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ABSTRACT

Camuccio, Richard, Searching for Optical Counterparts to Gravitational Waves. Master of Sci-

ence (MS), May, 2020, pp-, 22 tables, 39 figures, 129 references.

The era of multi-messenger astronomy has begun. The coordinated activities of multiple,
distinct observatories play a critical role in both responding to astrophysical transients and build-
ing a more comprehensive interpretation otherwise inaccessible to individual observations. The
Transient Robotic Observatory of the South (TOROS) Collaboration has a global network of in-
struments capable of responding to several transient targets of opportunity. The purpose of this
thesis is to demonstrate how optical observatories with small fields of view (<1 square degree)
can follow up and observe astrophysical transients. TOROS facilities responded to three unique
gravitational wave events during the second and third observational campaigns of the Laser In-
terferometer Gravitational-Wave Observatory. We found no optical transients associated with the
binary black hole merger GW170104 or the neutron star-black hole merger S190814bv. We de-
tected the optical counterpart AT2017gfo during the follow-up response to the binary neutron star
merger GW170817. Elliptical isophote modeling and subtraction of the host galaxy NGC 4993
reveal an isolated optical transient not seen in previous archival data. We performed relative time-
series photometry in SDSS gri-bands on the detected transient. AT2017gfo exhibits rapid dim-
ming in all bands and color change over the ~1.5 hours of time-series observations. We observe
colors of AT2017gfo tobe g—r=0.79+0.08, r —i =0.23+0.08, and g—i = 1.02+£0.08 at ~35
hours post-merger. We calculate the corresponding absolute magnitudes M, = —14.40 4 0.06,
M, = —15.06 £0.05, and M; = —15.22 +0.06. We observe AT2017gfo to have an angular off-
set of ~10.4” from the galactic core, corresponding to a linear diameter of ~2 kpc at redshift

z = 0.00973. Although AT2017gfo is generally recognized to be consistent with an r-process-

il



powered thermal transient, or kilonova, our observations are in partial disagreement with the ac-
cepted picture. We address the plausible reasons for the discrepancies in our measurements. We
developed a reduction and photometry pipeline during the processing and analysis of data from
these events. The CTMO Analysis Pipeline (CAL) is currently at an early phase of operation,
with plans for automation and further inclusion of additional analysis methods to optimize the

TOROS search and characterization of astrophysical transients.

v



DEDICATION

This is dedicated to my mother, Deborah.

I am forever grateful for your unconditional love, support, and patience.

To my father, Joseph.

Thank you for teaching me how to stand up for myself and to always do the right thing.

To my sister, Gabrielle.

You inspire me with your endless courage, talent, passion, and fighting spirit.






ACKNOWLEDGMENTS

To Mario Claudio Diaz, for your unwavering support as a research advisor; for being an
optimistic, passionate, and fair leader who looks out for his team; for handing me the keys to the
observatory; for sending me on adventures to France, Sicily, and Mexico; for being a mentor in
both research and in life; for believing in my capabilities and my potential even when I had my
doubts.

To Moises Castillo, for helping me take my first steps at Nompuewenu; for being my part-
ner in research; for life-changing adventures in Texas, Louisiana, Colorado, and Sicily; for being
a talented astronomer, engineer, and educator; for being my good friend.

To Joseph Romano and Suzanne Lalonde, for being fantastic hosts for two years; for your
mentorship, hospitality, and generosity; for accepting me as family and giving me a home in the
unknown.

To Martin Beroiz, for your knowledge and guidance as a mentor; for being a role model
in research and academics; for patiently helping to get me unstuck in research, writing, and home-
work.

To Adam Zadrozny, for helping me outline my thesis and guide me in writing; for spend-
ing your precious sleeping hours across seven hours of time difference to ask how things are go-
ing; for being an inspiring astronomer, programmer, and father.

To the Time Domain Astronomy Group... Wahltyn Rattray, Americo Hinojosa, Andrea
Hinojosa, Alejandro Hinojosa, Erick Vallarino, Alan Hendrick, Victor Perez, Wendy Mendoza,
Brina Martinez, Tanya Llanas, Martell Valencia, Karina Hernandez, and Abby Martinez. I can-
not thank you all enough for the countless observing sessions, observatory events, TDAG meet-

ings, astrophysics seminars, late-night conversations, and giving me more during my time in

Vi



Brownsville than I can ever hope to express.

To Carla Giardini, Lupe Duran, Brittany Gomez, Sebastian Colom, and Elizabeth Ca-
puta... I am grateful for having the opportunity to meet and work with you during your time in
Brownsville. Each of you left a lasting impression on me that I will carry with me forever.

To Aldo Fonrouge, for making sure I was being nourished with food, good company, and
an endless supply of anime and computer knowledge.

To Victor de los Santos, for your friendship, your enthusiasm, your drive, and your self-
less generosity.

To Lucas Macri, for your invaluable lessons on photometry and for being a role model in
observational astronomy.

To Diego Garcia Lambas, for providing me unique opportunities to observe and for teach-
ing me cosmology.

To Juan Madrid and Nicolas Pereyra, for your willingness to serve as committee members
for my thesis and your commitment and belief in helping me build this project.

To Jing Luo, Andy Danford, Andrés Cuéllar, and Keith Bohler... thank you for your com-
panionship and the memories I will cherish forever.

To Kasia Wardega, for your patience, your compassion, and your willingness to brave this
adventure with me.

The Digitized Sky Surveys were produced at the Space Telescope Science Institute under
U.S. Government grant NAG W-2166. The images of these surveys are based on photographic
data obtained using the Oschin Schmidt Telescope on Palomar Mountain and the UK Schmidt
Telescope. The plates were processed into the present compressed digital form with the permis-
sion of these institutions. The National Geographic Society - Palomar Observatory Sky Atlas

(POSS-I) was made by the California Institute of Technology with grants from the National Geo-

Vil



graphic Society. The Second Palomar Observatory Sky Survey (POSS-II) was made by the Cali-
fornia Institute of Technology with funds from the National Science Foundation, the National Ge-
ographic Society, the Sloan Foundation, the Samuel Oschin Foundation, and the Eastman Kodak
Corporation. The Oschin Schmidt Telescope is operated by the California Institute of Technology
and Palomar Observatory. The UK Schmidt Telescope was operated by the Royal Observatory
Edinburgh, with funding from the UK Science and Engineering Research Council (later the UK
Particle Physics and Astronomy Research Council), until 1988 June, and thereafter by the Anglo-
Australian Observatory. The blue plates of the southern Sky Atlas and its Equatorial Extension
(together known as the SERC-J), as well as the Equatorial Red (ER), and the Second Epoch [red]
Survey (SES) were all taken with the UK Schmidt. All data are subject to the copyright given

in the copyright summary. Copyright information specific to individual plates is provided in the
downloaded FITS headers. Supplemental funding for sky-survey work at the ST Scl is provided

by the European Southern Observatory.

viii






TABLE OF CONTENTS

Page

ABSTRACT . ..t 1ii
......................................................... v
ACKNOWLEDGMENTS . . ..ot e e vi
[TABLE OF CONTENTS . . . o oottt et e e e e e e X
LIST OF TABLES . . ..ottt e e e e xi
LIST OF FIGURES . . . . .ottt e xiii
CHAPTER L INTRODUCTION . . . oottt e e e e e e e e e e 1
CHAPTER II. BACKGROUND) . . ...ttt e e e e e 7
R.1 Gravitational Waves . . . . . . . .o e e 7
.2  Compact binary coalescenced . . . . . . . . v v i 12
CHAPTER III. METHOD) . . . . ..ot e e e e 18
B.1 Optical follow-up reSponse . . . . . . o vt v i e 18
B.2 CCDimage theoryl . . . . . . . . . o 24
B.2.1 CCDImMaging . . . . . . . o v v vttt e 26

B.2.2 CCDPIoperties . . . . . o v oo e e e e 27

B.3 Relative photometryl . . . . . . . o o o o 32
B.3.1 Measuring flux . . . . .. .. .. .. .. 33

B.3.2 Measuring fluX error . . . . . . . v ot e e e 34

B.3.3 Instrumental and calibrated magnitudes . . . . . ... ... ........ 41

B.4 Angular diameter distance . . . . . . . ... ... 43
B.4.1 Proper diStance . . . . . . . . . e 44

B.4.2 Comoving coordinate approximation . . . . . . . . .. .. .. .. .. ... 45

B.4.3 Luminositydistance. . . . . . . . . . .. ... 48
CHAPTER IV. OBSERVATORIES . ... ..ottt e e 51
#.1 _The Transient Robotic Observatory of the South . . . . . . ... ... ... .... 51
......................................... 53
U2 1 HIStOry . . . . o o 53

X



22 Current specifications . . . . . . . . o o e 54

B23 Newoptical syStem . . . . . . . . .o 56
CHAPTER V. RESULTS . . . oottt e e e e e 58
5.1 LIGO O2 follow-up obServations . . . . . . . . .. v oo v v v 58
5.1.1 _Observations of GW170104 targets . . . . . . . . . . oo v vt .. 59

5.1.2 Observations of GW 170817 targets and candidate{ . . . .. ... ... .. 63

5.2 Relative time-series photometry of AT2017gfd . . . . . . .. .. ... ... .... 64

5.3 Angular diameter measurements . . . . . . .. ... ... 67
5.4 LIGO O3 follow-up observations . . . . . . . . . v v v v 69
5.4.1 _Observations of S190814bv targets and candidates . . . . ... ... ... 69
CHAPTER VI. DISCUSSION AND CONCLUSION . . ..o oot e e 72
BIBLIOGRAPHY] . . . ..ot 79
.......................................................... 97
.......................................................... 105
.......................................................... 108
.......................................................... 112
BIOGRAPHICAL SKETCH| . . . . oottt et e e e e e e 116




LIST OF TABLES

Page

Table [I.1: Multi-messenger astronomy milestones) . . . . . . . . . . . . . ... ... ... 4
Table R.1: Phases of plausible target detector sensitivities. Adapted from Table 1 of Ab-

bott et al (2018) with added terms from Quetschke (2019) . . . .. ... .. ... 9

Table 2.2: GW150914 properties. Adapted from Abbott et al (2016) and Quetschke (2019)] 11

Table #.1: Optical system for PlaneWave Instruments CDK 17 astrograph) . . . . . . . . .. 55

Table #.2: Primary mirror specifications for PlaneWave Instruments CDK 17 astrograph| . . 55

Table #.3: Secondary mirror specifications for PlaneWave Instruments CDK 17 astrograph|. 55
Table 5.1: TOROS broker targets observed by EABA for GW170104). . . . . . . . . . .. 59

Table 5.2: EABA target stacks for GW170104. Stack is defined as the number of frameg
per stack times their integration time. Sample is defined as sources cross-matched

per total sources detected] . . . . . . . . . . ... 61
Table 5.3: EABA reference stacks for GW170104) . . . . . . . . . . . . . ... ... ... 62
Table 5.4: CTIO T80S target stacks for GW170817) . . . . . . . . . . . . . .. ... ... 64
Table 5.5: EABA and CTMO reference stacks for GW170817) . . . . . . . . . . .. ... 65
Table |5.6: Initial ellipse model parameters for the Isophote package. Motivations fod

these particular values are discussed in Chapter 5| . . . . . . . . . . .. ... ... 65
Table 5.7: Color information of GW 170817 stacks. A and B are first- and second-order

color terms, respectively. C is the zeropoint for sources with g —i =0} . . . . . . . 67

Table 5.8: Angular measurements of the offset between AT2017gfo and NGC 4993. Mea-
surements in parentheses indicate those taken with NGC 4993 having been first

....................................... 68
Table 5.9: TOROS broker targets observed by CTMO on 2019-08-15 UTC for S190814bv] 70

Table 5.10: Optical transient candidates to S190814bv detected by the DESGW and CFHT|
teams and observed by CTMO on 2019-08-21 UTC! . . . . . . . . . . . . .. ... 70

Table 5.11: CTMO target stacks for S190814bv) . . . . . . . . . . . . . . . ... ... ... 71

Table 6.1: The linear diameter between AT2017gfo and the core of NGC 4993 as mea-
sured in the three SDSS gri-bands. Measurements in parentheses indicate thosd

taken with NGC 4993 having been first subtracted with an isophote model]. . . . . 74
Table B.1: Time series photometry in the SDSS g-band of the transient AT2017gfo from
[T80S data taken on 2017-08-18 UTC) . . . . . . . . . . . . . . . i i .. 105

X1



Table B.2: Time series photometry in the SDSS r-band of the transient AT2017gfo from

[T80S data taken on 2017-08-18 UTC| . . . ... .. .. ...

Table B.3: Time series photometry in the SDSS i-band of the transient AT2017gfo from

T80S data taken on 2017-08-18 UTC) . . . ... .. ... ..
Table D.1: Specifications for CTMO Generation 1 and 2 CCD cameras

Xii



LIST OF FIGURES

Page
Figure 2.1: The Livingston detector site of LIGO. Credit: Caltech/MIT/LIGO LabJ . . . . . 9
Figure 2.2: The Hanford detector site of LIGO. Credit: Caltech/MIT/LIGO Lab) . . . . . . 10

Figure 2.3: The global distribution of gravitational wave detectors. Credit: Caltech/MIT/LIGO

Figure 2.4: Cartoon schematic of a gravitational wave laser interferometer. Credit: MOBle)
Wikimedia Commons) . . . . . . . . . . .. 11

Figure R.5: Localization skymaps of GW170817 detected by LIGO and Virgo and GRB
[170817A detected by Fermi and INTEGRAL. Images of optical counterpart
IAT2017¢2fo by Swope Supernova Survey and reference field by DLT40 collabo-

ration. Credit: LIGO Scientific Collaboration and Virgo Collaboration) . . . . . . . 13
Figure 2.6: Skymap of all GW localizations in the LIGO/Virgo first and second observing

runs. Credit: Virgo Collaboration] . . . . . . . . . . . o v v v 13
Figure 2.7: The Gravitational Wave Transient Catalog of Compact Binary Mergers. Credit]

ILIGO/Virgo/Georgia Tech/S. Ghonge & K. Janil . . . . . . . . .. ... ... ... 14
Figure 2.8: Summary of EM counterparts to BNS and NSBH mergers. Figure 1 from MetH

zoer & Berger (2012)) . . . . . . . 15
Figure B.1: The TOROS alert pipeline. Adapted from Beroiz (2017). Credit: M. Beroiz) . . 19
Figure B.2: The directory structure implemented at CTMO) . . . . . ... ... ... ... 21
Figure B.3: The Static Image Series Reduction (SISR) pipeline for CAL (part one)] . . . . . 22
Figure B.4: The Static Image Series Reduction (SISR) pipeline for CAL (part two)] . . . . . 23
Figure B.5: The analysis pipeline for CAL) . . . . .. ... ... ... ... .. ...... 25

Figure #.1: _The location of the TOROS site at Cordon Macén is indicated by the red
marker. The left line corresponds to the distance between Cordoba and Salta (~]

[700 km). The right line corresponds to the distance between Buenos Aires and
Salta (~ 1200 km). The city of Salta is ~ 400 km from Cordon Macén. Credit]

...................................... 52
Figure #.2: Light pollution at Cordon Macon. Credit: M. C. Diaz) . . . . . ... ... ... 52
Figure 5.1: Localization skymap for GW170104 with TOROS broker assigned targets

highlighted in blue. Figure from Diaz et al (2017)) . . . . . . . . . . . . ... ... 60
Figure 5.2: Localization skymap for GW 170817 with TOROS broker assigned targets

highlighted in blue. Figure from Diaz et al (2017)) . . . . . . . . . . . . . .. ... 64

Xiii



Figure 5.3: CCD growth curves of optical transient AT2017gfo in SDSS g-, r-, and i
passbands. Optimal aperture (6 px) is indicated by the vertical line. Flux is background-
and galaxy-subtracted. Color scheme adapted from Diaz et al (2017)). . . . . . . . 66

Figure 5.4: Relative photometry of optical transient AT2017gfo. From top to bottom i
i-, r-, and g-bands in color scheme of Diaz et al (2017). The r-band light curve is
bffset +0.3 magnitudes (downward in graph) to distinguish from the i-band curve|. 67

Figure 5.5: False color image produced from combined gri stack and residual image after
isophote model subtraction. The optical transient AT2017¢gfo is indicated to thg
top left limb of the galactic core. The bottom image is a POSS-II R-band refer-
ence from the Digital Sky Survey archive! . . . . . . . . . . . .. ... ... ... 68

Figure 5.6: Bayestar localization skymap for S190814bv] . . . . . ... . ... ... ... 70

Figure p.1: Expected angular separation as a function of redshift for AT2017gfo-like eventy 75

Figure |A.1: Stacks from 1.54-meter EABA reflector for GW170104. From top to bottom
is ESO 202-009 on 14 Jan (50 x60), 16 Nov (40x40), 18 Nov (10x60); ESO 2424
D18 on 15 Jan (6x60), 18 Nov (20x30), 19 Nov (20x30); ESO 364-014 on 13
Jan (6x60), 16 Nov (21x30), 18 Nov (21x30)] . . . . . . . . o . 97

Figure |A.2: Stacks from 1.54-meter EABA reflector for GW170104. From top to bot
tom is NGC 1341 on 13 Jan (51 x60), 16 Nov (20x30), 19 Nov (20x30); PG(
073926 on 13 Jan (41 x60), 16 Nov (20x30), 18 Nov (10x60); PGC 147285 on
[14 Jan (22x60), 16 Nov (20x30), 18 Nov (20x30)] . . . . . . . . . .. ... ... 98

Figure |A.3: Stacks from 1.54-meter EABA reflector for GW170104. From top to bottom
is ESO 425-010 on 15 Jan (44 x60) and 19 Nov (21 x30); ESO 487-003 on 13|
[Jan (6x60) and 18 Nov (29x30); ESO 555-005 on 15 Jan (29x90) and 19 Noy|
(6x120); ESO 555-022 on 15 Jan (16x150) and 19 Nov (21x30)] . . ... . ... 99

Figure |A.4: Stacks from 1.54-meter EABA reflector for GW170104. From top to bot
tom is IC 2143 on 15 Jan (45x60) and 19 Nov (20x30); NGC 1567 on 15 Jan|
(13x120) and 16 Nov (40x30); NGC 1808 on 13 Jan (67 x60) and 18 Nov (20x30)]
PGC 3080859 on 15 Jan (46x60) and 18 Nov (20x30)) . . . . ... .. ... ... 100

Figure |A.5: Stacks of NGC 4993 by 0.83-meter T80S reflector on 18 August 2017 in g/
i, and i bands (top to bottom), along with corresponding residual frames with
subtracted host galaxy. The transient AT2017gfo is marked with an arrow) . . . . . 101

Figure |A.6: Reference stacks of NGC 4993 by 1.54-meter EABA reflector on 4-5 Septem-|
ber 2017 (top) and 17> CTMO astrograph on 1-2 July 2019 (bottom). The loca-
tion of transient AT2017gfo is marked with an arrow) . . . . . . .. ... .. ... 102

Figure A.7: Stacks from CTMO for S190814bv. The left column features the same im-
age of 2MASX J00472894-2526263 taken by the CTMO 17 astrograph on 21|
[August 2019 (5x200 stack). The right column, from top to bottom, features refer
ence images in the (1) POSS-II F-band, (2) POSS-II j-band, (3) POSS-I F-band)
and (4) POSS-1 j-band) . . . . . . . .. 103

Figure [C.1: Aperture curves of growth for test stars in EABA GW170104 target frames| . . 108

Xiv



Figure C.2: Aperture curves of growth for test stars in EABA GW170104 reference frames) 109
Figure [C.3: Aperture curves of growth for averaged test stars in EABA GW170817 refer

...................................... 109

Figure C.4: Aperture curves of growth for test stars in CTMO S190814bv target frames| . . 110

Figure D.1: Sum frame mean value versus difference frame variance for CTMO STF-

........................................ 113
Figure D.2: Mean frame value versus integration time for CTMO STF-8300M) . . . . . .. 113
Figure D.3: Sum frame mean value versus difference frame variance for CTMO F16M/. . . 114
Figure D.4: Mean frame value versus integration time for CTMO F16M] . . . . . ... .. 114

Figure D.5: Sum frame mean value versus difference frame variance for CTMO PL16803) . 115

Figure D.6: Mean frame value versus integration time for the CTMO PL16803) . . . . . . . 115

XV






CHAPTER I

INTRODUCTION

We have entered the era of multi-messenger astronomy (MMA). The field of MMA in-
volves the contribution of multiple instruments, each using distinct observational “channels” or
“messengers” and positioned at different locations, in order to observe the same astrophysical
event. Having multiple channels of observation for a single event provides a comprehensive view
into the astrophysics of the event that would otherwise be inaccessible for a single instrument.
The multi-messengers can be similar in nature, like two instruments observing light at different
wavelengths, or quite distinct, like coincident observations using different forces of nature (e.g.
gravity and photons).

We cannot place the birth of MMA on a single day in history. There are several discov-
eries that have marked unprecedented breakthroughs in observational MMA that have led to
the current paradigm. I will highlight five such breakthroughs all occurring within the span of
three decades. These events are the supernova 1987A, the GRB of 28 February 1997, the second
GRB of 3 June 2013, the GW of 17 August 2017, and the high-energy neutrino event IceCube-
170922A of 22 September 2017. These five MMA breakthrough events are summarized in Ta-
ble [1.1].

The supernova (SN) 1987A was discovered on 24 February 1987 by Ian Shelton and Os-
car Duhalde at Las Campanas Observatory in Chile and Albert Jones in New Zealand [83]. Sub-
sequent optical/infrared photometry and spectroscopy were carried out by several independent
observers of SN 1987A over the following days and months. These observations determined SN
1987A to be a Type Il supernova, having occurred in the Large Magellanic Cloud ~ 51.4 kilo-
parsecs from Earth, and possessing large infrared excess [29] [30] [36] [90] [[114]. The pro-
genitor of SN 1987A was the B3 supergiant Sanduleak -69 202 in the constellation Dorado [126].
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At 07:35 UT on 23 February 1987, three neutrino observatories detected a 13-second burst of 25
anti-neutrinos. The Kamioka Observatory detected 12 anti-neutrinos, Irvine-Michigan-Brookhaven
detected eight, and the Baksan Neutrino Observatory detected five [[17]. Not only did this re-
markable coincident discovery mark the beginning of neutrino astronomy, but I would argue that
it also signified the birth of MMA. Two distinct observational channels — EM radiation and neu-
trino interaction — were used for the first time in a single astronomical measurement.

On 28 February 1997 at 02:58 UT the Gamma-Ray Burst Monitor onboard the Giuseppe
“Beppo” Occhialini Satellite per Astronomia a raggi X (BeppoSAX) detected an ~ 80-second
gamma-ray burst (GRB) centered at oc = 05:01:57 and 6 = +11:46.4with an error radius of three
arcseconds. The BeppoSAX Low and Medium Energy Concentrator Spectrometers observed
a spatially-coincident X-ray source ISAX J0501.7+1146 at ~ eight hours post-burst at posi-
tion @ = 05:01:44 and 0 = +11:46.7 and with a 50 arcsecond radius of error. The 4.2-meter
William Herschel Telescope (WHT) took 300-second V- and /-band exposures on 28 February
1997 at 23:48 UT in follow-up to the GRB in order to localize a potential optical counterpart. Ad-
ditionally, the WHT obtained a second 900-second /-band reference image on 8 March at 21:12
UT and the 2.5-meter Isaac Newton Telescope obtained a 2500-second V-band reference on 8
March at 20:42 UT. Comparison of initial observations with these references showed a fading
optical transient within the error box of the GRB, at a position consistent with the X-ray source,
and appearing associated with a faint galaxy. The optical transient was found at position & =
05:01:46.66 and 6 = +11:46:53.9, the first time a GRB was localized to that level of precision.
The X-ray and optical counterparts to GRB 970228 were the first discovered EM counterparts of
a GRB [42] [43] [121].

On 3 June 2013 at 15:49:14 UT the Burst Alert Telescope onboard NASA’s Neil Gehrels
Swift Observatory and the Konus-Wind satellite detected a short gamma-ray burst (sGRB). GRB
130603B lasted ~ 0.4 seconds and had a single-spike structure with a peak rate of ~ 60000
counts per second in the 15-350 keV band. The sGRB was initially localized to position o¢ =

11:28:50 and 6 = +17:02:42 with a three-arcsecond radius of uncertainty. The Swift X-ray tele-



scope conducted observations ~ 59 seconds post-trigger and detected a source with an enhanced
position o = 11:28:48.16 and 6 = +17:04:18.8 with a 2.7-arcsecond radius of uncertainty. The
centers of each localization were separated by 101 seconds of arc with overlapping error cir-
cles, allowing for more precise follow-up efforts. The center of GRB 130603B was offset ~

12 arcseconds from the galaxy NGC 3691 at redshift z = 0.003566 [62] [88]. Several follow-
up efforts, including ground and Hubble Space Telescope (HST) observations, detected a fad-
ing, near-infrared (NIR) transient [35] [38] [45] [A7] [76]. The observed NIR excess faded
rapidly between ¢ =~ 8 — 32 hours post-trigger and matched the expected brightness and color of
an r-process-powered thermal transient, or “kilonova” (see Chapter 2.2). The detection of GRB
130603B and an optical counterpart consistent with kilonova models provided early support for
the compact merger hypothesis being the origin of sGRBs, and is considered the first plausible
observation of a kilonova [23] [[111].

The first detection of gravitational waves (GWs) in 2015 from a binary black hole (BBH)
merger by the Laser Interferometer Gravitational-Wave Observatory (LIGO) was followed two
years later on 17 August 2017 by the first detection of GWs from a binary neutron star (BNS)
merger. The Fermi and INTEGRAL satellites observed an sGRB ~ 1.7 seconds after the de-
tection of GW170817. Several teams responded to survey the overlapping localization regions
of the GW and GRB 170817A for a potential counterpart. An optical transient was discovered
by responding teams ~ 11 hours post-merger, officially AT2017gfo, and was subsequently ob-
served across every wavelength in the EM spectrum. These observations supported the hypoth-
esis of BNS mergers as the cause of GW 170817 (as well as sGRBs in general) and a kilonova
as the most plausible explanation for AT2017gfo. The details of this particular event are further
discussed in Chapters 2.1 and 2.2. Regardless, the unprecedented significance of this first multi-
messenger GW-EM observation cannot be dismissed. Never before has an object in the universe
been observed so extensively across so many coincident channels at once.

The IceCube Neutrino Observatory detected a high-energy (~ 290 TeV) neutrino called
“IceCube-190722A” on 22 September 2017 at 20:54:30.43 UT. Reconstruction of the neutrino



direction produced an incident position & ~ 77.43 and 0 ~ +5.72. The source location was
consistent with that of a known BL Lacertae-type gamma-ray blazar TXS 0506+056 at redshift
z = 0.3365 and position & ~ 77.3 and 6 ~ +5.69. The Fermi Large Area Telescope observed
the blazar on 28 September 2017 and found it in a flaring state, evidently having been in one
since April 2017 according to observational record. Over the course of days and weeks follow-
ing the coincident detection, follow-up teams observed TXS 0506+056 across all wavelengths
of the EM spectrum. The discovery of a spatially- and temporally-coincident high-energy neu-
trino and gamma-ray flare-up in a blazar suggests that these sites are the source of high-energy
cosmic rays, a previously-unresolved question in high-energy astrophysics. Furthermore, astro-
physical neutrinos were only previously observed from the Sun and SN 1987A, so the discovery
of IceCube-170922A and the associated TXS 0506+056 flare-up was the third observation of a

neutrino from a known astrophysical source []1].

Date Event Observational channels
23 Feb 1987 SN 1987A EM (7, X, UVOIR, radio) + v
28 Feb 1997 GRB 970228 EM (v, X, optical, IR)
3 Jun 2013 GRB 130603B EM (v, X, optical, IR)

17 Aug 2017 GW170817 GW + EM (7, X, UVOIR, radio)
GRB 170817A
AT2017gfo
22 Sep 2017  IceCube-170922A v + EM (7, X, UVOIR, radio)
TXS 0506+056

Table 1.1: Multi-messenger astronomy milestones.

Although the concept of MMA is not new, we have certainly entered an era of MMA in-
volving the coordinated activities among several types of observatories spread all over the world
and in space. The ability to respond to transient astrophysical events is an important feature any
observatory must equip to participate in these time-sensitive moments, or “targets of opportu-
nity” (TOO). Time domain astronomy deals with any astrophysical event that changes in time.
Transient events occur over a wide range of timescales [25]. Transients such as fast radio bursts
(FRBs) and GRBs can occur over ~ millisecond-second timescales. Other bursts such as kilono-

vae and supernovae can occur from hours and days to over months and years.
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Large optical observatories are much better at covering more ground and depth faster than
smaller observatories. Larger optical systems are more sensitive, in much better locations, and
handled by many more specialists. However, large observatories are typically limited by avail-
able telescope time useful for both long-term transient surveys and responding to TOOs, the latter
which might occur at a rate of several times per month. Typically, participating astronomers in
these large facilities have access to a limited schedule throughout the year. Teams with telescope
time might have TOO status approval for only a few hours for a given scheduling term lasting
a quarter of a year or more. The limited observing time at large facilities proves to be cumber-
some in responding to events that need to be observed over long duration, such as GW triggers or
GRBs, which might involve a rapidly-fading optical or IR transient on the order of days or weeks.
Time is the most precious resource. Extensive follow-up campaigns are better handled by smaller,
more time-available facilities. Small observatories can provide critical and robust data in follow-
ing up TOOs and conducting longer-term measurements of detected yet unclassified sources. The
limitations of small observatories become those of instrumentation quality, site conditions, and
post-observational analysis methods.

The challenge I am addressing is — How can small astronomical observatories follow-
up and observe astrophysical transients? The purpose of this thesis is to demonstrate (1) how an
astronomical observatory should respond to a GW event, (2) how one should process the imaging
data obtained during such a follow-up, and (3) how one measures the optical counterpart to a GW,
should one be discovered in response to a GW alert.

In Chapter 2, I discuss the historical attempt to detect GWs, the discovery of GWs in
2015, and the detection of GW170817 and measurements of the associated counterparts GRB
170817A and AT2017gfo. I provide a summary of kilonovae and AT2017gfo, the optical coun-
terpart of GW170817. In Chapter 3, I describe the methods required for observing optical coun-
terparts to GWs. I show how one measures the properties of the CCD imaging system (for select-
ing a proper optical system to see a transient) and the signal of a stellar source (which a transient

would look like, albeit rapidly-fading). I demonstrate how one estimates the angular offset of an



object out to nearby (z < 0.1) galaxies, since we expect many BNS mergers, and hence many ther-
mal transients, to occur within or nearby galaxies. In Chapter 4, I discuss the TOROS project and
the development of the Cristina Torres Memorial Observatory (CTMO). In Chapter 5, I present
data from the observational response to three GW events between 2017 and 2019. I perform rel-
ative time-series photometry on the detected transient AT2017gfo and measure its angular offset
from the center of its galactic host. In Chapter 6, I discuss the validity of my measurements. |
remark on the implications of GW170817 on the ability of CTMO and the TOROS network to
conduct observational follow-ups to transient events. I present my sources of error, intended ar-

eas of improvement, and summarize the project.



CHAPTER I

BACKGROUND

2.1 Gravitational waves

Albert Einstein published the theory of general relativity in 1915 and conjectured the ex-
istence of GWs in 1916 [59]. GWs are traveling perturbations in the spacetime metric caused by
very massive or energetic events. At the suggestion of Hermann Weyl, by changing coordinate
systems, Einstein demonstrated the existence of three kinds of GWs. Arthur Eddington showed
in 1922 that two of the three types of conjectured waves were coordinate artifacts [57]. Ein-
stein and Nathan Rosen demonstrated the existence of cylindrical GWs in 1937, although the
question as to whether or not GWs carry energy was still up for debate, and would not be set-
tled for another two decades [60]. In 1956 Felix Pirani predicted the observable properties of
GWs and demonstrated that a passing wave should move particles back and forth [37] [99]. The
1957 Chapel Hill Conference at University of North Carolina featured Richard Feynman giving
his “sticky bead argument” which, in tandem with Pirani’s work, convinced most physicists that
GWs carry energy [37].

Joseph Weber proposed the detection of GWs by measuring resonant vibrations induced
in a large metal cylinder as the waves pass [[124]. Weber constructed two aluminum cylinders,
each 66 centimeters in diameter, 153 centimeters in length, and weighing three tons. Each cylin-
der was suspended by steel wire in a vacuum chamber and separated by 950 kilometers. Unfor-
tunately, their sensitivity was limited by thermal agitation in the mechanical system to relative
changes in length ~107'%, which is above the sensitivity necessary to detect GWs [37]. Indi-
rect evidence for GWs came with Hulse and Taylor’s 1974 discovery of the binary pulsar PSR

B1913+16 [68]. The orbital behavior of PSR B1913+16 demonstrated evidence of energy loss as
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expected from GW emission for a decaying binary system [[113].

A global network of ground-based Michelson interferometers is currently observing the
GW sky. The Laser Interferometer Gravitational-Wave Observatory (LIGO) operates two such
interferometers in the United States, the LIGO Livingston Observatory (LLO) in Livingston,
Louisiana, and the LIGO Hanford Observatory (LHO) in Hanford, Washington (see Figures
and 2.2) [[10]. Each LIGO detector is a Michelson interferometer in perpendicular “L-shaped”
configuration (see Figure 2.4). The length L of each LIGO arm is 4 kilometers. The suspended
mirrors act as “freely-falling” test masses in horizontal planes for frequencies much larger than
the swinging frequency of the pendulum []10] [[100]. Following a remarkable and rich history
of development over the span of four decades, LIGO is currently sensitive to changes in arm
length AL ~ 10~ '8 meters, or roughly 1000 times smaller than the diameter of a proton. To quote
Clarke’s Third Law, “Any sufficiently advanced technology is indistinguishable from magic.”
Given that the strain £ is calculated from 2AL/L, a GW detector with 4-kilometer-long arms and
a sensitivity to changes in length ~ 10~!3 meters should be sensitive to strains # ~ 1072! [100].
LIGO is currently in its advanced stage (aLIGO) following a series of testing runs and technolog-
ical upgrades [2]. The Virgo Collaboration operates a similar detector in Cascina, near Pisa in
Italy — a Michelson interferometer with 3 kilometer-long arms []11]]. Virgo has also entered its
advanced stage of observations [[12].

The LIGO-Virgo Collaboration (LVC) can detect the GWs emitted from compact binary
coalescence (CBC). The cases of CBC expected are BNS mergers, BBH mergers, and binary neu-
tron star-black hole (NSBH) mergers. Currently, the Advanced LIGO-Virgo network can detect
CBC from these types of events out to several hundreds of megaparsecs [8]. Every stage of up-
grades yields a greater sensitivity to detect CBC (see Table 2.1). The planned “aLIGO+” will
have a BNS range of 325 Mpc and a BBH range of 2563 Mpc [[100].

The first observing run (O1) of LIGO was from 12 September 2015 to 19 January 2016.
LIGO started its second observing run (O2) on 30 November 2016. Advanced Virgo began its

first observational campaign on 1 August 2017, joining LIGO during the last few weeks of its O2



Phase BNS range [Mpc] BBH range [Mpc]

Early 40-80 415-775
Mid 80-120 775-1110
Late 120-170 1110-1490
Design 190 1640
Plus 325 2563

Table 2.1: Phases of plausible target detector sensitivities. Adapted from Table 1 of Abbott et al
(2018) with added terms from Quetschke (2019).

campaign — the first time three GW detectors were operating together. The concurrent LIGO-
Virgo O2 campaign ended on 25 August 2017. At the time of writing (January 2020), the LIGO
and Virgo detectors have been operating for the third observing run (O3) since 1 April 2019. The
LLO and LHO took a month-long commissioning break, which concluded on 1 November 2019,
and O3 will continue until 30 April 2020. Beyond this time, the GW network will observe yearly
as it reaches full design sensitivity, with O4 beginning at the end of 2020 and the planned addi-
tion of LIGO-India in 2024 [§].

Figure 2.1: The Livingston detector site of LIGO. Credit: Caltech/MIT/LIGO Lab.

The LHO, LLO, and Virgo Observatory form a global network of GW detectors, along
with other detectors at various stages of development (see Figure 2.3 for a current picture of the
global network). Why should we have multiple detectors? Having more than one detector observ-

ing the same event provides coincidence, and hence confidence, of a true astrophysical detection.



Figure 2.2: The Hanford detector site of LIGO. Credit: Caltech/MIT/LIGO Lab.

Given three or more detectors, we can reduce the localization uncertainty on the sky and improve
the chances of observing the GW source progenitor. Finally, if we have at least two detectors

rotated 45 degrees relative to each other, we maximize our sensitivity to both GW polarization

modes [8] [100].

«2;‘;
;LI‘GO Hanford

.LIGO Livingston

Operational

Under Construction i
<

Planned

\

Graviiifgtional Wave Observatories

Figure 2.3: The global distribution of gravitational wave detectors. Credit: Caltech/MIT/LIGO
Lab.

The era of GW astronomy began on 14 September 2015 at 09:50:45 UT when both LIGO
facilities detected GWs from a BBH merger. The discovery was remarkable for demonstrating
the existence of binary stellar-mass black hole systems, observing one merge, and for being the

first direct detection of GWs [3]. Equally remarkable was that GW150914 showed that rela-
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Figure 2.4: Cartoon schematic of a gravitational wave laser interferometer. Credit: MOBle, Wiki-
media Commons.

tively “heavy” stellar-mass black holes (2 25M.,)) form in nature [4]. The measured properties

of GW150914 are in Table R.2.

Initial masses 36M, and 29M
Final mass 62M,
Total energy radiated 3Mc?
Frequency sweep 35-250 Hz
In-band timescale ~ 150 ms
Peak GW luminosity 3.6 x 10°° erg/s
Distance 410 Mpc
Redshift z=10.09
Peak strain h~1.0x102!
Signal-to-noise ratio ~ 24
False alarm rate 1in2.03 x 10° yrs
Significance 5.1c

Table 2.2: GW150914 properties. Adapted from Abbott et al (2016) and Quetschke (2019).

On 17 August 2017 at 12:41:04 UTC the Advanced LIGO and Virgo detectors observed
the first BNS merger. GW 170817 had a signal-to-noise ratio (SNR) of ~ 32.4 and false alarm
rate of 1 in 8.0 x 10* years. The component masses were both calculated to be in the range 1.17 —
1.60M, implying the progenitors were both likely to be neutron stars. The GW signal was local-
ized to within 28 deg? at 90% confidence and estimated to have a luminosity distance of ~ 40

Mpe [6].
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Approximately 1.7 seconds following the detection of GW170817, the Fermi Gamma-
Ray Burst Monitor (Fermi-GBM) and INTEGRAL satellites detected a sGRB [40] [105] [[7]
[6]. The sGRB uncertainty region overlapped that of the GW, improving overall localization es-
timates for follow-up observations. The near-simultaneous spatial and temporal localization of
GW170817 and GRB 170817A had a 1 in 5.0 x 1073 chance of occurring randomly and, hence,
is strong evidence for the link between BNS mergers being the progenitors of sGRBs [6] [[7].

An IceCube neutrino candidate was initially determined to be coincident with GW170817,
but an updated GW skymap showed no coincidence of any plausible neutrino event [20] [21].
X-ray [61] [117] and radio [#41] [95] counterparts were detected and observed over the follow-
ing weeks and months.

Subsequent follow-up observations detected an optical counterpart named AT2017gfo
~ 11 hours post-merger approximately 10 arcseconds from the galaxy NGC 4993 []15] [16] [24]
[44] [50] [89] [112] [118] [119] [129]. Cross-matching HST imaging with the Gaia astromet-
ric catalog gave the position of AT2017gfo to be & = 13:09:48.071 and 6 = -23:22:53.37 [13]].
The observation of GWs and EM radiation from the same source was an unprecedented milestone
in astronomy and marked a new phase in the era of MMA. The observation of GW170817 and its
associated EM counterpart was one of the most important observations in the history of astron-
omy.

The results from three CBC searches (> 1M.,)) during O1 and O2 include 10 BBHs detec-
tions and 1 BNS detection. No NSBH detections were made. The results are summarized in the
First Gravitational Wave Transient Catalog (GWTC-1) of Compact Binary Mergers [9]. A repre-
sentative skymap of GWTC-1 is shown in Figure .6 and the GW waveforms and frequency plots

are shown in Figure 2.7.
2.2 Compact binary coalescence

The compact objects in either a BNS or NSBH system will inevitably collide after losing
sufficient rotational energy to gravitational radiation. When two neutron stars or a neutron star

and black hole collide, they produce a significant amount of ejected mass caused by the intense
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Figure 2.5: Localization skymaps of GW 170817 detected by LIGO and Virgo and GRB 170817A
detected by Fermi and INTEGRAL. Images of optical counterpart AT2017gfo by Swope Super-
nova Survey and reference field by DLT40 collaboration. Credit: LIGO Scientific Collaboration
and Virgo Collaboration.
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Figure 2.6: Skymap of all GW localizations in the LIGO/Virgo first and second observing runs.
Credit: Virgo Collaboration.

13



GRAVITATIONAL-WAVE TRANSIENT CATALOG-1  BUGO @ik $ cogun

Figure 2.7: The Gravitational Wave Transient Catalog of Compact Binary Mergers. Credit:
LIGO/Virgo/Georgia Tech/S. Ghonge & K. Jani.

tidal forces between the two objects. Even with one progenitor being a black hole, enough matter
can be broken up outside the event horizon and ejected at sub-relativistic or relativistic velocities
[75] [77] [L10]. Within merely a few milliseconds post-merger, there are three morphological
regions that can already be identified of the post-merger product, namely (1) a rapidly-spinning
central compact object between 2.5-3M, which has a high probability of further collapse into
a black hole within milliseconds; (2) a thick disk a few tenths of a solar mass surrounding the
central object; and (3) a low density region surrounding the thick disk [63].

It is expected that an EM counterpart will accompany a GW if one of the progenitors is
a neutron star [75]. A summary of the potential EM counterparts to a BNS or NSBH merger are
found in Figure P.8, adapted from Metzger & Berger (2012) [93]. BNS mergers should produce
bursts of gamma-rays [58]. Two processes can provide the GRB energy, namely (1) neutrino-
antineutrino annihilation into electron-positron pairs during the merger and (2) magnetic flares
generated by the differentially-rotating post-merger disk [97]. Additionally, numerical simula-
tions show that BNS and NSBH mergers release ultra-relativistic jets and spherical, sub-relativistic
ejecta (the latter of which includes dynamically-ejected tidal tails and accretion disk outflows).
Non-thermal radio emission is produced from the interaction of outflow with the surrounding
interstellar environment. These radio remnants are expected to appear weeks or years after the

merger event [93] [96].
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Figure 2.8: Summary of EM counterparts to BNS and NSBH mergers. Figure 1 from Metzger &
Berger (2012).

The ejected material contains a high density (~ 10'! to 10'* g cm™3) of neutrons which
undergoes rapid decompression as the material moves away from the system. Decreased pressure
caused by the decompression of neutron-rich material allows neutrons to move more readily and
rapidly. Nuclei above the iron group (A > 90) require successive capturing of neutrons in order to
form. There are two such processes in nature which allow for seed nuclei to capture free neutrons.

One such process is the slow neutron capture process (s-process), which occurs in situations if

the beta-decay half-life

FHIX = S X +e +Ve+y (2.1)

is short compared to the timescale for free neutron capture

IX+n— 41X 4y (2.2)

where A is the mass number, Z is the atomic number, and X is the particular species of
seed nuclei [33]. The other process is the rapid neutron capture process (r-process), which oc-

curs in situations if the beta-decay half-life is long compared to the neturon capture timescale.
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BNS and NSBH mergers, which involve rapid decompression of highly-dense neutron material,
are candidate sites for the production of neutron-rich heavy nuclei via the r-process and could ac-
count for the entire observable abundances of r-process elements in the universe [58] [63] [75]
[77] [110]. In fact, the observations of AT2017gfo are consistent with the inference that BNS
mergers are the dominant source of r-process nucleosynthesis in the universe [123].

One of the likeliest sources of isotropic EM emission is a supernova-like transient pow-
ered by the radioactive decay of r-process-synthesized elements (e.g. lanthanide elements) in the
decompressed material. The r-process heats the material at early (< 1 second) times, followed
by radioactive heating on timescales ~ hours to days produced by fission and -decay of these
synthesized elements. These supernova-like transient counterparts are called kilonovae, since
their expected peak luminosity is anticipated to be ~10° brighter than a nova. The expected mass
ejected is ~ 1072M, to ~ 1073 M, the peak timescale is ~ 1 day, and a peak V-band luminosity
of ~ 3x10*! erg s~! (corresponding to My ~ —15). The presence of lanthanide elements corre-
sponds to a reddening in color of the kilonova. Observers have been advised to find a transient
that exhibits optical emission on the order of days (from lanthanide-free components) and week-
long NIR emission (from lanthanide-rich components). Kilonovae are most useful for obtaining
redshift and localization information, making them high targets of interest for optical follow-up
campaigns [92] [93] [94].

The optical counterpart to GW170817 is consistent with pre-existing kilonova models.
The overall UVOIR picture provided by 647 total follow-up measurements was consistent with a
spherical, three-component kilonova model ejecting a mass of = 0.078 M, at v &~ 0.15¢. The data
are well modeled by (1) a “blue” lanthanide-poor component, (2) an intermediate-opacity “pur-
ple” component, and (3) a “red” lanthanide-rich component. The origin of the merger appears to
be truly a BNS (and not a NSBH) merger since the lanthanide-poor component indicates material
having been dynamically-ejected from the poles during the merger process. What about the fate
of the final merger product? The “purple” intermediate-opacity and “red” lanthanide-rich compo-

nents indicate the presence of delayed outflow from an accretion disk which formed post-merger,
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an indication which disfavors a long-lived (~ 100 ms) central hypermassive neutron star remnant,

and instead favors prompt collapse into a black hole [[123].
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CHAPTER III

METHOD

3.1 Optical follow-up response

The NASA Goddard Gamma-ray Coordinates Network (GCN) and Transient Astronomy
Network (TAN) provide information related to transient astronomical events. The GCN system
distributes (1) the locations of GRBs and other transients (“notices’) and (2) reports of follow-
up observations (“circulars”). Typical event notices are transmitted from various spacecraft (e.g.
Fermi), GW detectors (e.g. LIGO), and neutrino detectors (e.g. IceCube) [25].

The TOROS alert robot is a Python script running constantly on a virtual machine. When
the LVC detects a GW signal, they issue a GCN notice formatted as a Virtual Observatory Event
(VOE) file and sent via the VOEvent Transport Protocol to a list of predefined static IPs and
ports [25]. Upon receiving a notice from the LVC, the TOROS alert robot follows three steps.
First, the robot sends an email to a subscriber list with the attached VOE file. Next, the robot
parses the XML-formatted VOE file and sends a follow-up email with the parsed event param-
eters, such as event identification, detection time, alert type, probability of involving a neutron
star, probability of having a remnant, and a rapid localization skymap by BAYESTAR []107]. Fi-
nally, the robot generates a list of targets for each TOROS observatory and uploads the targets
to a broker website. The TOROS alert pipeline, designed by M. Beroiz (2017), is shown in Fig-
ure B.1] [25].

The ability to localize a GW source in the sky depends on the geographical configuration
of the GW detector network and the relative sensitivity of the detectors. With only two detectors
active, localization regions can be as large as ~ 1000 square degrees. Three detectors (all within

a factor of ~2 relative sensitivity) are required to improve the localization region to ~ 5 — 20
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Figure 3.1: The TOROS alert pipeline. Adapted from Beroiz (2017). Credit: M. Beroiz.
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square degrees [8].

Telescopes with < 1 square degree field-of-view (FOV) are not effective at completely
tiling these large localization regions. For follow-up systems like CTMO, we adopt a target selec-
tion strategy — one appropriate for the combination of small FOV and large localization uncer-
tainty [25]. The target selection strategy can improve the success rate of detecting a GW source
transient [63]. Initially, the TOROS target selection employed the Gravitational Wave Galaxy
Catalogue (GWGC), which contains 55,325 galaxies [127]. The current selection strategy uses
the Galaxy List for the Advanced Detector Era (GLADE), which contains 3,262,883 entries [25]
[46]. Target selection is based on three criteria, namely (1) localization uncertainty per pixel of
LIGO skymap, (2) visibility of targets at moment of event based on geographical information,
and (3) several cuts on parameters such as distance, magnitude, and luminosity [25].

My work coincides within the gray dashed line of Figure B.1. Once the broker is uploaded
with targets, the strategy becomes a rapid follow-up of assigned targets (per observatory within
the network) followed by image reduction and analysis. If one wishes to find an optical transient
within a reasonable search time, one should employ a prompt, systematic response, with a well-
organized data flow, and possibly incorporating a variety of analysis strategies depending on
the given situation [26]. The analysis strategies I have investigated and helped to implement at
CTMO are collectively known as the CTMO Analysis Pipeline (CAL).

Observational data should be obtained and stored in an organized and procedural way.
The directory tree for a standard nightly CTMO observation is shown in Figure B.2. The tree as-
sumes that there are multiple objects taken on a given night and possibly in different filters.

Once the raw data are stored from a given observing session, the next step is to reduce
the raw data to calibrated data ready for scientific measurement. The procedure I have adapted
is called the Static Image Series Reduction (SISR, pronounced “scissor’) pipeline and shown in
Figures B.3 and B.4. The SISR pipeline assumes the tree structure implemented at CTMO. First,
SISR grabs the dark and flat frames and creates a median-combined master dark (per integration

time) and a normalized, dark-reduced flatfield (per filter). Then, the master darks and flatfields
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Figure 3.2: The directory structure implemented at CTMO.

are applied to the corresponding raw object series. Additional cleaning routines include transient
artifact detection and background subtraction. Transient artifacts, such as cosmic rays, are local-
ized sources of noise commonly found in astronomical images. CAL employs Astro-SCRAPPY
[87], a Python-wrapped package encapsulating the L.A.Cosmic algorithm [120]), to remove tran-
sient artifacts. CAL employs two optional methods for background estimation and subtraction.
One such method uses a sigma-clipped global median via the Astropy Photutils package [102].
Another method CAL uses for background subtraction is to estimate a spatially-varying mesh em-
ployed by the Source Extraction and Photometry (SEP) Python package, based on the original
SExtractor algorithm [[19] [27]. Once the raw objects are reduced, the next step involves plate
solving the reduced frames using a local instance of Astrometry.net [[73]. SISR aligns the solved
frames using the Astropy Reproject [[102] package or, if it fails, SISR calls on the Astroalign
package to match via three-point asterisms and without having to rely on any WCS solution [26]
[32] [64]. The final step of the reduction process is to stack the aligned frames and then to plate
solve this final stack. The resulting stacks are ready for comparison to reference images and mea-
surements like photometry.

When searching for an astrophysical transient near or within a galaxy, there are a num-

ber of analysis strategies one can follow to confirm a detection. One method is to compare the
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number and positions of the sources detected in the image with those of a reference from archive.
The process of detecting sources and comparing them with those detected in an archival image is
called “cross-matching” catalogs, and is the first of three methods designed for the CTMO tran-
sient analysis pipeline. Another method commonly used for detecting transients is difference
image analysis (DIA), which involves aligning one’s “target” image with a “reference” image
taken from archive. Ideally, when it comes to DIA, the properties of the two compared images
should be identical. The most ideal situation is to have target and reference images taken from
the same optical system. However, many cases of difference imaging involve subtraction of a
target image from a reference taken on a different system and during a separate epoch. In order
to properly subtract two images from each other, not only do they need to be aligned with each
other, but their point-spread functions should be matched. There are several methods in the liter-
ature for accomplishing this, including analytical solutions [[14], numerical solutions [31], and
even case studies involving machine learning solutions [[104]. My work does not focus on the
DIA-branch of the CAL, however this particular method is planned for future iterations of the
pipeline. A variant of DIA is to model and subtract the host galaxy from the image entirely (be-
fore subtracting it from a galaxy-subtracted reference). Galaxy modeling can be accomplished
using analytical models, like fitting Sérsic profiles, or numerically, like calculating an elliptical
isophote model. The latter strategy, employing elliptical isophotes to generate a numerical model
of the galaxy, is used in CAL. Ellipse-fitting requires several (i.e. hundreds) iterations to con-
verge to an accurate model and introduces errors into photometry that are hard to quantify. The

three strategies, in the order presented, are of increasing order of complication and shown in Fig-
ure B.5.
3.2 CCD image theory
Astronomical imaging began involving electronic detectors in the late 1970s. The charge-
coupled device (CCD) became the winner of contending electronic detectors by the end of the

1980s — having replaced all photographic plates except for large field imagers [128]. Early
CCDs had 30-pum pixels in a 400 x400 or 800x 800 detector array [28].
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Figure 3.5: The analysis pipeline for CAL.
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3.2.1 CCD imaging

A CCD chip is a silicon semiconductor. The chip is an array of etched silicon wells which
act as individual photometers. A photon striking a silicon well is absorbed and converted into an
electron via the photoelectric effect and stored within the well. For conversion to a digital image,
the top row of the array is read out serially through a pre-amplifer, an amplifier, and an analog-
to-digital converter. The remaining array is shifted up by a row and the process repeats until all
rows are read out and reconstructed as a digital frame of pixels [28]. The pixel array is stored
in the Flexible Image Transport System (FITS) file format, which includes the data array and a
header data unit (HDU) containing image metadata [[125].

By exposing the CCD array to the night sky, we can measure the signal from photons,
which are converted and stored in pixel wells and which are used to determine the flux from a
given source. There are several sources of noise, both systematic and random, intrinsic to CCD
images. One source is from a constant voltage offset, or bias, which is applied across the entire
array. One can produce a bias frame by reading the CCD chip with a “zero”-second exposure (i.e.
the shortest possible exposure for the given CCD camera). All frames have this bias offset, which
must be removed before making measurements.

After exposure of the chip, each well contains a certain number of thermally-oscillating
electrons — hence a CCD must be cooled (typically by thermoelectric fans or liquid nitrogen) to
reduce the thermal noise generated by electrons. Unless one is using a large-scale CCD camera
with liquid-cooling, one must remove the thermal noise or “dark current” from the CCD frame
through image reduction. Dark frames reflect the total thermal noise generated by electrons at a
given integration time, chip temperature, and binning. For every object frame exposed per obser-
vation, one must create a series of dark frames with the same conditions as the object frames. The
more dark frames, the better, and one should create a mean or median “master dark” per integra-
tion time, temperature, and binning. The master dark should be subtracted from the object frame.

No optical system is perfect. Artifacts including vignetting, dust particles, smudges, CCD

structure, and uneven illumination introduce aberrations in object frames. These aberrations are

26



removed by exposing an evenly-illuminated canvas with the same filter, temperature, and bin-
ning of the object frames, which produces a “flat” frame. The canvas for creating the flats could
be twilight flats or dome flats [84]. Typically, one should expose a flat to create a mean frame
value of 30-50% saturation limit of the particular CCD being used. Similar to the creation of dark
frames, a “master flat” should be produced by creating a mean or median of the sequence of indi-
vidual flats, per filter, temperature, and binning. Finally, one should divide each resulting master
flat by the mean frame value of the master flat itself, to produce a normalized “flatfield” (nor-
malization preserves the photon-counting statistic). The dark-corrected object frame should be

divided by the normalized flatfield.
3.2.2 CCD properties

We consider a mathematical formulation of the properties of a CCD, following the deriva-
tion given by Veilleux (2006) [|122] by considering an array of M pixels consisting of Ny rows
and N, columns such that M = N,ow X Ngo. We assume that each pixel on the array is exposed
to a light source so that there are n electron charges accumulated on each pixel. The charges must
be amplified before conversion into a digital number for computers to read, therefore the output
signal of the CCD electronics S is not equal to the number of electrons accumulated per pixel 7.
However, S « n, and the factor that makes this statement an equation is called the “gain” and is
denoted G. On a CCD chip, we are truly measuring electrons (converted from photons), which
are subsequently multiplied in the CCD registry and expressed in terms of analog-to-digital units
(ADUs). Consequently, one should properly define the “gain” G in terms of ADU/e™. In that
case, what most authors call the “gain” is really the inverse gain, since they express “gain” in
terms of e /ADU. Hence, in this report, the inverse gain is denoted g and the true gain is denoted
G, or

1

Additionally, we assume that a constant bias voltage is added across the frame and that
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the exposure time is short enough so that the dark current is negligible. The mean bias level B

[ADU] across the frame is

; NZ (3.2)

where B;; is the output signal of the bias at pixel (i, j) [ADU]. The overall output signal

from the bias signal across the frame B is given by

B=B+op (3.3)

where ojp is the standard deviation of the readout noise [ADU] and which represents ran-
dom fluctuations about the mean value of the bias from pixel-to-pixel. Given a cool and stable
CCD chip, one can treat B and the probability distribution of 6 both constant across the frame.
Moreover, the mean value of the readout noise should vanish, or

1 Nrow Neol
Gp = Y ) [oBlij=0 (3.4)
i=1 j=1
By including the gain and bias terms, the proportionality S o< n can be converted to an

equality and expressed as

S=Gn+B+ oy (3.5)

where oy is the standard deviation of the output signal of the CCD [ADU] and accounts
for fluctuations in the mean value of the output signal. We need to remove the constant bias level
B before taking measurements. Removing the bias involves subtracting the bias frame from the

object frame,
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S'=S—B
:Gn-i-B-i-Gs—B—O'B

=Gn+ 05— Op

(3.6)
(3.7)

(3.8)

We consider that S’ = S;; and, therefore, " = S'. The average bias-subtracted signal is

now

S’ZGﬁ-i-(fs—CfB

(3.9)

and, knowing that the fluctuations in the bias and total signal both average to zero, we are

left with

S =Gn

(3.10)

We are now in a position to calculate the variance in the bias-subtracted signal. Starting

with the definition of the variance in terms of the signal,

oy = (§'—5')?

= (Gl’l—|— Og — OB — Gﬁ)z

= [G(l’l — n’) + Og — 63]2

Knowing that 6,, = n — i1, we can write

62 = (Go, + o5 — 0p)?

We expand the square to eliminate cross-terms and simplify the expression,
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(GGn—f—GS—GB)Z = (Go, + os — 0p)(Go, + 05 — Op) (3.15)

= Gza,f + Go,05 — Go,,0p + Go,,05 + c§ — osop — G0,,0p — O50p — Gﬁ (3.16)
= G*6? +2Go, (05 — o) + (65 — 0p)? (3.17)

— 062 = G*62+2Ga,(05— 0p) + (05 — 0p)? (3.18)

— G?02 4 2GG,65 — 2GG, G5 + 02 — 26505 + G2 (3.19)

The terms 6,05, 6,0p, and 050p are all treated as negligible, because o, 05, and op are
uncorrelated and the total number of pixels M is large. The mean variance in S and B are equal,
hence

02 = G*02+202 (3.20)
S/ i n B .

From Equation .4 we can define the root mean square of the bias frame op as

— 1 1 _
op=\/o5 =, |- ) [0l = |-} (Bij—B) (3.21)
ij tj

which means that G_l% = 03 and

62 = G?062 4203 (3.22)

Photons striking the CCD detector will eject electrons with a mean value corresponding to
the intensity of incident light. The individual electrons counted by the pixels will obey a Poisson

distribution,

c,=VN=Vi=0, (3.23)

and, therefore, we can write
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o5 = G*i+20} (3.24)

Finally, using §' = G7i, we can write

o2 = GS' +20} (3.25)

which demonstrates that we need to measure S’ and oy in order to determine the key
CCD properties of gain G and readout noise 0. Equation is a linear equation of the form
y = mx + b with a slope of G and a y-intercept of 2G§. In the form of Equation .23, the inde-
pendent variable is §” and the dependent variable is G_Sz,. By preference, we choose to swap the
independent and dependent variables so that x = GI% [ADU?] and y = §' (in ADU). The gain G

[ADU/e™] is calculated directly from the slope m as the inverse

m=— (3.26)

and the y-intercept b gives us the readout noise op as

bG
o8 =\~ (in ADU) (3.27)
Op =1/ — b (ine™) (3.28)
P7V 26 '

The form, which is used in experimental testing of instruments, now reads

1
G

_ 2
S'= 05— Ecg (3.29)

The readout noise limits detection at short integration times (i.e. when the number of elec-
trons is of order Gé or less). Situations in which the readout noise becomes important include
measurements with either spectrometers, narrowband filters, high time resolution, or high angular

resolution [[122].

31



One can sample the entire frame using this method, which gives reasonable measurements
for the gain and readout noise. However, the best approach is to sample different regions across
the chip, since flatfields are never perfect nor evenly-illuminated. Furthermore, a more realis-
tic approach still would need to account for two additional complications, namely that (1) the
sensitivity of pixels across the frame is not constant and that (2) pixels do not eject electrons at
the same rate. These complications are addressed by Veilleux (2006) but not treated in this work

[122].
3.3 Relative photometry

Relative photometry is the process by which one measures the signal from a star and
places that signal on a calibrated measurement scale. The process involves measuring the total
integrated signal from a source measured on a detector array and converting the total signal, or
flux, to an instrumental magnitude. The same is done in parallel for a suitable comparison star (or
multiple stars averaged together), suitable being defined as similar in color index and relatively
localized in the sky. By comparing these multiple instrumental magnitudes with the correspond-
ing reference magnitudes on a known photometric system, an offset can be applied to the instru-
mental magnitude to place that value on the same photometric scale.

Since the purpose of relative photometry is to measure stellar signals, we must understand
the shape of their signal as detected by optical instrumentation. King (1971) was the first to piece
together the profile of a stellar source, out to a radius of six degrees. He determined the profile
can be organized into three components, namely (1) a central core, followed by (2) an exponen-
tial drop, and (3) an extended inverse-square “aureole” [72]. The central core is a nearly-uniform
disk, surrounded by region of steeply-falling brightness. The size of the disk is determined by
the resolving power of the telescope and is directly proportional to seeing and telescope aberra-
tions. The center is well-represented by a Gaussian curve (although other formulae work as well
over a small range). The steep drop that follows is not as steep as a Gaussian drop — an exponen-
tial drop represents the steep drop phase. The slope moderates abruptly to an inverse-square law

followed over a factor of 1000 in angular distance from the center of the star. King showed that

32



integration of the inverse-square halo (“aureole”) contains approximately 5% of the stellar signal
[72].

Placing an optimal aperture on a stellar source becomes the next problem to solve before
one can measure the flux accurately. There are several methods that have been adopted routinely,
which include using some factor (e.g. 2-3) times the FWHM of the source or calculating particu-
lar characterizing radii (e.g. the “Kron radius”). These methods underestimate the stellar signal
by a non-negligible amount. Howell (1990) demonstrated CCD growth curves as a means to mea-
sure the optimal aperture to place for conducting aperture photometry [66] . Once the optimal
aperture has been measured, it can be placed on the center of the source at that optimal radius.

Integration of a source using CCD growth curves ensures the capture of the entire stellar signal.
3.3.1 Measuring flux

We follow the methods described by Howell and Merline (1995) for understanding how
one measures flux and flux error when performing aperture photometry [67] [91]. The total inte-
grated photometric signal, which we call flux and denote as F, is given by

Ny
F=Y (S +SP+8°+5°) —NoB+Npd (3.30)
i=1

where S7 is the total counts on pixel i due to the source [ADU], SlD is the total counts on
pixel i due to dark current [ADU], S? is the total counts on pixel i due to the background [ADU],
Sl.O is the total counts on pixel i due to the DC bias offset [ADU], B is the mean background level
[ADU], and d is the digitization offset [ADU]. Each pixel is summed in series over the entire
area of the stellar aperture of N4 pixels.

If we define S; to be the sum of all counts recorded on pixel i [ADU] given by

S; =87+ 8P+ 58459 (3.31)

then the expression for the total integrated photometric signal F is simplified to
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Ny B
F=Y Si—NaB+Nud (3.32)
i

We interpret the term Nad as describing the net effect of conversion from electrons to
ADU. The process of analog-to-digital conversion involves making a digital approximation of
both the stellar and background pixel arrays. Given an idealized analog-to-digital converter, the
average fractional ADU lost (gained) per pixel f* in the stellar array is the same lost (gained) in

the background array 5, such that

d=Ff"—f=0 (3.33)

Therefore, we can further simplify the expression for the total integrated photometric sig-

nal F to

A
S;—NuB (3.34)
1

N,
F =

1

with the mean background B (in ADU) given by

_ ] M 1 %( Dy g1 50)
B=—Y Si=—Y (P +55+5¢ (3.35)
NBj:1 NBj:1 J J J

where S? is the total counts on pixel j due to dark current [ADU], Sf is the total counts
on pixel j due to the background [ADU], and SJQ is the total counts on pixel j due to DC bias off-
set [ADU]. The mean (or median) is taken over Np pixels. It is neither necessary, nor desirable,
to have Np and N, to be the same number. The error in the photometry of a point-source depends

on the number of background pixels used in the measurement.
3.3.2 Measuring flux error

There are five primary sources of noise associated with the signal measured on a CCD
array. These sources are (1) photon statistics generated from the source, (2) photon statistics gen-

erated by the sky, (3) noise in the dark level, (4) readout noise, and (5) noise resulting from digiti-
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zation of the analog signal. The expression for the one-sigma variance in the flux measurement is

given by formal error propagation of the equation

Ny _ _
F= S; — NaB+ Nyad
i=1

(3.36)

where, by ignoring pixel-to-pixel correlations and, hence, the covariance terms, we write

the one-sigma variance as

b (5) e (5) o ()
Fog\osi) % \oB) "B \ad

2 2 2 2 2 2
GF: GS,+NAGB+NAGJ

=1

991\)

=

~

The first term is the variance in the total signal of each pixel, written explicitly as

o5 = 0g+8(SF+ 5P +S7)

(3.37)

(3.38)

(3.39)

where g is the “inverse gain” [e”/ADU] and o is the read noise associated with one read

from one pixel [e” /pixel/read]. Given the previous simplification in notation for the total counts

S; that

S; =S +SP 58459

we can write the first error term finally as

o5, = of +8(Si — 57)

Next, the variance in the mean background is given by

Np

2 _ 1 2 2 2 2

GB = W E (GR+GSD +GSB +GSO)
BJ_l J J J
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In general, we assume that we are dealing only with photon noise, so Gg = gS5. We can

further assume that the bias level is well-determined across the chip, so 62, = 0. Carrying that

Sj
out leads to
oF = N2 Z SD+ B+GS0+GR) (3.43)
2 1 & D B 2
B j=1
2 1 & 0 2
0 = 7 L. (85— 857 0%) (3.45)
B j=
1 Nz o 1 N,
o2 = NZZ[ (S;—59) ]+]7§ZIGR (3.46)
]_
AL 0 o3
g:—ég[ 2(S;—59) ]+173 (3.47)

Finally, we characterize the digitization noise. In general, the fractional count lost (gained)
per pixel in the source integration is automatically compensated, because the average background
per pixel is also over-estimated (under-estimated) by the same fractional count. This compensa-
tion is independent of the number of pixels in either the source or background arrays. Hence, in
general, assuming the distribution functions for f* and f? are the same, then there should be no

digitization offset so that

[=f—fP=0+o0; (3.48)

The variance, or digitization noise, is the extent to which the above compensation is un-

certain. The standard errors in the means f* and £ are given by
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o
o2 =1
S Ny
and
2
2
7 Ng

(3.49)

(3.50)

If we treat the standard errors in the means f* and f? as uncorrelated, then we can write

the digitization noise in quadrature sum as

(3.51)

(3.52)

(3.53)

where oy is the uncertainty in estimating the true mean of the distribution of f from the

fractional count in a single pixel. Newberry (1991) [98] showed that, for f uniformly distributed

on (—3, %), the variance will be

of = [P

(3.54)

which gives oy = /1/12 ADU ~ 0.289 ADU. The digitization noise in most cases is

small — the contribution from the digitization noise is typically only a few percent of the read

noise. For the final expression for the one-sigma noise variance in the flux, we take the three vari-

ance terms and plug them into the expression as such

(3.55)



2 U 0 1 & 0 0'1% N; A\ 2
o [o+ S;— 8! }+N{_ [ S-S }+ }+ (1+ )
F= Lok alsi=s0)) + M g X [stsi=59)] + G (1
Ny Ny 2 Np N2 N
- g(Si— SO] N [ }-l——AGZ-i-N (1+—A> 26
Boie b5t e o591 ek o (143)

5 0 N2N
5

B
j=1

[g(sj—sf)] +NA<1+Z )g o2

(3.56)

(3.57)

(3.58)

Equation is the final expression for the photometric error in integration. The first

term describes the effect of readout noise on both the star and background measurements. The

second term describes the photon noise in the star measurement and the third term describes the

photon noise in the background measurement. The fourth term describes the noise introduced by

the digitization process. We can make approximations to Equation by considering are pre-

vious assumptions about dealing only with photon noise and a well-determined bias. The source

term can be approximated as

;A[ (Si— SO} %[g(S?—FS,-D—FS,B)}

i=1

i=1

Ny Ny Ny
Y [8(si=50)] = Yg5i + ) (5P +57)
i=1 i=1

=

8(5;=59)| = §"+Na(cB + o)

i=1

and the background term can be approximated as

38

(3.59)

(3.60)

(3.61)



Np Np
Y. [665i=59)] = X [e(s5 +57+57) (3.62)
Jj= Jj=
Np Np
Z [ S;—59) ] Y 2S5+ Z (2S? + g5%) (3.63)
j=1 j=1 j=1

(3.64)

i [ - ] ~ 0+ Np(op + 03)

If we plug Equations and back into Equation 3.58, we get more practical and

still accurate approximation, written as
N, N3 N,
A> o2 + [S* +Na(cR+ o§>] +35 [NB(GD + aB)] 4N, (1 + ]vz)gchj% (3.65)
B

N? N? N?
Of ~ NAOg + 207 + 5"+ Nr0j + NoOp + 205+ Nag*of + 2 g°07 (3.66)
Np Np Np

N? N2
A)o,%+ <NA+—A> (3.67)

(3.68)

N
02~ S* + Ny (1 +N—2> (03 +0p+ 0 +8°07)

For practical purposes, given modern detectors and cooling capabilities, we can neglect

the readout noise, dark current, and digitization noise (i.e. Og,0p,0r — 0). Therefore, Equa-

tion reduces to

Ny
o2 :S*+NA(1 +NB) o3 (3.69)
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Masci (2008) introduced two additional factors to consider: the situation of co-added
frames and a small correction to the variance if one uses a median background estimation rather
than the mean [85] [86]. The co-addition of frames is accounted for by dividing the Poisson
source term in the error equation by the number of stacked frames. The correction term for using
the median as the background estimation method is accounted for by considering the difference
between estimating the mean and the median of a dataset. The median is noisier (i.e. less effi-
cient to calculate) than the mean for a randomly-drawn sample. In other words, if B is taken as
the median rather than the mean, then the variance in the background is underestimated by a fac-
tor of 7 /2. However, the median is robust against outliers, so transient artifacts will tend to skew
the results less.

Lastly, we observe that the flux from the source alone S* is a sum over pixels within the
aperture of the difference between the total signal and the background signal. Note that S* is in
units of electrons (since the Poisson statistic comes from counting electrons, not ADU). There-
fore, we must introduce an “inverse gain” term when expressing the signal as a measured flux in
ADU. Taking into account the additional “inverse gain” factor, co-addition factor N, and statistic

factor k, we get

cl%:iNA (Si—B)+Na[ 1414 ) 52 (3.70)
gNizl NB
F N,
op ~ gTV+NA<1+k]7/;) o} (3.71)

If B is taken as the mean, then k = 1. If B is taken as the median, then k = 7/2. Equa-
tion is a simple yet effective expression for estimating the one-sigma variance of a flux mea-
surement on a CCD array. The first term is the Poisson counting statistic from the source; the sec-
ond term is the background variance, but this time taking into account the number of background

pixels used in the estimation and the method of estimation (mean or median) [85] [86].
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3.3.3 Instrumental and calibrated magnitudes

In order to report flux measurements, one must convert the flux to the magnitude scale
and then calibrate that instrumental magnitude to place it onto a photometric system. Otherwise,
astronomers would not understand how to compare measurements. The first step is to convert the

flux to an instrumental magnitude, given by the fundamental relation of flux-to-magnitude, or

m' = —2.51ogF + ZP, (3.72)

where F is the measured flux [ADU], ZP, is the effective zeropoint, and m’ is the instru-
mental magnitude. One must scale the instrumental magnitude to a normalized one-second expo-

sure, which is achieved using

t (scaled
m' (scaled) —m’ (unscaled) = —2.5log (t(lﬁ%) (3.73)
By error propagation, the one-sigma variance in the magnitude is given by
amp\*

2 1 2
O = ( aF) OF (3.74)

25 \?

2 _ _ 2

c, = ( 1n(10)F> Or (3.75)

Finally, we place the normalized instrumental magnitude onto a calibrated apparent mag-
nitude scale. We make a plot of magnitude difference (instrumental magnitude less calibrated
magnitude) on the y-axis versus the color of the photometric system to which we are comparing.
Let us assume we are dealing with three SDSS filters, g, r, and i. We want to make plots for each
passband, so we make plots of g’ — g, ¥’ —r, and i’ — i all versus g — i. By fitting a polynomial to
the values on these plots, we can calculate the effective zeropoint ZP, (per band) and calibrate the

instrumental magnitude. The three second-order polynomials for each band are
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g —g=Co+Ag(g—1i)+By(g—i) (3.76)

¥ —r=C+A(g—i)+B(g—i) (3.77)

i —i=Ci+Ai(g—i)+Bi(g—i) (3.78)

where the A coefficients are first-order color terms, the B coefficients are second-order
color terms, and the C offsets are the zeropoints for sources with color g —i = 0. The A and B de-
scribe the photometric differences between the system that observed the instrumental magnitude
and the system that observed the reported apparent magnitudes to which we are comparing. The
effective zeropoint ZP, is the entire RHS of the polynomial, and the calibrated apparent magni-
tude is the instrumental magnitude less ZP, [82]. The errors in the calibrated magnitude for all

three bands are determined from error propagation and given by

Gy = /02 + 02 (—Ag — 28By +2iB, ) + G2(~Aq +2gB — 2iB,)? (3.79)
0r = \/O2 + G} (~A, —2gB, +2iB,)> + G} (~A, + 2gB, — 2iB,)? (3.80)
o; = \/ 7+ 02(—A; — 2gBi+2iB;)> + 67(—A; +2¢B; — 2iB;)? (3.81)

To compare unfiltered instrumental magnitudes to a photometric standard, we can use a
similar polynomial-fitting technique as previously described [53]. If we consider a generic pho-
tometric system of blue b, red r, and “infrared” i passbands, and we observed unfiltered instru-

mental magnitudes u, then the polynomial would read
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u—r=C+A(b—i)+B(b—i)? (3.82)

with A and B as the first- and second-order color terms, respectively, and C is the zero-

point for sources with a color of b —i = 0.
3.4 Angular diameter distance

Coalescing compact objects such as BNS and NSBH mergers are expected to be observed
within or nearby galaxies out to modest cosmological distances. If the BNS or NSBH system is
not dynamically kicked from the galaxy during its creation, its merger could occur physically
within the galaxy. An observer wants to image galaxies and their surrounding field for an offset
source, possibly within the galactic limb, with separation from the core. An angular observation
of this separation translates to a physical separation if the distance to the source is known. We
want to translate an angular diameter 6 [arcsec] into a linear diameter D [pc] via known angular

diameter distance to the source dy [pc] via small-angle approximation

D
dy = 5 % 206265" (3.83)

We need to understand how cosmological distances affect the angular measurement of an
object and to which distance the small-angle approximation is valid. I follow the treatment given
by Carroll and Ostlie (2017) (hereafter, C&O) to understand how distance measurement is made
in cosmology and to which limit the small angle approximation is valid [33]. The Friedmann-
Robertson-Walker (FRW) metric describes a geometrically-flat, homogeneous, and isotropic

spacetime, expressed as

d®

V1 —ko?

where k : {—1,0,1}. The dimensionless, time-dependent scale factor R(t) is related to the

2
ds® = (cdt)? —R%(¢) [( ) +(®d8)* + (@ sin0d¢)* (3.84)

coordinate distance r(t) by the comoving coordinate @ via
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r(t) =R(t)® (3.85)

3.4.1 Proper distance

We define the proper distance as the distance measured between two events .27 and 4 in

a reference frame for which they occur simultaneously (¢, = t%) and is written as

AL = /- (A7) (3.86)

where A.7 is the spacetime interval between events .o/ and Z with spactime coordinates
(teys Xory Vor» 207) and (t, X, Y, Z), r€SpECtively, measured by an observer in the inertial ref-
erence frame .. The interval A.¥ as measured along a straight worldline between events .<7 and

2 in flat spacetime is

(A7)* = (A1)* — (Ax)* — (Ay)* — (A2)? (3.87)

We want to find the proper distance to an object as a function of time. Consider the differ-

ential proper distance d.Z at dt = 0 given by

dL =/—ds? (3.88)

The comoving coordinate of the object is given by @, with Earth at @ = 0, which means
the object sits along a radial line extending from the Earth with d8 = d¢ = 0. We insert these
conditions into the FRW metric and integrate to find the proper distance d,(¢) to an object at time

t

o Jo
d,(1) = R(1) /O \/% (3.89)

If we consider a flat universe (k = 0), then
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dy(1) = R(1) /O " i = R(0)®@ (3.90)

Assuming that the object we measure has a constant @ (i.e. zero peculiar velocity), then

the proper distance at any time can be obtained from

dy(t) =R(t)dp, (3.91)

and, with R(z,) = 1,

dyo=0 (3.92)

In a flat universe, the present proper distance to an object is just its coordinate distance

dco, = @ viar(t) = R(t)®@. If the object has a redshift of z, then its proper distance at time 7, is

dpﬂ

dy(te) =dpoR(te) = T4z

(3.93)

3.4.2 Comoving coordinate approximation

We want to express the comoving coordinate as a function of redshift, @(z). We begin
with an equivalent expression of the proper distance. Consider a photon being emitted at and
moving in from a particular comoving coordinate @,. At each time interval dt, the photon travels
a distance of cdt. Getting the proper distance is more than just simply adding these infinitesimal
chunks up because of the expansion of the universe. Dividing the distance cdt by the scale factor
R(t) converts this small distance to what it would be at the present time #z,. We can integrate the
resulting quantity from @, at 7, to @ = 0 at 7, to find the proper distance. Finally, we multiply the
result by R(7) to convert the proper distance to the distance at some other time. We can write this

equivalent statement for the proper distance as

d,(1) = R(t) /t ¥ ;Zt,) (3.94)
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By writing dt = dR/(dR/dt), we can write the present proper distance as

R(t))  cdR'
o= o FaRT@ (3:99)

and, by defining R(¢,) = 1, R(t,) = 1/(1+z) = dR = —R*dz, and

H(l)=— (3.96)

we can define a dimensionless integral /(z), a function of redshift, such that

I(z) = 0 I‘TZ’) (3.97)

We use a definition of the Hubble parameter H(z) from C&O Eq. 29.122, which relates

H (z) to observed cosmological parameters,

1/2
H(Z) =H, Qm70(1 +Z)2 + -Qrel,o(1 +Z)4 + QA70 + (1 - Qo)(l +Z>Z] (398)

and allows us to write I(z) completely in terms of redshift and observed cosmological

parameters

Z dZ/
I(z) = / (3.99)
0 \/Qm,o(l F )24 Qe o (1 +2)* + Qp o+ (1 — Q) (1 +2)2
thus presenting the present proper distance dependent on the redshift
c
dp,o(z) = 7-1(2) (3.100)

H,
For a flat universe (i.e. k = 0), we recall that d,, , = @, so the present proper distance
is nothing more than the comoving coordinate, and we have the comoving coordinate now as a

function of redshift (for a flat universe),

46



O(z) = —1(z) (3.101)

as
S(z)=1(z) (Q,=1) (3.102)
1
S(z) = ———sin [l(z) Q, 1} (Qo>1) (3.103)
Q,—1
1 .
$(2) = = sinh [I(z) 1 Qo] Qo < 1) (3.104)
so that, for all three cases of Q,, we have
@(z) = —S(2) (3.105)
7) = H, Z .
Because sin(x) = x — ’g—j + ’g—s, — -+ and sinh(x) = x+ )§—3, + ’g—ﬁ, + -+, 8(z) ~ I(z) to second-
order, and

@(z) ~ Hiol(z) (z<<1) (3.106)

We aim to find an approximate expression for the dimensionless integral /(z). Follow-
ing C&O, we ignore the brief radiation era €2, , = 0 so that the current observed value Q, =
Qo + QA . Furthermore, we use C&O Eq. 29.124 to relate the deceleration parameter g to the

observed values for Q,

1) = 30 (1) + Qra(1) ~ (1) (.107)
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1
Go = E-Qm,o —Qpp (3.108)

The integrand within /(z) can be expressed as a Taylor expansion around z = 0, incorpo-

rating the previous relationships for Q, to get

z 1 3, 1
ff(z):/0 {1—(1+q0)z'—|—{E—I—Zqo-l-iqg-l—5(1—90)]z’2+---}dz’ (3.109)

and integrating, we cast /(z) into a form that is readily approximated,

1 1 2 1, 1
I(Z):Z_§(1+‘ZO)ZZ+{6+§QO+§¢]3+8(1—Qa>1z3+“' (3.110)

The first two terms involve only the current value of the deceleration parameter ¢, so
they depend only on the dynamics of the expanding universe. The terms of third-order and higher
involve both g, and k, so they depend on dynamics and geometry [33]. Therein lies the advan-
tage of approximating to second-order: we can ignore assumptions about the curvature and merely
incorporate observed knowledge of the dynamics of the expanding universe. In other words,

(&4

G)'(Z)NHO [1—1(1—1—%)1] (forz<<1) (3.111)

2

is valid regardless of the flatness of the universe or a nonzero cosmological constant. For
a flat universe, this expression is an equivalent approximation to the current proper distance to a
given source d), ,(z) = @(z) for k = 0. The first term is the Hubble Law. The second term is a

linear departure from the Hubble law due to an accelerated expansion of the universe.
3.4.3 Luminosity distance

We aim to relate the present proper distance approximation to the luminosity distance and
the angular diameter distance. These two distances are observable, allowing an astronomer to

make the measurements necessary to determine (to within the limits of the approximation) the
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present proper distance to an object.

The luminosity distance dy is given by

[ L
di =/ — 3.112
L 4nF ( )

where L is the total luminous power emitted by the star and F is the radiant bolometric
flux. We must first relate this expression to the comoving coordinate @ and account for cosmo-
logical effects which further reduce the radiant flux observed. Consider a source of light located
at the origin (@ = 0) of a comoving coordinate system. Photons from this source reach a spher-
ical surface at @ = constant > 0. From the FRW metric, the surface area of the sphere at the
present time is 47®@2. The radiant flux diminishes as 1/@? after traveling from the source to the
spherical surface. Two additional cosmological factors reduce the radiant flux. One factor is cos-
mological redshift, which causes the energy of each photon E = hc/A to be reduced by a factor
of 1+ z. Another factor is cosmological time dilation, which affects the average time interval be-
tween photons being emitted from the source. Consequently, the rate at which photons arrive at
the sphere is less than the rate of emission by another factor of 1 + z. These effects add up to the

expression of radiant flux at the sphere’s surface,

L
F— _ 3.113
Ar®2(1+z)2 ( )
By substituting Equation into Equation B.112, we get
dp=o(1+2) (3.114)

where @ is evaluated numerically via Equations 99 and 101. The luminosity distance is

given exactly by

C

dr(z) (14+2)S(z) (3.115)
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and approximately by

dL(z)_IfTZ{H%(l—qo)z] (z<<1) (3.116)

2

The angular diameter distance dy4 is given by

da

SR

(3.117)

where D is the linear diameter and 6 is the angular diameter. We can relate the linear di-
ameter of an object (e.g. a galaxy) to its redshift by integrating the FRW metric across the galaxy
in the plane of the sky with df =d@ =d¢ =0,

oo

D=R(t,)00 = —— 3.118
()80 = = G.118)

or, for the angular diameter distance,

0]

di =
A 1+z

(3.119)

where @ can be calculated numerically or approximately as previously described. From
dp = @(1 + z), we get the relationship between the angular diameter distance and luminosity

distance,

dr,

ds =
AT (1422

(3.120)

Now we know the path that we must take when making measurements of a detected tran-
sient source offset from the center of its host. We will need to make a calculation of the galaxy’s
luminosity distance via measurements of its redshift, then relate that to the angular diameter dis-
tance. Once we have a calculated angular diameter distance, we can make a measurement of the
angular diameter using image data, and thus calculate the linear diameter of the offset between

the source and host.
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CHAPTER IV

OBSERVATORIES

4.1 The Transient Robotic Observatory of the South

The Transient Robotic Observatory of the South (TOROS) is a network of astronomical
observatories in the western hemisphere dedicated to following up LIGO alerts in the search for
optical counterparts to GWs [22] [51]. TOROS formed in 2011 among institutions in North
America, South America, and Europe. The primary goal is to produce high quality, resolution,
and depth images to cover localization regions of gravitational wave events on the sky. On 6
June 2013 the LVC issued a worldwide call for multi-messenger observers to participate in EM
follow-ups of GW events recorded by their detectors. TOROS signed a memorandum of under-
standing with the LVC April 2014. TOROS participated in the LVC first observing run (O1) from
September 2015 to January 2016 [52] and the second observing run (O2) from November 2016
to August 2017 [|18].

TOROS has deployed a wide-field optical reflector on the Cordon Macdn mountain site
of the Atacama Plateau in Salta province in Argentina. The site is at latitude 24:37:21.9 S and
longitude 67:19:41.6 W and has an elevation of 4637 meters (15213 feet). The site has been mea-
sured as one of the best in the world for optical photometry and spectroscopy and was considered
by ESO as a candidate site for its Extremely Large Telescope [[101]] [[116].

The primary instrument is a PlaneWave 0.6-meter reflector with a four-element prime
focus corrector (200 mm CaFI lens) giving it a FOV of 9.85 square degrees. The instrument is
equipped with a STA 1600 LN 10560 x 10560-pixel camera with 9-um pixels, providing an imag-
ing area of 95.04 x95.04 mm and a pixel scale of 1”/pixel. The optical system will have a band-

width from 0.4 to 0.9 um, covering the primary SDSS griz passbands [51] [49].
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Paraguay.

Argentina

Google

Figure 4.1: The location of the TOROS site at Cordon Macodn is indicated by the red marker. The
left line corresponds to the distance between Cérdoba and Salta (~ 700 km). The right line corre-

sponds to the distance between Buenos Aires and Salta (~ 1200 km). The city of Salta is ~ 400
km from Cordon Macoén. Credit: M. C. Diaz.

BB Tolar Grance, Argentina
®|¢ :

Figure 4.2: Light pollution at Cordon Macén. Credit: M. C. Diaz.

52



These specifications were chosen to satisfy the following problems: the relatively poor
localization of gravitational waves when only one or two detectors are working optimally; the
large uncertainty in the expected luminosity, duration, and rate of optical counterparts to BNS or
NSBH mergers. The aim of the observatory is to be a fully robotic facility with a priority-based
scheduler that runs constantly on four actions: GW trigger follow-ups; GRB follow-ups; baseline
imaging of the entire surveyable area; searching for short-duration transients, variable sources,
and moving objects [51].

The TOROS collaboration has access to several facilities, including the 1.54-meter tele-
scope at Estacion Astrofisica Bosque Alegre (EABA), the 0.83-meter T80-South (T80S) tele-
scope at the Cerro Tololo Inter-American Observatory (CTIO), the 0.43-meter telescope at the Dr.
Cristina V. Torres Memorial Astronomical Observatory (CTMO), and the 2.1-meter telescope at
Guillermo Haro Observatory (OAGH). TOROS typically has access to ~ 5 hours of TOO time
on the Gran Telescopio Canaria (GTC) segmented 10.4-meter telescope via the Mexican Time

Allocation Committee.
4.2 CTMO

The Dr. Cristina Valeria Torres Memorial Astronomical Observatory (CTMO) is the as-
tronomical observatory of the University of Texas Rio Grande Valley and the only observatory in
South Texas dedicated to scientific and educational activities. The primary scientific objectives
of CTMO relate to the field of time domain astronomy. The observatory follows up LIGO GW
alerts to search for optical transients. Additionally, numerous student projects, ranging from exo-
planet transit time series and variable star observations to asteroid tracking and rotation analysis,

have been accomplished at CTMO.
4.2.1 History

The observatory was originally designated the Nompuewenu Observatory. “Nompuewenu”
means “beyond the sky”, a word from the Mapuche people, who are indigenous to Argentina.

Originally, the observatory was built near the Brownsville campus of UTRGYV, behind the current
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Recreation Center on University Boulevard. Light pollution from downtown Brownsville and the
university forced the decision to relocate the observatory to a new location. UTRGV alum Anto-
nio Galan found the new site — an area in Resaca de la Palma State Park, located near the main
park building, which is where the observatory stands to this day [34]. The current foundation

in Resaca de la Palma was completed in July 2016. First light was achieved in September 2016.
Following this, Nompuewenu Observatory operated in scientific capacity from then until May
2018. The observatory was officially inaugurated as the Dr. Cristina Valeria Torres Memorial As-
tronomical Observatory (CTMO) on 5 May 2018. CTMO operated for nearly one year until April
2019, when it paused observations for replacement of the Meade 16” reflector with a PlaneWave
177 astrograph. In June 2019, the new optical system with a preliminary phase of CCD optics re-
ceived first light. Observations with this preliminary phase configuration ran until October 2019,

at which point the CCD system was swapped for a “next-generation” CCD and filter system.
4.2.2 Current specifications

CTMO is located in Resaca de la Palma State Park in Brownsville, Texas. The site is at
latitude 25:59:44.8 N and longitude 97:34:08.2 W and has an elevation of 12 meters (39.4 feet).
At the time of writing (January 2020), CTMO houses a PlaneWave Instruments 17" Corrected-
Dall-Kirkham astrograph as its primary observing instrument. The astrograph optical tube as-
sembly (OTA) is composed of a dual carbon-fiber truss upper cage: the upper cage houses the
primary mirror and electronic focus assembly (EFA) and the lower cage houses the secondary
mirror and is covered with a light shroud. The carbon-fiber truss design has an advantage over
standard optical tube assemblies in that it minimizes focus shifts caused by thermal expansion of
the tube assembly. Thermal equilibrium of the OTA is further achieved with three cooling fans
acting as exhaust ports on the back of the OTA and four fans blowing across the surface of the
primary mirror. These fans are controlled by the EFA.

The OTA is mounted on an L-500 altitude-azimuth direct drive mount and an equatorial
wedge. The L-500 has a payload capacity of 90 kilograms. The direct drive mount offers several

advantages: no backlash or periodic error and incorporation of high-precision axis encoders. The
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Optical design
Aperture
Focal length
Focal ratio
Central obstruction

Back focus from mounting surface
Back focus from racked in focuser
OTA weight
OTA length
Optical performance

Optimal FOV

Corrected Dall-Kirkham astrograph
432 mm
2939 mm
/6.8
23.7% by surface area
48.6% of primary mirror diameter
260 mm
184 mm
48 kg
1067 mm
6.5 um RMS at 21 mm off-axis
9.6 um RMS at 26 mm off-axis
70 mm image circle

Table 4.1: Optical system for PlaneWave Instruments CDK 17 astrograph.

Optical diameter
Outer diameter
Shape
Material
Coating

432 mm
445 mm
Prolate ellipsoid

Precision annealed borosilicate
Enhanced aluminum - 96%

Table 4.2: Primary mirror specifications for PlaneWave Instruments CDK17 astrograph.

Diameter 190 mm
Shape Spherical
Material ~ Precision annealed pyrex

Coating  Enhanced aluminum - 96%

Table 4.3: Secondary mirror specifications for PlaneWave Instruments CDK 17 astrograph.
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mount will counter nudges and wind gusts with feedback from the servomotors. The mount can
achieve a slew rate up to 50 degrees per second, which means it can track high proper motion tar-
gets and reduces time to acquire targets. The EFA kits controls a Hedrick focuser with an imag-
ing payload of nine kilograms and micron-scale position resolution. Attached to the focuser is a
Finger Lakes Instrumentation ProLine 16803 CCD camera and CFW-5-7 filter wheel with SDSS
Generation 2 ugriz and Johnson-Cousins V passband filters. Specifications for the OTA, primary

mirror, and secondary mirror are presented in Tables j.1|, #.2, and .3, respectively.
4.2.3 New optical system

A group for advancing instrumentation and automation was formed by members of the
Time Domain Astronomy Group (TDAG) with the goal of completely automating CTMO. The
author’s work with the instrumentation group has focused primarily on the telescope and imaging
systems employed at CTMO. When I began work with the TDAG in November 2016, the ob-
servatory housed a 16 reflecting telescope and a modest, unfiltered CCD imaging system. The
final configuration of a fully-automated system would need to satisfy several criteria. The tele-
scope and imaging system would need to have a larger field-of-view (FOV) than the initial FOV
(~ 15.19" x 11.44") to make pointing and searching for candidate sources easier. Additionally, the
system would have to be capable of photometric multi-band imaging. While unfiltered exposures
maximize the SNR for a given source, it is impossible to conduct relative photometry on a source
of unknown physical nature without a series of passbands. The telescope and mount would need
several improvements, including but not limited to pointing accuracy, tracking stabilization, re-
duction in startup time, and improving the capabilities of the focuser. The author envisions two
“generations” of CTMO optics.

The initial operational phase of CTMO began in late 2016 with a Meade LX200 GPS 16”
Schmidt-Cassegrain reflector as the primary instrument. The reflector was paired with an unfil-
tered SBIG STF-8300M CCD camera (see Table for specifications). In January 2017, we
introduced an SBIG FW8-8300 filter wheel with Baader R, G, B, and luminance broadband fil-

ters; Baader Hex, SII, and OIII narrowband filters. The filter wheel accepts drop-in 36-mm round
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filters and weighs 1.35 Ibs.

Proceeding into Generation 2 involved introducing an entirely new telescope and CCD
imaging system to the observatory. Motivation for a new telescope came from interest in a more
effective ability to respond to transient events. Telescope pointing and tracking performance in
the LX200 was a serious scientific impediment for conducting rapid and precise follow-ups to
astrophysical transient events. The telescope chosen for ushering in Generation 2 CTMO is the
PlaneWave Instruments Corrected Dall-Kirkham 17 astrograph. Work began in April 2019 with
the removal of the Meade 16” reflector and the installation of a new pier. Following the installa-
tion of the new pier was the installation of an equatorial wedge, PlaneWave Instruments L-500
direct drive mount, and the 17" astrograph OTA. The Hedrick focuser and the EFA were mounted
to the OTA. “Preliminary phase” optics involved an unfiltered Apogee Alta F16M CCD camera.
Once the entire telescopic assembly was configured, PlaneWave engineers remotely tuned the
mount to our weight distribution. We then balanced the right ascension and declination drives of
the mount, completed a rough and fine focus, constructed a 20-source pointing model, and ad-
justed the equatorial wedge. First light of this system took place in June 2019. “Mature phase”
optics saw the replacement of the Apogee camera with a Finger Lakes Instrumentation ProLine
16803 CCD camera and CFW-5-7 filter wheel with Sloan 2nd-generation ugriz and Johnson V
passband filters. First light of this final system took place in October 2019.

Measurements for all three optical configurations of CTMO, including in situ measure-

ments of gain, readout noise, and linearity, are presented in Appendix [D.
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CHAPTER V

RESULTS

I was once told by an astronomer in Flagstaff that, in observational astronomy, there are
two fundamental laws that should never be broken, which are (1) Never touch the primary mir-
ror and (2) Always copy your data. From personal experience, I add (3) Always bring snacks to
share during observing sessions.

In Chapter 3, I described the tools needed for an optical observatory with a small FOV
(< 1 square degree) to follow-up GWs and search for optical counterparts. In this chapter, I de-
scribe the results following the TOROS network response to three GW event in O2 and O3. In
4.1, I present the follow-up data of GW170104 and GW170817. In 4.2, I present the follow-up
data of S190814bv. Following the observational results, I describe the measurements of the only
detected transient during this search, AT2017gfo. In 4.3, I describe the results of relative photom-
etry on AT2017gfo and its light curve in three optical passbands. In 4.4, I measure the angular
distance between AT2017gfo and the center of its host, NGC 4993, in order to calculate the physi-

cal distance of AT2017gfo from the galactic core.
5.1 LIGO O2 follow-up observations

During the LIGO O2 Science Run, the TOROS network responded to two GW candidate
alerts. LIGO and Virgo detected the event trigger G268556 on 2017-01-04 at 10:11:49 UTC,
which was subsequently classified as a BBH merger and promoted to the event GW170104 [5]
[78]. LIGO and Virgo detected the event trigger G298048 on 2017-08-17 at 12:41:06 UTC, which

was classified as a BNS merger and promoted to the event GW 170817 [6] [79].
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5.1.1 Observations of GW170104 targets

TOROS responded to the alert and observed galaxy targets assigned by the TOROS bro-
ker on the nights of 13-15 January 2017 using the EABA 1.54-m telescope and an unfiltered
Apogee U19 camera at 1 x1 binning. See Table 5.1 for a list of observed targets and Figure
for the GW localization probability. The localization probability was obtained from the TOROS
broker system, which parsed and distributed information originally sent by the LSC. We observed
reference fields on the nights of 16, 18, and 19 November 2017 using the 1.54-m telescope and

an unfiltered Apogee F16M camera at 2 x2 binning.

Name RA Dec Distance [Mpc] Localization Probability
ESO 202-009 04:21:03.62 -48:18:14 62.13 1.008e-06
ESO 242-018 00:37:06.17 -46:38:38 49.22 4.854e-07
ESO 364-014 05:55:01.29 -36:56:49 73.65 9.760e-07
ESO 425-010 06:08:57.45 -27:48:06 57.06 9.738e-07
ESO 487-003  05:21:50.70 -23:57:04 56.60 1.017e-06
ESO 555-005 05:51:39.84 -18:01:21 42.15 1.002e-06
ESO 555-022 06:01:07.98 -21:44:19 27.88 7.158e-07

IC 2143 05:46:52.61 -18:43:34 45.77 1.002e-06
NGC 1341  03:27:58.43 -37:08:59 30.62 8.526e-07
NGC 1567  04:21:08.73 -48:15:17 67.19 1.008e-06
NGC 1808  05:07:42.34 -37:30:46 16.89 9.562¢-07

PGC 073926 01:20:36.55 -36:05:34 243.16 3.426e-07
PGC 147285 05:16:47.96 -36:04:07 150.98 8.591e-07
PGC 3080859 05:19:35.87 -36:49:02 87.86 8.723e-07

Table 5.1: TOROS broker targets observed by EABA for GW170104.

I inspected the calibration and raw object frames by eye and rejected bad exposures or
low SNR caused by clouds. With each object came a set of bias, dark, and flat frames at various
integration times. I scaled the darks using the bias frames — since CAL assumes that an observer
has taken sets of dark frames per exposure on a given night, I chose to conduct the steps of dark-
scaling, image combination, and flatfield normalization using the Image Reduction and Analysis
Facility (IRAF) []115]. I employed CAL to handle the remaining reduction steps of dark sub-
traction, flatfielding, background subtraction, plate solving, and alignment. I applied a masked

array at a strict 20 threshold and minimum number of five connected pixels. The dilation size
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Bayestar Prob. Sky Map with Targets

Figure 5.1: Localization skymap for GW170104 with TOROS broker assigned targets high-
lighted in blue. Figure from Diaz et al (2017).

of the masked sources was a 31 x31-pixel box. I passed the mask to the Source Extraction and
Photometry (SEP) package [19], which calculated and subtracted a spatially-varying mesh of
64 x 64-pixel boxes, evaluated at the median, from the reduced frames. I did not make a search
for transient artifacts (such as cosmic rays) since the process could potentially remove interesting,
faint transients that warrant further inspection. Furthermore, by median-stacking a sequence of
frames, single-frame transient artifacts are effectively removed. I plate solved the reduced frames
using a local instance of Astrometry.net [73]] and aligned the solved frames using the Astropy
Reproject package [102]. I median-combined the aligned frames into master stacks using the
IRAF imcombine method for memory considerations. The stacking revealed linear and residual
effects on several of the CCD frames, likely associated with poor observing conditions and that
scaled darks were used. These effects impact the signal from several stars and, in some cases,
even the target galaxies themselves.

I calculated the air mass using the interpolative formula developed by Kasten and Young
(1989) [[71] at an altitude corresponding to the middle time of the observing sequence. I mea-
sured the seeing by using the aperture profile functionality of AstrolmageJ [39] and the average
of 10 test stars near the center of the field. I used the SAOImage DS9 [70] regions tool to calcu-
late the aperture growth curves for source extraction. The EABA target curves gave 25-px opti-
mal radii; the reference curves gave 15-px optimal radii. The CCD growth curves for test stars in

the target and reference frames are provided in Appendix (.

60



I used a local instance of SExtractor [27] to perform source extraction and set the detec-

tion threshold at 40 to extract catalogs of the instrumental magnitudes of all sources. I used the

SAOImage DS9 catalog tool to cross-match these source-extracted catalogs with the GSC 2.3

catalog [74] overlapping the FOV and convert the unfiltered magnitudes to the POSS-II red F-

band. I plotted the magnitude difference between the unfiltered instrumental magnitudes and the

apparent F magnitude versus POSS-II color (j — N) and fitted a weighted, second-order polyno-

mial to the points to calculate color terms and the zeropoint. From these terms, I calculated the

effective zeropoint in the POSS-II F-band and determined the limiting F magnitude (depth). Ob-

servational parameters for the target and reference frames are reported in Table 5.2 and Table 5.3,

respectively. Example stacks for the EABA targets and references are presented in Appendix [A.

Date Object Stack  Alt[deg] Seeing[’] Airmass Sample Depth
01-13 ESO364-014  6x60 53.7 2.6 1.24 115/118 23.43 £+ 0.06
ESO 364-014 8730 47.7 29 1.35 157/160  19.9 £0.2
ESO 487-003  6x60 48.3 3.0 1.34 81/84  17.88 £ 0.07
NGC 1341 51x60 46.2 2.7 1.38 89/122  18.15 £ 0.07
NGC 1808 67x60 60.3 2.8 1.15 142/181 19.16 + 0.07
PGC 073926  41x60 47.5 29 1.36 69/69 17.3 £ 0.1
01-14 ESO202-009  5x30 72.6 2.6 1.05 56/62  17.18 £ 0.08
ESO 202-009  9x40 72.3 2.7 1.05 71/73  18.71 £ 0.07
ESO 202-009 17x35 71.4 2.7 1.05 76/78 199 +0.2
ESO 202-009 29x60 69.2 24 1.07 105/110  19.1 £0.1
NGC 1341 5x60 77.2 22 1.03 61/63 18.9 £ 0.1
PGC 147285  22x60 56.2 29 1.20 99/101  18.15 £ 0.07
01-15 ESO 242-018 50x60 46.1 2.5 1.39 89/90  15.69 + 0.07
ESO 425-010 44x60 38.7 3.5 1.60 260/270 204 +0.1
ESO 555-005  29x90 53.5 2.6 1.24 303/333  17.62 +0.03
ESO 555-022  16x150 46.8 3.0 1.37 319/335 19.85 £ 0.05
IC 2143 45x%60 64.0 24 1.11 288/296 22.26 +0.08
NGC 1567 8x 180 70.9 2.8 1.06 126/137 20.64 £+ 0.05
NGC 1567  13x120 68.2 2.5 1.08 129/145 20.02 + 0.06
PGC 3080859 46x60 74.9 2.5 1.04 198/204 19.00 + 0.05

Table 5.2: EABA target stacks for GW170104. Stack is defined as the number of frames per
stack times their integration time. Sample 1s defined as sources cross-matched per total sources

detected.
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Date Name Stack  Alt[deg] Seeing[’] Airmass Sample Depth
11-16 ESO 202-009 40x40 73.2 2.9 1.04 285/292 18.80 + 0.07
ESO 364-014 21x30 84.0 2.6 1.01 473/478 19.18 + 0.09
ESO 555-022 20x30 73.0 2.9 1.05 642/649 19.86 4+ 0.09
NGC 1341  20x30 81.0 3.1 1.01 175/213  18.20 £+ 0.09
NGC 1567  40x30 71.2 3.0 1.06 256/259 19.04 + 0.08
PGC 073926 20x30 85.4 4.0 1.00 132/133  17.1 £ 0.1
PGC 147285 20x30 84.5 2.9 1.00 318/321  20.1 +£0.2
11-18 ESO 202-009 10x60 64.3 33 1.11 213/215 18.75 £+ 0.07
ESO 202-009 20x30 62.7 4.0 1.13 162/163 18.96 4+ 0.09
ESO 242-018 20x30 71.3 4.2 1.06 127/127 15.48 4+ 0.07
ESO 364-014 21x30 70.5 2.9 1.06 456/467 19.17 £+ 0.09
ESO 487-003 29x30 67.4 3.6 1.08 371/376  19.03 4+ 0.09
NGC 1341  20x30 70.8 4.1 1.06 141/142 174 +0.1
NGC 1808  20x30 64.9 3.1 1.10 261/270  19.0 £ 0.1
PGC 073926 10x60 81.6 34 1.01 136/136 17.39 + 0.08
PGC 147285 20x30 73.8 3.2 1.04 297/300 18.97 + 0.08
PGC 3080859 20x30 73.1 2.08 1.05 331/342 20.2+0.1
11-19 ESO 242-018 20x30 73.5 2.5 1.04 188/250  16.1 £0.1
ESO 425-010 21x30 85.0 2.9 1.00 597/718  19.9 £ 0.1
ESO 555-005 6x60 71.9 3.2 1.05 307/309  19.0 £ 0.1
ESO 555-005 6x120 70.7 34 1.06 307/310 19.21 4+ 0.09
ESO 555-022 21x30 78.4 3.1 1.02 527/574 19.95 + 0.09
IC 2143 20x%30 67.6 3.1 1.08 514/522 20.46 + 0.09
NGC 1341  20x30 66.9 3.2 1.09 160/164 18.56 + 0.09
PGC 073926 20x30 83.8 3.7 1.01 155/273 16.77 4+ 0.09

Table 5.3: EABA reference stacks for GW170104.
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sients that could be plausibly linked to the GW event. We did not expect to find any optical coun-
terparts to GW 170104, since the most likely explanation for that event is the merger of two black

holes, neither of which are expected to emit EM radiation.
5.1.2 Observations of GW170817 targets and candidates

The TOROS collaboration used the T80S 0.83-meter reflector at CTIO to observe galaxy
targets assigned by the TOROS broker on the night of 17 August 2017 (see Table 5.4 and Fig-
ure 5.2)) [54] [55]. During the EM follow-up of GW170817, the One-Meter Two-Hemisphere
(1IM2H) collaboration detected a transient source at ~11 hours after the GW trigger in the vicin-
ity (~ 10” offset) of NGC 4993, an SO galaxy at a distance of ~40 Mpc [24] [44]. The opti-
cal transient was initially designated “SSS17a” by the discovery team (the Swope Supernova
Survey); later “Astronomical Transient 2017gfo” (AT2017gfo) by the International Astronomi-
cal Union. We ceased our assigned target follow-up strategy and focused our resources on fol-
lowing up AT2017gfo at ~35 hours post-trigger. We obtained 16, 15, and 15 one-minute expo-
sures of NGC 4993 in SDSS g, r, and i passbands, respectively, at 1 x 1 binning using the T80S
0.83-meter reflector and an E2V CCD290-99 detector. EABA observed reference fields of NGC
4993 on 4 and 5 September 2017 using a 1.54-meter reflector and an Apogee Alta F16M camera.
CTMO observed additional references on 1 and 2 July 2019 using a PlaneWave CDK17 astro-
graph and Apogee Alta F16M camera. Both sets of references are unfiltered and exposed with
22 binning.

The T80S reduction pipeline debiased and flatfielded the raw frames using the IRAF
CCDPROC package. No dark frames were provided for further reduction. I followed the same con-
siderations for background subtraction as detailed in Chapter 4.1.1. Since the T80S data were al-
ready plate-solved, I proceeded to align the frames using Reproject and median-combine them
using IRAF’s imcombine into 16 x60-, 15x60-, and 15 x60-second stacks in the g-, r-, and i-
bands, respectively.

I calculated the air mass using the Kasten and Young formula at an altitude correspond-

ing to each of the 46 frames in the entire time series. I read the seeing directly from the FITS
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Bayestar Prob. Sky Map with Targets

Figure 5.2: Localization skymap for GW170817 with TOROS broker assigned targets high-
lighted in blue. Figure from Diaz et al (2017).

header of each T80S frame. The process I used to calculate the growth curves is identical to that
in Chapter 4.1.1. The growth curves of the data with the transient are further discussed in Chapter
4.3. The optimal aperture size for the EABA September 2017 stacks is a 15-pixel radius. The op-
timal aperture size for the CTMO July 2019 stacks is a 6-pixel radius. CCD growth curves for the
target and reference frames are presented in Appendix (0.

Source extraction for the T80S data 1s discussed further in Chapter 4.3. For the reference
frames, I followed an identical procedure for source extraction and limiting magnitude estimation
as described in Chapter 4.1.1. Observational parameters for the target and reference frames are

reported in Tables [5.4 and B.3, respectively. Example stacks for the targets and references are

presented in Appendix [A.
Filter ~Stack Alt[deg] Seeing[”] Air mass Sample Depth
g 16x60 50.2 1.9 1.58 1702/11889 22.0 + 0.1
r 15%60 38.2 1.9 1.64 2410/17224 21.7 £0.1
i 15%60 37.1 1.8 1.68 2827/20509 21.6 £0.2

Table 5.4: CTIO T80S target stacks for GW170817.

5.2 Relative time-series photometry of AT2017gfo

I performed relative time series aperture photometry on the optical source AT2017gfo.
The data from T80S observations on 18 August 2017 ~35 hours post-trigger provide a total of

46 measurements in SDSS gri passbands. Reduction of these data follows the steps described in
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Date Object Stack  Alt[deg] Seeing[”] Airmass  Sample Depth

17-09-04 NGC 4993  22x60 25.5 4.6 2.31 224/239 152 £0.1
17-09-05 NGC 4993 80x30 28.5 4.2 2.09 243/259  16.4 £0.1
19-07-01 NGC 4993 11x120 17.2 4.5 3.35 1538/1626 193 £0.2
19-07-02 NGC 4993 20x120 334 3.8 1.81 2151/2542 20.1 £0.2

Table 5.5: EABA and CTMO reference stacks for GW170817.

Section 4.1.2. To perform a suitable calibrated photometry, it is imperative that the signal from
the source is measured (1) entirely and (2) independently from the interfering signal of the host
galaxy. The transient AT2017gfo has a small angular displacement from the core of NGC 4993
(see Chapter 4.4) and, therefore, the signal from NGC 4993 must be removed before measuring
the transient.

For removing the signal of NGC 4993, I used the Python Photutils isophote package,
which allows one to fit elliptical isophotes to the image of an extended body. The isophotes are
measured iteratively using the method described in Jedrzejewski (1987) [69]. I calculated inde-
pendent models for all 46 images plus for an additional three stacks. The centers of each galaxy
are the peak pixel values which I measured using SAOImage DS9 regions. Some models failed
to reach convergence depending on the particular ellipse parameters chosen at the beginning of
the iterative process (e.g. sigma-clipping, semi-major axis, ellipticity, and position angle — see
Chapter 5). After attempting a combination of three sigma-clip value with a distribution of values
for the ellipse parameters, I selected the initial parameters for each of the 46 images as detailed in

Table 5.6. A false color gri-to-rgb stack and an example of the residual (after galaxy subtraction)

is shown in Figure 5.3.
g-band r-band i-band
Ellipticity 0 0 0
Position angle [deg] 0 0 0
Semi-major axis [px] 15 15 10 (15 for stack)

Table 5.6: Initial ellipse model parameters for the Isophote package. Motivations for these par-
ticular values are discussed in Chapter 5.

I calculated the optimal aperture for photometry using CCD growth curves on AT2017gfo
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in each residual image. I determined an optimal radius of six pixels to be sufficient in capturing

the total flux of the source. Growth curves in each band are reported in Figure 5.3.

CCD Growth Curves of AT2017gfo
T80S Target NGC 4993, TOR0OS GW170817 Response
4p00 { I Sloan g, 16x60s . ——

Hl Sloanr, 15x60s
3560 - I Sloan i, 15x60s
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2300 4

2000 +

1500 4
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) 2 4 6 g 10
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Figure 5.3: CCD growth curves of optical transient AT2017gfo in SDSS g-, -, and i-passbands.
Optimal aperture (6 px) is indicated by the vertical line. Flux is background- and galaxy-
subtracted. Color scheme adapted from Diaz et al (2017).

I performed a 4-0 source extraction on each stack using SExtractor. [ used SAOImage
DSO9 to cross-match the 40 source-extracted catalog with the SDSS DRO survey overlap in the
image FOV. The magnitude difference versus SDSS color plot revealed a range of colors from
—0.6 < g—i < 3.2, after filtering for extreme outliers due to image artifacts. I applied an iterative
3o-clipping to the remaining values and then fit a weighted, second-order polynomial to derive
color terms and the zeropoint. I report the color terms and zeropoint results in Table 5.7. With
these color terms and zeropoint, I calculate an effective zeropoint for each band and calibrate the
instrumental magnitudes of AT2017gfo using SDSS DR9 colors.

I performed time-series photometry on AT2017gfo across the three observed passbands
using the calculated instrumental magnitudes and color information. The time series flux mea-

surements are calibrated using the SDSS DRO colors and placed on an apparent magnitude scale
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Band A B C
g -0.0604 0.0048 -27.1535
r 0.1132 -0.0496 -27.2567
i -0.2874 0.0793 -26.7729

Table 5.7: Color information of GW170817 stacks. A and B are first- and second-order color
terms, respectively. C is the zeropoint for sources with g —i = 0.

as described previously. The light curves are reported in Figure [5.4.

AT2017gfo Relative Photometry
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Figure 5.4: Relative photometry of optical transient AT2017gfo. From top to bottom is i-, r-, and
g-bands in color scheme of Diaz et al (2017). The r-band light curve is offset +0.3 magnitudes
(downward in graph) to distinguish from the i-band curve.

5.3 Angular diameter measurements

I measured the angular separation between AT2017gfo and the center of NGC 4993. For
each stack, I determined the center pixel of both the source and NGC 4993 (both with and with-
out subtracting the galaxy) using the ruler tool in DS9. The angular diameter 6 is roughly 10.4
arcseconds from averaging the measurements from each stack (two per stack, with and without

the galaxy). The results of angular diameter measurements are in Table 5.8.
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Figure 5.5: False color image produced from combined gri stack and residual image after
isophote model subtraction. The optical transient AT2017gfo is indicated to the top left limb of
the galactic core. The bottom image is a POSS-II R-band reference from the Digital Sky Survey
archive.

Band  Angular diameter [’] Image diameter [px]

SDSS g 10.52 (10.48) 21.04 (20.97)
SDSS r 10.22 (10.47) 20.44 (20.95)
SDSS i 10.42 (10.19) 20.84 (20.37)

Mean gri 10.39 (10.38) 20.78 (20.76)

Table 5.8: Angular measurements of the offset between AT2017gfo and NGC 4993. Measure-
ments in parentheses indicate those taken with NGC 4993 having been first subtracted.
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5.4 LIGO O3 follow-up observations

During the LIGO O3 Science Run, the TOROS network responded to the GW candi-
date alert S190814bv. LIGO and Virgo detected the signal of a compact binary merger on 2019-
08-14 at 21:10:39 UTC. LIGO and Virgo initially estimated a >99% calculated likelihood of
S190814bv having at least one component mass being within the purported “mass gap” of com-
pact objects (i.e. between 3-5M(,)). Further refined analyses determined the most likely explana-
tion of the GW event to be composed of a neutron star and a black hole — the first (plausible)

detection of a NSBH system [80] [81].
5.4.1 Observations of S190814bv targets and candidates

CTMO responded to S190814bv on 2019-08-15 UTC and collected image data of 10
galaxies assigned by the TOROS broker with the highest probabilities of hosting a transient (see
Table 5.9 and Figure 5.6) [56]. The CTMO 17” astrograph exposed five frames per target using
an Apogee Alta F16M CCD camera. The target frames are unfiltered exposures taken at 60 sec-
onds of integration and at 2 X2 binning. The frames are contaminated by high extinction due to
the low altitude of the targets and interfering light caused by the ~ 99% full Moon being less
than 50 degrees from the targets during the observation session. Visual inspection of the frames
for ESO 474-035 revealed extinction levels sufficient to warrant the removal of these data from
the analysis.

In addition to following up S190814bv, CTMO responded to three optical candidates de-
tected by the Dark Energy Survey Gravitational Wave (DESGW) and Canada-France-Hawaii-
Telescope (CFHT) collaborations, both of whom responded to the trigger. The DESGW collabo-
ration detected optical transient candidates designated desgw-190814j (AT2019nxe) and desgw-
190814q (AT20190bc) and the CFHT collaboration detected an optical candidate near galaxy
2MASX J00472894-2526263, which we designate CFHT-1 [[103] [[108] [109]. CTMO conducted
follow-up observations of these transient candidates on 2019-08-21 UTC and produced five unfil-

tered exposures per target, taken at 200 seconds of integration and at 2 x2 binning. The DESGW
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and CFHT candidates are detailed in Table 5.10.

Object RA [J2000] Dec [J2000] Distance [Mpc] Localization Probability

HL 787700  00:51:29.86  -24:38:32 274.46 6.904¢-07
HL 3235460 00:53:24.79  -25:09:28 277.15 5.683e-07
HL 3235474  00:53:03.69  -25:10:42 260.39 5.479¢-07
HL 3235463  00:53:17.71  -25:11:08 258.93 5.316e-07
HL 777629  00:51:17.78  -25:33:13 271.72 5.284e-07
HL 788830  00:53:57.73  -24:32:35 296.32 4.615e-07
ESO 474-035 00:52:41.58  -25:44:01 271.35 4.603e-07
HL 3235467 00:53:18.04  -25:39:13 269.46 4.598e-07
HL 3235506 00:50:21.86  -25:03:23 328.10 4.276e-07
HL 786999  00:53:04.62  -24:42:15 234.47 4.183e-07

Table 5.9: TOROS broker targets observed by CTMO on 2019-08-15 UTC for S190814bv.

event ID: G347305
50% area: 7 deg®
90% area: 38 deg?

60°

Figure 5.6: Bayestar localization skymap for S190814bv.

Object  RA [J2000] Dec [J2000] GCN
AT2019nxe 00:46:16.81 -24:22:21.19 25425
AT20190be 00:58:16.02 -24:08:23.18 25438
CFHT-1  00:47:28.03 -25:26:14.15 25443

Table 5.10: Optical transient candidates to S190814bv detected by the DESGW and CFHT teams
and observed by CTMO on 2019-08-21 UTC.

The steps for reduction are identical to those detailed in Chapter 4.1.1. I calculated the air
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mass and seeing, as well as the catalog cross-matching to the POSS-II F-band, following an iden-
tical procedure as in Chapter 4.1.1. I measured an optimal aperture radius using growth curves

to be 6-pixels. The growth curves are featured in Appendix [J. All observed field parameters are
presented in Table 5.11]. Example stacks for the transient candidates are presented in Appendix [A.
The observed targets assigned by the TOROS broker featured heavy extinction (see last column

of Table and, therefore, are not included in the appendix examples.

Date Object Stack  Alt[deg] Seeing[’] Airmass Sample Depth

08-15 777629 5x60 31.2 3.9 1.93 258/402  17.6£0.1
08-15 786999 5x60 36.4 3.7 1.68 121/201  18.56 £0.09
08-15 787700 5x60 26.4 3.8 2.24 221/391  18.5+0.1
08-15 788830 5x60 32.8 3.6 1.84 230/394  18.3+0.1
08-15 3235460 5x60 27.1 3.8 2.19 231/418  18.6£0.5
08-15 3235463 5x60 30.2 3.9 1.98 275/425  18.3£0.1
08-15 3235467 5x60 33.8 3.6 1.79 159/255 16.71£0.07
08-15 3235474 5x60 28.6 3.7 2.08 269/430  18.4+0.1
08-15 3235506 5x60 35.5 3.7 1.72 111/197  15.6+0.1
08-21 AT2019nxe 5x200 34.9 4.0 1.75 465/555 18.4+£0.1
08-21 AT20190be 5x200 27.1 4.0 2.19 463/544 18.7+£0.1
08-21  CFHT-1  5x200 38.4 3.9 1.61 582/751  19.4+£0.1

Table 5.11: CTMO target stacks for S190814bv.

Following our reduction method and 4-0 source search, we did not detect any optical
transients that could be plausibly linked to the GW event. The atmospheric conditions of both
observational epochs during this follow-up were severely sub-optimal and limited the depth of
our search. Hence, we are not surprised to find zero plausible optical transients associated with
S190814bv, although the fact that one merger component is deduced to be a neutron star does not

rule out EM radiation having been emitted during the GW event.
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CHAPTER VI

DISCUSSION AND CONCLUSION

The transient AT2017gfo exhibits significant dimming across all three bands during the
1.5 hours of time-series observations. I calculated the average of the first three points per curve
(excluding the first g point, in which case I used the next three points) and the last three. By
taking the difference between the average last and first measurements and dividing them by the
intervening time interval, I estimate the measured dimming to be Ag = (2.1 + 0.1) mag/day,
Ar = (1.96 £ 0.08) mag/day, and Ai = (5.5 +0.1) mag/day. My measurements are valid assum-
ing that the light curves remain linear over a day, which is not necessarily correct as we expect
kilonovae to exhibit color evolution over the course of mere hours [92] [94]]. Given that the total
observing sequence was only 1.5 hours, a longer time coverage of AT2017gfo would have bet-
ter determined the day-to-week-long color evolution. The g-band declines slightly more rapidly
than the r-band, which is technically consistent with the overall qualitative predictions of kilo-
novae, which posit a more rapid decline in bluer bands relative to redder ones. However, the
i-band exhibits a much larger decline relative to the other two bands, which is suspicious and
inconsistent with the broader agreement indicating AT2017gfo having been a kilonova with a
blue, rapidly-evolving lanthanide-free component and a red, slowly-evolving lanthanide-rich
component [[123]. Furthermore, my findings are in general disagreement with those of Diaz et
al. (2017) (hereafter D17), who provided an estimated dimming of Ag = (3.0 £+ 0.6) mag/day,
Ar=(2.540.4) mag/day, and Ai = (1.9+0.5) mag/day. My values for Ag, Ar, and Ai are 30, 20,
and >50, respectively, from their reported values. My estimated g- and r-band dimming are both
lower than those found by D17 and the relative difference I found between the two rates is much

smaller. My estimated i-band dimming is not only much higher than that found by D17, but also
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is steeper relative to the other bands, which is additionally inconsistent with D17. At the observa-
tion time-series midpoint, the calibrated apparent magnitudes of AT2017gfo are g = 19.02 +0.06,
r=18.23£0.05, and i = 18.00 £ 0.06. The corresponding colors at time-series midpoint are
g—r=079+0.08,r—i=0.234+0.08,and g —i = 1.02 £ 0.08. D17 report apparent magni-
tudes at the time-series midpoint to be g = 18.60 £0.02, r = 17.994+-0.02, and i = 17.80 +0.02.
My measurements are 70, 50, and 30, respectively, from the upper limits of values reported in
D17. Furthermore, the reported colors in D17 are g —r = 0.61 £0.03, r —i = 0.19 £ 0.03, and
g —i=10.80=+0.03. My estimated colors are 20, 10, and 30, respectively, from the upper lim-
its of the estimates in D17. Overall, the relative colors at time-series midpoint are close to, but
not quite the same as, those found by D17. The apparent magnitudes at observation midpoint
are dimmer than the values of D17. The time-dependence is inconsistent across all three bands.
For the g- and r-bands, the slopes are less steep than those found by D17, and the i-band slope is
much steeper than the D17 i-band curve.

From the apparent magnitudes of AT2017gfo, one can calculate the corresponding abso-
lute magnitudes given the distance to NGC 4993. The absolute magnitude is calculated from the

distance modulus equation

my —M), =5logd —5+A, (6.1)

where m; is the apparent magnitude (observed at wavelength A), M) is the correspond-
ing absolute magnitude, d is the distance to the source [parsecs], and A is the extinction term at
wavelength A. In order to measure the magnitude of an extra-galactic source, one must account
for extinction caused by material within the intervening Milky Way in our line of sight. I use ex-
tinction coefficients A, = 0.407, A, = 0.282, and A; = 0.209 for SDSS g-, -, and i-bands, re-
spectively, from Schlafly & Finkbeiner (2011) [[106]. The calculated absolute magnitudes at ~ 35
hours post-merger are M, = —14.46 £0.02, M, = —15.08 £0.02, and M; = —15.27 £0.02. It is
interesting that the prediction of the peak V-band absolute magnitude at ~ 1 day is My ~ —15 as

predicted by Metzger et al. (2010) [94].
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One can estimate the physical offset of AT2017gfo from the galactic core of NGC 4993,
assuming that the event took place within the galaxy. NGC 4993 has a measured redshift of
z=0.00973 £ 0.00005 [48], corresponding to an angular diameter distance of d4 ~ 40.6 Mpc
as calculated via the procedure in Chapter 3.4. Using measurements of the angular diameter as
detailed in Chapter 4.4 and Table 5.8, I calculated the corresponding linear diameters, which are
shown in Table b.1|. Using dy and an average angular distance 6 ~ 10.4 arcseconds, the cor-
responding (average) linear diameter is D ~ 2040 pc. The estimated linear diameter between
AT2017gfo and the center of NGC 4993 is consistent with the measurements of Coulter et al.
(2017), who give a reported linear diameter estimated of D ~ 2 kpc [44]. We are in a unique
position to estimate what these types of events look like at various cosmological distances. If
we fix D = 2 kpc and vary the angular diameter as a function of redshift (since we have previ-
ously derived the comoving coordinate as a function of redshift, see Chapter 3.4), we can plot the
expected angular diameter of “AT2017gfo-like” events observed by an optical telescope at vari-
ous distances. Even though the derivation of the comoving coordinate is an approximation, the
predictions are valid out to z =~ 0.1 [33]], which incorporates all but the expected NSBH horizon
distance in the LVC O4 Science Run [8]. The plot that shows the expected angular diameter as a
function of redshift is displayed in Figure f.1|. Transient hunters can use this information to select
the optimal telescope/camera system that provides the proper plate scale to resolve a transient

separately from its host galaxy (assuming the transient is similar to AT2017gfo).

Band Linear diameter [pc]

SDSS g 2071 (2063)
SDSS r 2012 (2061)
SDSS i 2051 (2006)

Mean gri 2045 (2043)

Table 6.1: The linear diameter between AT2017gfo and the core of NGC 4993 as measured in the
three SDSS gri-bands. Measurements in parentheses indicate those taken with NGC 4993 having
been first subtracted with an isophote model.

I did not detect any plausible optical transients associated with GW 170104 or S190814bv.

Many reference frames were worse than the target frames in terms of limiting magnitude. In
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Figure 6.1: Expected angular separation as a function of redshift for AT2017gfo-like events

practice, references should be of higher quality than the target frames, particularly for conduct-
ing proper image subtraction [25]. For S190814bv, the fields were simply not deep enough in
magnitude to detect anything claimed by other teams in the EM follow-up community. Low al-
titude (< 30 degrees), extinction from a nearby (< 50 degrees angular distance) full Moon, and
high/variable cloud coverage all caused the fields of S190814bv to lack sufficient depth. Deeper
exposures will be needed for future transient searches, particularly once the current GW detector
network reaches full design sensitivity and, hence, maximum horizon distance for BNS/NSBH
mergers. For a telescope with a small FOV, one needs both longer exposure times and a larger
stack sequence (although exposure time seems to be more important to maximize SNR than the
stack size). Additionally, I need to incorporate tests of confidence in my ability to extract sources.
Typically, this is done by introducing a population of “false transients” into the real data, and
then seeing how many the source extraction method retrieves (i.e. the more, the better) [18]. My
pipeline does not incorporate injections test, which is crucial for any source extraction, and will
be added in future studies.
Galaxy modeling is a new feature of the pipeline and needs to be better understood for in-
corporation into an automated routine. Initial attempts to construct and subtract isophote models

resulted in spurious sources, significant background dips near the transient, and evident ring/halo
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distortion near the galaxy core. The subtraction quality is improved and the spurious results are
minimized with the introduction of sigma-clipping and higher ellipse harmonics while construct-
ing an isophote model. Better yet would be to mask sources within the region of the galaxy be-
fore constructing the model. During analysis of AT2017gfo, some frames failed to reach conver-
gence on a particular isophote model. Failure seems to be based on a number of factors, includ-
ing sigma-clipping and the initial model parameter guesses. Sigma-clipping appears to play a
role in the failure — on multiple occasions during analysis, the same frame would converge to

a model at a given level of sigma-clipping (e.g. 20), but would fail to converge at another level
(e.g. 2.50) even while keeping all other parameter choices fixed. I attempted to make three mod-
els per image with varying levels of sigma-clipping. If more than one succeeded to converge, I
chose one based on the levels of morphological distortion visually evident on the residual im-
age. Another reason for the models to fail convergence is likely the imperfect nature of the initial
guess aperture. I took advantage of the fact that NGC 4993 is an elliptical galaxy — while not
entirely symmetrical, the case of fitting ellipses to an elliptical galaxy is much more straightfor-
ward than that of modeling a spiral or irregular galaxy (although the pipeline should answer the
case of different galaxy types in future versions). Although the isophote model makes several
iterations and converges to a more accurate solution, the initial guess is crucial for deciding on
the outcome of successfully building a model. I set the initial ellipticity and position angle of the
galaxy both to zero. NGC 4993 has a reported ellipticity of ~ 0.15, so a circular aperture is not
nearly ideal. However, when initializing with an ellipticity of 0.15, the convergence fails. Po-
sition angle gave similar results — realistically (and more probably) failure to converge is due

to a poor choice of initial values for both ellipticity and position angle. I chose an initial semi-
major axis that roughly captured the majority of core signal in each image. A radius of 15-pixels
seemed to fit across all bands and images, however the i time-series would only accept a 10-pixel
aperture radius (except for the stack, which converged using a 15-pixel radius). The large discrep-
ancy between the i-band and the other two bands is probably caused by this unresolved limitation.

The initial aperture guess was sufficient for the model-building process to produce at least one
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successful convergence per triplet of sigma-clipped models. The time-series was not consistently
sigma-clipped, which could be a cause for the spread in points (particularly for the i-band curve).
Galaxy modeling, particularly involving fitting elliptical isophotes, is in its infancy being incor-
porated into the pipeline. I intend to investigate why convergence fails and why the i-band light
curve behaves drastically different than the other two curves. Perhaps galaxy modeling is only
best achieved “by hand” and, thus, not appropriate for an automatic routine (unless perhaps it is
used more as a transient “detection” system, with refined “characterization” necessitating a more
finely-tuned fit). In D17, the approach to remove the galaxy is by fitting a Sérsic profile, which
is an analytical approach, and only best done by hand for any reasonable accuracy to be achieved
with photometry [50].

The problem addressed in this thesis is — How can small observatories follow-up and
observe astrophysical transients? In particular, this thesis aimed to demonstrate (1) how an astro-
nomical observatory should respond to a GW event, (2) how one should process the imaging data
obtained during an optical follow-up response, and (3) how one measures such a transient upon

discovery.

» The TOROS collaboration responded to three events during the LIGO-Virgo O2 and O3
campaigns: GW170104, a BBH merger; GW170817, BNS merger; S190814bv a NSBH
merger. Visual inspection and catalog cross-matching were conducted on the optical re-
sponse data. No counterparts were detected for GW170104 nor S190814bv. An optical
counterpart to GW170817, AT2017gfo, was observed with instruments in the TOROS net-

work.

» Relative time-series photometry was performed on AT2017gfo in SDSS gri passbands. The
light curve reveals a rapidly fading transient source. Elliptical isophote modeling and sub-
traction of the host galaxy reveal an isolated optical transient not associated with previous

archival data.

* Angular measurements of the separation of AT2017gfo from the core of NGC 4993 reveal
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a ~ 10.4 arcsecond offset, corresponding to a linear diameter of ~ 2 kpc at a luminosity

distance of ~ 40 Mpc.

Small FOV telescopes should follow a target selection strategy when during transient GW
counterpart searches. The optical system of such a telescope should have the necessary
magnitude depth to confidently detect sources and plate scale to resolve an offset source
from its potential host galaxy. The system should incorporate at least three photometric fil-
ters covering the optical/NIR bandwidth to derive color information from a fading transient
— crucial for comparing to kilonova models and constraining the physical properties of the

progenitor and post-merger product.

A reduction and analysis pipeline has been designed and is in its infancy. The response to
a GW trigger must be quick, from target selection and observation of targets to reduction
and analysis. The CTMO Analysis Pipeline (CAL) handles the bulk of this analysis by fol-
lowing a number of strategies, including catalog cross-matching and galaxy subtraction.

Automation and integration of features such as DIA is planned.
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APPENDIX A

OBSERVATION FIELDS
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Figure A.1: Stacks from 1.54-meter EABA reflector for GW170104. From top to bottom is ESO
202-009 on 14 Jan (50x60), 16 Nov (40x40), 18 Nov (10x60); ESO 242-018 on 15 Jan (6 x60),
18 Nov (20x30), 19 Nov (20x30); ESO 364-014 on 13 Jan (6 x60), 16 Nov (21 x30), 18 Nov
(21x30).
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Figure A.2: Stacks from 1.54-meter EABA reflector for GW170104. From top to bottom is NGC
1341 on 13 Jan (51x60), 16 Nov (20x30), 19 Nov (20x30); PGC 073926 on 13 Jan (41 x60),

16 Nov (20x30), 18 Nov (10x60); PGC 147285 on 14 Jan (22 x60), 16 Nov (20x30), 18 Nov
(20x30).
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Figure A.3: Stacks from 1.54-meter EABA reflector for GW170104. From top to bottom is
ESO 425-010 on 15 Jan (44 x60) and 19 Nov (21x30); ESO 487-003 on 13 Jan (6x60) and 18
Nov (29x30); ESO 555-005 on 15 Jan (29x90) and 19 Nov (6x120); ESO 555-022 on 15 Jan
(16x150) and 19 Nov (21x30).
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Figure A.4: Stacks from 1.54-meter EABA reflector for GW170104. From top to bottom is

IC 2143 on 15 Jan (45x60) and 19 Nov (20x30); NGC 1567 on 15 Jan (13x120) and 16 Nov
(40x30); NGC 1808 on 13 Jan (67x60) and 18 Nov (20x30); PGC 3080859 on 15 Jan (46x60)
and 18 Nov (20x30).
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Figure A.5: Stacks of NGC 4993 by 0.83-meter T80S reflector on 18 August 2017 in g, r, and i
bands (top to bottom), along with corresponding residual frames with subtracted host galaxy. The
transient AT2017gfo is marked with an arrow.
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Figure A.6: Reference stacks of NGC 4993 by 1.54-meter EABA reflector on 4-5 September
2017 (top) and 17”7 CTMO astrograph on 1-2 July 2019 (bottom). The location of transient

AT2017gfo is marked with an arrow.
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Figure A.7: Stacks from CTMO for S190814bv. The left column features the same image of
2MASX J00472894-2526263 taken by the CTMO 17 astrograph on 21 August 2019 (5x200
stack). The right column, from top to bottom, features reference images in the (1) POSS-II F-
band, (2) POSS-II j-band, (3) POSS-I F-band, and (4) POSS-I j-band.
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TABULATED PHOTOMETRY AT2017gfo

Time [JD - 2457984] Magnitude o© [mag]

0.675868 18.9 0.1

0.681551 19.12 0.09
0.682650 18.83 0.06
0.683727 18.88 0.06
0.691875 18.92 0.05
0.692975 18.95 0.04
0.694062 18.96 0.04
0.702072 19.05 0.04
0.703160 18.99 0.04
0.704225 19.01 0.04
0.712234 19.05 0.05
0.713322 19.00 0.04
0.714387 19.02 0.04
0.722338 19.20 0.05
0.723437 18.92 0.04
0.724514 18.97 0.04

Table B.1: Time series photometry in the SDSS g-band of the transient AT2017gfo from T80S
data taken on 2017-08-18 UTC.
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Time [JD - 2457984] Magnitude o [mag]

0.684954 18.22 0.04
0.686042 18.29 0.03
0.687130 18.19 0.03
0.695266 18.14 0.03
0.696354 18.28 0.03
0.697419 18.34 0.03
0.705394 18.27 0.03
0.706493 18.14 0.03
0.707581 18.27 0.03
0.715556 18.27 0.03
0.716655 18.30 0.03
0.717743 18.58 0.04
0.725694 18.34 0.03
0.726782 18.35 0.03
0.727882 18.25 0.03

Table B.2: Time series photometry in the SDSS r-band of the transient AT2017gfo from T80S
data taken on 2017-08-18 UTC.

Time [JD - 2457984] Magnitude o© [mag]

0.688310 17.80 0.04
0.689410 17.94 0.04
0.690498 18.09 0.04
0.698634 18.03 0.03
0.699734 18.00 0.03
0.700822 18.03 0.04
0.708762 17.86 0.03
0.709861 18.17 0.04
0.710961 17.96 0.04
0.718924 18.42 0.04
0.720023 18.21 0.05
0.721111 18.08 0.04
0.729039 18.13 0.04
0.730139 18.28 0.04
0.731215 18.09 0.04

Table B.3: Time series photometry in the SDSS i-band of the transient AT2017gfo from T80S
data taken on 2017-08-18 UTC.
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Integrated flux [ADU] Integrated flux [ADU]

Integrated flux [ADU]

APPENDIX C

CCD GROWTH CURVES
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Figure C.1: Aperture curves of growth for test stars in EABA GW170104 target frames.
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CCD Growth Curve for GSC 2.3 S1ZT000153
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Figure C.2: Aperture curves of growth for test stars in EABA GW170104 reference frames.
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Figure C.3: Aperture curves of growth for averaged test stars in EABA GW 170817 reference
frames.
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Figure C.4: Aperture curves of growth for test stars in CTMO S190814bv target frames.
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APPENDIX D

CCD MEASUREMENTS
STF-8300M F16M PL16803
Array size (px) 3326x2504  4096x4096 4096 %4096
Dark current (e /px/s) 0.5(0C) 0.02 0.005 (35 C)
Full well capacity (™) 25500 95000 100000
Gain (ADU/e™) 2.48+0.01 0.699+£0.006 0.722+0.006
Imaging area (mm) 17.96x13.52  36.8x36.8 36.8x36.8
Pixel size (Um) 5.4 9 9
Quantum efficiency (% @ 550 nm) 56 60 60
Read noise (ADU) 28.5+0.5 9.7+0.2 11.4+0.2
Read noise (e7) 11.5+£0.2 139+04 15.8+0.3
Sensor KAF-8300 KAF-16803 KAF-16803
Temperature delta (C) 35+0.1 45+0.1 55+0.1
Weight (kg) 0.8 1.9 2.6
Weight (Ib) 1.8 4.2 5.9

Table D.1: Specifications for CTMO Generation 1 and 2 CCD cameras.

SBIG STF-8300M

The mean pixel value is plotted as a function of the variance in Figure for the SBIG
STF-8300M. A weighted, linear fit to these data gives a measured gain of (2.48 +0.01) ADU/e™
and a measured readout noise of (28.5 £ 0.5) ADU or (11.5£0.2) e™. The linearity curve is
plotted in Figure [D.2 for the SBIG STF-8300M.

Apogee Alta F16M

The mean pixel value is plotted as a function of the variance in Figure D.3 for the Apogee
Alta F16M. A weighted, linear fit to these data gives a measured gain of (0.70 +0.01) ADU/e™
and a measured readout noise of (9.7 +0.2) ADU or (13.93 +0.36) e~. The linearity curve is
plotted in Figure [D.4 for the Apogee Alta F16M.
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Sum Frame Mean (ADU)

Figure D.1: Sum frame mean value versus difference frame variance for CTMO STF-8300M.

Mean Frame Value (ADU)

Figure D.2: Mean frame value versus integration time for CTMO STF-8300M.
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Sum Frame Mean (ADU)

Figure D.3: Sum frame mean value versus difference frame variance for CTMO F16M.
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Figure D.4: Mean frame value versus integration time for CTMO F16M.
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FLI PL16803

The mean pixel value is plotted as a function of the variance in Figure for the FLI
PL16803. A weighted, linear fit to these data gives a measured gain of (0.72 + 0.01) ADU/e™
and a measured readout noise of (11.4 +0.2) ADU or (15.8 +£0.3) e™. The linearity curve is
plotted in Figure [D.g for the FLI PL16803.

Mean Pixel Value vs Variance
CTMO FLI PL16803

80000 1 Unweighted fit T
1

,,,,,,,, Weighted fit g
70000 s v

60000
50000
40000 -

30000

Sum Frame Mean (ADU)

20000 -

10000

0 10000 20000 30000 40000 50000
Difference Frame Variance (ADU?)

Figure D.5: Sum frame mean value versus difference frame variance for CTMO PL16803.
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Figure D.6: Mean frame value versus integration time for the CTMO PL16803.
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