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Abstract

Observational probes of supermassive black hole environments: from the event

horizon to the sphere of influence

by Hope BOYCE

There exists a two-way relationship between small-scale, short-timescale phenomena (e.g.
transient accretion events) around supermassive black holes (SMBHs) and large-scale
properties of their galaxies (e.g. size, mass, kinematics). This work focuses on characteriz-
ing SMBHs and their immediate environments. I present two investigations of Sagittarius
A* (Sgr A*), the nearest SMBH to us, and a third investigation of the SMBH at the heart of
NGC 1387. These three studies represent probes of SMBH environments at three differing
spatial scales. In the first, coordinated multi-wavelength observations of Sgr A* are care-
fully analyzed, cross-correlated, and compared to spectral energy distributions modelling
the matter accreting onto the black hole. The time scales of the variability suggest that
the physical mechanisms may be operating on the scale of several Schwarzschild radii.
The second investigation focuses on the multi-wavelength coordination during the 2017
Event Horizon Telescope Campaign to image Sgr A*. We characterize several X-ray flares
and discuss the likely connection of this variability to the emission physics near the event
horizon. The third investigation probes material out at the edge of the sphere of influence,
where kinematic modelling of the molecular gas can accurately estimate the SMBH mass.
With a central hole in the gas disk in NGC 1387, this exhibits the power of this method
to estimate central BH mass even when emission is missing. I place these projects in the

context of the literature and introduce ongoing projects that continue to probe SMBHs
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and the environments at the centres of galaxies. Together these works span scales of 10s
of parsecs down to a fraction of an AU. From the event horizon to the sphere of influ-
ence, this thesis demonstrates how gas dynamics in the centres of galaxies can be used to

characterize the SMBHs that reside within.
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Résumé

Observational probes of supermassive black hole environments: from the event

horizon to the sphere of influence

par Hope BOYCE

I existe une relation bidirectionnelle entre les phénomeénes a petite échelle et a court terme
autour des SMBH (e.g. les événements d’accrétion transitoires) et les propriétés a grande
échelle de leurs galaxies (e.g. la taille, la masse, la cinématique). Ce travail se concentre
sur la caractérisation des trous noirs supermassifs (SMBHs) et de leur environnement im-
médiat. Je présente deux études sur Sagittarius A* (Sgr A*), le SMBH le plus proche de
nous, et une troisieme étude sur le SMBH au cceur de NGC 1387. Ces trois études per-
mettent de sonder I’environnement des SMBH a trois échelles spatiales différentes. Dans
la premiere, des observations coordonnées de Sgr A* a plusieurs longueurs d’onde sont
soigneusement analysées, mises en corrélation et comparées aux distributions spectrales
d’énergie modélisant la matiére qui s’accrete sur le trou noir. Les échelles de temps de
la variabilité suggerent que les mécanismes physiques peuvent fonctionner a ’échelle de
plusieurs rayons de Schwarzschild. La deuxieme enquéte se concentre sur la coordination
multi-longueurs d’onde pendant la campagne 2017 du télescope Event Horizon pour im-
ager Sgr A*. Nous caractérisons plusieurs éruptions de X-rays et discutons la connexion
probable de cette variabilité a la physique de 1"émission pres de I’horizon des événements.
La troisieme enquéte sonde la matiere au bord de la sphere d’influence, ot1 la modélisation
cinématique du gaz moléculaire peut estimer avec précision la masse du SMBH. Avec un

trou central dans le disque de gaz de NGC 1387, cela démontre la puissance de cette
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méthode pour estimer la masse centrale du SMBH méme lorsque 1'émission est absente.
Je replace ces projets dans le contexte de la littérature et présente les projets en cours qui
continuent a sonder les SMBH et les environnements au centre des galaxies. Ensemble, ces
travaux couvrent des échelles allant de 10s de parsecs a une fraction d’'UA. De 'horizon
des événements a la spheére d’influence, cette thése démontre comment la dynamique des

gaz au centre des galaxies peut étre utilisée pour caractériser les SMBHs qui y résident.
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Chapter 1

Introduction

The study of supermassive black holes (SMBHs) is a humbling undertaking that touches
on timescales of billions of years and on masses that are billions of times the mass of our
own star. It may be impossible to intuit what these timescales and masses really mean, but
it has been my privilege to glimpse some of that wonder that occurs deep in the centers of

galaxies.

1.1 In the heart of every galaxy

The first observational evidence for the existence of SMBHs came from quasars, first de-
scribed in Schmidt (1963) as “A Star-Like [quasi-stellar] Object with Large Red-Shift”. This
object and many others like it were remarkable since absorption lines in their spectra indi-
cated they were located extremely far away for something that shone so brightly, making
them some of the most luminous objects in the universe. Along with being so bright, their
rapid changes in flux implied that they would be tiny. The region in which the gravita-
tional potential of the black hole dominates would become to be known as the sphere of
influence (r4,1) and is typically 1 - 100 pc, corresponding to a size of 0.1” —1” on the sky for
nearby galaxies (distances of 1 — 20 Mpc). For accretion to be the explanation for quasars’
luminosity, the central black hole was required to be Mpy ~ 10° — 10° M. Imagining ma-

terial falling onto these massive objects and the potential energy that they would release,
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the idea that quasars and active galactic nuclei (AGN) were powered through accretion
onto SMBHs eventually became widely accepted (Hoyle & Fowler, 1963; Salpeter, 1964;
Zel’dovich, 1964; Lynden-Bell & Rees, 1971).

It then took several decades for the direct dynamical influence of such a massive dark
object to be observed in the centers of nearby galaxies. From the mid 80’s to the mid
90’s ground-based searches targeting the signature of increased velocity dispersion in
nearby galactic centers yielded about seven detections (reviewed in Kormendy & Rich-
stone, 1995). Then the launch of Hubble in the 1990’s provided ~ 5 times better spatial
resolution and enabled the first demographic studies of BHs and their host galaxies (Ko-
rmendy & Ho, 2013). Since then there have been an expanding suite of techniques and
technological advances. For galaxies with AGN whose rg,;, is unresolvable, the width of
emission lines from the "broad-line region" can be used along with an approximation of
the distance between the region and the black hole to estimate the central mass. Within
rsph, adaptive optics in the infrared increase the spatial resolution and minimize dust con-
tamination for observations of stellar dynamics. Also probing the Keplarian rise in veloc-
ities, the dynamics of ionized or molecular gas disks can trace the signature of a SMBH’s
potential. Finally, megamaser disks in edge-on galaxies can trace these signatures at un-
precedented distances away from the SMBH (e.g. Moran, 2008).

Figure 1.1 from McConnell & Ma (2013a) plots 72 SMBH mass measurements against
their host galaxy’s stellar velocity dispersion. This is an example of the now well known
scaling relations between SMBHs and their host galaxy’s properties (see also bulge lu-
minosity and mass). Different types of galaxies follow Mgy —galaxy scaling relations dis-
tinctly (Figure 1.1). Crucially, the observational techniques used to measure SMBH masses
also differ between galaxy types, with elliptical galaxies being easier to measure through
stellar kinematics, spirals through ionized gas, and AGN hosts through maser kinematics.
Though individual studies take great care to reduce bias, there remains a danger that ob-

servational biases muddy the waters in interpreting SMBH correlations among different
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Figure 1.1 Mgy—o scaling relation of 72 galaxies from McConnell & Ma (2013a). Brightest
cluster galaxies (BCGs) are indicated in green, elliptical galaxies are plotted in red, and
late-type spiral galaxies are plotted in blue. Different symbols indicate the dynamic tracer
used for the measurement from masers (triangles), stars (stars), to ionized gas (gas). The
red line indicates a fit to the early-type galaxies only, while the blue line indicates a fit to
the late-type galaxies and the black line is the fit to all galaxies.

galactic components and types. A method that could be widely applied to galaxy’s of all
types is required to disentangle true correlations from scatter (see Chapter 4).
Remarkably, though SMBHs environments are physically tiny on the scale of a galaxy
(within the central few parsecs and orders of magnitude less massive), the correlation be-
tween them and characteristics of their host galaxies point to their influence on eachother.
This trend between the mass of the SMBH (Mpy) and velocity dispersion of the stars
in the galactic bulge (o) occurs across many orders of magnitude and indicates that the
black hole and the host galaxy co-evolve —- linked via physical mechanisms generically
referred to as “feedback” (e.g., McConnell & Ma, 2013b). Many possible feedback mech-
anisms have been investigated, including (1) mechanical feedback whereby outflowing

material from the accreting black hole sweeps up material and drives it across the galaxy,
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changing the gas reservoir available for star formation (e.g., McNamara & Nulsen, 2007;
Hlavacek-Larrondo et al., 2015), (2) line driving and radiation pressure on dust whereby
the hot photons from the SMBH's accretion disk heat and dispel gas and dust in the inner
regions of the galaxy Proga & Kallman (e.g., 2004); Ishibashi & Fabian (e.g., 2015), and
(3) columnated outflows or “jet-mode feedback”, which converts enormous quantities of
gravitational energy to radiative energy but whose cross section of interaction with the
host galaxy is small (e.g., Best et al., 2005). In the current favoured cosmological model of
hierarchical structure formation, these inflows and outflows are likely triggered by galaxy
collisions (and/or bar interactions), fuelling a peak in SMBH growth at redshift ~2.

Sgr A%, the SMBH in the Milky Way, does not currently belong to the class of rapidly
accreting black holes, a.k.a., active galactic nuclei (AGN). In fact, its present-day accretion
rate is extremely small and would not be observable to an astronomer in a distant galaxy.
There is evidence, however, that Sgr A* was much more active in the past. Studies of X-
ray “light echoes” in the Galactic Centre point to outbursts from the SMBH as recent as
140 years and 240 years ago (e.g., Clavel et al.,, 2013), and outflows (“bubbles”) detected
in the X-ray by XMM Newton (Ponti et al., 2019) and in v-rays by the Fermi LAT (Su et al,,
2010) point to event stronger outflows in the more distant past.

From both cosmological simulations and observations across galaxy types, their is
strong evidence for both the host galaxy’s influence on the SMBHs growth (e.g. merging
galaxy’s triggering massive accretion along with the central two SMBHSs possibly merg-
ing) and the central SMBHs influence on the host (e.g. jets punching through to the edge
of their galaxy, heating gas and quenching star formation). From the central stellar clus-
ters to distant spiral arms and the most remote stars in the outskirts of elliptical galaxies,

SMBHs seem to be connected at every scale of their galactic homes.
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1.1.1 Sphere of Influence

To orient us with the range of spatial scales discussed in this thesis we introduce the

Schwarzschild radius defined for for any black hole as

2GMBH

Rs (1.1)

where c is the speed of light.!

The edge of the sphere of influence is typically 10°~7 Rg, and is the region within which
the gravitational potential of the SMBH dominates over that of the galaxy. It is not defined
for isolated black holes but depends on both the mass of the BH and the galaxy (traced by

o, bulge luminosity):

G Mgy

o2

(1.2)

T'sph =

where G is the gravitational constant, Mgy is the mass of the BH and ¢ is the velocity
dispersion of the stars in the galactic bulge.

The Bondi radius is very similar in that it defines the radius within which surrounding
gas and dust is likely to fall towards the BH and be accreted (2GM/c2). Differentiating it
from the sphere of influence is that it takes into account the sound speed of the medium
(cs) and the resulting accretion rate includes the medium’s density as well as the relative
speed of the BH through the material. Figure 1.3 marks the Bondi radius of Sgr A* at
~ 10°Rg.

There are several techniques to measure SMBH mass which trace the Keplarian veloc-
ities within the sphere of influence. These include modelling observed stellar dynamics
with adaptive optics (typically 10°~°Rg), measuring maser emission in edge-on gas rich
galaxies (e.g. Moran, 2008) that probe some of the smallest angular scales at a few milliarc-

seconds (~ 10° Rg for the observable galaxies that have molecular masing disks), mapping

1299,000,000 m/s
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ionized gas disks whose models (assuming the gas is in a dynamically cold disk) can
be conceptually simpler than modelling the distribution and orbits of stars, and thanks
to the exquisite resolving power of the Atacama Large Millimeter/submillimeter Array
(ALMA), mapping molecular gas disks (e.g. Davis et al., 2013a). This method resolves
molecular disks of nearby galaxies with typical beam sizes of ~ 0.1 arseconds. Since the
relatively rare maser targets are farther away probing molecular gas disks can reach scales
of similar gravitational radii (~ 10° R, see Figure 1.3).

The most convincing measurement of a SMBH is Sgr A* at the center of our galaxy. Sit-
ting at the galactic center ~ 8 kiloparsecs (kpc) away, it is orders of magnitude closer than
any other SMBH, which sit at distances of megaparsecs. Due to its proximity, ground-
based observations have traced the orbits of individual stars over the last two decades to
definitively infer that a dark mass of ~ 4 x 10° M (Boehle et al., 2016a; Gravity Collabo-
ration et al., 2022) must reside within the central few parsecs. The complete orbit of the
closest observable star S2, has even validated relativistic predictions for redshift (Do et al.,
2019a; Gravity Collaboration et al., 2018b) and precession (Gravity Collaboration et al,,
2020a) of the star’s closest approach. Figure 1.2 displays several of the varied multiwave-

length views of our galactic center and Sgr A*’s position at the heart of it all.

1.1.2 Approaching the Event Horizon

Moving in much closer to the SMBH, we approach the event horizon. Technological ad-
vancements in optical interferometry have made it possible to precisely measure Sgr A*’s
position on the sky and track its apparent motion during moments of increased infrared
intensity (Gravity Collaboration et al., 2018c). During an infrared flare, Sgr A* appears to
move in a circle on the sky — behaviour that is consistent with a hotspot in the accreting
plasma orbiting the SMBH. Plasma at these distances from Sgr A* is likely hot, turbulant,

and highly magnetized, though exactly how these temperatures, motions, and fields are
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Keck/UCLA . N
acticnter Group 1995-2017

Figure 1.2 Multi-wavelength views of the Milky Way’s galactic center and it’s supermas-
sive black hole, Sgr A*. a) Large Scale view of the galactic center. Yellow emission is
captured by Hubble and traces starlight and ionized gas in the near-infrared, red emis-
sion traces the glowing dust clouds in complex structures and is measured in the infrared
with Spitzer, blue and violet traces heated gas at millions of degrees glowing in the X-ray
and measured with Chandra. b) A zoomed in view of the inner X-ray structures from
Chandra. ¢) From the Keck/UCLA Galactic Center Group, the near infrared view of the
stars and their mapped orbits around Sgr A* within the innermost arsecond (Ghez et al,,
2008; Meyer et al., 2012). Orbits of these innermost stars are in the range 10°~°Rs. d) Near
simultaneous veiw of Sgr A* and the star 52 captured by the four-telescope optical inter-
ferometric instrument GRAVITY (Gravity Collaboration et al., 2018a). e) Interferometric
submillimeter image of the Sgr A*, shown to be consistent with the expected appearance
of a SMBH with mass ~ 4 x 10°M, (Event Horizon Telescope Collaboration et al., 2022a).
The radius of this ring is approximately 5 Rs.
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characterized, where the plasma comes from, and what powers the variability at submil-
limeter, infrared, and X-ray wavelengths remains a mystery.

The light crossing time for Sgr A* is about 20s (ty; = GM/c*) and the period for the
innermost stable circular orbit (ISCO) is 4-30 minutes (Event Horizon Telescope Collab-
oration et al., 2022b). While the orbits of the S-stars that enabled the mass of Sgr A* to
be measured are at about 10* — 10° R, the timescales of the flickering that we see across
the electromagnetic spectrum (minutes to hours), imply that the physics powering corre-
spond to sizes that are only a few to 10s of Rg. Peering into this extreme environment,
the global radio interferometer the Event Horizon Telescope (EHT) has managed to image
the plasma immediately around Sgr A* at ~ Rg (Event Horizon Telescope Collaboration
et al., 2022a).

The theories and simulations of accretion around SMBHs are extremely rich and are
starting to bridge the gap to match certain aspects of observations. For example, relativis-
tic magneto-hydrodynamic (MHD) simulations of Sgr A* (e.g. Moscibrodzka et al., 2009a;
Dexter et al., 2010; Shcherbakov et al., 2012a) are consistent with electron densities of 105~7
cm ™ estimated from modelling the inner accretion flow with estimates of the submillime-
ter peak of the spectral energy distribution (SED; Bower et al., 2015a; von Fellenberg et al.,
2018a). Observations are increasingly filling in the mysteries of the space between the
Bondi radius and the Event Horizon, as illustrated in the left panel of Figure 1.3. This is
an essential frontier in SMBH astrophysics since the cosmological simulations that inform
much of our understanding of the universe are anchored by local measurements of BHs
and their host galaxies. Currently, the Bondi radius is roughly the resolution limit of many
simulations, and so accretion onto SMBHs from the edge of the Bondi radius down to the

event horizon is a black box that only observations can begin to shed light on.
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1.2 Techniques/Background

1.2.1 Spectral Energy Distribution

The spectral energy distribution of Sgr A* characterizes the brightness of our SMBH from
radio to the submm, through the infrared, all the way up to X-rays. Sampling this broad
spectrum at as many frequencies as possible builds up a picture of the radiative physics
originating from the accreting plasma around the SMBH. The left side of Figure 1.4 sketches
the typically observed SED of Sgr A* in black with some possible components identified
in different colors. The red hump representing synchrotron emission originates from elec-
trons accelerating in the magnetic field around the SMBH. This feature is thought to be
relatively persistent as there likely exists a constant population of electrons whose ener-
gies are in a thermal distribution. Some of these electrons may get excited into a distri-
bution with more electrons at higher energies, resulting in synchrotron emission repre-
sented by the orange curve. Where synchrotron processes occur, there will also likely be
inverse-Compton processes (represented by the blue curve), during which some photons
from the synchrotron emission interact with the same population of electrons undergoing
acceleration and get up-scattered to higher frequencies. The exact shape of each compo-
nent depends heavily on physical properties of the plasma like the distribution of electron
energies, optical depth, the density of electrons, and the strength of the surrounding mag-
netic field. Finally, in the X-ray regime, persistent Bremstrahlung emission is produced at

distances far away from the SMBH.

flaremodel

To model SEDs in Chapter 2, we use flaremodel, an open-source Python code for nu-
merically modeling one-zone synchrotron sources” developed by Dallilar et al. (2022). Pa-

rameters include n., electron density of the plasma, R,, radius of the homogeneous sphere,

2Available at https://github.com/ydallilar/flaremodel


https://github.com/ydallilar/flaremodel
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Figure 1.4 Tllustration of Sgr A*'s quiescent and variable SED (luminosity vs. broadband
wavelength). Left: The SED is composed of several co-added radiative processes, includ-
ing synchrotron emission from thermal electrons (red solid line), synchrotron from non-
thermal electrons (yellow solid line), inverse Compton scattering (teal dashed line), and
thermal Bremsstrahlung radiation from the hot accretion flow at much larger radii (purple
solid line). The synchrotron and inverse-Compoton contributions vary during Sgr A*’s X-
ray and NIR flaring events. The solid black line gives the full broadband SED for the
components shown here. Right: Three examples of how the SED might change for flares
of different luminosities (for the same SED contributions as are shown in the left-hand
panel). The black dashed line corresponds to the total SED on the left, and the yellow and
purple lines and shaded regions show possible SEDs for a moderate and bright flare, with
energy injected primarily at X-ray and NIR wavelengths. For another illustration compar-
ing two variable SED models, see Figure A.3 in Appendix A.

B, magnetic field strength, p, slope of electron distribution, 7;,,,, maximum Lorentz factor,
and A+, the distance between the maximum and minimum + in the electron distribution.
The SED shapes and luminosities are sensitive to all parameters, but particularly distin-
guishing are the implied electron densities, magnetic field strength, and +;,,,,, which can
be discussed within the context of observations of the galactic center that can probe these

properties of the plasma at different distances from the SMBH (see Figure 1.3).
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1.2.2 Cross-correlation

Variability is observed across all frequencies at which Sgr A* is detectable. Illustrated in
the right panel of Figure 1.4, this is often most pronounced at submm, infrared, and X-ray
wavelengths. Flares have often been observed to be correlated between frequencies, with
the connection between infrared and X-ray being the strongest. Due to the serendipity
required to catch flares at multiple wavelengths with multiple observatories, connecting
individual events to definitive radiative processes remains a challenge. These simultane-
ous observations of multiwavelength variability will hold the key to understanding the
physical phenomena of the plasma around Sgr A*. Chapters 2 and 3 both examine Sgr
A*s SED in two different observational contexts to constrain the radiative processes tak-

ing place.

ZDCF

To constrain correlations between flux increases at multiple wavelengths, we cross-correlate
our observed light curves with the z-discrete correlation function zdcf?, a tool capa-
ble of handling two unevenly sampled input light curves. In contrast to a classic cross-
correlation function (ccf), the zdc £ does not interpolate the data or assume the light curves
are smooth. Additionally, the zdc £ differs from other discrete correlation functions (dcf)
by sorting all pairs of data points (a;, b;) by their time lags before binning them into chunks
of equal population and calculating the correlation coeffcients and errors on each bin. This
ensures the resulting error bars are roughly equivalant to 1o errors and that the correlation

coefficients and their errors are always equal to or less than one.

3 Available at https://www.weizmann.ac.il/particle/tal/research—-activities/
software


https://www.weizmann.ac.il/particle/tal/research-activities/software
https://www.weizmann.ac.il/particle/tal/research-activities/software
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1.2.3 Kinematic Modelling

The circular velocity of a star (or parcel of gas) in orbit at a distance R around a mass M
can be approximated by
M

circ =y 13
Veire X I (1.3)

The distribution of mass M (r) inside R affects the shape of the resulting velocity curve.
Figure 1.5 illustrates an example of a velcity curve for a galaxy containing a SMBH and
typical distribution of stars sitting within a dark matter halo. The inset zooms into the
center of the galaxy, where the influence of dark matter is minimal, and the signature of
the central SMBH can be probed. Detecting elevated velocities of molecular gas at the

centers of galaxies forms the basis of the work in Chapter 4.

KinMS

To model the gas disk at the center of NGC 1387 in Chapter 4, we utilize KinMs*?, a flexible
python package that can simulate gas distributions and create datacubes that can be com-
pared to observations. Key inputs include properties of the gas disk (e.g. integrated flux,
velocity dispersion, inclination, position angle, density profile, thickness), a model of the
gravitational potential that the disk resides in (e.g. distribution of the stellar light of the
galaxy and a prescription for converting this into mass M/L), and any central point mass
large enough to affect the gas kinematics (e.g. a SMBH). For the purposes of detecting a
central SMBH, the M/L assigned to the stellar light profile, the inclination of the disk, and
any warps or irregularities to the gas distribution can significantly affect the measured ve-
locities of the gas. If there is a Keplarian rise in the velocities near the center of the galaxy,

a compact central mass is likely required to explain the data.

4 Available at https://github.com/TimothyADavis/KinMSpy


https://github.com/TimothyADavis/KinMSpy
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Figure 1.5 Illustration of the density and circular velocity profiles of different galactic com-
ponents. Top: The purple line represents the rotation curve from a central point mass, the
red line represents the rotation curve from a disk of stars, and the black line illustrates
the total observed circular velocity of a material orbiting the center of a galaxy (including
contribution from a dark matter halo). Bottom: Example density profiles that could qual-
itatively produce the rotation curves illustrated in the top panel. The purple, red and grey
lines represent a central SMBH, a disk of stars, and a dark matter halo respectively. The
stellar density profile may include a central peak if there is a nuclear star cluster (repre-
sented by the dashed red line).
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1.3 This Dissertation

This work focuses on characterizing supermassive black holes (SMBHSs) and their imme-
diate environments. The three studies in this dissertation range from scales close to the
black hole, where we image the event horizon and constrain models of accretion in strong
gravitational and magnetic fields, and then move out to larger scales where we probe
the kinematics of molecular gas orbiting out at the edge of the sphere of influence of an
extragalactic SMBH. In the first investigation I focus on the multiwavelength flaring be-
lieved to originate close to Sgr A*, the central SMBH of the Milky Way (~fewRgs — 100Rg).
Our second work probes even smaller scales around Sgr A* where the Event Horizon
Telescope (EHT) Collaboration has imaged the shadow of the supermassive black hole
(~ Rs). Though the spatial regions in these first two studies occupy a small physical por-
tion of a galaxy’s total extent, the third study of this thesis, moves out to ~ 10°~7Rg (10s
of parsecs) where we present a measurement of the mass of the SMBH in the lenticular
Fornax-cluster galaxy NGC 1387, obtained by modeling the kinematics of the molecular
gas near the sphere of influence. From the event horizon to the sphere of influence, this
thesis thus demonstrates how gas dynamics in the centres of galaxies can be used to char-

acterize the SMBHs that reside within.
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Text in this chapter is published in Ap] 931 7 (2022),
Multiwavelength Variability of Sagittarius A* in 2019 July
(Boyce et al.)

Chapter 2

Multi-wavelength Variability of

Sagittarius A*

In our first investigation, we monitor the black hole at the centre of the Milky Way, Sagit-
tarius A*, at multiple wavelengths over the course of three days in the summer of July
2019. At all monitored wavelengths, from X-rays to infrared to the submillimeter, the
emission from Sgr A* is variable. We demonstrate that characterizing this emission and
constraining the time lag(s) between variability at different wavelengths informs spectral
energy distribution models of the accreting matter. These models in turn distinguish be-
tween the radiative mechanisms at play (e.g., synchrotron vs synchrotron self-Compton),
which shed light on the physical mechanisms powering the observed flares originating

from near the event horizon.

2.1 Introduction

Sagittarius A* (Sgr A*), the supermassive black hole (SMBH) sitting at the bottom of the

central gravitational potential of the Milky Way, co-exists in a dynamic environment with
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a dense stellar cluster, active star formation, and hot, inefficiently accreting gas. Over
the past ~20 years, the mass (~ 4 x 10° M) and accretion rate (< 1077 Mgyyr—!) of Sgr
A* have been pinned down through careful analysis of stellar orbits (e.g., Boehle et al.,,
2016a; Gillessen et al., 2017) and multi-wavelength flux measurements (e.g., Baganoft
et al., 2003b; Marrone et al., 2006b, 2007b; Shcherbakov et al., 2012b; Yusef-Zadeh et al.,
2015a; Bower et al., 2018a). These properties, along with its low bolometric-to-Eddington
luminosity ratio (L/Lgqqa ~107%; Genzel et al., 2010a) and characterizations of the quies-
cent spectral energy distribution (SED) have motivated models of advective and ineffi-
cient accretion flows (e.g., Quataert, 2002a; Baganoff et al., 2003b; Yuan et al., 2003a; Liu
et al., 2004a; Xu et al., 2006b; Wang et al., 2013a).

Though Sgr A* seems to be variable at every wavelength it has been observed, the
physical mechanisms behind the changes in Sgr A*’s flux density remain uncertain. Phys-
ical models often invoke populations of accelerated electrons caused by magnetic re-
connection events, jets, sudden disk instabilities, or other stochastic processes in the accre-
tion flow (e.g., Markoff et al., 2001; Liu & Melia, 2002; Yuan et al., 2003a; Liu et al., 2004a;
Dexter et al., 2009; Maitra et al., 2009; Dodds-Eden et al., 2010; Ball et al., 2016; Li et al.,
2017). Additional models attempt to explain the variability in the context of tidal disrup-
tion of asteroids (Cadei etal., 2008; Kostic et al., 2009a; Zubovas et al., 2012) or expanding
plasma blobs (e.g., van der Laan, 1966; Yusef-Zadeh et al., 2006a; Marrone et al., 2008a;
Younsi & Wu, 2015; Li et al., 2017). Finally, emission may be amplified through strong
gravitational lensing near the event horizon (e.g., Chan et al., 2015).

Variability in the NIR is expected to arise from a fluctuating non-thermal population of
electrons. Chen et al. (2019) showed that Sgr A*'s IR variability was statistically consistent
over two decades, never deviating from log-normal distribution of flux densities. This
consistency was immediately challenged by the unprecedented IR brightness detected by
Do et al. (2019b) in March 2019. Such a deviation from the usual statistical behaviour (Do

et al., 2009; Meyer et al., 2009; Dodds-Eden et al., 2011a; Witzel et al., 2012a; Hora et al.,
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2014; Witzel et al., 2018a) challenges the current model and could point to a dynamical
interaction or a temporary change in Sgr A*’s accretion state.

The submm-THz bump in Sgr A*’s SED is often attributed to a steady synchrotron
source originating from a thermal electron distribution (e.g., Bower et al.,, 2018a; von Fel-
lenberg et al., 2018b). Submm flux from Sgr A* is variable down to timescales of seconds
to hours (Murchikova & Witzel, 2021; Iwata et al., 2020a), suggesting source sizes on the
same order as the BH’s innermost stable orbit. Dexter et al. (2014) found an 8-hour char-
acteristic timescale for the variability by analyzing light curves over a period of 10 years.
Subroweit et al. (2017) presented a statistical analysis of submm variability at 345 GHz
from 2008 to 2014, reporting a mean flux density measurement of ~3 Jy. In 190 hours of
observations, the 345 GHz flux rose above 4.5 Jy only four times. Murchikova & Witzel
(2021) reported observations of Sgr A* at 230 GHz in June 2019, finding that the mean
flux level was 3.74 Jy: 20% higher than in 2015-2017 and 3% higher than levels in 2009-
2012 and 2013-2014. Such variability (on the scale of ~10 years) is similar to the expected
global mass accretion variability (Ressler et al., 2020).

Sgr A*s faint, steady X-ray emission (Baganoff et al.,, 2001a, 2003b) is most likely
thermal bremsstrahlung emission originating in the accretion flow near the Bondi radius
(Quataert, 2002a; Baganoff et al., 2003b; Yuan et al., 2003a; Liu et al., 2004a; Xu et al., 2006b;
Wang et al., 2013a). This quiescent state is interrupted about once per day by distinct X-
ray flares of non-thermal emission presumed to be coming from very close to the black
hole (Neilsen et al., 2013a, 2015a; Haggard et al., 2019a; Zhang et al., 2017a). The flux den-
sity distribution of the X-ray variability can be described by a power law (e.g., Neilsen
et al., 2015a) or log-normal (Witzel et al., 2021a). Recent examination of long term X-ray
variability suggests that Sgr A*’s flaring rate can change over the span of several years
(Andrés et al., 2022).

There have been several studies reporting a correlation between submm and NIR/X-

ray variability (e.g., Eckart et al., 2006b; Yusef-Zadeh et al., 2006b; Eckart et al., 2008a;
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Yusef-Zadeh et al., 2009; Trap et al., 2011; Eckart et al., 2012; Mossoux et al., 2016; Fazio
et al,, 2018a). These provide increasing evidence that the submm and NIR/X-ray sources
are physically or radiatively connected. Correlations between the radio and NIR remain
less clear (Capellupo et al., 2017a).

To connect physical models with observables, studies have analyzed both the timing
properties between wavelengths and SED characteristics of Sgr A* during quiescence and
flares. They aim to put constraints on what radiative mechanisms must be at play. For
example, there are models that predict simultaneity of NIR/X-ray flares through syn-
chrotron self-Compton (SSC) processes (Markoff et al., 2001; Eckart et al., 2008b), those
that cool the electrons of the synchrotron source to predict delayed low-frequency emis-
sion relative to the NIR/X-ray (e.g., Yusef-Zadeh et al., 2006b; Witzel et al., 2021a), and
those that connect time lags to relativistic outflows (e.g., Brinkerink et al., 2021a). General-
relativistic magneto-hydrodynamic (GRMHD) simulations also predict radiative models
and observable SED characteristics scaled to Sgr A* (e.g., Moscibrodzka et al., 2009b, 2014),
and even simulate light curves comparable to observations (Chatterjee et al., 2021).

There are several observational avenues that can be used to constrain properties of the
plasma in the galactic centre. Observations of a magnetar at an angular distance of ~ 2.5
arcsec from Sgr A* (Mori et al., 2013; Rea et al., 2013) have been useful in constraining
the interstellar scattering that affects observations in the vicinity of the SMBH (e.g. Bower
etal., 2015b; Dexter et al., 2017). Such observations can constrain properties of the plasma
and magnetic field (e.g. Eatough et al., 2013a). Even closer to the black hole, new observa-
tions by the Event Horizon Telescope (EHT) (Issaoun et al., 2021, e.g.,) and GRAVITY are
beginning to probe the plasma and general relativistic effects near the event horizon. EHT
observations of Sgr A* were collected in 2017, 2018, and are scheduled for 2022. Such high-
resolution imaging will help untangle the dynamics of the plasma immediately around
Sgr A* from the significant interstellar scattering between earth and the Galactic Center

(e.g., Johnson et al., 2018; Issaoun et al., 2019a). Also probing near event-horizon scales,
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the GRAVITY Collaboration has demonstrated that exceptionally precise near-infrared in-
terferometry of Sgr A*’s position can probe the apparent motion of its centroid. This in
turn can be successfully modelled as a hot-spot orbiting less than 10 gravitational radii
away from the SMBH (Gravity Collaboration et al., 2018d).

Numerous joint X-ray and IR campaigns have observed Sgr A* over the last 16 years
(Eckart et al., 2004, 2006b; Yusef-Zadeh et al., 2006b; Eckart et al., 2008b; Dodds-Eden et al.,
2009a; Yusef-Zadeh et al., 2009, 2012a; Mossoux et al., 2016; Fazio et al., 2018a; Ponti et al.,
2017a). Our joint Spitzer and Chandra study reported ~144 hours of coordinated obser-
vations collected between 2014 and 2017 (Boyce et al., 2019). These observations captured
four modestly bright multi-wavelength flares from Sgr A*. Comparing the X-ray observa-
tions to simulations of the infrared statistical behaviour (Witzel et al., 2018a), the consis-
tent observation of X-ray and IR events within 20 minutes of each-other point to a physical
connection between the emission at these wavelengths, rather than chance association. In
Boyce et al. (2019) we found the time lag between the peaks in the X-rays and the peaks in
the IR was consistent with simultaneity and at most on order of 10~20 minutes.

Here we extend our original study by investigating the physical and temporal correla-
tions between X-ray and IR variability with Spitzer and Chandra observations of Sgr A*
in the summer of 2019, alongside simultaneous NuSTAR, GRAVITY, and ALMA monitor-
ing. To constrain the particle acceration responsible for flaring, GRAVITY Collaboration
et al. (2021) analyze the Spitzer, GRAVITY, NuSTAR, and Chandra data of July 17—-18 in
the context of time-resolved SED modelling and found that the NIR and X-ray flare can
be best modelled with a non-thermal synchrotron source. Michail et al. (2021a) combine
the Spitzer NIR measurements with the 340 GHz ALMA measurements on July 18 to ex-
plore models that describe the NIR as SSC of a synchrotron source responsible for delayed
submm emission adiabatically expanding. Bringing all available data together, this paper
reports timing analysis between the five observatories on July 17—18, July 21, and July 26,

and explores how SED models (see Section 2.4) can be constrained by the submm, NIR,
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and X-ray timing data.

2.2 Observations and Data Reduction

The IRAC instrument (Fazio et al., 2004) on the Spitzer Space Telescope (Werner et al.,
2004) observed Sgr A* at 4.5 ym for eight ~24-hour-long stretches between 2013 and 2017.
Six of these observations had simultaneous monitoring from the Chandra X-ray Obser-
vatory (Weisskopf et al., 2000) and are reported by Boyce et al. (2019). Since then, three
additional epochs of simultaneous monitoring totalling ~48-hours were observed. These
additional epochs expand the total dataset to ~155 hours of simultaneous X-ray and IR
data. Figure 2.1 displays these new 2019 epochs along with additional coordinated cover-
age from NuSTAR, GRAVITY, and ALMA. For an assumed distance of 8.2 kpc, 17 = 0.040

pc (Gravity Collaboration et al., 2019a) L.

2.2.1 Spitzer

All Spitzer observations were collected in a similar manner as the previous epochs in the
campaign. Hora et al. (2014) give a complete description of the Sgr A* Spitzer monitor-
ing campaign. We offer a brief summary here. Three observing blocks were collected at
4.5 pm (filter width of 1um) in each of the three 16 hour epochs: an initial mapping op-
eration performed after the slew to the Sgr A* field followed by two successive 8 hour
staring operations. Each staring operation began by using the “PCRS Peakup" mode to
position Sgr A* on the center of pixel (16,16) in the IRAC subarray. The subarray mode for
Spitzer /IRAC reads out 64 consecutive images (a “frame set") of a 32x32 pixel region on

the IRAC detector. This frame set is known as one Basic Calibrated Data product (BCD),

17.9 kpc would give 1” = 0.038 pc (Boehle et al., 2016b)
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Figure 2.1 Simultaneous submm, IR, and X-ray light curves of Sgr A* from July 2019. The
purple, blue, orange, red, and grey data show the NuSTAR 3-70 keV, Chandra 2-8 keV,
GRAVITY 2.2 um, Spitzer 4.5 ym, and ALMA 340 GHz data, respectively. The x-axis
displays the barycentre-corrected UT on each date. Spitzer data at 4.5um is the excess flux
density (m]y) of the pixel containing Sgr A* (see §2.1 of Witzel et al., 2018a) offset with
a value of 1.9 mJy and de-reddened with the extinction Axs = 2.42 £ 0.002 from Fritz
et al. (2011). The red line shows the data binned over 3.5 minutes. Grey regions on July
21 and 26 indicate where the light curve is unreliable due to decreased signal-to-noise.
The GRAVITY light curve was de-reddened assuming a K-band extinction of 2.42 + 0.01
magnitudes. Significant X-ray flares in Chandra data are identified by the Bayesian Blocks
routine (py = 0.05) and indicated here with black arrows. ALMA calibrators are plotted
in light grey for comparison.
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which is the data format downloaded from the Spitzer Heritage Archive?. Each compo-
nent in the frame set is a 0.1 s 32x32 image, so one frame set takes 6.4 s to complete.
After converting the pixel intensity into mJy, each frame set was combined into a single
32x32 image referred to as a “6.4 s BCD coadd". Consecutive frame sets were typically
separated by 2 s of telescope overheads, and this resulted in an observation cadence of
approximately 8.4 s per frame.

To extract light curves of Sgr A* from the Spitzer /IRAC data, we used the same method-
ology as Boyce et al. (2019) and Witzel et al. (2018a), including an updated procedure
based on the steps described in Appendix Al of Hora et al. (2014). This procedure cor-
rects for the varying intra-pixel sensitivity of the Spitzer/IRAC detector and the effect of
nearby sources on the measured flux of Sgr A* as the telescope pointing jitters during the
observations. The resulting light curves are the excess variable flux density in pixel (16,16)
measured relative to the non-variable stellar background (~ 250 m]Jy). The baseline flux
density of these IR light curves is unknown, though the value has been inferred to be 1.9
m]y from the cumulative distributions of flux densities of Sgr A* (Witzel et al., 2018a). As
in GRAVITY Collaboration et al. (2021), we added an offset of 1.9 mJy and de-reddened
the resulting values with the extinction Ak = 2.42 £ 0.002 from Fritz et al. (2011) to pro-

duce the light curves plotted in Figure 2.1.

2.2.2 Chandra

The simultaneous Chandra observations were acquired using the ACIS-S3 chip in the
FAINT mode with a 1/8 subarray. The small subarray was chosen to avoid photon pileup
during bright flares from Sgr A* and the nearby magnetar, SGR J1745—2900 (Mori et al.,
2013; Rea et al., 2013; Coti Zelati et al., 2015, 2017).

2The Spitzer Heritage Archive (http://irsa.ipac.caltech.edu) is part of the NASA/ IPAC In-
frared Science Archive, which is operated by the Jet Propulsion Laboratory, California Institute of Technol-
ogy, under contract with the National Aeronautics and Space Administration.


http://irsa.ipac.caltech.edu
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We performed Chandra data reduction and analysis with CIAO v4.9 tools® (Fruscione
etal., 2006) and calibration database 4.7.3. The chandra_repro script was used to repro-
cess level 2 events files before the WCS coordinate system was updated (wcs_update).
Barycentric corrections to the event times were performed with the CIAO tool axbary.
We extracted a 2-8 keV light curve from a circular region of radius 1.25” centered on
Sgr A*. The small extraction region and energy range isolate Sgr A*’s emission from the
nearby magnetar (e.g., Mori et al., 2013; Rea et al., 2013; Coti Zelati et al., 2017) and from
the diffuse X-ray background (e.g., Baganoff et al., 2003b; Nowak et al., 2012a; Wang et al,,
2013a). X-ray light curves are plotted in purple in Figure 2.1. Flux densities for SED
modelling (Section 2.4) were corrected for dust scattering and absorption as described in

GRAVITY Collaboration et al. (2021).

2.2.3 NuSTAR

The NuSTAR (Harrison et al., 2013a) data have been processed using the NuSTAR Data
Analysis Software NUSTARDAS, HEASOFT v. 6.28, and CALDB v20200912. Data were
tiltered for periods of high instrumental background due to South Atlantic Anomaly pas-
sages and known bad detector pixels. We analysed the observations starting on July 17,
2019 21:51:09 and on July 26, 2019 00:41:09 (ObsID: 30502006002 and 30502006004, respec-
tively). We applied the barycenter corrections. Light curves and spectra were extracted via
the nuproducts tool from a region of radius 20" centered on the position of Sgr A*. Be-
cause the focal plane modual B (FPMB) is contaminated by stray light from faraway bright
X-ray sources outside of the field of view, we only present the analysis of the FPMA data
(the results obtained with FPMB are consistent with the results). The light curves were ac-
cumulated in the 3—10 keV band and with 380 s time bins for comparison with the GRAV-

ITY data. Bins with small fractional exposures were removed. Flux densities for SED

3Chandra Interactive Analysis of Observations (CIAO) software is available at
http:/ /cxc.harvard.edu/ciao/
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modelling (Section 2.4) were corrected for dust scattering and absorption as described in

GRAVITY Collaboration et al. (2021).

2.2.4 GRAVITY

The K-band (2.1-2.4 ym) GRAVITY light curve was derived from the coherent flux mea-
surement of Sgr A* as described by Gravity Collaboration et al. (2020b) and GRAVITY
Collaboration et al. (2021). We derived the flux ratios relative to S2 using separate obser-
vations. We de-reddened the flux assuming a K-band extinction of 2.424+0.01 magnitudes.
The light curve has been corrected for the contamination of S2 at the edge of the field of
view and errors were scaled in the same way as described in Gravity Collaboration et al.
(2020b). We ignored the contribution of the faint star S62 (Gravity Collaboration et al.,
2021), which should amount to less than 0.1 mJy. The H-band light curve was also re-
duced but not used here as the lower signal-to-noise provided negligible improvement
over the K-band data in constraining the timing. See GRAVITY Collaboration et al. (2021)

for details.

22,5 ALMA

All three epochs of Spitzer data presented here were partly covered by ALMA observa-
tions*. Sgr A* was observed using the 7m ALMA compact array July 17/18 (see also
Michail et al., 2021a), 21, and 26 in 2019. With eleven and ten (epoch of July 25/26) anten-
nas, this compact configuration has fifty-five and fourty-five unique projected baselines,
respectively, from 8.904 m to 47.987 m (10.1 to 54.4 k)). The corresponding maximal reso-

lution is 4.6”. The total continuum bandwidth was 2 GHz.

4project 2018.A.00050.T, PI: J.Carpenter
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The quality assessment of the epochs by the ALMA pipeline was “semi-pass” for the
first two epochs and “pass” for the last epoch®. Each epoch consisted of four observation
blocks on Sgr A*, each ~76min, with seven scans of ~7min duration and an eighth scan
that is shorter than 1min. Between each scan there is a gap of ~4min, and between the
observation blocks there are gaps of ~40min. The data quality particularly suffered from
the atmospheric conditions in the last observing block of each of the first two epochs,
while all other blocks are of comparable quality.

Bandpass and gain were calibrated using calibrators J1337—1257 (block 1 of each epoch)
and J1924—-2914 (blocks 2—4 of each epoch). Gain and phase calibration were executed us-
ing the calibrators J1700—2610 (epoch 1, blocks 1—-3; epoch 2), J1733—3722 (epoch 1, block
4), and J1717—-3342 (epoch 3) in alternation with measurements of Sgr A*.

To derive light curves we first restored the gain-calibrated visibilities with the scripts
scriptForPi.py which are part of the data archive. The resulting visibilities were
then separated by source and spectral range. For each spectral window with science
data (16, 18, 20, and 22), we chose the frequency range dominated by continuum emis-
sion as identified by the routine hif_findcont of the ALMA pipeline. We then applied
three iterations of fitting a point source model to the visibilities (with the CASA routine
uvmodelfit) and interleaved phase self-calibration (with the CASA routines gaincal
and applycal). After a fourth fit with a point source model, we used the resulting flux
density as our measurement. This algorithm was applied to visibilities of Sgr A* and the
particular phase calibrator in time windows of 1 minute. The last 1-minute bin of each
scan with just a few datapoints, as well as the last scans of observations blocks that are
shorter than 1 minute, were discarded.

The resulting light curves have a regular cadence of 1 min and a total duration of 7

hours with 5 hours of data each. Heliocentric corrections of +7.366 min, +7.158 min, and

5Criteria described in the ALMA technical handbook https://almascience.nrao.edu/
documents-and-tools/cycle7/alma-technical-handbook/view


https://almascience.nrao.edu/documents-and-tools/cycle7/alma-technical-handbook/view
https://almascience.nrao.edu/documents-and-tools/cycle7/alma-technical-handbook/view
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+6.772 min were applied for the comparison with the Spitzer light curves. We estimate the
absolute flux density calibration to be accurate within 10% uncertainty and the relative

photometric precision to be < 3%.

2.3 Analysis

2.3.1 Flare Characterization

To identify significant X-ray flares, we used the Bayesian Blocks algorithm as described by
Scargle (1998) and Scargle et al. (2013a) and provided as a python routine by Peter K. G.
Williams (bblocks; Williams et al., 2017a). We ran the algorithm using a 95% confidence
interval (a false positive rate of p, = 0.05). This choice for p, implies that the probability
that a change point is real is 1 — 0.05 = 95%, and the probability that a flare (at least two
change points) is real is 1 — (pg)? = 99.8%. Detected flares are indicated by triangles in
Figure 2.1.

We detected two Chandra X-ray flares during the total overlap-period of X-ray and
IR, one on 2019 July 18 and one on 2019 July 21. The detection rate is consistent with past
measurements of the average number of X-ray flares from Sgr A* (~1.1/day; Neilsen et al.,
2015a; Ponti et al., 2015). The mean quiescent flux measured with Chandra during these
epochs was 0.005 counts-per-second (cts/s), and while the flare detected on 2019 July 21
was similar to those reported by Boyce et al. (2019); (20 counts), the flare detected on July
18, 2019 had a total of 74 counts and was not bright enough for pile-up to significantly
affect the measurement.

In contrast to the distinct peaks in the X-rays, the emission from Sgr A* at IR wave-
lengths is constantly varying. An apparent quasi-periodic feature appears in the Spitzer
light curve on July 21. Such apparent periodicities can appear in processes described by

correlated red-noise and the statistics of Sgr A*’s NIR variability is well described by a
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red-noise process (e.g. Do et al., 2009; Witzel et al.,, 2012a). There are also multiple IR
peaks where we see no significant X-ray emission, even in cases when the IR emission
is most elevated (e.g., ~6 m]y around 11:30 July 18), whereas the X-ray flare on July 18
was accompanied by a significant rise in the NIR flux density levels. This behaviour (NIR
peaks accompanying X-ray flares but not the reverse) is consistent with all previous re-
ported X-ray/IR observations of Sgr A* as well as recent simulations (e.g., Witzel et al,,
2021a). We do not consider the X-ray flare with a lack of NIR rise around 02:00 July 21
as contradictory because the IRAC data exhibited higher-than-normal noise levels at this
time due to poor stability in the telescope pointing. A rise in the submm flux at 06:30 on
July 21 was not accompanied by corresponding variability X-ray, and has marginally sig-
nificant higher-than average variability in the NIR. Additionally, on July 26 IR variability
was observed along with a rise in the submm but with no corresponding flare in the X-ray.

With a K-band peak flux density of ~16 m]y, the NIR flare on July 18 can be classified
as moderately bright in the context of previously observed variability (GRAVITY Collab-
oration et al., 2021) while the X-ray flare was fairly modest with a peak of 0.1 cts/s. This is
a factor of ~2 brighter than the four faint flares with simultaneous Spitzer data reported
by Boyce et al. (2019), but a factor of ~14 lower than the brightest X-ray flare observed
(Haggard et al., 2019a). The brightest flare observed simultaneously in NIR and X-rays
was reported by Dodds-Eden et al. (2009a), and had an L-band flux density of ~25 m]y
and the 2-10 keV X-ray flare reaching ~1 cts/s. While the X-ray and NIR variability was
moderate on July 18, this does not hold for 340 GHz, which at the highest point was 5.5
Jy, well above the typically measured quiescent levels of ~3 Jy (Subroweit et al., 2017). In
fact, the mean flux density (~4.5 Jy) measured on July 18 and July 21, was also elevated

with respect to historic levels.
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Figure 2.2 Results from running ZDCF on the NuSTAR (purple), Chandra (blue), GRAVITY
(orange), and ALMA (grey) light curves against the respective Spitzer (red) light curve on
July 17/18, 2019. Left panels: Regions of the multiwavelength light curves during the X-
ray/NIR flare. Their respective envelopes show the 95% range of the 10,000 Monte Carlo
(MC) realizations. The x-axis displays the UTC time since the start of the Spitzer/IRAC
observations. The bottom panels show the ZDCF. Right panels: The blue points are the
average cross correlation of all 10,000 MC realizations with the blue envelope capturing
the 95% range. The grey envelope is the 95% range from the IR MC realizations with
10,000 realizations of simulated noise consistent with the characteristics of the second light
curve’s emission (no flares). The significant time lags and confidence intervals are plotted
as a single blue point in each panel, with the 68% interval represented by the blue shaded
box, and the 99.7% interval represented with the thin error bar.
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2.3.2 Multi-wavelength Timing

During the Chandra X-ray flare on July 18, the emission from Sgr A* at 4.5 ym and 2.2
pm rose within minutes of the X-ray peak. Nearly simultaneously, NuSTAR detected
moderate X-ray variability through a measurement of increased count rate in a single 6
minute bin. At 340 GHz, ALMA observations also captured part of this flare, but missed
the peak (Figure 2.2).

To quantify lags between the peaks of potentially associated activity in the these ob-
servations we followed Boyce et al. (2019). We utilized the FORTRAN 95 implementation®
of the z-transform discrete correlation function (ZDCF; Alexander, 1997). This tool esti-
mates the cross-correlation function of two inputs without penalty for having a sparse or
unevenly sampled light curve. We cross-correlated all observations relative to the simul-
taneous 4.5 yum Spitzer light curves binned at 3.5 min (red in Figures 2.1 and 2.2), which
cover nearly all of the observing time of the other observatories.

To estimate the uncertainties in the measured time-lags, we cross-correlated each pair
of data over 10,000 Monte-Carlo iterations. Bins of 3.5 min were chosen for the Spitzer
data to increase efficiency of the cross-correlation Monte-Carlo analysis. Experiments with
smaller bins yielded time-lags consistent with the results presented here. The uncertainty
on the time lags was determined from the distribution of the 10,000 ZDCF peaks (see §3.2
of Boyce et al., 2019). The observed correlation function (black) displays a stronger signal
of correlation than the spread of simulations (blue) because of the way the data points in
the simulated light curves are chosen. Each data point in a simulated light curve is ran-
domly selected from a Gaussian distribution centered on the observed flux value in that
bin with a standard deviation equal to the 1-sigma errors on the measured data. There-
fore, real correlations in the detailed shape of the light curve (e.g. a monotonic rise) may

not be reproduced strongly in a given simulated instance. The height of the shaded blue

%Found at: www.weizmann.ac.il/weizsites/tal/research /software/
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Figure 2.3 Results from running ZDCF on the ALMA (grey) light curves against the respec-
tive Spitzer (red) light curve on July 21 and 26, 2019. Left panels: Regions of the light curves
portions where we see significant IR activity in the overlapping data. The grey envelopes
show the 95% range of the 10,000 Monte Carlo (MC) realizations. The x-axes display the
UTC time since the start of the Spitzer /IRAC observations. Right panels: The blue points
are the average cross correlation of all 10,000 MC realizations with the blue envelope cap-
turing the 95% range. The grey envelope is the 95% range from the IR MC realizations
with 10,000 realizations of simulated noise consistent with the RMS of the ALMA light
curve’s emission (no flares). The significant time lags and confidence intervals are plotted
as a single blue point in each panel, with the 68% interval represented by the blue shaded
box, and the 99.7% interval represented with the thin error bar.
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Figure 2.4 Time lags between all multiwavelength observations and Spitzer 4.5um light
curves for the Sgr A* July 2019 campaign. The purple, blue, orange and grey points show
the NuSTAR 3-70 keV, Chandra 2-8 keV, GRAVITY K-band (2.2 ym), and ALMA 340 GHz
lags, respectively. The 68% confidence intervals are represented by the shaded boxes, and
the 99.7% intervals are represented by the thin error bars. Because the measured submm
lag on July 18 is an upper limit, the peak of the flare was not captured.

regions above the simulated noise can therefore be seen as a pessimistic indicator of how
real the correlation is. Thus the width of the distribution of peak locations drawn from
the simulations can conservatively estimate the uncertainty on the time lag. A positive
time lag corresponds to variability in the the NuSTAR, Chandra, GRAVITY, or ALMA data
lagging the 4.5 ym Spitzer variability, while a negative time lag corresponds to variability
leading 4.5 pm.

Spitzer—NuSTAR: Figure 2.2 shows the results of running the ZDCF on the 2019 July
18 epoch of the Spitzer data and the 6min binned NuSTAR light curve. The measured

5

time lag for the flare plotted in Figure 2.4 and reported in Table 2.2 at +2%{} minutes, is

consistent with simultaneity but less significant than the Chandra X-ray measurement due
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to lower signal-to-noise and sensitivity in the data.

Spitzer—Chandra: The second row of Figure 2.2 shows the results of running the zZDCF
on the 2019 July 17/18 epoch of the Spitzer data and 300s binned Chandra light curve.
The measured time lag for the flare plotted in Figure 2.4 and reported in Table 2.2 at —3*3

minutes is consistent with simultaneity.”

Table 2.2 Time delays with respect to 4.5 pm (Spitzer) for X-ray (NuSTAR, Chandra), ~2
pm (GRAVITY), and 340 GHz (ALMA) variability.

Instrument time lag (min) 68% interval 99.7% interval
July 18 2019:

NuSTAR +212 (—13,4+16) (—47, 48)
Chandra —313 (—6,+0) (—12, +7)
GRAVITY +0*1 (—3,+1) (-9, +9)
ALMA +34712 (+26,+36) (+1, +48)
July 21 2019:

ALMA +27112 (—33,+39) (—48, +46)
July 26 2019:

ALMA +20114 (4+6,+35) (—39, +44)

Note: Positive values mean peaks lag Spitzer peaks. Uncertainties on the time lag in the
tirst column span the 68% confidence interval on the 10,000 MC runs. The second column
displays the boundaries of this 68% confidence interval, while the third column contains
the 99.7% confidence interval.

Spitzer—GRAVITY: The results of running the ZDCF on the 2019 July 17/18 epoch of the
Spitzer data against the 40s binned K-band GRAVITY light curve are also shown in Figure
2.2. The measured time lag for the flare is plotted in yellow in Figure 2.4 and reported in
Table 2.2 at +0F} minutes, consistent with simultaneity.

Spitzer—ALMA: Figure 2.2 shows the results of running the ZDCF on the 2019 July
17/18 epoch of the Spitzer and 340 GHz ALMA light curves, while the cross correlation

7 An updated barycenter correction was applied to all reductions of the current and previous the Chandra
data. This slightly altered the original results from Boyce et al. (2019) but remained within the 1o uncertain-
ties. The time lags for those NIR/X-ray epochs were recalculated and reported in Boyce et al. (2021) as well
as here in Table 2.2 and Figure A.1 in Appendix A.
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of 2019 July 21%%, and 26" data sets are plotted in Figure 2.3. The measured time lags for
the variabilty on each date are plotted in grey in Figure 2.4 and reported in Table 2.2.

Only data from July 18 show a X-ray flare with significant simultaneous NIR activity.
During this window of 02:30~05:00, ALMA measured significant variability but missed
the crucial window of 03:00~03:50 in which the NIR and X-ray flares occurred. The ob-
served peak submm flux occured around 04:00 — right after the window of missing data
but at a time when NIR and X-ray flux levels had returned to typical quiescent rates.
The result from the ZDCF on the July 18 Spitzer-vs-ALMA data is a measured time lag
of +3472 minutes at 68% confidence and +34713 at 99% confidence. It is therefore likely
that the peak of the submm flux lagged the NIR and X-ray variability by 10s of minutes,
though we must interpret ~35 min as an upper limit on the time-lag since the true peak
was not observed.

Cross-correlating the Spitzer and ALMA light curves on July 21 and 26 followed the
same method, and the results are displayed in Figure 2.3. Though there was not a sig-
nificant X-ray flare, the NIR and submm show distinguishable variability. The cross-
correlation of July 21 results in a lag of +27"%Z minutes at 68% significance; a broad range
that reaches over two marginally significant correlation peaks at around —40 and +40
minutes. The cross-correlation of July 26 results in a lag of +20 4 14 minutes at 68% signif-
icance; consistent with the lag detected on July 18, but is also consistent with simultaneity

~20% of the time. Figure 2.4 summarizes the results.

2.4 Discussion

Variability in the NIR has been successfully described by the intermittent acceleration of
electrons in a turbulent accretion flow, most often modelled as non-thermal synchrotron
emission with a varying cooling cutoff. This is supported by the observed linear polar-

ization of the IR emission (Eckart et al., 2006a; Meyer et al., 2006, 2007; Trippe et al., 2007;
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Yusef-Zadeh et al., 2007; Eckart et al., 2008b; Witzel et al., 2011; Shahzamanian et al., 2015),
the spectral index at high flux densities (a =~ —0.6; Hornstein et al., 2007; Bremer et al,,
2011; Witzel et al., 2014), and the timescale of the variability, with factors of 210 changes
within ~10 minutes (e.g., Genzel et al., 2003a; Ghez et al., 2004a; Witzel et al., 2018a).

The physical parameters of this turbulent acceleration of electrons (e.g., background
magnetic field strength B, the Lorentz factor of the electrons v, and the electron density
n.) and the details of the radiative processes linking the NIR variability to the X-ray flares
are still uncertain. The processes often invoked to make this connection include (1) pure
synchrotron from a sudden acceleration of electrons to a non-thermal distribution (e.g.,
Markoff et al., 2001; Dodds-Eden et al., 2009a; Barriere et al., 2014; Ponti et al., 2017a), (2)
synchrotron self-Compton through the scattering of these non-thermal synchrotron pho-
tons up to X-ray energies (Markoff et al., 2001; Eckart et al., 2008b, 2012; Witzel et al,,
2021a), and (3) inverse Compton scattering of radio and submm photons from the syn-
chrotron source produced by the persistent large population of thermal electrons (Yusef-
Zadeh et al., 2012a). All these scenarios can include changes in the source’s magnetic field
(B), electron density (n.), and Lorentz factors (y). The most likely scenario may be some
combination of multiple processes, but the unpredictable nature of flares from around ac-
creting BHs limits data collection, and often the best way forward is testing one scenario
at a time.

More broadly, Sgr A*'s average SED is described by several varying components that
could originate from different zones in the accretion flow. Though the connection be-
tween the NIR and X-ray is clear, it remains an open question whether submm variability
could originate from the same source as the higher energy variability. Periods of increased
submm variability can be described by separate, uncorrelated events that are occasionally
coincident with NIR/X-ray flares. We ask whether the submm, NIR, and X-ray variability
on July 18 could be explained through a single acceleration event, i.e. a single-zone mod-

elled at the peak of the NIR/X-ray flare and tens of minutes later, when submm flux is
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observed to be declining from an unknown peak value.

To tackle this question, we re-examine three different scenarios of (1) and (2), in light
of the total dataset from the campaign presented here, wherein (A: 0-SYNC-SYNC) non-
thermal emission originating from a single source of accelerated electrons is responsible
for the NIR and X-ray while contribution to the submm is negligible, (B: SYNC-SYNC-
SSC) non-thermal synchrotron emission is responsible for the submm and NIR while the
X-rays are produced through SSC processes, and (C: SYNC-5SC-SSC) submm flux density
is due to a non-thermal population of electrons emitting synchrotron radiation while both
the NIR and X-ray are dominated by the SSC emission. IC scattering of external thermal
submm photons (3) is not examined. All SEDs discussed in the following sections are
produced with flaremodel (Dallilar et al.,, 2022), a code for numerically modelling one-
zone synchrotron sources®.

Our multi-wavelength time-resolved data constrain the evolution of the source as
these electrons cool and/or are continuously accelerated. We are motivated to test these
single-zone descriptions because they do not over-fit our data by introducing complex
geometries and because flaring in the NIR has been successfully described as originating
from a compact, orbiting hot-spot on horizons scales (Gravity Collaboration et al., 2020c).
Once electrons are accelerated, they may cool via several channels that would affect the
accretion structure around a BH (e.g., synchrotron, bremsstrahlung, and inverse Compton
processes, Yoon et al., 2020). Here we examine one possibility via cooling under adiabatic
expansion, in which a uniform and spherical cloud of relativistic electrons is expanding
and the cooling applies to electrons of all energies at the same rate set by the expansion
speed. We refer to the time of the NIR/X-ray peak as t=0, and the time of the measured
340 GHz “peak” as t=35 min.

8 Available at https://github.com/ydallilar/flaremodel
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Figure 2.5 Illustration of the three example SED models at the time of the NIR/X-ray peak
(t=0). (A): The dashed line represents model 0-SYNC-SYNC in which both the NIR and
X-ray flux is described by a synchrotron source that contributes negligibly to the submm.
(B): The dotted line represents model SYNC-SYNC-SSC in which the optically thick cut-
off of the non-thermal SYNC component contributes to the submm, the varying optically
thin cutoff of the same SYNC component contributes to the NIR, and the X-ray variability
is produced through SSC. (C): The dash-dotted line represents model SYNC-5SC-SSC, in
which submm flux can be explained through the optically thick SYNC, NIR flux is dom-
inated by SSC, and the X-rays are also produced by SSC. The models illustrate the shape
of the SEDs, but the relative vertical position (flux) of these example curves is arbitrary.
Details described Dallilar et al. (2022). For an exaggerated illustration comparing models
(B) and (C), see Figure A.3 in Appendix A.
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24.1 (A) +SYNC+SYNC: An evolving synchrotron source

We consider the scenario where both the NIR and X-ray are produced by a single syn-
chrotron spectrum originating from particle acceleration events involving magnetic re-
connection and shocks in the accretion flow (e.g., Markoff et al., 2001; Dodds-Eden et al.,
2009a; Barriere et al., 2014; Ponti et al., 2017a; Rowan et al., 2017). An example of this
scenario is plotted as the dashed line in Figure 2.5. With both bands being produced by
a single non-thermal synchrotron source, the synchrotron cooling time in the NIR would
far exceed the X-rays and the source would require sustained particle acceleration to pro-
duce observed X-ray flare durations of up to ~1 hour. In this scenario, rapid synchrotron
cooling will cause fading in the higher energy X-rays sooner than in the NIR (e.g., see §4.1
of Dodds-Eden et al., 2010). This could manifest as a simultaneous rise with a time-delay
between the X-ray and NIR flare “centres” of a few to 10s of minutes if the time resolution
and signal-to-noise of of our observed X-ray light curves were high enough (Dodds-Eden
et al., 2010).

Cooling the best-fit synchrotron model of GRAVITY Collaboration et al. (2021) at time
t=0 (via any cooling process) would result in a decrease in flux across the SED and would
not produce appreciable flux in the submm. Therefore, if the NIR and X-ray variability
is due to a purely SYNC component (see, e.g., Ponti et al., 2017a) then that same source
could not explain the observed ~ 2 Jy increase in flux density at 340 GHz. The variability
at these wavelength regimes must be physically uncorrelated or involve more complex
models containing multiple zones of accelerated electrons in complex geometries. On the
other hand, more complex models or geometries are difficult to include in the scenario
wherein the submm flux correlates with NIR flares originating from a compact orbiting
hot-spot on horizon scales (Gravity Collaboration et al., 2020c).

In summary, the best-fit cooled SYNC model described in GRAVITY Collaboration

et al. (2021) accounts for the X-ray and NIR variability and does not require unusually
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large electron densities. However, as this synchrotron source cools flux at all wavelengths
decreases. A simultaneous or delayed 1 ~ 2 Jy increase in the submm flux density requires
invoking multiple non-thermal populations of accelerated electrons and would not be
physically correlated through the evolution of the same SYNC source responsible for the
NIR and X-rays.

2.4.2 (B) SYNC+SYNC+SSC: An adiabatically cooling synchrotron source

Witzel et al. (2021a) considers a simple physical model of a compact synchrotron compo-

nent in Sgr A*’s accretion flow undergoing a sequence of:

1. injection of non-thermal electrons giving rise to detectable submm and NIR emis-

sion,

2. further injection, compression of the source, and increasing magnetic flux resulting

in higher NIR levels and detectable X-ray emission, and

3. adiabatic expansion with little to no injection giving rise to maximum submm emis-
sion. (For a deeper description, see Section 4 of Witzel et al., 2021a, along with their

Figure 11.)

This sequence is based on the scenario that there exists a variable synchrotron spec-
trum arising from populations of non-thermal (accelerated) electrons in addition to the
dominant thermal synchrotron radio component of Sgr A*'s SED. The NIR variability is
then primarily due to the rapidly varying cooling cutoff of this spectrum. Correlated X-
ray variability arises from the resulting SSC spectrum (with the high temporal frequency
variability suppressed). This “slow” variability in the SSC X-rays is therefore related to
physical changes in the synchrotron source itself (i.e., source size ¢, magnetic flux 5, and
self-absorption properties which manifest in changes to the location of the peak flux and

self-absorption frequency turnover of the synchrotron spectrum at submm wavelengths).
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Delayed submm variability relative to NIR/X-ray is attributed to these physical changes
in the source (e.g. cooling causes the SYNC component to shift to longer wavelengths).

This model predicts a delay in peak submm flux density on the order of 20 — 30 min-
utes, consistent with our upper limit of ~35min. It also describes the correlation of the
majority of NIR and X-ray flares in the literature. Michail et al. (2021a) consider an anal-
ogous description of the synchrotron source for the case that the 2018 July 18 NIR and
submm emission were simultaneous and find that conditions with p= 2.5 describes the
submm/IR flux increase well. In this case, simultaneity in submm and NIR could occur if
conditions in the accretion flow produced a SYNC source with “optically thin” emission
reaching from the submm regime to the NIR. This is incompatible with our observations
in two ways: First, the SYNC spectrum whose peak is near 340 GHz and broadly reaches
the NIR does not produce SSC in the correct regime to fit the NIR/X-ray data. Second, this
SYNC spectrum rising in the submm and reaching the NIR would not have the spectral
index observed in the IR.

For typical ranges of physical parameters most of the variable NIR flux is produced by
the optically thin cutoff of the synchrotron component and is described by relatively steep
flux spectral index (F, oc v®) in the range —2.0 S o < —0.8, resulting in a negative or flat
luminosity spectral index (8 = a + 1). An example of this model (with a steep negative
spectral index) is plotted as the dotted line in Figure 2.5.

GRAVITY Collaboration et al. (2021) measured the evolution of the NIR spectral index
of the July 18 flare and found that the GRAVITY K—band to Spitzer M—band slope varied
in the range ax_y = [-0.8, 0.0], consistent with the canonical NIR spectral index for
bright flares of anig ~ —0.65 (Eisenhauer et al., 2005; Ghez et al., 2005; Gillessen et al.,
2006; Krabbe et al., 2006; Hornstein et al., 2007; Bremer et al., 2011; Witzel et al., 2014, i.e.,
luminosity rising with shorter wavelengths). This is reflected in Figure 2.6, where the
orange points in the NIR band have positive 5. Since this flare has a NIR spectral index

a ~ —0.6 at its peak (Figure 2.6), we favor descriptions with positive luminosity photon
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Figure 2.6 Snapshots of the time evolution of scenario (C) SYNC-SSC-SSC, fit under adi-
abatic expansion. Solid orange points are measured values at the peak of the NIR and
X-ray flare, solid purple points are measured at the presumed “peak" of the 340 GHz flux
~35 min later. The open orange point at 1400 GHz is used as the starting point in the adia-
batic expansion calculation described below. The historic quiescent SED in radio/submm
is plotted in light grey with a thermal synchrotron component fit to these data as the grey
dashed line. The solid lines are the best-fit models with the thermal component included.
Observed values are tabulated in Table 2.3.Parameters for the fits are reported in Table 2.4.
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Table 2.3 Values for the Sgr A* SED observed by coordinated ground-based and space-
based observatories on 2019 July 18.

t = 0 minutes t = 35 minutes
Observatory Frequency Flux Density vL, Flux Density vL,
[GHz] Oyl [x10%*ergs!] Oyl [x10%ergs™!]
ALMA?® 340 - - 26+05 72+14
Spitzer/M-band 6.7x10*  202+1.0x1073 10.9 £0.6 -

GRAVITY/K-band 1.4x10° 13.5+ 0.9 x1073 15.0 + 1.0 0.8+0.2 x1073 09 +0.3
GRAVITY/H-band  1.9x10° 12.7 £ 1.4 x1073 194 +22 1.0+ 0.5 x1073 1.5+0.8
Chandra 6.8x10% 18.1 +4.7 x10~ 7 10.0 £ 2.6 <7 x107? <0.3
NuSTAR 1.5x10° 2.6 +0.7 x1077 31+09 - -

2After subtracting the ~ 2 Jy contribution from the thermal component (grey line in Figure 2.6)

Note. — Note: Frequencies for X-ray observatories reflect the central frequency of the keV energy band
within the observation bin.

indices (vL, < v?, B = a + 1).

In summary, though this scenario could explain the temporal evolution of the corre-
lated submm, NIR, and X-ray flux densities, the spectral index in the NIR disfavours a
scenario in which the NIR is dominated by the optically thin component of the SYNC

spectrum.

243 (C) SYNC+SSC+SSC: An adiabatically cooling synchrotron source

Another possibility is that both the X-ray and NIR flux may be dominated by SSC flux
(i.e., photons being scattered to higher energies through interaction with the electrons
producing the non-thermal synchrotron in the submm). In this scenario the NIR flux
would derive from the rising side of the SSC component, rather than the optically-thin
edge of the SYNC component (which is now shifted toward even longer wavelengths).
An example of this SED is illustrated as the dashed-dotted line “C" in Figure 2.5.

Since the SYNC+SSC+SSC scenario predicts the correct range of NIR spectral indices,

we fit this model with a synchrotron source that produces the 340 GHz flux increase that
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can evolve under adiabatic expansion. If adiabatic cooling is dominant, the SYNC source
expands and cools (without further electron injection), causing the turn-over of the SYNC
component to march down to lower frequency as it fades. This results in a delay at longer
wavelengths. If the true peak of the submm rise was simultaneous with the NIR/X-ray,
the SYNC component of the SED must have peaked near 340 GHz. Such a SYNC spec-
trum could not then produce bright enough SSC emission to match the NIR/X-ray obser-
vations. We therefore consider the scenario in which the peak of the submm emission was
delayed by 10s of minutes.

To test this scenario and leverage the submm flux measured with a delay, we use the
methodology first described in van der Laan (1966) to parameterize the behaviour of the
peak of the non-thermal SYNC component under adiabatic cooling. This method has been
applied to interpret Sgr A* variability in the past (e.g. Yusef-Zadeh et al., 2006a; Eckart
et al., 2008a)

The flux density as a function of frequency (v) is parameterized as:

{1 — exp { — Tm <L> e p—(2p+3)}}

[1 = exp (=7m)]

S(v,p) = (v/vin)*?p’ (2.1)

where v,, is the frequency at which the flux density maximum of the spectrum occurs,
p is the slope of the electron distribution, 7,, is the optical depth corresponding to the
frequency at which the flux density is maximum and p is the relative radius of the source,
which can be parameterized in terms of the expansion velocity vy, time (), initial source

size Ry, and a deceleration parameter /3 (kept at standard value of 1.0 in our analyses):

(1t vegpe(t — to))ﬁ
P ( Rof @2

To describe the broad-band SED, we numerically implement the SYNC-SSC model

described in Dallilar et al. (2022), based on a non-thermal power-law-distributed electron
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energy distribution. The physical parameters of this single-zone non-thermal synchrotron
model are the electron density (n. x 1lem?, the projected radius (R, pas), the magnetic field
(B, G), the power law slope of the electron distribution (p), the maximum Lorentz factor
(Ymax), and the minimum Lorentz factor (7, )-

Plotted in orange points in Figure 2.6 are the observed X-ray and NIR data at the time
of their peak (¢ = 0). Due to the gap in the observing window, we do not have a simultane-
ous measurement at 340 GHz. However, under the assumption that there is a significant
time lag of ~35 min or less in the peak of the submm flux, the 340 GHz flux at t = 0 must
be fainter than ~2 Jy (excess flux above historic quiescence; 5.5x10*! erg s~* at 340 GHz).
The orange line is the best-fit SSC-SSC SED that satisfies this constraint with x?2,, of 2.3. We
find that the high H-band measurement is the data point most strongly preventing the fit
from reaching 2, ~ 1. Doubling the uncertainty on this point would result in x%, = 1.1
with very similar values to those listed in Table 2.4.

In purple are the constraints in the NIR/X-ray once their flux has faded (at 35 min
past peak) as well as the measured “peak" flux at 340 GHz. Fitting these data with the
SYNC+SSC+SSC SED + SYNC thermal component (grey) yields x2, 0.5, Physical param-

eters of these best-fits are tabulated in Table 2.4.

Table 2.4 Best fit parameters of scenario C: SYNC+SSC+SSC.

t=20 t = 35 min
log (n, x lem™3) 10.14+0.8 9t
R (uas)* 11.242.1 21 +2
B (G) 25 +44 3.1+0.8
p 31 37
Ymax 320 + 110 410 £+ 130
Yrnin 3.8+1.3 10.8 &34
Xog 2.3 0.5

x: 1 pas = 0.0082 AU
1: value fixed

Taking the best-fit radius at t = 0 (Ry ~ 1.1xRg) and the peak flux at 1400 GHz
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(10.8—1.5=9.3 Jy after subtracting the thermal component from the peak in Figure 2.6)
we apply Equations 2.1, and 2.2 (van der Laan, 1966) to match the peak flux in 340 GHz
at ¢ = 35 min. With the initial size of the region, R,, set at the best fit value, we can
vary the expansion speed and find that a value of ve., ~0.014c reproduces the flux ob-
served at the peak in 340 GHz (see Fig 2.7). This speed is consistent with other estimates
of Vexp ~0.003c¢—0.02c found under the interpretation of an expanding plasmon (Yusef-
Zadeh et al., 2006a, in the cm) and (Eckart et al., 2006b, 2008a; Marrone et al., 2008a; Eckart
et al., 2012, NIR-submm). This calculation relies on the assumption that the peak in 340
GHz occurred at ¢ = 35 min. If the peak happened earlier, we would require an even faster
expansion speed to match the measured flux.

Scenario “C" (SYNC+SSC+SSC) can be interpreted as a particularly unusual version
of scenario “B", in which the same single zone model and radiation mechanisms could
produce typical flux variations in the submm, NIR, and X-ray. In this picture the July 18
event’s unusually high submm flux is explained through uniquely high electron densities
and a prediction of bright emission in the THz regime.

This interpretation relies on the validity of two unique characteristics: First, there must
have been very high flux at ~THz frequencies during the flare, something that has not
been reported in campaigns aiming to characterize the quiescent THz spectrum (von Fel-
lenberg et al., 2018b; Bower et al., 2019a), though at 850 GHz Serabyn et al. (1997a) report
a measurement of ~ 3 Jy (2 x 10* erg s™'). An updated study on the flux density dis-
tribution at submm-THZz is required to determine the likelihood of observing such a flare
based on past observations at these frequencies. Second, electron densities in the SYNC
source must have been several orders of magnitude higher than the implied densities of
the average accretion flow from radio polarization studies (log n. ~ 10 compared to e.g. ~
7; Bower et al., 2019a), which could be easier to achieve if Sgr A* were in an unusual state
of increased accretion.

Average accretion rates for Sgr A* are estimated from the rotation measure in quiescent
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Figure 2.7 Light curves derived from equations 2.1, and 2.2 offset with the constant flux
values originating from the putative constant synchrotron component that arises from a
thermal distribution of electrons (dashed grey model in Figure 2.6; 1.5 Jy at 1400 GHz
and 3.4 Jy at 340 GHz). A value of 9.3 Jy at 1.4 THz (10.8 Jy from Figure 2.6 — 1.5 Jy
from the thermal component) is used in the calculation and evolved forward in time with
expansion velocity v, = 0.014c. The purple data point (5.5 Jy) is the measured 340 GHz
flux with the thermal synchrotron component (3.4 Jy) included.

submm observations, the last of which was Bower et al. (2018a), based on data obtained
in 2016. The rotation measure has been observed to have short term variability and most
estimates of Sgr A*’s accretion rate are cited from the value averaged over the long term
(~years). Since then there have been hints that Sgr A*'s accretion state may not be so con-
stant, particularly supported by the incredibly bright NIR flare observed in early 2019 (Do
etal., 2019b), which fell outside of all previously-parameterized flux density distributions.
If Sgr A* was indeed in a state of elevated accretion in 2019, then this could explain how
this event is distinct from most previously observed flares. That is, a high sub-THz flux
may be more easily achievable if electron densities as a whole were increased, allowing
flaring conditions with log n, ~10.

Finally, the assumption that we have captured the peak of the 340 GHz flare is a large
one. The start of the observing window around 03:45 catches the light curve in a descend-

ing state, with no indication of a turn-over (Figure 2.1). If we have not captured the peak
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of the flare, that would allow the SYNC component in this SED to extend to lower energies
at the time of the NIR/X-ray peak, though it would still remain significantly higher than
the previously observed flux levels at these frequencies.

Fitting the temporally-resolved SED over six time-steps in the NIR and X-ray, GRAV-
[TY Collaboration et al. (2021) conclude that the particle densities necessary for “C" SYNC
+SSC+SSC (> 10° cm™?) would be extremely unlikely given the typical, average electron
densities derived from modeling the radio to submm SED of Sgr A* with synchrotron
emission from a thermal electron distribution (ambient n, < 107 cm 3 Bower et al., 2019a).
To fit an SED like “A" (0+SYNC+SYNC), a strong acceleration event is necessary (Vmax >
10*), but the physical parameters of the source (including n.) remain consistent with pre-
dictions from the literature.

Of course, adiabatic expansion is not the only scenario in which delayed and correlated
emission between frequencies can arise. Interpreting 20-40 minute delays in the 20 to 40
GHz regime, Falcke et al. (2009) observed a frequency dependence of VLBI sizes and saw
evidence for a relativistic outflow. Meanwhile Brinkerink et al. (2015a) derived relativistic
outflow velocities of up to ~0.77c, through the progression of variability maxima from
100 to 19 GHz, and interpret this as a jet. Finally, it is always possible that the submm
variability is not physically correlated with the NIR and arises from another component
altogether. For example, single-zone modelling of M87’s jet and active galactic nucleus
cannot fully describe the broadband SED, albeit the data most driving this conclusion are
the high-energy y-rays (EHT MWL Science Working Group et al., 2021)

In summary, this single-zone adiabatic expansion model fits the data, with the caveat
that the inferred submm-THz flux at ¢ = 0 would have been much brighter than most
observations at these frequencies. Accepting the plausibility of the scenario requires an
electron density that would be extraordinarily high in comparison with estimated densi-

ties responsible for Sgr A*’s average accretion rate.
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2.5 Summary

We report observations from a multi-wavelength campaign that simultaneously observed
Sgr A* in July 2019 from the submm, to NIR, to X-ray. Cross correlating the light curves
against the Spitzer NIR light curve on each date, we report the measured time lags be-

tween each wavelength.

* OnJuly 17—18, a moderately bright NIR flare captured by Spitzer (4.5m) and GRAV-
ITY (2.2pum) occurred simultaneously with a faint X-ray flare captured by NuSTAR
(3 —70keV) and Chandra (2 — 8keV). Overlapping coverage at 340 GHz from ALMA
missed the peak of the submm flare, but reveals very bright correlated flux ~35 min

after the NIR/X-ray peak.

* On July 21, correlated submm/NIR flux variability remains consistent with simul-

taneity (no time lag).

* On July 26, we report a measured time lag of ~20 min between correlated submm
and NIR variability with 68% confidence, though consistent with simultaneity at

98% confidence.

The flux and timing properties of the July 17—18 flare are considered in the context
of three scenarios: “A" both NIR and X-ray due to emission from a synchrotron source,
“B" submm and NIR due to a synchrotron source while X-ray arises as synchrotron self-
Compton emission, and “C" submm due to a synchrotron source while both NIR/X-ray
arise from synchrotron self-Compton. We are limited in what we constrain because we
have not captured the peak of the 340 GHz flare, and can only measure an upper limit
on the time-lag between it and the NIR. This event is particularly interesting because the
submm flux is notably high (~5.5 Jy, very rarely observed at these frequencies), so if the
peak is even higher, this could indicate that the radiative processes are non-typical when

compared to conditions responsible for historic variability. In the scenario in which the
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submm and NIR/X-ray variability are not physically correlated, a SYNC source fitted
to the NIR/X-ray (scenario “A") is allowed and does not require extraordinarily large
electron densities (GRAVITY Collaboration et al., 2021).

To leverage the potentially delayed submm flux, we consider whether a synchrotron
source cooled through adiabatic expansion can self-consistently describe the submm in-
crease and the NIR/X-ray flux at peak and after. Consistent with our measurement,
Michail et al. (2021a) report an upper limit on the time lag of less than 30 minutes. They
also analyze the submm and mid-IR emission using adiabatically expanding synchrotron
plasma models and find two cases that can describe the data. The first is a SYNC source
with p = 2.5 responsible for simultaneous rise in the submm and NIR (analogous to sce-
nario “B" SYNC+SYNC+SSC). We disfavour this scenario primarily since the predicted
NIR spectral index is in tension with the observations, but also since a simultaneous rise
in the submm and NIR would require a SYNC spectrum whose peak is near 340 GHz
and broadly reaches the NIR, which does not produce SSC in the correct regime to fit the
X-ray data. In their second case, a SYNC source with p > 2.8 has optically thick plasma
conditions that evolve to optically thin in the submm on the time scale of 10s of minutes
(analogous to scenario “C" SYNC+SSC+SSC). We find that this adiabatic expansion sce-
nario producing SSC emission in the NIR and X-rays (scenario C) works only under the
conditions that a very high submm/THz peak would occur at the time of the NIR/X-ray
peak and that the electron density reaches log n. ~10.

Narrowing down the radiation mechanism powering and connecting variability across
wavelength regimes brings the field closer to accurately describing the physical mecha-
nisms that power the dramatic flux changes originating near the event horizon. Simulta-
neous, multi-wavelength observations of Sgr A* at all accessible frequencies remain essen-
tial to differentiate between various radiation mechanisms. Such observational campaigns

are key to comparing to the state-of-the-art general-relativistic magneto-hydrodynamic
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(GRMHD) simulations that can model details of accreting plasma in this extreme environ-
ment, where high resolution simulations have shown that sufficiently energetic plasma
can be accelerated through magnetic reconnection (Ripperda et al., 2022). In particu-
lar, continued coordination between submm-radio observatories and the NIR/X-ray will
strengthen or rule out the interpretation that these variable signals are physically con-
nected. If simultaneous observations at THz frequencies are also captured during submm/
NIR/X-ray variability, one could definitively constrain models in which the cooling SYNC
component is responsible for the submm flux density increase and is correlated with
NIR/X-ray SSC emission. Finally, coordinated multi-wavelength campaigns with the
EHT and VLTI/GRAVITY will be key to interpreting the increasingly detailed view of

this accreting SMBH on horizon scales.
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Chapter 3

Multi-wavelength Coordination with the

Event Horizon Telescope

In our second study, we consider spatial scales even closer to the black hole and present
the multiwavelength state that Sgr A* was in during the Event Horizon Telescope’s 2017
campaign to image the SMBH’s shadow. As the multi-wavelength working group, we
coordinated simultaneous observing campaigns with telescopes across the globe and in
space to capture the multi-wavelength behaviour of Sgr A* as it was being imaged by the
EHT’s primary imaging arrays. We characterize several X-ray flares, the most significant
of which does not have simultaneous EHT coverage but is followed by a significant in-
crease in millimeter flux variability immediately after the X-ray outburst — this indicates
a likely connection in the emission physics near the event horizon. The broadband flux
densities measured during the campaign are found to be consistent with the historical

quiescent and variable spectral energy distribution.
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3.1 Introduction

The first legacy set of papers by the Event Horizon Telescope (EHT) focused on the su-
permassive black hole M87* (Event Horizon Telescope Collaboration et al., 2019a,b,c,d,e,f,
hereafter M87* Papers I, 11, III, IV, V, and VI), but Sagittarius A* (Sgr A*) was the spark
that motivated the formation of the EHT. This work presents novel EHT observations of
Sgr A* at 1.3 mm, which serve as the foundation for the observational and theoretical pa-
pers presented in this second legacy series (Event Horizon Telescope Collaboration et al.,
2022a,b,c,d,e,f, hereafter Papers I, 11, III, IV, V and VI).

Sgr A*, the ~ 4 x 10° M, black hole at the center of our own Milky Way (at a distance
of ~ 8 kpc), is the closest observable supermassive black hole (e.g., Gravity Collaboration
et al., 2019b; Do et al., 2019a; Reid & Brunthaler, 2020). Among all known black holes,
Sgr A* has the largest predicted angular diameter of the black hole shadow (~50 pas, see
Paper III and Paper IV, and references therein). It is also a highly variable source, with
flickering, flares, and other stochastic processes occurring across the electromagnetic spec-
trum on short and long timescales. These unique characteristics make Sgr A* an important
laboratory for studying the fundamental physics and astrophysics of black holes at high
angular resolution.

Sgr A* has been observed with millimeter very-long-baseline interferometry (VLBI)
for over a quarter century. After initial successful 1 mm VLBI tests on quasars (Padin
et al., 1990; Greve et al., 1995), Sgr A* was first successfully detected on a VLBI baseline
between the IRAM 30-m telescope on Pico Veleta (PV) in Spain and a single antenna of
the Plateau de Bure Interferometer in France in 1995 (Krichbaum et al., 1997). This de-
tection revealed a compact source, with a size of (110 & 60) pas (Krichbaum et al., 1998).
Early size measurements at 3mm and 1 mm were larger than expected (cf. e.g., Lo et al,,
1998), indicating that short-wavelength VLBI measures the intrinsic structure in Sgr A*

rather than interstellar scattering along the line of sight. Subsequent VLBI experiments
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using wider recorded bandwidth and three telescopes with longer baselines provided a
tighter estimate of the source size, 4373* uas, giving the first unambiguous detection of
horizon-scale structure in Sgr A* (Doeleman et al., 2008b). Meanwhile, continued VLBI
observations at A 2 3 mm were better able to characterize the properties of the anisotropic
interstellar scattering screen (e.g., Bower et al., 2004; Johnson et al., 2018).

Excitement from these VLBI measurements was further galvanized by crucial theo-
retical and technical advancements made in parallel. Simulations of Sgr A* by Falcke
et al. (2000) demonstrated that a shadow of the sort originally predicted by Bardeen (1973)
would be observable with millimeter-wavelength VLBL.! Technological advances greatly
increased the capabilities of the growing EHT, as detailed in M87" Paper II. These ad-
vances led to a new era in which the detection of Sgr A* on long baselines at 1 mm became
routine (Fish et al., 2011; Johnson et al., 2015; Fish et al., 2016; Lu et al., 2018). Most signif-
icantly, the phased Atacama Large Millimeter/submillimeter Array (ALMA) (Matthews
et al., 2018) participated in its first EHT science observations in 2017, along with other
antennas that added to the baseline coverage. Indeed, data from these observations pro-
duced the M87* total-intensity (M87* Paper I; M87" Paper II; M87" Paper III; M87" Pa-
per IV; M87" Paper V; M87" Paper VI) and polarization results (Event Horizon Telescope
Collaboration et al., 2021a,b, Papers VII and VIII hereafter), as well as high angular reso-
lution images of extragalactic radio jets (Kim et al., 2020; Janssen et al., 2021). These data
also motivate the Sgr A* results in this series.

As these VLBI discoveries were advancing, Sgr A* was also being studied intensively
at other wavelengths. Radio, millimeter, infrared, and X-ray observations showed that
Sgr A* has both a very low bolometric-to-Eddington luminosity ratio of L/Lgqq ~ 107
(Genzel et al,, 2010b), and a very low mass accretion rate of ~ 107 to 1077 M, yr™*
(Baganoff et al., 2003a; Marrone et al., 2006a, 2007a; Shcherbakov et al., 2012a; Yusef-Zadeh

etal., 2015b). At most wavelengths, Sgr A*’s flux can be decomposed into a quiescent and

!More details about the appearance of black holes are given in M87* Paper L.
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variable component.

In the X-ray, Sgr A* is a persistent source, with a flux of about 3 x 10** erg s~* (Baganoff
et al.,, 2001b, 2003a) from thermal bremsstrahlung radiation originating from hot plasma
near the Bondi radius (e.g., Quataert, 2002b; Baganoff et al., 2003a; Yuan et al., 2003b;
Liu et al.,, 2004b; Wang et al., 2013b). Bright X-ray flares punctuate this emission about
once per day and are characterized by non-thermal emission centered on the black hole
(e.g., Neilsen et al., 2013b). Near infrared (NIR) detections of Sgr A* also reveal a highly
variable source, with emission peaks observed more frequently than in the X-ray (Genzel
et al.,, 2003b; Ghez et al., 2004b; Gravity Collaboration et al., 2020d). Both the X-ray and
NIR variability occur on timescales of several hours, consistent with emission originating
near the black hole’s innermost stable circular orbit (ISCO), which depends on the black
hole’s mass and spin. Sgr A*’s mid-IR flux is only marginally detected (e.g., Iwata et al,,
2020b) or it can be inferred indirectly from model fitting.

Millimeter polarimetry of Sgr A* reveals linearly polarized flux from an emitting re-
gion of ~ 10 Schwarzschild radii (Rg), which indicates a dense magnetized accretion flow
again extending out to the Bondi radius. Bower et al. (2018b) find a mean rotation measure
(RM) of ~ —5 x 10° rad m~? that can be modeled as a radiatively inefficient accretion flow
(RIAF) with an accretion rate of ~ 107® M yr~'. Circular polarization is also detected at
a mean value of —1.1 £ 0.2%. Both the RM and the circular polarization are variable on
timescales of hours to months (Bower et al., 2018b).

Similarly, observations of Sgr A* between 15 and 43 GHz reveal variability at the 5-
10% level on timescales shorter than four days (Macquart & Bower, 2006). Sgr A*’s flux
density distribution at 217.5, 219.5, and 234.0 GHz was investigated recently by [wata et al.
(2020b); they find variability on timescales of ~tens of minutes to hours, indicating that
the emission at these wavelengths is also likely to arise near the ISCO.

Hence, in addition to the excitement around resolving Sgr A*’s intrinsic structure at

1.3mm, it became clear that multi-wavelength observations during the EHT campaign
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would offer the first opportunity to definitively connect the black hole’s variable flux com-
ponents with changes observed at horizon scales.

In this work we present the first EHT 1.3 mm observations of Sgr A*, alongside multi-
wavelength data collected contemporaneously in April 2017. Contemporaneous interfer-
ometric array data from ALMA and SMA have been analyzed and are described here (and
presented in more detail in a companion paper, Wielgus et al., 2022). The campaign also
includes observations from the East Asian VLBI Network (EAVN), the Global 3 mm VLBI
Array (GMVA), the Very Large Telescope (VLT), the Neil Gehrels Swift Observatory, the
Chandra X-ray Observatory, and the Nuclear Spectroscopic Telescope (NuSTAR). These
coordinated observations provide (quasi-)simultaneous multi-wavelength coverage with
exceptional spatial and spectral resolution. Since variability at timescales of minutes to
hours can be probed on horizon scales by the EHT, and on a range of other spatial (and
spectral) scales by these other observatories, combining them into a single “snapshot”
spectral energy distribution (SED) maximizes the broadband constraints that the observa-
tions can place on theoretical models.

This manuscript (Paper II) is organized as follows. In Section 3.2 we present an overview
of the 2017 EHT observing campaign. Section 3.3 delves more deeply into the EHT data
calibration and reduction specific to these Sgr A* data. Section 3.4 outlines the multi-
wavelength (MWL) campaigns that accompanied the EHT observations. Section 3.5 de-
scribes the resulting EHT and MWL data products, including those provided via a public
data archive, and discusses these new observations in the context of longer-term monitor-
ing campaigns that have characterized Sgr A*’s variability over more than 20 years. We

offer a brief summary and conclusions in Section 3.6.
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Figure 3.1 EHT 2017 observing schedules for Sgr A* and its calibrators (J1924—2914 and
NRAOS530), covering observations on April 6-7 2017. Empty rectangles represent scans
that were scheduled but not observed successfully due to weather or technical issues. The
filled rectangles represent scans corresponding to detections available in the final data
set. Scan durations vary between 3 and 12 minutes, as reflected by the width of each
rectangle. ALMA/APEX and JCMT/SMA are pairs of co-located stations (enclosed in
light blue shaded regions), providing the same (u, v)-coverage.

3.2 Event Horizon Telescope Observing Campaign

The first EHT observations of Sgr A* were collected in April 2017, alongside contempora-
neous broadband data — the coverage is shown in Figures 3.1 and 3.2. A detailed descrip-
tion of the EHT array and its instrumentation can be found in M87* Paper II, with further
details related to the 2017 observing campaign in M87" Paper III. Here we provide a brief
summary of this material, along with details pertinent to the observations of Sgr A* and
associated calibration sources.

EHT observations were carried out with eight observatories at six locations: ALMA
and the Atacama Pathfinder Experiment (APEX) on the Llano de Chajnantor in Chile, the
Large Millimeter Telescope Alfonso Serrano (LMT) on Volcan Sierra Negra in Mexico, the
James Clerk Maxwell Telescope (JCMT) and Submillimeter Array (SMA) on Maunakea in
Hawai‘i, IRAM 30 m Telescope on Pico Veleta (PV) on Pico Veleta in Spain, the Submil-
limeter Telescope (SMT) on Mt. Graham in Arizona, and the South Pole Telescope (SPT)
in Antarctica. The locations of these telescopes are plotted in Figure 1 of Paper 1.

Sgr A* was observed on five nights: 2017 April 5, 6, 7, 10, and 11. ALMA did not
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Figure 3.2 Instrument coverage of Sgr A* during the 2017 April 3-15 multi-wavelength ob-
serving campaign, which includes the East Asian VLBI Network (EAVN), the Global 3 mm
VLBI Array (GMVA), the Very Large Telescope (VLT), the Neil Gehrels Swift Observatory
(SWIFT), the Chandra X-ray Observatory (CHANDRA), and the Nuclear Spectroscopic
Telescope (NuSTAR). For the EHT data described in this work we focus on April 6 and 7,
which have the best (u, v)-coverage and for which detailed instrument and source cover-
age is shown in Figure 3.1. Details of the multi-wavelength campaign and spectral energy
distribution are contained in Sections 3.4 and 3.5.2.
participate in the array for observations of Sgr A* on 2017 April 5 or 10. PV observed
Sgr A* only on 2017 April 7. Weather conditions were good or excellent at all sites on all
five observing nights. Median opacities on each night are provided in M87" Paper IIl. In
this series of papers, we focus our analysis on April 6 and 7, which have the best (u, v)-
coverage.

Two bands of approximately 2 GHz each were observed, centered at sky frequencies of

227.1 and 229.1 GHz (“low" and “high" bands, respectively). Single-dish stations recorded

a 2-bit Nyquist-sampled bandwidth of 2048 MHz per polarization using Reconfigurable
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Open Architecture Computing Hardware 2 (ROACH?2) digital backends (Vertatschitsch
etal., 2015). The SMA observed using six or seven telescopes (depending on the observing
night) whose signals were summed using the SMA Wideband Astronomical ROACH2
Machine (SWARM; Primiani et al., 2016; Young et al., 2016). Since SWARM produces
data in the frequency domain at a different sampling rate than at other observatories,
SMA data require a post-observation, pre-correlation pass through the Adaptive Phased-
array and Heterogeneous Interpolating Downsampler for SWARM (APHIDS; see also the
Appendix of M87" Paper II). ALMA observed as a phased array of 35-37 telescopes using
the ALMA Phasing System (Matthews et al., 2018). Data were recorded onto Mark 6 VLBI
Data Systems (Whitney et al., 2013).

All but two observatories recorded both left and right circular polarization (LCP and
RCP respectively). The JCMT was equipped with a single-polarization receiver that ob-
served RCP on 2017 April 5-7 and LCP on 2017 April 10-11. ALMA recorded both linear
polarizations (X and Y).

The schedule consisted of scans of Sgr A* interleaved with scans of NRAO 530 (J1733—
1304) and J1924—-2914 as calibration sources. On 2017 April 6, observations commenced
after the preceding target source, M87, set at ALMA. Generally, two eight-minute scans
of Sgr A* were followed by a short (typically, three-minute) scan on a calibrator, with
an eight-minute gap approximately every hour. The 2017 April 7 schedule, which did
not include M87, started when Sgr A* rose above the 20 elevation limit at ALMA. Scan
lengths on Sgr A* for this schedule were dithered between five and twelve minutes to
reduce the effects of periodic sampling on detection of time variability associated with the
ISCO period. On both nights, Sgr A* was observed until the source set below the local
horizon at the SMT and LMT, which happens at approximately the same time. The scan
coverage for these nights is shown in Figure 3.1.

Data were correlated with the Distributed FX (DiFX) software correlation package
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(Deller et al., 2011) at the two correlator centers at the Max-Planck-Institut fiir Radioas-
tronomie in Bonn, Germany and MIT Haystack Observatory in Westford, Massachusetts;
for details see M87* Paper Ill. The CALC model was used for an a priori correction of
rates and delays. Multiple correlation passes were required to diagnose and mitigate data
issues, as discussed in the Appendix of M87" Paper IlI; parameters hereafter refer to those
for the final correlation (Rev7) used for science-release data. The final correlation pro-
duced 32 baseband channels, each 58 MHz wide with a spectral resolution of 0.5 MHz,
and averaged to a 0.4s accumulation period. The Sgr A* correlation center was set to
Q32000 = 17745™400356, 632000 = —290028240%, based on the position of Reid & Brunthaler
(2004) corrected to the epoch of observation for the apparent motion introduced by the
orbit of the solar system around the Galaxy. The corrected position produced smaller
residual delays and rates compared with the uncorrected position, resulting in a minor
improvement in sensitivity. Subsequent to correlation, PolConvert (Marti-Vidal et al,,
2016) was run to convert the mixed-polarization data products (XL, XR, YL, YR) to the

circular basis on ALMA baselines, as described in Goddi et al. (2019).

3.3 EHT Data Calibration and Reduction

The EHT data calibration pathway is summarized in Event Horizon Telescope Collabo-
ration et al. (Section 3 2022b) and aspects that are particular for the Sgr A* data are high-
lighted there. I don’t include these descriptions here since it is not work that I directly con-
tributed to. A comprehensive description of the EHT data reduction methods, combined

with a recap of VLBI data calibration fundamentals, can also be found in M87" Paper III.

2This position for Sgr A* is also adopted in the multi-wavelength analysis that follows.
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Table 3.1 Values for the Sgr A* SED observed by coordinated ground-based and space-
based observatories during the EHT 2017 run.

Observatory Frequency vE, Flux vL,
[GHz] [x10~"?ergs™! cm™?] [yl [x103%ergs™]

EAVN 22 0.24 + 0.02 1.07 + 0.1 0.19 £ 0.02
EAVN 43 0.58 + 0.06 1.35 4+ 0.14 0.48 + 0.05
GMVA 86 1.63 +0.17 19402 1.3+0.1
GMVA 88 1.67 +0.18 19402 14401
GMVA 98 1.96 + 0.20 2.04+0.2 1.6+£0.2
GMVA 100 2.10 £ 0.20 21402 1.67 +£0.2
ALMA /SMA? 213-229 5.28 + 0.44 24402 43+04
VLT 1.38x10° <4.12 <0.003 <3.4
Chandra/NuSTAR  5.68x10° 0.7075-35 1.23702T 1077 0.571013
Chandra/NuSTAR  7.84x10® 0.4970:9¢ 6.2770-1 x 108 0.4070:09
Chandra/NuSTAR  1.08x10° 0.33904 3.09101 s« 10-8  0.27100
Chandra/NuSTAR  1.49x10° 0.25+02 L7108 0.21702
Chandra/NuSTAR  2.06x10° 0.0870:09 0.397543 x 108 0.0670:05
Chandra® 1.57x10° 5.63750%0 3.6732%x 1077 461755
NuSTAR? 9.55x10° 0.7870:35 8.3120 x 107° 0.6470:60

4Mean measurement across 213-229 GHz. The spectral index at these frequencies was observed to be close
to zero (Wielgus et al., 2022)

b2017 April 11 X-ray flare.

Note. — Frequencies for X-ray observatories reflect the central frequency of the keV energy band within

the observation bin.
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3.4 Multi-wavelength Observing Campaign

In addition to the ALMA and SMA millimeter light curves collected as a part of the EHT
observations (Figure 3.3, see also Wielgus et al., 2022), the 2017 Sgr A* EHT campaign
includes observations from elite ground-based facilities (§3.4.1), including the East Asian
VLBI Network, the Global 3mm VLBI Array, the Very Large Telescope, as well as space-
based telescopes (§3.4.2) including the Neil Gehrels Swift Observatory, the Chandra X-
ray Observatory, and the Nuclear Spectroscopic Telescope. Figure 3.2 shows coverage
of Sgr A* for each of these instruments during the campaign. These coordinated ob-
servations provide (quasi-)simultaneous wavelength coverage and enable detailed multi-
wavelength variability studies that place broadband constraints on models (see Paper V
and Paper VI). We describe these observations briefly here and place them in the broader

EHT and Sgr A* historical context in Section 3.5.2.

3.4.1 Supplementary Ground-based Observations
East Asian VLBI Network

The East Asian VLBI Network (EAVN; e.g., Wajima et al., 2016; An et al., 2018; Cui et al,,
2021) consists of the 7 telescopes of KaVA (KVN® and VERA* Array; e.g., Lee et al. 2014;
Niinuma et al. 2015), and additional telescopes of the Japanese VLBI Network (JVN; e.g.,
Doi et al., 2006) and the Chinese VLBI Network (CVN; e.g., Zheng, 2015). During the EHT
2017 window, four EAVN observations were carried out at 22 and 43 GHz (Figure 3.2). A
single, symmetric Gaussian model was found to describe the intrinsic structure of Sgr A*
at both wavelengths. The measured flux densities from Sgr A* at these frequencies are
(1.0740.11) Jy and (1.35£0.14) Jy, respectively (Table 3.1). Two of the on 2017 April 3 and

4 are (quasi-)simultaneous with the Global 3 mm VLBI Array observations (Section 3.4.1)

3Korean VLBI Network: three 21 m telescopes in Korea (Yonsei, Ulsan, and Tamna)
4VLBI Exploration of Radio Astrometry: four 20 m telescopes in Japan (Mizusawa, Iriki, Ogasawara, and
Ishigakijima)
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as well as the EHT sessions (Cho et al., 2022). These measurements provide an estimated
size and flux density of Sgr A* at 1.3 mm via extrapolation of power-law models (i.e.,
the intrinsic size scales with observing wavelength as a power-law with an index of ~

1.2 40.2).

Global 3 mm VLBI Array

VLBI observations of Sgr A* at 86 GHz were conducted on 2017 April 3 with the Global
Millimeter VLBI Array (GMVA)°. Eight Very Long Baseline Array antennas equipped with
86 GHz receivers, the Robert C. Byrd Green Bank Telescope (GBT), the Yebes 40 m tele-
scope, the Effelsberg 100 m telescope, PV, and 37 phased ALMA antennas participated in
the observation (project code MB007, published in Issaoun et al. 2019b).

The data were recorded with a bandwidth of 256 MHz for each polarization and fringes
were detected out to 2.3 GA. The total on-source integration time on Sgr A* was 5.76 hr
over a 12 hr track, with ALMA co-observing for 8 hr. The results of the experiment rule out
jet-dominated radio emission models of Sgr A* with large viewing angles (> 20 deg) and
provide stringent constraints on the amount of refractive noise added by the interstellar
scattering screen towards the source (Issaoun et al., 2019b), discussed in more detail in
Section 5.1.2 of Event Horizon Telescope Collaboration et al. (2022b). The total flux density
measured at 86 GHz is (1.9 + 0.2) Jy (Table 3.1).

Very Large Telescope

The Paranal Observatory’s Nasmyth Adaptive Optics System (NAOS) and Near-Infrared
Imager and Spectrograph (CONICA) instrument on the Very Large Telescope (VLT), also
known as VLT/NACO, measured a K-band near infrared upper limit of 3m]Jy during
the 2017 April 7 EHT observing run (courtesy of the MPE Galactic Center Team). Ongo-

ing observations with the new Very Large Telescope Interferometer GRAVITY instrument

Shttps:/ /www3.mpifr-bonn.mpg.de/div/vlbi/globalmm /
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(VLTI/GRAVITY, Gravity Collaboration et al., 2017) indicate that Sgr A*’s typical flux
distribution in the NIR K-band changes slope at a median flux density of 1.1 & 0.3 m]y,

characteristic of Sgr A*’s quiescent NIR emission (Gravity Collaboration et al., 2020d).

3.4.2 Coordinated Space-based Observations
Neil Gehrels Swift Observatory

Observations from the Swift X-ray Telescope (XRT, Gehrels et al., 2004; Burrows et al,,
2005) were reprocessed with the latest calibration database files and the Swift tools con-
tained in HEASOFT-v6.20°. Source flux in the 2-10 keV energy band is extracted from a 10
radius circular region centred on the position of Sgr A*. Count rates are reported as mea-
sured (e.g., Degenaar et al.,, 2013a), i.e., without any correction for the known significant
absorption along the Sgr A* sightline (N ~ 9 x 10?2 cm™?).

There are 48 Swift observations of the Galactic center between 2017 April 5 and 2017
April 12, with a total exposure time of 26.3 ks (Figure 3.2). These observations include a
dedicated dense sampling schedule to coincide with the EHT observing window and two
observations from the regular Galactic center monitoring program (Degenaar et al., 2013b,
2015; van den Eijnden et al., 2021). The average exposure time of the dense sampling was
~ 500s, with an average interval between observations of ~ 3.5 hr.

In the 2017 April 7 Swift observation that overlaps the EHT window (Figure 3.3), a
2-10 keV flux is detected (0.023 cts™!) in excess of the 2017 20 trend-line (0.018 cts™!),
as measured from the cumulative flux distribution observed from Sgr A*. None of the
Swift observations are simultaneous with the 2017 April 11 Chandra flare described in the

following section.

®https://heasarc.gsfc.nasa.gov/lheasoft/
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Chandra X-ray Observatory

A series of Chandra X-ray Observatory (Weisskopf et al., 2002) exposures of Sgr A* were
acquired on 2017 April 6, 7, 11, and 12 using the ACIS-S3 chip in FAINT mode with a
1/8 subarray (observations IDs 19726, 19727, 20041, 20040; PI: Garmire), for a total of
~133 ks coordinated with the EHT campaign (Figure 3.2). The small subarray mitigates
photon pileup during bright Sgr A* flares, as well as contamination from the magnetar
SGR ]J1745—-2900, which peaked at X-ray wavelengths in 2013 and has faded over the
more than 6 years since (Mori et al., 2013; Rea et al., 2013, 2020; Coti Zelati et al., 2015,
2017). It also achieves a frame rate of 0.44 s vs. Chandra’s standard rate of 3.2s.

Chandra data reduction and analysis are performed with the CIAO v4.13 package’
(Fruscione et al., 2006), CALDB v4.9.4. We use the chandra_repro script to reprocess
the level 2 events files, update the WCS coordinate system (wcs_update), and apply
barycentric corrections to the event times (axbary). The 2 — 8 keV light curves are then
extracted from a circular region of radius 1.25 centered on the radio position of Sgr A*.
Light curves for 2017 April 6, 7 and 11 are shown in Figure 3.3. Using the Bayesian Blocks
algorithm (Scargle, 1998; Scargle et al., 2013b; Williams et al., 2017b), we search these light
curves for flares and robustly detect one on 2017 April 11, with a second weaker detection
on April 7 (orange histograms overplotted on the Chandra light curves in Fig. 3.3).

We use specextract to extract X-ray spectra and response files from a similar 1.25
region, centered on Sgr A*. Since our primary interest for this dataset is the flare emission,
we do not extract background spectra from a separate spatial region. Instead, spectra of
the quiescent off-flare intervals play the role of our background spectra.

The flare and off-flare intervals are identified by analyzing the X-ray light curves of
each observation. For the easily detectable flare on 2017 April 11 (observation ID 20041),

we use the direct Gaussian fitting method presented in Neilsen et al. (2013b). For 2017

’Chandra Interactive Analysis of Observations (CIAO) is available at http://cxc.harvard.edu/
ciao/.
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April 7 (observation ID 19727), we use the Bayesian Blocks decomposition (Scargle, 1998;
Scargle et al., 2013b; Williams et al., 2017b); this method is better suited to detecting the

sustained low-level activity apparent toward the end of the observation.

Nuclear Spectroscopic Telescope Array

X-ray observations from the Nuclear Spectroscopic Telescope Array (NuSTAR Harrison
et al., 2013b) performed three Sgr A* observations from 2017 April 6 to 2017 April 11 (ob-
servation IDs: 30302006002, 30302006004, 30302006006). These provide a total exposure
time of ~ 103.9 ks and were coordinated with the EHT campaign. We reduced the data us-
ing the NuSTAR Data Analysis Software NuSTARDAS-v.1.6.0° and HEASOFT-v.6.19, fil-
tered for periods of high instrumental background due to South Atlantic Anomaly (SAA)
passages and known bad detector pixels. Photon arrival times were corrected for on-board
clock drift and processed to the Solar System barycenter using the JPL-DE200 ephemeris.
We used a source extraction region with 50 radius centered on the radio position of Sgr A*
and extracted 3-79 keV light curves in 100 s bins with deadtime, PSF, and vignetting effects
corrected (see Zhang et al., 2017b, for further details on NuSTAR Sgr A* data reduction).
For all three observations we made use of the data obtained by both focal plane modules
FPMA and FPMB.

For flare spectral analysis, we used nuproducts in HEASOFT-v.6.19 to create spectra
and responses from 30 circular regions (as recommended for faint sources to minimize
the background) centered on the coordinates of Sgr A*. As explained in 3.4.2, NuSTAR
only partially detected a flare from Sgr A* on 2017 April 11 (observation ID 30302006004),
hence we focus on this observation alone in the present work. The source spectrum was
extracted from the NuSTAR Good Time Intervals (GTIS) that overlaps with the Chandra
flare duration. The background spectrum was extracted from off-flare time intervals in

the same observation.

8https://heasarc.gsfc.nasa.gov/docs/nustar/analysis.
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Figure 3.4 Joint Chandra-NuSTAR spectra of flares from Sgr A*. The magenta and black
spectra are the Chandra flare spectra from 2017 April 7 and 2017 April 11, respectively;
the 2017 April 11 NuSTAR FPMA and FPMB flare spectra are combined for plotting pur-
poses and shown in green. The orange data are the combined spectrum from the off-flare
quiescent intervals of all four Chandra observations. The model described in Section 3.4.2
is shown in red for each dataset.

X-ray Flare Spectral Analysis

To obtain the best constraint on the spectrum of Sgr A* during its faint and moderate
X-ray flares, we performed joint Chandra/NuSTAR spectral analysis of the two flares

described in Section 3.4.2. The following analysis was performed in ISIS v1.6.2-43 and
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made use of Remeis isisscripts’. Chandra flare spectra were binned to a minimum
of four channels and a signal-to-noise ratio (S/N) ratio of 3 above 0.5keV while off-flare
spectra were combined and binned to a minimum of two channels and S/N of 3; we
tit bins contained within the interval 1-9 keV. The NuSTAR FPMA /FPMB spectra of the
2017 April 11 flare were binned to a combined minimum S/N of 2 and a minimum of three
channels above 3 keV. We ignored all bins not fully contained within the interval 3-79 keV.
The resulting spectra are shown in Figure 3.4.

Given the relatively small numbers of counts, we opted for simple absorbed power law
models for the flare spectra and we compared our model to our data with Cash statistics
(Cash, 1979). We used the TBvarabs model with Wilms abundances and Verner cross-
sections (Verner et al., 1996; Wilms et al., 2000) and assumed a shared spectral index for
both flares. (There is no conclusive evidence for a relationship between X-ray flare lumi-
nosity and X-ray spectral index; Neilsen et al. 2013b; Zhang et al. 2017¢; Haggard et al.
2019b.) Because a portion of the 2017 April 11 flare fell within a gap in the NuSTAR light
curve, we included a cross-normalization constant between our NuSTAR and Chandra
spectra (as well as between the FPMA and FPMB spectra).

For NuSTAR, we simply defined the spectrum of the off-flare interval as the back-
ground file for the 2017 April 11 flare spectrum, but we had to treat the Chandra spectra
differently because they are susceptible to pileup during flares (e.g., Nowak et al., 2012b),
though fainter flares like those described here are not likely to be impacted. In particular,
because pileup depends on the total count rate, not the background count rate, it is nec-
essary to model the background spectrum and treat the flare emission as the sum of the
background model and the absorbed power law. We fit the quiescent (off-flare) emission
with a single vapec model; see Nowak et al. (2012b) for more details.

Once we had a satisfactory fit to the joint flare spectra, we used the emcee Markov

This research has made use of a collection of ISIS functions (ISISscripts) provided by ECAP/Remeis
observatory and MIT (http://www.sternwarte.uni-erlangen.de/isis)
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Table 3.2. Chandra/NuSTAR Joint Spectral Parameters

Parameter Value Units
Nu 17.8%32 1022 cm—2
r 21705
NrpumB 1.2799
K yapec 0.0012190002 .
kTvapec 21_8 é keV
Nacis 1191
Foroa,2-10 0.3703 10712 ergs “1em—2
For04,3-79 0.570% 1072 ergs ! em™?
Fii0a2-10 7.83% 10" ergs ' cm™?
Fii043-79 15.4727 107" ergs™'cm™?
Fg2-10 0.5702 1072 ergs™!cm™2
Fq3-79 0.317003 1072 ergstcm™2

Note. — Ny is the X-ray absorbing column density. I is the flare photon index.
Nrppusp is the cross-normalization of the NuSTAR FPMB relative to the FPMA. K ,pec
and kT, ,pc. are the normalization and temperature of the quiescent vapec compo-
nent. Njcrs is the cross-normalization of the Chandra ACIS spectrum relative to
NuSTAR. Flare (Fy704, Fi104) and quiescent fluxes (F,) are quoted for the intervals
2-10keV and 3-79 keV — the X-ray quiescent and flare fluxes presented in Table 3.1
are vF, in units of erg s~' cm™?, and so differ slightly from the integrated values
quoted here. See §3.4.2 and §3.5.2 for further details.

Chain Monte Carlo (MCMC) routine to find credible intervals for our fit parameters. For
our MCMC runs, we used 10 walkers (i.e., 10 members of the ensemble) for each of our 10
free parameters, and allowed them to evolve for 10,000 steps (a total of 1 million samples).
These runs appear to converge within the first several tens of steps, so we discard the first
500 steps. We estimate an autocorrelation time for our parameter chains between ~ 200
and 400 steps, indicating that we have 2500-5000 independent samples of each parameter.

Finally, we calculate the minimum width 90% credible interval for each parameter.
We compute the cumulative distribution function for the samples for each parameter and

select the smallest interval that contains 90% of the samples. The results are given in Table
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3.2. Sgr A* flares are highly absorbed, with a column density of Ny = 17.8752 cm~2; this
is a bit higher than the values found by Nowak et al. (2012b) and Wang et al. (2013b), but
the differences are within 1-o in both cases. The photon index of the flare is T' = 2.17)7,
which is not well constrained but is consistent with other analyses of X-ray flares (Porquet
et al., 2008; Nowak et al., 2012b; Neilsen et al., 2013c; Haggard et al., 2019b). The 2017
April 7 flare is only detected at 99% confidence, but has an unabsorbed 2-10keV flux
of Fyroa2-10 = (0.3 £0.2 x 1072)ergs™' cm™2 and a 3-79keV flux Fyrpa3 79 = (0.57075) x
1072 ergs™! em™2. The 2017 April 11 flare has an unabsorbed 2-10keV flux of Fi1042-10
= (7.8%35) x 1072 ergs~' cm~2, which rises to Fijp43-79 = (15.4752) x 1072 ergs™' cm™2
over the interval 3-79 keV.

As reported in Neilsen et al. (2015b), the quiescent X-ray flux (¥ 2-10) results from an
admixture of two components. At the faint end of Sgr A*’s flux distribution, there are
both variable and steady components, with the variable component likely arising from
unresolved faint flares which contribute ~10% of the apparent quiescent flux (see also
Neilsen et al,, 2013d). Adopting the 2 — 10 keV flux from this joint fit (Table 3.2) and
allowing a generous ~ 1/3 contribution from unresolved X-ray flares, we estimate an
upper limit on the median luminosity of ~ 10** erg s™*. Larger flare contributions would
be inconsistent with estimates that approximately 90% of the quiescent emission from

Sgr A* is in fact associated with spatially resolved emission.

3.5 Final Data Products and Features

3.5.1 Event Horizon Telescope Data

The properties of the 2017 Sgr A* EHT VLBI data are described in Event Horizon Telescope
Collaboration et al. (Section 5.1 2022b). Detailed in particular are the (u, v)-coverage, cor-

related flux densities, systematic error budgets, estimations for residual antenna-based
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gain errors, the influence of interstellar scattering on the measured visibilities, conserva-

tive estimates for the size of Sgr A* at 1.3 mm, and an assessment of the source variability.

3.5.2 Multi-wavelength Data
mm, NIR, and X-ray data products

The supplementary ground- and space-based data products leveraged here are published
in original works and/or are available in public archives.

EAVN observations of Sgr A* at 22 and 43 GHz are available in Cho et al. (2022), GMVA
86 GHz observations are published in Issaoun et al. (2019b), and a detailed discussion
of the VLT/GRAVITY NIR flux distribution can be found in Gravity Collaboration et al.
(2020d).

Chandra, Swift, and NuSTAR data products are available via NASA archives!® /12
and are collected in the EHT data portal®™ under the 2022-D01-02 code (DOI: https:
//doi.org/10.25739/26fg-k306). The repository contains the following data prod-

ucts:
1. Description of observations and data processing (format: text).
2. Fluxes from Swift-XRT observations (format: CSV).
3. Fluxes from Chandra observations (format: CSV).
4. Fluxes from NuSTAR observations (format: CSV).

5. Scripts, spectral, and response files for modeling Chandra and NuSTAR data (for-

mat: standard X-ray data formats).

19The Chandra Data Archive: https://cxc.harvard.edu/cda/.

HThe Swift Data Archive: https://swift.gsfc.nasa.gov/archive/.

12The NuSTAR Data Archive: https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_
archive.html.

Bhttps://eventhorizontelescope.org/for-astronomers/data
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https://swift.gsfc.nasa.gov/archive/
https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_archive.html
https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_archive.html
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6. Sampled posterior distributions of X-ray spectral model based on Chandra and NuS-
TAR data (format: FITS).

The EHT data portal also contains the broadband spectrum presented in Table 3.1 (see
also §3.5.2 below) with frequency, flux density, its uncertainty, and instrument index (for-

mat: CSV).

Time-averaged spectral energy distribution

Figure 3.5 displays the SED for Sgr A* during the 2017 EHT campaign (open black circles)
over-plotted on the historically observed broadband spectrum (colored points). The SED
illustrates Sgr A*’s wide range of variable and non-variable states. Larger shaded swaths
mark regions of the SED where the source is particularly variable; their bounds mark char-
acteristic quiescent emission and high flux states, which can last for timescales of minutes
to hours. (A time-binned historic SED representative of states without extreme variability
is presented in Paper VI.) We do not plot a typical quiescent value for NuSTAR frequencies
(379 keV) since upper-limits are complicated by contributions from non-Sgr A* sources
in the galactic center. The flux and luminosity values from each observatory coordinating
during the EHT campaign are listed in Table 3.1. The quiescent and flare X-ray luminosi-
ties in the SED are vL, in units of erg s~ !; their equivalent vF, values in erg s~'cm~2 (Table
3.1) differ slightly from the integrated flux values in Table 3.2.

During the EHT run, Sgr A*’s SED is consistent with historical observations of the
black hole in the radio, mm, NIR, and X-ray, as outlined in the Introduction and §3.5.2.
For example, the moderately bright X-ray flare detected with Chandra and NuSTAR on
2017 April 11 falls within the range of previously observed X-ray flares (see §3.4.2 and
Figure 3.5). Since Sgr A* is not in an exceptional state during the 2017 EHT campaign,

these observational constraints on the broadband SED offer valuable priors on theoretical
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models aiming to constraint GR, for example the Kerr metric investigation presented in
Paper VI

Paper V in this series also uses these (quasi-)simultaneous EHT 1.3 mm and multi-
wavelength constraints (on both luminosity and degree of variability) to aid in model
selection and to provide a physical interpretation for these data, for example by testing
aligned, tilted, and stellar wind-fed scenarios using time-dependent GRMHD models.
They compare specifically to three MWL bands, 86 GHz, 2.2 pias, and X-ray, which are rel-
atively independent and thus probe different physics, and find that no one existing model
can meet all of the EHT and MWL constraints. These challenges motivate improvements
to the GRMHD model suites, and encourage additional, joint EHT and MWL campaigns

to fully characterize Sgr A*’s short and long term variability.

Characteristic multi-wavelength variability

Sgr A*’s multi-wavelength variability has been studied in detail for more than two decades.
Substantial obscuration in the plane of the Galaxy blocks our view of its optical and UV
emission, but observations at other wavelengths show flickering, flares, and other stochas-
tic processes on long and short timescales (e.g., Baganoff et al., 2001b; Dodds-Eden et al,,
2009¢c; Nowak et al., 2012¢c; Witzel et al., 2012b; Neilsen et al., 2015b; Bower et al., 2015c;
Haggard et al., 2019b; Do et al., 2019¢; Gravity Collaboration et al., 2020d). Theoretical
models also anticipate that observations at different wavelengths will probe different size
scales and resolutions (e.g., Falcke & Markoff, 2013). We briefly describe Sgr A*’s char-
acteristic MWL variability, to put the X-ray flares (§3.4.2) and the broadband spectrum
(§3.5.2) observed in 2017 into this broader context.

Sgr A*’s X-ray flux distribution can be decomposed into a steady quiescent component
described by a Poisson process, and a variable power law component attributed to non-
thermal flares that appear approximately once per day (Neilsen et al.,, 2015b). Sgr A*’s

quiescent NIR light curves show a red noise process and a non-linear, non-Gaussian flux
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Figure 3.5 The time-averaged SED for the compact Sgr A* source during the 2017 EHT
run is shown as black open circles and a NIR upper limit. Luminosities for the X-ray flare
observed on 2017 April 11 are indicated as black circles filled with light purple. Table 3.1
lists the 2017 values in units of flux and luminosity. Colored background points display
the historic SED of Sgr A* in flaring and quiescent states with the light yellow polygons
indicating the range of previously observed variability (Backer, 1982; Zylka & Mezger,
1988; Wright et al., 1987; Yusef-Zadeh et al., 1990; Zylka et al., 1992, 1995; Telesco et al.,
1996; Serabyn et al., 1997b; Falcke et al., 1998; Cotera et al., 1999; Baganoff et al., 2003c;
Yuan et al., 2003b; Zhao et al., 2003; Herrnstein et al., 2004; An et al., 2005; Marrone et al.,
2006¢; Dodds-Eden et al., 2009b, 2011b; Schodel et al., 2011; Nowak et al., 2012c; Bower
et al., 2015¢; Brinkerink et al., 2015b; Liu et al., 2016; Stone et al., 2016; Zhang et al., 2017¢;
Witzel et al., 2018b; Haggard et al., 2019b; von Fellenberg et al., 2018a; Bower et al., 2019b;
Gravity Collaboration et al., 2020d). A time-binned historic SED representative of states
without extreme variability is presented in Paper VI.
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density distribution, skewed to higher flux densities, which changes slope near a median
flux density of 1.1 £ 0.3 m]y (flux densities below 0.1 m]y are rarely observed; e.g., Witzel
et al., 2012b; Do et al., 2019¢; Gravity Collaboration et al., 2020d). Thus the NIR flux can
also be attributed to separate quiescent and variable components.

The X-ray and NIR variability timescales are both typically several hours, consistent
with Sgr A*’s ISCO period of approximately 4-30 min for prograde orbits (vs. 5 days to 1
month for M87*; for further discussion of this comparison, see Paper I). Recently, the or-
bital motion of a compact polarized hot spot just outside of the ISCO has been offered as
an explanation for high resolution, time resolved interferometric NIR observations (Grav-
ity Collaboration et al., 2018e), reinforcing the notion that this may be a horizon-scale
phenomena.

Correlations between the X-ray and NIR flux peaks (e.g., Dodds-Eden et al., 2009¢;
Ponti et al., 2017b; Boyce et al., 2019; GRAVITY Collaboration et al., 2021; Michail et al.,
2021b; Boyce et al., 2022) and similarities in their statistical properties and flux density
distributions (Witzel et al., 2012b, 2018¢, 2021b; Neilsen et al., 2015b) point to a physical
connection between the emission at these wavelengths, though the X-ray structure func-
tion seems to have less power at short timescales than the NIR structure function (Witzel
et al., 2012b, 2018b; Neilsen et al., 2015b; Witzel et al., 2021b).

At submillimeter and radio wavelengths Sgr A* also shows a quiescent state super-
posed with almost continuous variability (e.g., Miyazaki et al., 2004; Macquart & Bower,
2006; Yusef-Zadeh et al., 2011; Brinkerink et al., 2015b). These longer-duration flares may
be delayed by a few hours relative to the X-ray /NIR flares, but simultaneous observations
are sparse and the correlations remain tenuous (Capellupo et al., 2017b). Some submm
flares have also been associated with NIR flares, while others show no correlation (Mar-
rone et al., 2008b; Morris et al., 2012; Fazio et al., 2018b; Michail et al., 2021b; Boyce et al.,
2022). Iwata et al. (2020b) pursued a detailed study of Sgr A*’s flux density distribution at

217.5,219.5, and 234.0 GHz, finding variability on timescales of ~10’s of minutes to hours
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that is likely to arise near the ISCO. They find no lag between 217.5 and 234.0 GHz.

Analysis by Wielgus et al. (2022) based on the ALMA and SMA data associated with
this 2017 EHT campaign show Sgr A* mostly in a quiescent state at 213, 220, and 229 GHz
(Figs. 3.3 and 3.5), though the 2017 April 11 observations following the X-ray flare show
enhanced millimeter wavelength variability. The mm light curves are consistent with a
red noise process with the power spectral density slope between —2 and —3 on timescales
between 1 minute and several hours. In an independent study, Bower et al. (2018b) detect
both linear and circular polarization in Sgr A*’s millimeter emission. They find a mean
rotation measure (RM) of ~ —5 x 10°radm~? and variability on timescales of hours to
months. Long-term variability in the RM (of order weeks to months) is likely due to tur-
bulence in the accretion flow, while short-term variability seems to arise from complex
emission and propagation effects near the black hole. They also detect circular polariza-
tion with a mean value of —1.1 & 0.2% that is variable on timescales of hours to months
(Bower et al., 2018b). EHT polarimetric measurements of Sgr A* will be the subject of
future works in this series.

These and other MWL observations have led to broad consensus that near Sgr A*’s
event horizon there are two components: (1) a relatively stable quiescent accretion flow,
and (2) flares or bright flux excursions that vary on shorter timescales. Accretion models
for Sgr A* suggest that the system may drive a jet, and some data support this possibility.
For example, an observed increase of variability amplitude with frequency and persistent
time lags in the 18-43 GHz band may be indicative of a jet outflow (Brinkerink et al.,
2021b). Yet despite this and other tentative claims at vy-ray, X-ray, and radio wavelengths
(e.g., Su & Finkbeiner, 2012; Li et al., 2013; Zhu et al., 2019; Yusef-Zadeh et al., 2012b;
Rauch et al., 2016), a jet has not yet been conclusively confirmed. The accretion flow and
the jet base are both candidates to drive Sgr A*’s variability (e.g., the base of the jet very
likely dominates the emission near M87%), yet while their timescales may be distinct, the

base of a jet and a variable RIAF remain difficult to tell apart (see Paper V).
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Interstellar scattering may induce additional variable signals over timescales similar
to (or longer than) those from the quiescent accretion flow. For example, one explanation
for the detectability of the GC magnetar was a variable scattering screen (Eatough et al.,
2013b; Bower et al., 2014). Meanwhile, interactions with orbiting objects may cause addi-
tional variability, e.g., disruptions of ~km-sized rocky bodies, gaseous structures, or other
interlopers (Cadei et al., 2008; Kosti¢ et al., 2009b; Zubovas et al., 2012; Gillessen et al.,
2012; Ciurlo et al., 2020; Peiiker et al., 2021). Contemporaneous observations with EHT
and MWL facilities, particularly simultaneous capture of serendipitous events like flares,
continue to offer the best opportunity for disentangling these contributions to Sgr A*’s

variable emission.

3.6 Summary and Conclusions

Sgr A* and M87* are the primary targets of the EHT, for which the April 2017 observing
campaign provided the required resolution and sensitivity to obtain horizon-scale im-
ages of these supermassive black holes. M87* total intensity and polarization results from
the 2017 data have been published earlier (M87" Paper I; M87* Paper II; M87" Paper I1I;
M87* Paper 1V; M87* Paper V; M87* Paper VI; M87* Paper VII; M87* Paper VIII). In this
new series of papers (Paper I; Paper II; Paper I1I; Paper IV; Paper V; Paper VI), we present
the imaging, analysis, and interpretation of the 2017 Sgr A* EHT and accompanying data
at X-ray, NIR, and millimeter wavelengths from EAVN, GMVA, VLT /NACO, Swift, Chan-
dra, and NuSTAR. Sgr A* was observed by the EHT on 2017 April 5, 6, 7, 10, and 11. In
this series of papers, we focus our analysis on the days with the best (u, v)-coverage, 2017
April 6 and 7; a detailed analysis of the full set of Sgr A* millimeter light curves can be
found in the companion paper by Wielgus et al. (2022).

The calibrated visibility amplitudes can be described by a blurred ring with a diam-

eter of ~50 pas (a deeper discussion of the source size and morphology can be found in
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Paper I, Paper 111, and Paper IV). The majority of the total flux measured in our VLBI ex-
periment arises from horizon scales in Sgr A*. Using multi-wavelength constraints on the
interstellar scattering screen towards Sgr A*, we show that the scattering-induced angular
broadening of the source is sub-dominant to the intrinsic source structure uncovered by
the EHT. The refractive noise added by the scattering screen is only relevant for data at
baseline lengths 2> 6 GA.

Without making strong assumptions about the source structure, we find a compact
source size of 39 -87 microarcseconds (nas) for Sgr A*, which is in agreement with earlier
1.3 mm VLBI observations of the source. A more precise modeling-based estimation of the
source size is given in Paper [1I. On 2017 April 6 and 7, the source was in a low luminosity
state, where the total flux fluctuates around 2.4 Jy with a modulation index of less than
10 %. The Sgr A* closure phases show clear intrinsic structural variability on timescales of
a few minutes to a few hours that is further investigated in Paper II; Paper III; Paper IV.

Multi-wavelength observations show that Sgr A* was in a mostly quiescent state, with
broadband flux levels consistent with historical measures. We detect two X-ray flares: one
very faint flare on 2017 April 7 and a brighter flare on 2017 April 11. The fainter 2017
April 7 flare is detected at low significance by Swift and Chandra, and the brighter 2017
April 11 flare is detected more confidently by Chandra and NuSTAR. ALMA and SMA
2017 April 11 observations begin immediately after the bright X-ray flare and show en-
hanced millimeter wavelength variability (Wielgus et al., 2022). These multi-wavelength
data offer important constraints for theoretical models; indeed, no one of the GRMHD
models presented in Paper V can match the full suite of multi-wavelength constraints.
These unprecedented EHT and MWL data thus provide a rich opportunity to improve
models of Sgr A* and to advance our understanding of the physics near the SMBH event
horizon. The high quality, nearly simultaneous multi-wavelength SED is additionally
valuable for understanding the priors for sophisticated tests of GR (see Paper VI). Look-

ing ahead, future detailed analysis of the EHT and MWL observations on 2017 April 11
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holds great promise for understanding the underlying mechanisms that drive Sgr A*’s

flares and other variability.
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Text in this chapter will be submitted to MNRAS,
as “WISDOM project A\. Constraining mass of the
central supermassive black hole in NGC 1387

with molecular gas” (Boyce et al.)

Chapter 4

Measuring SMBH masses through

molecular gas kinematics

Though the spatial regions in Chapters 2 and 3 occupy a small physical portion of a
galaxy’s total extent, the observed mass distributions of large samples of galaxies, which
are built up over giga-years, correlate with the masses of their central black holes. In other
words, there exists a two-way relationship between small-scale, short-timescale phenom-
ena around SMBHs (AGN, transient accretion events, starbursts in a nuclear star cluster)
and large-scale properties of their galaxies (size, mass, kinematics, stellar population). To
accurately interpret these varied relationships, reliable measurements of the mass of the
central SMBH across all types of galaxies is essential. Approaching the task systematically,
the mm-Wave Interferometric Survey of Dark Object Masses (WISDOM) project targets a
large sample of galaxies with signatures of central molecular gas. In the third study of this
thesis, we present a measurement of the mass of the SMBH in the lenticular Fornax-cluster
galaxy NGC 1387, obtained by modeling the kinematics of the molecular gas at the edge

of the sphere of influence (~ 10°~7Rg, 10s of parsecs).
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4,1 Introduction

At the heart of nearly every galaxy there exists an extremely large and concentrated
amount of mass that is not detectable through any amount of intrinsic light. The com-
mon interpretation is that these are supermassive black holes (SMBHs), for which the
most convincing evidence comes from (1) the orbits of stars around an extremely massive
invisible point at the centre of our own galaxy and (2) the direct imaging of the shadow
of M87’s central black hole. Often surrounded by hot gas at 10° K (Quataert, 2002a)
in the centres of nuclear star clusters reaching densities of 10° stars/pc® (Pechetti et al.,
2020), the environments immediately surrounding SMBHs are some of the most extreme
in the universe. At these scales close to the black hole, studies can range from imaging the
event horizon (Event Horizon Telescope Collaboration et al., 2019a, 2022a), to constraining
models of accretion in strong gravitational and magnetic fields (Ripperda et al., 2022), to
characterizing stellar populations in the nuclear star cluster (Kacharov et al., 2018). Out at
larger scales, the potential jets and winds blown off of accretion disk can ionize gas, shock
material (Moy & Rocca-Volmerange, 2002), and even trigger (Ishibashi & Fabian, 2012) or
quench (Su et al., 2021) star formation. In turn, the large-scale distribution of stars and
gas, the turbulence or regularity in their kinematics, and their quiescent or star-forming
state affects the quantity and characteristics of the available material that could fall into
the central potential and feed a growing SMBH (Gatti et al., 2015). Accurately interpret-
ing these varied relationships requires determining the mass of central SMBHs across all
types of galaxies.

The mass of a central black hole is typically inferred from the correlations with global
galaxy properties (e.g. mass, velocity dispersion McConnell & Ma, 2013c) that are rela-
tively easy to observe. Though useful as a coarse estimate, there is growing evidence that
these correlations may not be reliable across different galaxy populations, contain sample

biases, and are based on few datapoint with large uncertainties (Kormendy & Ho, 2013).
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More directly, one can estimate a SMBH'’s mass through the observation of its gravita-
tional influence. The region in which this influence is the dominant force (the sphere of
influence) is the region in which the kinematics of orbiting material is driven primarily by
the gravitational potential of the black hole. Therefore, directly observing the kinematics
of gas and stars around a SMBH reliably estimates the BH mass. These methods include
probing and modelling stellar kinematics (e.g. Boehle et al., 2016a), megamasar kinemat-
ics (e.g. Greene et al., 2010), ionized gas kinematics (e.g. Barth et al., 2001), and recently,
molecular gas kinematics (e.g. Davis et al., 2013a).

Each method of estimating SMBH mass through gas or stellar kinematics comes with
its own selection biases across galaxy types. For example, kinematic signatures from
megamasar AGN, luminous stimulated emission from excited populations of atoms or
molecules, are rare (e.g. in ~5 % of objects searched in Greene et al., 2010), because they
are only generated under special conditions and require the galaxy to be nearly edge on.
They are typically found in the nuclei of Seyfert-2 type galaxies and in the nuclei of low
mass, low-ionization nuclear emission region (LINER)-type galaxies (Barth et al., 2001).
Though stellar kinematics have been key to measuring the mass of Sagittarius A* (the
black hole at the centre of our Milky Way, Boehle et al., 2016a), and have successfully es-
timated SMBH masses in a range of galaxy types, the method can be easily hampered by
dust contamination and requires either directly measuring individual stars or detecting
strong absorption lines in stellar spectra. To minimize bias in the estimate of BH mass,
it is essential to increase the sample of measured SMBHs over a diverse range of galaxy
properties with a reliable method.

Fortunately, molecular gas disks can be found in a range of galaxies of all morpho-
logical types (Davis et al., 2013a) and in galaxies over a wide range of masses (North
et al., 2019). These disks are relatively common (Smith et al., 2021), and well resolved
with modern interferometers (e.g. the Atacama Large Millimeter/sub- millimeter Array

(ALMA)). The observation of molecular gas probed through millimetre/sub- millimetre
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transition lines is also free from dust attenuation. Therefore modelling the kinematics of
these prevalent molecular gas disks can provide less biased estimates of SMBH masses
over a range of galaxy types and sizes.

The mm-Wave Interferometric Survey of Dark Object Masses (WISDOM) aims to reli-
ably estimate the masses of SMBHs across galaxy types with the same method: detecting
the kinematics signature of SMBHs on central molecular gas disks. With many galaxies
containing molecular gas at their center, this will enable the production of a catalogue of
masses that minimizes measurement bias — allowing the true correlations between central
SMBHs and the physical properties of their host galaxies to be revealed.

Since the original demonstration and characterization of this method with carbon monox-
ide (CO) by Davis et al. (2013a) and Davis (2014), there have been several mass measure-
ments of SMBHs through the kinematics of molecular gas (see also Yoon (2017)). The
method has applied to galaxies across the Hubble sequence from early type (Onishi et al,,
2017; Barth et al., 2016b,a; Davis et al., 2017, 2018; Boizelle et al., 2019; North et al., 2019),
to late type (Onishi et al., 2015). It has also been successful in galaxies with irregular gas
distributions (Smith et al., 2019), with tori (Combes et al., 2019), and with radial filaments
(Nagai et al., 2019).

In this work we present an estimate of the SMBH mass at the centre of the early-type
galaxy NGC 1387. We start by describing the properties of NGC 1387 and summarize
previous studies of it in section 2. In Section 3 we discuss our observations and their
calibration, reduction, and imaging. We then describe the kinematic model and present
the SMBH mass measurement in Section 4. Finally, in Section 5 we discuss the results and

anticipate the next steps of analysis.
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Figure 4.1 Left: Optical image of NGC 1387 from the Carnegie-Irvine Galaxy Survey (Ho
etal., 2011). Imaged with the du Pont 2.5m telescope at Las Campanas Observatory. Right:
HST/WFPC2 F606 image of the central 20"

4.2 NGC 1387

NGC 1387 is a nearly face-on lenticular galaxy with a bar structure embedded in an ex-
tensive stellar envelope. Deep within the stellar potential, Hubble images reveal a central
disk of dust with a diameter of about 1.4 kpc (Figure 4.1). The galaxy sits near the centre
of the Fornax cluster with an on-sky distance of about 12 arcminutes from NGC 1399. It
is among the closest and brightest objects in the cluster at a distance of 16.2 +/- 0.2 Mpc
and with an apparent magnitude of M, = —20.95. Adopting this distance throughout the
paper, 1” corresponds to 90 pc.

Liu et al. (2019) report the total stellar mass of the galaxy to be Mgy = 6.55 x 10
Mgfrom the measurements cited in Turner et al. (2012). Using this measurement and
assuming the bulge mass can approximate the majority of the stellar mass, the inferred

SMBH mass would be log(7-7.5) Mfrom the stellar mass scaling relation in McConnell
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& Ma (2013c). For comparison, the inferred SMBH mass from the velocity dispersion
scaling relation is log(7-7.4) Mfrom the measured stellar velocity dispersion o ~ 140km
s~! (Liu et al., 2019). This measured dispersion can also estimate the radius of the sphere
of influence of the SMBH, defined as Rso; = G X Mpy/o?. Therefore, the expected sphere
of influence for NGC 1387 based on these measures is 2-25 pc (corresponding to 0.02-0.27

arcsec).

4,3 ALMA Observations

NGC 1387 was observed on three dates with the ALMA 12m array as part of the WISDOM
programme 2016.1.00437.S. A window of 1.8 GHz centered on CO(2-1) line at 226.6 GHz
captured a velocity coverage of 500 k s~! with a raw channel width of 1.2 km s~'. Three
other windows targeted continuum emission, each with a width of 2 GHz. The raw data
were calibrated using the standard ALMA pipeline.

To image the data, the COMMON ASTRONOMY SOFTWARE APPLICATIONS (CASA; Mc-
Mullin et al., 2007) was used to combine all four measurement sets. The resulting data
cube (RA, DEC, velocity) has a channel width of 10 km s~'. Using a Briggs weighting with
a robust parameter of 0.75 balanced requirements for sensitivity with resolving power to
produce a synthesized beam with size 0.077” x 0.045". The corresponding spatial resolu-
tionis 6.9 pc x 4.1 pc, so that the predicted s, could be resolved with about 4 synthesized
beams if Mgy/py is ~10° My. If Mgy gy is ~107 Mg, then the sphere of influence will be
smaller than the synthesised beam, but its kinematic signature could still be detectable if
central gas velocities are higher than would be expected from the steller potential alone.
A pixel size of 0.015 was chosen so that approximately three would span the minor axis
of the synthesized beam.

To isolate the line emission, continuum emission was detected, measured over the full

line-free bandwidth, and then subtracted from the data in the uv—plane using the CASA
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task UVCONTSUB. The continuum-subtracted cube was cleaned in interactively-identified
regions' of source emission in each channel to a threshold equal to the rms noise of the
dirty channels. The clean components were then added back and re-convolved using a
Gaussian beam of FWHM equal to that of the dirty beam. This produced the final, reduced
and fully calibrated CO(2-1) data cube of NGC 1387.

4.3.1 Line Emission

Figure 4.2 displays the CO(2-1) integrated spectrum, made by integrating over the central
20 arcseconds of the clean cube. Kinematic modelling was performed on the full three-
dimensional data cube, but to visualize and help interpret the data, moment maps were
created using a masked moment technique (e.g. Dame, 2011) and are also presented in
Figure 4.2. The zeroth moment displays the integrated intensity of the CO(2-1) line, the
tirst moment the mean velocity of the gas, and the second moment the velocity disper-
sion. The top panels of Figure 4.2 clearly display a regularly rotating and symmetrical
gas disk. It extends ~ 18 x 18 arcsec in projection (~ 800 pc x 800 pc). The major-axis
position—velocity diagram (PVD; Figure 4.2) was constructed by summing pixels within
a 5-pixel wide pseudo-slit at a position angle of 244°. The lack of flux at the centre of the
PVD arises from the hole we observe in the central arcsecond of the gas disk (see Figure

4.4).

4.4 Kinematic Modelling

The modelling of NGC 1387’s gas disk was carried out using the same methods as detailed
in previous works of this series (e.g. Davis et al., 2017; Smith et al., 2019). Here we provide

an outline of the method along with specific details that are unique to this target.

1Using tclean with interactive=True still goes through many cycles of SNR cuts with an automatic pro-
cedure, such that the interactive steps involve manually selecting the very loose, broad regions where real
emission is.
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To create simulated data cubes we make use of the publicly available KineMatic
molecular Simulation (KinMS)?mm-wave observationsimulation tool first described
in Davis et al. (2013b). As input, KinMS takes a gas disk’s physical parameters (e.g. the
expected surface brightness distribution, inclination of the disk, and the position angle
of the disk) as well as the galaxy’s circular velocity curve. This circular velocity curve
is used to assign each simulated gas particle its expected velocity at its respective radius
from the galaxy’s kinematic center (with the addition of a random velocity drawn from
a distribution representing the velocity dispersion given by the user). KinMs then places
each particle in the data cube by projecting their velocities along the line of sight accord-
ing to the specified orientation of the disk on the sky. Applying observational effects such
as velocity binning and simulating the properties of the true beam, KinMS generates a
simulated interferometric data cube that we can directly compare to observations. By it-
eratively generating model data cubes, the model parameters are incrementally driven
towards the best-fit values by a Markov chain Monte Carlo (MCMC) gibbs-sampler algo-

rithm with adaptive stepping®.

4.4.1 Stellar Potential

We require an estimate of the galaxy’s stellar potential as a function of radius to estimate
the circular velocity curve of the galaxy and model the kinematics of the molecular gas.
Apart from any SMBH, we assume that the stellar mass dominates the potential in the
central parts of the galaxy, and contributions from dark matter are negligible at small radii
(e.g. Cappellari et al., 2013). To accomplish this we use a Hubble Space Telescope (HST) Near
Infrared Camera and Multi-Object Spectrometer (NICMOS) F160W image of the galaxy
centre in the near-infrared filter to minimize dust attenuation. This allows us to model

the light as a sum of two dimensional (2D) gaussians via a Multi-Gaussian Expansion

2Py’chorl version: https://github.com/TimothyADavis/KinMSpy
3Found at: https://github.com/TimothyADavis/GAStimator
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Figure 4.3 MGE model of NGC 1387 (red contours) overlaid on the HST NICMOS F160W
image (black contours).

(MGE; Emsellem et al., 1994) using the python implementation mgefit* by Cappellari
(2002). Though the data may look smooth and gaussian by eye, the 2D profile requires
multiple Gaussian components to approximate its” shape. The resulting MGE model is
shown in Figure 4.3, with the values of each Gaussian listed in Table 4.1. The circular
velocity curve is then calculated with mge_vcirc by de-projecting the 2D gaussians into
3D using the inclination of the gas disk and a transforming the distribution of stellar light
into a mass distribution by adopting a mass-to-light ratio (M/L). This ratio is one of the

key parameters included in the MCMC fit.

4.4.2 Gas Distribution and Disk Properties

Ultimately we must test whether a model with realistic mass-to-light (M /L) ratio assigned
to the stellar light from our observed map requires the addition of a central SMBH to
explain the observed kinematics of the CO disk. Such a model must also fit the geometry
and distribution of the gas, and remain consistent with the inclination and position angle

observed from the large scale gas disk.

*https://www-astro.physics.ox.ac.uk/~cappellari/software/
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I gj q;
(Lo, reow pc!)  (arcsec)

183,000 005 1.0
112,000 020 1.0
57,000 048 1.0
31,000 122 1.0
24,000 284 09

Table 4.1 MGE best-fitting Gaussians. Column 1 (I) lists the F160W central surface bright-
ness, column 2 (¢;) lists its standard deviation, and column 3 lists its axial ratio.

In principle, the gas distribution can be parameterized by an analytic model of an
axisymmetric exponential disk, which has worked will in previous works (Onishi et al.,,
2017; Davis et al., 2017, 2018). However, the high spatial resolution provided by ALMA
often reveals complexities in the gas distribution, and in our case, a non-symmetric central
hole (Figure 4.4). In order to avoid adding complexity and higher dimensionality into an
analytic model for the disk, we directly sample the observed gas distribution and use that
as input particles into KinMs. The tool to achieve this (skysampler) is described in Smith

et al. (2019).

4.4.3 Best-fitting model

We ran the MCMC chain for 100 000 steps. The best fitting model cube approximates the
observed gas disk well. Figure 4.5 displays the covariances for each pair of input param-
eters and the 1D marginalization of each parameter. Preliminary tests suggest that the
MCMC chain is well converged, but further work is underway to verify the robustness
of these measurements (see Section 4.5). Table 4.2 lists the best-fitting and formal uncer-
tainties of each model parameter. Figure 4.6 displays a slice of the best fit model as black
contours on the orange data in the upper right panel. The best-fit inferred log of the SMBH
mass is 7.7 £ 0.7 with a M/L of 0.39 4+ 0.20 M, /L ;, where both uncertainties are the 30
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Figure 4.4 The inner arcseconds of NGC 1387’s central gas disk. Top left: the integrated
intensity of the CO(2-1) line; Bottom left: mean velocity; Top Right: a zoomed in view of
the central hole in the CO(2-1) intensity; Bottom Right: the zoomed in PVD of the central
arsecond.

(99.7%) confidence level.

4.5 Discussion and Future Analysis

Since the molecular gas disc has a central hole, we do not capture the Keplerian increase
of the rotation velocities where the SMBH dominates the mass distribution. We therefore
rely on the accuracy of our stellar mass model to constrain the SMBH mass, observing
an enhancement of the velocities in the inner arcsecond compared to those expected from
the stellar mass alone. This is demonstrated in an examination of the major axis PVD in
Figure 4.6, where increasing the M /L to fit the high velocities of the inner edge of the disk
(bottom left panel) over predicts velocities at larger radii and fitting for the best M/L in
the absence of a SMBH cannot fit the central components (upper right panel).

To address the impact that the uncertainty the inclination has on the SMBH mass, we
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Figure 4.5 Corner plot showing the covariances between all model parameters from our
MCMLC fit. Each point is a realization of the model. Each histogram shows the 1D
marginalisation of a model parameter, the central black lines denoting the median val-
ues. The other two dashed lines indicate the 68% confidence interval.
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Parameter Priors Best-fit Median 30 error
(1) (2) 3) (4) (5)
Mass Model

log(SMBH mass) (Mg) 1—10 7.7 7.6 0.7
stellar M/L (M /L¢ 1) 0—>1 0.39 0.39 0.20
Molecular Disc

Integrated Intensity (flux; Jy kms™') 0 — 10 6.0 59 1.1
Gas velocity dispersion (km s™1) 0—15 8.7 8.7 2.7
Viewing Geometry

Inclination (°) 10 — 60 19.8 23.1 8.2
Position Angle (°) 150 — 300 246 247 7
Nuisance Parameters

Centre RA Offset (") -0.5—-0.5 0.036 0.036 0.091
Centre Dec. Offset (") -0.5— 0.5 0.054 0.056 0.072
Centre Velocity Offset (km s™') 20—0 -6.2 -6.3 4.9

Table 4.2 Best-fitting model parameters with associated formal uncertainties. Column 1
lists the input parameters for the dynamical model of NGC 1387’s central gas disc and
SMBH. Column 2 lists the range allowed for each parameter, between which we adopt
a uniform prior, except for SMBH in which the prior is uniform in log-space. Column 3
lists the best-fitting parameter, while column 4 lists the median after marginalizing over
all other parameters. Column 5 lists the 30 (99.7%) confidence interval for each parameter.
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Figure 4.6 Comparison between the PVD of the data (orange), the best fitting model (black
contours; upper right), and three kinematic models with the black hole mass or M/L
altered (blue contours). These three models represent gas disks with no SMBH (upper
right), a SMBH the same size as the best-fit model but an elevated M /L (bottom left), and
a model with a SMBH that is too massive (bottom right).
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will fit our kinematic model to the large scale (lower resolution) map of entire gas disk
with an instance that does not include a BH. The presence or absence of a BH at this
resolutions makes no impact on the gas kinematics and we can use the result to inform
our prior on the inclination for the high-resolution zoomed-in fit. We will also explore
whether a M/L ratio that changes with radius would easily explain the elevated velocities,
though preliminary examination of the metallicity map from MUSE data does not suggest
that a strong gradient in stellar population exists. Future analysis steps will also involve
characterizing the continuum source to place it in the context of other AGN.

In summary, we have presented a mass measurement of the SMBH in NGC 1387
by modelling the kinematics of its central molecular gas disk. Our best fit model gives
Mgn = log(7.7) £ 0.7, compared to log(7.2) M, estimated from the measured stellar ve-
locity dispersion o ~ 140 km s~! (Liu et al., 2019), showing good agreement with expec-
tations. This marks the 8th SMBH mass measurement from the mm-Wave Interferometric
Survey of Dark Object Masses (WISDOM). This work not only shows the power of ALMA
to estimate SMBH masses, but also demonstrates that even in cases where a central hole
in the gas prevents a complete sampling of the sphere of influence, a precise mass can
still be obtained. Future analysis will validate whether the measurement remains robust
when (1) fitting with a kinematic model with no SMBH, (2) using an informed prior on

the inclination, and (3) examining scenarios in which the M /L ratio varies with radius.
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Chapter 5

Discussion

5.1 Discussion of main projects

In this thesis we journey from the event horizon out to the edge of the sphere of influence,
probing signatures of gas in the immediate environments of SMBH to both characterize
their accretion and measure their mass.

In the first study, we report timing analysis of near-infrared (NIR), X-ray, and sub-
millimeter (submm) data during a three-day coordinated campaign observing Sagittar-
ius A*. Data were collected at 4.5,m with the Spitzer Space Telescope, 2 — 8 keV with
the Chandra X-ray Observatory, 3 — 70 keV with NuSTAR, 340 GHz with ALMA, and at
2.2pum with the GRAVITY instrument on the Very Large Telescope Interferometer. Two
dates show moderate variability with no significant lags between the submm and the in-
frared at 99% confidence. July 18 captured a moderately bright NIR flare (Fx ~ 15 m]y)
simultaneous with an X-ray flare (F_joxev ~ 0.1 cts/s) that most likely preceded bright
submm flux (Fsspcm, ~ 5.5 Jy) by about +34735 minutes at 99% confidence. The uncer-
tainty in this lag is dominated by the fact that we did not observe the peak of the submm
emission. A synchrotron source cooled through adiabatic expansion can describe a rise
in the submm once the synchrotron-self-Compton NIR and X-ray peaks have faded. This
model predicts high GHz and THz fluxes at the time of the NIR/X-ray peak and electron
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densities well above those implied from average accretion rates for Sgr A*. However, the
higher electron density postulated in this scenario would be in agreement with the idea
that 2019 was an extraordinary epoch with a heightened accretion rate. Since the NIR and
X-ray peaks can also be fit by a non-thermal synchrotron source with lower electron den-
sities, we cannot rule out an unrelated chance coincidence of this bright submm flare with
the NIR/X-ray emission.

In the second work, we present the multi-wavelength campaign coordinated with
Event Horizon Telescope (EHT) 1.3 millimeter measurements of the radio source located
at the position of Sgr A*, collected during the 2017 April 5-11 campaign. While the radio
observations were carried out with eight facilities at six locations across the globe, con-
temporaneous multi-wavelength monitoring of Sgr A* was performed at 22, 43, and 86
GHz and at near infrared and X-ray wavelengths. Several X-ray flares from Sgr A* are
detected by Chandra, one at low significance jointly with Swift on 2017 April 7 and the
other at higher significance jointly with NuSTAR on 2017 April 11. The brighter April 11
flare is not observed simultaneously by the EHT but is followed by a significant increase
in millimeter flux variability immediately after the X-ray outburst, indicating a likely con-
nection in the emission physics near the event horizon. We compare Sgr A*’s broadband
flux during the EHT campaign to its historical spectral energy distribution and find both
the quiescent and flare emission are consistent with its long-term behaviour.

Finally, probing out past the sphere of influence, we present a measurement of the
mass of the SMBH in the galaxy NGC 1387. A lenticular galaxy in the Fornax cluster,
NGC 1387 contains a nearly face-on molecular gas disk at its centre. We map this disk
through the detection of the CO(2- 1) emission line with data taken with the Atacama
Large Millimeter /sub-millimeter Array (ALMA). Our data has a spatial resolution of 0.08
arcsec, and a spectral resolution of 10 km/s allowing us over beams within the central
arsecond. The molecular disk contains a central hole of about 0.25 arcsec, leaving us with

a ring of gas in which we detect rotation velocities that require a Keplerian increase to
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explain. We require a constant M/L ration of 0.39 along with a SMBH mass of log(7.7)
M. This measurement marks the 8th SMBH mass measurement from the mm-Wave In-
terferometric Survey of Dark Object Masses (WISDOM), and demonstrates the power of
this method to estimate central BH mass even when emission is missing from most of the

central region containing the sphere of influence.

5.2 Current and Future Work

Building on these three studies, I am engaged in several ongoing and proposed projects

that will continue to expand our understanding of SMBHs.

521 SgrA* & M87*

The only two targets imaged at event horizon scales, Sgr A* (~ 4 x 10°M, Event Horizon
Telescope Collaboration et al., 2022a) and M87* (~ 6 x 10° M, Event Horizon Telescope
Collaboration et al., 2019a) have a wealth of multi-wavelength data to investigate. As can
be seen in Figure 5.1, the characteristic timescales for these two SMBHs are significantly
different. While Sgr A* varies on scales of minutes to hours, M87* varies on timescales
of weeks to months. Their respective environments also differ greatly: while Sgr A* lives
in our own (relatively quiet) spiral galaxy, M87* is over 1000 times more massive and sits
at the center of the brightest galaxy in the Virgo cluster and is actively launching a radio
jet. As the radio telescopes of the world turned to image the event horizons of these two
SMBHs, a robust multi-wavelength campaign was coordinated to accompany them for
every observing run. I am excited to begin to dig into these rich datasets and can’t wait to

see what information the light curves, MWL timing, and SED analyses hold.
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Figure 5.1 A Comparison of Sgr A* and M87*'s X-ray variability.

Multi-wavelength Variability of Sgr A*

In Appendix A Figure A.2 displays all the data from Chandra’s observations of Sgr A*
in the summer of 2019. July 17/18, 21, and 26 represent the last dates observed from the
multi-year campaign between the Spitzer and Chandra. In total this campaign was ~150
hours of observations — this large allocation from two competitive space observatories is
almost unprecedented. During this campaign, IR variability with correlated X-ray flares
were observed several times. The results of cross correlating those flares that are statis-
tically significant are presented in Boyce et al. (2019); Boyce et al. (2021) and Boyce et al.
(2022) (Chapter 2). Appendix A reports the cross correlation between the IR and X-ray
variability in the context of the literature.

In August 2019, coordinated observations of Sgr A* were also executed by GRAVITY,
Chandra and ALMA. The 2-8 keV light curve on August 20th displays a double peaked
flare brighter than all of the flares detected during the Spitzer-Chandra campaign. Though
peaking at an impressive 0.6 counts/second and lasting almost 2 hours, it is not the bright-

est X-ray flare seen from Sgr A*. That record belongs to the flare discussed in Haggard
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Figure 5.2 Chandra 2-8 keV Sgr A* flare on August 20, 2019. bblocks are indicated
as orange histograms. The coordinated ALMA observing window is indicated in black.
VLT /GRAVITY window is indicated in yellow.

etal. (2019b), peaking at over 1.0 count/s. The expected simultaneous IR flare would have
been missed along with any delayed submm emission, but it is possible the ALMA and

GRAVITY data contain correlated emission that does not show up in the X-ray, and all

three windows can constrain the SED.

EHT 2018 2021 2022 data

The Multi-wavelength Working Group in the EHT has coordinated observations in all four
years that the EHT has targeted Sgr A* and M87*. The 2017 data have been published
(Event Horizon Telescope Collaboration et al., 2019a, 2022a), and the other three years
all hold multiwavelength activity that hold promise in their potential to connect back to
horizon scale physics if the EHT imaging can be robustly temporally compared. In all of
the following analysis, I present a few glimpses at the coordinated Chandra X-ray data
and unless otherwise specified, the Bayesian block flare detection algorithm (bblocks

Scargle, 1998; Scargle et al., 2013b; Williams et al., 2017b) was used to identify significant
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Figure 5.3 The significantly (99.8%) detected Chandra flare from Sgr A* on April 24, 2018.
NuSTAR data is represented by the detected Bayesian blocks (Scargle, 1998; Scargle et al.,
2013b; Williams et al., 2017b) and is plotted in purple. The detected blocks as identified
with bblocks are over-plotted on the Chandra data as orange histograms. The red band
across the top indicates the EHT observing window.

variability in the light curves’.

During the 2018 campaign, Chandra observed Sgr A* for four 10h observations. A
moderately bright flare was detected using bblocks on April 24. This flare along with
the Bayesian block detections from NuSTAR and the EHT observing window is plotted
in Figure 5.3. The red band accross the top indicates that the EHT was actively observing

Sgr A* at the same time that this flare was observed. The other three light curves (with no

significant variability) are displayed in Figure B.1 of Appendix B.

!We ran the algorithm using a 95% confidence interval (a false positive rate of py = 0.05), implying that
for po the probability that a change point is real is 1 — 0.05 = 95%, and the probability that a flare (at least
two change points) is real is 1 — (pg)? = 99.8%.
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Figure 5.4 The two 2-8 keV Chandra light curves of Sgr A* from the 2022 EHT campaign.
Significant variability is characterized by two different runs of bblocks, one that identi-
ties “flares” at 99.8% significance (red) and one at 96% significance (orange). The yellow
band across the top indicates the GRAVITY (NIR) observing window.

During the 2021 campaign, Chandra observed Sgr A* for four 6.6h observations. Two
flares were detected using the bblocks at 99.8% significance, though both were relatively
faint, peaking around 0.04 counts per second. The four light curves are displayed in Figure
B.2 of Appendix B.

During the 2022 campaign, Chandra observed Sgr A* twice, for 6-7h intervals. On
March 20, a flare was detected at 99.8% significance with bblocks. Though relatively
faint, peaking around 0.04 counts per second, the flare was captured simultaneous with

the observing window of the NIR GRAVITY instrument on VLT. Since GRAVITY can de-

tect the apparent motion of Sgr A*’s IR centroid due to potential orbiting hotspots in the
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plasma (Gravity Collaboration et al., 2018c), the hint from Chandra that some event hori-
zon activity may have occurred with simultaneous EHT coverage is extremely exciting.
Now that Sgr A* has ben imaged and characterized by the EHT in a state of relative qui-
escence (Chapter 3), it may be possible to interpret changes relative to the “baseline" static

image and compare to GRAVITY and Chandra data.

Double Peak

It is notable that the three significant flares presented in the last section appear to have
a double peaked structure. One possible explanation for a double peaked flare outside
of change coincidence invokes gravitational lensing of a hotspot in the plasma while it
passes behind the SMBH. Gravity Collaboration et al. (2018d) observed a double peaked
infrared flare in July 2018, and when comparing the duration of the total flux increase
(~115 min)to the seperation between the peaks (~40 min), the ratio is about 2.9. Without
a physical interpretation, it is still interesting to compare to the analogous ratio of one of
the brightest Chandra flares observed (Haggard et al., 2019b), which also has an apparent
double peaked structure and a seperation to total duration ratio of aboutt 3.2. Bouffard
et al. (2019) performed a statistical examination of all Chandra flares detected from up to
2018 and found that the frequency of apparent double peaked flares was consistent with
the probability of a chance coincidence of two flares. Since then, the observation of these

three flares may motivate another look at these statistics.

5.2.2 Extragalactic Studies
Star Formation Characterization In Galactic Centers

Though WISDOM’s primary goal is collecting high resolution molecular gas maps of the
centers of galaxies to measure the mass of central SMBHs, such exquisite data can also

be used to study the interstellar medium in these unique environments. In particular, if
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a measure of star formation is in hand, then together with the cold gas measurements (a
tracer of the fuel for star formation) one can calculate the star formation efficiency (SFE). Left
undisturbed, cold gas should theoretically collapse to form stars on a free-fall time; instead
the SFE is ~two orders of magnitude lower than expected. Differing across starbursts,
ellipticals, and deep in the bulges of galaxies, SFE is also clearly not universal (e.g. Bigiel
et al., 2008).

During my degree I completed an internship at the Canada France Hawaii Telescope
(CFHT) in which I worked closely with instrument scientists on a proposed project with
the SITELLE instrument. As fourier-transform spectrograph, SITELLE produces a spec-
trum for each pixel in its impressive 11’ x 11’ field of view Drissen et al. (2019). Since
joining the WISDOM collaboration I have lead five proposals to observe WISDOM tar-
gets with SITELLE. Four of these have been successful (semesters 2020B, 2021A, 2021B,
2022B), with the first leading to a detailed study of NGC 3169 lead by my fellow PhD
Candidate Anan Lu (Lu et al., 2022), and the most recent being awarded time with the
highest ranking. Here I motivate the study of SFE in galactic centers using WISDOM and
SITELLE.

A multitude of physical processes have been implicated to explain SF suppression,
but the true cause remains unknown (e.g. Kruijssen et al., 2014). It is unclear how im-
portant this phenomenon is for the evolution of spiral bulges, with some objects showing
enhanced SF, while others are suppressed (e.g. Sandstrom et al., 2013). SF in gas-rich
early-type galaxies (ETGs) may also be suppressed, by a factor of ~2.5 compared to nor-
mal spirals with the same gas surface density (e.g. Saintonge et al., 2011, 2012; Martig
et al., 2013; Davis et al., 2014). SF suppression observed in ETGs may mimic that seen
in the central regions of spirals, and in growing spheroids at higher z (Lang et al., 2014;
Gobat et al., 2018), or it may be a symptom of a more general process.

Many theories have been proposed to explain this phenomenon and describe the, as

yet unknown, physics behind secular SF suppression. For instance, the low SFE of ETGs
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Figure 5.5 Left: Ha and CO flux of NGC 3169, overlaid on a deep image taken with
SITELLE. Right: Spatial distribution and overlap of molecular gas and HII regions.
Orange-purple colors show the log of 7, (depletion time: the ratio of H; and SFR den-
sity). Blue color shows the lower limit of 74, from molecular gas surface density. Light

orange color shows the upper limit of 7,4, from HII regions. For the full analysis see L.u
et al. (2022).

may be caused by ‘morphological quenching’, where the nearly spherical potential holds
gas stable against SF (Martig et al., 2013, 2009). Dynamical processes, such as shear, that
pull clouds apart and stabilize them against gravitational collapse also cause of SF sup-
pression in ETGs (Davis et al., 2014). It has also been suggested that, in spiral galaxies,
gas streaming (non-circular inflow /outflow) motions may reduce SFEs in a similar way
(Meidt et al., 2013). Meanwhile, others have argued that the surface density threshold for
SF may be different in different environments (Lada et al., 2010; Heiderman et al., 2010).
Spatial resolution is vital to disentangle these different mechanisms, which predict
different radial dependencies. The bulge region of galaxies typically includes the inner
kpc, and for ETGs, the inner-most 200 pc may be where SFE changes are most acute (Davis
etal., 2014). Previous SFE studies use either global SFRs and gas surface densities to study
objects in a statistical manner (e.g. Li et al., 2018) or measurements on kpc scales (e.g. Lin
et al., 2020), both of which miss these nuanced changes in the bulge regions of galaxies.

Recent surveys have successfully begun to combine high-resolution mm and optical data
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to investigate the impact that morphology, environment and stellar feedback have on SF
(e.g. PHANGS Kruijssen et al., 2019). Harnessing the power of SITELLE we can trace star-
formation, metallicities, and gas kinematics in a set of galaxies for which there already
exists high-resolution CO measurements, and determine the SFE on sub-kpc scales for a
selection of targets complementary to those observed in previous surveys (greater variety

of morphology and possible quenching factors, focusing on the bulge region).
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Figure 5.6 ALMA CO Integrated intensity maps of four 2022B targets, with name and
morphological type (E/early, S/late) indicated for each. CO maps of the other six targets
reach similar resolutions and depths.

SITELLE Observations and hypothesis testing: We have proposed to address these
questions with SITELLE on CFHT, conducting a high-resolution investigation into SF sup-
pression in 10 nearby galaxies (5 spiral galaxies and 5 ETGs) for which there already exists
ALMA observations (with <60 pc resolution; Figure 2). At the typical distance to these objects
(30 Mpc) we can probe SF with Ha and Hp using SITELLE with natural seeing obser-
vations of <1.0”. Adaptively binning the higher-resolution CO data to the resolution of
SITELLE will identify in a spatially-resolved manner which physical process(es) are sup-
pressing SF in ETGs and if any of the same mechanisms are at play in the spiral galaxy
bulges. Figure 1 presents the SITELLE/ALMA data for the test-galaxy NGC 3169 (left)
and shows the SFE derived from the combined SITLLE/Ha and ALMA /CO data (right).
Thanks to SITELLE’s impressive field of view, we also measure SFR for many regions in

the spiral arms and outer parts of the galaxy. These will form the basis of a complementary
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Name RA DEC Diam Distance 1”scale Type Mg
0383 01:07:24.96 +32:24:45.2 0.5 71Mpc 345pc E -258
0524 § 01:24:47.72 +09:32:19.8 1.5 31Mpc 150 pc E -247
0708  01:52:46.48 +36:09:06.6 0.8 73Mpc 350 pc E -257
3169t 10:14:15.05 +03:27:57.9  1.4° 23 Mpc 110 pc S -241
3368 10:46:45.74 +11:49:11.8 21" 18 Mpc 85 pc S -237
3607 11:16:54.64 +18:03:06.3 1.3° 19Mpc  90pc E -247
4429  12:27:26.51 +11:06:27.8 14" 21 Mpc 100 pc E -243
4438  12:27:45.59 +13:00:31.8 1.9 17 Mpc 80 pc S -23.8
4501 12:31:59.16 +14:25:13.4 23" 38Mpc 180 pc S -247
3810 11:40:58.76 +11:28:16.1 1.3 19 Mpc 90 pc S -232
5806  15:00:00.40 +01:53:28.7 3.2 23Mpc 110pc S -232

Table 5.1 List of targets and their properties. The four bolded galaxies are our proposed
targets for the 2022B semester. Names are NGC #’s. Diameters and Mg’s (tracing stellar
mass) are from 2MASS.

1 SN2 data has been collected for NGC 0524. SN2 and SN3 data has been collected for
NGC 3169. Unbolded galaxies are only RA-compatible with CFHT semester A and have
not yet been observed.

study of the rotation curve and ionizing environments at large radii.

We have been rewarded a total of 21.4 hours with SITELLE in 2022B (9 hours at rank
A) to map the SFR of four targets (Fig. 2) in this unique sample of nearby galaxies. We
will join two sets of exquisite 3-D data to shed light on the physical process(es) which are
suppressing star-formation in the centers of galaxies. Appendix C contains additional

details of the technical justification for the project.

5.3 Conclusion

In this thesis, I have presented three projects probing the physics around SMBHs at differ-
ent distances. From the event horizon to the edge of the sphere of influence energetic phe-
nomena produce light across the electromagnetic spectrum. The investigation of simulta-

neous IR to submm to X-ray observations characterize radiative mechanisms producing
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variability, while simultaneous multiwavelength observations along with interferometry
can connect this variability to horizon-scale phenomena. Further out, the excitation of
CO traces molecular gas disks at the centres of many galaxies across morphological types,
allowing the mass of the central SMBH to be estimated.

In the near future we look forward to even more insights with three more years of EHT
and MWL data in hand, rich simultaneous MWL data of Sgr A* from submm to X-ray, a
growing sample of high resolution maps of galactic centers with molecular gas. Particu-
larly exciting will be the next generation of GRMHD simulations. Developed by collabora-
tors, this suite of general relativistic magnetohydrodynamic simulations of accretion and
jets for supermassive black holes will be designed with tools that enable direct compar-
isons with our observational data (images and light curves). Upgrading and expanding
EHT facilities will be able to fill in the gap between the large spatial scales on which extra-
galactic jets are observed and the detailed structure of the accretion flow we see around
M87* and Sgr A*. Multiwavelength coordination will become increasingly important as
advancing GRMHD models will be most stringently tested with the combination of hori-
zon scale imaging with flux and variability measures accross the electromagnetic spec-
trum. In the decades to come, the next generation gravitational wave observatory LISA
(launch circa 2037), will open up frequencies that will allow for observations of binary
SMBH systems. Next generation ground based facilities could probe the sphere of influ-
ence at angular resolutions comparable to ALMA, opening up a golden era of black hole
demographic studies that can constrain the growth history of black holes, and their role
in regulating galaxy formation. All together, observational probes of SMBHs continue to

expand our understanding of what grows and glows at the centres of galaxies.
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Appendix A

Simultaneous NIR and X-ray Variability

from Sgr A*

A1 Time lags from the Spitzer-Chandra campaign

Figure A.1 and Table A.1 present the timing analysis from the entire Spitzer-Chandra
campaign. Several other works have reported simultaneous X-ray and IR observations
of Sgr A*. Some report simultaneity between the X-ray and IR peaks, but do not report
a time frame within which that claim can be considered valid (Yusef-Zadeh et al., 2006b,
2009; Trap et al., 2011). Those that constrain timing between X-ray and IR activity (Eckart
et al., 2004, 2006b; Hornstein et al., 2007; Eckart et al., 2008b; Dodds-Eden et al., 2009a;
Eckart et al., 2012; Ponti et al., 2017a; Hornstein et al., 2007; Yusef-Zadeh et al., 2012a)
are plotted in the Appendix in Figure A.1 along with the Sptizer-Chandra results of this

campaign.
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Figure A.1 Time lags between IR and X-ray flares as reported in this work and in the liter-
ature. Plotted with black circles are the time lags from the epochs in this Spitzer /Chandra
campaign with significant X-ray and IR activity and their 68% confidence intervals. Plot-
ted in solid-grey are the updated results from re-analyzing data in Boyce et al. (2019);
Boyce et al. (2021). Regions marked with dashed lines come from works that describe the
flares to be “simultaneous to within  minutes" but quote no uncertainties (Eckart et al.,
2004, 2006b; Hornstein et al., 2007; Eckart et al., 2008b; Dodds-Eden et al., 2009a; Eckart
et al., 2012; Ponti et al., 2017a). The upper limit from Hornstein et al. (2007) indicates an
X-ray flare whose peak occurred 36 minutes before IR observations began. Yusef-Zadeh
etal. (2012a) is the only work to report any correlation between the X-ray and IR with error
bars. Boyce et al. (2019); Boyce et al. (2021) re-analyzed the seven flares presented in their
work and we plot those results with 68% confidence intervals here. Five of these flares
come from previously reported data sets (color coded as green, blue, magenta and orange
for Eckart et al. (2006b), Eckart et al. (2008b), Dodds-Eden et al. (2009a), and Yusef-Zadeh
et al. (2009) respectively) and two come from a previously un-reported data set (plotted in

grey).
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Table A.1 Time Lags: Spitzer/Chandra Flares

Date time lag (min) 68% interval 99.7% interval
2016 July 12 —13.57322 (—18.6,—8.3) (—29.8, +2.8)
2016 July 18 — 1447204 (—19.5,46.0) (—27.5,+18.6)
2017 July 15 —10.9737 (—15.7,—7.2) (—52.1, +0.4)
*2019 July 18 —2.8+33 (—6.1,+0.5) (—12.2, +6.7)
*This work.

Note: Negative values mean X-ray leads IR. Uncertainties on the time lag in the second
column span the 68% confidence interval on the 10,000 MC runs. The second column
displays the boundaries of this 68% confidence interval, while the third column displays
the 99.7% confidence interval.

A.2 Summer 2019

Figure A.2 displays all the data from Chandra’s observations of Sgr A* in the summer
of 2019. July 17/18, 21, and 26 represent the last dates observed from the multi-year
campaign between the Spitzer and Chandra. In August 2019, coordinated observations of

Sgr A* were executed by GRAVITY, Chandra, and ALMA.

A.3 Illustration of SED models (B) and (C)

Figure A.3 illustrates two SED models discussed in Chapter 2, B: SYNC-SSC-SSC and C:
SYNC-SYNC-SSC in purple and yellow respectively. Shapes are exaggerated to empha-

size qualitative differences (NIR spectral index, increased THz flux, X-ray spectral index).
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Figure A.2 2-8 keV light curves of Sgr A* captured by Chandra in Summer 2019. Flares
detected with bblocks are indicated with black triangles. Coordinated observatories are
labeled on each date.
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Figure A.3 Exaggerated illustration of SED models B: SYNC-SYNC-SSC and C: SYNC-

SSC-SSC in yellow and purple respectively. A description of these models is found in
Section 2.4.
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Appendix B

Multiwavelength coordinaiton with EHT

During the 2018 EHT campaign to image Sgr A*, Chandra observed X-ray light curves on
April 20, 22, 24, and 25. All four light curves and the significantly detected flare on April
24 (98% confidence) are plotted in Figure B.1.

During the 2021 EHT campaign to image Sgr A*, Chandra observed X-ray light curves
on April 10, 11, 14, and 16. The light curves and significantly detected flares (98% confi-

dence) are plotted in Figure B.2.
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Figure B.1 Chandra 2-8 keV light curves of Sgr A* during the 2018 EHT campaign. The
Bayesian block flare detection algorithm (Scargle, 1998; Scargle et al., 2013b; Williams et al.,
2017b) has been run on the light curves and results, including the flare detection on 24
April, are over-plotted as orange histograms.
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Figure B.2 Chandra 2-8 keV light curves of Sgr A* during the 2021 EHT campaign. The
Bayesian block flare detection algorithm (Scargle, 1998; Scargle et al., 2013b; Williams et al.,
2017b) has been run on the light curves and results, including flare detections on 10 and
11 April, are over-plotted as orange histograms.
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Appendix C

Technical Justification of the

SITELLE-WISDOM proposal

Observations and Methods:

Since more than one process may be involved in the suppression of star formation, it
is crucial that we observe both ETGs and spiral galaxies, sampling a range of stellar mass
to capture the differences between bulge sizes, and a range of SF to probe suppressed
and non-suppressed star-formation. Taking morphological type as an example, we run
a null hypothesis test, asking with what confidence we could distinguish the degree of
star-formation suppression in independent regions within two populations (e.g. early-
and late-type galaxies). In the scenario that the two populations differ in their degree
of SFR suppression by a factor of 2.5 and that the 1-0 scatter in SFR within each pop-
ulation is log Xspr = 0.1, we determined that 120 regions from each distribution is the
minimum requirement to reject the null hypothesis (that the distributions are the same)
99.7% of the time. Estimating that we will get 24 regions of overlapping CO and H-alpha
in each galaxy, we therefore require 5 targets in each morphological type (E/S) to ensure
that the mass and SFE ranges are adequately covered while still detecting trends with
morphologies. Since each galaxy provides 10s of regions, with the entire set we will test

for correlations in hundreds of clouds across all aforementioned properties to distinguish
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SFEs at high spatial resolution and pave the way for future comparative surveys.

Extinction-corrected Ha remains the “gold standard” for determining SFRs. We will use
the kinematics of the CO-emitting gas and the SITELLE Ha-emitting gas, with a model of
the stellar potential from existing HST imaging to elucidate the causes of any SF suppres-
sion. We also have VLA 33 GHz measurements for some galaxies to help with extinction
correction. Each suppression mechanism is identifiable by its radial and dynamical im-
pacts. For instance shear-based quenching would only be visible in the central parts of
the galaxy, where the shear lifetime becomes shorter than the cloud lifetime. Quenching
from cloud stability (assessed through the virial parameter) would be fairly constant as a
function of radius within the bulge, but decreasing in the disc. Environment-dependant
thresholds for SF would display bimodal SFEs that correlate with the gas surface den-
sity. We can also estimate the magnitude of streaming motions, and use the line ratios of
[NII]/Ha and [OII]/HS to help constrain the scope of AGN’s impact.

Measured with SITELLE, Ha (via SN3) and Hf (via SN2) will allow us to estimate the
extinction (via the Balmer decrement) after modelling and subtracting the stellar contin-
uum (e.g. Drissen et al.,, 2019) and obtain an accurate SFR. Its wide, fully-sampled FOV
provides complete coverage of each target in one field.

The filter configurations summarized in Table 2 are driven by the need to detect the
suppression of SF at surface densities of logXsrp = —2.8 M, /yr/kpc?, at least a factor
of two below the value expected from the Kennicutt-Schmidt relation (logXspr ~ —2.5
Mg /yr/kpc?) at gas surface densities typically detected by ALMA (= 10 My /pc?). This
corresponds to a limit on the surface brightness of 107'¢ erg s™! cm~2 arcsec™? at our typ-
ical target distance (~30 Mpc). The SNR calculations adopt a seeing of 1.0”, an airmass
of 1.2 and no extinction. To ensure that the Ho line at 6563 A can be separated from
N[II]\6548,6583 and to achieve a kinematic precision of ~7 km/s (< 5% systematic veloc-
ities) for Ho gas detected at SNR 10, we request observations in SN3 at R~2000 (337 steps).

For the SN2 filter, a spectral resolution of 900 (197 steps) will be sufficient to separate Hj
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at 4861 A from other significant lines (O[III]\4959, 5007). Figure 3 displays the HS SNR
map for the central region of NGC 3169. Out of the 15774 Ha pixels that passed a SNR>7
mask, 52% matching Hf pixels contributed positively to the SNR of the final calibrated
map, which is at the limit of satisfying extinction calibration purposes. This underscores
the importance of observing H3 /SN2 in ideal conditions.

For NGC 0524, and 3368 (D~25 Mpc): To achieve SNR2>2 on Hf requires 40s per step
(2.4 hours) on each target in SN2. Achieving SNR>4 on Ha requires 20s per step (2.2
hours) on each target in SN3. For NGC 0383 and 0708 (D~70 Mpc): To achieve SNR2>2 on
Hp requires 70s per step (4.0 hours) on both targets in SN2. Achieving an SNR22 on Hao
requires 30s per step (3.2 hours) on both targets in SN3. This results in a total of 21.4 hours

to cover these four targets.

SNR
0o 1 2 3 4 5 6 7

-20 -10 -10 10 20
offset []

Figure C.1 SITELLE SNR map of Hj for central region of NGC 3169 (D~23 Mpc)
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