect to be able to observe
zero or one galactic SN in their remaining lifetimes,
but they should not be confident to be able to observe
a second event if they miss the next one, a message
that could help motivate observers to prepare for the
next such event.

4. Early warning triggers
The feature that makes galactic CCSNe of
special interest is that the neutrino detection facilities
around the world have evolved to the point that they
will very likely detect the neutrino burst caused by
the core collapse, or even a precursor neutrino signal
for very close events. The neutrino burst will be
detected minutes-to-hours before the SBO event that
will be visible in the optical spectrum.
For amateurs to join the effort to detect the SBO
as early as possible, public access to neutrino burst
triggers is needed, and indeed this has been the case
for many years now via SNEWS (SuperNova Early
Warning System), see (Murphy 2000) for an early
account from the amateur astronomy perspective.
SNEWS alerts can be received either as emails after
subscribing to an email list (see instructions at
https://snews.bnl.gov/) or as VOevents via a public
GCN
server
(see
https://gcn.gsfc.nasa.gov/snews.html). While the
GCN distribution channel is perhaps not very well
known to many amateur astronomers, it is reasonably
easy to access thanks to open software packages like
PyGCN (https://github.com/lpsinger/pygcn).

At the time of writing, the SNEWS project is
taking steps to improve the sky localization
procedure for alerts via triangulation from different
detectors, along with many other improvements
under the “SNEWS 2.0” title, as described in (Al
Kharusi et al 2021), SNEWS also plans to enhance
their outreach activities and is in active
communication with the AAVSO to enhance ties
with the amateur astronomy community.
Section 5 will describe how amateurs can be
ready by tapping into the SNEWS warning system. It
will discuss techniques that amateurs can learn and
practice so they will be prepared to hunt for the event
and collect significant data of the breakout event.

5. Proposals for small telescope science
of galactic supernovae
In order to achieve a good coverage of the entire
sky at all times, a rather high number of volunteers
will be needed. There is an obvious trade-off: if a
campaign to enlist volunteers sets too high a bar for
participation, fewer volunteers will be willing to
engage. If, on the other hand, the challenges involved
are understated, eventually the observers will be
under-prepared for the task and might fail to
contribute to science in what would likely be their
only chance in their lifetime to witness one of these
rare events. Therefore we adopt an approach of
proposing a whole catalog of ways to engage with the
amateur astronomy community so that observers with
different skills and equipment can choose their own
level of involvement.

5.1 Pre-event monitoring of potential
progenitors of CCSNe
The AAVSO is embarked on a project to
manage a list of CCSN candidates. This list is
built primarily from input from the SNEWS
team. Most of these stars are known variables so
they can be included in the International
Variable Star Index (VSX) which makes them
targets supported by the AAVSO for
observation. That is, for data to be submitted to
the AAVSO International Database (AID) the
stars must be identified in VSX. And once a star
is in VSX the AAVSO can prepare charts and
comp stars to facilitate amateur observations.
The advantage of having the data in the AID is
that it is publicly accessible and light curve
generation tools are readily available to aid
analysis.
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Amateur observers can contribute by
regularly observing the stars in the list and
submitting their observations to the AID. Having
these light curves with the historical data will be
very important to understanding the life
sequence of the CCSN after it happens.
The current list contains about 200 stars.
About half of these have observations already in
the AID. The AAVSO will use means like its
own Target Tool to encourage observation of
stars that currently lack data. It will also use its
own telescope resources (AAVSOnet) to
contribute observations of candidate progenitor
stars.
5.2 Early warning capabilities for amateurs
and citizen scientists
To enjoy the benefits of the neutrino burst alerts
described in section 4, observers need to actively
subscribe to them. Even that might not be sufficient,
as receiving an email from the SNEWS mailing list
might go unnoticed for some time, but in an ideal
situation observers should be prepared to be woken
up by alarms given the importance of theses rare
events. At the time of writing, the SNEWS service
had issued not a single false alarm, which might help
to convince observers to give these alerts special
treatment like extra-loud ringtones on smartphones.
Also, a planned smartphone app from SNEWS might
have a “wake-up” function.
The ability to receive SNEWS alerts via GCN
and write custom Python event handlers (see PyGCN
mentioned in section 4) opens the possibility to
interface SNEWS alerts with home automation
systems in useful ways. When advertising this
possibility to volunteers, the extra effort of setting up
a “wake up call” mechanism should be compared to
the possible embarrassment of missing an alert at
exactly the best time for a rapid reaction (at night).

5.3 Narrow field observations (FOV « error
box of triggers)
The terms “narrow field” and “wide field”
observation might have a different meaning for
amateur observers when compared to professional
astronomers. In the experience of the authors, the
typical field of view of amateur observers small to
midsize telescopes (say 4 to 20 inches of aperture)
that are engaged in photometry (e.g. AAVSO
observers) is remarkably similar and is of order 1
deg^2. This can be explained by the widespread use
of affordable mass-produced sensors from industrial,

surveillance or recreational applications, where the
sensor resolution is of the order of a few megapixels
to low double digit megapixel resolutions. On the
other hand, amateur equipment (lacking adaptive
optics) is limited by seeing effects to a resolution of
(say) 1 to 3 arsec and oversampling this resolution
will generally not be useful, which then leads to a
pixel resolution of roughly one arcsec per pixel and
therefore the aforementioned ca ~1 deg 2 field of view
for a single sensor (sensor mosaics are typically not
used by amateurs).
At the time of writing, initial SNEWS alerts will
be without any sky localization of the event and even
subsequent sky-localization updates of the alert
cannot be expected to have an error-box as small as 1
deg2. Different observation strategies are possible in
this context.

5.3.1. Observing in the absence of a sky
localization
Without any hint on the direction to point the
telescope by SNEWS, observers can decide to
concentrate on regions of the sky that have a higher
prior probability of a galactic CCSN, which on a
large scale would be the lower galactic latitudes
observable from the observation site in question at
the given time of observation. On smaller scales the
candidate list of potential progenitor stars mentioned
in section 5.1 provides another source for useful
pointings, however it should be mentioned that at the
time of writing, the stars in this list are mostly at a
distance less than 4 kpc from Earth and hence cover
only a small part of the Milky Way’s disk. In the
absence of a central orchestration of observations, it
seems desirable to have as many observers as
possible and let them execute different observation
strategies at their own, informed, discretion, based on
local weather and observing condition and based on
individual equipment constraints.
5.3.2. Strategies after a sky localization is
available
Once more accurate sky localization (perhaps
also with estimations of the distance to the event)
become available from SNEWS, narrow field
observers can then decide whether to continue
observing fields containing candidate progenitor stars
or instead use mosaic scans to cover the sky regions
indicated in SNEWS sky localizations. Observatories
that implement a higher degree of automation should
probably choose the latter approach and leave
observing candidate progenitors to volunteers using
telescopes with less automated pointing controls.
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Either way, the AAVSO aims to provide means for
the candidate progenitor list to be accessed both
manually and via an API suitable for automation and
reducing the workload of observers during a
potentially hectic observation session.
5.3.3. AAVSOnet as a testbed for implementing
observing strategies
The AAVSO manages a network of nine
telescopes around the world. These are run semiautomatically. They are generally started each night
by an operator, but then left to run robotically all
night using the Astronomer’s Control Panel (ACP)
Expert software to target and collect data. The ACP
software is capable of receiving VOevent signals and
immediately changing the observing schedule if the
target requested is feasible.
The integration with external VOevents is far
from trivial. You need to establish the receiver
connection and manage the filters to apply and what
targets are you prepared to drop everything for and
turn over your scope to chase. In addition to
receiving messages, VOevents includes protocols that
offer the possibility for the telescope to send a return
VOevent message to confirm that it has images of the
target.
The AAVSOnet team is investigating how to
implement VOevent integration. In the case of a large
error box being specified it will be necessary to
create a mosaic schedule or candidate list schedule on
the fly. The AAVSO will share what it learns with
other amateurs that have systems that might be able
to work in this environment.
5.3.4. Centrally orchestrated observation
campaigns
A far more ambitious approach would be to
orchestrate the observations centrally, by assigning
certain observation tasks to individual observers
dynamically as the alert happens and is later refined
with sky localizations. This would require that
volunteers register with their contact information,
geographical location and equipment capabilities upfront at a central entity. At the time of writing, this
seems to be the approach of the Hotshots and
Kilonova Catcher projects.
Both are multi-messenger projects that face the
same issue as SNEWS: how to prepare and alert their
observers to a transient astronomical event.
The Kilonova Catcher project is part of
GRANDMA.
(https://grandmakilonovacatcher.lal.in2p3.fr/ ) where the project is to
get observations of optical counterpart observation on
a gravitational wave (GW) event detected by LIGO

and its fellow GW detector facilities. GRANDMA
stands for the Global Rapid Advanced Network
Devoted to Multi-messanger Addicts.
During the O3 observation run of LIGO
detectors, GRANDMA supplied volunteer observers
with lists of candidate galaxies inside the error box of
GW events (Antier et al 2020). At the time of
writing, Kilonova Catcher is preparing a more
automated approach for the next O4 observation run
of LIGO and partner detectors to start in 2022.
Hotshots is a citizen science project aiming to
get amateurs prepared to look for GW optical
components
(see
https://azabludoff.wixsite.com/hotshots ). Rather than
tiling the error box it will prepare observers by
assigning them candidate galaxies to check in the
event. In this way it is similar to the SNEWS strategy
of preparing a list of places to look in advance.
Since the GW detectors will not be back online
until 2022, GRANDMA may turn its attention and
support to the SNEWS project. Alerts from the
neutrino detectors may be aggregated, processed and
distributed by GRANDMA to professional
observatories as well as volunteers of the Kilonova
Catcher project.
Creating optimized observation strategies
tailored to specific transient alerts and a group of
potential observers with diverse equipment is an
active research field and projects like REFITT
(Recommender Engine For Intelligent Transient
Tracking) (Sravan et al 2020) could help to
coordinate follow-up observations in a way that
maximizes the scientific benefit.

5.4 Wide field & bright object observations
(FOV ≥ error box of trigger)
Amateurs could also contribute to CCSN
observations with wide-field imaging equipment.
5.4.1. Wide field drift scans
Observations with consumer grade DSLR and
similar cameras with modest telephoto lenses (focal
length of (say) 50 to 200 mm) perhaps represent the
lowest entry bar for volunteer observers to contribute
in a meaningful way for SBO observations. As shown
in section 3.2, they offer sufficient sensitivity and
have the added benefit of making observations in
three colors simultaneously, though at the cost of
cutting out the near IR part of the spectrum.
The group of owners of this class of relatively
low-cost equipment extends far beyond the amateur
astronomy community and could, in theory,
contribute huge numbers of observers. However,
camera owners outside the amateur astronomy
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community will lack tracking mounts, however they
could still make meaningful contributions by
performing drift scan observations. In the simplest
scenario, they could place their camera on a static
tripod or even just a flat surface, pointing straight up
at the zenith and keep making exposures as stars drift
across the field of view overhead, or in a slightly
more sophisticated scenario, point in the general
direction of constellations covering the galactic plane
in the sky. Images covering the time it takes for a star
to drift across the FOV (several minutes in this
scenario) can later be stacked to improve the signal to
noise ratio after an SBO is detected by other
observers.
5.4.2. Tracking DSLR and telephoto lens
observations
In the absence of any sky localization for alerts,
observers who use tracking mounts for their wide
field cameras are faced with similar decisions as
narrow-field observers: whether to point at candidate
progenitor stars, or clusters of them that fit in one
field, or choose regions of low galactic latitude,
potentially scanning through several fields.
If a tracking mount is available to the DSLR
observer, the observer will want to point the DSLR or
similar wide field equipment to the region in the sky
indicated by a trigger alert and follow it across the
night sky as long as possible. Once localization
information is available, there is a realistic chance
that wide-field observers can fit the entire error box
into their field of view which offers an attractive
scenario also for relatively unskilled volunteer
observers.
The relatively small aperture of these
instruments could also be an insurance policy as very
bright events might cause saturation and thus prevent
meaningful photometry with bigger instruments.
5.4.3. Using guiding camera output
Guiding telescopes and cameras often used by
amateurs to assist in precision tracking of telescopes
typically have very different characteristics compared
to the main optics and main camera. Some of these
characteristics can be useful when scanning the sky
for a transient event of uncertain brightness and
potentially rapid rise time. For the purpose of
observing galactic SNe, this puts guiding cameras
somewhere in between DSLR and telephoto lens
equipment and the narrow field telescopes they are
co-mounted with, as they feature a relatively wide
field of view and the ability to image brighter sources
without saturation. They also feature a high imaging

cadence of typically 1-3 seconds (and hence also
great time resolution of transients).
A drawback is the absence of photometric filters
on guide cameras but on the other hand, unfiltered
guiding sensors will show decent sensitivity in the
near IR spectrum which likely is important for
galactic SN observations as discussed in section 3.2.
Usually, images from the guiding sensor will be
used in real time by a guiding software to correct the
mount’s tracking and will not be stored permanently.
Given the advantages listed above, observers of a
galactic SN will want to investigate ways to store the
guiding images during observations following a
SNEWS alert if the added storage space can be
accommodated on their systems.
5.4.4. All-sky cameras
Many amateur astronomers own and operate allsky cameras, for a variety of purposes, e.g. to catch
meteor trails (either turned on permanently or only
during meteor showers) or as cloud monitors to
provide a live view of the night sky, potentially
without recording
An all-sky camera that is always recording could
obviously be useful for observing a transient event
like a galactic supernova. However, since it is
typically imaging 2 *PI steradian of sky with maybe
a few million pixels, the usefulness in bright regions
of the galactic plane, where SNe are most likely to
appear, suffers from confusion with the background.
Still, amateurs already operating an all-sky camera
should be educated about the possibility of imaging a
SN or specifically a SBO with it and should consider
recording the images and preserving them for at least
a few days if they are not already doing so.
With products like the Raspberry Pi HQ camera
module, making an all-sky camera with a decent
sensor as a DIY project is now possible for less than
100 EUR or US-$. (for example see
https://www.instructables.com/Wireless-All-SkyCamera/ ).
5.4.5. A more ambitious technique: wide-field
infrared observing in daytime
Appendix A of (Adams et al 2013) proposes building
an interesting wide field imaging camera sensitive to
near infrared light well beyond the IR-cutoff of
silicon-based sensors, as SBO events might even be
detectable in daylight with this approach. The cost
estimation given there places this type of equipment
well outside the means of a typical amateur
astronomer, but as IR capable sensors become more
affordable with time, this approach should probably
be investigated again in the coming years.
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5.4.6. Spectroscopy
Spectroscopy of an SBO event would be even
more valuable than photometry. It would be difficult
to do spectroscopy during the target search phase of
the project. But once it has been identified the
available spectroscopes should be applied to the
target for continuous and high cadence observations.
Many amateur telescopes have spectroscopic
gratings included in their filter wheels. To catch the
SBO with a grating would be incredibly valuable
despite the relatively low resolution of these devices.
Unlike more capable spectroscopic setups using slits
for spectroscopy, gratings like the popular
StarAnalyser (Hopkins 2014) mounted in filter
holders could be used in observations of fields even
before an exact location of the transient is known,
hoping that the event will arise somewhere in the
field of view and will then produce a low resolution
spectrum on top of the field image. The caveat would
be that the target will likely be close to the galactic
plane where the field will be crowded and the spectra
tainted by nearby stars. Still this approach deserves
further studies.

5.5 Educational efforts and awareness
campaign
While
the
aforementioned
observation
techniques might appear interesting and promising,
the eventual success hinges on the ability to convince
a rather numerous crowd of observers to learn these
techniques and stand-by for their execution in the
event of an alert, as both hemispheres of the Earth
and all time zones should be covered as densely as
possible.
Here we discuss a few aspects of the educational
effort that needs to be undertaken to enable observers
while trying not to intimidate lesser experienced
volunteers.
5.5.1. Motivation and outreach through all
available channels
To convince volunteers to even consider
preparing for an event as rare as a galactic CCSN,
stressing the enormous scientific significance and
benefits of early observations is a key ingredient of
success. The challenge could be mostly psychological
in nature. If, hypothetically, the exact date and time
of the next galactic CCN was known, and if in
addition it was known that the following such event
would happen only 100 years later, there is little
doubt that there would be enormous interest in and
preparation for this event and observers would

readily set their alarm clocks in order not to miss this
memorable and rare event. But given the uncertainty
of the real event time, many seem to question the
usefulness of preparation, even though SNEWS
provides us with something similar to an “alarm
clock”, though set to a time we don’t know in
advance.
Lately social media science communicators seem
to play an increasingly important role because of the
trust they enjoy from their followers and this
potential should be exploited in an attempt to recruit
volunteers.
5.5.2. Early warning readiness
Encouraging volunteers to subscribe, directly or
indirectly to SNEWS alerts is of course a necessary
step. We think that a smartphone app should be the
easiest way to achieve this goal.
5.5.3. Importance of clock synchronization
Neutrino and, potentially, GW triggers of a
galactic CCSN will establish the time of core
collapse to within a few seconds or better of
accuracy. The timespan measured from this epoch to
any observed optical signals like the SBO will be of
great scientific importance and no unnecessary
uncertainty in the timestamps of optical observations
should be introduced by poor clock synchronization
of equipment. As an intrinsic uncertainty is
introduced by the integration time of measurements,
it would be “overkill” to require GPS time signal like
accuracy which would also exclude many potential
observers from the campaign. However, observers
should be educated to check image acquisition
equipment (including DSLRs which usually have
poor real time clocks with large drifts) at the start of
an observing session to guarantee a ~1 second or
better accuracy of timestamps. To avoid
misunderstandings when sharing their results,
observers should be aware whether the timestamps
generated by their equipment and software refer to
the beginning, mid-time or end time of the exposure.
5.5.4. Preparedness of equipment
Observations of a galactic CCSN triggered by a
neutrino alert could be very different in many aspects
compared to other observations that amateur
astronomers are used to: Observations might take
longer, involve a higher imagining cadence, cause
more mount slewing actions (while scanning fields),
and in general might involve a higher workload for
the observer while he or she will likely
simultaneously try to communicate with other

67
SAS 40th Annual Symposium Proceeding

observers and will try to learn more news as events
unfold in the “race” to detect the SBO. Observers
should plan ahead for such an event and consider
added needs for electrical power (charged batteries
etc), storage capacity, dew control capabilities and of
course even all the needs of the human body during a
long and potentially hectic observing night in
possibly adverse conditions. Observers will find any
ways of automating their observations useful in this
scenario and might want to explore certain robotic
features of their equipment in advance.
Very advanced observers who already have
robotic or semi-robotic observatories might want to
explore integrating information provided by neutrino
triggers into their robotic operations.

of the SN and therefore could be useful to
characterize the event, even in the case of nondetection by providing a “fainter-than” upper limit.

5.7 Establish vetted feedback channels from
amateur- to pro-community

Accessing information and how-to’s on the
internet as a SNEWS alert happens is not a good
solution: observers should already know what to do.
Still, for a quick look-up, ready-made
instructions, printed out at the observing site and
readable while the telescope is operating would be
reassuring to have.
There could be a basic booklet for each
observing scenario (e.g. DSLR, small telescopes and
medium size telescopes) that are published by
amateur astronomy organizations like the AAVSO.
Observers can then use the information to tailor the
procedures to their equipment and site conditions
(e.g. exposure times, filters, etc.).

Despite the priority described in the previous
section, it is not inconceivable that a skilled amateur
astronomer will spot the exact location of a galactic
supernova first by discovering the SBO in his or her
images. However, most formal messaging channels
subscribed to by professional astronomers like
“Astronomers Telegrams” and GCN require
authorization with pre-agreed credentials usually only
given to professional observers, to avoid spamming
or false alarms by unskilled observers who might
mistake sensor artefacts, satellites, near Earth objects
etc. for transient astrophysical events. While it is
advantageous to enlist a huge number of citizen
scientists, including relatively unskilled observers in
an effort to collect data on a galactic SN, any reports
of the sighting of it should probably first be vetted by
more experienced observers before an alert is
disseminated widely, to avoid needless distractions
for larger telescopes following false alarms. It should
be noted that some amateur astronomers have already
earned a standing in the professional community that
allowed them to publish relevant ATEL messages. A
network of such “semi-professional” observers might
be useful to do the vetting for potential alerts by less
skilled observers.

5.6 Discovery versus Precovery

5.8 Fire drills and gamification

Putting too much emphasis on the aspect of
discovery of the SBO by volunteer observers could
well be detrimental. Producing usable observations
and analyzing the produced images for a new
transient that is consistent with a galactic CCSN are
completely different skill sets and the latter will
likely overwhelm many volunteers. This could
discourage some potential observers from
participating, or, perhaps worse, could lead some
overly ambitious but not sufficiently skilled
volunteers to make false detection claims following
an alert, leading to confusion of other observers and
possible diversion of precious observing time to
follow-up false claims. Instead, we recommend to
stress the value of precovery: given the peak
luminosity of CCSN, any event with an SBO
theoretically detectable by amateurs should
eventually be localized by professional observers or
skilled amateurs. Volunteer observers should then be
given the means to check whether the data they
acquired following the event covers the sky position

Learning new procedures that must be executed
in situations under stress are best learned by
repetition, but the low event rate of galactic CCSN
will not provide these learning opportunities.
Therefore, we recommend organizing “fire drill”
events where observers can practice the observation
techniques suitable for their equipment and skill
level. Perhaps it is possible to incorporate
gamification elements into these drills to make them
fun to participate in, potentially by triggering them by
actual astrophysical transients that participants have a
chance to capture.

5.5.5. Ready-to-use instructions

5.9 Similar transients observable with
amateur equipment and skills
As already mentioned in section 5.3.4, the search
for optical counterparts of gravitational wave events
shares many similarities with observations of galactic
CCSN triggered by neutrino alerts. By far the most
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interesting events are kilonovae like AT2017gfo
which was co-discovered with a 40cm telescope ca
11 hours after the GW alert, so it would have been
within reach of some amateurs as well (at the time of
AT2017gfo, GW alerts were not yet made public in
real time) (Abott et al 2017)
Optical afterglows of gamma ray burst (GRBs)
are another class of transients where observations are
triggered by gamma ray observatories and require a
rapid reaction as these transients are faint to start with
and can fade rapidly. Depending on the instrument
generating the triggers, the sky localization can
sometimes be on the order of a few arcminutes, but
often is much worse. The event rate is also very high
(GRBs are recorded almost every day) but only
occasionally an amateur can succeed in discovery or
precovery, for example see (Oksanen et al 2008)
using a 40 cm telescope. The higher frequency and
low success rate of follow-up observation
opportunities make these events somewhat more
challenging and potentially frustrating for amateur
observers. Still they offer great opportunities to
exercise rapid reaction follow-up procedures
especially for more automated telescopes.

6. Summary and Discussion
The expected event rate of galactic core collapse
supernovae that are observable by amateur
astronomers justifies a coordinated education effort,
given the huge scientific significance of such an
event and the difficulties of observing these events at
the earliest possible stage. The most scientifically
rewarding aspect seems to be the observation of the
shock breakout of a galactic CCSN, but at the same
time this is challenging because of the uncertain
delay time after a neutrino burst alert and
uncertainties in the sky localization. A successful
observation of the SBO as it happens requires a very
rapid reaction to a neutrino burst trigger and a good
telescopic coverage of the sky, potentially for many
hours, even days, after the alert. In our view, this
calls for a program of amateur observer awareness
and education. Volunteer observers need to connect
themselves to early warning alert mechanisms and
need to be prepared to react on very short notice,
ideally within less than an hour to an alert, to avoid
missing this important event.
In the AAVSO, efforts to prepare for observers
will be managed in the “High Energy Network
(HEN)” observing section. This section is open to
members and nonmembers of the AAVSO. We also
encourage other amateur astronomy communities to
educate and prepare their members, the HEN section
is looking forward to networking with other
organizations in this respect. A potential outcome of

such a collaboration could be a small booklet (or
more likely several booklets targeted at different skill
and equipment levels, from DSLR-like cameras to
larger robotic telescopes) with instructions for
amateur observers, to be executed during “fire drill”
events and ideally become memorized over time. The
material should be translated to several relevant
languages, and we stress the importance of also
engaging communities in the southern hemisphere
which has the higher chances to observe a galactic
SN (Murphey et al 2020, preprint).
Even observers who are unwilling or unable to
observe at very short notice (and in fact observers
who do not live to witness the next galactic SN) can
still contribute to the science of the next galactic
CCSN by observing potential progenitor stars, many
of them can be reached with simple or modest
equipment like DSLRs or by visual observations.
The proposals of this paper are intended as a
starting point for discussion in the amateur astronomy
community. We expect many more useful ideas to
emerge over the next months, years, and indeed
decades as hopefully a community of interested
observers will gather to address the challenge of
observing what could be one of the most important
astronomical events of our lifetimes.
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Abstract
With the launch of its Transiting Exoplanet Survey Satellite (TESS) in April 2018, NASA continued its quest to
discover habitable worlds outside our solar system. From the beginning of the TESS mission, AAVSO members
have been key participants in the TESS Follow-up Program (TFOP).
This paper reviews some of the challenges in confirming TESS candidate exoplanets and the contributions of
AAVSO members to the ongoing success of TESS.

1

Introduction

Having completed its initial two-year mission,
NASA’s Transiting Exoplanet Survey Satellite
(TESS) is now well into its two-year extended
mission. TESS is the first (near) all-sky survey to
discover exoplanets orbiting nearby stars (Ricker et
al. 2015). As one of its prime science missions, TESS
will identify suitable candidates for atmospheric
characterization by NASA’s next space telescope, the
JWST (James Webb Space Telescope), which (as of
this writing) is scheduled to launch in the Fall of
2021.
Even as a space telescope, the success of TESS
depends upon the confirmation by ground-based
observers of exoplanet candidates that it has
identified. This is true since, in order to conduct an
all-sky survey in a reasonable amount of time (two
years in the case of TESS), such a mission’s imaging
cameras need to operate with an image scale much
larger
than
typical
ground-based
imaging
instruments. In the case of TESS, this means an
image scale of 21 arc-seconds per pixel vs. 0.5-2 arcseconds per pixel image scale for typical groundbased observers.
With such a large image scale, as well as with a
correspondingly large photometric aperture, the light
from a TESS target is often blended with the light of
nearby stars. Thus, a dip in light detected by TESS
could be caused by an exoplanet transiting the target,
by a nearby eclipsing binary (NEB), or by any
number of other astrophysical stellar arrangements
(Conti 2018).
For this reason, ground-based
observations are needed to confirm whether a TESS
transiting event detection is real or is a “false
positive.” Thus, the TESS science team developed
the TESS Follow-up Observing Program (TFOP) to

confirm TESS candidate exoplanets (NASA 2021a).
Figure 1 depicts the TESS pipeline that leads to
“planet confirmation.”
In support of the TESS mission, the American
Association of Variable Star Observers (AAVSO)
initiated a program to train and qualify members who
were interested in participating in the TFOP program.
Since the program’s inception at the beginning of the
TESS mission in 2018, more than two dozen AAVSO
members have been qualified as official members of
the TFOP ground-based observing subgroup (SG1).
In fact, since the first discovery of an exoplanet
around a Sun-like star, amateur astronomers have
been involved in exoplanet pro-am collaborations
(Conti 2016).

Figure 1. The TESS Pipeline and TFOP Subgroups
(courtesy: NASA)
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Section 2 provides an overview of the TESS
mission, and the reason ground-based observers are
needed. Section 3 describes a number of common
false positive scenarios and the techniques used to
analyze them. Section 4 describes the contribution of
AAVSO members to the success of TESS.

2

Overview of TESS

Prior to TESS, NASA’s primary exoplanet
discovery mission was the very successful Kepler
mission (Borucki et al. 2010). Kepler focused on a
small area in the constellation Cygnus and searched
for Earth-like planets around Sun-like stars. When
Kepler lost one of its reaction wheels, the mission
was repurposed (called K2), which focused on the
ecliptic plane. To date, the Kepler and K2 missions
have accounted for over 2,800 confirmed exoplanets
(NASA, 2021b). Both Kepler and K2 used the
“transit” method for making its discoveries. By
measuring the dip in light as an exoplanet passes in
front of its host star, the transit method allows the
size (radius) of the planet to be determined. Coupled
with a measure of the mass of the planet using other
methods such as radial velocity measurements,
exoplanet researchers can estimate an exoplanet’s
density, and therefore how “rocky” it is.
With the recognition that exoplanets orbiting
cooler M-type stars would be both easier to detect
using the transit method as well as easier to
determine their mass, the TESS mission was
established to conduct a (near) all-sky survey of such
bright, nearby stars (see Figure 2).

Figure 2. TESS All-sky Survey (courtesy: Winn 2018)

As seen in Figure 2, TESS consists of four
cameras that are simultaneously imaging a sector of
the celestial sphere. TESS dwells on each sector for
at least 27 days and then moves to the next sector. In
the course of its first two years of operation from
mid-2018 to mid-2020, TESS was able to cover
nearly 90% of the celestial sphere. Now into the first
year of its two-year extended mission (NASA
2021c), TESS is nearly complete with another survey
of the Southern ecliptic hemisphere and will soon
move on to a re-survey of the Northern ecliptic
hemisphere.
Because it dwells on most sectors for 27 days,
the longest orbital period detectable for a given
exoplanet would be approximately 13 days.
However, as seen in Figure 2, TESS is able to detect
exoplanets that have much longer orbital periods
where there is some overlap of sectors, especially at
the celestial poles.
As mentioned earlier, the image scale of each of
TESS’ cameras is 21 arc-seconds per pixel. Figure 3
depicts the difference in area covered by a TESS
pixel (red) and that of a typical ground-based
imaging camera (green).
Because of its large pixel size, there is a greater
chance that light from multiple stars can be blended
into a single TESS pixel vs. that of a ground-based
imaging camera. In addition, because the photometric
aperture used by TESS typically consists of 3-4
TESS pixels, detection in a TESS aperture of a dip in
light further complicates confirmation as to whether
the dip was caused by the TESS target vs. a nearby
star, or even by a background star whose alignment
places it in the TESS aperture. The dotted line outline
in Figure 4 is an example of a TESS aperture. It is for
these reasons that although TESS observes predefined targets, ground-based follow-up observations
are needed to further provide confirmation whether
the TESS-detected transit-like event is indeed on
target.

Figure 3. TESS Pixel vs. Typical Ground-based Pixel
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Figure 4. Example of a TESS Aperture
Figure 5: Common False Positive Cases

3

False Positive Scenarios

As mentioned earlier, because of the large pixel
size and photometric aperture of TESS, light from
multiple stars can be blended with that of the target.
If there is change in light of one of these other stars,
it is possible that a transit-like event could be
detected in the TESS aperture. The following are
some of the more common cases that would cause
this to occur, and Figure 5 graphically depicts each of
these cases:
• Case 1: The target is actually an eclipsing
binary (EB) consisting of a primary star and
a secondary star, where the secondary star’s
transit is mimicking an exoplanet transit.
•

Case 2: A variant of Case 1 is where the
light of the EB is blended with a neighbor.

•

Case 3: The target is an EB where the
secondary star “grazes” the primary star.

•

•

Case 5: Same as Case 4, except the NEB and
target star are too close together for even
ground-based observations to separate them.
This is where some of the other techniques
in the TESS pipeline are helpful, such as
high-resolution imaging.

•

Case 6: The target star and the NEB are
orbiting each other.

Fortunately, the light curve of ground-based
observations may help determine which if any of the
above cases might be true. For example:

Case 4: The target star and a nearby
eclipsing binary (NEB) are blended together
in the TESS aperture. In this case, groundbased observations with their greater
resolution are often able to distinguish the
target star’s change in brightness from its
neighbor’s to see if this condition occurs.

•

Is the light curve bucket shaped or Vshaped? If bucket shaped, the target star is
more likely to host a transiting planet rather
than a companion star.

•

Is the light curve V-shaped and does it
exhibit different depths for alternating
(“odd-even”) observations? If so, the target
star is an EB.

•

Is the depth of the light curve different when
different filters are used? If so, this
chromaticity difference means that the
transiting object is not a planet, but rather a
companion star with a different color than
the target.
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•

Does the light curve depth indicate a nonplanetary body? For example, if the
estimated radius of the transiting object,
based on the light curve depth and radius of
the host star, is greater than 2.5 times the
radius of Jupiter, then the transiting object is
considered too big to be a planet.

After TESS images are downloaded and reduced,
an automated and human vetting process is used to
detect transit-like events. If such an event is detected,
the target is deemed a Target of Interest (TOI) and is
then later observed and analyzed by the TFOP
ground-based observing subgroup (SG1). SG1
observations are then conducted at the predicted
transit time(s) of the target event in order to
determine whether a TOI exhibits a true planet
transit, or whether the TESS detection was caused by
any one of the possible false-positive cases described
above. If a transit event is not detected on target, then
an analysis for false positives is conducted.
One of the more common false positive scenarios
above is Case 4, where there may be an NEB near the
target that when blended with the target appears to be
a planet transit. Although the TESS aperture is
typically 3-4 TESS pixels, and therefore 1.0-1.5
arcminutes wide, the analysis for this false positive
case is conducted by searching a more conservative
2.5 arc-minute radius around the target.
So, the question becomes: which stars in this 2.5
arc-minute radius, if they were NEBs and blended
with the light (flux) of the target, could cause TESS
to detect a transit? There is in fact a relationship
among the following three values: the % change in
relative flux as seen by TESS (δt), the % change in
relative flux of a nearby star (δn), and the delta
magnitude between the nearby star and the target star
(Δmnt). As stated earlier, due to the large size of
TESS’ pixels and photometric apertures, δt includes
any change in flux caused by the target star itself
and/or by that of nearby stars whose light is blended
in with the target star’s flux.
We can use the following equation to determine
what the change in relative flux of a nearby star
would need to be (δn) in order to mimic a TESSdetected blended relative change in flux (δt), where
the difference in magnitude between the nearby star
and the target is Δmnt (see Appendix A for
derivations of Eq. 1 and Eq. 2 below):

star would be to produce a TESS relative change in
flux of δt from the event of a nearby star that
produced a relative change in flux of δn. The
following formula could be used for this purpose:
(Eq. 2)

Finally, suppose one wanted to know down to
what magnitude difference with the target star should
one search to test for any false positives caused by
nearby stars. Since the most change in relative flux of
that a star could exhibit is 100%, then from Eq. 2 we
get the following for the delta magnitude down to
which one needs to search in order to find a nearby
star that could mimic a TESS relative change in flux
of δt:
(Eq. 3)

Δmnt = -2.5 * log10(δt/( 1000– δt)),
where δt is in ppt (part-per-thousand).

For example, a 3.0 ppt TESS detection could be
produced by any nearby star that is up to 6.3 mag
fainter that the target star:
Δmnt =-2.5 *log10 (3/997) = 6.3 mag.
So, if we have not seen any transit events in
nearby stars that are in the delta magnitude range
down to 6.3 mag, then we can say with a high degree
of confidence that the shallow event that TESS saw
was not caused by nearby stars. The following table
lists the delta magnitudes from a target star down to
which stars should be checked for different TESSdetected relative changes in flux.
Thus, knowing the range of nearby stars we need
to check, the next question is the following: when we
find no obvious detectable events associated with a
close-in star, under what circumstances can we rule
TESS-detected
Depth Change (ppt)
0.1
0.2
0.3
0.4
0.5
1.0
2.0
3.0
4.0
5.0
10.0
20.0
30.0
40.0
50.0

(Eq. 1) δn = δt * (1+F)/F,
where F= 10^( -Δmnt/2.5).
Now, suppose one wanted to know what the
delta magnitude between the target star and a nearby

Δmnt = -2.5 * log10(δt/( δn – δt)).

Δmag
10.0
9.2
8.8
8.5
8.3
7.5
6.7
6.3
6.0
5.8
5.0
4.2
3.8
3.5
3.3

Table 1. Delta magnitude levels to be checked
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out (i.e., “Clear”) a neighbor as a source of the TESS
detection?
To answer this question, we first calculate the
value for δn using Eq. 1. the uncertainty (i.e., the
RMS) of a particular nearby star’s light curve is less
than this value and there is no detectable event in its
light curve, then that means that if an event had
occurred with relative change in flux δn, it would
have been detected. Therefore, this nearby star could
be ruled out as a source of the TESS detection. If,
however, the RMS of the nearby star is larger than δn,
then an event capable of producing the TESS
detection could be “buried” in the nearby star’s RMS
scatter and no conclusions can be drawn. In practice,
the TESS science team has conservatively defined the
following dispositions of nearby stars as possible
NEBs based on various criteria, where NEBdepth is
the value δn:
Note that in practice, the delta magnitude
between the target and nearby star is adjusted by -0.5
mag to account for the difference in the TESS
passband and that typically used by ground-based
telescopes.
To summarize, if there is no high-confidence
event detected on target, ground-based analysis then
attempts to determine the disposition for each star
within the 2.5 arc-minute radius of the target that
could potentially cause a false positive. The stars
selected for such analysis consist of Gaia stars that
fall within the delta magnitude limits listed in Table
1. A program was developed by Dr. John Kielkopf of
the University of Louisville that automatically creates
apertures for such stars, which can then be used as
input to AstroImageJ (AIJ) (Collins et al. 2017). AIJ
is the de facto standard analysis software used by a
majority of TESS SG1 observers. For example,
Figure 6 is a field of 91 stars within a 2.5 arc-minute
radius of the target for a particular observation that
needed to be analyzed for possible NEBs.
Because such an analysis could involve hundreds
of stars, a software add-on to AIJ (called
“NEBcheck”) was developed by the author to
automate this process. Figure 7 is an example of a
table produced by the NEBcheck software listing the
disposition of the first 21 potential NEBs in Figure 6.
Finally, Figure 8 is an example of a plot that
NEBcheck produces for each potential NEB showing
the star’s light curve and the depth that would be
needed for a transit-like event of that star to mimic
the depth detected by TESS.
As can be seen in Figure 8, the RMS (172.2 ppt)
for this particular star was too large relative to the
required predicted depth of 218.7ppt for the star to be
“cleared” as being a potential NEB (see “clearing
criteria” in Table 2).

Disposition

Criteria

Cleared as a NEBtoo faint

the star is too faint to
have caused the TESS
event detection
NEBdepth /RMS >=5
NEBdepth/RMS is between
3 and 5
there is not enough flux
in
the
aperture
to
measure
a
reasonable
Δmag
if none of the above
apply

Cleared
Likely cleared
Not
cleared-flux
too low
Not cleared
Table 2.
NEBs

Criteria for various dispositions of potential

Figure 6. A Sample Field of Neighbors to be Checked

Figure 7.
Software

Sample Table Output of the NEBcheck
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able to resolve a target star from nearby stars better
than TESS, amateur astronomers continue to play an
important role in the success of TESS. In particular,
the AAVSO has trained, qualified, and supported its
members as participants in this effort. In addition, the
AAVSO’s contribution to the development of
guidelines and analysis software has helped the larger
TESS team in its quest to find suitable target
candidates for JWST - NASA’s next great exoplanet
discovery mission.

6
Figure 8. Sample Plot from the NEBcheck Software

4

Contributions of the AAVSO to TESS

Members of the AAVSO have and continue to
play an important role in the success of TESS. Prior
to the launch of TESS, a program established by the
AAVSO to qualify its members to participate in the
TFOP SG1 ground-based observing group was
presented to and agreed to by Karen Collins, the chair
of TFOP SG1. This qualification program consisted
of several steps that an AAVSO member would be
required to follow to be nominated to the SG1 team.
These steps included:
1.
2.
3.
4.

reviewing four (4) documents on exoplanet
observing and false positive detection,
submitting their own exoplanet observation,
successfully completing a simulated TESS
observation,
affirming that they will abide by the TESS
TFOP charter and publication policy.

To date, 26 AAVSO members have been qualified to
join the TESS team.
Other contributions of AAVSO members to
TESS have included several of members acting as
mentors for those joining the TESS team, be they
AAVSO members or not, as well as helping to
analyze observations done remotely at the 0.4- and
1.0-meter Las Cumbres Observatories (LCO).
Finally, the author himself was responsible for
developing both the guidelines on how members of
the TFOP SG1 group should analyze and submit their
observations, as well the aforementioned NEBcheck
software.

5

Summary
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7

Appendix: Derivation of Equations

The following shows the derivations of Eq. 1 and Eq.
2 in Section 3.0:

7.1

The nature of TESS as a survey satellite has
meant that ground-based observations are essential in
the exoplanet confirmation pipeline. Because they are

References

Derivation of Eq. 1

Recall the following fundamental relationship
between magnitudes and fluxes:
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(Eq. A1)

m1-m2 = -2.5 * log10(F1/F2)

where m1 and F1 are the magnitude and flux,
respectively, of star1, and m2 and F2 are the
magnitude and flux of star2.
Now, assume that the flux of the target star and a
nearby star are blended together in TESS’ aperture.
Namely, let Fb be the blended flux of a nearby star
(Fn) plus the flux of the target star (Ft); therefore, Fb
= Ft + Fn. We are thus interested in the case where
the depth of the nearby star’s change in flux during
the event (i.e., δn*Fn) would equal the total blended
change in flux (δt*Fb) detected by TESS. That is,
where:

(Eq. A2)

δn * Fn = δt * Fb
or
δn * Fn = δt * (Ft + Fn).

Let F = Fn/Ft, we then get:
F = 10^(- Δmnt/2.5)
and
Ft = Fn / F.
Substituting Ft into right side of Eq. A2, we get:
δn * Fn = δt * (Fn / F + Fn)
δn = δt * (1 / F + 1 )
(Eq. A4)

7.2

Δmnt = mn – mt = -2.5 * log10(Fn/Ft).
or
Fn/Ft = 10^( -Δmnt/2.5)

Derivation of Eq. 2

First, solving for F in Eq. A4, we get:

From Eq. A1 we have the following relationship
between the differential magnitude of a nearby star
and a target star, and their fluxes:
(Eq. A3)

δn = δt * (1+F)/F,
where F= 10^( -Δmnt/2.5).

F = δt / (δn - δt).
But, since F also equals Fn/Ft, we get the following
from Eq. A3:
Δmnt = -2.5 * log10(δt/( δn – δt)).
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A Photometric Transit Analysis of WASP-33b
Hanaan Abdulle
Highland High School
hanaanabdulle@gmail.com

Abstract
HD 15082b, or Wide-Angle Search for Planets #33 (WASP-33b), is an exoplanet orbiting a Delta Scuti variable
star HD15082. Previous research on WASP-33 b and its host star has found that due to the high rotational speed
of the host star, it flattens at its poles and experiences a measurable amount of oblateness. The host star's
unique characteristics of oblateness, pulsations, and radial velocity have made it interesting for studies of starplanet-interactions (SPI). The host star’s oblateness can affect the orbital motion of WASP-33b and so by
observing the time intervals of the exoplanets orbit over 10 years, we can better characterize the effect the host
star's oblateness is having on the exoplanets orbit. In this paper, I complete the ten-year transit timing analysis to
observe whether a SPI is occurring and if the host star is either accelerating or decelerating the planet. I was
also able to compute a more accurate orbital period measured in days with a roughly 1-minute uncertainty.

1

Question and Hypothesis

Is the orbital period of exoplanet WASP 33-b
constant?
The host star is oblate with relatively high
radial velocity, so it is conceivable that it
might interact with the exoplanet by altering its
orbital period by accelerating or decelerating
its revolution.
Over a ten-year transit analysis, there is no
evidence that the star has interacted with the planet
in a measurable way.

2

Procedure

Figure 1:
Transit photometry on first night of
observation. Mid-Transit Time (Tmid)= "2459192.75084
+/- 0.00056 BJD_TDB. Note the cyclic residuals,
which are presumably due to the δ-Scuti pulsations.

Data Collection:
To collect the data, I
calibrated my mentor's telescope, calibrated the
photometric V filter and CCD camera, locked on to
the star, and adjusted camera calibration after a
meridian flip.
Photometry: I used EXOTIC (Exoplanet
Transit
Interpretation
code)
to
conduct
Astronomical photometry. This code processes,
aligns, and graphs the images collected from the
night's transit. (Figure 1 and Figure 2)
Graphical Analysis:
I create charts that
include measured mid transit time vs cycle count
(E) and calculated (predicted) time. The calculated
time follows the equation Ti + E*P where Ti is the
first observed transit time and P is the orbital
period.
From this, O-C (Observed-minuscalculated) times are determined (in minutes).

Figure 2: Transit photometry on second night of
observation. Mid-Transit Time (Tmid)= 2459203.7288
+/- 0.0012 BJD_TDB. The δ-Scuti pulsation signal is
smaller on this night.
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3

Data and Analysis

In Figure 3, the observed minus calculated vs.
cycle count shows a significant linear slope,
whereas the difference between the observed minus
calculated should result in a horizontal line with a
zero slope.
By adding the slope and true period, I have
calculated a more precise measurement of HD
15082’s orbit to be 1.21987049 +/- 1 minute.

4

Figure 3: Old orbital period with large difference in
actual minus measured.

The new O-C graph shows a relatively
horizontal graph with timing scatter of the data
points being about ±1 minute. This is evidence that
my calculated new orbital period is an
improvement compared to the previously reported
orbital period. The final parameters of each night's
data were consistent by a margin of their
uncertainty, so they effectively were consistent at
each night. My margin of difference between my
O-C for my night's observation (± 1 minute) are
comparable to differences reported by other
researchers.

Figure 4: Initial O-C data with previous orbital period

5

Conclusion

To conclude, there is no evidence to suggest
over a ten-year time period, that the exoplanet
HD15082b or WASP 33-b has a changing orbital
period. However, there is evidence that the
previously assumed orbital period of 1.21987016
days is not accurate with a more accurately
calculated orbital period being 1.21987049 +/6.94E-4 days. I can also conclude that the
oblateness and high radial velocity of the host star
has a negligible effect on the planet as it has not
affected the planet's orbital period nor its orbital
velocity. Effectively, the planet is not being
impeded nor accelerated by the host stars
variability, shape, or radial velocity. I can further
conclude that the star-planet interactions are
minimal as the star has not affected the planet's
orbit measurably over a 10 year time period.

Figure 5: New calculated orbital period with minimal
difference in actual minus measured

6

Figure 6:
period

Discussion of results
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New O-C data with more precise orbital
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Abstract
As part of NASA’s Exoplanet Watch, 16 students reduced time series images of WASP-43 b that were taken by
the Las Cumbres Observatory Global Telescope Network (LCOGT) and reduced with the Exoplanet Transit
Interpretation Code (EXOTIC). We observed 20 lightcurves in which the planet’s transit was clearly visible. On
the basis of these lightcurves, we updated WASP-43 b’s ephemeris. The updated period and midtransit time are
0.81348783 ±
0.00000456
days
and 2458163.710969 ±
0.000174 days,
respectively.

1. Introduction
WASP-43 b is a 0.813-day-period Hot Jupiter
orbiting a K7 V type star of 0.717 solar masses that is
about 87pc from Earth (Bomono et. al, 2017) . In
this study, we update the ephemeris of this planet
using 20 measurements of its transit midpoint. We
add these measurements to the American Association
of Variable Star Observers Exoplanet Database,
which is designed in collaboration with NASA Jet
Propulsion Laboratory’s Exoplanet Watch. The
project will provide continually updated ephemerides
to large ground-based telescopes and coming space
telescope missions for the purpose of optimizing their
ability to allocate time.

2. Instruments Used
The Las Cumbres Observatory Global Telescope
Network (AAVSO observer code LCOGT) has 0.4m
telescopes with identical specifications in six
locations all over the world. The images used for this
study were taken over the course of about 6 months
in 2018 using the PanSTARRS-w filter and a 30second exposure time. The field of view, which
includes the target with several comparison stars
highlighted, is shown in Figure 1.

Figure 1: WASP-43 b Field of View.

3. Image Reduction
The target star and 5 comparison stars were
identified by their pixel coordinates in the first image
of each series, which were entered into the
EXOplanet Transit Interpretation Code (EXOTIC).
EXOTIC optimized the size of the aperture, tested
each comparison star using a preliminary fit, and also
tested the data with no comparison star. Based on the
results of this test, the best comparison star for each
transit was selected, and the data were reduced into a
best-fit lightcurve that incorporated the parameters of
the target in the NASA Exoplanet Archive. These
parameters included not only a previous mid-transit
measurement, orbital period, and its uncertainty, but
also the transit depth and several other parameters
81
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well as values for the mid-transit time and period.
The most recent listing in the NASA Exoplanet
Archive cites 0.81347437 ± 0.00000013 days as the
period and 2455934.792239 ± 0.000040 days as the
mid-transit time (Bonomo et. al 2017). Based on the
ephemeris fitter code's analysis of our transits, the
updated period and midtransit time are 0.81348783 ±
0.00000456 days and 2458163.710969 ± 0.000174
days, respectively.

6. Acknowledgements

Figure 2: Sample lightcurve, Epoch 2757, from the LCO
telescope in Sutherland, South Africa.

Figure 3: O-C plot of WASP-43 b.

pertaining to the planet’s orbit and the characteristics
of its host star.

4. Observed Minus Calculated Plot
The uncertainties of the calculated mid-transit
values are computed using the process described in
Equation 3 of Zellem et. al (2020), and the observed
mid-transit values and their uncertainties were output
by EXOTIC. The calculated values are based on the
period and mid-transit from Bomono et al. (2017).
The uncertainties on the calculated and observed
values are summed in quadrature to obtain the O-C
value uncertainty. These are plotted in Figure 3.
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Abstract
When an exoplanet transits past its host star, it creates a dip in the star’s light that is visible as a light curve, or
a plot of stellar flux versus time. Several light curves of WASP-50b were reduced by analyzing the transit
events using the transit reduction software EXOplanet Transit Interpretation Code (EXOTIC). We used the
result of the lightcurve reduction to establish planetary parameters and update the mid-transit time to
2456295.6773 (BJD_TDB) and the period to 1.995095 (Days).

1. Use of MicroObservatory Data
Images of WASP-50b were taken by the
MicroObservatory telescope network (MObs). The
MicroObservatory is a network of remote telescopes
that use three foot tall reflecting telescopes, each with
a 6-inch mirror and a CCD detector of size 650 x 500
pixels. The focal length is 560mm and the pixel scale
is 3.31ʺ/px. MicroObservatory follows and images
several exoplanet systems and makes these available
for students to practice analyzing via their website
(Sadler, 2001).

2. Choice of comparison star
We used the AAVSO variable star plotter to find
the best comp stars for Wasp-50b. The variable star
plotter is shown in figure 1. In the AAVSO star field,
the stars are labeled with numbers corresponding to
ten times their respective magnitudes.

Figure 1. The WASP-50 starfield with 2 recommended
comparison stars of magnitudes 11.6 and 12.0.
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We used these along with three additional
comparison stars, and allowed EXOTIC to choose the
best comparison star for each transit.

2.1 Selection of images and transits
The suitability of images was determined by
using weather data provided by MicroObservatory
for each image to initially evaluate which transits
would likely be suitable. Next, the images were
“blinked” using the Pixinsight software. This tool
allows the images to be played as a video at a defined
framerate of x images per second. Here the first
suitable image was determined as it played in the
video and the quality of the sequence evaluated
overall.
After this process, several flat transits remained
which were manually rejected. Several more transits
had a very large error (>50%) as a percentage of the
transit duration. These were either rejected entirely or
had individual outliers removed. For example, in one
case the final few data points of a transit were
disrupted by clouds and drastically deviated from the
lightcurve when plotted.

2.2 Use of EXOTIC
EXOTIC (EXOplanet Transit Interpretation
Code) was used to reduce our images. EXOTIC is
software created by NASA’s JPL and Exoplanet
Watch. Its purpose is both to introduce citizen
scientists into exoplanet astronomy to reduce
uncertainty on exoplanet transit midpoints. EXOTIC
can be run using Google Colaboratory to reduce data
on the cloud instead of demanding local computer
resources or space allocation. To do this, EXOTIC is
first mounted onto a Google Drive account with
which the MObs images have been shared. The
location of Wasp-50 and the comparison stars
coordinates are entered into EXOTIC, which first
aligns the images. To account for any changes in sky
brightness changing the measured flux, EXOTIC
places an aperture around the star by using a trialand-error method and selecting which aperture size is
optimal, then measures the background photon count.
This is subtracted from the flux in the target star to
correct for local absolute sky brightness and
variations. Finally, the change in flux of the target
star is compared to the light emitted by the AAVSOselected comparison stars. This is plotted over the

time of observation. A light curve, transit midpoint
time, the semi-major axis relative to the stellar radius,
and planetary versus stellar radius is subsequently
produced. The units of time are BJD_TDB.

3. Update of the WASP-50b ephemeris
We used EXOTIC to update the ephemeris.
EXOTIC calculated the following parameters from
the transits, where each transit was an image set:
Mid-transit time, ratio of planet to stellar radius,
transit depth, semi-major axis/star radius, air mass
coefficients, scatter in residuals in lightcurve fits, and
transit duration. The data from EXOTIC, along with
information on the epochs and error bounds on the
transit midtimes, was then used in the ephemeris
updater code.

4. Creation of O-C plots
The O-C plots were created using an addition to
the EXOTIC software. Our final O-C plot is shown in
Figure 2. Using Kyle Pearson’s ephemeris fitter, we
were able to use these values to update the midtransit time to 2456295.6773 (BJD_TDB) and the
period to 1.995095 days.

Figure 2. O-C plot for our lightcurves

5. Conclusion
Our work supports the classification of WASP50b as a hot Jupiter type exoplanet. Our new
lightcurve data will be uploaded to the AAVSO
exoplanet database.
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Abstract
The Transiting Exoplanet Survey Satellite (TESS) has revealed thousands of transiting objects, which are listed
as TESS Objects of Interest (TOIs). To determine the astrophysical nature of these objects, we analyzed
photometric data collected by the Las Cumbres Observatory Global Telescope network (Proposal PIs: Avi
Shporer and Karen Collins) as part of the TESS Follow-up Observing Program Sub-Group 1. From 94 follow-up
datasets, we found four TOIs to be eclipsing binaries instead of transiting planets: TOI-363.01, 895.01, 1122.01,
and 1592.01. Through analyzing their light curves and using parameters from the Exoplanet Follow-up Observing
Program, we characterize these systems and derive estimates of their eclipse depths and companion sizes. To
date, many more TOIs have also been identified as eclipsing binaries, revealing a large number of targets for
further follow-up study.

1

Introduction

Oftentimes, what is thought to be an exoplanet is
in reality a binary system, as eclipsing binaries can
create signals similar to those created by transiting
planets (Brown, 2003). Ground-based follow-up of
exoplanet candidates such as those discovered by the
Transiting Exoplanet Survey Satellite (TESS) is
crucial for revealing the astrophysical nature of these
systems.
Such “false positive” scenarios can be divided
into two categories: nearby eclipsing binaries, in
which the binary system is located near (but resolved
from) the target star thought to host an exoplanet, and
blended eclipsing binaries, in which the binary
system is unresolved.

where the extra 0.5 accounts for uncertainties in
magnitude. Here, the transit depth is defined as the
amount of flux deficit as measured by TESS, with 0
representing no flux deficit and 1 representing total
flux loss. Figure 1 shows all of the stars around TOI
1592 that meet the above criteria.
Applying this method to 94 datasets, we
identified three nearby eclipsing binaries: TOI 895,
TOI 1122, and TOI 1592. These targets are
summarized in Table 1, which includes the location
of each eclipsing binary relative to the target star and
the eclipse depth of the binary system.

2 Data Reduction and Identification
We reduced 94 follow-up observations that were
collected by the Las Cumbres Observatory Global
Telescope (LCOGT) as part of the TESS Follow-up
Observing Program. All of the photometric data was
reduced using AstroImageJ (Collins et al., 2017).
For TESS candidates, we do not know which
exact star is the source of the transit signal; thus, we
examine the light curves of all stars that are
simultaneously bright enough and close enough to the
target star to have caused the TESS detection. A star
that is less than 2.5’ away from the target star is
considered to be “close enough” to be the source of
the event. To determine the Δmag of the faintest star
that is “bright enough,” we use

Figure 1: TOI 1592 field image.

∆mag = -2.5 ∙ log(transit depth) + 0.5,
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TOI
ID
895
1122
1592

NEB Position
Angle (° E. of N.)
328
327
266

Separation
(”)
13.3
31.9
27.4

Eclipse
Depth
0.294
0.179
0.030

the host stars, we can estimate the size of the
companions with
Rcompanion = √depth ∙ R2host .

Table 1: Three nearby eclipsing binaries.

3

Multi-color Photometry

An eclipsing binary is expected to show
wavelength/filter-dependent depth (Collins et al.,
2018). We found one instance of this: our analysis of
TOI 363 showed transits of depth 0.0078 in the SDSS
g’ band and 0.0165 in the SDSS i’ band.
This difference indicates that a blended eclipsing
binary is the source of the signal. A comparison of
the depths also tells us that the host star is redder and
cooler than its transiting companion, causing the
eclipse depth to be greater when measured in red than
when measured in blue.

If the eclipses are grazing, the flux deficit will
not accurately reflect the actual ratio between the
radii of the two stars. However, the flux deficit does
provide a minimum value for the size of the transiting
companion.

5

Conclusion

We classify four TOIs as eclipsing binaries,
determine their eclipse depths, and calculate the
stellar radii based off of known values for two of the
systems. We also draw conclusions about the colors
of the stars in a system that was observed in two
filters.
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Abstract
Here we present the engineering and science case for the Flexible Spectrograph Small Telescope Spectrograph
I (FlexSpec1). In Paper I, we explored 3D Printing the LOWSPEC 1 for general science use. In Paper II, we
presented technical issues and solutions related to the LOWSPEC 2. Here, in Paper III, we address the
underlying optics and astrophysics by adding flexibility in choices of materials, resolutions and optics needed to
match observing needs and capabilities of the community. The full design is available via GitHub, the
documentation is at readthedocs.io.

1

2) Parallactic angle mitigation by use of a
Single Board Microcontroller (SBM) with
an IMU to set the spectrograph orientation
angle to a rotational accuracy of 1 part in
2^10 (equivalent to 21) arcminutes.

Introduction

In our second paper of this series, we reported
on issues related to a 3D printed spectroscopy. This
year we propose a series of modifications and
extensions to the LOWSPEC 3D Printed
Spectrograph addressing thermal expansion,
flexure, optics, calibration and guiding, noise
mitigation via baffles and pupils, position and
rotation to address parallactic angle, improvements
for calibration and guiding, and adding
mechanical/electronic architectural support for
remote operations. In this, the third paper, we
present a few significant recommendations that
include:

3) A focuser for the collimation lens to keep
the angle incidence the same across the
grating.
We decided to go "back to basics" performing
a close examination along the optical path of the
spectrograph. We noted a significant calibration
shift between calibration lamps and on-axis 'target
spectra'. We fielded and addressed complaints
about the dexterity and patience needed to benchcalibrate the instrument, the side-effects of the
lenses, slit types, choice and placement of the
grating, importance of focusing the collimation
lens. We tackled bench aligning, field service and
remote operation of the instrument. We addressed
ambient environment effects including flexure and
thermal expansion. We addressed the operational
issues of parallactic angle and sequencing of
operations to minimize calibration issues. We
addressed material science and fabrication
techniques by conducting experiments with 3D
filaments, refinements to the printers, techniques in

1) Repeatable/refined
calibration
lamp
sources using our "Kzin Ring" to inject
calibration, flat and finder (selected
narrow-band LEDs) lamp light. Chapeau
to Larry Nivin and Dean Ellis. Lap light
injection is a vicious problem, tackled by
our injector named for the Kzin
Mercenaries of the Ringworld science
fiction series. The Kzin ring employs a
stationary on-axis light mechanism that
more closely approximates the PSF of the
science image.
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3D CAD techniques to make assembly easier and
more reliable.
We offer a scalable design approach for
creating tailor-made spectrographs to address the
goals of the emerging community of small
telescope scientists with “larger telescopes”:
apertures > 35cm and focal lengths in the “fews” of
meters. For example, a larger scope with a 50cm
aperture, f/6 with a focal length on the order of 3
meters, produces 0.068754 arc-seconds per micron
under 2.5 arc-second seeing -- requiring a 36micron slit. A high precision is desirable to account
for large sensor column counts.
The upper
requested resolution (R ~ 2500) w.r.t. to the slitwidth requires the spectrograph's optics to have
much larger focal lengths than currently available
with the LOWSPEC design.
As work proceeded, we decided to create a
publicly available repository of CAD components,
computer source code, and documentation using
GitHub
(http://github.com/drwayne/FlexSpec1)
tied to readthedocs to support easy access to
documentation
and
our
notes
(https://flexspec1.readthedocs.io/en/latest).
We use Single-Board-Computers (SBCs) like
the Raspberry Pi/ODroid (John Hoot SAS) with
ARM 64-bit Quad-core processors or equivalent.
We use Single-Board-Microcontrollers (SBMs)
with an Arm Cortex-M4F single-core sans floating
point unit, the Seeed Xaio and similar processors.
The Nano Sense/IoT has an on-board Inertial
Measurement Unit (IMU), of which we use the
Accelerometer to measure the normal vector to
Earth's gravity field to compensate for parallactic
angle distortions. We use desktop/SBCs for heavy
computations and to guarantee message integrity
before sending commands to the SBMs. This
eliminates error checking (memory overhead) at
the SBM. We use a Chromium (google) browser in
support of a remote ReST Bokeh/node.js in a
Python environment. The "app" resides in the
remote Raspberry Pi next to the hardware and the
"user" controls the system via a Chromium enabled
browser.

2

During a Zoom meeting, Green demonstrated
the overall dispersion of a laser through a slit. The
wide spread of light (Young's single slit
experiment) suggested the use of a blocking baffle.
While experimenting with bench images, Rodda
found that adding a small baffle to exclude all but
the first lobe of the Fraunhofer diffraction pattern
makes the overall spectra crisper. A small, narrow
baffle near the base of the slit, made such that the
width agrees with first node, makes a significant
difference. The secondary diverging lobes
produces a variance in the angle of incidence
across the grating, broadening and crosscontaminating lines, blending and reducing overall
resolution.

3

Flexure

Observations
with
early
LOWSPEC
instruments, consecutive images of a target were
subtracted. Significant artifacts were seen -indicative of a shift of the dispersion axis on the
sensor. Calibration lamps are usually taken at the
beginning and end of each target's run.
Solution: We implemented a stiff aluminum
chassis with threaded metal connections. This
greatly reduced the flexure seen with PLA and
PETG/Carbon cases. We propose orienting the
overall optical axis along the back of the main
scope. This recommendation changes the overall
moment-of-inertia w.r.t. gravity and promotes use
with fork-mounded instruments such as the
Planewave single-arm direct drive mounts. The real
issue with this approach is the back-focus impact
for popular commercial SCT telescopes.

Design Issues and Change

One critical thing we discovered was to
blacken the edges of surplus lenses with some flat
black paint. This cuts down internal reflections.
When we deployed baffles, we sharpened the edges
of the spectral lines by reducing stray light. Surplus
lenses are often coated to reduce or eliminate blue
light. These coatings preclude observing below
4000 Angstroms.

Figure 1: General Layout, following the LOWSPEC
floorplan. (Foote)
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4 Thermal Expansion
Several of the authors experience wide
temperatures swings across an evening of
observing. Thermal Expansion (TE) for 3D
materials is very
important. Colorado nighttime temperatures in the
winter can approach -10 to -5 C in Colorado on
two consecutive nights where similar daytime
temperatures for heat-loading of the instrument
may range from 47C dropping to 20C by dawn in
Arizona. A “walking-around” TE constant for PLA
is order 70 microns per K or shifts of ~1 mm for a
15C temperature delta. This requires on-the-fly
collimator focus adjustments with 3D printed
instruments.
Common expressions for thermal expansion
include microns/m/K (Kelvin) or micro-inch/inch/F
(Fahrenheit). A workable table is in the online
documentation.

Figure 2: Plot of a calibration lamp difference image
over an one hour interval. A difference image takes
values of a bright line away from the dim background
from one image and only a dim value from the blight
line in the other image.

5 Impact of Flexure and Thermal
Expansion on Calibration
Rodda subtracted the last calibration image
from the first calibration image taken 1 hour apart
with no change to the spectrograph.
Figure 2 shows a plot of data extracted with
ds9, with Figure 3 zoomed into the x-pixel
coordinate around 2440.
Two easy approaches may mitigate this effect:
1) take calibration lamp images between every
image, and 2) fix sources of flexure. The Kzin ring,
with no moving parts allows switching the lamps
on at end of exposure, allowing warm-up during
the download period for CCD (or quick transition
for CMOS sensors) taking a quick calibration
image "between" each exposure with a few-second
pause. The Kzin ring has no moving parts, etc., and
easily accommodates flexure.
A test of overall calibration lamp compliance
is easily performed using a solar spectrum at time
of transit. Small velocity changes within our
resolutions carries little meaning. The same
approach with a known radial velocity star can be
easily used for the same test.

Figure 3: Figure 2 zoomed into around pixel X
coordinate of 2440 for clarity.

pattern as light exits the slit. This is compounded
by the fact that the substrate is tilted 15-degrees
w.r.t. the normal to the optical axis to allow the slit
to serve as a pick-off mirror for guiding. The 15degree tilt produces a non-axisymmetric pattern of
rays entering the slit producing internal reflections
that in-turn create aberrations in the guide image.
Light exiting the slit has two characteristics: 1)
it is the superposition of numerous Fraunhofer
diffraction patterns providing varying alpha angles
to the grating, and 2) generates about a 4-percent
input energy noise source to impact flux accuracy
at the sensor. The exit-light carries the basic shape
of the converging OTA beam (f/ratio) but picks up
significant side-lobes with a wider output angle
(beta). The side-lobes will not collimate correctly,
thus injecting stray noise of a few percent into the
spectrograph. We added a baffle close to the slit
before the collimation lens. This sacrifices about 4-

6 The Slit
We carefully thought through the optics of the
situation. The LOWSPEC use a OVIO slit, its
approximately 1mm thick glass substrate strongly
affects the converging beam of starlight at the slit.
This has an impact on quality of the guide image
and on the formation of the Fraunhofer diffraction
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percent of the flux energy to retain as much line
veracity as possible.
The winter Jet Stream is frequently found near
the Colorado/Wyoming border. This can cause
seeing to vary from a nominal 1 arc-second to 3 or
4 arc-seconds. To this end we have designed a
cam-based slit selection mechanism.
One shortcoming of the LOWSPEC was lack
of general shutter to permit unattended acquisition
of "zero" (bias) and "dark" frames. To this end, we
block the 500-micron slit’s position, leaving the
700-micron slit available for pseudo-photometric
“filter” analog work.
Jones took Scanning Electron Microscope
(SEM) images of a few slits we used for tests.
These include a Melles Griot 25 micron/3mm slit;
a 50 Lenox Laser pinhole slit; the OVIO slit; a
used box-cutter blade and a new razor blade. Any
defect on the order of the size of the wavelength
results in scattering of light and makes a small
contribution to the overall diffraction pattern.
Additional slit scans are planned.

Figure 6: 50 𝝁𝒎 laser cut air slit.

Figure 7: Increased magnification of 50 𝝁𝒎 laser cut
air slit.

Figure 4: Wide angle view of 25 𝝁𝒎 laser cut air slit.

Figure 5: 25 𝝁𝒎 laser slit with measurements.

Figure 8: A general image of boxcutter(left) and razor
blade.

92
SAS 40th Annual Symposium Proceeding

7

Collimating Lens

With flexure introducing thermal expansion
under widely varying temperature conditions, we
added a small cam-based focuser to the base of the
collimator. Rough bench calibration may be
performed on the bench, then refined with the
motor mechanism. Field/remote adjustments are
easily made without the need to open the
spectrograph.
This requirement is vital to more closely align
the beams from the lens to have the identical angle
of incidence (alpha) across the grating. An out of
place collimating lens will create a slightly
converging beam (too close to grating) or diverging
beam (too close to the slit). The deviation of this
angle “is” error in angle of incidence for the
grating equation.

Figure 9: A new razor blade. Very tight, on order of the
OVIO slit. Showing that razor blades do indeed make
good 'air' silts.

8

Selectable Gratings

Dim targets that include CVs, Sne and Novae
require more flux too meet a minimum SNR for
publishable observations. This requires a lowresolution grating. Nominal work currently
engaged by the community work allow for higher
resolutions, while the CV science demands higher
resolution to track velocity changes across CV
evolution. Currently we employ a replaceable
carousel, one for each grating. The carousel is
needed due to tight constraints imposed by the
LOWSPEC footprint. We have designed and
experimented with rotating grating stages to
support remote operations.
Choice gives the ability to select resolutions or
utilize gratings blazed with a bias towards the
science. Blue blaze for stellar classifications, red
blazed for H-alpha work. The grating holder may
carry a front surface mirror to allow remote
focusing of the science camera lens.

Figure 10: A very used box-cutter is on the order of
laser cut slits.

9

The "Camera" Lens

Experiments proved the attachment of the
science camera to the spectrograph was an extreme
weak point for the LOWSPEC. Aberrations
introduced by using a simple achromatic were
noticeable. We employed an inexpensive surplus
camera lens (Pentax Super Takumar 55mm or
equivalent) with a robust holder. The lens is
focused at infinity using means and attachments
addressed in the online documentation.

Figure 11: The OVIO slit we use. Glass to the left, slit
material to the right. The SEM does not 'see' into the
glass.
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IMU) achieves a 1 in 2048 parts orientation -- or
180 degrees / 2048 = 5 arcminutes of rotation. This
offers a promising way to bring a spectrograph's
slit to vertical during remote operations.

10 Target Acquisition and Guide
Optics
The field of view, especially for longer focal
length instruments, required a reassessment of the
guide camera optics. We settled on a design with
two lenses, to keep the camera orientation the
same, and to allow moving the spectrograph
between different instruments.
The aberrations from the slit's glass-substrate
creates a problem with plate solving and drops the
overall magnitude available for the guider
software. The two-lens approach provides “tack
sharp” images to the edge.
The OVIO slit is a glass slit with one side
coated with a reflective material. OVIO
recommends placing the reflective side towards the
source, we found other spectrographs orienting the
reflective side towards the grating. The 15-degree
tilt of the grating substrate creates an optical
“caustic” within the substrate. The issues are loss
of throughput and mis-forming the lobes of the
Fraunhofer diffraction pattern that effect
resolution. Due to the tilt of the reflective surface
to allow off-axis guiding, we believe the caustic
will be lost in the Fraunhofer pattern (Young’s slit
again), accommodated by the exit-baffle and
provide the least amount of contamination at the
sensor. This bears more testing.

12 Calibration Lamp Sources
We spent considerable time experimenting
with calibration lamp injection. The result is the
Kzin ring with an on-axis approach using a
reflecting ring with no moving parts. We decided
to print this device such that it lives along the
optical path within the focusing mechanism. These
requirements meet the need for an on-axis injected
beam more closely approximating the PSF of the
science target's beam; and to preserve vital backfocus distance for commercial SCTs common in
the community.
We include several NeAr sources, LEDs with
spectral characteristics to supplement low ADU
counts in the lambda-lambda 3200-4200 Angstrom
range. A Xaio SMB allows for selecting the lamp's
status. This allows calibration images to be easily
interspersed with target exposures. Note: with new
CCD sensors, readout time is minimal. This allows
for calibration images to be taken at frequent
intervals to mitigate flexure.

13 Flat Lamps

11 SBM IMU and Parallactic Angle
Compensation

We are working with a small group of
atmospheric scientists interested in the short UV
range of light. The QE of many sensors offer some
promise for use at these wavelengths due to brightsky, strong signal sources. We are using a Back-ofthe-envelope wavelength of 3300 Angstroms as the
lower range for ground-based astrophysical work,
so reasonable calibration down into the 3000 range
makes sense. Our current work explores
augmenting the UV end with LEDs. The
superposition of several sources and the use of a
piece-wise application of the Chebyshev/Legendre
polynomials offers a way to achieve this goal.

We made the recommendation, several years
ago, to use a piggy-back refractor to acquire
simultaneous multi-band photometric observations
of the spectroscope's target field. This produces VBand (and other) photometry for quick estimates of
flux and instrument profiles. This also allows
narrow band H-alpha/H-beta monitoring of Be
stars or flare activity for M-dwarf flare monitoring.
We followed the discussion of Alt/AZ mounts
for use with spectroscopy. While an Alt/AZ mount
for the OTA eliminates the parallactic angle
concerns it introduces the need precise guide
algorithms to maintain a target centered on the slit
without hysteresis jitter. Jitter is the servo
equivalent of parallactic angle. Alt/AZ adds
complexity to guiding with a star that is off-slit
center. The use of an equatorial mount promotes
long-slit spectroscopy for bright close double
study.
The SBM's IMU provides a three-axis
accelerometer. Simply zeroing out one axis (axis
choice dependent on mounting orientation of the

14 Additional Information
Please refer to our readthedocs.io page for
additional information. We offer general
information of the handling, care and cleaning of
spectrographic optics, details of the physics and
math related to spectroscopic optics.
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Figure 14 is a spectrum made using a 600
l/mm grating under less than ideal seeing., Reduced
with a cubic fit resulting in RMS < 0.1 for a
resolution of >R~1800. We expect a working
resolution in the requested 2500-pixel coordinate
range with a few tweaks and under nominal seeing
conditions.
Figure 15 is a calibration lamp spectrum. Light
from the Kzin ring shows crisp lines with good
definition into the blue end of the spectrum. We are
experimenting with Geisler tubes and a TOSLink

15 3D Printing Report
We changed our approach to 3D printing.
Foote, Rodda and Smith led our experiments
adding a direct drive extruder located at the
printhead, better thermal control, moving to
PETG/Carbon, several techniques for better bed
adhesion, refining print temperatures, deploying
advanced features with Cura (etc) to produce
robust workable sub-assemblies. Green explored
using small support features “nibs” to
accommodate the small deviations in sizes. We had
fun experimenting with different mechanisms for
automation, such as a Geneva mechanism. Check it
up! We highly recommend using 3D CAD design
and 3D printing for rapid evaluation of proposed
design features. Clarke developed an inexpensive
optical bench that uses custom supports for placing
and working with the optical elements.

16 Community Contributions and
Documentation
Over the past few years, we have noted many
postings of issues related to small telescope
spectroscopy in general and with specific
difficulties with certain topics in particular. Thanks
to those who offer their problems to us via the
boards. This provides inspiration and challenges.
We use a private GitHub repository to develop
code, collect and manage raw CAD files, STL and
other information for the project. Our rule is “what
is developed in private remains in private” unless
promoted to the public. To this end we offer a
release of our current state-of-affairs in the
readthedocs.io site tied to our public facing GitHub
repository. A snapshot of current development may
be found here:

Figure 12: Image of OVIO slit of the sky showing the
nominal vignetting consistent with photometric flats.
Smooth and even reflection.

https://flexspec1.readthedocs.io/en/latest
https://github.com/dxwayne/FlexSpec1

17 Results
Rodda obtained three images related to the
FlexSpec1 guider.
Figure 12 shows a nominal guider view of the
slit illuminated by the sky. The ds9 green contour
lines are consistent with a “flat” experienced in
photometry. The center dark line is a 6mm long
OVIO slit. We are currently modeling aspects of
longslit flats.

Figure 13: Messier 3 with sharp-tack stars out to the
edge. A four second Lodestar exposure on a C925
telescope fitted with a 0.63 reducer giving a focal
length of 1480mm. Guide lens a pair of 60mm fl
lenses.
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18 Summary
This work has led us to pay close attention to
the optics and mathematics of spectrograph design.
The most critical take-away is to make sure that the
angle of incidence onto the grating remains the
same across the grating. A poorly designed
collimation
system has a profound impact on the line
resolutions. Poor collimation management “blurs
energy” from side wavelengths into the physics of
interest. Stray light management is critical. Stray
light distorts the understanding of line(s) of
interest. Parks contribution to this project includes
keeping us honest with energy distribution within
the Fourier energy of images and emphasizing the
management of this stray noise. He printed
prototypes and provided valuable feedback on
details and techniques. In particular, promoting the
use of an apodizing mask for the grating is now a
topic of interest to the group. Yeager’s numerous
experiments led to the adoption of a high quality
“camera lens” and uncovered the need of a pupil
mask to mitigate the stray light. His career
experience in the magnetic recording industry
greatly refined our approach to control electronics.
Adding a small baffle (with its width matching
the projected separation of nulls for the Fraunhofer
diffraction pattern from the smallest applicable slit
and placed just behind and proximal to the slit),
greatly reduces the variance in the incidence angle
(alpha). Jones’s examination of inexpensive slits
revealed issues with managing the angle of
incidence as well. Mitigating thermal expansion
and flexure is critical to maintain spectral
calibration across a long run with a target. While
high intensity flat lamps are critical to provide
sufficient SNR along the dispersion axis to match
the instrument responses and mitigate variance
with slit positions, we are experimenting with
superposition of no-heat LEDs and polynomials
utilizing generating functions for the best flat
corrections. Jones’s Kzin ring eliminated motors
and offers a better way for symmetrical on-axis
injection of calibration/flat sources. Rodda led the
charge with vigorous tests of a lot of calibration
ideas with the Kzin ring winning the competition.
Yeager, Smith, and Green developed the idea
of adding a Arduino Nano 33 BLE Sense to the
high voltage/lamp power supply. Yeager developed
a Printed Circuit Board (PCB); sent the design to a
Chinese PCB house, received a critical point within
a few hours; responded in a way that the boards
were produced with a silkscreen overlay and
shipped with about 24 hours after the receipt of
order. We then shipped this design via

Figure 14: Test spectrum of the Sun.

Figure 15: The calibration lines are crisp with good
definition into the blue.

Figure 16: Results of overvoltage with grain of wheat
lamps add no benefits in the blue range and loses
SNR in the red end. Blue is best boosted with
superposition of light sources.

“fiber” for supplying light for the Kzin ring. For
UV, this will allow injecting mercury lines, other
blue lines and addresses the availability of a Relco
bulb as the lighting industry moves to electronic
ballasts and away from fluorescent lighting in
general.
Overdriving the grain-of-wheat incandescent
bulbs offers no appreciable return with boosting the
blue end of the spectrum for flats and loses flux
(SNR) for the red end of the spectrum.
Incandescent lamps add heat to the system (Figure
16).
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email/GitHub to Rodda in England. He submitted
his order to the same PCB house with fast results.

Colorado exacerbated effects of flexure and
thermal expansion, answered by a rigid aluminum
extrusion housing and use of metal/filament
interfaces.
Sims is active in several small telescope
spectroscopy communities. As the host of the SAS
Spectroscopy bi-weekly meeting he is an active
observer in several active campaigns He provided
invaluable insights into issues related to raising the
quality of data produced. His conversation with Dr.
Steve Shore led to our development of a “carousel”
grating manager to support remote re-configuration
of the spectrograph to meet target-of-opportunity
requests.

19 Conclusions
It’s amazing what you see when you look. The
use of Zoom and shared cloud resources greatly
facilitated this groups international collaboration.
Honoring the angle of incidence focused our
attention to many upstream optical issues. A simple
laser against a slit showing the Fraunhofer
diffraction pattern led to baffles in critical locations
throughout the design. A fixed collimator posed
issues for temperature extremes in Arizona and
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Abstract
We monitored the M-dwarf star AD Leo to investigate the feasibility of (1) seeing the spectroscopic signature of
stellar activity, and (2) characterizing the observed flare-events. Our time-series spectra of AD Leo detected
events with stellar-flare signatures, at an average rate of 1 event per 6.1 hours of observing time. We observed
the time-evolution of EW (Equivalent Width) during these events, and searched for line-profile changes during
the flare events (unsuccessfully, so far). We conclude that small telescope spectroscopy – at both high- and lowresolution – can detect and characterize stellar flares. Whether these observations can contribute to research on
stellar flares is still an open question. Possible avenues include: increasing the number of flares observed,
confirming the flare-rate on different stars, characterizing flare evolution on short time scales (minutes), and
searching for stellar activity cycles.

1

Introduction

Background: The Sun is a prolific generator of flares
and coronal mass ejections. Modern theory explains
that they are created by the Sun’s dynamic magnet
fields. Other stars also create such flares; and
observations of these can help to anchor the models
of such activity over a broader range of stellar
parameters.
Stellar flares have been reported from
photometric observations since 1924, and
spectroscopically since 1958 [Joy, 1967]. Analysis
of Kepler data suggests that there are plenty of stars
that display flares [Davenport, 2016], but because
these events are short-lived and seem to occur
randomly, observing them requires a substantial
commitment of telescope time, with no guarantee of
success. Hence, even the most extensive reports of
spectroscopic observations of flares are based on
relatively small observation sets [e.g., Namekata, et
al, 2020].

The easiest targets for flare observations are the
M-dwarf stars, for two reasons: (1) the low
luminosity of the star means that a flare represents a
noticeable increase in flux from the star, and (2)
some of them have strong surface magnetic fields
that drive flare activity [West et al, 2004].
A presentation at the 237th AAS meeting [Notsu
et al, 2021] on the spectral-line evolution during a
flare caught the interest of one of us (RKB) because
it noted that “more observations are needed”, and this
seemed to be just the sort of project that is difficult
for professionals to schedule, but which is in the
sweet-spot for amateur spectroscopists: it requires
many nights of long observing runs, and it presents
uncertain odds of success.
Concept: The initial concept of this project was to
pick a target and stare at with a spectrograph, all
night for a few nights, to see what could be seen. In
this regard, it is an extension and elaboration on the
work of Crespo-Chacon, et al 2005 and of Smith,
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2020. Based on the literature [e.g., Muheki et al
2020], it seemed reasonable to hope to see a flare
every few nights.
After a brief literature search of candidate flarestars, we selected AD Leo as our target: it is bright
(V≈ 9.4), it was well-placed for observing early in the
year, and it is known to be a particularly active flare
star when observed photometrically [Herr (1970)]
and spectroscopically [e.g., Hawley & Pettersen
(1991)].
If any events were seen that had the
characteristics of published flares, then a more
intensive series of observations could be scheduled,
and data analysis issues could be dealt with.
As it turned out, visual examination of spectra
from the first three nights (a total of nearly 23 hours
of observing) revealed three suspected flares. Figure
1 shows the evolution of one of them. The top panel
shows how the H-gamma emission line strengthens
and returns to “quiescent” over the course of about
one hour. The bottom panel shows the Equivalent
Width (EW) of H-gamma vs time. This event
displays the rapid rise and gradual fall that Muheki et
al [2020] et al refer to as a “classical” flare event.
Based on this promising result, other observers
joined in, providing additional observing time-ontarget and experimenting with higher-resolution
spectrographs. (Note: in this, and all other graphs of
EW, we are plotting “-EW” to avoid clutter in the
axes labels. Increased emission strength is indicated
by larger value of -EW.)

2 Observations
Individual observers conducted long runs of
time-series spectra as their personal schedules and
weather permitted. In total, between February and
April, 2021, the team accumulated about 200 hours
of spectroscopic observations, over 2400 individual
spectra, and observed 31 flare-like events. Our
spectra provide an interesting spectrographic record
of the emission lines of this star. They will be
archived in the AAVSO Spectroscopy Database.
Low-resolution spectra (Shelyak ALPY, R≈500
and Shelyak LISA, R≈ 1000) were generally made
using 300s exposures, although a few experiments
using shorter and longer exposures were done. These
spectra cover the entire optical range, from Ca II (K)
through H-alpha.
High-resolution (Shelyak LHIRES) used either
300s or 600s exposures, several different gratings
(hence different spectral resolution) and were aimed
at either the H-alpha or H-beta lines. The best
compromise between SNR, exposure and resolution
at H-alpha was 600s exposure with the 2400 l/mm
grating (R≈ 17,000 and continuum SNR≈ 20). For

Figure 1: Classical flare event (observed with Shelyak
ALPY spectrograph on UT 2021-02-06).

H-beta, after several experiments we settled on 600s
exposure with an 1800 l/mm grating, yielding R≈
6000 and continuum SNR ≈ 13 at H-beta.
All observations were made with small
telescopes (ranging from 14- to 16-inch aperture)
from suburban sites. Most observing runs spanned
the whole time that the target was observable on a
night (over 8 hours/night in February, dropping to
about 5 hours/night in April). This was driven by
two considerations: first, we needed to accumulate
hours in order to have a chance of capturing a flare;
and second, the typical observed flare event seems to
last about an hour, which makes it difficult to
recognize if the observing run is less than two or
three hours long.
Calibration lamp images were taken at the
beginning and end of each run, and usually also midway through the run (at meridian flip). In the case of
the low-resolution spectra, “Reference Star”
observations for correction of Instrumental Response
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and atmospheric extinction were also taken on most
nights. See, however, the discussion of Instrumental
Response and atmospheric extinction in Appendix I.

3

Data reduction (from images to
spectra):

Low resolution spectra: Raw spectrum images, along
with bias and dark frames, flat frames, and
Calibration lamp exposures were processed using
ISIS software in the usual way: Ne-Ar Calibration
lamps provided wavelength calibration, Reference
Star images were the basis of Instrumental and
Atmospheric Response correction, and ISIS
performed dark-subtraction, flat (or PRNU)
correction, correction for tilt and smile in the
spectrum-images, wavelength calibration, skysubtraction, and Instrumental+Atmospheric Response
correction. All of this is routine ISIS processing, that
results in a fully processed spectral profile that
displays relative flux vs wavelength.
The result of this process is a series of 1D
spectral profiles, one from each image. We did not
flux-calibrate the spectra. Some details of the ISIS
processing are described in Appendix I, for those
who may want to replicate this project.
High resolution spectra: Data reduction of the highresolution spectra used ISIS software, and followed
the same steps as for the low-resolution spectra. Our
goal for high-res spectra was to search for line-profile
changes and wavelength shifts, in addition to
monitoring EW at relatively rapid cadence, so we
experimented with examining telluric features as a
way of fine-adjusting wavelength calibration (to
correct for any instrumental drift). This turned out to
be problematic, so we relied entirely on the
Calibration lamp for wavelength calibration.

4

Calculation of EW with custom
Python code

The main signal we are looking for is variation
in Equivalent width (EW) vs. time for several
different emission lines: the Balmer lines (Hα, Hβ,
Hγ, Hδ) and Ca II (K), all of which are in emission at
all times; and several He I lines (He I 4025.49Å, He I
4471.84Å. He I 4871Å, He I 5875.65Å) that are
reported to go into emission during a flare event [Di
Maio et al (2020)]. Our low-resolution spectra don’t
clearly separate the Ca II (H) line from Hε.
With nine lines of interest, and up to 100 spectra
per night per observer, we needed an effective way to
process a large data set.

One of us (FS) created custom Python code to
meet this need. The code accepts a time-series set of
spectra FITS files, and performs the following steps:
•
Isolate each emission line, within a user-defined
wavelength region that contains the emission
line and the nearby pseudo-continuum.
•
Partition this into three segments: blue- and
red-side continuum wavelength regions, and the
line-region, as illustrated in Figure 2.
•
Make a linear fit of flux vs wavelength over just
the “continuum” region (the combined blue- and
red-side continuum).
•
Normalize the entire spectrum to this “linear fit”
(which makes the average normalized
continuum flux = 1 by definition).
•
Calculate the observed centroid wavelength of
the line and shift the entire spectrum so that
λOBS = λLAB, the laboratory wavelength of the
line (in air). This has the effect of removing the
wavelength-calibration drifts observed in the
individual spectra and putting the line at its
laboratory wavelength.
•
Calculate the EW of the line, according to the
standard equation for spectra that have been
normalized to continuum = 1, as shown in
Figure 2.
• Considering all of the profiles, calculate the
standard deviation of flux at each wavelength
(expressing the flux-variation over time at that
wavelength.)
Merits and Demerits of this approach to defining the
continuum: This approach of defining a pseudocontinuum by making a linear fit to the continuum
region around the line has useful features. It is based
solely on the spectrum of the target star, so it is
simple to implement. It is a standard approach in the
“Be star” project. And it fits in nicely with the
textbook explanation of EW: find the continuum and
apply the equation above: easy! The introductory
textbook discussion will usually say that the EW is
independent of spectral resolution: indeed, for a
typical Be star, if you observe the star’s H-alpha
emission line through an LHires (R≈ 15,000) and an
ALPY (R≈ 500), you will calculate identical values
for EW.
However, this approach also contains some
demerits. They begin with the glib instruction to
“find the continuum”. As shown in Figure 3, an Mdwarf star’s spectrum is so littered with molecular
absorption features that a continuum in the physical
sense of “emission from the photosphere unaffected
by absorption features” simply does not exist. If you
settle for a pseudo-continuum derived from “the
spectrum to the left and right of the emission line”,
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instrument R-values. We do see this effect in our
own data: simultaneous observations with an ALPY
and a LISA do not give identical EW, because the
wavelength regions over which the “line” and
“continuum” are defined are (necessarily) different
for the two instruments.
The good news is that the EW’s from our
different instruments are well-correlated (as they
should be): when one goes up or down, so do the
others.
Figure 3 also illustrates another feature of this
star: the Balmer lines and Ca II (K) are always in
emission. The “flare events” that we report are
recognized by the increase in emission, compared to
the “quiescent” level.

5

Figure 2: Normalization of spectrum to the pseudocontinuum near an emission line of interest.

Figure 3: Typical LISA spectrum of AD Leo.

you see that the region has such a complex shape that
it looks quite different when observed at different
resolutions. Hence, the algebraically defined pseudocontinuum that we use will be different at different
resolutions. Consequently, the calculated EW does
depend somewhat on the spectral resolution.
Several researchers who used the same approach
to defining a local continuum, minimized this effect
by specifying the wavelength ranges over which they
define “continuum” and “line”, and encouraged
others to use these same region definitions to achieve
comparable EW calculations [e.g. West (2008) and
Di Maio (2020)]; but those ranges must of course be
selected based on the instrument spectral resolution,
so standardizing the wavelength regions only partly
addresses the issue, considering our wide range of

Are the “flares” real?

The example flare shown in Figure 1 certainly
looks real, but we wanted to put that judgement on a
firmer foundation. For a discussion of the approach
that we use to assess the statistical significance of the
observed flare activity, and the accuracy of our EW
measurement (“error bars” on the EW data points)
refer to Appendix II. In summary: we examine the
fluctuations (normalized flux vs. time) in the
continuum region adjacent to the emission line,
calculate the standard deviation at each wavelength,
and the average standard deviation <σcont> (averaged
over the continuum region). We then consider
changes in the line flux region to be “statistically
significant” if their standard deviation exceeds
3*<σcont> [Teyssier (2021)].
An example of the implementation of this
concept is illustrated in Figure 4.
The upper panel of Figure 4 shows the
normalized flux vs wavelength for a series of spectra
taken near the time of a flare. At any wavelength,
there is a spectrum-to-spectrum variation in flux,
σ(λ). The lower panel shows σ(λ) versus wavelength.
The value of σ(λ) within the continuum region is
small, averaging <σcont>≈ 0.02. This level of moreor-less random variation represents photoelectron
noise, seeing, guiding, and (possibly) includes
random fluctuations in the star’s spectrum.
Within the line region, the change in emission
strength is dramatically larger – exceeding the “3sigma” criterion by a wide margin.
We also use the continuum standard deviation
(σcont) to calculate the uncertainty in each data point
of EW vs. time. As shown in Figure 5, the observed
changes in EW that we call “flares” are larger than
the (1-σ) error bars on the individual data points.
The low-level fluctuations (e.g. the dip near
9252.93 and the bump near 9252.97 in Figure 5) are
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Figure 4: Using the average “3-sigma” fluctuation over
the continuum region to assess the significance of the
fluctuation in line flux. In this example, the visuallyobvious rise and fall in line flux is statisticallysignificant at much more than the 3-sigma level.

only marginally larger than the error bars, but might
be real, considering the similar evolution in all
spectral lines.
There are two other qualitative features that
argue for the reality of the events we are seeing. On
a few nights, we had simultaneous observations from
two separate observatory sites, both of which showed
the same “flare”. An example is shown in Figure 6.
The two observatories are separated by about 20
miles, use different spectrographs and different
aperture telescopes, and saw the same flare-signature
at the same time. The out-of-flare variations in EW
are also very comparable at the two observatories.
There was never a situation where one observer
failed to see a flare that the other observer saw (if
both were on target at the same time). This argues
strongly against the suspected “flares” being a local
anomaly or artifact.
The low-resolution spectra in Figure 6 also
clearly show that the “flare” signature has a
distinctive time-evolution, and that it appears in all of
the Balmer lines simultaneously, with nearly identical
time-profiles. It is hard to think of a noise source or
artifact that could do this.
These are not “single-data-point” events, and
their pattern of EW vs. time (rapid rise and gradual
fall) is characteristic of (some) stellar flares reported
in the literature [e.g., Muheki, et al (2020)].
We can’t say what the star is actually doing, but
the signals we are seeing – continuous low-level
fluctuation in EW, along with occasional dramatic
short-term flares that occur simultaneously in all the
Balmer emission lines – are certainly real, not noise
and not local artifacts.

6

Results & Discussion

We plotted EW vs. time for all the spectral lines
of interest, on all nights, and then used these plots to
detect the flare events “by eye”, based on the criteria
described in Figure 7: the flare must stand above the
median EW level by more than 1-sigma, it must not
be a “single data point” anomaly, and it must be seen
simultaneously in at least two Balmer emission lines,
with similar evolution of EW vs. time.
Figure 5: Typical “flare” event, showing error bars on
the EW data points (which are left off of some of our
plots to avoid cluttering them). The “flare” at JD-MID=
9252.78 is much larger than the error bars in all Balmer
spectral lines. The gap in data centered near 9252.85 is
time lost due to meridian flip, Reference Star, and Cal
Lamp observations.

Rate of flares: Our low-resolution spectra recorded
31 “statistically significant” flare signatures in
spectra accumulated during 188 hours of observing,
on 27 nights. The average rate of flare events was 1
flare per 6.1 hours of observing time. This is
consistent with previously reported rate of flares on
this star, from photometric and spectroscopic
observations [Muheki, et al (2020), Herr (1970)].
Our complete catalog of observed flares is given
in Appendix III.
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Figure 8: Two flares in rapid succession.

Figure 6:
Same event seen at two separate
observatories (MJD= 9264.79, UT 2021-02-19). The EW
vs time evolution in all Balmer lines are very similar in
the data from both observatories.
Lost Gold
Observatory used a Shelyak ALPY and Desert Celestial
Observatory used a Shelyak LISA. Error bars are 1sigma, derived from the uncertainty analysis described
in Appendix II.

Figure 7: Criteria for detecting flare events in the EW vs.
time plot.

Characteristic flare-signatures: Most of these flares
were obvious when the EW vs. time graphs were
examined, because they showed the classical flare
signature of rapid (almost instantaneous) rise and
gradual fall in EW, over the course of about an hour.
We also saw some events that appeared to be
“compound” flares, in which a second flare begins
before the first flare has completed. An example is
shown in Figure 8. This isn’t surprising, and has
been seen by other observers [e.g. Muheki, et al
(2020)].

Figure 9: Example of a “flare” that does not begin as a
sharp impulse.

Figure 10:
Example of a night where “nothing
happened”, and fluctuations were smaller than the error
bars on EW.

Whereas the classical flare signal has a very
rapid rise and a gradual fall in EW, we also saw
signals characterized by a gradual rise and gradual
fall. Figure 9 illustrates this observation (note the
gradual rise preceding the peak at MDJ= 9267.847).
We call this a “flare”, although its shape is somewhat
different from the classical flare signature.
Emission line EW fluctuations between flare events:
In all lines examined, there is a continual lowlevel variation in the EW vs time, and line-flux vs
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time. This low-level fluctuation occurs outside of
obvious flare events and does not always exceed our
“3 sigma” criterion for statistical significance.
Figure 10 shows a night when “nothing
happened”. During this 8.9 hour observing run, none
of the Balmer emission lines changed by more than
1-sigma, and there was no pattern to the fluctuations.
We also see low-amplitude, long-duration
changes in EW occurring in the “quiescent” state.
Figure 11 illustrates this over the course of a 7-hour
observing run. All the emission lines rise and fall in
sync, and the total amplitude is (a bit) larger than the
error bars. The fact that all emission lines act in the
same way leads us to suspect that the slow fluctuation
is real, but we don’t characterize it as a “flare” event.

Figure 11: Slow fluctuations in EW, at marginal level of
significance.

Correlation of EW fluctuations in different lines:
We have noted that in a flare, the Balmer lines
all strengthen and return to quiescence “in sync”.
This is visually striking in the case of prominent
flares (e.g., Figure 5). For a few flares, we ran
correlation plots of the Balmer lines, to confirm this
visual impression. Figure 12 is an example (using
the flare of UT 2021-02-19, which included a
prominent flare event.
No Long-term trend in out-of-flare emission line EW:
Using the nightly median EW in each line as a
measure of the quiescent strength of the line, we saw
no evidence of trends or cyclical variation in the
median EW of any line. Figure 13 shows the record
of H-gamma EW, displaying no significant changes,
and no apparent trend in strength over our 2 ½ month
observing run.
There is a slight negative trend in the “ALPY”
data, and slight positive for the “LISA” data, yielding
an overall very slight negative trend (-0.001 EW units
per day). We conclude that no overall change in
quiescent EW was observed.
Ca II and He I lines:
Our low-resolution spectra include Ca II (H) and
(K), widely used indicators of chromospheric
activity, and several He I lines that are reported to go
into emission during stellar flares. The Python code
we developed for analysis of our spectra includes
examination of these lines, which are of particular
interest because they may sample different levels in
the stellar atmosphere. We do not report any results
on these lines, for three reasons: the signal level at
Ca II (K) in our spectra is low, leading to large error
bars on the EW; Ca II (H) is blended with H-epsilon,
so the two cannot be separately measured; and the
signal levels in the He I lines are so small that we
aren’t confident in our results.

Figure 12: Correlation

Figure 13: No trend or changes in out-of-flare strength
of H-gamma line.

Higher-Resolution spectra (R=6,000 to R=16,500):
Our goal in experimenting with high-resolution
spectra was to investigate the feasibility of detecting
and characterizing line-profile changes during flare
events. This obviously presents a difficult trade-off,
to achieve acceptable accuracy in flux while also
providing acceptable time-resolution. There also
appears to be a less-obvious tradeoff in the decision
of which emission line to monitor.
Figure 14 is an example of what was achieved
with an LHires using a 2400 l/mm grating and 600s
exposure, yielding R≈ 16,500. The top frame shows
the H-alpha line profile, and its change from the
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Figure 15: Example H-beta line profile at R≈6000,
showing very small change in peak line flux and EW on
what appears to have been a “no flare” night.

Figure 14: Comparison of flux profile and EW between
low-resolution (LISA, R≈ 1000) and high-resolution
(LHires, R≈ 16,500). Top frame: H-alpha line profile,
showing change in peak flus during flare. Middle frame:
EW measured at low resolution in H-gamma (orange
symbols) and H-alpha (blue symbols); and in H-alpha at
high resolution (black symbols). Bottom frame: line
profile changes in H-gamma, observed at low resolution.

beginning, middle, and end of a medium-strength
flare event. Despite the low signal (continuum SNR≈
17), it seems reasonable to hope that we can detect
changes in the line profile during strong flares. For
this flare, the change in H-alpha flux barely met our
“3-sigma” criterion. The middle frame shows that
the flare is quite strong in H-gamma when observed
with a low-resolution LISA spectrograph (orange
symbols). The H-alpha signature is much smaller
(blue and black symbols), The bottom frame shows
the line profile in H-gamma, measured at low
resolution.
The peak line flux increases by only 12% in Halpha but increases by 20% in H-gamma (at lower
resolution, which translates into a larger change in
EW).

We consistently observe that flares are stronger
in H-gamma than they are in H-alpha (in terms of the
change in EW). Refer back to Figure 5 and Figure 6,
for example: flares are far easier to recognize in Hgamma than in the other Balmer lines. The strength
of the flare signal decreases in order H-gamma
(strongest signal) – H-delta – H-beta – H-alpha
(weakest signal).
A similar example focused on the H-beta line
(LHires with 1800 l/mm grating and 600 s exposure,
yielding R≈ 6,000) is shown in Figure 15. No flare is
apparent on the data from this night (we have no
independent confirmation as only this observer was
“on target” at this time).
As with high-resolution H-alpha, the signal level
is low (continuum SNR≈15), but there may still be
hope of detecting line profile changes during strong
flare events.
Photometry:
We made a limited number of runs of V-band
photometry to accompany the spectroscopy timeseries. These photometry runs did include the times
in which several flare events were clearly seen in the
spectroscopy, but there was no indication of the flares
in the V-band photometry (±0.05 mag).
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•

Next Steps:

Based on the results from the 2021 campaign on
AD Leo, there are several further analyses that we
will try to do with our data from this campaign:
• Search our data for evidence of time-delays
between the flare signal in various lines. For
example, Di Maio et al (2020) suggest that flare
signal in Ca II (K) and He I (4026Å) is delayed
compared to H-alpha and H-beta; and CrespoChacon (2006) suggested a delay of
approximately 5 minutes in the Ca II signal,
compared to H-Balmer signal.
• Examine our data for evidence of rotational
modulation of EW vs time [as has been reported
by Namekata et al (2020) for AD Leo, at the
star’s 2.2-day rotation period; and hinted at for
GJ 3270 by Johnson, et al (2021)].
• Evaluate how our data might be examined in
light of the possible 7-year and 2-year activity
cycles in AD Leo, that were reported by Buccino
et al (2014).
• Examine the times of occurrence of flares, and
their amplitude, to search for evidence of
periodicity in the flaring.
• Track down all observations of this star from e.g.
TESS, Kepler, ASASSN, ASAS, DASCH, to
form a picture of its photometric activity (which
may or may not help us interpret our
spectroscopic signals).
• Examine our V-band photometry on nights with
strong flares; use this to plan for more and
higher-accuracy photometry in next year’s
campaign (σphot ≤ 0.01).
That level of
photometric accuracy is certainly feasible – it’s
about the same as people achieve for exoplanet
transits (which rarely show a dip larger than 0.01
mag) – but it will require attention to details, and
maybe a dedicated photometry observer.
• Re-examine the small wavelength-shifts in lowresolution time-series spectra.
We have
attributed these to flexure and/or temperature
effects in the instruments, but we should
characterize them for two reasons: (1) If they are
not instrumental – e.g. if telluric features do not
move in sync with the emission lines – then we
can reconsider both our observing method and
data analysis approach, to yield information
about wavelength changes in the emission-lines.
(2) if they are instrumental, then we might be
able to adjust our observing approach to
minimize them, e.g., by interspersing frequent
Calibration Lamp images every half-hour in the
time-series.

•

Simulate the effect of 10- and 15-minutes
exposures (by summing our existing spectrum
profiles in sets of 2 and sets of 3), to better assess
the tradeoff between SNR, σEW, and timeresolution.
We have a backlog of high-resolution H-beta
spectra which are still being processed. These
will be analyzed for flare events, wavelength
shifts, and line profile changes.

There are also some things that we should
consider in preparation for a follow-up campaign:
• Arrange for simultaneous photometry (preferably
in B and V) to accompany time-series
spectroscopy. This will have two benefits: (1) it
will support flux-calibration of the spectra, and
(2) it will enable a search for correlation between
spectroscopically-observed flares, enhancement
in continuum flux, and short-lived broad-band
flux impulses. Johnson et al (2021) report flares
on GJ 3270 that start with very short photometric
impulses, followed (up to an hour later) by Halpha emission activity.
• Arrange for UVEX spectra, to assess whether R≈
1500 provides improved quality, or new
information, compared to ALPY and LISA. The
Ca II (K) and He I lines will be prime targets of
this initiative.
• Collect more high-resolution spectra, at both HH-beta and H-gamma, to conduct a more
extensive search for line-profile changes and
wavelength shifts that correlate with the “flare
events” observed in low-resolution spectra.
• Get critical assessment and advice from experts
on stellar flare observing and modelling, to
decide whether, and how, we might contribute to
the advancement of this field.
• Select one or two other flare stars (with different
observing seasons) for long-term monitoring.
• Identify collaboration opportunities.

8

Conclusions

Small telescopes with modest spectrographs are
able to observe and record the signature of stellar
flares, with good sensitivity and time-resolution.
This may be a fruitful addition to the observational
record on stellar flare activity. We can significantly
increase the number of well-observed flares; provide
a spectroscopic record of the flares; and characterize
the out-of-flare stellar activity.
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10 Appendix I:
Processing time-series spectra in ISIS
We took advantage of two ISIS options that are
not commonly used in the “low res” spectroscopy
community:
auto-atmosphere correction, and
retention of the ISIS intermediate files.
This
appendix is provided to assist anyone who wants to
replicate this project.
Auto-atmosphere: The normal routine for low-res
spectra is to record an image of the “Reference Star”
either at the beginning or end of the target series.
The standard method of processing then calculates an
“Instrumental+Atmospheric Response” curve using
the observed Reference Star profile and its “known”
profile from the MILES catalog. The method
implicitly assumes that the air mass of the target
spectrum is identical to the air mass of the Reference
Star. But for this project, we are following the target
from the eastern horizon, through meridian, and
down to the western horizon (obviously a huge
change in air mass). Normally this would suggest
taking new “Ref Star” images every hour or so, but
we didn’t want to lose observing time to periodic
repeats of the Ref Star observation.
ISIS offers a nice solution to that, described in
detail on Christian Buil’s website [Buil 2019]: one or
two clear and stable nights are devoted to measuring
– as accurately as practical – the Instrumental-only
Response function. With that, the Reference Star
observations on a “good” night are used to determine
a realistic model atmosphere function (an equation
giving atmospheric attenuation as a function of
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wavelength and air mass). ISIS can then use the
(constant) Instrumental Response function, calculate
the air mass of each target observation, and apply the
analytical atmospheric attenuation curve to that
observation. As a practical matter, we re-used the
single “atmospheric attenuation” model for a month
or more, and occasionally checked the results using
the Reference Star observations.
This turned out to be a good method: there is
some mis-estimation of the overall shape of the
profile (due to night-to-night differences in
atmospheric conditions and image-to-image changes
in parallactic angle and slit-function effects), but
these amount to only about ±10% in continuum
relative flux level and they are unimportant to the
(later) calculation of Equivalent Width. So, this
approach to observations and processing was
convenient and satisfactory.
This approach makes it impractical to detect
small changes in the continuum, in particular the
enhancement in blue flux that is expected to
accompany a flare [Kowalski et al, 2009]. But we
are not looking for that, in this feasibility assessment
of spectroscopic monitoring.
Intermediate files: When ISIS is presented with
a series of target images (e.g. “image-1”, “image-2”
... etc.) its default action is to create a single summed
spectrum profile. So, for example, you might make a
dozen images of 300s each, and ISIS will process
them into a single spectrum based on the entire 1hour exposure time.
For this project, we are aiming to get good timeresolution, so we create spectra from each individual
image.
ISIS has an optional setting “Erase
intermediate files = No”. Among other things, that
tells it to create one spectrum profile per image (e.g.
“@pro1”, “@pro2” ... etc.). These intermediate
spectra are identical to the normal summed spectrum
profiles, except that each is based on only a single
image. Each of the intermediate profiles is in FITS
format, the file Header is time-tagged with the
DATE-OBS of the image it came from, and contains
the JD-MID calculated from DATE-OBS.
The intermediate files do, of course, have lower
SNR than a longer-exposure spectrum would have.
But they have the virtue of good time-resolution, and
as it turned out signal-level and SNR didn’t seem to
be big issues for flare detection and characterization,
except at the Ca II (K) line and the He I lines, where
the signal level is very low.
Wavelength drift: It is not surprising – and
indeed it is obvious to the eye -- that over the course
of several hours, the wavelength calibration in a
series of spectra gradually shifts (probably due to
flexure and/or temperature changes in the
spectrograph). This amounts to 1-2 Angstroms of

shift during the night in our low-resolution spectra.
The lower panel in Figure 14 is a good example of
typical wavelength-drift over a night-long run with
the LISA spectrograph, amounting to 1Å over the
course of the observations.
The way we are processing the spectra in ISIS,
this wavelength-calibration drift is uncorrected. We
deal with that in the Python code that computes EW
by re-centering each emission to its laboratory
wavelength. For the low-resolution spectra, this is
acceptable because we do not attempt to see
wavelength-shifts or line-profile changes.

11 Appendix II:
Measurement/calculation uncertainty
in EW, and statistical significance of
the observed flare events.
Accuracy of EW measurement and calculations:
The essential product provided by our lowresolution observations are plots of EW vs. time, for
several emission lines. In addition to the occasional
visually obvious flare-like signature (such as that
shown in Figure 10 and Figure 11
We used two approaches to assessing the
significance of the fluctuations in EW that we see.
One is a conventional SNR-based calculation of σEW
that is used to put “error bars” on the graphs of EW
vs time. The other asks, “are the observed changes in
line flux statistically significant, at the 3-sigma
level?” (to distinguish them from normal randomness
in the observations.)
Statistical Significance of flux fluctuations:
A night of observing yields NS spectra (NS=30 to
100 spectra depending on the length of the observing
run). Imagine arranging them as illustrated in Figure
A1:

Figure A1: Visualization of all-night series of spectra,
near an emission line of interest; and calculation of σ(λ).
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At a single wavelength (λi) in the continuum
region, we have NS flux values (one value per
spectrum-profile). Call the flux in the ith wavelength
bin on the jth spectrum Fi,j. A plot of Fi,j at a single
wavelength (λi) is drawn as the white line in Figure
A1; it shows how the observed flux at wavelength λi
changes over time.
In the continuum region, most (all?) of this
fluctuation in Fi,j is random noise, from a variety of
sources. The flux at wavelength λi has mean value, μ
determined by averaging over all NS spectra; and a
standard deviation, σ(λi), that describes the “noise”
level at wavelength λi.
A plot of σ(λi) vs λ shows that σ(λi) is very
nearly constant over the continuum-region of the
spectral profile. We take its average over the blueside continuum region, < σ(λi)> (where now the
average is taken across the wavelength axis, spanning
the blue-side continuum), and set 3*< σ(λi)> as the
criterion for “statistically significant flux changes”:
that is, the change observed over time, at a given
wavelength, must be greater than 3*< σ(λi)> to
qualify as a “3-sigma” significant change.
The relevant equations are:
Given a collection of spectra, taken at times tj,
where j= 1 to NS, for the NS spectra collected during
the night.
Each spectrum contains flux vs.
wavelength, on wavelengths λi where i = 1 to NL, for
NL samples along the wavelength axis.
Call this collection of time-series spectra Fi,j =
F(λi, tj)
The average flux at a given wavelength is
𝑁𝑆

1
𝜇𝑖 = 𝜇(𝜆𝑖 ) =
∑ 𝐹𝑖,𝑗
𝑁𝑆
𝑗=1

(i.e. averaging over the time-axis).
Similarly, the standard deviation at a given
wavelength is
𝑁𝑆

1
2
𝜎𝑖 = 𝜎(𝜆𝑖 ) = √ ∑(𝐹𝑖,𝑗 − 𝜇𝑖 )
𝑁𝑆
𝑗=1

(i.e. fluctuation over the time-axis at each
wavelength).
The average of σi over just the continuum region
is
𝑁𝐶

〈𝜎𝑐𝑜𝑛𝑡 〉 =

1
∑ 𝜎𝑖
𝑁𝐶

where the summation extends only over the NC
wavelength samples that are in the continuum region
(i.e. excluding the emission-line region of the
spectrum). <σcont> is a measure of the random
fluctuation observed in a region of the spectrum that
is (presumably) unaffected by flaring events, so it
represents the range of flux variation that is caused
by random “noise” in the spectra, plus any
randomness in the continuum of the star itself. We
then set a significance criterion for the observed
variations in the flux points within the emission-line
region: these variations are “significant” if σi >
3*<σcont> at wavelengths λi within the “line region”.
We thank Francois Teyssier for suggesting this
approach to us.
Error bars on EW: Vollman and Eversberg (2006)
and Eversberg (2019) developed a convenient
analytical approach to estimating the uncertainty in
EW. Their equation is:
𝜎𝐸𝑊 = √1 +

〈𝐹𝐶 〉 (Δ𝜆 − 𝐸𝑊)
∙
〈𝐹〉
𝑆𝑁𝑅

where <FC> is the average value of continuum over
the region of interest (since the continuum has been
normalized, <FC>=1 by definition).
<F> is the average value of spectrum signal over
the line region of interest. For simplicity, we use <F>
≈ <FC> + ½ (Fpeak - <FC>), i.e., the average signal in
the line is halfway between the peak and the
continuum. It turns out that this choice doesn’t have
a significant impact on the result for σEW.
Δλ= λL – λU is the size of the region of interest
around the line being analyzed (in Angstroms). λL
and λU are the lower and upper wavelengths of the
line-region.
SNR is the signal-to-noise ratio of the spectrum
signal
The SNR is formally defined as
〈𝐹〉
〈𝐹𝐶 〉
𝑆𝑁𝑅 ≡
≈
𝜎(𝐹) 𝜎(𝐹𝐶 )
With σ(F) being the random uncertainty in the
spectrum signal at each point, and σFC being the
random uncertainty in the continuum level. The
right-most expression, based on the continuum level,
is most convenient to use in practice. Our Python
code calculates <σcont>, the “noise” variation in the
continuum over time. Since the normalization makes
FC ≈ 1, the equation boils down to SNR≈ 1/<σcont>.
We apply this to put error bars (1-sigma) on our plots
of EW vs. time

𝑖=1
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12 Appendix III:
Catalog of observed flares
AD Leo Flare Detections
UT
DATE-OBS
2021-02-06
2021-02-07
2021-02-08
2021-02-09
2021-02-11
2021-02-12
2021-02-15
2021-02-17
2021-02-17
2021-02-19
2021-02-19
2021-02-20
2021-02-22
2021-02-22
2021-02-23
2021-02-23
2021-03-07
2021-03-17
2021-03-19
2021-03-19
2021-03-20
2021-03-20
2021-03-21
2021-03-21
2021-03-23
2021-03-28
2021-04-01
2021-04-03
2021-04-03
2021-04-04
2021-04-04
2021-04-09
2021-04-10
2021-04-10
2021-04-11
2021-04-13
2021-04-18

Flare 1
Flare 2
Flare 3 Span of observations
EW H-gamma frac
EW H-gamma frac
EW H-gamma
# flares frac
span
MJD Instr. per night MJD peak peak
MJD peak peak
MJD peak peak
hours
9251 ALPY
3
0.76
9.65
0.94
9.11
0.97
9.56
7.68
9252 ALPY
3
0.78
21.24
0.88
10.16
0.96
10.23 6.528
LISA
0
9254 ALPY
1
0.99
19.60
7.39
9256 ALPY
0
6.58
9257 ALPY
1
0.72
7.71
3.86
9260 ALPY
2
0.87
8.80
0.90
8.90
7.87
9262 LISA
1
0.71
8.03
3.79
9262 ALPY
1
0.72
9.48
7.03
9264 LISA
3
0.68
10.95
0.72
8.63
0.79
12.26
8.26
9264 ALPY
3
0.68
11.46
0.72
9.48
0.79
14.07
8.50
9265 ALPY
2
0.88
12.10
0.99
11.62
8.95
9267 LISA
2
0.85
8.24
0.91
9.20
7.85
9267 ALPY
2
0.85
9.30
0.91
10.44
8.38
9268 LISA
0
3.36
9268 ALPY
1
0.87
8.46
8.86
9280 LISA
0
2.02
9290 ALPY
2
0.72
8.88
0.82
9.71
6.98
9292 LISA
1
0.69
9.80
3.72
9292 ALPY
1
0.69
9.89
6.19
9293 LISA
1
0.73
8.00
4.03
9293 ALPY
2
0.72
9.06
0.84
11.49
7.03
9294 LISA
1
0.75
8.19
4.42
9294 ALPY
1
0.75
8.49
5.52
9296 LISA
1
0.74
7.63
2.78
9301 LISA
0
2.16
9305 LISA
2
0.70
12.17
0.74
9.49
2.69
9307 LISA
0
3.24
9307 ALPY
0
5.42
9308 LISA
0
3.29
9308 ALPY
1
0.82
8.80
5.81
9313 LISA
0
2.59
9314 LISA
0
2.38
9314 ALPY
0
3.72
9315 LISA
1
0.78
10.02
1.94
9317 ALPY
1
0.81
10.23
5.14
9322 ALPY
0
2.62
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Using Filter Wheel Gratings (Theory)
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Abstract
Filter wheel gratings make low-resolution spectroscopy easily accessible to anyone doing CCD imaging with a
small telescope. Dating back to the days of visual photometry, Mira variables have been favorite targets of small
telescope operators for their longer periods and large amplitudes. While broad-band colors are useful in
photometry of earlier type variables, they can be an unreliable indicator of spectra type in late type Mira variables
dominated by molecular absorption. We have developed a method using low resolution spectroscopy to reliably
measure the spectral type of most late type variables around their periods. In this talk we introduce the method
and a companion talk in this session with showcase its practical application to several targets.

1

Introduction and Background

Filter wheel gratings have made low resolution
spectroscopy accessible to anyone who can do CCD
imaging. The grating is installed in a standard slot of
a filter wheel so that an image taken through it
exposes the first order spectra of the objects in the
image. Taking a spectrum of a target is just as simple
as taking any image. The resolution of the spectrum
𝜆
recorded is low ( = 𝑅~ 100 to 300) but still
∆𝜆
sufficient to perform spectral classification or
measure strong features in the visible light spectrum.
Mira variables are a favorite target for backyard
observers because of their large amplitudes and long
periods. They are relevant to the understanding of
the late stages of evolution for low mass stars and
they contribute significantly to CNO enrichment and
dust production in the interstellar medium. For more
than a century the American Association of Variable
Star Observers (AAVSO) have successfully crowdsourced monitoring of many Mira variables; efforts
which have detected the onset of evolutionary
changes and have helped refine stellar models.
Broadband photometry (e.g. Johnson UBV) of late
type stars is useful for detecting changes in period or
amplitude, but broadband colors are not reliable
indicators of effective temperature or spectral type.
Significant molecular absorption alters the spectral
flux making it difficult to recover the characteristics
of the underlying blackbody.
Low resolution
spectroscopy can be used to monitor the change in

spectral type of Mira variables around their cycle.
But doing spectral classification via the MK process
(Morgan et al., 1943) is a complicated task that
requires hundreds of hours of training and practice.
In order for low resolution spectroscopy to be widely
useful for Mira variable crowdsourcing campaigns
we need methods no more complex than differential
photometry that provide easy to interpret results.
Martin et al. (2016) demonstrated as a proof of
concept that low resolution spectra imaged through
filter wheel gratings are sensitive to differences
between M, C, and S type Mira variables and the
changes in the spectrum of an individual Mira around
its cycle. At this symposium we will share further
results of our ongoing work published in Rea (2019)
and Rea and Martin (2021). This talk will focus on
the theory and Bill Rea’s talk will focus on the
application of the methods to several Mira variables.

2

The Wing Ratio

Rea (2019) showed that the principles behind
Wing photometry (Wing, 1992) could be applied to
low resolution spectra to quantitatively measure the
changes in effective temperature and spectral type
around a Mira variable’s cycle. The process relies on
a Wing ratio calculated as the flux at the maximum
depth of the TiO feature near 719 nm divided by the
quasi-continuum flux near 754 nm. The spectral type
of the target is estimated by comparing its Wing ratio
with the ratio of stars of known spectral type.
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The spectrum of a cool/late type star is
dominated by broad strong molecular absorption
bands (see Figure 1). The M spectral type is defined
by the presence of broad deep titanium oxide (TiO)
bands. At high enough spectral resolution the bands
resolve into hundreds of narrow absorption lines. But
at low spectral resolution the individual lines blend
into a single mass and appear as absorption features
several tens of nanometers wide (Figure 2). An Mtype spectrum is so dominated by these features that
it appears as a series of “peaks” occurring at the
wavelengths where there is less molecular absorption.
It is important to realize that the “peaks” are not
continuum points. Because of the blurring effect of
low resolution, they are least effected by absorption
but not free of absorption. As a result, these peaks
are referred to as pseudo-continuum or quasicontinuum points; affected by changes in the
underlying blackbody but still also significantly
affected by unresolved absorption.
Kirkpatrick et al (1995) identified six quasicontinuum points in the optical/near-infrared part of
the spectrum (Table 1). These points, and how they
evolve with changing spectral type, give the
impression that it may be possible to measure
spectral type by measuring the relative fluxes at those
points.
Figure 3 shows the predictions for ratios between the
quasi-continuum points for pure blackbodies. But to
accurately model these for real stars the ratios need to
account for the absorption influencing the points at
low spectral resolution. To simulate that for Mira
Variables we used M-giant (luminosity class III)
stellar spectra from the Pickles (1998) spectral
library. The flux-calibrated spectra in the library are
sampled a higher resolution (1300 < R < 9000) than a
spectrum imaged through a filter-wheel grating. We
did not artificially reduce their resolution, but we did

C3 C4
TiO
C2

C1 C2 C3 C4 C5
TiO

0.0

The process described in Rea (2019) can be
applied to any Mira variable warmer/earlier than
spectral type M7.
But in later/cooler stellar
atmospheres growing vanadium oxide (VO)
molecular absorption near 754 nm interferes with the
measurement (Figure 2). Azizi and Mirtorabi (2015)
proposed alternatively to measure the continuum near
704 nm and that appeared to work for them at
moderate to high spectral resolution. But Rea (2019)
and Martin and Rea (2021) found that the Azizi ratio
was not as effective as the Wing ratio at low spectral
resolution and in many cases was completely
insensitive to change in spectral type.

400

500

600

700

800

900

1000 1100

Wavelength (nm)

Figure 1: The spectrum of Mira variable R Oct at
maximum light (hottest/earliest spectral type) and
minimum light (coolest/latest spectral type).
The
wavelengths are marked for the TiO feature used in the
Wing ratio and the Kirkpatrick quasi-continuum points.
Note that C3 correlates with the continuum
measurement for the Wing ratio and C2 correlates with
the continuum measurement for the Azizi and Mirtorabi
ratio.

Figure 2: Left panel: Template spectra for M-type giants
(luminosity class III) from Pickles (1998) showing the
onset of the VO molecular features to the blue of the
C2/Wing continuum point in later spectral types. Right
panel: The same for Mira variable R Oct at filter-wheel
grating spectral resolution demonstrating how lowresolution blurs molecular absorption features.

C1
C2
C3
C4
C5
C6

653 nm
704 nm
756 nm
813 nm
884 nm
904 nm

Table 2: The six quasi-continuum points identified by
Kirkpatrick et al. (1991) for spectral types K5 to M9.
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Figure 3: Ratios of the continuum points C1/C3 (blue
triangles), C2/C5 (red circles), and Wing C3/TiO ratio
(X’s, right y-axis) computed from library spectra (Pickles
1998) over a range of spectral types. The dashed blue
line is the C1/C3 ratio from a pure blackbody. The solid
red line is the C2/C5 ratio from a pure blackbody. The
quasi-continuum ratios are read off the y-axis on the left
and the Wing ratio is read off the axis on the right. The
ratios plotted do not account for the sensitivity of the
CCD.

measure them in the same way that we measured our
grating spectra (see section 4.1). The results for the
most promising quasi-continuum point ratios are also
shown in Figure 3.
From these results we hypothesized that the
C2/C5 and C1/C3 ratios are the most sensitive to
changes in effective temperature across the M
spectral types. Like the Wing ratio, we predicted that
C2/C5 would work best for warmer/earlier spectral
types, but lose sensitivity for changes in spectral
types cooler than M7 or M8. We also predicted that
the C1/C3 ratio should vary across the full range of
M types with some aliasing between values for
earlier and later types that is resolved by comparing
with the C2/C5 ratio.

4 Additional Considerations
Practical application of the results from the
Pickles (1998) template spectra revealed several
important caveats and considerations. In working
around each issue, we sought to satisfy the goal to
create a process that would be no more difficult to
implement than differential photometry.

4.1 Wavelength Calibration
One of the general challenges of spectroscopy is
wavelength calibration. Usually, the largest source of
uncertainty in the wavelength calibration is the

Figure 4: Spectral response curve for a Sony ICX424AL
CCD (courtesy http://theimagingsource.com). This
illustrates the typical drop in spectral response between
600 – 1000 nm seen in most silicon-based detectors.

uncertainty in the zero point. This is especially true
for filter wheel grating spectra, which rely on
measuring the position of the usually over-exposed
zero-order image to set the zero point for the
spectrum.
For most filter-wheel grating setups, the zero
point of a spectrum can be determined reliably within
fewer than 3 pixels. For the setup we were using,
that correlated with 5 nm. To be conservative, we
expanded the margin of uncertainty out to 7.5 nm.
The quasi-continuum peaks are the local peaks in
the spectrum. To account for uncertainty in the
wavelength scale we measured the “peak” flux at the
maximum flux value within 7.5 nm of the expected
wavelength. The maximum TiO absorption is the
local minimum. Therefore, we measured the TiO flux
at the minimum flux value within 7.5 nm of 719
nm.
We measured our spectra with automated
subroutines, so we needed to adopt a search range for
the peak or minimum. But note that this approach
allows a person familiar with the spectrum shape
(and the location of the peaks) to measure the quasicontinuum points or TiO by-eye without a formal
wavelength calibration. This has a clear advantage
making the process more accessible and easier to use.

4.2 Near-infrared CCD Response
Silicon detectors have a well-known drop off in
efficiency in the near-infrared part of the spectrum
(see Figure 4). M-type stars put out most their flux in
the infrared, so the spectrum is recorded mostly in
regime of declining efficiency on the CCD spectral
response curve between 600 – 1000 nm. A typical
CCD has 20% lower sensitivity at the C5 point (884
nm) than at the C2 point (704 nm). Longer exposure
and image stacking can help, but the C6 point (904
113

SAS 40th Annual Symposium Proceeding

Star
R Oct
CV Oct
BQ Oct
CQ Oct
BW Oct

Spectral
Type
M5.3-8.4
M3 III
M4 III
M4/5 III
M5-7 III

Vmag
Range
6.4 - 13.2
8.9 - 9.2
6.8
8.1-8.6
7.9 - 9.1

C2/C5
1.04  0.43
3.07  0.39
3.36  0.21
2.49  0.20
1.12  0.06

Table 2: Information for R Oct and the spectroscopic
comparison stars observed with it.

Figure 5: Two spectra of Mira variable of the same
spectral type and effective temperature taken with two
different telescope/grating/camera systems.

nm) is unusable in spectra recorded with most CCDs.
To accommodate this, C6 was not used in any ratios.

4.3 Decreasing Blue Flux
As a Mira variable gets cooler and fainter the
spectral flux shifts red-ward. For pulsating variables,
their temperature is coolest when the variable is
faintest. Figure 1 shows the spectrum of R Oct at
maximum (on the bottom) and minimum light (on the
top). This is the best spectrum Bill Rea got with is
80-mm refractor at minimum light for X Oct. At
minimum light there is a significant decrease in
signal-to-noise in the blue end of the spectrum. That
has a clear effect the C1, C2, and TiO measurements.
Sometimes the signal-to-noise of the spectrum
can be improved through longer exposures and
stacking more images, but practically speaking we
struggled to do that with Bill Rea’s setup. It could be
that really what is needed is more aperture.
Unfortunately, the poor signal-to-noise on the blue
end of the spectrum has a clear effect on the C1 point
when the star is the coolest and faintest. That has a
direct effect on being able to test our hypothesis that
the C1/C3 ratio will be sensitive to differences in the
latest/coolest spectral types.

4.4 Comparison Stars
The final two considerations relate to calibrating the
quasi-continuum ratios and Wing ratio across
different telescopes and camera systems.
The
resolution of the spectrum depends on the grating
used and the distance between the grating and the
imaging plane. Figure 5 are spectra from Mira
variables with the same spectral type and temperature
taken with different telescopes/grating/camera setups.
The difference between spectra is mostly due to the
difference in resolution. At higher spectral resolution
the peaks and troughs are sharper and at lower.

To address these issues, we introduced
spectroscopic comparison stars observed with the
target. Like photometric comparison stars, they are
selected for low spectral variability and to cover the
range of spectral types which the target progresses
through over its cycle. For example, Table 2 shows
the target R Oct and the four comparison stars that
Bill Rea observed with it.
Ideally the list of comparison stars for R Oct
would include a star with a spectral type of M9 or
later.
But one of the challenges of selecting
comparisons are finding M-giants in the latest
spectral type that are not themselves long period
variables.

5

Results

Bill Rae’s presentation in this symposium
demonstrates the application of our process to three
Mira variables, including the astrophysical
significance of those results. Here we summarize the
results from Rea and Martin (2021) for R Oct to
demonstrate how our hypotheses about the C2/C5
and C1/C3 ratios faired in a real-world test.
Figure 6 shows the measured C2/C5 ratio for the
comparison stars (Table 2) as a function of their
published spectral type with R Oct plotted in a
separate panel on the right. As predicted from the
Pickles template spectra, there is a clear relationship
between the C2/C5 ratio and spectral type. This data
shows that R Oct varies in spectral type between
about M6.5 at hottest and M9 at coolest. It clearly
never got as hot as CQ Oct (spectral type M5.5) and
it got cooler than BW Oct (spectral type M7). This is
consistent with the published range for R Oct of
M5.3 to M8.4 (deLaverny et al., 1997).
Figure 7 shows that as expected, the Wing A/B
ratio does not register a clear variation around most
of R Oct’s cycle. The middle panel shows the visual
and V band brightness measurements, indicating the
time of minimum and maximum. There is some
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Figure 8: The C1/C3 (top panel) and C2/C5 (bottom
panel)
ratios
measured
from spectra, and the
brightness of R Oct (middle panel) over about 2.5 cycles
between 11 October 2015 and 25 September 2018. The
photometry in the middle panel is from the AAVSO
database, observers RWSA (Bill Rea) and KEI (Ejii Kato).
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Figure 6: A plot of the C2/C5 ratio measured from the
spectra of the comparison stars plotted against their
surface temperature. Horizontal dotted lines mark the
minimum and maximum C2/C5 ratio measured for R Oct.
The distribution of ratio values measured for R Oct are
shown on the right on the same y-scale in the detached
panel.
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Figure 7: Wing C3/TiO (top panel) and Azizi C2/TiO
(bottom panel) measured from spectra, and the
brightness of R Oct (middle panel) over about 2.5 cycles
between 11 October 2015 and 25 September 2018. The
photometry in the middle panel is from the AAVSO
database, observers RWSA (Bill Rea) and KEI (Ejii Kato).

response as a dip in the Wing A/B ratio near the time
of maximum brightness, when the effective
temperature was hottest.
But the ratio is
unresponsive to changes in the spectrum when the
star is cooler.
The Azizi and Mitorabi (2015) ratio, which is
designed to avoid the Wing ratio’s short comings
with spectral types later than M6, is not effective at
spectral resolution this low. The response in the ratio

is hard to discern even when near maximum
brightness.
Figure 8 the C2/C5 ratio (bottom panel) varies in
sync with the brightness of R Oct, supporting our
hypothesis that it is an effective measurement of
spectral type in cooler stars. The results from the
Pickles template spectra also predicted, the flattening
of the C2/C5 near R Oct’s minimum brightness when
the target is coolest. Simulated measurements of the
Pickles template spectra also predicted that C1/C3
would be a more effective measure of changing
spectral type when R Oct is coolest near minimum.
But the decrease in flux at the C1 point interfered
with any clear result as the target got cooler and
fainter. The increased noise dominates the ratio
when R Oct dips fainter than V > 10.0.

6

Conclusion

Our work demonstrates that variation in spectral
type can be measured quantitatively using low
resolution spectroscopy obtained with filter wheel
gratings. Ratios of the flux at quasi-continuum
points, extend the sensitivity to spectral types to
later/cooler types than can be discerned with the
Wing A/B ratio. Observers doing photometry for
Mira variables should consider adding a new
dimension to the data they are gathering for long
period variables by adding a grating to their filter
wheel and imaging the star’s spectrum.
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Abstract
In this paper we apply the methods outlined in the previous paper to three M-type Miras; (1) X Oct with a period
of about 200 days and which has a published spectral type range of M3 to M6 and show that in this range the
depth of the TiO absorption line at 719nm relative to the quasi-continuum point at 756nm was able to follow
these changes throughout the cycle. (2) R Oct with a period of about 407 days and published spectral type
range of M5.3-M8.4 for which the TiO absorption line loses its sensitivity beyond about M6. We show that the
use of ratios of quasi-continuum points allowed us to continue to follow changes in spectral type beyond M6. (3)
R Cen with a period of about 502 days and which is thought to be undergoing a helium flash. We present
evidence that if the helium flash resulted in a dredge up event which changed the spectral type from M to S or C,
that this could be detected with low resolution spectra.

1

Introduction and Background

This paper is a follow-on to Martin (2021) also
presented at this conference. In the previous paper
we outlined some methods to analyze spectra of Mtype Miras and in this paper we apply those methods
to R Oct, X Oct, and R Cen.
There are three broad spectral types of Mira-type
variables: M, C, and S.
Over time the surface
composition (and spectrum) of each is affected by the
dredging-up of material, primarily carbon, processed
through advanced post-main sequence nuclear shell
and core burning. M-types are characterized by
oxygen enhancement relative to carbon which gives
rise to metal oxide absorption lines, TiO being
particularly important. S-types have about equal
amounts of both carbon and oxygen and prominent
ZrO, YO, and ScO molecular absorption lines. In Ctypes molecular carbon, and molecules including
carbon are more abundant than oxygen.
A small number of Mira variables have been
observed undergoing significant changes on
comparatively short time scales including amplitude
and period changes and changes in the shape of their
light curves. An even smaller number of Miras have
also changed their spectral types including two
southern hemisphere Miras, TT Cen and BH Cru.
Both evolved from SC to C types with the evidence
for BH Cru being significantly stronger than that for
TT Cen, (see Whitelock (1999) for further details.)

In the Northern Hemisphere LX Cyg underwent a
similar change from spectral type S to C sometime
between 1975 and 2008 while simultaneously
increasing in period from ~460 days to 580 days
(Uttenthaler et al., 2016). We show below that these
changes in spectral types (from M to S and S to C)
can be detected with low-cost grating spectroscopes.
This allows amateur observers to do long term
monitoring of Miras thought to be experiencing a
helium shell flash for which it is difficult or
impossible to get sufficient time on professional
instruments for such monitoring. See Section 2 for a
detailed discussion of one such Mira.
Their long periods and large amplitudes (Martin
et al., 2016) have made Mira-type variables a favorite
target for non-professional observers (i.e. AAVSO
LPV Section) for more than a century. Advances in
technology readily available to those observers at low
cost has lowered the barrier to incorporating
spectroscopy into a variable star observing program.
The molecular bands that define the different spectral
types are easily distinguished at a spectral resolution
as low as R ~ 100 which are easily achieved by
inexpensive diffraction gratings such as the Paton
Hawksley SA-100 and SA-200 which fit into a
standard filter wheel. Most CCD cameras have
sensitivity well into the near infrared where Mira
variables put out most of their energy. This makes
getting a spectrum of a Mira variable almost as easy
as taking an image through a standard photometric
117

SAS 40th Annual Symposium Proceeding

2

R Centauri

Very few Mira variables are undergoing a helium
shell flash which could result in a dredge up event
and change their spectral type. Here we consider R
Centauri, which may be experiencing a helium shell
flash, and is a candidate for a dredge-up event and
type change.

2.1

What is known about R Cen?

R Centauri (R.A. = 4h 16m 35.6s, Dec = -59o 54'
43'', J2000) is the prototype for dual maximum Mira
variables. Dual maximum Mira variables exhibit
double maxima (Walker and Greaves, 2001) together
with alternating deep and shallow minima. R Cen is
a popular target with both visual and photometric
observers. The AAVSO database (AAVSO, 2016)
now contains over 30,000 observations dating from
1891. Some of these data are presented in Figure 1.
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filter. Changes between oxygen rich and carbon rich
atmospheres resulting from a dredge up event should
be easy to detect.
The average range of temperature variation for
an individual Mira variable over the course of its
pulsation cycle is about 500K (Garrison, 1972). That
change in temperature has some impact on, but does
not dramatically change, the shape of the black-body
curve in the visual range. However, the changes are
detectable with these low-resolution spectrographs.
Details of these changes for very cool Miras were
given in (Rea and Martin, 2021). Temperature
changes can, however, impact the photo-dissociation
of metal oxides in the stellar photosphere, leading to
weakening of the titanium oxide (TiO) absorption
bands with increasing temperature and growth in
opacity of the zirconium oxide (ZrO) and vanadium
oxide (VO) bands with decreasing temperature (Mais
et al., 2004). This effect is clearly observed at high
spectral resolution, but until recently it was unclear
what might be learned from comparing spectra of R ~
100 at different points an individual star's cycle.
The remainder of the paper is structured as
follows; Section 2 presents a review of what is
known about R Centauri, one of the southern
hemisphere targets in the initial phase of this
research. Section 3 discusses the stars observed and
observing equipment. Section 4 presents the spectra
and related light curves; Section 5 contains our
discussion and Section 6 our conclusions and some
suggestions for future directions.

V Band
Visual

(b)

20000

21000

22000

23000

JD−2430000

Figure 1: The light curve of R Centauri for two separate
5000 day intervals. In panel (a) the light curve shows two
clear maxima of nearly equal brightness with alternating
deep and shallow minima. Panel (b) shows the light
curve from a later period after which the period had
shortened, the amplitude decreased, and the second
maximum had decayed to be not much more than a
slight rise in the otherwise descending phase.

R Cen's spectral type was reported as ranging
from M5.5 to M9+ by Crowe (1984) based on the
analysis of 25 spectra taken over the course of a
cycle. Mira variables with double maxima are rare
(Hawkins, et al., 2001); R Cen was of this type but
has continued to evolve and in the most recent cycles
what was a second maximum is now no more than a
small rise in brightness on its descending phase.
Figure 1 presents two sets of photometric data
5000 days in length. In panel (a) there is a very clear
alternating pattern between deep and shallow minima
with maxima of similar brightness. This feature
identifies R Cen as a dual-maximum Mira. The
present-day decline in the amplitude and change in
shape of the light curve is particularly evident in
panel (b) of the Figure. Today R Cen no longer dips
to close to 12th magnitude at minimum light. Now,
the minimum is approximately two magnitudes
brighter, certainly brighter than 10th magnitude when
estimated visually. There are some indications that
the amplitude is increasing again in the most recent
cycles.
Templeton et al. (2005) studied period changes
in 547 Mira variables and reported that eight of them
had changes above the 6-sigma-level. R Cen was one
of these with a period change at the 8.63-sigma level.
Templeton et al. (2005) argue that the period
changes in R Cen and others were all due to the
effects of thermal pulses. Templeton et al. (2005)
predict that up to 2-3% of Mira variables could be
affected by thermal pulses. The eight Miras with
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period changes significant at the 6-sigma-level or
higher comprise 1.6% of their sample, suggesting
their estimate is reasonable.
Thermal pulses give rise to thermonuclear
processed material from deep in the star being
brought to the surface. This mixing of interior
processed material into the photosphere is a dredge
up event. Dredge up events should change the
composition of the atmosphere enough to affect the
star's spectrum. While Uttenthaler (2013) point out
that not all He-shell flashes will result in a dredge-up
event, no dredge-up events will occur without a Heshell flash.
Such a dredge up was observed in BH Cru. Over
the last few decades its type changed from S to C
(Uttenthaler, 2013).
The change in spectrum
correlated with a clear detectable in pulsation period,
implying that it is possible to observe the results of a
dredge up event in real time. To date no such events
have been observed as they happen because it is
difficult to obtain long-term monitoring with
equipment of sufficient spectral sensitivity to detect
changes. This is where more non-professional
observers can help. If the first signs of a dredge up
are detected early, then these rare events can be
caught and observed in more detail.
Hawkins et. al (2001) performed a theoretical
analysis of the light curve of R Cen based on the
evidence from computer simulations reported by
Wood and Zarro (1981). Hawkins et al. (2001)
conclude that the changes in the light curve are
consistent with a helium-shell flash.
If R Cen is undergoing a helium-shell flash right
now, then a dredge up event could also be in
progress. This makes R Cen a prime target to
monitor for changes in its spectrum. Low resolution
spectroscopy should be able to detect changes if they
are significant enough.

3 Target Stars and Observing
Equipment
Table 1 presents a list of stars observed in the
this project. Further details from this study can be
found in Martin et al. (2016), Rea (2019), Rea and
Martin (2021) and Martin and Rea (2021).

3.1

Observing Equipment
Two telescopes participated in this study:
1. Bill Rea operated an 80-mm f/6 Explore
Scientific
apochromatic refractor
in
Christchurch, New Zealand with an Atik
414E Mono CCD camera using a SONY
ICX424AL front-illuminated chip. The plate

scale in the imaging plane was 2.77
arcseconds/pixel. He used a Paton Hawksley
Star Analyzer 100 grating yielding a first
order spectrum with a dispersion of 1.488
nm/pixel.
B and V photometry has been obtained from
the AAVSOnet Bright Star Monitor
telescopes
in
Australia,
primarily
BSM_South, a 72mm refractor.

2.

Star
X Oct
R Oct
R Cen
TT Cen
BH Cru

Spec
Class
M3-M6
IIIe
M5.3-8.4
M4-8e
CSe
SC4.5/8-e

Mira
Type
M

Vmag
Range
6.8-10.9

Period
(days)
200

M
M
S
C

6.4-13.2
5.3-11.8
9.0-15.2
6.6-9.8

407
502
462
530

Table 1: Mira variables observed by Bill Rea in
Christchurch, New Zealand. X Oct, R Oct, and R Cen
were observed around at least one cycle. TT Cen and
BH Cru were observed briefly, not around their full
cycle.

4

Spectra

In this section we present the main spectral
results. Subsection 4.1 presents the results of the
observations of the M, S, and C type Miras and
Subsection 4.2 presents the spectral changes owing to
their pulsations around their cycles.

4.1

Major Evolution M to S to C

Figure 2 presents spectra of three southern
hemisphere Miras with spectral types M (R
Centauri), S (TT Centauri), and C (BH Crucis). The
differences between the types are clear and distinct in
these spectra.

4.2

Spectral Changes due to Pulsation

4.2.1 X Oct
A total of 69 spectra of X Oct were collected
between 20 October 2015 and 25 September 2018
covering approximately four pulsation cycles. Figure
3 presents two spectra from close to maximum and
minimum light. Figure 4 presents the light curve of X
Oct in the lower part of the Figure while the upper
part presents the Wing and Azizi ratios, namely the
ratio of counts at the depth of the TiO absorption line
at 719 nm and the quasi-continuum points at 704 nm
(Azizi) and 756 nm (Wing). Sometimes 754 nm is
used instead of 756 nm, but at these low resolutions
the difference is not significant.
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Spectra of M, C, and S type Miras
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Figure 2: The spectra R Cen, TT Cen and BH Cru with
spectral types M, S and C respectively. The spectra are
offset on the vertical axis so that they do not overlap.
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We obtained 63 spectra of R Cen over the course of a
full pulsation cycle. Although evolving, it still has
two identifiable maxima and minima over the course
of a single pulsation cycle. Four spectra, two from the
maxima and two from the minima, are presented in
Figure 8. We also present the light curve and the
Wing and other of continuum ratios in Figures 9, 10
and 11. The Wing and continuum ratios were
calculated as outlined in Rea (2019), Rea and Martin
(2021) and Martin and Rea (2021). We reproduce the
table of quasi-continuum points from those papers in
Table 2.

CN
CNCN

CN
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Scaled Flux

We collected 93 spectra of R Oct between
11 October 2015 and 25 September 2018; an interval
that covered approximately two and a half pulsation
cycles.
The AAVSO Bright Star Monitor
BSM\_South measured its brightness in Johnson B
and V starting 12 November 2017. When the B
magnitude dropped below about 13, the I filter was
used in place of B. All the photometry obtained for
this study are available for download from the
AAVSO
Variable
Star
Database
(https://www.aavso.org/data-download) submitted by
observer RWSA (William Rea). Prior to November
2017, the brightness of R Oct was tracked using the
visual estimates of Ejii Kato (observer ID KEI)
submitted to the AAVSO Variable Star Database.
Figure 5 presents a portion of the light curve
covering a little more than seven pulsation cycles.
Figure 6 presents three spectra from approximately
maximum, mid- and minimum light. Figure 7
presents the two best ratios of the quasi-continuum
points together with the corresponding light curve.
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Discussion

5.1 Sensitivity to change in Mira Type
Figure 2 allows us to address if whether a
dredge-up event, resulting in a change in spectral
type, could be detected in real time.
The spectrum of TT Cen in Figure 2 is relatively
noisy because it was quite dim when the spectrum
was obtained. However even at low signal-to-noise
and low spectral resolution, it is clear that the M, S
and C type Miras have distinctly different spectra.
These spectra demonstrate that if there were a dredge
up event of sufficient magnitude to change the
spectral type from M to S or S to C, that the change

Figure 3: The scaled spectra X Oct at close to maximum
(2016-04-05, blue) and minimum (2016-01-04, black)
light. Five quasi-continuum points are marked on the
upper spectrum.

C1
C2
C3
C4
C5
C6

653 nm
704 nm
756 nm
813 nm
884 nm
904 nm

Table 2: The six quasi-continuum points identified by
Kirkpatrick et al. (1991) for spectral types K5 to M9.
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Figure 5: The light curve of R Oct with both visual and V
band observations.
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The question of whether temperature changes
could be reliably detected in low resolution spectra
was addressed in Rea (2019) and Rea and Martin
(2021). Figure 3 presents spectra of X Oct near
minimum and maximum light. There are a number of
clear differences between them including a
significant reduction in the flux in the 400-600nm
range. The peaks at quasi-continuum points C4 (813
nm) and C5 (884 nm), which are prominent near
minimum light, are almost non-existent at maximum.
The depth of the key TiO feature at 719 nm also
strengthens significantly towards minimum.
Wing (1992) proposed that the ratio of the depth
of TiO absorption at 719 nm relative to the
continuum near 756 nm is sensitive to changes in
spectral type over the range from M3 to M6. X Oct
is a good test this ratio because its published range of
spectral types is M3 to M6. To avoid some
temperature sensitive issues in later spectral types,
Azizi and Mirtorabi (2015) proposed an alternative
ratio using the TiO feature and a continuum point
near 704 nm instead. Figure 4 shows that the Wing
ratio has superior sensitivity compared with the Azizi
ratio at these effective temperatures and spectral
resolution. The Azizi ratio has been shown to work
well at higher resolution, but the resolution of our
spectra is too low for it to be useful. Our results are

Minimum Light

Maximum Light

0.0

5.2 X Oct and the Wing Ratio

C1 Point
C2 Point/Azizi Cont.
TiO/Wing A
C3 Point/Wing B
C4 Point
C5 Point

2.0

can be detected by visual inspection of the spectra
without need for more sophisticated analysis. Such an
event has never been observed as it happens so is
unknown how quickly the spectral type changes.

1.0

Figure 4: The upper part of the figure presents the Wing
and Azizi ratios calculated from the spectra together
with the light curve.
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Figure 6: The spectrum of R Oct near maximum, midand minimum light.

consistent with the published range in spectral type
(M3 to M6) for X Oct.

5.3 R Oct and Quasi-Continuum Points
Cooler/later Miras, such as R Oct, are too cool
over portions of their cycle to employ the Wing ratio.
Figure 5 shows a representative light curve in which
we can see that the heights of the maximums and the
depths of the minimums can range over as much as
two magnitudes from cycle to cycle. During the time
we observed it, the maximums and minimums were
at the low end of their historical ranges indicating
cooler effective temperature.
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cycles between spectral types M4.5 and M7. It’s
maximum Wing ratio value of about 2.8 (Figure 9)
lies between the average values observed for
comparison stars CQ Oct (Wing ratio 3.82, spectral
type of M4/M5 IIII) and BQ Oct (Wing ratio 2.21,
spectral type of M4 III). R Cen’s minimum Wing
ratio of about 6.2 is less than BW Oct (Wing ratio
5.85) which was observed near its minimum
brightness with a published spectral type of M6 or
M7. This means that R Cen is now significantly
warmer/earlier than the M5.5-M9+ range published
by Crowe (1984). It is closer to the warmer/earlier

Ratio
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C1/C3

10
12

Magnitude

8

Visual
V Band

2.0

Figure 6 presents three spectra of R Oct from
near maximum, mid- and minimum light. Like X Oct,
R Oct exhibits a considerable reduction in light
output in the 400-600nm spectral range as it goes
from maximum to minimum light. In each of the
three spectra there is evidence of growing VO
molecular features. At maximum light it is nothing
more than a ``notch'' in the 756 nm quasi-continuum
peak. As the star cools and dims approaching
minimum, the VO feature grows in strength.
Simultaneously the C4 and C5 quasi-continuum
points strengthen considerably relative to either the
C2 or C3 points.
Figure 7 presents the two best quasi-continuum
ratios for tracking the changes in spectral type for
cooler Miras: C1/C3 and C2/C5. C2/C5 is preferred
because once R Oct drops below about magnitude 10
the C1/C3 ratio is relatively flat. It is not clear if this
is due to a loss of sensitivity in the ratio or the
decrease in SNR of the C1 point due to dimming and
shifting of spectral flux toward the red. When we
observed R Oct it was in a cool period and our results
indicate it did not get as hot as spectral type M6 at
any time. The spectra from near minimum light
indicate that it was later/cooler than spectral type M8.
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5.4 R Cen is hotter
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Figure 7: The two best quasi-continuum ratios C1/C3
and C2/C5 for monitoring changes in R Oct.
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As discussed above, R Cen could be undergoing a
helium flash right now. That event injects a large
amount of heat into the stellar interior that will
propagate to the surface. The large changes in the
light curve shown Figure 1 could be caused by an
ongoing helium flash. Unfortunately, we do not have
low resolution spectra from when R Cen was clearly
a dual maximum to compare with our more recent
spectra. The rapid evolution of R Cen suggests that
other dual maximum Miras, such as R Nor, should be
monitored in case they undergo similar changes.
Figure 8 presents spectra of R Cen from near
maximum and minimum light. The four spectra
shown correspond the two maxima and two minima
of a dual maximum Mira. The differences among the
spectra from maximum and minimum are similar to
those seen in R and X Oct. The VO “notch” (in the
756 nm psuedo-continuum peak) is only visible in the
second minima, indicating R Cen does not get as cool
as R Oct. The TiO features also weaken considerably
at the second maximum, indicating the star was much
a much hotter/earlier spectral type.
The helium flash hypothesis predicts that R Cen is
right now a warmer/earlier spectral type at maximum
than when previous estimates of its spectral range
were published. Comparing R Cen’s measured Wing
ratio around its cycle with comparison stars across a
range of spectral types, we conclude that R Cen now
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Figure 8: The four spectra of R Cen, an M-type Mira.
Panel (a) close to the first maximum (blue) and minimum
(black) light and panel (b) close to the second maximum
(blue) and minimum (black).
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Figure 10: The continuum ratios of R Cen, an M-type
Mira, for continuum points C1 and C2 together with its
light curve over the course of a pulsation cycle.
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type M4.5 reported by Keenan (1974) at maximum
light. These results support predictions made by the
helium flash hypothesis.
Alternatively, the spectral type could be
estimated from ratios of the Kirkpatrick et al. (1991)
continuum points. There at 10 ratios we compared
using points C1 to C5 in the spectrum. These have
been calculated and are presented in Figures 10 and
11. The two ratios that show the best response for
determining spectral changes in R Cen appear to be
C1/C5 (653/884nm) and C2/C4 (704/813nm). C3/C5
(756/884mn) also undergoes a significant variation.
Our analysis shows that the results from those three
ratios confirm the warming of the R Cen near
maximum detected through the Wing ratio.
Despite the significant changes in brightness in
the light curve, there is little variation in the
continuum ratios apart from when the light curve
comes up to its brightest maximum. The Wing ratio
(Figure 9) is more responsive to changes in R Cen
near its minimum/coolest point in its cycle. This
appears to contradict the predictions made in Rea and
Martin (2021). It could be due to decreasing SNR in
the blue part of the spectrum (points C1 and C2)
when the star is faintest. But then it is unclear why
the Wing ratio using TiO in the same wavelength
rang is not affected in the same way. This deserves
further investigation.
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Figure 9: The light curve and Wing ratios of R Cen, an
M-type Mira, over the course of one pulsation cycle.
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Figure 11: The continuum ratios of R Cen, an M-type
Mira, for continuum points C3, C4 and C5 together with
its light curve over the course of a pulsation cycle.

feasible. However, the infrequency of those events
(only two clear and one uncertain case in the last 50
years) is a hurdle to attracting and maintaining the
large observer base necessary to quickly detect these
events.
Filter wheel grating spectra can also clearly
6 Conclusions and Future Directions
detect changes in spectral type and effective
temperature in Mira atmospheres around their cycles.
The scientific value of those kinds of observations is
The evolution in spectral type from M to C is easily
demonstrated by R Oct and R Cen.
detected by filter wheel grating spectroscopy. The
The focus of our work is to develop simple
early idea of monitoring a significant number of Mira
analysis tools capable of producing important science
variables for the onset of thermal pulses is technically
that entice more observers observe Mira variables
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with filter wheel gratings. At this point we have
developed diagnostic measurements using the Wing
ratio and quasi-continuum point ratios to produce
clear results from low resolution spectra for M type
Mira variables ranging in spectral type from M3 to
M8. Work remains to be done improving sensitivity
to changes in the coolest and warmest spectral types.
We would also like to apply our work to S and C type
Mira variables.

7
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Abstract
A speckle photometry method for observation of close binary stars is described which simultaneously measures
orbital positions, derives color indexes, and estimates spectral types of the individual stellar components. The
method combines the techniques of speckle interferometry for diffraction-limited astrometry, bispectrum analysis
for relative flux distribution of the two components, and an adaptation of differential photometry for photometric
calibration. Observations in multiple Sloan filter bands yield color indexes which are correlated with spectral type.
It is hoped that this method will provide complimentary information to improve the quality of stellar mass
estimates in binary orbit solutions as well as estimates of spectral types. The method was assessed via speckle
observations made remotely with the Fairborn Institute Robotic Observatory’s 11-inch telescope through Sloan g’
r’ i’ z’ filters. Results for four binaries are presented. Spectral types, estimated by the speckle photometry
method, were compared with WDS Catalog types. Standard Sloan magnitudes, color indexes and spectral types
of the individual binary components are provided and discussed, as well as the within-night and night-to-night
variations and error sources. Finally, suggestions are provided on how this method might be refined and further
validated.

1

Introduction

Stellar masses are one of the fundamental
building blocks of Astronomy. Binary star systems
are important because not only can the masses of the
component stars can be determined from accurately
measured orbits, but other stellar parameters can also
be derived. Measurement of color indexes and
corresponding spectral types of the individual
components can provide useful supplementary
information to support binary orbit solutions and
more accurate definition of stellar masses and other
properties for both the individual components and the
total binary system (McAlister, 1985, Horch, et al,
2001, 2004 and 2006).
Speckle interferometry and Bispectrum (triple
correlation) analysis to measure orbits have become
standard techniques used by professional astronomers
for astrometric observation of binary stars to
determine stellar masses and ages (Davidson et al.,

2009). Other types of observations—spectroscopy,
photometry, and polarimetry—help constrain stellar
properties, but are challenging to obtain for close
binaries having short orbital periods.
Binary stars are often resolved as separate stars,
i.e., visual binaries. But many visual binaries have
long orbital periods which are poorly known.
Identification of spectral types of the components
may help estimate orbits and masses before a
complete orbit has been observed. Close binaries
with rapid motion may be detected by spectroscopy
(spectroscopic binaries), but many of these are not
resolvable even with large apertures. Binaries which
overlap both the astrometric and spectroscopic
domains can have accurate, well constrained orbits
and masses, but such systems are rare.
Most close visual binaries have not been
resolved spectroscopically because they are too close,
one component is faint, or there is inadequate
telescope time with sufficient resolution.
The
method described here may be applied to many
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known or suspected binaries. The method uses
speckle interferometry for astrometry, bispectrum
analysis for flux proportions, and multi-band
observations of color index for spectral types of the
individual binary components.
The speckle photometry method for observation
of close binary stars presented here simultaneously
measures the apparent orbital position, the proportion
of flux from each component star, and their standard
Sloan magnitudes. Observations in multiple filters
yields calibrated color indexes for each binary
component, which are then used to estimate the
spectral type of the individual stars.
The method combines the techniques of speckle
interferometry, for diffraction-limited resolution,
with a modified version of differential photometry for
photometric self-calibration. Speckle bispectrum
analysis yields both astrometry and flux
measurements. The two binary component stars are
referred to below as A (primary) and B (secondary).
The speckle photometry method has eight major
observation and data reduction steps which are
summarized here and discussed in detail with
example data below:
1. Normal speckle observations
2. Flux proportions
3. Long exposures
4. Photometric self-calibration
5. Component standard magnitudes
6. Component color indexes
7. Reference star
8. Component spectral types
Over the last decade, one of us (DR) has
developed free Windows-based software packages
that enable amateurs and students to join in speckle
interferometric observations of double stars. These
programs make it easy to find appropriate targets in
the Washington Double Star Catalog (WDS) (Rowe
2017) and in the Gaia DR2 database (Rowe, 2018);
perform speckle autocorrelation analysis (Rowe, &
Genet, 2015) and (Harshaw, Rowe & Genet, 2017);
and explore bispectrum analysis (Rowe, 2020). In
2020, one of us (RG) completed building a remotely
accessible observatory for speckle observations by
students and amateur mentors. Several teams have
already made observations and published papers
(Marchetti et al., 2020), Caputo et al., 2020, Altunin
et al., 2020), Marchetti, et al., 2021). More papers are
in publication.
To explore the potential of this method, the
WDS Catalog was searched, using the WDS1.2
program (Rowe, 2017) with the following search
limits: 0.7" < ρ < 3"; MA < 10; Dec > 0; and
Δmagnitude < 2. The resulting long lists were then
scanned manually to find stars that have estimated

orbits (WDS note “O”) and known spectral types for
both components. Orbit details were then taken from
the 6th Orbit Catalog. It was a surprise to find that
relatively few binaries in the Washington Double Star
(WDS) Catalog (only a few percent) have spectral
types given for both components.
The binaries in Table 1 were chosen for initial
validation observations because they were easily
accessible during fall and winter evenings, covered a
range of separation within the seeing disk, and the
components of these systems sampled a broad range
of WDS spectral types, A F G K M. It is noted that
the Hipparcos and Gaia satellites have already
resolved these binaries and provided high-quality
photometry for them. However, once validated with
a small telescope, this method should enable speckle
photometry with larger apertures that could reach
smaller separations (and hence shorter periods), well
below the ~0.6” Gaia resolution limit.
The three goals of this project were to:
• Explore the capabilities of speckle
photometry to measure the component
magnitudes
in
several
standard
photometric bands.
• Demonstrate whether color indexes of
the individual components could be
measured with sufficient accuracy to
estimate their spectral types.
• Evaluate the uncertainties inherent in
the method and identify the major
sources of uncertainty.

2

Equipment

Observations were made with the Fairborn Institute
Remote Observatory (FIRO) telescope shown in
Figure 1 (Marchetti, Caputo, and Genet, 2020). The
telescope consists of C-11 optics on a custom “L”

Table 1. Summary of characteristics of the four binary
stars observed in this initial development of the Speckle
Photometry method. The first 6 columns are from the
WDS Catalog: WDS coordinates, Discovery code,
magnitude (assumed to be V band), predicted θ and ρ on
2021.0 (from the 6th Orbit Catalog), WDS spectral type,
and orbital period (6th Orbit Catalog). Supplementary
data from the Gaia (DR2) catalog is also provided: Gaia
G magnitude, (Bp-Rp) color index, parallax (milli-arcseconds), and distance (parsecs).
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mount driven by a SiTech Control system (Gray,
2020). Instrumentation consists of a ZWO ASI
1600MM CMOS camera, 1.5X Barlow lens,
automated Clement focuser, and five-position filter
wheel with Sloan filters: g', r', i', and z' (Generation 2
filters from Astrodon).
The Astrodon filter characteristics, shown in
Figure 2, were designed to match wavelengths of the
Sloan Digital Sky Survey (SDSS) as closely as
possible, but have higher transmission (up to 99%).
The front-illuminated CMOS camera quantum
efficiency (QE) declines earlier than the backilluminated CCD detectors used in SDSS. Therefore,
the Astrodon z’2 long-pass filter was chosen to
maximize sensitivity. After these observations were
made, the ZWO ASI 1600 camera was replaced with
a ZWO ASI 183 camera which has a backside
illuminated chip with higher QE out in the red.
For this exploratory phase of the project, no
image calibration was done. Standard photometric
practice (using dark, flat, and bias frames to calibrate
both the speckle and long exposures) should improve
photometric accuracy. This would probably improve
the component flux proportions, color indexes, and
spectral type correlations presented below.

3

Figure 1. The Fairborn Institute’s robotic observatory
(FIRO) was accessed remotely in real time for the
observations described in this paper.

KR 60AB Example

The eight steps of the speckle photometry
method were first applied to the nearby red dwarf
binary WDS 22280+5742 = KR60AB. WDS gives V
magnitudes of 9.93 + 11.41 and spectral types M3.5V
+ M4.5V. Results from KR60AB observations are
provided in each of the eight subsections below to
illustrate the eight steps in the method.

3.1

Normal Speckle Observations

A binary star is observed with normal speckle
techniques, consisting of many short exposures for
each filter, as well as observation of a single
reference star. Bispectrum Analysis (BSA), also
known as triple correlation, is performed on the
images. The reference star images are used in
deconvolution, removing optical aberrations that
appear in both the binary and single star images. BSA
processing of the sequence of many short exposures
yields a reconstructed, diffraction-limited image of
the binary star, from which astrometric measurements
of separation and position angle are made. BSA
images of KR60AB are shown in Figure 3.

Figure 2. The Astrodon filter set was used for all
observations. Approximate filter characteristics and
camera QE were derived from manufacturer’s literature,
with estimated peak QE = 60% for the front-illuminated
CMOS detector. The z’_2 long-pass filter was used
instead of z_s2 cutoff filter to maximize sensitivity.
Right: filter equivalent center wavelengths, convolved
with the ZWO ASI 1600MM camera QE.
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Figure 3. Bispectrum Region of Interest images from the
first set of observations of KR60AB, with east left, north
up. The images are 128x128 pixels (22"x22") in size.
Sloan g' (top left) r' (top right) i' (bottom left) z' (bottom
right) bands. Combining five sets of observations
across all four filters yielded an average (and standard
error of the mean) for separation ρ = 2.043" ± 0.020" and
position angle θ = 208.00 ± 0.49 degrees. This red dwarf
pair is relatively faint in g’ and even in r’, but is still
bright in z’, even though camera QE has fallen off.

Image scale (arc-sec/pixel) and camera
orientation on the sky were measured by plate
solving several full-frame images of the area around
the target on each night. Plate solving is incorporated
into the SiTech control software and is the standard
speckle calibration procedure at FIRO. Plate solving
produces remarkably accurate and consistent
calibration results, much better than the drift
calibration method used in earlier speckle
observations (Wasson, 2020).
All speckle analysis is done with the Speckle
Tool Box (STB) software (Rowe, 2020). It is
important to use the speckle analysis tools and
parameters within STB in a consistent way,
especially for photometry-related measurements, to
keep from introducing small but unnecessary
differences among the observations.

3.2

Flux Proportions

Approximate signal/noise ratio (S/N) for the five
sets of Bispectrum analysis (BSA) images are shown
in Figure 4 in the time sequence taken. Because of
the low dark current and read noise of the CMOS
camera, it is believed that the dominant noise sources

Figure 4. Time sequence of S/N for the binary
components in BSA reconstructed images. The large dip
in both A and B during the second set, occurring only in
the i’ filter, was probably caused by a small cloud or jet
contrail.

of the speckle BSA images are variable extinction
and shot noise.
In Figure 4, the four solid lines are the A
(primary) star, and the four dashed lines are the B
(secondary) star. Note the large dip in both A and B
during the 2nd set, which occurred only in the i’
filter. This was apparently caused by a small cloud
or jet contrail briefly drifting by during some of the
1000 frames. The time sequence of the long
exposures showed no such dips.
Since the BSA reconstructed image approaches
zero wavefront error, it contains approximately
correct flux which is used to extract the flux
proportion of each component from the image. In
addition to the usual astrometric ρ and θ
measurements, flux proportion is the only
photometric product of the resolved BSA images
shown in Figure 3.
In the BSA images, both stars have the same
point spread function (psf), but rise above the
background by different levels, making them appear
to have different sizes. The same photometric
aperture must be used for flux measurement of each
component, and the aperture is sized to fit closely
around the fainter star to avoid including background
noise. Even though the small aperture may appear too
small for the brighter star, using the same aperture
means that the same percentage of total psf flux (and
consistent magnitudes) are measured for both stars.
Flux Proportion (FP) is defined in equation (1),
where either ADU or photo electron signals give the
same results. The sum of the A + B proportions is
always 100%.
(1) FPA = ADUA / (ADUA + ADUB)
FPB = ADUB / (ADUA + ADUB)
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Although the S/N data in Figure 4 seem quite
ragged—even without considering the “cloud”—the
BSA reconstructed images produced good
repeatability and smooth trends in the FP for each
component, as seen in Figure 5. The i’-band dips are
plotted as “x” symbols there; this dimming
apparently diverted a greater proportion of light away
from the B star than from the A star in the BSA
solution. In further analysis for each band the
average FP of the five sets was used, but only 4 sets
in i’, neglecting the “cloud” data.

3.3

Long Exposures

Deep CCD exposures of the binary itself, taken
in all-sky Surveys such as SDSS, Pan-STARRS, and
APASS, provide standard Sloan photometric
magnitudes of the unresolved binary star. During
long exposures in the speckle photometry method,
the atmosphere mixes the close binary components
into an unresolved seeing disk, just as it does in the
survey images. In this way, the long exposures
provide a means of self-calibration, without the need
to observe a separate comparison star.
After speckle exposures for one filter are
completed (typically several hundred to a thousand),
the binary is immediately observed with 10 long
exposures. These are about 10 to 20 times longer than
the speckle exposures, using the same filter and
camera Region of Interest (RoI). The long exposures
enable atmospheric jitter to smear out the binary
image to become a seeing-limited single star.
Multiple images are taken and stacked to achieve
high S/N, while avoiding tracking error drift.
The long exposures are interleaved immediately
after each group of speckle frames to make the
exposures as near in time as possible within each
filter, thus minimizing the time for significant
variations of the atmospheric noise to develop,
especially variable extinction. The interleaved
sequences are observed in this order:
(1)
(2)
(3)
(4)

g' speckle, g' long
r' speckle, r' long
i' speckle, i' long
z' speckle, z' long

This constitutes one “set” of observations:
a
sequence of speckle and long exposures in all filters.
To assess repeatability statistics of the astrometric
and photometric results, several sets of observations
were made (three to six sets were typically acquired),
composing a single nightly observation. Five
KR60AB sets were observed on the first night.

Figure 5. Flux proportions of the A and B components of
KR60AB, produced by aperture photometry of the five
sets of BSA images in the g' r' i' z' bands. Repeatability
is good, except for the cloud-affected image, which was
ignored in further analysis. Data for the g' r' i' z' filters
are plotted at their respective center wavelengths given
in Figure 2.

This approach is a variation on the common
practice of differential photometry of variable stars,
but without the wider field needed to include
comparison and check stars in CCD imaging. The
long exposures of the target binary itself, using the
same RoI, play the role of a “secondary standard”
comparison star, providing a way to adjust the
instrumental magnitude to the magnitude on a
standard system.
It may be possible to eliminate the long
calibration exposures by processing the speckle
exposures in a different way, in addition to BSA:
stacking all the short speckle exposures to create a
single long exposure with an equivalent unresolved
atmospheric seeing disk. This would save observation
time but would require care in centroiding to account
for telescope tracking drift. This technique could be
explored in the future.
The long images are stacked to produce a single
image with high S/N and a more symmetric psf. The
flux is measured with a photometric aperture suitable
for the seeing disk, much larger than for the two stars
in the BSA image. Wide separation may lead to
asymmetric star images, but a larger photometric
aperture can still include all the light, albeit with
added background noise. The atmosphere will usually
blend the components well enough, up to ρ < 3". The
same aperture, large enough to include all the light in
all four bands, is desirable for consistency of color
index calibration. It is also needed to account for
longer wavelengths having a larger psf, although
atmospheric blurring is usually reduced (better seeing
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at long wavelengths). The relative brightness of A
and B may also change the asymmetry among filters.
It is assumed that neither component of the
binary is a variable star. However, small-amplitude
variability is common and constitutes an added noise
source. If one component were a variable star with
large amplitude, i.e., well above the noise of
photometric calibration, it might be possible to
determine its approximate light curve over a series of
observations.

3.4

Photometric Self-Calibration

In our preliminary evaluation of this speckle
photometry method, standard photometric image
calibration using flat, dark, and bias frames was not
done. Therefore, some noise is present which could
have been suppressed by careful calibration.
However, a small RoI (256x256 pixels) was used, so
the star was always near the camera field center even
though not guided. Also, the CMOS camera has low
dark current and low read noise. Recording 300 to
1000 speckle frames for each filter, typical of speckle
practice, helps reduce noise. Therefore, shot noise,
especially for faint secondary components, is likely
the dominant noise source.
The long exposure images were not processed,
except for stacking to create a single high S/N image
for each filter. The same aperture, as noted above,
was used in STB to measure long-exposure flux in all
four filters for consistency of color index calibration.
The net ADU flux within the aperture was converted
to photoelectrons per second, to account for camera
gain and different exposure times for different filters.
The instrumental magnitude of the unresolved binary
was calculated from the net flux measured in the
stacked long exposure, using equation (2).
(2)

m(A+B) = -2.5 * Log10(Net Flux A+B)

For each filter, the instrumental magnitude (m)
was then compared with the standard magnitude (M)
from survey catalogs. The AAVSO APASS
photometric survey catalog, Data Release10
(AAVSO, 2020), was generally used because it had
brighter magnitude limits, included magnitudes for
all four Sloan filters more consistently, and was more
easily accessed than other large photometric surveys.
A Calibration Factor (magnitude difference) was
calculated per equation (3):
(3) ZA+B = (MStandard – mInstrumental)A+B
This simple calibration factor includes
instrumental transformation to the standard system,
so it is valid for only one filter at a time. It also

Figure 6. The calibration factors (“zero Points”) for
KR60AB had good repeatability for the five sets of long
unresolved exposures. Z is defined as the magnitude
difference: APASS10 Standard magnitude - Instrumental
magnitude, equation (3).

includes the variable atmospheric extinction terms
which impact photometry: air mass, sky transparency
and extinction effect on color. Since the sky may
vary rapidly, frequent “recalibration” is assumed to
be required; therefore, a new series of long exposures
is observed for every series of speckle frames. The
calibration factors for each filter, noted as Z in
equation (3), are the final product of the long
exposures, and are shown in Figure 6, where all five
points lie closely together in the r' band (624 nm),
which has the highest S/N.
The long exposures are the only photometric
calibration used in this method, i.e., they define the
calibration factors which transform the unresolved
star instrumental magnitude to the standard Sloan
system. In some ways the calibration factors are
analogous to the zero points of all-sky photometry;
however, they are only a short-cut global
approximation of the combined photometric
correction terms, rather than a rigorous determination
of extinction corrections and instrumental
transformation from standard star measurements. In
effect, the binary star itself is treated as a secondary
standard star for self-calibration.
The calibration factors in Figure 6 are intended
to account approximately for all photometric errors,
both constant (e.g., filter/detector transformations)
and transient (e.g., extinction). This approach is
something like differential photometry, where the
long exposures play the role of a comparison star to
adjust an instrumental magnitude to a standard
system magnitude. In the spirit of differential
photometry, a better technique could take long
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exposures both before and after the speckle frames,
then use the average to get the calibration factor,
overlapping the time and conditions of the speckle
frames.
A key assumption is that the calibration factor,
which is measured from the unresolved combined
light of both components, may be applied to the
individual A and B stellar components. This
assumption seems reasonable for similar stellar types
and colors, but it may cause systematic errors in the
B star for high delta magnitude binaries, where the
primary star dominates the long exposures but A and
B have much different colors and S/N.

3.5

Component Standard Magnitudes

To estimate the instrumental flux of the binary A and
B components, equation (4), the combined flux
measured from the stacked long exposures is simply
multiplied by the flux proportion (FP, equation 1) of
each component measured from the reconstructed
BSA image.
(4) Net FluxA = Net FluxA+B * FPA
Net FluxB = Net FluxA+B * FPB
The instrumental magnitude of each component
is then calculated from equation (5).
(5) mA = -2.5 * Log10(Net Flux A)
mB = -2.5 * Log10(Net Flux B)
Finally, the standard magnitudes of the
components are estimated simply by adding the
calibration factor back to their instrumental
magnitudes, equation (6). This key assumption of the
method bears restating: although the calibration
factor is derived from the unresolved star, it is
applied to each component of the binary separately,
to estimate its standard magnitude.
(6) MA Standard = mA Instrumental + ZA+B
MB Standard = mB Instrumental + ZA+B
The resulting estimated standard magnitudes for
the components of KR60AB are shown in Figure 7.
The magnitudes of the A star are reasonably
consistent with the APASS10 survey, but the B
component is significantly fainter. The WDS
magnitudes (presumed to be Johnson V) are
9.93/11.41, or Δmag ~1.5. At the V filter center WL
(~540nm) the speckle photometry estimated Δmag is
~2.4, almost a full magnitude fainter.
After the observations were made, it was found
that the B component is the known flare star DO Cep,
with a visual range >1 magnitude (combined light of

Figure 7. Top: speckle photometry estimated standard
g' r' i' z' magnitudes of the A and B components, based
on the flux proportions of Figure 5 and the calibration
factors of Figure 6. Bottom: added standard magnitudes
of APASS10 (combined light), which are slightly brighter
than the A component, as expected.

both components); if the variability is mainly from
the B component, its range may be >2 magnitudes.
APASS10 data has uncertainties less than 0.06
magnitude in the 2 to 4 observations in each filter for
this star. It seems unlikely that it was observed by
APASS only during several similarly brightened
episodes; however, the long-term AAVSO light curve
does show sustained periods of roughly constant
brightness.

3.6

Component Color Indexes

Color index is the difference in standard
magnitude between any two filters. Measuring color
indexes of the A and B components of a binary star
on the standard Sloan photometric system is a major
goal of this speckle photometry method. Therefore,
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the filters must be grouped together in a set of all four
filters observed with their long calibration exposures
close together in time, as described in Sections 3.3
and 3.4. Three to six sets of filters were observed,
each set considered as a sample independent from the
other sets, to assess photometric uncertainty and
identify outliers. Color indexes are calculated from
the filters within each set, and overall nightly color
indexes are taken from the average magnitudes of all
sets.
Six color indexes are formed from the four g' r' i'
z' filters: (g'-r'), (g'-i'), (g'-z'), (r'-i'), (r'-z'), and (i'-z').
Although all six are equally valid, an error in any one
standard magnitude will propagate into three of the
color indexes.
Most photometric correction terms will tend to
cancel in this method, as they do in differential
photometry, where the variable and comp stars are
observed under nearly the same conditions. However,
the 2nd-order (color) extinction term is not trivial for
stars of different colors, particularly for a binary
consisting of an early primary and a late secondary
star. The 2nd-order correction is not well accounted
for in this method because it includes the color index
times airmass; color index is large for red stars, and
airmass is never less than 1. This is analogous to
using a comparison star of much different color in
differential photometry. Therefore, this term may
add a systematic error to the color indexes of a bluered binary, particularly to the redder star.
Color Indexes are compared in Figure 8, plotted
in order of a “normalized wavelength” parameter
which is simply the difference in center wavelength
(WL) between any two filters, divided by their
average WL. The normalized WL places the color
indexes roughly in order of increasing sensitivity,
corresponding generally to the separation of the
filters.
For late red stars, such as both components of
KR60AB, the color indexes are large and have a
roughly linear character seen in Figure 8, but the
primary star follows the APASS10 trend much more
closely than the secondary star.
The more
pronounced secondary star “bump” at the r'-z' index
is not understood; it may simply be noise, or an
artifact of photometric transformation among
broadband filters, or it could have astrophysical
meaning, perhaps related to the molecular absorption
bands that appear in cool, red stars.
The standard deviations for the speckle
photometry color index data plotted in Figure 8 are
reasonably small: A <0.02, B < 0.06, which are
within the size of the plotted symbols. This is
probably due to the frequent self-calibration with
unresolved observations adjusted to APASS10 data
which had internal standard deviation errors < 0.06

Figure 8. Example of color indexes from the APASS10
photometric survey and the speckle photometry
method.
The normalized wavelength parameter
accounts for both WL difference and the WL region in
which the difference occurs. The primary star closely
follows the APASS10 trend, while the secondary has a
significantly different character.

magnitude. The standard deviations from APASS10
and the speckle photometry observations are added
together as a conservative estimate of the internal
error: A ~0.08, B ~0.12 magnitude. This is
comparable with uncertainties estimated by Horch et
al. (2001 & 2004) for small telescopes.

3.7

Reference Star

Somewhere among the repeated sets, a single
reference star is observed in each filter. The reference
star is used in standard speckle deconvolution
processing to normalize the effects of optical
aberrations on spatial information in the speckle
frames, sharpening the bispectrum image results. No
long exposures are required for the reference star
since it is not involved in extracting photometric
information. The only requirement for a reference
star is that it should be single and brighter than the
target binary star in all filters.
The reference star was only observed once for
BSA deconvolution; it is best observed in the middle
of the several photometric sets. For example, a
complete nightly observation for one binary star,
taking about 1 hour, might be:
Set1 (g r i z)
Reference (g r i z)

3.8

Set2 (g r i z)
Set4 (g r i z)

Set3 (g r i z)
Set5 (g r i z)

Component Spectral Types

The foundation of spectrophotometry was laid by
correlating Johnson U B V photometry color indexes
with the spectra of Morgan-Keenan spectroscopic
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Table 2. The equations transforming Johnson-Cousins
B V Rc Ic photometry bands to Sloan g' r' i' z' bands.

standard stars (Johnson & Morgan, 1953). As
detectors became more red-sensitive, the correlation
was extended to the Johnson-Kron-Cousins U B V
Rc Ic bands. These J-C color index relationships to
spectral type were refined to a continuous set by
Pecaut & Mamajek (2013), then further refined,
expanded, and made accessible on the web site of
Mamajek (2019), which was the source for this work.
A photometric transformation was required from
Johnson-Cousins B V Rc Ic magnitudes to the Sloan
g' r' i' z' system; the transformation set of Rodgers, et
al. (2006) was used, Table 2.
The spectrophotometric tables of Mamajek,
transformed from Johnson-Cousins B V Rc Ic bands
to Sloan color indexes, are plotted in Figure 9. Each
of the six color indexes has a unique and equally
valid relationship with spectral type. The data are
continuous and monotonically increase with spectral
type (and with the corresponding numerical
parameter at bottom, used for ease of calculation).
The Mamajek tables are limited to normal dwarf
stars on the main sequence that are near enough to
the Sun that they are not significantly reddened by
interstellar dust. The spectral types are uniformly
divided into a sequence of sub-types from B0 through
M9. By interpolation of the measured color index
versus the numerical spectral parameter, each
measured Sloan color index provides an estimate of
spectral type.
Figure 9 (at the end of the paper) shows that each
color index has a different sensitivity to spectral type.
A smaller variation with spectral type would have a
greater uncertainty for the same Δ magnitude
measurement accuracy. Therefore, the approximately
linear slope (spectral sensitivity) in the range from
A0 to K0 is used as a weighting factor for its color
index, when calculating the weighted average
spectral type of each binary component star. These
sensitivity slopes are given in Table 3. There are
many possible alternative weighting methods, but
others were not explored.

Table 3. The sensitivity of color index to spectral type,
derived from Figure 9. Slopes are defined as the
difference in Color Index between types A0 and K0,
divided by the difference in the numerical spectral
parameter (40-10=30). The i'-z' Color Index, orange, is
smallest, least sensitive to spectral type, and most
subject to photometric errors.

Table 5. Spectral types of the A and B components of
KR60AB estimated by the Speckle Photometry method
on the first night of observation, compared with the
spectral types given in the WDS Catalog.

The way that spectral type is calculated from
color indexes is shown by the example spreadsheet in
Table 4 (at the end of the paper). The numerical
parameter at the bottom of Figure 9 is linearly
interpolated at the measured color index from the
Mamajek data. The parameters are weighted by their
respective spectral sensitivities (i.e., the slopes in
Table 3) to provide the weighted average parameter.
The “Std Error” is the standard deviation of the
parameters divided by the square root of the number
of samples, which is chosen as 4, the number of
filters originally observed. However, for small
samples of an unknown (perhaps non-normal)
population, this uncertainty may be underestimated;
standard deviation (i.e., twice the Std Error shown)
would be a still more conservative uncertainty
estimate. Estimated Spectral Type for A and B is the
final product of the spreadsheet.
Table 4 (at the end of the paper) also includes the
color indexes and corresponding spectral types for
the combined light measured by APASS10. The color
indexes are between the two components, closer to
the primary star, as they should be. Likewise, overall
spectral type and range are close to the primary but
shifted slightly toward the B star. These results are a
direct result of using APASS10 data to standardize
the observed magnitudes.
Table 5 summarizes the Spectral types of the
KR60AB component stars, estimated from the
speckle photometry method, compared with those of
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the WDS Catalog. The spectral types are in good
agreement.
To further illustrate the correlation of color index
with spectral type, Figure 10 shows the same color
index curves as Figure 9 (both at the end of the
paper), but with KR60AB measured data added in the
inset table. Also added are color-coded arrows which
extend from the spectral-type axis to each
corresponding color index curve. For clarity, the
arrows are only shown for the primary A component
of KR60AB. The 6 arrows nearly overlay one
another, showing how the large variations of color
index correspond to nearly the same spectral type.
The g'-r' index (blue arrow) is an outlier, but its
influence is moderated by the averaging process.

4

Summary of Key Assumptions

The method’s six key assumptions are:
• Speckle bispectrum analysis produces the
correct flux proportions for binary star
components.
• The simple global calibration factor, derived
from photometry of the unresolved binary in
long
exposures,
fully
transforms
instrumental magnitudes to standard Sloan
magnitudes.
• The calibration factor, derived from
combined light of both components, is also
valid for the A and B binary components
individually, but may introduce systematic
errors for early-late binary components.
• Accurate photometry of large surveys
provides secondary standard stars with small
errors.
• Variability of one or both components
would impact the standard magnitude and
color index correlations. However, large
variability of one component may be
detectable over a series of observations.
• The correlations of spectral type with
Johnson-Cousins color indexes in the
Mamajek tables are still valid when
transformed to the Sloan photometric
system.

5

KR60AB Night-to-Night Repeatability

In this section, speckle photometry repeatability
results are presented for KR60AB, which was
observed on three nights during 2020: Oct 20, Oct 31,
and Dec 4. On each night, all four filters were used,

•

Figure 11. The flux proportions measured for the A and
B components of KR60AB from speckle BSA
reconstructed
diffraction
limited
images.
The
observations were in 2020 on 20 Oct (top), 31 Oct
(middle) and 4 Dec (bottom).

134
SAS 40th Annual Symposium Proceeding

Figure 11 presents the variations of flux
proportions for the three nights, measured from and
5, 3, 3 sets of speckle plus long exposures were
observed, respectively.
speckle BSA images. The FP trends are
consistent, but there are shifts of several percent in
the A and B proportions. Since there is good
repeatability of the sets within each night, these shifts
may be caused by night-to-night atmospheric
variations in temperature, extinction, etc. However,
the differences could also represent intrinsic
variability of the B component, flare star DO Cep.
The calibration factors derived from the long
unresolved exposures of KR60AB for the three
observing nights are presented in Figure 12. These
calibration data show large variations from night-tonight, up to several magnitudes in g', primarily
because of variable atmospheric transparency and
airmass. Such highly variable first and second order
extinction is the primary reason for obtaining the
calibration data, which enables adjustment of the
speckle BSA flux proportions to the standard Sloan
photometric system.
The standard Sloan magnitudes of the KR60AB
components measured by the speckle photometry
method are presented in Figure 13 for the three
observed nights. The primary star is reasonably
constant, while the secondary star shows more
variation. This may be caused by intrinsic variability,
seen as a shift and/or rotation of the trends. However,
it could also be caused by variable 2nd-order (color)
extinction. Lower S/N for the B star also contributes,
indicated by more scatter within a night, especially
for the g' and z' filters, where the star is faint or the
QE is low, respectively.
Details of night-to-night variation of standard
magnitudes are shown in Table 6 (at the end of the
paper). Overall, the primary star magnitude
uncertainty is <0.05; variation of the secondary star,
which may include slight intrinsic variability, is <0.3
magnitude. The consistency of Figure 13, contrasted
with the large variations in Figure 12, demonstrates
the effectiveness of the “differential photometry”
approach, but the best results are still obtained under
a clear, steady photometric sky.
Color indexes of the KR60AB components
measured by the speckle photometry method are
presented in Table 7 for the three nights (at the end of
the paper). The uncertainties of the primary star
within each night are generally several times smaller
than for the secondary star, again likely due to the
lower S/N of the fainter star. Night-to-night
uncertainties are similar to those of the standard
magnitudes from which they were derived, Table 6
(at the end of the paper). The resulting estimated
spectral types are remarkably consistent.

Figure 12.
Calibration Factors measured for the
unresolved long exposures of KR60AB on 20 Oct 2020
(top), 31 Oct 2020 (middle) and 4 Dec 2020 (bottom). Z =
M APASS10 – m Long Exposure.
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Figure 13. Standard Sloan magnitudes for KR60AB on
20 Oct 2020 (top), 31 Oct 2020 (middle) and 4 Dec 2020
(bottom).
Figure 14. Top to bottom, the flux proportions measured
for the A and B components of STF2974 (5 sets), HLD60
(4 sets), and STF554 observed on two dates (5 sets on
1/15/2021, 4 sets on 2/6/2021).
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6

Speckle Photometry
Other Binaries

Results

for

Three additional binary stars were observed
which had spectral types for both components in
WDS. Their characteristics were given in Table 1
above. Together with the red dwarf results for
KR60AB above, the components of these systems
sample a broad range of spectral types: A F G K M.
STF554 was observed on two nights of different
photometric quality, as explained below. Several
additional binaries were observed, but only on poor
photometric nights, producing unusable results. The
major products of the speckle photometry method are
presented as they were for KR60AB, except that the
same plots are shown together for all three binaries.

6.1

Flux Proportions

The flux proportions for the three additional
binaries are show in Figure 14. STF554, a very
bright star (80 Tauri) was observed on two nights of
different photometric quality, the second night at far
right. The Fairborn Institute’s Robotic Observatory,
in its 2020 home in California prior to its move to
Arizona, was located at moderate elevation about 20
miles from the Pacific Ocean. Cool moist breezes
from the ocean, the marine layer, frequently dominate
the California coast weather. Clear evenings are often
spoiled by rising humidity and transient clouds that
gradually increase to solid overcast.
In Figure 14 the three patterns of FP are caused
by the different delta magnitudes between the AB
components for the three binaries. There is a wide
range of scatter in the flux proportions, mainly
caused by variable extinction. The g', i' and z' bands
seem most affected. When the binary is dimmed by
high extinction, the secondary star data suffers most
because its S/N declines dramatically. Since the sum
of flux proportions for the two components is defined
as 1.0, the primary star reflects the scatter in the
secondary.
HLD60 has large scatter, especially in i' and z'.
The case of STF554 on the right illustrates the impact
of variable extinction. The third plot (January 15)
was a typical night that started clear, but gradually
deteriorated with increasing humidity. While the
scatter is moderate, there is an odd, recurved trend
with WL. The night of February 6 had the opposite
weather pattern: high pressure, dry air, and no
marine influence - a photometric night. The scatter is
less, the secondary star is brighter, and the odd
recurved trend with WL is absent.

6.2

Calibration Factors

Calibration factors are shown in Figure 15. High
scatter betrays the HLD60 and STF554 (1/15/21)
results as suffering variable extinction. Good
repeatability of the STF2974 and later STF554
(2/6/21) calibrations indicate steady extinction.

6.3

Standard Magnitudes

Figure 16 shows that the trends of the measured
flux and calibration parameters are reflected in
similar magnitude results. APASS10 standard
magnitudes of the unresolved binary were generally
used as the “truth model” for long exposure
calibration. However, no APASS10 data were
available for the binaries HLD60 and STF554
because they are too bright. GaiaDR2 resolved these
binaries and provided G Bp Rp photometry data for
both components. Therefore, the combined
magnitudes of the A and B components from the
ATLAS Catalog were used for calibration. The
ATLAS All-Sky Stellar Reference Catalog (Tonry et
al. 2018) and (Carrasco 2015) is a major product of
Gaia DR2, containing photometric data transformed
to other major photometric systems including the
PanSTARRS version of the Sloan g' r' i' z' bands.

6.4

Color Indexes

Color Indexes for components of the three binaries
are shown in Figure 17. Color index results for the
STF554 secondary star on 1/15/21 are erratic because
of variable extinction. Much better quality is seen for
the good sky conditions of 2/6/21.

6.5

Estimated Spectral Types

Speckle photometry estimates of Spectral Type are
compared with the WDS types in Table 8. The
spectral types are remarkably consistent with those of
WDS, especially considering the large scattering in
some cases, discussed above. For HLD60
particularly, the B star z' ADU data for 2 of the 4 sets
were grossly dimmed by high extinction (see
extremely low points in Figure 14). These two points
were excluded from the three affected color indexes
(i'-z', r'-z', g'-z') and are noted in red in Table 8. For
STF554, the erratic color index r'-i' = -0.542 (Figure
17) was beyond the range of the Mamajek tables, so
provided no interpolated parameter; it is highlighted
in orange in Table 8 and was not included in the
Average and Std Error calculations.
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Figure 15.
Top to bottom: the calibration factors
measured for the A and B components of STF2974 (5
sets), HLD60 (4 sets), and STF554 observed on two
dates (5 sets on 1/15/2021, 4 sets on 2/6/2021).

Figure 16. Top to bottom: standard magnitudes
measured for the A and B components of STF2974 (5
sets), HLD60 (4 sets), and STF554 observed on two
dates (5 sets on 1/15/2021, 4 sets on 2/6/2021)
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Figure 17. The Color Indexes measured for the A and B
components of STF2974 (5 sets), HLD60 (4 sets), and
STF55 observed on two dates (5 sets on 1/15/2021, 4
sets on 2/6/2021).

Table 8. The Estimated Spectral Types measured for the
A and B components of STF2974 (left, 5 sets); HLD60
(Middle, 4 sets); and STF554 (right) observed on two
dates (5 sets on 1/15/2021, 4 sets on 2/6/2021).
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7

Astrometry Results

The astrometry results for the speckle
photometry observations are summarized in Table 9.
STB measurement tools use a set of circular apertures
to measure the centroid positions of both stars and to
sum the ADU flux within the apertures. For
astrometry, different size apertures may be used with
little effect on centroids. However, for photometry,
the same size apertures are required for both stars, to
measure the same proportion of light from each star,
since they both have the same point spread function.
The background level is measured in a separate
aperture, rather than in an annulus, and is subtracted
from the flux of each star.
For analysis, the astrometry and photometry
results from each filter and all the repeated sets of
filters—constituting
a
complete
night’s
observation—were copied to a series of Excel
spreadsheets along with significant observational and
measurement settings. The spreadsheets each dealt
with one of the major products of the investigation:
speckle astrometry, speckle and long exposure
photometry, and estimated component spectral types.
The spreadsheets provided a convenient format for
consistent analysis, calculation of statistics, and
plotting.

8

Conclusions

•

•

•

•

•

•

9

Although this was just an exploration of possibilities,
we were able to draw eight tentative conclusions:
•

•

Speckle BSA processing in STB gives
repeatable flux proportions.
The primary sources of error are probably
shot noise from low signal in some filters
(the combination of filter, camera QE and
star color), and high or rapidly varying
extinction.
Long exposures give reasonable photometric
calibration, using the binary star itself as a
secondary standard.
Many of the binaries with known spectral
type for both components are relatively
bright, making it difficult to find g' r' i' z'
magnitudes from photometric surveys.
APASS10 has the most consistent Sloan
data for brighter stars.
Gaia ATLAS
transformations may also be used.
The speckle photometry method provided
reasonably good estimates of component
Spectral Types, for the range of A F G K M
normal dwarf stars observed. However,

because the secondary stars were always
estimated to be later than WDS, there may
be a systematic error in applying the
combined light from surveys (typically
dominated by the primary star) as a
calibration factor to both components.
Photometric nights provided good results
with small scatter, but marginal nights (high
humidity or high extinction) produced more
scatter, even when employing frequent long
(calibration) exposures.
A change in the sequence of observation
should reduce photometric scatter, by
observing half (5) of the long exposures
before the speckle exposures, and then the
other half after the speckle frames.
It may be possible to eliminate the long
calibration exposures completely, by
processing the speckle exposures in a
different way, in addition to BSA: stacking
all the hundreds of short speckle exposures
to create a single long exposure with an
equivalent unresolved atmospheric seeing
disk. This technique would require rough
centroiding to account for telescope tracking
drift, but it could be explored in the future.
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Figure 9. The relationship of Sloan filter color Indices to spectral type for main sequence dwarf stars. Spectral type is
indicated at top. Each integer of the linear numerical parameter at bottom corresponds to an integer of spectral type
(e.g., 30=G0, 31=G1, 32=G2, ...). This parameter is used to interpolate spectral type from measured color index.
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Table 4. The KR60AB Spectral Type calculation from Color Indexes by interpolation of the linear spectral parameter at
the bottom of Figure 9. Average is the weighted average. Range is average +/- standard error. Spectral types in the
bottom two rows were manually looked up from the Mamajek tables.

Figure 10. The relationship of Sloan color indexes to spectral type, the same as Figure 9 above. The example of
KR60AB measured speckle photometry color indexes and resulting estimated spectral type is shown in the inset
table. Color-coded arrows, some of which nearly overlay one another, indicate the six estimates of the individual color
indexes for the A component; all except g'-r' are in excellent agreement.

Table 6. Summary of measured standard magnitudes for the KR60AB components. The left-most column indicates
the filter and its standard deviation within the night. For each date, the two columns are for components A (left) and B
(right), respectively. The right-most two columns are standard deviations of the night-to-night observations.
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Table 7. Summary of measured color indexes and estimated spectral types for the KR60AB components. The left-most
column indicates the color index and its standard deviation within the night. For each date, the two columns are for
components A (left) and B (right), respectively. The right-most columns are standard deviations of the night-to-night
color index observations. The bottom rows are the weighted average spectral parameter and the corresponding
estimated spectral type.
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Table 9. Summary of astrometric measurements. The columns are date, WDS coordinates and discovery designation,
Sloan filter, average position angle and standard deviation, average separation and standard deviation, speckle
exposure time, number of speckle frames recorded in each set, and number of repeated sets of observations. For θ
and ρ, the statistics are for the number of sets (observations) in each filter. At bottom in yellow are the overall average
and standard deviation, combining all filters and all sets of observations.
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Abstract
Three double star studies were done: double star system HJ 493 AB, quadruple star system DU 4AB, and a
class-wide study of eight double star systems. As part of the study, we devised a method for accurately
estimating star masses. HJ 493 AB was measured to have a position angle of 326.63±0.02ºand a separation of
17.388±0.005″ while DU 4AB was measured to have a position angle of 264.187±0.2433º and separation of
15.22±0.06164″. The analysis was performed using images of each system that were taken using an LCO 0.4m
robotic telescope and measured in AstroImageJ. Using the parallax and proper motion data, the rPM, masses,
relative velocity, and escape velocity were calculated. From this and historical data plots, there is evidence that
HJ 493 AB is not gravitationally bound, and that only stars A and B in the quadruple system DU4AB exhibit
common proper motion. Regarding the class-wide study, seven systems studied exhibited common proper
motion, and with STT 547 AB being the only binary system.

1

Introduction

This double star study consisted of two studies of
anomalous star systems, and one class-wide study
that focused on data for eight more standard double
star systems. The goal of each of these studies was to
report new data and assess the probability of a
gravitational relationship for each system.
The systems studied in the first two papers were
HJ 493 AB and DU4AB. The class-wide paper
consisted of measurements of different systems taken
by our classmates, which were compiled into one
paper. The systems studied in the class wide paper
were DUN 42, DON537A, BC, UC 102, STT 547
AB, POU 1912 AB, KR 29 AB, ES716, and COO
159.

2 DU4AB
DU4AB is a quadruple star system, with four
stars being reported as close to one another, and an
additional nearby star of similar brightness was
studied (see Figure 1). Five stars were investigated,
and the data suggest that only stars A and B exhibit
common proper motion, and could have a longperiod orbit. Images were taken using an LCO 0.4m
robotic telescope on 2021.0164 with an exposure
time of 20 seconds. The measurements were made in
AstroImageJ. References for this paper included

Figure 1: Labeled iImage of quadruple system DU4AB,
with a nearby star E, which had similar parallax and
magnitude.

Richard Harshaw’s rPM calculations and Liam
Dugan’s method for calculating mass and escape
velocity from luminosity.

3

HJ 493 AB

HJ 493 AB is a double star system in the
constellation Leo Minor. Based on parallax, proper
motion data, and historical data plots, HJ 493 AB
does not appear to be gravitationally bound. The
relative velocity of the stars is over 20 times larger
than the computed escape velocity. During study of
147

SAS 40th Annual Symposium Proceeding

HJ 439 AB, a third star was identified that forms
double star system VVO 21 AC with the HJ 439 AB
primary. Parallax, proper motion data, and historical
data plots suggest that VVO 21 AC may be
gravitationally bound. Further investigation is
recommended as the calculated difference between
the relative and escape velocities is 88 m/second, an
order of magnitude smaller than the radial velocity of
the primary star. Both double star systems were
imaged using LCO 0.4-m telescopes. HJ 493 AB was
studied using ten images each with fifteen-second
exposures taken on 2021.019. VVO 21 AB was
studied using a single stack of 50 images each with
nine-second exposures taken on 2021.246.

4

Class-Wide Paper

The class wide double star paper deals with eight
double star systems, with the only unusual one being
STT 547 AB, which is close to 12 other stars,
although it being a 12-star system is unlikely.
Similarly, to the paper on DU4AB, images were
taken for all of these stars in early 2021 using LCO
0.4m robotic telescopes, and measurements were
made in AstroImageJ. Seven of the eight systems
studied exhibit common proper motion, but the data

suggest that only one system is likely to be binary, as
shown in Figure 2a, 2b, and 2c. However, this
conclusion does not rule out the possibility of a
physical relationship between stars in the other
measured systems.

5
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Figure 2a: Historical data compared to the most recent Gaia measurement and student measurement for each system
in the class-wide paper

Figure 2b: Historical data compared to the most recent Gaia measurement and student measurement for each system
in the class-wide paper
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Figure 2c: Historical data compared to the most recent Gaia measurement and student measurement for each system
in the class-wide paper
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