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Emission Modeling of the Jet/Accretion Flow/Black Hole Systems in GRMHD

Hayley West, M.S
The University of Texas at San Antonio,

Supervising Professor: Richard Anantua, Ph.D.

Modeling emission in jet/accretion flow/black hole (JAB) systems is a crucial part of under-
standing the dynamical processes powering active galactic nuclei (AGN) known to reside in the
center of a significant fraction of galaxies and underlie some of the most energetic processes in
astrophysics. The Event Horizon Telescope (EHT) has made the first event-horizon scale images
of a supermassive black hole (SMBH) - opening a new age of direct comparison of models of black
hole influence on AGN processes and horizon-scale observation. While EHT’s primary JAB R-/3
Model has been rigorously tested, the alternative Critical-/3 Model has yet to be investigated in the
same light despite promising advances. By modeling M87, a large, well-studied target, we can
compare certain emission properties among alternative models. We also introduce a much-needed
model to capture the phenomenology of shocks. We observe two flow states for the accreting
plasma: Standard and normal evolution (SANE) and magnetically arrested disk (MAD). Computa-
tions are performed with two general relativistic radiative transfer (GRRT) codes to depict different
morphological features throughout the evolution of the outflow and modeling of the spectral energy
distribution (SED). We expand the Critical-/3 parameter space for M87 for the first time and discuss
the implications. We find: 1.) As demonstrated in the library of images and corresponding spec-
tra, the exponential decay in electron temperatures at high plasma /3 enables the Critical-5 model
to reduce bremsstrahlung contributions below observational constraints more efficiently than the
R — 3 prescription, and 2.) Episodic flux eruption morphologies associated with various peaks in

magnetic flux and troughs in mass accretion for magnetically arrested disks.
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CHAPTER 1: INTRODUCTION

1.1 Background

Astrophysics has entered a new age where theoretical predictions can be matched against observa-
tional evidence to provide the most accurate modeling of high energy phenomena. With the intro-
duction of general relativistic magnetohydrodyanmics (GRMHD) simulations, theoretical models
of high-energy astrophysical phenomena can be rigorously tested against observational data.

It is an exciting decade in astronomy and astroparticle physics with major discoveries such
as LIGO’s first detection of gravitational waves from a black hole merger and the long-awaited
discovery of the Higgs boson, which gives particles mass. The Event Horizon Telescope Collab-
oration (EHT) fits in line with these monumental discoveries, delivering the first image of a black
hole (BH). April of 2019 was a historic period when the first image was announced [32]], and since
then even the SMBH at our own galactic center has been imaged with better resolution for the first
time on the horizon scale.

BHs are known as compact objects that have a gravitational pull strong enough that not even
light can escape. Characterized by the existence of an event horizon, or essentially the boundary

at which light or matter can no longer escape, a BH is parameterized by:

_2GM

c2

R

: (1.1)

where G is the gravitational constant, c is the speed of light, and M is the mass of the BH.

First conceptualized dating back to 1794 [50], John Mitchell proposed the idea of a "black
hole" by stating that if a star’s diameter exceeded the Sun’s by a factor of 500, a compact object
could form where light could not escape. Following Mitchell, Einstein’s renowned theory of gen-
eral relativity (GR) (theoretically detailed in Section described spacetime in its completeness
accounting for the large-scale gravitational effects of the cosmos. The existence of BHs was a

direct consequence of his theory despite not being discovered for another 60 years [28].



1.2 JAB Systems

While BHs can be conceptualized as their own entity within a galactic center, they work as a
system in what we coin the jet/accretion flow/black hole or JAB system. This accounts for the
relativistic jet outflow from a BH as well as the turbulent accretion flow, as they all work in tandem
when observing and modeling the system. This systematic description is common in AGNs such
as M87. Used to describe the massive size of a BH located in the center of most large galaxies,
a supermassive black hole is a BH with a mass Mgy > 10° M, and can range to a mass of over
a billion times the mass of the Sun [35]. The formation of these galactic giants is still an open
question.

There are two distinct flow states to describe the accreting plasma that surrounds the BH:
magnetically arrested disk (MAD) and standard and normal evolution (SANE). The distinction

can be characterized by the magnetic flux through the horizon in Gaussian units:

1 /
Opy = 5/|B |dAyg. (1.2)

®py is the magnetic flux interior to the BH equator [54]. A MAD state occurs when the strong
magnetic field disrupts the axisymmetric accretion flow, first conceptualized in [54]. The inflow of
material is inhibited by magnetic pressure near the BH. SANEs have a negligible magnetic field
flux, alternatively consisting of a higher plasma density [36}55]]. This distinction is demonstrated
in Figure d.1]and Figure 4.2}

In addition to describing the flow states, we can also analytically describe the accretion flow
of the JAB system. A radiatively inefficient accretion flow (RIAF) describes the luminosity in the
low-Eddington regime, a common, broad label given to many SMBHs. A more specific type of
RIAF would be an advection-dominated accretion flow (ADAF) where the accreting gas is still

radiatively inefficient and the accretion flow is underluminous [55].



1.3 Event Horizon Telescope Collaboration

EHT is an international collaboration comprised of 11 current radio telescopes for the purpose of
compiling observational data and imaging of BHs. EHT’s goal, alongside capturing images of
these densely compact objects, is to test the effects of GR in a new light, including how gravity
interacts around a BH and the direct detection of matter in orbit around it at near the speed of light.

Imaging these sources has led to valuable constraints on both M87 and Sagittarius A* (Sgr A*),
including the mass of their BH and limits for both circular and linear polarization. The addition of
these observables has enabled the continuing accuracy of new theoretical models.

Since the release of the first imaged BHs, EHT has already provided more detailed images of
both M87 and Sgr A* in polarized light, as can be seen in Figure These improvements depict
the structure of the magnetic field swirling around the center of the BH and provide us with a direct

probe of the magnetic field structure of these JAB systems.

Figure 1.1: M87 as seen in linearly polarized light. The intense polarization lines around the black
holes center showcase the magnetic field lines of the SMBH as presented by [3].



1.3.1 Very Long Baseline Interferometry

Very Long Baseline Interferometry (VLBI) is the instrumental practice in radio astronomy of col-
lecting a signal through a radio source from multiple different radio telescopes, either on Earth or
in space. EHT employs the method of VLBI to construct the images of BHs from observational
data through an ‘Earth-sized’ interferometer to measure the size of emission regions of Sgr A*,
MS87, and soon to be other large extragalactic sources. With the improvement of other observa-
tional radio systems such as Very Long Baseline Array (VLBA) and Very Large Array (VLA),

more accurate data will be extrapolated from these sources in the future.

1.3.2 Next Generation-EHT

Next Generation-EHT (ng-EHT) is a promising extension of EHT with the aim of building on
their advanced technology to bring better images and observational data of BHs. In addition, their
hope to expand EHT’s current array of telescopes brings promise to enhance the current findings
of their predecessor. While still employing the technique of VLBI, their investigation will test the
workings of magnetic fields around BHs as well as advanced testing of GR.

The Black Hole Explorer (BHEX) will be a monumental space-based telescope designed to
provide supplemental data that the ground-base telescopes are not able to provide. As an antic-
ipated project until its expected launch date in 2031, BHEX will hope to image the photon ring
around BHs, measure the spin of these objects, and peer deeper into the universe to observe further

and larger SMBHs .

1.4 Motivation

In [14], the methodology of Observing JAB systems is described, and a brief summary of results
for M87 and Sgr A* is presented. In the series [16,|17]] detailed comparisons of Sgr A* and M87
are done with focused parameter space surveys. Here, we revise the previous investigations and

add the latest observations by EHT.



Extend EHT’s M87 investigations of the models including our own pass-fail tables to include

a larger parameter space

Extend [17] Critical-3 parameter search and find equitable comparison for the R-5 model

* Comparison with currently available observational data from EHT, including circular and

linear polarization and /35 structural mode

* Observing the temporal evolution of the fiducial simulation in order to understand the mor-

phology of the system

In addition to continuing to further the already established Observing JAB Simulations pro-

gram, the groundwork will be laid for new investigations.

* Future horizon-scale targets, e.g., 3C 279, already observed by multi-wavelength campaigns

will be considered as subjects of this methodology, and best bet models will be proposed

* New plasma physics will be motivated and described in new emission models

Although much about plasma turbulence is still unknown, this deep-dive investigation into
emission modeling allows us to draw further conclusions on the viability of these turbulent heating
models. This investigation will aid in the further analysis of a larger parameter space of EHT

targets.



CHAPTER 2: OBSERVATIONS OF M87

Messier 87, or M87, is a massive elliptical galaxy and arguably one of the most well-studied JAB
sources to date. It is located within the Virgo cluster at a distance of 16.8 £ 0.8 Mpc. Based on the
observations from its powerfully prominent jet observed to be misaligned from our line of sight,
M8 is classified as an FRI misaligned BL-Lac blazar. It is the first JAB source to be imaged [32].

We adopt a SMBH mass of 6.5 & 0.7 x 10° M, with an associated Eddington luminosity of
8 x 10" W and energy scale of 1.2 x 10°7 J [7,/17]. The JAB system is estimated to have a
dimensionless mass accretion rate of 1 = M / M Edq ~ 1075 [6]. M87 has a powerful jet powered
by the Blandford-Znajek mechanism [19]. This mechanism requires that the BH have a nonzero
spin in accordance with EHT constraints and causes Poynting flux of electromagnetic energy due
to the interactions with the spin of the BH and its magnetic field. Despite its large jet and massive

central BH, M87 is very underluminous and often modeled as a RIAF.

2.1 Gamma-ray Observations

MS87 was the first extragalactic source detected at very high energies, where Fermi Large Area
Telescope (LAT) reported detection of gamma-ray emission up to 30 GeV with a luminosity of
4.9 x 10* erg s~! [1]]. Earlier studies in the high-energy regime found no evidence of significant
variability [1]], only variable TeV emission on yearly timescales [2]. Although in recent years, full
investigations of the Fermi-LAT dataset shows evidence for high energy (>100 MeV) gamma-ray

flux variability on a month-type timescale [18]].

2.2 X-ray Observations

Chandra X-Ray Observatory observed M87 in the X-ray band with subarcsecond angular resolu-
tion, determining the X-ray emission emission of the jet to be synchrotron radiation with almost
certainty [67]].

Residing near the center of the Virgo Cluster, M87’s position centers it in a weak cooling
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Figure 2.1: Composite image of the M87 JAB system across the entire electromagnetic spectrum
as depicted in [12].
flow region with an associated X-ray luminosity of 103® W [24]. The X-ray emission is largely
symmetric around M87’s nucleus, as well as strongly peaked at its center [24]. This suggests that
the hot gas is maintained in a rough dynamical equilibrium state and sets an associated estimate of
the jet power at L;.; = 5 x 10° W [17]].

Recent observations have found the 2-10 keV band luminosity of M87’s core to be 8.8 + 0.4 x
10%° erg s~* [10], showing a significant increase in flux relative to 2017 observations first found to
be 4.8 + 0.2 x 10% erg s=! [[10]. Observations from the EHT Multi-wavelength (MWL) Science

Working Group narrowed a photon index of ' = 2.0670 2% [10].



2.3 Optical-Infrared Observations

The Hubble Space Telescope has observed the optical jet of M87 in great detail, revealing its spec-
trum of the jet to be considerably steeper in the optical band than radio with 40 percent variability
between 1993 and 1997 [57]].

Although quite faint in the infrared, Spitzer Space Telescope is the perfect instrument for ob-
serving the emission at this wavelength. Thermal emission from cool dust at 7' = 55K reveals
spectra from Spitzer with an IR luminosity of ~ 10 erg s [58].

Investigations from the EHT MWL Group found the core to dominate the innermost region of
M387 within the optical band [[10]]. Optical flux densities for the core region were found within the

v, b, and u bands within a radius of 5" and corrected for host galaxy contamination [10]].

2.4 Radio-mm-submm Observations

As a prominent radio galaxy, many notable observations of M87 and its powerful accompanying
jet have been published. Notable publications include pilot monitoring at 22 GHz displaying su-
perliminal motion up to ~ 1.6¢ [39]], a Global mm-VLBI Array 86 GHz observation showing a
limb-brightening jet base [44], and an 86 GHz image exhibiting strong Faraday rotation effects and
around 20 percent linear polarization [40].

These combined observations allow for better resolution of the jet morphology and show the
radio jet to be modestly relativistic. M87’s jet is quite variable, roughly parabolic, and collimated
within z ~ 30M [17].

Observations obtained at 3.5-mm showed the spatially resolved radio core of M87 alongside
an edge-brightened jet [47]. Marginal variability was noted from the 1.3-mm flu density between

observations from 2017 and 2018 [47].



CHAPTER 3: THEORY

3.1 Plasma Physics and Magnetohydrodynamics

Plasma, a highly energetic state of ionized matter, often appears in astrophysical contexts as mag-
netized, turbulent, and possessing diverse equilibrium states. Plasma energization through tur-
bulent dissipation is the cornerstone of plasma physics, where electron-ion pair energization is a
fundamental result of plasma turbulence, although it is a poorly understood subject [70]].

The heating prescription of weakly collisionless plasma described in [41] has a sharp transition
between electrons preferentially heated at 8 < 1 to protons preferentially heated at 5 > 1. Plasma

5, the controlling parameter of heating partition, is defined as

Pgas

Pmagnetic

B = : (3.1

where magnetic pressure in a magnetic field is defined as Pg = %. In the low-/3 plasmas (5 < 1),
magnetic field pressure dominates leading to an unstable disk and magnetic reconnection occur-
ring. In the high-/3 regime, gas pressure dominates, and the accretion disk behaves more fluid-like.
For simplicity, we assume a thermal electron distribution function expressed in units of electron

rest mass described by a Maxwell-Jiittner distribution:
o, — vl (3.2)

mec?’

O, indicates how relativistic the electrons are where ©, < 1 are non-relativistic and ©, > 1 are

relativistic. Equation is determined by the electron-ion temperature ratio (R = T;/T,):

2mpyu

T=—t 3.3
3kgp(2 + R) (3-3)

where u is the internal energy density and p is the rest-mass density [4].



Turbulent heating of collisionless plasma in a semi-relativistic regime fits well with the time-

dependent empirical formula from first-principle physics

AFE, e 2/3
~ (L) (3.4)

AFE; pi

where (p./ pi)2/ ? is a non-trivial function of 6,y and 3, [70]. Equationis supportive evidence to-
wards the well-tested idea that electron-ion dominated plasmas will evolve towards an equilibrium
two-temperature state, as described in Section for different two-temperature state turbulent

heating models.
3.1.1 Magnetohydrodynamic Equations

Describing the equations that govern magnetohydrodynamics (MHD) is critical to understanding
the physics behind plasma. MHD couples Maxwell’s equations with hydrodynamics, describing an
electrically conducting fluid [42]. Here, we define a fluid as a phenomenon emerging from a large
collection of particles with locally defined variables such as temperature, density, and pressure.
MHD is equipped with the constraint equation V -B = 0, which governs the spatial structure of
the B-field. The first equation for idealized MHD is the continuity equation for mass conservation

describing the time evolution of the mass density p:

dp B

The motion of the fluid can be described through the Euler equation as

oV
p {E + (V- V)V} =-VP+jxB, (3.6)

where j is the electric current density, V is the plasma velocity, P is the thermodynamic pressure.

To obtain the induction equation, we can start with Ohm’s law:
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j=0E’, (3.7)

where o is the electrical conductivity and E’ is the electric field denoted in the rest frame where

EE=E+VxB= % J- Assuming perfect conductivity (o — 00), the electric field then becomes:

E=-V xB. (3.8)
Using Maxwell’s equation V x E = —%—E‘, we can conclude the induction equation as:
OB
E:Vx (V x B). (3.9

3.1.2 Magnetohydrodynamic Effects

There are various effects of MHD including Alfvén’s Theorem, or the frozen-flux theorem to
describe an ideal MHD. Frozen-flux theorem implies that the magnetic flux in the plasma is a con-
served quantity and is directly described in Equationrefeq:perfcon [9]. Hannes Alfvén described
perfect conductivity as the idea that the magnetic field lines were "frozen" into the conducting fluid
or the plasma and is used as a way to describe the motion of the magnetic field lines [9].

Alfvén also first described the idea of plasma supporting wave-like variations within the mag-
netic field as a consequence of MHD. It is characterized by a low-frequency oscillation of ions

within the plasma that is transverse in nature parameterized by:

VA

V= — (3.10)

V1+ 03/

where vy = B/, /Jiop is the Alfvén wave group velocity [9].

Magnetic reconnection is another natural effect of MHD that involves the breaking and recon-
necting of magnetic field lines in a plasma and takes place in the magnetosphere of BHs. Since
BHs are magnetized, the oppositely directed magnetic field lines reconnect at a substantial fraction

of Alfvén speed. Although first introduced to described solar flares, this concept has paved the
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way for extreme electrodynamic bodies like neutron stars and BHs to be described by this same

concept.

3.2 General Relativity

The Theory of General Relativity is the core to understanding physics behind the most dense bodies
in our universe. It has predicted many important phenomena before they were even observed,
including gravitational waves and BHs.

At its simplest explanation, GR explains how gravity affects the fabric of a four-dimensional
spacetime. It is a fundamental way to geometrically describe how intervals in the four-component

spacetime are measured in the presence of mass [21]].
3.2.1 Einstein’s Postulates

In the early 1900s, Einstein’s Theory of both Special and General Relativity shaped the field of
physics. GR was a specific case of his astounding special theory of relativity, in which gravity was
not accounted for. Published in 1905, special relativity had two main postulates that translated into
GR: 1. The laws of physics are the same in all inertial frames of reference, and 2. The speed of
light in invariant in any inertial frame of reference [29].

GR unified inertial and accelerating reference frames. To fully explain the effects of gravity,
Einstein developed the Principle of Equivalence stating: "All local, freely falling, non-rotating

laboratories are fully equivalent for the performance of all physical experiments" [21]].
3.2.2 General Relativity Equations

The important field equation of GR can be written as

G+ Ag = kT, (3.11)
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where T}, is the stress-energy tensor, A is the cosmological constant, and k = 87G/c* is Einstein’s

gravitational constant [28]]. The Einstein tensor, GG, is defined as

ns
1
G =R, — §ng,, (3.12)

where R is the scalar curvature parameter and g,,, is the metric tensor. R, is the Ricci curvature

tensor and characterizes how a body moves in the curvature of spacetime.
3.2.3 Schwarzchild Solution

Schwarzschild’s metric describes a non-rotating, uncharged BH for which Equation describes
its event horizon. He published the first exact solution to Einstein’s field equations [64], expressed

as a metric describing the spacetime around a spherically symmetric point mass detailed as

2GM
5 YEdt? + (1 —
re re

2GM
G2 ) rdr? + r2d6? + r’sin*0d¢?, (3.13)

ds* = —(1 —

where ds? is related to the metric tensor of Equation by ds* = g, dz"dx”.

When the radial coordinate of a star’s surface has collapsed to

_2GM

c2

: (3.14)

Ts

this is known as the Schwarzschild radius [21]]. Once collapsed at this point, the star is now a BH.
At the point on the spherical surface where r = r, the BH is enclosed by the event horizon, past

which is known as the point where light cannot escape.

3.2.4 Kerr Solution in General Relativity

As GR gained traction, a cornerstone publication by Kerr described a rotating BH in spacetime,

a generalization to the Schwarzschild metric [43]]. While the Kerr metric still describes a rotating
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point mass, the addition of angular momentum yields a more complicated solution:

S E S 2 2 S in? 0
DN 2qt2 4 = dr? £ 5462 + (12 + a® + % sin® ) sin® 0dg? — %cdtdgb.

2—_ —
ds® = —(1 Z) A

(3.15)
Here, A = r? —ryr +a?, ¥ = r? + a® cos? §, and a = J/Mc have been used for simplicity. The
Kerr metric includes an important aspect to GR known as frame-dragging since the astrophysical
body is rotating. This phenomenon drags objects in the vicinity of the BH into the gravitating
body’s rotation simply due to the existing curvature of spacetime [43]].
Despite many solutions in the literature to describe the spacetime of BHs, the most fundamental
characteristic to all BHs is the inclusion of an event horizon. Beyond this barrier, nothing is
radiated from inside the BH’s horizon, causing the discovery of their existence to be a mere theory

for decades to come.
3.2.5 General Relativistic Magnetohydrodynamics

General relativistic corrections to MHD have become vital for theoretical testing of GR and for

accurate testing of high-energy astrophysical plasmas. GRMHD is usually conservative in stress-

energy-momentum (V,T* = 0) and mass (V,(pu*) = 0) [3] (see for applications). The

governing equations of ideal GRMHD, written as a set of conservation laws, are as follows:

Oy (v/—gpu') = —0,(v/—gpu'), (3.16)
O(V—=gT}) = =0:,(v/—gT.) + V/—gTxToy, (3.17)

0i(v/=gB") = =9;(v/—g(V'u' —b'V)), (3.18)

in addition to a no-monopoles constraints 9;(/—gB’) = 0. Here, p is defined as the rest-mass

density of the fluid, b* is the magnetic induction four-vector, and u* is the fluid four-velocity (for
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specific applications to our simulations with GRMHD, see Section 4.1)).

With the addition of GR to the MHD equations, the plasma near a SMBH is relativistically
affected. Consequences such as time dilation and length contraction can no longer be ignored. The
advent of GRMHD has provided influential models to astrophysical phenomena such as gamma-

ray bursts, SMBH feedback, BH mergers, and many more.

3.3 Radiative Processes
3.3.1 Synchrotron

Particles accelerated by a magnetic field tangled around BHs radiate, but for non-relativistic ve-
locities, the nature of the radiation is called cyclotron radiation. The frequency of emission is
interchangeable with the frequency of gyration in the B-field. The frequency of the gyration is
quantified as

wy = 1B (3.19)

where v = (1 — v%/c?)~/2 is the Lorentz factor.

Figure 3.1: Depiction of helical motion of a particle under the effect of a uniform magnetic field.
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However, for extreme relativistic particles the frequency spectrum is much more complex and
can extend to many times Equation [3.19] known as synchrotron radiation where the particles travel
in a helical path along the magnetic field lines, as can be seen in Figure [3.1] [61]]. Synchrotron
radiation will be strongly beamed in the direction of the relativistically charged particle. This

creates a cone of width ~ 1/~ radians [62].
Relativistic Corrections

The relativistic regime follows the evolution of electrons from cyclotron to synchrotron emission,
namely, when v/c begins to increase, wp begins to contribute [61] and the spectra are no longer
continuous. The electric field from a non-relativistic charged particle is sinusoidal over time with
a Dirac delta function related power spectrum. A highly relativistic particle’s electric field no
longer resembles a sine function. The form now resembles sharp pulses repeated at intervals of
T =27 /wg.

For a smooth distribution of particles, the polarization due to synchrotron radiation will be
partially linearly polarized. The polarization of the emission will be described by the perpendicular

(P, (w)) and parallel (P (w)) constituents of the power per unit frequency parameterized as:

_ Pi(w) - Pj(w)
w) = 5 BESO) (3.20)

3.3.2 Bremsstrahlung

Bremsstrahlung, also known as free-free emission within plasmas, is the radiation due to the accel-
eration of a charged particle in a Coulomb field of another charge [61]. Although bremsstrahlung
is sub-dominant in ADAFs, it is still an important radiative process to discuss due to its effect on
observed spectra, as demonstrated in our results.

Electron-positron pairs created by background photon collisions produced at hv > m.c® can
influence the structure of the accretion flow in regions where the existing plasma density is less than

the Goldreich and Julian density [68]]. This results in bremsstrahlung having the ability to dominate
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the X-ray and gamma-ray observed emission even if the bremsstrahlung itself is energetically
negligible, as seen in [4].
For electron-ion dominated emission, the emission coefficient equation can be written as

o 8¢¢ [2m
~ 3m2ctV 3

o 0, Pnene T (3.21)
where g, is the thermally averaged Gaunt factor correction for the relativistic regime [61]. For
our simulation GRMONTY, described in Section the electron-ion bremsstrahlung in the code
uses the emission coefficient described in Equation [3.21][26].

Although the radiation emitted from plasma is described as free-free radiation in which the
electrons are free before and after the emission of a photon, bremsstrahlung can also be bound-
bound or free-bound radiation. When radiated in a bound-bound state, the electron moves between
two bound states as the radiation is described by discrete spectral lines. Free-bound describes a

combination process where a free electron recombines with an ion.
Effect on Spectra

For an optically thin, geometrically thick accretion flow such as M87, the dominant processes
radiated from the disk are bremsstrahlung and synchrotron. Bremsstrahlung is often neglected in
the literature due to the energetically dominant synchrotron processes that occur for low-accreting
systems [68]. Bremsstrahlung still has the ability to dominate the gamma-ray and X-ray spectra
and affect observables, even when minimally energetic as seen in [4], and becomes increasingly

important as the mass accretion rate increases.
3.3.3 Compton Scattering

When photons consist of sufficiently low energies (hv << mc?), the scattering of radiation from
the free charges is defined by the classical case of Thomson scattering [61]. While the majority of
the scattering is elastic, quantum effects can appear through either: 1. Differing kinematics of the

scattering or 2. Modification of the cross sections.
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The former scenario describes a case where the photon posses a momentum and energy, causing
the collision to become inelastic due to recoil from the charge. In terms of the wavelength, this

new relation can be shown as

A1 — A = A(1 = cos(6)), (3.22)

where \. = mic is the Compton wavelength (=~ 2.43 - 10712m), @ is the scattering angle, X is the
initial wavelength, and )\, is the final wavelength.

The later scenario for quantum effects occurs when the cross-section is reduced, thereby in-
creasing the energy of the photon. This relation for unpolarized radiation is described by the

Klein-Nishina formula [[61]]:

do  ried (e € 9
— =221 -4 = . 2
Q0 2ela + ; sin“(0) (3.23)

Inverse Compton

For moving charges, inverse Compton scattering may occur when low-energy photons collide with
a relativistic electron thereby transferring energy to the photon [[61]]. Inverse Compton scattering
can occur when electrons carry a higher kinetic energy or temperature than the incident photons.
In the relativistic regime, this increase in energy is of order ~2.

When quantifying radiation lost due to inverse Compton and synchrotron, both mechanisms can
be described by the same ratio as the photon energy density and magnetic field energy density [61].
This ratio is depicted as:

Pyna  Us

= . (3.24
P, compt Uph )

The spectral index for inverse Compton emission is identical to synchrotron emission as seen
through the relation s = (p — 1)/2 [61].

Inverse Compton becomes an important emission mechanism when dealing with production of
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X-rays and gamma-rays in the JAB systems. Electrons with relativistic energies in astrophysical

bodies can upscatter low-energy photons via inverse Compton scattering [[61]].

3.4 Polarization

Light will be polarized when emitted in hot regions of magnetized space and the polarization
depends on the orientation of the magnetic fields in these high-energy astrophysical plasmas. The
Stokes polarization parameters (I, (), U, V) are the observables of the polarized field in terms of its
total intensity, introduced by George Gabriel Stokes in 1852 [65]]. For a monochromatic wave, or

purely elliptical polarization, the four Stokes parameters are related by

IP=Q*+U*+ V2, (3.25)

where [ is proportional to the total intensity or energy flux of the wave, V' is the circular polar-
ization, and () and U are the conditions for linear polarization, measuring the orientation relative
to the x-axis. [61]. @ = U = 0 is the condition required for circular polarization, and V' = 0 is
the condition for linear polarization. A more descriptive way to show the Stokes equations for the

polarization through the principal axes of an ellipse, as seen in Figure[3.2] is

I=Ej +Ej, (3.26)

Q = Ej, — By, (3.27)

U = 2Ey, Eyycos(6), (3.28)

V = 2FEy, Ey,sin(0),6 = 6, — 6,. (3.29)
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A

Figure 3.2: Polarization ellipse with electric vector E showing rotation of x and y electric field
components coinciding with the principal axes. Image reproduced from [[61].

3.5 Radiative Transfer

3.5.1 Radiative Transfer Equation

The process of radiative transport is dictated by the Boltzmann Transport equation. As a light ray
passes through a medium, energy can either be added or subtracted through emission or absorption,
forming the basis for radiative transfer. The effects of absorption and emission can be combined

into a single radiative transfer equation:

dl,
ds

=—a,l, +j1/7 (330)

where j, is the emission coefficient, o, is the absorption coefficient, and [, is the intensity. This
is a useful equation with which to solve for the specific intensity along a ray in an absorbing and

emitting medium [61]].
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The full polarized radiative transfer equation can be written in the form ( [[15]):

r J1 Xr X Xv Xv I
dl Q| _Jde | |[xe Xt v s Q | 3.31)
ds | g Iy Xv =Py Xi o P U’

%4 Jv Xy —Pu —Pg X v’

where (I',Q',U’, V') are the Stokes parameters, j’r o u,v are the polarized emissivities, X7 o v
are the absorption coefficients, and pi,, ; represent the one Faraday rotation and two Faraday

conversion coefficients, respectively.
3.5.2 Faraday Effects

Faraday effects are a phenomenon where a polarization plane of an electromagnetic wave rotates
under the influence of a magnetic field. By this very definition, Faraday effects are a consequence
of the polarization coming from strong magnetic fields around BHs, making it an important aspect
to understanding JAB systems. From Equation the Stokes parameter for linear polarization
(V) travels through a magnetized plasma and its electric vector polarization angle (EVPA) is rotated
due to Faraday rotation. Faraday conversion exchanges circular and linear polarization therefore
interchanging the Stokes parameters of U and V, and results in the direct production of circular
polarization.

Faraday rotation is believed to be important for reducing the linear polarization fraction in
models of M87 to the observed values. As constrained from the data, SANEs have larger Faraday
rotation and conversion depths than MADs, mainly due to SANE models requiring larger mass
densities to match the observed flux of M87. In addition, SANES also have lower temperatures,

which increases the efficiency of Faraday effects.
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CHAPTER 4: GRMHD SIMULATIONS

Many early uses of GRMHD simulations were pioneered at the turn of the century [34]45,48].
These early developed codes solve the GRMHD equations for a number of quantities, proving rel-
evant to understanding outstanding problems in BH physics. We discuss the GRMHD applications

utilized in this work.

4.1 HARM Scheme

The high-accuracy relativistic magnetohydrodynamics (HARM) code created by Gammie, Mck-
inney, and Toth was a foundational piece in developing accurate GRMHD simulations [36]]. This
conservative, shock-capturing numerical scheme evolves the equations of GRMHD in a new light
through the addition of obey shock jump conditions at discontinuities in the fluid variables. The
HARM scheme has been used through a variety of applications including investigating radiative
models of Sgr A* [53]] and simulations of stable relativistic jets [17,49].
Here, we use two numerical GRMHD simulations. The fluid simulations were produced with
KHARMA, a GPU-based descendant of iharm. The MHD stress-energy tensor is defined as
b2
T = (p+u+ P+ b*)ulu’ + (P+§)g‘“’ — Vb, 4.1
where v and P are the internal energy of the fluid and its pressure. These two parameters are
related to internal energy via an ideal gas law equation of state consisting of a constant adiabatic

index 4 where

P=(4-1u (4.2)
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4.2 General Relativistic Radiative Transfer (GRRT)

A proper way to model the accretion disks around BHs is by the use of general relativistic radiative
transfer (GRRT) codes. Some of the largely known, open-source codes include GRMONTY [26]
,GRTRANS [25]], IPOLE [51f], and KORAL [|63]]. For our analysis, GRMONTY is used to compute
the SED of each source, and IPOLE is used for the production of polarimetric images of the

GRMHD simulations employed in this work.
4.2.1 IPOLE

IPOLE is a public ray-tracing code for covariant, polarized radiative transport [51]]. It was devel-
oped with the goal of generating polarized BH images from EHT’s data of Sgr A* and M87. It is
a numerical scheme that integrates Equation [3.31| by ray tracing in nontrivial spacetimes as well as
in optical and Faraday thick plasmas. It solves for the evolution of the polarized intensities at each
point along a geodesic with a two-stage operator splitting method.

IPOLE produces images composing of a NV x N grid with pixels over a 160uas field of view
where each pixel contains each of the four Stokes parameters (/,Q), U, V). The code evaluates
the radiative transfer coefficients in physical units, requiring us to specify the BH size, the mass-
density of the accreting plasma, and inclination.

To account for the abnormally high plasma density and temperature caused by TPOLE inability
to correctly evolve the fluid state in highly magnetized (R,,,) regions, a ¢ cutoff is introduced.
The plasma density in those regions with o > o, are set to zero before transfer coefficients are
computed.

We add positrons globally in the post-processing in each snapshot of the model. By varying
the positron fraction in each frame, we can see how the ratio of electron-positron pair density
over electron-ion pair density (7,4,s/(n—)o) goes from 0 — 1.0 affects the polarization across the

simulation at specific timesteps.
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Figure 4.1: An example R-3 model of M87 for a MAD at a = —0.5 and T" = 30, 000M for the
230 GHz emission. The left image clearly shows the strong magnetic field with the lack of EVPA.
See subsection 4.2. 1| for simulation information.
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—0.5and T = 30,000M for

the 230 GHz emission. The larger, chaotic EVPAs in the left image show the characteristic high
density of a SANE. See [subsection 4.2.1| for simulation information.
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4.2.2 GRMONTY

GRMONTY is a Monte Carlo-based radiative transfer code used for calculating spectra of optically
thin, ionized plasmas in full GR as tested and described in [26]. This code creates SEDs including
the effects of synchrotron emission and self-absorption, bremsstrahlung, and inverse Compton
processes with as few approximations as possible, as shown in Figure 4.3 GRMONTY uses a
"stationary flow" approximation, computing the SED through each time slice of simulated data as
if it were time independent, and the emissivity and absorptivity are constant along any line of sight.

Emission in this code is regarded by sampling the emitted photon field where the samples are

called superphotons, or photon packets. The probability distribution for the superphotons is

1 dN, 1 AN 13,

- — 43
V—g Bzrdtdvdw  wy/—g Bxdtdvdw  w hv’ (4.3)

where j, is the emissivity and v is the frequency contained within a solid angle dw [26]. Depen-

dence on emissivity is computed only through functions that specify j, and [ dvdwj,/v.
Absorption is treated deterministically. Scattering in the code consists of two separate parts: 1.

Determine where the superphoton should scatter and 2. Determine the energy and direction of said

superphoton.

25



1040 4

':Ir" 1033_
wn
9 — total A
Q 101 (synch) base
= —— {synch) once
"':'.l —— (synch) twice
10** 11— (synch) > twice
—— (brems) base
—— (brems) once
1032 + —— (brems) twice
—— {brems) > twice "" " ”
(N1 ILII_ F n

108 1010 1012 1014 1016 1018 1020 1022 1024

v (HZ)

Figure 4.3: An example R-5 SED of M87 for a MAD with a = —0.5 at 7" = 30000 for the 230
GHz emission.
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CHAPTER 5: EMISSION MODELS

5.1 Turbulent Heating Models

Turbulent heating is the result of dissipation of fluctuations within plasma in these high astrophysi-
cal processes and is important to understanding observational evidence [41]], especially those from
the accretion disk of BHs where temperature can reach exceedingly high temperatures. For a large
portion of these plasma environments, the dissipation of these fluctuations occurs at length-scales
smaller than the mean free path of the particles, resulting in collisionless plasma.

The question in recent years has been the investigation into differential heating of ions and
electrons in turbulent plasma. We describe the two main turbulent heating models used throughout

this work.

5.1.1 R-3 Model

The R-/ turbulent heating model, developed in [52], is the primary model used by the EHT Col-

laboration:
rpy=lio B oL op 5.1)
Here, b = £ where f3, is usually assumed to be 1 (consistent with long cooling time of Sgr

Be

A*), therefore [ is used in the equation for simplicity. 7. depends on the plasma magnetization,
T; comes from the GRMHD simulation, Ry, defines the electron-to-ion coupling in the weakly
magnetized regions or the disk/high 3 regions, and R;,,, defines the electron-to-ion coupling in
the strongly magnetized regions or the jet/low 3 regions. Dependence on T;/T, is mainly due to
synchrotron self-absorption, which scales directly with increasing inclination [53]].

This model consists of three free parameters: 3., Rpign, and [;,,. Many variations of this

parameter space have been tested against EHT constraints [S3], [16], [17], [[13]], [4].
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5.1.2 Critical-5 Model
Developed in [16]], an alternative model to the widely used R-$ was introduced:

T

T fe Pl (5.2)

where 0 < f < 1 is a constant. The exponential parameter (3. controls the transition between
electron- and ion-dominated heating and is the critical value of  that approximately sets a (3,4

contributing to the observed emission.

R-B vs. Critical 8

10t T=====oo___
_______ —— Rihigh)=1,R{low) = 1
Tl R{high) =20, Rllow) =1
- - —— Rihigh) =40, Rllow) =1
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~ . -—- F=0.5.8:=1.0
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Figure 5.1: Comparison of Critical-3 (dashed lines) against R-/3 (solid lines) for previously tested
and reasonable parameters.

The advantage of this model is the ability to probe more intermediate ranges of 5 between the
same temperature range as the R-5 model due to the [3..;; in the exponential [[17]]. For all values
of (3., the emissions tend to be very concentrated near the corona/interface of the disk and jet.
These are areas where the rapidly adiabatic expanding plasma could decrease in temperature as it

decreases in radius, making the spectrum steeper than its model counterpart.
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Although both models have a similar asymptotic behavior in the low [ regime, the Critical-/3
model exponentially falls to zero at high [ as seen in Figure Preliminary indications showed
this trend may reduce bremsstrahlung contribution [16]. This is a factor that causes R-/3 to exceed
the observational constraints for some of its parameter space due to overproduction of X-rays [4],
showing that the Critical-5 model may be the more well-suited emission model.

This model includes two free parameters, f and 3., which have only been tested for the follow-

ing values:

H Target f (. Reference H

SgrA* 0.1 0.01 [16]
SgrA* 0.1 0.1 [16]
SgrA* 0.1 1.0 [16]
SgrA* 0.5 0.01 [16]
SgrA* 0.5 0.1 [16]
SgrA* 05 1.0 [16]
SgrA* 0.5 1.0 (4]

M87 05 1.0 [117]

Table 5.1: Previously tested (f, .) values where most of the Sag A* investigation comes from the
initial introduction of the Critical-3 Model in Anantua et. al [[16].

Table [5.1] has only been tested for Sgr A* besides one parameter set in [17] for the purpose of

modeling the JAB system of M87. EHT has yet to test the Critical-3 model for M87.
5.1.3 Alternative Models: Magnetic Reconnection and Shocks
Constant Electron Beta Model

When the electron energy density (u.) is held constant as a fraction of the magnetic energy density
(up), the Constant Electron Beta Model or Constant 3, Model is described through the relation

B. = P./Pp = (7. — 1)u./(b*/2) = B or more conveniently

P = Beo P (5.3)
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where b = b#b,. This model is only parameterized by one free parameter: [, and is a rela-
tively simple prescription for linking plasma variables to radiation by describing a region of force-
free, relativistic plasma. This model becomes viable when magnetic reconnection is the dominant
source for the heating of electrons, as is thought to be in the jet regions of JAB systems [16]. It is

utilized in our polarimetric images to construct M87 with the inclusion of a jet.
New Model with Shock Inclusion

As magnetic fields play a critical role in the morphology of JAB systems, a model with the in-
clusion of shockwaves would be beneficial to the library of emission processes. We propose a
much-needed analytical model to capture the shock region causing dissipation of energy into radi-
ating particles, an emission mechanism not yet fully considered in JAB systems.

To quantify the shocks within the jet, we propose a model consisting of a fraction of the internal

energy (U) described by a new parameter 7 simply parameterized as:

P, =nU. (5.4)

This model is analogous to the Constant (3. Jet Model that we intend to implement in our simula-

tions as part of the future directions.

5.2 Parameter Space for Investigation

Since the mass accretion rate within our code is an adjustable parameter with which the flux scales,
all models are scaled so that the 230 GHz flux density is 0.5 Jy for synthetic images. To scale our
dimensionless GRMHD simulations with the BH mass accretion rate (M), we require a dimension-
less mass unit (M) for each of our models. We investigate two different dimensionless BH spins
a, = —0.5 and +0.94. We observe our simulations at one inclination angle = 163°. In addition,
we focus on the time evolution through three specific time steps for each model: 20,000, 25,000,

and 30,000 GMy;g7/c®. The GRMHD snapshots were evolved for 10, 000G M yg7/c® time units.

30



This corresponds to ~ 10 years. We define a jet in the model when a transitional value of o = 0.5

1s used within IPOLE.
5.2.1 R-g Parameters

Table displays the R-/3 values investigated. Although already thoroughly tested throughout

EHT collaborator papers [7,/17,52], we aim to use this parameter set as a comparison.

R-(3 Parameters
Mode i[°l  a.  Rnign Riow Be
MAD 163° -0.5 20 1 1
MAD 163° +0.94 20 1 1
SANE 163° -0.5 20 1 1
SANE 163° +40.94 20 1 1

Table 5.2: Values for free parameters in R-3 model for all three timesteps. (3. is a constant always
to be used as a value of 1.

The temperature ratio (7;/7.) can be used as a free parameter and specified as done in other
investigations ( [53]]). Within our simulations, we take 7; /T, to be a mixed and randomized ratio

for the R- model. This is to ensure the focus on the free parameters listed in Table|5.2| only.
5.2.2 Critical-5 Parameters

We expand the Critical-/3 parameter space by testing value sets for M87 for the first time. The

values listed in Table|5.3|describe the space to be investigated.

Critical-g Parameters
Mode i[°1 a. [ B

MAD 163° -05 05 1.0
MAD 163° +094 05 1.0
SANE 163° -0.5 0.5 1.0
SANE 163° 4094 0.5 1.0
MAD 163° -0.5 0.5 0.1
MAD 163° +0.94 0.5 0.1

Table 5.3: Values tested for free parameters in Critical-/5 model for all three timesteps.

As explicitly stated for R-/3, the temperature ratio (7, /7T, +T;) is mixed and randomized within
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the simulations. This is to ensure the focus on the free parameters listed in Table only. As
f = 0.5 is the more widely tested parameter within the model, we use that as a constant and vary

B. for this investigation.

5.3 Positron Effects

Although most GRMHD simulations consider a standard electron-ion dominated plasma, it is still
unknown whether the plasma in accretion disks is electron-ion dominated or electron-positron pair
dominated. As an often overlooked feature in modeling, we investigate how the morphology of
simulation is affected by the inclusion of electron-positron pair plasma.

In the JAB systems we consider, the electron-positron pairs are mainly produced through the
Breit-Wheeler process which describes pair production as a result of photon-photon collision [20].
The center of momentum energy of the photon-photon collision needs to exceed the rest-mass
energy of a pair (1 MeV ~ 2 x (1.2 x 10%°) Hz).

As GRMONTY currently does not have the modifications necessary to model electron-positron
pair dominated plasma, we compare the morphology of the models through our polarimetric im-

ages without the assistance of the SEDs.
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CHAPTER 6: RESULTS AND MODEL COMPARISONS

6.1 Comparison of Simulations with Observations
6.1.1 Comparison with Polarization Constraints

For an accurate representation of our fiducial models, we compare our linear and circular po-
larization values against EHT observed constraints. The linear polarization is summed from net

(unresolved) @), U, and I across the image plane,

(6.1)

|m’net =

V2 Qi)+ (3 Ui)
2l

Vi
as well as its average local (resolved) magnitude

Zi 1P _ Zz V QZQ + Uz‘Q' (6.2)

<|m| >= =

Zi I; Zz I;

In an analogous manner, the resolved circular polarization can be quantified as

_ [Iv/11dA

[IdA ©.3)

<|V|>

where I is the Stokes intensity and |V/| is the image-averaged fractional circular polarization

magnitude [5]. The unresolved magnitude is found to be

[vdA

Vnet: f[dA

(6.4)

Tables [6.1] and [6.2] show the median values for circular and linear polarization for all three
timesteps, respectively. We see an overwhelming rate of both models passing the circular polariza-
tion constraints, yet only a handful passing for the median linear polarization constraints. For full

polarization tables for individual timesteps, see Appendix [A]
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SANE (a = —0.5) MAD (a = —0.5)
R-B R-p Crit — 8 Crit — 8 R-p R-B Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[VInet(fpos,min) —5.60-10-5-1.68-10-5-2.17-10"35.48-10"% —4.48 .10 5-3.53-10-3-3.58-10-3-3.02-103
|V |net(fpos,max) 1.04-10"2 2591073 5.52-10"2 1.04-10"2 -2.09-1073-9.43-10"4-1.67-10"3-1.03 103
< V| > (fpos,min) 8.39-1073 4.94-1073 1.27-10"2 7.34-10~2 3.60-103 2.76-10"3 3.27-10"3 2.56-102
< V| > (fpos,max) 1.28 1072 6.41-10"2 2.63-10"2 1.15-102 9.32.10"% 5.75.-10"% 8.57-10 % 5.66- 104

SANE (a = +0.94) MAD (a = +0.94)
R—8 R—83 Crit—8  Crit—8  R—-8 R—8 Crit— 8  Crit— 8
w./ Jet w./ Jet w./ Jet w./ Jet

[VInet (fpos,min) 2-12-1072 4.06-10~2 1.20-10-3 —-391-10-%-1.68-10"3-1.71-10-3-2.16-10"3-1.90-103
|V |net(fpos,max) 2.93-1072 4.84-1072 5.71-10"2 6.27-1072 -1.30-10"%-3.63-10"%4-4.54-10"4-4.60-10"%
<|V| > (fpos,min) 6.65-1073 1.20-10"2 897-10"3 1.62-10"2 2.91-10~3 2.08-10"3 2.90-10"3 2.14-1072
< V| > (fpos,max) 1.52-10"2 2.62-10"2 6.48-10"3 1.41-10"2 6.85-10"% 3.65-10"% 6.51-10"* 3.94.10 4

Table 6.1: Median circular polarization for |V, and < [V'| > for 20,000/ — 30,0000 . The
bold models satisfy the EHT limit of —8.0 - 1073V,,.; < 8.0- 1073 and 0 << |V| >< 3.7- 1072,

SANE (@a= 05 MAD (@a=_05)
R-8 R-8 Crit — 8 Crit — 8 R-p R-8 Crit — 8 Crit — 38
w./ Jet w./ Jet w./ Jet w./ Jet

[m|net (fpos,min)  5.00- 1073 4.96-10—3 2.25.-10"° 5.69 1073 6.72-1072 4.34-10=2 6.49-10"2 4.63 102
|m|net(fpos,max) 5.37-1073 6.30-1073 2.73.1073 6.14-1073 5.52.1072 3.10-10"2 5681072 3.53.10"2
< |m| >net (fpos,min) 1.39-1071 1.42.10~! 1.35-10"! 1.46-10"! 3.49-10-! 3.24-107! 2.71-107! 2.61-1071!
< |m| >net (fpos,max) 1.31-10"Y 1.48-10"1 1.39-10~! 1.50-10"! 4.63-10"! 4.15-10"! 4.02-10"! 3.91-10!

SANE (@ = +0.90) MAD (a = +0.94)
R-8 R-8 Crit — 8 Crit — 8 R-p R-8 Crit — 8 Crit — 38
w./ Jet w./ Jet w./ Jet w./ Jet

[m|net (fpos,min)  1.37-10"2 1.41-10"2 1.64-10"2 1.18 102 4.91-10"2 4.56-10-2 3.07-10"2 3.67 102
|m|net(fpos,max) 2.55-1072 2.25-1072 9.03-1073 8.76-1073 5.17-1072 5.01-1072 4.38-10"2 4.82-1072
< |m| >net (fpos,min) 1.29-1071 258-.10~1 2.17-10"! 2.24.10"! 5.76-10"! 5.22-107! 5.06-107! 4.88-1071!
< |m| >net (fpos,max) 2.22-10"1 2.65-10"1 2.16-10~! 231-10"! 5.86-10"! 5.32-10"! 5.76-10"! 5.27-10"!

Table 6.2: Median linear polarization for |m,;| and < |m/| >. From [8]], observational constraints
were found to be 0.01 < |my,e < 0.037 and 0.057 << |m| >< 0.107. The bold values refer to
values that satisfy the linear polarization constraints.

6.1.2 Comparison with 3,

Palumbo et al. [56] discovered the B-field in simulated accretion flows of M87 was encoded in
the morphology of the EVPAs at 230 GHz, showing circular EVPAs corresponding to MADs and
more radially EVPAs corresponding to SANEs. An azimuthal decomposition was proposed to

differentiate between the two accretion flows in a polarized image using the equation:

+oo 27
1 A
B = 7 l / / P(p,p)e "™ pdpdp, (6.5)
tota
0 0

where ¢ is the image azimuthal angle when averaged over image radius p, [;., is the intensity,

and P = @) + iU describes the linear polarization referring to both Stokes parameters.
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The m = 2 mode is rotationally symmetric and therefore produces a nearly rotationally sym-
metric image when viewed face-on. This is important as this is the case for M87, leading us to
investigate only the 3 mode, as it is the most informative to distinguish between the two accretion
states.

Tables and [6.5| show the 3, values for all three timesteps for the standard parameter
space we observe for both R-3 (R0, = 1, Rpign, = 20) and Critical-5 (f = 0.5,3. = 1.0).
Using EHT’s constraint from [8]], bold values in the tables below mark models that fit between the
0.04 < By < 0.7 constraint. No fiducial models for SANEs pass the 35 constraint, while few MAD

models pass.

SANE (a= —0.5) MAD (a= —0.5)
R-p R-p Crit—pg Crit—p R-f R-p Crit—p Crit—g
w./ Jet w./ Jet w./ Jet w./ Jet

Ba(fpos.min) 2.96 - 10731.38 - 1073 1.64 - 1073 1.40- 10737.55- 1072 1.10- 10~ 7.57-1072 1.03 - 10~*

B fpos,max)7-20 - 10742.72 - 1073 2.07 - 1073 4.25 - 10737.09 - 10724.06 - 102 8.78 - 102 1.24 - 10!

SANE (a =+0.94) MAD  (a = +0.94)
R-p R-p Crit—p Crit—f8 R-f R—p Crit— 8 Crit—p
w./ Jet w./Jet  w./ Jet w./ Jet

B2(fpos.min) 5.72-10731.99 - 1073 8.93 - 10~* 5.00 - 10733.26 - 1072 2.93 - 10~2 3.04- 1072 2.90 - 102

B2(foosmax)1.24 - 10725.12- 1072 1.17- 1072 9.18 - 10723.31 - 107 2.87- 1072 3.49-1072 3.08 - 10~

Table 6.3: Azimuthal structure mode 3, for fiducial models at 7" = 20, 000M . The observational
constraints from EHT M87 Paper VII are in the range 0.04 < |35 < 0.07. The bold value refers
to the fiducial model which satisfies the observational constraints.

SANE (2 = —05) MAD (a = —05)
R-38  R-B Crit—f8 Crit—f8 R-8 R—-3  Crit—8 Crit—8
w./ Jet w./ Jet w./ Jet w./ Jet

B2(fpos,min) 3.51-107°2.82- 107 3.84 - 1073 3.80- 1072 6.22- 1073 6.31 - 1073 1.17- 102 6.18 - 10~ *

B2 (fposmax)2.96 - 10733.03 - 1073 4.24 - 1073 9.86 - 10~% 1.47- 1072 9.83 - 1073 2.15- 102 1.32 - 102

SANE (a = +0.94) MAD (a = +0.94)
R—j R—-p  Crit—p Crit—f  R-f R—p  Crit—p Crit—g
w./ Jet w./Jet  w./ Jet w./ Jet

Ba( fpos,min) 2.25 - 10727.28 - 1073 5.54 - 1073 7.69- 1072 3.23 - 1072 2.42- 107?3.58 - 107 22.77 - 102

B fpos,max)2.85-10721.11- 1072 1.15- 1072 5.01 - 10733.93 - 10~ 22.72- 102 3.55 - 102 2.72 - 102

Table 6.4: Azimuthal structure mode 3 for fiducial models at 7" = 25, 000M . The observational
constraints from EHT M87 Paper VII are in the range 0.04 < |f33| < 0.07. The bold values refer
to fiducial models which satisfy the observational constraints.
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SANE (2 = —05) MAD (a = —0.5)
R—p R-p Crit—p Crit—f8 R—0 R-p Crit—p Crit—p
w./ Jet w./ Jet w./ Jet w./ Jet

B2 (foos,min) 5.54 - 10738.34 - 1072 2.43 - 1072 4.02 - 10733.96 - 10723.36 - 1072 2.68 - 1072 3.94-10~

B (fpos.max)3.99 - 107%8.63 - 1073 1.50 - 1073 3.57 - 10733.77 - 10723.34 - 1072 3.61 - 102 6.65 - 102

SANE (a = +0.94) MAD (a = 40.94)
R-3 R-B Crit—f8 Crit—8 R-8 R-B8 Crit—f8 Crit—g
w./ Jet w./Jet  w./ Jet w./ Jet

B2(fpos,min) 1.04 - 10727.49 - 1072 7.02- 1073 5.10 - 10732.69 - 10721.85- 1072 1.00 - 10~2 3.76 - 103

B2(fpos,max)9-70 - 10731.40 - 1072 5.76 - 1072 2.19 - 10723.51 - 10721.93 - 1072 1.28 - 1072 9.57-1073

Table 6.5: Azimuthal structure mode S for fiducial models at 7" = 30, 000M . The observational
constraints from EHT M87 Paper VII are in the range 0.04 < |5 < 0.07. The bold value refers
to the fiducial model which satisfies the observational constraints.

6.2 Bremsstrahlung Contribution

We investigate the contribution of bremsstrahlung radiation in the JAB system as a way to com-
pare the reliability of the models. Following the results of EHT’s work over Sgr A*, some of
the R-5 models failed observational constraints due to overproduction of X-rays from excess
bremsstrahlung [4]. While preliminary results in [[17] indicated the Critical-8 model may reduce

this excess bremsstrahlung, we discuss our full results following that investigation here.
6.2.1 MAD Effects

Figures and show a direct comparison of spectra for the standard parameter set of R-/3
(Riow = 1, Rpign = 2) and Critical-8 (f = 0.5,3. = 1.0) for a single snapshot. For MAD
a = —0.5 there is a consistent and obvious lower contribution of bremsstrahlung from the Critical-
£ model through all timesteps. For MAD a = +0.94, although not obvious, the bremsstrahlung

line is overall lower for Critical-$ across all timesteps compared to R-£.
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Figure 6.1: Spectra for MAD a = -0.5 and T = 20,000M. Left: SED for the Critical-3 model
showing lower bremsstrahlung contribution (purple) contributing to the validity of the model where
f =0.5and 3. = 1. Right: SED for the R-3 model where bremsstrahlung surpasses 103 erg s=1.
R0 1s the standard 1 and Rj,;4, = 20.
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Figure 6.2: Spectra for MAD a = +0.94 and T' = 25,000M. Left: SED for the Critical-3
model showing slightly lower bremsstrahlung contribution (purple) contributing to the validity of
the model where f = 0.5 and 3. = 1. Right: SED for the R-3 model where R,,,, is the standard 1
and Rhigh = 20.

In investigating how the effects are changed using the lower 3. values listed in Table[5.3] we
observe even lower bremsstrahlung peaks in two different spins in Figure [6.3] than in previously

computed Critical-3 SEDs.
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Figure 6.3: Spectra for MAD Critical-£ at two different spins for 7" = 20, 000M/. SED is com-
puted using the values f = 0.5 and 5. = 0.1. We observe once the (. value is lowered from the
standard 1.0, the bremsstrahlung contribution (purple) is one magnitude lower than its previous
Critical-8 model counterparts.

6.2.2

SANE Effects

Figures |6.4] and show a direct comparison of spectra for the standard parameter set of R-/3

(Riow = 1, Rpign = 2) and Critical-§ (f = 0.5, 8. = 1.0) for a single snapshot. The SANEs have

a more prominent bremsstrahlung contribution in all our models when compared against MADs.

For both SANE spins (a = —0.5, 40.94), there is a large distinction between bremsstrahlung con-

tribution between both R-/3 and Critical-5. The Critical-3 model has up to orders of six magnitude

less bremsstrahlung radiation.
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Figure 6.4: Spectra for SANE a = —0.5 and 7" = 30,000 . Left: SED for the Critical-5 model
showing extremely lower bremsstrahlung contribution (purple) where f = 0.5 and 3. = 1. Right:
SED for the R-/3 model where bremsstrahlung surpasses 103 erg s=! showing a magnitude of 6
difference. R, is the standard 1 and Ry;q, = 20.
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Figure 6.5: Spectra for SANE a = +0.94 and T" = 30, 000M . Left: SED for the Critical-5 model
showing extremely lower bremsstrahlung contribution (purple) where f = 0.5 and 5. = 1. Right:
SED for the R-/3 model where bremsstrahlung surpasses 1037 erg s~! showing a magnitude of 4
difference. R, 1s the standard 1 and Rj;q, = 20.

We note inconsistencies with matching observational data at the 230 GHz line or between
10" — 10'2Hz for our SANE models due to our current dimensionless mass unit (M) within our

simulations. Despite this, we notice the trend of bremsstrahlung in the R-/5 model of Figure [6.4]
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greatly exceeds SED trends throughout the literature [27,31,/68]] even when scaled correctly.

6.3 Flux Eruption Events

As we study the temporal variation in the GRMHD simulation, there are noticeable flux eruption
events at certain snapshots shown in Figure [6.6] M87 has been observed to have noticeable vari-

ability in both intensity and polarization morphology over a timescale of thousands of gravitational

radii (years) [66].
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Figure 6.6: Temporal evolution of the MAD a = —0.5 simulation with horizon threading flux ¢
(red) and mass accretion rate 1 (green) for 7" = 10, 000M — 30, 000M . The vertical dotted lines at
T =17,730M,25,000M, and 27, 110M show the sharp peaks in ¢ with the troughs in 12 showing
the flux eruption events for those individual timestamps.

AtT = 25,000M foraMAD a = —0.5 displayed in Figure[6.7} there is a large visible flux loop
suggesting there may be a broader episodic phenomenon occurring throughout the evolution of the
accretion flow, as the flux loop is less noticeable at both individual timesteps before (20, 000M/)
and after (30,000M). Similar loop structures were observed for 7' = 17,730 and T" = 27, 110 M
with similar peaks and troughs for ¢ and 1, respectively. This sharp rise in the horizon threading
flux, accompanied by a sharp decrease in the mass accretion rate, is in accordance with the flux

eruption scenario in which a highly polarized magnetic flux loop is added to a MAD.
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Figure 6.7: For R- a = —0.5 MAD at T' = 25,000M, there is a noticeable flux eruption loop
outside of the photon ring in the circular polarization image on the right.
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Figure 6.8: Accompanying spectra for R-8 a = —0.5 MAD at 1" = 25,000 .
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Time Series for MAD a = +0.94
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Figure 6.9: Temporal evolution of the MAD a = +0.94 simulation with horizon threading flux ¢
(red) and mass accretion rate m (green) for 7' = 10,000M — 30,000M.
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Figure 6.10: Temporal evolution of the SANE a = —0.5 simulation with horizon threading flux ¢
(red) and mass accretion rate m (green) for 7' = 10,000M — 30,000M.

Similar morphologies can be seen throughout the evolution of the MAD a = +0.94 fiducial
simulation. Although more active in Figure[6.9] MADs still produce magnetic flux eruption events
through the outward push of gas from the accretion disk [23]]. This is seen in Figure [6.9]for large
flux eruption spikes towards the end of the temporal evolution of the simulation.

As expected for the SANE, there is no visible flux eruption throughout the evolution of the
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simulation, consistent with their negligible magnetic field flux. Figure depicts an inverse of
MAD behavior with an increase in mass accretion rate onto the disk accompanied by a decrease in

horizon-threading flux at certain fiducial times.

6.4 Modeling with Positrons

We observe how the inclusion of positrons changes the morphology of our models. Figures [6.11]
and depict how the R-5 model changes for a SANE. We see changes in the rotation and
diminishing length of the EVPAs and a large increase in circular polarization when positrons are
added. These images are produced with ?;,,, = 1 and Rp;g, = 20 at T" = 20,0000 for a spin of
a = —0.5.
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Figure 6.11: R — 3 SANE model with jet inclusion from IPOLE with zero electron-positron pair

fraction for a = —0.5 and T" = 20, 000M for the 230 GHz emission.

Stokes | [Jy pas—2]

le-5

CP [Jy pas™]

0.0010 40 1.5
1.0
0.0008 5p
0.5
0.0006 v
0 0.0
0.0004
3 -0.5
_20 - o 8
0.0002 7 '._ ; ~1.0
Npairs!/ (N 240
0.0000 -40 T T T -1.5
—40 —20 0 20 40 —40 —20 0 20 40
uas uas

Figure 6.12: R — 3 SANE model with jet inclusion from IPOLE with equal electron-positron pair
fraction for a = —0.5 and T" = 20, 000M for the 230 GHz emission.

Figures and depict how the R-/3 model changes for a MAD. These images are pro-
duced with 5, = 1 and Ry;q, = 20 at T = 20,0000 for a spin of a = —0.5. Although there is

no large changes in EVPAs, we notice an increase in circular polarization as positrons are included.
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Figure 6.13: R — 8 MAD model with jet inclusion from IPOLE with zero electron-positron pair
fraction for a = —0.5 and T" = 20, 000M for the 230 GHz emission.
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Figure 6.14: R — 3 MAD model with jet inclusion from IPOLE with equal electron-positron pair
fraction for a = —0.5 and T" = 20, 000M for the 230 GHz emission.

We see distinct changes for the R-/3 not only when positrons are included in the models, but
also stark differences between MADs and SANEs. This dichotomy depicts the distinguishable

differences for both accretion flow states.
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS

We presented an expanding investigation into emission modeling through turbulent heating pro-
cesses of EHT’s well-studied source M87. Despite large advances in the last few decades over the-
oretically and computationally modeling emission processes, there is still room for improvement
in matching simulated data to observational constraints. We aimed to bridge that gap by expanding
previously unexplored parameter spaces to see where they fall within observational constraints to
showcase the viability of different turbulent heating models.

In this thesis, we outlined a pipeline for creating a library of polarimetric images and corre-
sponding spectra for the full parameter set investigated for both the R-5 model and the Critical-(3
model. By expanding the SANE parameter space to include the spin a = +0.94, we are able to
probe the polarization effects beyond what was achieved in [[17]. We note the shortened timesteps
computed in this work in comparison to [[17] and will explore how polarization changes for this
expanded search when analyzed over the entire duration of the available temporal evolution as a
future direction (i.e. T'= 10,000 — 30, 000G M 57/ ¢*). In addition, models where equal electron-
positron pairs were introduced pass circular and linear polarization constraints nearly as often as
standard ion-electron dominated plasma as seen in Section [6.1.1]

Our primary findings are as follows:

Expanded parameter set of Critical-( values tested for M87 for the first time

Critical- passes more polarization constraints than R-/3

MADs and SANEs differ in both their circular and linear polarization values. MADs pass

more of the EHT constraint for both circular and linear polarization

No fiducial SANE models pass the 35 constraint while few MADs pass

We found MADs and SANEs differ wildly in their temporal evolution for the fiducial models

including the large flux eruption events for both a = —0.5 and +-0.94 in MADs while SANEs
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appear to have the opposite effect. This depicts the difference in magnetic fields for both

accretion flows.

* When the plasma is electron-positron pair dominated over electron-ion dominated, the model

has an overall higher polarization value and slightly varying EVPAs.
* Synchrotron emission in our spectra is consistent with observations at 230 GHz

 Consistent trend of lower bremsstrahlung contribution from Critical-3 model when com-

pared against SEDs of R-3 within the expanded parameter space

The verification of lower bremsstrahlung trend in the Critical-5 Model has gone beyond what
EHT has currently explored and may serve as a push to further investigate Critical-/3 in the same
light going forward. This is another step in verifying the Critical-3 model to become a strong
candidate to the opposing, widely used R-3 model.

Going forward, modifications can be into both GRMONTY and TPOLE to accurately capture the
phenomenology we wish to investigate. There is currently no inclusion into GRMONTY to resolve
the relativistic jet or include positrons. By introducing a similar o, as in TPOLE, we could
accurately resolve a jet region as currently done in ITPOLE and compare our simulated images with
new SED for our models that include a jet. Similarly, by including electron-positron pair plasma,
we could observe how the SED differs from a standard ion-electron dominated plasma. While
IPOLE currently harbors both of these modifications, an additional change we wish to implement
into IPOLE is to modify positrons locally. By individually tracking the positrons, we can better
account for their movement and dissipation throughout the turbulent plasma in the accretion disk.

We plan to extend this investigation into emission modeling to Sgr A* following [16]. Al-
though already tested for the parameters listed in Table by extending the analysis to our SED
framework, we can better understand the turbulent heating mechanism in the same light as we have
done here with M87.

The observing JAB phenomenology can be applied to other well-studied EHT sources such as

3C 279, a variable and interesting source on EHT’s radar. This similar deep dive into observing the
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Models Tested

Model Mode  7[°] s Rhigh  Riow  f B
Critical-5 MAD 163° -0.5 - - 05 1.0
Critical-5 MAD 163° +0.94 - - 05 1.0
Critical-3 MAD 163° -0.5 - - 05 0.1
Critical-3 MAD 163° +0.94 - - 05 0.1
Critical-3 SANE 163° -0.5 - - 05 1.0
Critical-5 SANE 163° +0.94 - - 05 1.0

R-f MAD 163° -0.5 20 1 - 1.0

R-3 MAD 163° +40.94 20 1 - 1.0

R-p SANE 163° -0.5 20 1 - 1.0

R-5 SANE 163° +40.94 20 1 - 1.0
Future Models to be Tested

Model Mode  i[°] s Riigh  Riow  f Be
Critical-3 SANE 163° -0.5 - - 05 0.1
Critical-5 SANE 163° +0.94 - - 05 0.1
Critical-3 MAD 163° -0.5 - - 0.5 0.01
Critical-3 MAD 163° +0.94 - - 0.5 0.01

R-5 MAD 163° -0.5 40 1 - 1.0
R-5 MAD 163° +0.94 40 1 - 1.0
R-f SANE 163° -0.5 40 1 - 1.0
R-f SANE 163° 40.94 40 1 - 1.0

Table 7.1: Values that have been tested in this thesis alongside values that will be tested for future
investigations. Every row will be tested for all three fiducial timesteps of 7" = 20, 000/, 25, 000 M,
and 30,000M as well as computed polarimetric images through TPOLE for both ion-electron
plasma and electron-positron plasma.

emission and morphology throughout the temporal simulation can be produced in the same light

for a different source to see how well 3C 279 fits within EHT’s observed constraints using our

framework.

Overall, we will continue to expand the parameter space beyond what was investigated here to
study more Rp;q, values in the R-5 model as well as compare those additional Rp,;g, values with

overlapping parameters in the Critical-5 model as laid out in Table This initiative will serve

as an extension of the turbulent emission analysis.
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APPENDIX A: FULL POLARIZATION TABLES

Listed below are the circular and linear polarization tables for the individual three timesteps in our

simulations (7" = 20, 000M — 30, 000M).

SANE (a = —0.5) MAD (a = —0.5)
R-p R—8 Crit — 8 Crit — 8 R—-8 R—8 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[m|net(fpos,min) 1.08-1072 1.71-10~2 224-10"° 6.80-10~ 8.69-1072 6.21-102 6.49-10"2 4.63-10"2
|m|net(fpos,max) 5.37-1073 1.32-1072 1.86-1073 1.21-10"2 1.01-10~! 7.06-10"2 9.76-10"2 7.00-10~2
< |m| > (fpos,min) 7.72-1071 9.01-10-2 7.83-1072 941-10"2 3.71-10~! 3.24-10"! 3.01-1071 2.79.107!
< |m| > (fpos,max) 8.32-10"2 1.00-10"! 8.27-10"2 1.04-10"! 474-107! 4.15-10"! 4.12-10"! 3.91-10"!
SANE (a =+0.94) MAD (a =+0.94)
R-p R—8 Crit — 8 Crit — 8 R-8 R—8 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[m|net(fpos,min) 2-69-1072 1.86-10~2 1.95-10"2 1.74-10"2 6.58-10"2 5.77-10"2 5.54-10"2 15.41 102
|m|net(fpos,max) 3.41-1072 2.25.1072 2.62-10"2 1.64-1072 6.02-1072 5.01-10"2 7.19-1072 6.21-1072
< |m| > (fpos,min) 3.40-1072 2.19-10"! 2.18-10"! 2.24-107! 5.93-107! 5.36-10"! 5.65-10"1 5.22.107!
< |m| > (fpos,max) 2.13-1071  2.30-10"1 2.22.10"! 231-10"! 591-10"! 537-107! 592.-10"! 543.10"1

Table A.1: Linear polarization for |m,,.;| and < |m| > for T" = 20,000 . From [8], observational
m| >< 0.107. The bold values

constraints were found to be 0.01 < \mnet‘ < 0.037 and 0.057 << |

refer to values that satisfy the linear polarization constraints.

SANE (a = —0.5) MAD (a = —0.5)
R—p R-p Crit — 8 Crit — 8 R—8 R—8 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[ViInet (fpos,min) 1.23-10~7 2.68-1073 3.64-10-2 1.72-10"2 —4.49-10~3 —3.33 1073 —3.58-10~3 —3.02- 103
|V |net (fpos,max) 1.41-1072 —6.89-1073 5.52-1072 1.04-10"2 -2.69-1073 —1.36-1073 —3.19-1073 1.54 1073
<|V| > (fpos,min) 1.47-1072  8.65-1073 4.48-10~? 3.07-10"2 3.60-1072 2.76-1073 3.26-10~3 2.56-1073
< V| > (fpos,max) 2.11-1072  1.70-10"2 7.25-10~? 3.96-10"2 1.28-1073 7.05-10"* 1.45.1073 7.64-10~*
SANE (a = +0.94) MAD (a = +0.94)
R-p R-p Crit — 8 Crit — 8 R-p R-7 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[VInet (fpos,min) —1.54-1072 —1.06-10~2 —2.19- 102 —2.37-10~% —1.69- 1073 —1.71-1073 —2.16-10~3 —1.90- 103
|V |net (fpos,max) —4.63-1072 —4.41-1073 —3.03-1072 —3.84-10"2 —~1.30-10"% —3.63-10~% —4.54-10~*% —4.60- 10~
<|V| > (fpos,min) 9:06 1072  1.40-10-2 2.30-10"2 3.62-10"2 291-10"2 2.08-1073 2.90-10=3 2.14.1073
< V| > (fpos,max) 1.80-1072  3.62-10"2 3.43-10"2 6.85-102 6.85-10~% 3.65-10"* 6.51-10~* 3.94.10~*

Table A.2: Circular polarization for |V|,.; and < |V| > for 7" = 20,000M The bold models
satisfy the EHT limit of —8.0 - 1073V,,.; < 8.0- 1073 and 0 << |V| >< 3.7- 1072
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SANE (a = —0.5) MAD (a = —0.5)
R-8 R-8 Crit — 8 Crit — 8 R-3 R-8 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[m[net(fpos,min) 3.92-1073 4.77-1073 853102 5.69-10~3 5.51-1072 4.07-10~2 6.93-10"2 4.86- 1072
|mnet (fpos,max) 1.62-1073 6.29-1073 2.73.107% 6.14-1073 3.67-10"2 3.10-10"2 521-1072 3.53-102
<|m| > (fpos,min) 1.29-1071 142-1072 1.35-10~! 1.46-10"' 3.49-10-' 3.30-10"! 2.71-107' 253.107!
< |m| > (fpos,max) 1.31-1071  1.49.10"1 1.39-10"! 1.50-10"! 4.20-10"! 3.60-10"! 3.83-10"! 3.46-10"!
SANE (a = +0.94) MAD (a = +0.94)
R-8 R-8 Crit — 8 Crit — 8 R-3 R-8 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[m[net(fpos,min) 1.05-10"2 1.41-10-2 1.47-10"2 1.82-10~° 4.91-10-2 4.56-10—2 3.07-10" T 3.67-10 1!
|m|net (fpos,max) 2.80-10"2 1.06-10-2 9.02-10~3 7.39-1073 5.17-1072 5.06-1072 4.38-1072 4.82-1072
<|m| > (fpos,min) 2.35-1071 2.58-1071 1.94-10! 1.98-107! 5.76-107! 5.18-10"! 4.98-107! 4.88-107!
< |m| > (fpos,max) 2.39-1071  2.65-10"1 2.00-10"! 2.14-10"! 586-10"! 552-10"! 576-10"! 5.26-10"1

Table A.3: Linear polarization for |m,,| and < |m| > for T" = 25, 000M/. From [8]], observational
m| >< 0.107. The bold values

constraints were found to be 0.01 < \mnet‘ < 0.037 and 0.057 << |

refer to values that satisfy the linear polarization constraints.

SANE (a = —0.5) MAD (a = —0.5)
R-B R-p Crit — 8 Crit — 3 R-8 R-8 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[VInet(fpos,min) —5.60-1073 —1.68-10—° 7.78-10~3 —2.86-10~3 —4.50-10~2 —3.53-107° —4.24-10~3 —3.58 - 103
|V ]net(fpos,max) —2.81-1072 2.59.1073 3.15-1072 1.40-1072 —1.39-1073 —8.99-10"% —1.19-1073 —8.45-10~4
<|V| > (fpos,min) 6.75-1073  4.69-1073 8.94-10=3 6.57-1073 3.98-1073 2.96-10"3 3.82-10~3 3.03-1073
< V| > (fpos,max) 1.28 - 1072  6.41-1073 2.32-10"2 1.06-10"2 9.04-10~* 5.75-10"* 8.57-10* 5.66-107%
SANE (a = +0.94) MAD (a = +0.94)
R-B R-p Crit — 8 Crit — 8 R-8 R-8 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[VInet (fpos,min) 2.63-10"2 4.24-10-2 1.99-10-2 2.96-10-2 —3.63-10~3 —2.33-10~% —3.31-10"3 —2.41-10~3
|V]net(fpos,max) 5.78-10"2 7.61-102 1.35-10"2 2.32-10"2 —1.13-1073 —-7.37-10% —1.80-1073 —7.29.10~4
< V| > (fpos,min) 6.65-1073 1.20-10"2 8.97-10—% 1.62-102 3.17-10—2 2.17-10"% 3.13-107% 2.19-1073
< V| > (fpos,max) 1.52-1072 2.62-1072 6.48-1073 1.41-10"2 7.62-10~* 5.02-107* 1.05-1073 4.86-107%

Table A.4: Circular polarization for |V|,.; and < [V| > for " = 25,000M The bold models
satisfy the EHT limit of —8.0 - 1073V,,.; < 8.0- 102 and 0 << |V| >< 3.7- 1072

SANE (a = —0.5) MAD (a = —0.5)
R-3 R-3 Crit — 8 Crit — 8 R-3 R-8 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[m[net(fpos,min) 5.00-1073 4.95-1073 7.90-10~% 1.75-10~% 6.71-1072 4.34-10~2 5.49-10"2 4.46-10~2
|mnet (fpos,max) 8.74-1073 4.82.1073 4.48-1073 831-107% 552-1072 2.43.10"2 568 1072 2.67-10"2
<|m| > (fpos,min) 1.39-1071  1.46-1072 1.45-10"! 1.52-107' 3.17-107' 3.15-10! 2.552.107! 261-107¢
< |m| > (fpos,max) 1.40- 1071 1.48-1071 1.46-10"1 1.53-1071 4.63-1071 4.45-10"1 4.02-10"! 4.06-10"1
SANE (a = +0.94) MAD (a = +0.94)
R-3 R-3 Crit — 8 Crit — 8 R-3 R-8 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[m[net(fpos,min) 1.69-1072 6.33-10~3 1.64-102 1.18-10-2 3.21-10-2 250 -10-2 1.19-102 6.00-10~3
|m|net (fpos,max) 2.30-10"2 2.34-10"2 6.35-1073 876-1073 4.46-10"2 2.80-10"2 1.39-10"'! 1.35.-102
< |m| > (fpos,min) 2.25-1071 2.65-10"1 217.-10"! 253.107! 5.74-107! 5.22-10"! 5.06-10"! 4.77.-1071
< |m| > (fpos,max) 2.30- 1071 2.75.1071 2.16-10"! 2.63-10"! 581-10"! 532-107! 568-10"1 5.27-1071

Table A.5: Linear polarization for |m,,.;| and < |m| > for ' = 30, 000M . From [8]], observational
constraints were found to be 0.01 < |y, < 0.037 and 0.057 << |m| >< 0.107. The bold values
refer to values that satisfy the linear polarization constraints.
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SANE (a= —0.5) MAD (a = —0.5)
R-8 R-8 Crit — 8 Crit — 8 R-8 R-8 Crit — 8 Crit — 8
w./ Jet w./ Jet w./ Jet w./ Jet
[VInet (fpos,min) —7.11-1073 —2.37-10-% —2.17-10~3 5.48-10~3 —1.98-10~3 —1.58-10"° —1.89-10~3 —1.40-10~3
|V |net(fpos,max) 1.04-1072 6.43-1073% 5.85-1072 2.64-10"2 —2.10-1073 —9.43-10~% —1.67-1073 —1.03-1073
<|V| > (fpos,min) 8:39-1073  4.94-1073 1.27-1072 7.33-1073 2.67-1072 2.08-1073 2.69-10~3 2.04-1073
< V| > (fpos,max) 1.18 - 1072  4.86-10"2 2.63-10"2 1.15-10"2 9.32.-10~* 5.48.10* 7.51-10* 5.60-10"%

SANE (a = +0.94) MAD (a = +0.94)
R—8 R—83 Crit—8  Crit—8  R—-8 R—8 Crit— 8  Crit— 8
w./ Jet w./ Jet w./ Jet w./ Jet

[VInet(fpos,min) 2.12-1072 4.06-10~2 1.20-10~3 —3.91-10~% —4.57-10~% —8.88-10~% —1.37-10~3 —1.33-10~3
[V |net (fpos,max) 2.93-10"2 4.84-.10~2 5.71-1073 6.27-1073 1.76-1073 4.65-10~* 9.03-10~* 2.61-10~*
<|V| > (fpos,min) 5.86-1073  1.12-1072 4.02-10=3 7.68-1073 2.04-1072 1.45-1073 1.80-10=% 1.41-1073
< V| > (fpos,max) 9:99- 1073 1.43-10"2 2.60-10"2 5.51-10~2 5.50-10~* 3.11-10* 4.63-10~* 2.80-10~%

Table A.6: Circular polarization for |V|,. and < |V| > for T' = 30,000M The bold models
satisfy the EHT limit of —8.0 - 1073V,,.; < 8.0- 1073 and 0 << |V| >< 3.7- 1072
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APPENDIX B: GRMONTY USER GUIDE

There are two versions of GRMONTY on GitHub: |igrmonty|and |igrmonty2D. In addition,
there is a branch of GRMONTY by A. Ricarte modified to use the Critical- model. This user guide
will discuss how to compile and produce a spectrum for A. Ricarte’s GRMONTY.

There is a generic tutorial for compiling and creating a simple iharm spectrum. There is a
paper describing the analytics and theory behind the Monte Carlo code used for GRMONTY.

A general UTSA ARC user guide can be found here. ARC is a Linux-based terminal, so it is

necessary to be familiar with basic Linux commands, found herel

1. Importing Simulation Data

() KHARMA dump samples can be found in the box repository from G. Wong as .hS5 files

1. The filenames are labeled as follows: Ma stands for MAD, Sa stands for SANE.
There are two spin states (a): -0.5 and +0.94. The end number gives the timestep

(M) when multiplied by 5.
(b) There are two processes when trying to transfer files on ARC:

1. Using the SCP command to transfer into the desired directory with scp
filename.h5 abcl23@arc.utsa.edu:/work/abcl23

/yourdirectory within the ARC terminal

ii. Using a second party application WinSCP) to upload

2. Compiling GRMONTY

(a) Now that the files are on ARC, we are ready to download and compile GRMONTY.

1. To log onto the terminal, it is easiest for Mac users to use the terminal and for

Windows users to use MobaXterm

ii. To properly log onto a MobaXterm session, follow these steps:
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iil.

1v.

Vi.

Vii.

viii.

iX.

A. Click aSessiona in the far-left corner of the application, and then 4SSHA in the
next pop-up box

B. Enter the following to access ARC in the 4Basic SSH settingsa: Remote host:
arc.utsa.edu Specify username: abc123 Port: 22

C. After logging on, you will be prompted to enter your UTSA password and use
two-factor authorization to confirm your identity

D. After hitting OK, you should see a screen similar to this. You are now logged
into the ARC cluster

Create a directory for GRMONTY using the command mkdir GRMONTY or any

name you prefer to use for the directory

Move into the new directory using cd GRMONTY. To download the version with

multiple models, use the clone command git clone followed by the url to the

repository

We now need to load the proper modules to compile. You can always check what

modules are available on arc by running module spider. GRMONTY requires

gsl and hdf5. Load these by running: module load gsl and module load

hdfb

In addition to the modules, you will need to access the makefile and remove the

—-static flag in the CFLAGS line in order for GRMONTY to properly compile on

ARC. Press I on the keyboard to modify the file and e sc key when finished. Save

and exit the file using : wg. This flag does not allow the needed shared libraries to

be used that were previously loaded.

At the top of the makefile, the MODEL should be set to iharm. It should be the

default. We are running GRMONTY in the HARM scheme.

GRMONTY can now be compiled using the command make

To confirm it properly compiled, use the 1s command and make sure grmonty

is now green lettered instead of blue.
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3. Choosing the Turbulent Heating Model

(a) Once compiled, you will choose which turbulent heating model you prefer to run.
While the original versions of GRMONTY are only programmed for the R— /3 model,
Ricarte’s version has Critical— implemented. Here is how to modify which model

you want to use

i. Move into the directory /work/abcl23/GRMONTY /model/iharm

ii. Use the command vi model. c to open the file. You should see this screen:

iii. Highlighted in yellow above is the parameter to change to modify which turbulent
heating model you prefer to use. Set static int with_electrons to?2 for
R- model or 3 for Critical-5 model. If the modification is being overwritten when

running, add with_electrons to the template.par file instead.

4. Running the Simulation

(a) After picking which model we want to run, we can now modify the parameter file. You
should find the template.par file under /work/abcl23/GRMONTY. Open this

fileusing vi template.par

(b) This is a list of parameters you will find and edit to properly run your simulation.
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Parameters in
template.par file

Definitions

Fit_bias = 1 to enable bias tuning, = 0 to disable

Fit_bias_ns Ns used for bias tunning (smaller = fast & less accurate
Bias >1 for thin, <1 for thick

Ns Number of superphotons in the spectrum

MBH Central black hole mass

M_unit Mass unit for the plasma in accretion flow

TP_OVER _TE Proton-electron temperature ratio

Dump Insert path to grmhd snapshot/dump sample
spectrum Insert path to output spectra data to

(c) Tips for modifying your parameter file:

1. Start with a higher number of superphotons (<500,000) to reduce noise

ii. If there are multiple errors, decrease the bias

iii. If the ratio is zero while running, increase the bias

iv. Bias tuning works best when the seed value is a smaller value

v. If preferred, comment out TP_ OVER_TE anduse trat_smallandtrat_large.

This allows you to input a specific [, and Ry, value instead of a set tempera-

ture ratio.

(d) After modifications are done, GRMONTY is ran using the command . /grmonty -par

template.par. After the run finishes, the outputted file will be in the specific di-

rectory on the spectrum line in the template.par file.

5. Generating a Spectrum

(a) After the run is finished, we can generate a spectrum using the plspec.py file. First

we need to open a virtual machine on ARC which is needed to run python.

(b) To use a virtual machine on ARC, you need to be in an interactive session first.

i. To start an interactive session on a non-GPU compute node, use the command

srun -p computel -n 1 -t 01:30:00 —-pty bash

55



ii. To start an interactive session on a GPU node, use the command srun —-p

gpuvl00 -n 1 -t 01:30:00 -pty bash
(c) To start the virtual environment, you will need two commands:

1. First run module load anaconda3

ii. Then conda activate myvm and you should see a (mywvm) line in the ter-

minal. The python environment is now activated.

(d) To generate a spectrum, run the command python3 plspec.py
path/to/outputted/spectrum.h5. A .png file will be produced in the same

directory where the outputted .h5 files are from the simulation.

1. Note that you cannot see your outputted image on ARC. You will need to download

it to your local device either with the SCP command or through the WinSCP app.

ii. Your spectrum should look similar to Figure [4.3]
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