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ABSTRACT
We study the observational signatures of magnetically arrested black hole accretion with non-rotating inflow onto a rotating
black hole; we consider a range of angles between the black hole spin and the initial magnetic field orientation. We compare
the results of our General Relativistic Magneto-Hydrodynamic simulations to more commonly used rotating initial conditions
and to the Event Horizon Telescope (EHT) observations of M87. We find that the mm intensity images, polarization images,
and synchrotron emission spectra are very similar among the different simulations when post-processed with the same electron
temperature model; observational differences due to different electron temperature models are significantly larger than those due
to the different realizations of magnetically arrested accretion. The orientation of the mm synchrotron polarization is particularly
insensitive to the initial magnetic field orientation, the electron temperature model, and the rotation of the inflowing plasma. The
largest difference among the simulations with different initial rotation and magnetic tilt is in the strength and stability of the jet;
spherical inflow leads to kink-unstable jets. We discuss the implications of our results for current and future EHT observations
and for theoretical models of event-horizon-scale black hole accretion.
Key words: black hole physics – accretion, accretion discs – relativistic processes – methods: numerical

1 INTRODUCTION

Using 230 GHz observations in April 2017, Event Horizon Tele-
scope Collaboration et al. (2019a,c) presented the first images of the
central supermassive black hole in M87. These were followed by
the quasi-simultaneous broad-band M87 spectrum data (EHT MWL
Science Working Group et al. 2021), as well as the recently released
polarization measurements (Event Horizon Telescope Collaboration
et al. 2021a,b). These results not only improve our understanding of
black hole astrophysics, but also open a new way to quantitatively
study strong-field general relativity (e.g. Gralla et al. 2020).
Traditionally, the process of black hole accretion was studied with

semi-analytic models (e.g. Shakura & Sunyaev 1973; Blandford &
Znajek 1977; Narayan & Yi 1994; Narayan et al. 2000). To achieve
higher complexity and capture more realistic physical processes,
however, one needs to switch to numericalmethods.At this time,most
numerical work on black hole accretion has centered on General Rel-
ativistic Magneto-Hydrodynamic (GRMHD) simulations, which are
commonly initializedwith a torus of plasma orbiting the central black
hole (Fishbone & Moncrief 1976; Gammie et al. 2003; Penna et al.
2013; Porth et al. 2017). A dynamically weak magnetic field, typi-
cally aligned with the black hole spin, seeds the magneto-rotational
instability (MRI, Balbus & Hawley 1991) and drives accretion. Such
dynamical models, combined with post-processing ray tracing cal-
culations of the synchrotron emission (Dexter & Agol 2009; Dexter
2016; Mościbrodzka & Gammie 2018), can produce asymmetric
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black hole images that qualitatively match the EHT observations
(Event Horizon Telescope Collaboration et al. 2019d).
Despite the success to date, it should be emphasized that there

are considerable uncertainties in GRMHD simulations of black hole
accretion, with a large portion of the possible parameter space still
unexplored. For example, current theoreticalmodels are broadly cate-
gorized as eitherMagnetically Arrested Disks (MAD, Igumenshchev
et al. 2003; Narayan et al. 2003) or Standard And Normal Evolution
(SANE,Narayan et al. 2012) depending on themagnitude of themag-
netic flux threading the black hole. This quantity cannot, however,
be directly measured with observations so far. Secondly, the exact
value of the black hole spin 𝑎 in any particular system is uncertain.
In addition, due to uncertainty in the physics of particle heating in
the near-horizon plasma, the relation between the proton and elec-
tron temperature is still unclear in systems like M87 (e.g. Zhdankin
et al. 2019), leading to a substantial uncertaintywhen computing syn-
chrotron emission. Moreover, while it is typically assumed that the
black hole spin, initial magnetic field and gas angular momentum are
all aligned, this does not need to be the case; indeed, the tilted case(s)
are an active research frontier (White et al. 2020; Chatterjee et al.
2020; Ressler et al. 2021). These uncertainties need to be addressed
before we can precisely constrain black hole accretion models and
fundamental physics with astronomical observations.
In this paper, we study the observational signatures of tilted mag-

netic fields in black hole accretion: since there is no a priori reason
to think that the magnetic field in the inflowing plasma must neces-
sarily be aligned with the black hole spin axis, it is more plausible
to treat the tilt of the magnetic field as a free parameter. This idea
is implemented in the simulations presented in Ressler et al. (2021),
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where the initial angular momentum of the gas is set to zero so as to
disentangle the effects of tilted magnetic field and tilted gas angular
momentum (White et al. 2020; Chatterjee et al. 2020).
The remainder of this paper is organized as follows. Section 2

outlines the numerical methods, while section 3 compares the fluid
properties of accretion flows with different magnetic tilt and differ-
ent amounts of initial gas rotation. We then present our results for
intensity images in Section 4, spectra in Section 5, and polarimetric
images in Section 6. Throughout we compare to the EHT results on
M87. We conclude in Section 7.

2 METHODOLOGY

We use the spherical MAD simulations presented in Ressler et al.
(2021), which employed Athena++ (White et al. 2016; Stone et al.
2020) and were initialized with uniform, zero angular momentum
gas and uniform magnetic fields with four different tilts (0◦, 30◦,
60◦ and 90◦, which are labeled as Bz, B30, B60 and Bx respectively
throughout this paper) with respect to the 𝑎 = 0.9375 black hole
spin direction. The GRMHD equations were evolved in Cartesian
Kerr–Schild coordinates (Kerr 1963) extending at least 1,600 gravi-
tational radii 𝑟g = 𝐺𝑀/𝑐2 in all directions, with nested static mesh
refinement such that the resolution is comparable to or better than
1923 in logarithmic spherical Kerr–Schild coordinates. Note that by
spherical we mean the initial state of the ambient gas is spherically
symmetric and has no angular momentum, but as the system evolves
the gas will of course gain angular momentum through frame drag-
ging of the central black hole and magnetic torques.
In all four cases, the gas is initially isothermal everywhere exterior

to 6 𝑟𝑔 with a Bondi radius 𝑟Bondi = 2𝑟g𝑐2/𝑐2s = 200 𝑟g, where
𝑐s is the sound speed of the gas, which has adiabatic index 𝛾 =

5/3. The simulations are run for 20,000 gravitational times 𝑟g/𝑐,
corresponding to approximately 10 free-fall times at theBondi radius,
with only data from times 𝑡 > 6,000 𝑟g/𝑐 used in this analysis. As
shown in Ressler et al. (2021), these simulations attain a self-similar
radial profile out to about 100 𝑟g.
For comparison, we also use a standard 𝑎 = 0.9375 rotatingMAD

torus simulation (labeled as MAD hereafter). The initial constant
angular momentum Fishbone & Moncrief (1976) torus has an inner
radius of 𝑟in = 20 𝑟g and a pressure maximum of 41 𝑟g. The initial
magnetic field is set via the vector potential 𝐴𝜑 ∝ max(𝑞, 0), with

𝑞 =
𝜌

𝜌max

(
𝑟

𝑟in

)3
sin3 (𝜃) exp

(
− 𝑟

400𝑟g

)
− 0.2, (1)

where 𝜌 is the fluid framemass density, 𝜌max = 1, and the proportion-
ality constant is set so that the maximum pressure in the torus divided
by the maximum magnetic pressure in the torus is 100. Small per-
turbations are added to the torus pressure at 2% level. The adiabatic
index for this simulation is 𝛾 = 13/9. The MAD torus simulation is
run for 104 𝑟𝑔/𝑐 and reaches approximate inflow equilibrium (based
on constancy of ¤𝑀) out to ' 30 𝑟𝑔. While the fluid state beyond this
and especially beyond the initial pressure maximum where the sim-
ulation still retains memory of the initial condition is not expected to
be representative of what is found in Nature, our results – even when
considering very faint emission as in Sec. 6 – are only negligibly
affected by material beyond ∼16 𝑟𝑔.
To calculate the radiative properties of these simulations, we adopt

a series of electron temperature post-processing models, with differ-
ent fixed values of electron-proton temperature ratio 𝑇𝑒/𝑇𝑝 . The
electron temperature 𝑇𝑒 can be computed from GRMHD fluid pres-

sure 𝑝 and density 𝜌 with

𝑇𝑒 =
2

1 + 𝑇𝑝/𝑇𝑒
𝑇fluid =

𝑚𝑝 𝑝

(1 + 𝑇𝑝/𝑇𝑒)𝑘𝐵𝜌
, (2)

where 𝑇fluid = (𝑇𝑒 + 𝑇𝑝)/2 = 𝑚𝑝 𝑝/(2𝑘𝐵𝜌) is defined as the (to-
tal) fluid temperature. In this paper, we consider 𝑇𝑒/𝑇fluid = 1/16,
1/8, 1/4, 1/2, 1 and 2. Motivated by the heating of electrons in a
collisionless plasma, it has been argued that the ratio 𝑇𝑒/𝑇𝑝 may
depend on the plasma 𝛽 (Quataert & Gruzinov 1999; Howes 2010;
Zhdankin et al. 2019). We also carried out a number of calculations
with the 𝑅high−𝑅low model of Mościbrodzka et al. (2016), which in-
cludes such 𝛽 dependence, but found that themain points of this work
about the differences (or lack thereof) between spherical and rotating
MADs are very similar with the two types of electron temperature
models. This is consistent with Fig. 3 of Event Horizon Telescope
Collaboration et al. (2019d) where they show that different 𝑅high
models generate almost identical images for MAD simulations (note
that the 𝑅high = 1 model is the same as 𝑇𝑒/𝑇fluid = 1). For brevity, we
only show the results for the constant 𝑇𝑒/𝑇fluid models in this paper.
Once the electron and proton temperatures are determined, ra-

diation from various channels can be evaluated. We focus on syn-
chrotron radiation from hot electrons, and use the grtrans (Dexter
&Agol 2009; Dexter 2016) ray tracing code to generate intensity and
polarimetric images from the GRMHD simulation data. Since non-
radiative GRMHD simulations are scale-free, one needs to specify
the black hole mass 𝑀 and fluid density scale [𝜌] in the ray tracing
calculation. To match the M87 observations, throughout this paper,
we set 𝑀 = 6.5× 109 𝑀� and the distance to M87 as 𝐷 = 16.8Mpc
(Blakeslee et al. 2009; Bird et al. 2010; Cantiello et al. 2018). The
camera is located at 𝑟0 = 100 𝑟𝑔, with viewing angle 𝜃0 = 163◦
(Mertens et al. 2016) and azimuthal angle 𝜙0 = 0◦, and the images
are rotated such that the approaching jet has a position angle of 288◦
(Walker et al. 2018), pointing towards the right and slightly up. We
also tried another (arbitrarily chosen) viewing angle of 𝜃0 = 135◦,
but found that the main conclusions of this paper are insensitive to
the exact value of 𝜃0 (so they should apply to systems other than
M87). For each electron temperature model, we calibrate the fluid
density scale [𝜌] such that the total time-averaged intensity flux
𝐹𝜈 = 1.2 Jy at 𝜈 = 230GHz (Event Horizon Telescope Collabora-
tion et al. 2019c). We apply a cutoff for 𝜎 = 𝐵2/(4𝜋𝜌𝑐2) and ignore
the emissions from regions where 𝜎 > 1, which are not trustworthy
due to numerical issues in GRMHD simulations.
To quantitatively compare the black hole images, we use a set of

ring statistics as described below, similar to those used in EHT anal-
ysis (Chael et al. 2018; Event Horizon Telescope Collaboration et al.
2019c, 2021b). The main difference is that we introduce a distinction
between good and bad directions to make the analysis more robust
when the image does not have a well-defined ring structure.

(i) To locate the center of the ring, at each point (𝑥, 𝑦), we extract
1-d radial intensity profiles out to 60 𝜇as (corresponding to 15.7 𝑟𝑔 for
M87), along 𝑛𝜃 = 100 different directions 𝜃 evenly spaced between
0◦ and 360◦. The choice of 60 𝜇as should be enough as we find
that the outer radius of the ring 𝑟out (defined in step iv below) is at
most about 40 𝜇as for the cases considered in this paper. We linearly
interpolate the intensity between the pixel grids.
(ii) If, for example, the radial intensity profile is isotropic and

multimodal like the bottom panels in Fig. 1, the image will be a
series of concentric circles, inconsistent with the EHT observation
data. Therefore, for a single well-defined ring, from the center the 1-d
intensity profiles should be roughly unimodal along all the directions.
To impose this constraint, we find the global peak of the radial profile
for each direction, as well as all the high local peaks (higher than 50%
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Figure 1. Toy examples of good and bad directions for intensity image
analysis. In each panel, we plot the (blurred) 1-d slice of relative intensity as
a function of the distance to the ring center in the image. We consider the
small wiggles in the top panels as tolerable, but exclude the big fluctuations
in the bottom panels from certain steps of our analysis to enhance robustness
in defining the properties of the ring in our simulated images.

of the global peak). If such high local peak exists, we require that
between the innermost and outermost high peaks, the intensity should
always be larger than 85% times the lowest of the aforementioned
high local peaks. Otherwise, the 1-d profile is considered to have
non-trivial multi-modality, and we call the corresponding direction
𝜃 a bad direction. Some toy examples of good and bad directions are
given in Fig. 1. We do not simply require the 1-d profile of a good
direction to be strictly unimodal, since for example the small ripples
in the upper panels of Fig. 1 should also be acceptable.
(iii) For each good direction, we define the ring radius as the

location of the global intensity peak 𝑟pk (𝜃; 𝑥, 𝑦), and compute its
mean 𝑟pk (𝑥, 𝑦) and standard deviation 𝜎𝑟 (𝑥, 𝑦) among all the good
directions. Note that bad directions are excluded from 𝑟pk (𝑥, 𝑦) and
𝜎𝑟 (𝑥, 𝑦) computations. Suppose that 𝑛 bad (𝑥, 𝑦) directions are bad,
we optimize the following loss function, defined as the relative dis-
persion of the peak radius plus a penalty for bad directions,

𝑓 loss (𝑥, 𝑦) = 𝜎𝑟 (𝑥, 𝑦)/𝑟pk (𝑥, 𝑦) + 5𝑛 bad (𝑥, 𝑦)/𝑛𝜃 , (3)

using the Nelder-Mead method (Nelder & Mead 1965) to find the
position of the ring center (𝑥0, 𝑦0). We will omit the argument of
(𝑥0, 𝑦0) in the remainder of this section for simplicity.
(iv) At the ring center (𝑥0, 𝑦0), we find 𝑟pk (𝜃), the global peak of

the 1-d intensity profile; inner ring radius 𝑟in (𝜃), the smallest 𝑟 such
that 𝐼 (𝑟, 𝜃) = 0.5𝐼 (𝑟pk (𝜃)); and outer ring radius 𝑟out (𝜃), the largest
𝑟 such that 𝐼 (𝑟, 𝜃) = 0.5𝐼 (𝑟pk (𝜃)). If the intensity at 𝑟 = 0 is already
larger than 0.5𝐼 (𝑟pk (𝜃)), we also consider this a bad direction. We
average 𝑟pk (𝜃), 𝑟in (𝜃) and 𝑟out (𝜃) over all the good directions, and
define the ring diameter 𝑑 = 2𝑟pk and ring width 𝑤 = 𝑟out − 𝑟in.
(v) The ring orientation 𝜂 and degree of azimuthal asymmetry 𝐴

are defined via the first Fourier mode of the angular profile,

𝜂 =

〈
Arg

[∫ 2𝜋

0
𝐼 (𝜃)𝑒𝑖 𝜃 𝑑𝜃

]〉
𝑟 ∈[𝑟in ,𝑟out ]

, (4)

𝐴 =

〈 ��� ∫ 2𝜋0 𝐼 (𝜃)𝑒𝑖 𝜃 𝑑𝜃
���∫ 2𝜋

0 𝐼 (𝜃)𝑑𝜃

〉
𝑟 ∈[𝑟in ,𝑟out ]

. (5)

The fractional central brightness 𝑓𝐶 is defined as the ratio of the

averaged intensity at the center to the averaged intensity around the
ring,

𝑓𝐶 =
〈𝐼 (𝑟, 𝜃)〉𝜃 ∈[0,2𝜋 ], 𝑟 ∈[0,5𝜇as]

〈𝐼 (𝑑/2, 𝜃)〉𝜃 ∈[0,2𝜋 ]
. (6)

Note that the radial averaging in equations 4-6 is weighted by 𝑟, so it
represents the average over the 2-dim surface.
(vi) To analyze the polarimetric properties, we follow Palumbo

et al. (2020) and Event Horizon Telescope Collaboration et al.
(2021b) and compute the pixel-level image-averaged linear polar-
ization fraction,

〈|𝑚 |〉 =

∑︁
𝑖

√︃
Q2
𝑖
+ U2

𝑖∑︁
𝑖
I𝑖

, (7)

where we sum over all the pixels and time frames. We also define the
𝛽𝑚 coefficients in polar coordinates (𝜌, 𝜙) as

𝛽𝑚 =
1

𝐼ann

∫ 𝜌max

𝜌min

∫ 2𝜋

0
(Q + 𝑖U)𝑒−𝑖𝑚𝜙𝜌𝑑𝜙𝑑𝜌, (8)

where 𝐼ann is the total intensity flux between 𝜌min and 𝜌max. We take
𝑚 = 2, 𝜌min = 0, and 𝜌max to be large enough to contain the whole
ring in the image.

3 FLOW PROPERTIES AT HORIZON SCALE

In Fig. 2, we compare the 2-d averaged number density 𝑛total, tem-
perature 𝑇fluid and plasma 𝛽 for the different simulations. We set
the overall fluid density scale [𝜌] such that the time averaged flux
𝐹𝜈 = 1.2 Jy for the baseline 𝑇𝑒 = 0.5𝑇fluid model. To put more em-
phasis on the region relevant for the emission, for 𝑇fluid we weight
the average by the number density 𝑛total, while for 𝛽 we show the
harmonic mean, namely 1/〈1/𝛽〉. Here it is evident that B60 and
MAD have stronger jets and more evacuated polar regions than other
simulations. However, apart from this, we find that the fluid proper-
ties are overall similar among the different simulations at the horizon
scale.
We further average over the polar angle to get the 1-d fluid prop-

erty plots in Fig. 3. Since we weight the averaged 𝑇fluid by density,
it mainly reflects the temperature of the disk (instead of the jet)
where most of the emission comes from in many models (Event
Horizon Telescope Collaboration et al. 2019d). As we calibrate the
time-averaged flux to the same value of 1.2 Jy for all the simula-
tions, the synchrotron emissivity should be similar near the horizon.
So for example, while B60 has a slightly smaller number density
𝑛total just outside the horizon, this is compensated by a marginally
larger temperature 𝑇fluid and magnetic field strength. Again, the fluid
properties are generally similar among these simulations. The mod-
est differences in the B60 simulation relative to the other spherical
simulations reflects the fact that the B60 simulation has a lower ac-
cretion rate (relative to Bondi), larger magnetic flux, and larger jet
power than the other spherical simulations (see Ressler et al. 2021).
In Fig. 4, we use volume rendering (Lichtenbelt et al. 1998) to

visualize the jets in the different simulations. Widely used in e.g.
Magnetic Resonance Imaging and Computed Tomography scans,
volume rendering can display the 3-d structures better in 2-d im-
ages than simply doing a projection. We find that the jets in these
simulations are quite different on larger scales. The MAD simula-
tion initialized with non-zero angular momentum has the strongest
jet, and is the only one in which the jet is still stable out to 103 𝑟𝑔.
Among the spherical simulations, the jet goes the farthest in the B60
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Figure 2. 2-d plots of the density, temperature and plasma 𝛽, averaged over time and azimuthal angle, for the different simulations studied in this work. For𝑇fluid
we take the density-weighted average 〈𝑛total𝑇fluid 〉 /〈𝑛total 〉, while for 𝛽 we compute the harmonic mean 1/〈1/𝛽〉. The overall horizon scale fluid structure does
not depend much on the tilt of initial magnetic field, and is similar for rotating and non-rotating initial conditions. The largest difference among the simulations
is the stability of the jet propagation, shown in Fig. 4.
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Figure 3. 1-d plots of the fluid properties, same as Fig. 2 but further averaged over the polar angle.

simulation, out to around 800 𝑟𝑔, while for Bx the jet is relatively
feeble and even disappears in some snapshots. Ressler et al. (2021)
argued that this is due to the kink instability, likely triggered by the
pressure confinement of the jet from the ambient polar gas. This low
angular momentum polar material is not present in the rotatingMAD
initial conditions.

4 INTENSITY IMAGES AT 230 GHZ

We generate ray tracing images with 2562 pixel resolution for
all the snapshots in the spherical and standard MAD simula-
tions, with constant electron-fluid temperature ratios 𝑇e/𝑇fluid =

1/16, 1/8, 1/4, 1/2, 1 and 2. We blur each image using a Gaussian
kernel with its full-width half-maximum (FWHM) set to 20 𝜇as to
account for the EHT visibility measurement errors. The averaged im-
ages with 𝑇𝑒/𝑇fluid = 1/2 are shown in Fig. 5, where the white ticks
depicts the polarimetric patterns that will be discussed in details in
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Material.
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20 𝜇as Gaussian kernel to mimic finite EHT resolution. These images from different GRMHD simulations with the same electron temperature model are almost
identical.
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Figure 6. Black hole ring statistics for intensity images, including the ring diameter 𝑑, ring width 𝑤 , orientation angle (east of north) 𝜂, asymmetry parameter 𝐴,
fractional central brightness 𝑓𝐶 and the bad direction fraction 𝑓bad. The values are reported in terms of the 25%, 50% and 75% percentiles over all the snapshots.
Overall, the ring statistics are quite similar between the different GRMHD models. In particular, differences due to the choice of the electron temperature model
are much larger than those due to the choice of the GRMHD simulation.

Section 6. All of the images are remarkably similar to each other,
with a prominent azimuthally asymmetric ring of emission.
Fig. 6 shows the values of ring diameter 𝑑, ring width 𝑤, orien-

tation angle (east of north) 𝜂, asymmetry parameter 𝐴, fractional
central brightness 𝑓𝐶 , as well as the bad direction fraction 𝑓bad for
our various dynamical and electron temperature models. These are
measured using the blurred images (e.g. the bottom panels in Fig. 5).
Some of the ring statistics, like the ring width 𝑤, are highly sensi-
tive to the size of blurring kernel, similar to the fact that DIFMAP,
eht-imaging and SMILI, the three image reconstruction pipelines
in EHT, give different ring width 𝑤 due to the difference in restor-
ing beam size (Event Horizon Telescope Collaboration et al. 2019c).

However, it is actually not clear how the visibilitymeasurement errors
would transform into the blurring of the images, especially when the
visibility space is only sampled sparsely. Therefore, a more rigorous
comparison to EHT data should be done in visibility space. In this
paper, since our main goal is to study the effects of different GRMHD
models on black hole images rather than detailed comparison to EHT
data, we stick to image space for better intuition and interpretability.
For all the quantities except 𝑓bad, Fig. 6 shows the median over all

the snapshots, with error bars given by the 25% and 75% percentiles.
We note that 𝑓bad can be as large as 0.25 for lower electron temper-
ature models, meaning that a non-trivial fraction of directions are
bad. If we instead blur the images with a 15 𝜇as FWHM Gaussian
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kernel, we find that for all the models 𝑓bad . 0.02, namely the ring
structure is almost always well-defined. Nonetheless, the choice be-
tween 15 𝜇as and 20 𝜇as kernels does not significantly affect how the
ring statistics depend on different GRMHD and electron temperature
models, so we stick with 20 𝜇as for consistency with EHT analysis
(Event Horizon Telescope Collaboration et al. 2019d).
As expected, the images of moderate electron temperature mod-

els (e.g. Fig. 5 with 𝑇e = 𝑇fluid/2) are dominated by a ring with a
diameter of ' 30 − 40 𝜇as, whose asymmetry is mostly caused by
Doppler beaming. The latter implies a relatively robust orientation
of the asymmetric image (quantified by 𝜂 in Fig. 6). This is less true
for higher or lower electron temperature models. In particular, for
higher (lower) temperature models, the disk (jet) can become some-
what more prominent outside (inside) the ring (as shownwith the two
examples in Fig. 7). This is responsible for the increase (decrease) of
the ring diameter, and the decrease (increase) of the fractional central
brightness seen in the ring statistics in Fig. 6with increasing (decreas-
ing) 𝑇𝑒. The jet and outer disk can also have additional asymmetry
due to the non-uniform distribution of the luminous plasma, where
the intensity can peak at different locations in the image, depending
on the detailed fluid properties of the simulation. This explains why
in Fig. 6, for higher and lower electron temperature models, the dis-
persion of the orientation angle 𝜂 becomes larger, while the overall
asymmetry 𝐴 tends to decrease, as the contributions from different
radii may cancel out.
Assuming a 288◦ jet position angle (Walker et al. 2018), the asym-

metry from the main image ring alone would lead to an image ori-
entation angle of 𝜂 > 180◦, while this quantity is reported to be
smaller than 180◦ in EHT measurements (Event Horizon Telescope
Collaboration et al. 2019b). This tension is interpreted as a hint of
tilted gas angular momentum in Chatterjee et al. (2020). However,
as shown in Fig. 7, the additional asymmetry introduced by the jet
and/or the outer disk may also lead to a smaller 𝜂, providing an
alternative remedy for the observed tension. We find that this ef-
fect is more prominent in our spherical MAD simulations relative to
the rotating initial conditions considered in previous EHT modeling.
Therefore, more follow-up data and theoretical modeling are required
to determine the implication of the small 𝜂 value measured by EHT.
To summarize, Fig. 6 shows that the intensity images are overall

very similar among the different GRMHD simulations considered
in this paper. The viability of using intensity images to distinguish
between different magnetic tilts is largely limited by the uncertainties
in e.g. the electron temperature models.

5 SPECTRA OF SYNCHROTRON EMISSION

To constrain the emission as a function of frequency in our mod-
els, we use the EHT Multi-Wavelength Science Working Group’s
series of broad-band spectrum measurements for M87, which were
quasi-simultaneous to the EHTM87 imaging campaign (EHTMWL
Science Working Group et al. 2021). The radio angular resolution is
approximately 10−3 arcsec in that work. We also include the infrared
and visible band data from Prieto et al. (2016), for which the aperture
radius is about 0.1-0.4 arcsec.
For each model, we run grtrans ray tracing at 16 different fre-

quencies, evenly spaced in log space between 1010 and 1015 Hz, with
a resolution of 1282 pixels. We use 144 snapshots spaced evenly over
14.6 years (14,400𝐺𝑀/𝑐3) for the spherical simulations, and 100
snapshots spaced evenly over 4.1 years (4000𝐺𝑀/𝑐3) forMAD sim-
ulations. The overall normalization of density [𝜌] is still calibrated
such that the flux density at 230 GHz is 1.2 Jy. The resulting spectra

−40

−20

0

20

40

y
(µ

as
)

Bz, Te = Tfluid/16

0.0

2.4

4.8

7.2
B60, Te = 2Tfluid

0.0

1.2

2.4

3.6

I ν
(1

0
−

4
er

g
/
s/

cm
2
/
sr
/
H

z)

−40−20 0 20 40

x (µas)

−40

−20

0

20

40

y
(µ

as
)

0.0

1.2

2.4

3.6

−40−20 0 20 40

x (µas)

0.0

0.5

1.0

1.5

I ν
(1

0
−

4
er

g
/
s/

cm
2
/
sr
/
H

z)

Figure 7. Same as Fig. 5, but for two different cases with higher and lower
electron temperature models that give an image orientation 𝜂 < 180◦, more
consistent with the EHTM87 data. In the left column,𝑇𝑒 = 𝑇fluid/16 and there
is significant emission in the foreground that changes the image orientation.
In the right column, 𝑇𝑒 = 2𝑇fluid and the change in image orientation is due
to the emission at larger radii.

are presented in Fig. 8. Note that we do not include inverse Compton
emission which may become important at higher frequencies (e.g.,
Ryan et al. 2018).
We compare the different simulations while fixing 𝑇𝑒 = 𝑇fluid/2 in

the bottom panel of Fig. 8. Although all of the models are adjusted
to have the same flux at 230GHz, it is nonetheless remarkable how
similar the spectra are from 1010 to 1013 Hz; one needs to go to even
higher frequencies to see a difference. Interestingly, the ranking of
the high frequency flux in the bottom panel of Fig. 8 coincides with
the ranking of jet strength illustrated in Fig. 4. Since the characteristic
synchrotron frequency 𝜈𝑠 is proportional to𝑇2𝑒 , at higher frequencies
the synchrotron emission is dominated by the large𝑇𝑒 regions, which
corresponds to the jet (see the 𝑇fluid plots in Fig. 2). This explains
why a stronger jet leads to a larger high frequency flux, given the
thermodynamics in our GRMHD simulations.
The top panel of Fig. 8 compares the spectra of the B60 simulation

with different𝑇𝑒models. As expected, the frequency of peak intensity
increases with increasing 𝑇𝑒/𝑇fluid since 𝜈𝑠 ∝ 𝑇2𝑒 . The spectrum is
significantly flatter for larger𝑇𝑒/𝑇fluid, at both high and low frequency
side. This trend is similar for other GRMHD simulations. We note
that since we only include synchrotron emission in ray tracing, here
the measurements should be interpreted as upper bounds on the
model predictions, particularly at higher frequencies. In this sense,
the low electron temperature models are mostly consistent with the
observations, while there is some tension for the highest electron
temperature models such as 𝑇𝑒 = 2𝑇fluid. Such tension may however
be affected by the uncertainty in the overall normalization of the
spectra: around 230 GHz, the data points in EHT MWL Science
Working Group et al. (2021) show large dispersion. While the higher
value reflects the total flux density from the center of M87, the lower
value employs a core-jet model which removes the contribution from
the extended jet and only contains the portion from the M87 core. In
this paper, we adopt the value of 1.2 Jy based on the total flux density
measured on April 11, 2017 (Event Horizon Telescope Collaboration
et al. 2019b, Table 4), and do not include any core-jet model to avoid
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Figure 8. Synchrotron emission spectra evaluated by ray tracing at 16 fre-
quencies from radio to UV. The labels stand for the corresponding GRMHD
simulations and electron temperature models, so for example, "B60, 1/16"
means the B60 simulation with 𝑇𝑒 = 𝑇fluid/16. For each model, we show the
median of the intensity flux density over the 144 (100 for MAD) snapshots,
with error bars given by the 25% and 75% percentiles. In the top panel,
we focus on the B60 simulation and compare different electron temperature
models, while in the bottom panel, we fix 𝑇𝑒 = 𝑇fluid/2 and compare dif-
ferent GRMHD simulations. Observed data for M87 are taken from EHT
MWL Science Working Group et al. (2021) and Prieto et al. (2016). The syn-
chrotron emission spectra of different GRMHD simulations are very similar
except at higher frequencies, where a stronger large scale jet leads to a larger
synchrotron emission flux.

the additional uncertainties it may introduce. Had we calibrated the
flux density at 230 GHz to a smaller value, the tension of the radio
and infrared band spectra for higher electron temperature models in
Fig. 8 would be relieved.

6 POLARIMETRIC SIGNATURES AT 230 GHZ

To compare the simulated polarimetric images with EHT observa-
tions, we compute the 〈|𝑚 |〉 and 𝛽2 statistics, as defined in Equations
7 and 8. In Fig. 9, we plot 〈|𝑚 |〉 as a function of the intensity-
weighted mean Faraday rotation depth

〈
𝜏𝜌𝑉

〉
. Generally, lower elec-

tron temperature models need a larger accretion rate to match the
observed flux at 230GHz, which will then lead to a larger

〈
𝜏𝜌𝑉

〉
.

When
〈
𝜏𝜌𝑉

〉
& 1, the effects of Faraday depolarization will be sig-

nificant, so that 〈|𝑚 |〉 decreases with increasing
〈
𝜏𝜌𝑉

〉
for all the

simulations. When
〈
𝜏𝜌𝑉

〉
� 1, Faraday depolarization can be ne-

glected, and the different electron temperature models mainly affect
〈|𝑚 |〉 by changing the region where most emission comes from. For
the B30, B60 and Bz simulations, we see a point beyond which
〈|𝑚 |〉 no longer increases with increasing 𝑇𝑒/𝑇fluid, while for Bx and
MAD, such a turning point does not appear. The EHT measurement
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Figure 9. The pixel-level fractional polarization 〈 |𝑚 | 〉, as a function of
the intensity-weighted mean Faraday rotation depth,

〈
𝜏𝜌𝑉

〉
. The values are

reported in terms of the 25%, 50% and 75% percentiles. For lower electron
temperature models, a larger accretion rate is required to produce the same
flux at 230GHz, leading to a larger Faraday rotation depth. The green band
indicates the EHT measurement 5.7% ≤ 〈|𝑚 | 〉 ≤ 10.7% (Event Horizon
Telescope Collaboration et al. 2021b). Our Bz model shows significantly
lower factional polarization at low Faraday depth than the other models, but
still not quite low enough for consistency with the EHT data.
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Figure 10. Polarization of our horizon-scale images analyzed using the 𝛽2 statistics introduced by EHT MWL Science Working Group et al. (2021). The
modulus of 𝛽2 characterizes the fraction of the azimuthally symmetric polarized component, while the phase indicates the specific polarization pattern. Each dot
represents a snapshot. For low electron temperature models, due to Faraday depolarization, |𝛽2 | is small and arg[𝛽2 ] is random. For high electron temperature
models, arg[𝛽2 ] fluctuates around 315◦ because in these GRMHD simulations, the magnetic field is more azimuthal than radial in the region where most
emission comes from. The green partial wedge indicates the EHT measurements 0.04 ≤ |𝛽2 | ≤ 0.07 and 197◦ ≤ arg[𝛽2 ] ≤ 231◦ (Event Horizon Telescope
Collaboration et al. 2021b). The horizon-scale polarization properties are similar across all the simulations, and insensitive to the initial magnetic field orientation
and the presence/absence of initial rotation of the gas.

suggests that 5.7% ≤ 〈|𝑚 |〉 ≤ 10.7% for M87, which would favor
𝑇𝑒 ∼ 𝑇fluid/8. However, it is important to note that there is a factor
of 2 difference in 〈|𝑚 |〉 at high 𝑇𝑒 (low

〈
𝜏𝜌𝑉

〉
) among the different

GRMHD simulations. It is plausible that yet different initial condi-
tions (e.g. a different Bondi radius or initial magnetic field structure)
could further decrease the value of 〈|𝑚 |〉. Therefore, we believe that
it is premature to exclude the higher 𝑇𝑒 models based on the EHT
〈|𝑚 |〉 measurement.

While 〈|𝑚 |〉 indicates the pixel-level degree of polarization, the 𝛽2
statistics also contain information about the pattern of the azimuthally
symmetric polarised component. For example, 𝛽2 = 1 (−1) stands
for purely radial (azimuthal) polarization, and 𝛽2 = ± 𝑖 represents
the intermediate states where the radial and azimuthal components
are equal (see e.g. Fig. 20 of Event Horizon Telescope Collaboration
et al. 2021b). In Fig. 10, we show the scatter plot of 𝛽2 for different
GRMHD simulations and electron temperature models, using 200
snapshots for each combination. Similar to Fig. 9, here for the lowest
electron temperature model 𝑇𝑒 = 𝑇fluid/16, the overwhelming Fara-
day depolarization leads to a tiny |𝛽2 | and an almost random arg[𝛽2].
As we increase 𝑇𝑒/𝑇fluid, all the GRMHD simulations begin to favor
arg[𝛽2] ∼ 315◦, which is in tension with the EHT measurement

197◦ ≤ arg[𝛽2] ≤ 231◦. As the polarization direction is by def-
inition perpendicular to the magnetic field direction, here the fact
that the simulated polarization pattern is too radial indicates that the
magnetic field is probably too azimuthal (Narayan et al. 2021).
One striking result in Fig. 10 is that the polarization orientation

arg[𝛽2] is not sensitive to the initial magnetic field tilt. Roughly
speaking, the magnetic field can be considered as a superposition of
the initial field (which is asymptotically constant at larger radii) plus
the field induced by the inflow in the accretion flow (which should
vanish at very large radii but dominate at smaller radii). Therefore,
one might think that if we could measure the polarization pattern at
larger radii, wewould be able to recover themagnetic tilt information.
However, in Fig. 11, which show the same images as Fig. 5 but on
a logarithmic scale; we find that the polarization direction is similar
among our different GRMHD simulations out to 60 𝜇as (15.7 𝑟𝑔
for M87). Since the 230GHz intensity at 60 𝜇as is about 104 times
smaller than the brightest spot in the inner ring, this is already beyond
the reach of the planned next-generation EHT (ngEHT, Doeleman
et al. 2019) with a targeted image dynamic range of ∼102.
Even starting with very different initial magnetic field orientations

at 𝑟 ∼ 102 𝑟𝑔, we find that on the spatial scales accessible with future
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Figure 11. Same as Fig. 5, but with a logarithmic color scale to display a larger dynamic range for the image. Note that here the tick length is proportional to the
pixel-level fractional linear polarization P/I, as opposed to Figs. 5 and 7 where it represents the linearly polarized flux P. With the same electron temperature
model 𝑇𝑒 = 𝑇fluid/2, Bz has the overall smallest fractional polarization, similar to Fig. 9. However, the polarization direction is similar among the different
simulations out to 60 𝜇as (15.7 𝑟𝑔 for M87), which corresponds to an image dynamic range of ∼ 104, far beyond the planned ∼ 102 dynamic range of ngEHT
(Doeleman et al. 2019).

EHT observations, the polarization of the image does not depend
that strongly on the initial magnetic field orientation. Perhaps most
interestingly, even the case with no net magnetic flux along the spin
axis (our Bx simulation) produces a similar polarization pattern both
on horizon scales and out to ∼ 10 − 20 𝑟𝑔 (see Figs. 5 and 11). This
demonstrates that the local geometry of the magnetic field is shaped
in our spherical simulations by a combination of inflow, reconnection
and frame dragging; these are more important for the polarization
of the synchrotron emission than the initial net flux. The emission
at larger distances might be expected to contain more information
about the magnetic field supplied to the flow from large radii. This
larger-scale emission may, however, be dominated by the jet sheath,
which is more difficult to predict (e.g., Chael et al. 2019) and is
strongly influenced, of course, by the near horizon magnetic field
structure. We find that for resolutions and dynamic range achievable
in the near-future, even the emission at larger radii far from the jet
does not contain much information about the unperturbed field being
advected in from large radii (Fig. 11).

7 DISCUSSION

In this paper, we have explored the observational signatures of
GRMHD magnetically arrested (MAD) simulations of initially non-
rotating matter accreting onto a rotating black hole (see Ressler et al.
2021). The key parameter that varies across the different simulations
is the initial tilt of the magnetic field relative to the black hole spin
axis (which varies from a magnetic field that is fully aligned with
the spin to one that is orthogonal to it). We have also compared the
results of these simulations to more standard initial conditions with
a rotationally supported torus (e.g., Tchekhovskoy et al. 2011). Part
of our motivation is to assess the extent to which the horizon-scale
dynamics and observational signatures are sensitive to the uncertain
nature of the inflowing plasma at larger distances from the black hole.
We have focused on quantifying the mm images and polarization pat-

terns, as would be observed by the EHT, as well as the synchrotron
spectra from the radio to optical-IR.
We find distinct similarity among the different GRMHD simula-

tions in the intensity images (Section 4), spectral energy distributions
(Section 5) and polarimetric signatures (Section 6). Ressler et al.
(2021) quantified the dynamical similarity of these different sim-
ulations, and their similarity to rotationally supported MADs (see
Figs. 2 and 3). Here we have shown that this similarity extends to
EHT observables. Indeed, the quantitative similarity in the images
(Figs. 5, 6, and 11), spectra (Fig. 8), and polarization (Figs. 5, 10,
and 11) among the different simulations is remarkable, even compar-
ing the simulation with no net magnetic flux ("Bx") in the direction
of the black hole spin to the simulation in which the initial magnetic
field is fully aligned with the BH spin ("Bz"). We have also con-
sidered future more sensitive EHT-like experiments (e.g., Doeleman
et al. 2019) which will plausibly have a factor of ∼ 100 in dynamic
range in intensity and polarization. Even with such increased dy-
namic range, we find that the images and polarization patterns are
very similar for the full set of simulations we consider (Fig. 11). Al-
though this paper mainly focuses on the observational signatures of
M87 (with viewing angle 𝜃0 = 163◦), we also checked the images for
𝜃0 = 135◦. In that case, the black hole images are more asymmetric
due to stronger Doppler beaming, but the comparison of the different
simulations remains similar; this suggests that the conclusions of this
paper may also be generalized to other black hole accretion systems.
Heuristically, the natural interpretation of these results is that close

to the black hole the initial, uniform magnetic field becomes com-
paratively unimportant compared with the magnetic field induced by
the accretion flow and the spin of the central black hole. For many of
the dynamical and observational properties of our simulations, it is
not even critical how much magnetic flux is supplied along the spin
axis of the black hole (see below for the key exception related to the
strength of the jet). It is, however, important that the initial magnetic
field is relatively strong and ordered so that the different simulations
are all roughly magnetically arrested.
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In some of the electron temperature models considered in this
work, the jet in the foreground and/or the plasma at large radii con-
tribute significantly to the observed emission, changing the image
morphology; examples are shown in Fig. 7. This effect is particu-
larly prominent in low and high electron temperature models and is
more pronounced in the simulations with non-rotating initial con-
ditions than in the simulations with rotating initial conditions. One
consequence of this is that the orientation of the bright region in
the images of our mock EHT M87 observations can be 𝜂 < 180◦,
consistent with EHT measurements (Event Horizon Telescope Col-
laboration et al. 2019b). Typical simulations with initially rotating
MADs do not reproduce this image orientation, though Chatterjee
et al. (2020) showed that the image orientation could be explained if
the gas angular momentum is tilted relative to the black hole angular
momentum. More work is clearly required to determine the physical
origin of the image orientation in EHT observations of M87.
Large spin MAD models for M87 are favored by jet power mea-

surements (e.g., Stawarz et al. 2006). However, they do not produce
the correct value of the polarization parameter 𝛽2 introduced by the
EHT (Fig. 10), which measures the orientation of the polarization
pattern and is in turn determined by the structure of themagnetic field
in the emitting region (e.g., how radial or azimuthal the field is). We
find that this discrepancy persists for all of the electron temperature
and magnetic tilt models studied in this work. This tension is remark-
able, as it is more robust against the large uncertainties in the electron
temperature models, compared with e.g. the properties of the ring in
the intensity image (Fig. 6) or the pixel-level fractional polarization
〈|𝑚 |〉 (Fig. 9). It would be interesting to explore what is required to
make the horizon scale magnetic field less azimuthal in such MAD
models so as to match the EHT polarization measurements.
We have explored a variety of electron temperature models in this

work, and find that the similarity among the different MAD models
is relatively robust to the precise electron temperature prescription
we consider (e.g., Figs. 6 and 10). This does not guarantee, of course,
that other electron temperature models (e.g., ones with emission at
only high 𝜎) or other observational diagnostics (e.g., application
to higher accretion rate systems with prominent inverse Compton
emission) will not reveal more significant differences.
There is one key property of the simulations we have considered

that does depend significantly on the rotation and magnetic field
structure supplied at large radii: the strength and stability of the
resulting jet. Ressler et al. (2021) (see their Fig. 8) showed that
the dimensionless magnetic flux threading the horizon varied from
𝜙 ' 20 − 80 for the different magnetic field orientations considered
here (with "B60" having the largest flux on the horizon and "Bx"
the smallest) and that there are correspondingly a factor of ∼ 30
differences in the jet power among these different simulations. Even
the simulation with no initial magnetic flux along the spin axis of
the BH ("Bx") does transiently produce a significant jet (albeit the
weakest among the simulationswe consider), due to verticalmagnetic
field created by reconnection-driven turbulence in the inflow near the
black hole. There are constraints on the power of the jet in M87, but
the uncertainties are large: current results range from 1042 erg s−1 to
1045 erg s−1 (e.g. Stawarz et al. 2006; Broderick et al. 2015; Prieto
et al. 2016). The observational uncertainty in the jet power is thus
larger than the theoretical uncertainty associated with the different
versions of MADs considered in this paper.
Correspondingly, Fig. 4 shows volume renderings of the jets in

these different simulations. The initially rotating MAD produces a
strong, stable jet, while all of the initially non-rotatingMADsproduce
jets that undergo the kink instability at radii & 100 𝑟𝑔, triggered by
the confining pressure of the ambient spherical inflow. It is very

likely that observational signatures of the jet at low frequencies in
the radio would show significant differences due to these different
stability properties at large radii. Modeling such emission requires,
however, a treatment of non-thermal electron acceleration in the jet
at large distances from the black hole ∼ 102 − 103 𝑟𝑔. We leave this
to future work.
In contrast to the relatively weak dependence of our results on

the tilt of the magnetic field relative to the black hole spin axis,
analogous calculations of rotating flows with the angular momentum
tilted relative to the black hole spin axis find that the fluid properties
are quite different at radii . 10 𝑟𝑔 (e.g., Fragile et al. 2007;McKinney
et al. 2013). This leads to significant differences in EHT synchrotron
emission observables as a function of angular momentum tilt (White
et al. 2020; Chatterjee et al. 2020). Our combined results thus suggest
that horizon-scale observations are more sensitive to the tilt of the
angular momentum of the inflowing gas than the tilt of the inflowing
magnetic field.
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