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Abstract

Event Horizon Telescope (EHT) images of the supermassive black hole M87* depict an asymmetric ring of
emission. General relativistic magnetohydrodynamic (GRMHD) models of M87" and its accretion disk predict
that the amplitude and location of the ring’s peak brightness asymmetry should fluctuate due to turbulence in the
source plasma. We compare the observed distribution of brightness asymmetry amplitudes to the simulated
distribution in GRMHD models, across varying black hole spin a,. We show that, for strongly magnetized
(MAD) models, three epochs of EHT data marginally disfavor |a,| < 0.2. This is consistent with the Blandford—
Znajek model for M87’s jet, which predicts that M87" should have nonzero spin. We show quantitatively how
future observations could improve spin constraints and discuss how improved spin constraints could distinguish
between differing jet-launching mechanisms and black hole growth scenarios.

Unified Astronomy Thesaurus concepts: Supermassive black holes (1663); Accretion (14); Low-luminosity active

Bernshteyn et al.

galactic nuclei (2033); Magnetohydrodynamics (1964); Radiative transfer (1335); Very long baseline

interferometry (1769)

Materials only available in the online version of record: machine-readable table

1. Introduction

The Event Horizon Telescope (EHT) has captured images of
the supermassive black hole M87* (Event Horizon Telescope
Collaboration et al. 2019a, 2024, 2025b), at the center of the
M87 galaxy. These images feature a bright ring-like structure
(the “ring”) that encloses a dark low-intensity region (the
“shadow”). The ring is produced by synchrotron emission
from hot plasma located within a few Schwarzschild radii of
the black hole. The shadow corresponds to the region where
the observer’s line of sight intersects the event horizon. The
ring diameter is consistent with a black hole of mass
M = 6.5 x 10°M., located at a distance D = 16.8 Mpc from
Earth (Event Horizon Telescope Collaboration et al. 2019f), in
agreement with stellar kinematics measurements (K. Gebhardt
et al. 2011; E. R. Liepold et al. 2023). The ring has a north—
south brightness asymmetry, with the brightness peak shifting
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to the southwest in recent observations (Event Horizon
Telescope Collaboration et al. 2024, 2025b).

In this paper, we study how ring brightness asymmetry
constrains dimensionless black hole spin: a, = Jc/GM* for
black hole angular momentum J, speed of light ¢, and
gravitational constant G. The task of recovering robust spin
measurements for supermassive black holes is a long-standing
problem in the field. From a theoretical perspective, spin and
mass are the two quantities that completely define the
spacetime geometry of any uncharged black hole
(R. P. Kerr 1963). In the astrophysical context, spin can be
used to discriminate different scenarios of black hole
formation and growth (e.g., A. Merloni & S. Heinz 2008;
C. Bambi et al. 2021; C. S. Reynolds 2021; A. Ricarte et al.
2023). Tilt between the spin axis and the accretion disk angular
momentum axis can lead to Lense—Thirring precession of the
disk and jet (e.g., J. M. Bardeen & J. A. Petterson 1975;
P. C. Fragile & P. Anninos 2005; P. C. Fragile et al. 2007;
H. Shiokawa 2013; M. Liska et al. 2018). Spin is also
predicted to affect orbits of stars passing close to
the black hole via Lense-Thirring precession (Y. Levin &
A. M. Beloborodov 2003) and resonant friction (Y. Levin
2024) effects. It can even be used to constrain merger
history and cosmological formation of the host galaxy
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(e.g., C. F. Gammie et al. 2004; A. Ricarte et al. 2023, 2025;
L. Sala et al. 2024).

Determining spins of supermassive black holes is especially
important for understanding jet formation. To this day, the
physical mechanism of jet launching has not been confirmed.
The Blandford—Znajek mechanism (R. D. Blandford &
R. L. Znajek 1977), which is the leading model for jet
formation, predicts that jets are powered by frame dragging of
magnetic field lines that thread the horizon of a spinning black
hole. The extraction of black hole spin energy powers the jet.
There are alternatives, however. One of the most prominent
competing models is the Blandford—Payne mechanism
(R. D. Blandford & D. G. Payne 1982), in which accretion
disk rotation powers the jet. Other models suggest gas,
radiation (M. J. Rees et al. 1981), and magnetic field
(D. Lynden-Bell & C. Boily 1994) pressures as alternative
driving mechanisms. These models predict different prob-
ability distributions for the spin based on the presence of a jet
with a given power. They likewise predict different equili-
brium values for spin over cosmic time. Therefore, precise
measurement of spin is important for determining the correct
model of jet launching. Such an analysis is relevant for both
MB87%, where the jet feature is prominent (see, e.g.,
R. C. Walker et al. 2018), and Sgr A", where the presence
of a jet is still debated.

As of now, spin remains elusive. Current spin constraints rely
on X-ray techniques that apply only to high accretion rate systems
0.01 < M/Mggg < 0.3, per C. S. Reynolds 2021; C. Bambi
et al. 2021). No observational spin constraints exist for lower
accretion black holes (M/Mggq < 0.01), which are far more
prevalent in the local Universe (A. Merloni & S. Heinz 2008;
although many theoretical studies of spin evolution in these
systems have been made, including F. Pacucci & A. Loeb 2020;
A. Ricarte et al. 2023; L. Sala et al. 2024). The spin of Sgr A" in
our own galactic center, for example, is a topic of current research.

For MB87", there is currently no direct, statistically
significant spin constraint. Indirect spin constraints have been
made via the jet power, favoring |ay| > 0 (e.g,
R. Nemmen 2019; Event Horizon Telescope Collaboration
et al. 2019e). This analysis, however, relies on highly
uncertain observational constraints, assumes a Blandford—
Znajek powered jet, and depends on jet launching at an earlier
time. This motivates a conservative approach for GRMHD
model-dependent spin constraints with jet power (Event
Horizon Telescope Collaboration et al. 2019¢). Near-horizon
electric vector polarization angles also marginally favor
retrograde spins, where the accretion angular momentum
vector and the black hole spin vector are antialigned
(D. C. M. Palumbo et al. 2020; Event Horizon Telescope
Collaboration et al. 2021, 2025a; M. Janssen et al. 2025).
However, uncertainties in interpreting polarization data (due
to, e.g., Faraday rotation and year-to-year variability) motivate
complementary constraints using near-horizon total inten-
sity data.

Here, we constrain spin by comparing a particular
measure of the brightness asymmetry magnitude (using the
amplitude of the fitted m =1 m-ring) in EHT observations
of M87" with the same measure in a library of synthetic
data based on GRMHD simulations. Our library—the “Illinois
v5” KHARMA library—contains models with a dense
distribution of spins and parameterized electron distribution
functions. The observational data were obtained by the EHT

Bernshteyn et al.

Collaboration during the 2017, 2018, and 2021 observing
campaigns (hereafter EHTC MS87 I-VI for Event Horizon
Telescope Collaboration et al. 2019a, 2019b, 2019¢, 20194,
2019e, 2019f; EHTC MS87 2018 I-II for Event Horizon
Telescope Collaboration et al. 2024, 2025a; and EHTC M87
2021 for Event Horizon Telescope Collaboration et al. 2025b).
Reconstructed EHT images from all three years are shown
in Figure 1.

The observed ring in Figure 1 has a brightness asymmetry.
Earlier studies of asymmetry in M87* have considered its
dependence on the black hole inclination (see L. Medeiros
et al. 2022) and compared it to the ring asymmetry of Sgr A*
(see J. C. Faggert et al. 2025). The brightness asymmetry is
produced by a complicated interplay of Doppler boosting,
gravitational lensing, frame dragging, radiative transfer effects,
and gravitational redshift (EHTC M87 V), which can depend
on spin. It is possible, therefore, that there exists a correlation
between the asymmetry magnitude and the spin of the black
hole. This paper investigates that correlation using GRMHD
models.

The paper is structured as follows. In Section 2, we describe
a strongly magnetized (MAD) model library. Section 3
discusses how brightness asymmetry is estimated from the
data and from synthetic images. In Section 4, we present the
distribution of asymmetry across spin. We then discuss in
Section 5, including a comparison with earlier work
(Section 5.1), an analysis of future observations
(Section 5.2), a discussion of limitations (Sections 5.3-5.4),
and a proposed test of the Blandford—Znajek mechanism
(Section 5.5). Finally, we summarize in Section 6. In the
Appendix, we investigate the distribution of asymmetries in
weakly magnetized (SANE) models and prior GRMHD
models (Appendix A), demonstrate that our spin constraints
are insensitive to methodology changes (Appendix B), and
present fits to the distribution of asymmetry in all models
(Appendix C).

2. Models

To assess the probability of different spins producing the
observed asymmetry, we compare EHT data to a library of
synthetic data based on GRMHD models, which span a range
of model parameters.

The library was produced using the PATOKA pipeline
(G. N. Wong et al. 2022), which models the accretion flow
using ideal general relativistic magnetohydrodynamics
(GRMHD) simulations and then ray-traces GRMHD snapshots
to produce synthetic images. The GRMHD simulations are
integrated with the KHARMA code (B. S. Prather 2024), and
the synthetic images are produced using ipole (M. Moscib-
rodzka & C. F. Gammie 2018). For this study, we use the “v5”
version of the Illinois GRMHD library (N. J. Bowden et al.
2026, in preparation). Results from the v3 library (V. Dhruv
et al. 2025), which were produced with an outdated adiabatic
index among other differences, used the iharm code
(B. Prather et al. 2021) and are described in Appendix A.

Our GRMHD simulations are a natural progression of the
radiatively inefficient accretion flow (RIAF) model (S. Ichimaru
1977; R. Narayan & I. Yi 1994; R. Narayan et al. 1995;
E. Quataert & R. Narayan 1999; F. Yuan et al. 2003). These
accretion disks are typically optically thin and geometrically
thick, comprised of relativistically hot plasma (M. J. Rees et al.
1982; R. Narayan & I. Yi 1995; R. Narayan et al. 1995;
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Figure 1. EHT images of M87" on 2017 April 11 (EHTC M87 1, left), 2018 April 21 (EHTC M87 2018 I, middle), and 2021 April 18 (EHTC M87 2021, right). All
images show a brightness asymmetry with a peak magnitude in the south. The asymmetry magnitude a; and angle PA; measured in this work are shown.

C. S. Reynolds et al. 1996; F. Yuan et al. 2002; T. Di Matteo
et al. 2003; F. Yuan & R. Narayan 2014). This model is well-
supported by observations, which find that M87 has a relatively
low-luminosity active galactic nuclei, suggesting that M87* has a
low accretion rate (e.g., F. Yuan & R. Narayan 2014). The RIAF
thick-disk model is also supported by EHT observations (EHTC
M87 V). See G. N. Wong et al. (2022) for additional discussion.

Our GRMHD fluid simulations have two parameters:
accretion state and black hole spin. The accretion state
typically falls into strongly or weakly magnetized modes
(MAD or SANE). Magnetically arrested disk (MAD) models
(I. V. Igumenshchev et al. 2003; R. Narayan et al. 2003;
A. Tchekhovskoy et al. 2011) have near-horizon magnetic
fields that are strong enough to impede accretion. This limits
the magnetic flux on the horizon to a characteristic value that
depends on the accretion rate. Standard and normal evolution
(SANE) models (R. Narayan et al. 2012; A. Sadowski et al.
2013) have weaker near-horizon fields and are more similar to
classical thin disks, although they are optically thin and
geometrically thick. In the main text, we focus on MAD
models. This is motivated by evidence that MAD models are
favored by M87" data, as they are more likely to pass jet power
and polarization constraints (EHTC M87 V; EHTC M87 IX).
For v5, we densely sample the dimensionless spin a, in 13
steps, ranging from —0.97 to 0.97 (N. J. Bowden et al. 2026, in
preparation). Recall that for a Kerr black hole, a, € [—1, 1].
Here, positive spin means the accretion disk angular
momentum vector is prograde (aligned) with respect to black
hole spin vector, while negative spin means that the accretion
disk angular momentum vector is retrograde (antialigned). The
spin and accretion disk angular momentum vector are assumed
to be coaxial: we do not consider tilted disks. Our analysis
therefore uses 13 MAD GRMHD fluid simulations.

The radiative transfer step has three parameters: inclination,
Ryign, and Rygy,.

The inclination i is the angle between the accretion flow
orbital angular momentum vector and the line of sight. We
assume that the black hole spin vector, the accretion flow
orbital angular momentum vector, and the large-scale jet are
coaxial and that the approaching jet inclination is 17° (see,
e.g., R. C. Walker et al. 2018). The position angle of the
brightest point on the ring is known to depend on spin, and the
position angle of the observed asymmetry implies that the spin
vector is pointed away from Earth (EHTC M87 V). Adopting
this constraint, we set i = 17° for a, < 0 and i = 163° for
ay > 0. The different inclination angle for positive and

Table 1
Model Parameters

Parameter Sampled Values

Magnetic Flux Mode MAD

Spin 0, £0.25, £0.5, £0.75, £0.85, £0.9375, £0.97
Ruigh 10, 40, 80, 160

Riow 1, 10

i [deg] 17° (for a, < 0), 163° (for ay > 0)

Note. v5 model parameters used for the analysis. Each combination of
parameter values corresponds to one model. SANE models are discussed in
Appendix A.

negative spins has no impact on the asymmetry magnitude
distribution.

The radiative properties of the plasma depend on the
electron distribution function, which is not determined by the
GRMHD simulations. We use a model with parameters Rpign
and R, to assign a distribution function to the electrons. The
model assumes that (1) the electrons are thermal at temper-
ature T,; (2) the ions are thermal at temperature 7;; (3) 7; can
be deduced directly from the simulation; and (4) T;/T, depends
only on the local, instantaneous value of the plasma
B = Pgas/Pmag for gas pressure P,,s and magnetic pressure
Prag- Then, following M. Moscibrodzka et al. (2016),

=2
; 1
= Rhigh . b low

— + R =
mEe 1+ 7

for B = ﬁ/ﬂcrit and ﬁcrit = L Rhigh and Ry, are thus
dimensionless temperature ratios. Ry, dominates at low 3 and
Ryigh at high B . We consider models with Ry;gn = 10, 40, 80, 160
and Ry, = 1, 10 (EHTC M87 V; EHTC M87 VIII). We do not
consider Rpjop, = 1 because it is disfavored by the data (EHTC
M87 V; EHTC MS87 IX; EHTC M87 2018 II). There are thus
eight unique combinations of i, Ryjen, and Ryoy.

Model parameters are listed in Table 1. Each of 104
PATOKA models contains 6000 images, produced at 51,
cadence (for gravitational time 7, = GMc ™) in the interval
from time 20,0007, to 50,000¢, after the start of the
simulation. Time-averaged images for different spins are
shown in Figure 2 for both MAD and SANE models. It is clear
from the figure that ring asymmetry and position angle are
correlated with spin: as the magnitude of spin increases, the

ey
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Figure 2. Mean images for all models in the v5 library (averaging over Ryigh, Riow, and time, and blurred using a 15 pas full width at half maximum Gaussian kernel)
ati=17°for a, < 0 and i = 163° for a, > 0, across each spin (columns) for MADs (top row) and SANEs (bottom row). Asymmetry magnitude typically increases
with |a,|. In these images, the projected prograde spins point up, retrograde spins point down, the accretion flow angular momentum points up, and jet axis is
vertical. The position angle of the brightness asymmetry approximately follows the sign of the spin, consistent with EHTC M87 V. See Appendix A for a discussion

of SANEs.

magnitude of the brightness asymmetry generally also
increases.

A comparison of MAD and SANE models in our main v5
library and in the v3 library, which is run with different
physical assumptions and a different GRMHD code, is
discussed in Appendix A. We prefer v5 models because (1)
they are run at higher resolution; (2) they are run longer and
therefore provide better sampling of the asymmetry distribu-
tion; (3) they sample spin more densely (13 spins in v5 versus
5 spins in v3); and (4) v5 uses adiabatic index v = 5/3, while
v3 uses y=4/3.If T, < T;, then the gas pressure is dominated
by the ions, which are nonrelativistic, and thus v = 5/3 is
more appropriate (for a discussion, see C. F. Gammie 2025). In
the following section, we discuss how we measure asymmetry
in models and observational data.

3. Measuring Asymmetry
3.1. EHT Observations

Very-long-baseline interferometry (VLBI) arrays such as
the EHT sample the (u, v), or Fourier, domain. The sampling is
based on the coverage of their baselines projected onto the sky.
To measure ring asymmetry with (u, v) data, we fit a
parameterized m-ring model using the Comrade package for
Bayesian modeling of VLBI observations (P. Tiede 2022). We
demonstrate consistency with asymmetry fits in the image
domain using variational image domain analysis (VIDA;
P. Tiede et al. 2022) in Section 3.2. Detailed validation of
the parameter optimization method is described in P. Tiede
et al. (2022).

Our parameterized Comrade model has two components: a
ring with intensity /i, and a Gaussian background component
with intensity /.. The total intensity is / = lyng + Ipe. The
Gaussian background intensity is

&) 0"’
- — 2
207 20,01+ Tg)z) @

Ipg(x, y) o< (1 —f)eXP(

forx' = (x — xp)cos &, + (v — y)singandy’ = — (x — xg)cosé, +
(y — ypsin&,. The Gaussian is scaled by (1 — f) with standard
deviation o,, given ellipticity 7,, rotated by angle &, and
shifted by (x,, ¥,). The background component thus has six
parameters (these parameters are unitless, as the fitting is
done to normalized images; the images can be rescaled after
fitting as needed). This Gaussian background component is
typical for modeling EHT data (P. Tiede et al. 2022; EHTC
M87 2018 II). The ring intensity is modeled with a so-called

m = 4 m-ring:

4
Ling(r, 0) oc | 1 — " a,, cos (md — PA,,)

m=1

exp(_(’T?)z).
3)

The m-ring is a Fourier series wrapped along a ring of
Gaussian thickness (M. D. Johnson et al. 2020; P. Tiede et al.
2022). We truncate the Fourier series at m = 4 (which is
typically sufficient to describe EHT sources; EHTC
MS87 2018 I) and require that a,, < 1 to ensure positive
intensity everywhere. Our m = 4 m-ring has 10 parameters:
ring radius ry, ring thickness o, amplitudes a,,, and position
angles PA,, for m = 1 through 4. Here, a; captures the large-
scale brightness asymmetry, while a, through a4 capture
smaller scale turbulent structure. We use a;, the normalized
amplitude of the m = 1 Fourier component, as our measure of
ring brightness asymmetry. In our convention, notice that a
ring with @; = 0 is symmetric, while a ring with a; = 1 has an
amplitude as large as its mean.

The model parameters are adjusted by the Comrade
optimizers to fit EHT visibility amplitude and closure phase
data. Using this procedure to model EHT 2017, 2018, and
2021 observations (EHTC M87 I; EHTC M87 2018 I; EHTC
M87 2021) yields a; = 0.41 £+ 0.04, a; = 0.69 £ 0.10, and
a; = 0.53 £ 0.04, respectively. We use a different measure of
asymmetry than EHTC MS87 IV, EHTC MS87 2018 I,
and EHTC M87 2021, and therefore the asymmetries reported
here differ from prior values reported by EHT (See
Section 5.1). The quality of fit can be assessed using the
mean squared standardized residual y?, normalized by the
number of data points. The normalized X2 is 1.9, 0.9, and 2.6
in 2017, 2018, and 2021, respectively (note these are not
reduced X2 values). For additional discussion, see EHTC
M87 1V, P. Tiede (2022), and EHTC M87 2018 I, which finds
that an m = 4 m-ring has among the highest Bayesian evidence
when fitting to EHT data in a survey of 25 geometric modeling
templates. Our results are insensitive to changes in the m-ring
modeling template, as described in Appendix B.

3.2. Simulated Images

We apply the same analysis technique to our synthetic data
as we did to the real data. Each GRMHD model contains a
sequence of images separated by 5t,. The images are
correlated on timescales ~100¢,, so we downsample to a
cadence of 12517, (see Section 5.2) to obtain independent
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Figure 3. Comparison of the asymmetry magnitude measured in the image domain a,; and («, v) domain a, ;v for MAD models, plotted as the density of total
snapshots. Left: the distribution of snapshots in (a, ;, a; yv) space. The red line corresponding to a; ; = a; yv. We set a ceiling of a; yy < 1 in the (u, v) optimizer,
which accounts for the cluster of snapshots at a; ;y = 1. These outlier values occur in <1% of total snapshots and do not affect our results (see Appendix B). Right:
distribution of a; v — a1, with 1o, 90%, and 99% boundaries marked. Nearly 90% of snapshots have |a; yy — a4 < 0.2.
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Figure 4. Left: evolution of asymmetry a; in time, over a 10,000 #, time window, for the a, = 0, Riow = 1, Rpign = 40, MAD model. Right: the distribution of
asymmetry amplitudes for this model window. The truncated Gaussian fit to the distribution is shown, with the mode p = 0.29 and standard deviation o = 0.14.

synthetic observations. This leaves 240 images per unique
combination of spin, Rpjeh, and Rjey, and 1920 unique images
per unique spin.

To measure asymmetry in models, we require synthetic data
generated with realistic observational conditions. We first
rotate the ground truth images to match the large-scale jet axis
expected from observations (again, we assume the large-scale
jet, disk angular momentum vector, and black hole spin vector
are coaxial). We generate (1, v) data by Fourier transforming
our synthetic images, then sampling the resulting visibility
amplitudes and closure phases using EHT (u, v) coverage, with
realistic observational noise (including baseline-dependent
thermal noise, generated using the eht-imaging software; A.
A. Chael et al. 2018). Finally, we fit the m-ring model
parameters to the resulting synthetic data using Comrade, as in
Section 3.1. For simplicity, we assume 2018 EHT (u, v)
coverage and conditions. The results are consistent if we use
2017 or 2021 (u, v) coverage and observational noise instead
(see Appendix B), or fit directly in the image domain.

A comparison of asymmetry a;,; measured in the image
domain to asymmetry a; yy measured from synthetic (u, v)
data shows the effect of limited (1, v) coverage. We have
compared a; yy and a;; for all snapshots in the library. The
results are shown in Figure 3. About 68% of snapshots have
lar.yy — ay 4] less than 0.13, and 90% have difference less than

0.22. Furthermore, the root-mean squared difference is smaller
than the variation of asymmetry in an individual model.
Evidently a; v and a;; are highly correlated and a; py
provides a nearly unbiased estimate of a, ; (notice the minimal
offset in Figure 3). A small fraction of snapshots cluster
around a; yy = 1. This artifact occurs due to the chosen
bounds and does not effect the results. We conclude that
asymmetry can be accurately measured, even with EHT’s
limited (u, v) coverage.

The asymmetry fluctuates over time. Across the v5 model
library, we find a mean correlation timescale for a; of
Teorr /= 101, for SANEs and Tco ~ 1151, for MADs. An
example asymmetry evolution for a model with a, = 0,
Riow = 1, and Ry, = 40 is shown in Figure 4. The asymmetry
approximately follows a truncated normal distribution. For this
example, the a; distribution has mode p = 0.29, standard
deviation ¢ =~ 0.14, and correlation timescale 88 f,.

4. Results

After measuring asymmetry for all MAD models, we find
the asymmetry distributions show a clear spin dependence,
consistent with Figure 2. Figure 5 shows the asymmetry
distributions for MAD models, marginalizing over all para-
meters except spin. Models with zero spin show minimum
asymmetry, while models with maximum spin magnitude have
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Figure 5. Distribution of MAD model asymmetry. The black line shows the
modes y of truncated Gaussians fitted to modeled asymmetry distributions,
marginalizing over Rygn and Ry, at each spin. The gray band shows lo
distribution variation. EHT measurements of asymmetry in M87" are shown as
dashed lines, surrounded by lo regions (colored shaded bands). Spin values
present in the models are shown with x-axis tick marks. The 2017, 2018, and
2021 data fall above the 50th percentile for zero-spin models. The 2018
asymmetry falls above the 90th percentile for zero-spin models.

mean asymmetry that is over twice as large. Truncated
Gaussian fit parameters to these model distributions are
provided in Table 2. Fits for SANE models are provided in
Appendix C. We filter out all images with a; > 0.99 before
fitting to improve accuracy. We note that observations are well
below this threshold and that this process has no major effect
on our statistical results (see Appendix B).

The figure also shows the observed asymmetries from 2017
to 2021. As above and in Figure 1, the measured asymmetry
for 2017, 2018, and 2021 EHT data are 0.41, 0.69, and 0.53,
respectively. The asymmetry is largest in 2018, when there
appears to be the largest difference between the ring’s
brightness peak and brightness minimum. The 2021 image
has a similar position angle, but has relatively more emission
on the ring’s dim side. 2017 has the least asymmetry, with a
smaller difference between the ring’s maximum and minimum
brightness, and with a wider multimodal bright side. Our
measured asymmetry values fit what is seen by-eye. In
Figure 5, we see the 2018 asymmetry is above the 90th
percentile of all nonspinning black hole models, while the
2017 and 2021 asymmetries lie above the 50th percentile of all
nonspinning black hole models. The data clearly disfavor zero-
spin models.

To assess the significance of the inconsistency between the
data and the models, we use the Kolmogorov—Smirnov (KS)
test. The KS test provides a probability p that the difference
between the observed and model cumulative distributions are
as large or larger than observed.

The probability for each spin, marginalizing over each
model Rpiep and Ryoyw, are shown in Figure 6. There are two
lines in the figure: one for the truncated Gaussian fit to the
GRMHD asymmetry distribution (the “one-sample” KS test),
and one using measured asymmetries of individual images
drawn from each model (the “two-sample” KS test). Evidently
the two are very close. Models with a, = 0 and a, = —0.25
give lower p-values than higher spin models: a, = 0 models
have p = 0.026 and a4, = —0.25 models have p = 0.049 in the
two-sample KS test. Zero-spin models are strongly disfavored.

Bernshteyn et al.

Maximum p-values occur at a, = —0.75, 0.5, and 0.75, as
spins with larger magnitudes produce asymmetries that slightly
exceed the current mean of observations. However, the relative
difference in p between these highly spinning models is
insignificant; all are consistent with the data at present. If the
spin of M87" is nonzero and the models provide the correct
asymmetry distributions, then future observations will soon
tighten these constraints.

In the discussion above, we marginalize over all radiative
transfer parameters Ry;gn and R),,, at each spin. Figure 7 shows
KS test probabilities for a, = 0 models broken out for
different Ry;gn and Rjow. Recall that these parameters set the
ratio of electron temperature to ion temperature as a function
of plasma £.

The asymmetry is only weakly dependent on Ryign, and Rjoy,
in MAD models. The emission region is relatively insensitive
t0 Ryign and Ryoy in MADs (EHTC M87 V; G. N. Wong et al.
2022), so the asymmetry’s weak dependence on these
parameters is expected. Still, the Ry, = 1 models tend to
exhibit lower p than R),,, = 10 models. In Figure 7, we see this
trend for a, = 0, as R}, = 10 models have slightly higher
asymmetry than Ry, = 1, closer to observations. Prograde
MAD R, = 10 models produce slightly less asymmetry than
R, = 1, also closer to the observed mean. The Ry, = 10
models are also favored by polarized EHT data: they more
frequently reproduce the observed polarization fraction and
structure. Cooler electron temperatures are a plausible
consequence of radiative cooling. Meanwhile, models with
low Ryigh (€.g., Rnignh = 1) are disfavored by other constraints:
they overproduce X-rays, underproduce jet power, are too
radiatively efficient (EHTC M87 V), and have a too high
polarization fraction (EHTC M87 VIII; EHTC M87 IX). While
our asymmetry does not exclude Rpjon = 10, it does mildly
favor Ry, = 10. It seems cooler electrons are preferred.

5. Discussion

The asymmetry in black hole images is determined by
multiple physical processes (A. Chael et al. 2026, in
preparation). These include Doppler beaming, gravitational
lensing, and radiative transfer effects, e.g., the angle at which
the line of sight passes through the midplane (lines of sight that
are more nearly parallel to the midplane have higher opacity),
and the angle between the magnetic field and the line of sight
(lines of sight normal to the magnetic field have higher
synchrotron opacity).

Doppler shift is an important contributor to the asymmetry.
Doppler shift depends on the emitting plasma velocity. In
Minkowski space, a rotating, optically thin ring will always
appear brighter on the approaching side due to Doppler
boosting: since the intensity 7, on a line of sight and the
frequency v are invariant in the combination 7,/ 7, and v is
higher on the blueshifted side, then 7, must be proportionately
higher on the blueshifted side. This argument incorrectly
suggests, however, that the brightness peak should always lie
on the approaching side of the disk.

In the Kerr metric, a majority of the emission seen by EHT
arises in a narrow ring close to the black hole at
r ~ 2-5GMc™? (EHTC M87 V; G. N. Wong et al. 2022).
There, Doppler shift interacts with other effects such as
lensing. For a rapidly spinning hole with equatorial emission
seen at small inclination, lines of sight (geodesics) that
intersect the emission region tend to bend and wrap around the
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Table 2
Gaussian Fits to Asymmetry
Spin —0.97 —0.9375 —0.85 —0.75 -0.5 —0.25 0.0 0.25 0.5 0.75 0.85 0.9375 0.97
Iz 0.653 0.609 0.567 0.485 0.382 0.324 0.278 0.378 0.525 0.573 0.630 0.645 0.675
o 0.203 0.178 0.193 0.210 0.188 0.168 0.181 0.172 0.201 0.209 0.213 0.220 0.198

Note. Mode (1) and standard deviation (o) for truncated Gaussian fits to asymmetry distributions for MAD models. The fits are bounded by a; € [0, 1); we exclude

a; = 1 cases prior to fitting.
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Figure 6. Probability p that the ensemble of MAD models at fixed spin is
consistent with EHT data. The purple curve shows the results from the two-
sample KS test against the full asymmetry distributions obtained for each spin.
The yellow curve shows one-sample KS tests, with underlying asymmetry
distributions replaced with best-fit truncated normal distributions. Parameters
of these distributions are given in Table 2. The results are largely consistent.

hole in the spinward direction (M. D. Johnson et al. 2020).
Thus for retrograde (a, < 0) disks, direct lines of sight to the
emission region emerge opposite the direction of rotation and
are Doppler deboosted. Lensed, indirect lines of sight to the
disk contribute comparatively more of the flux than in
prograde disks.

The strength of Doppler boosting depends on plasma
angular velocity. The angular velocity in the emission region
is different in MAD (strongly magnetized) and SANE (weakly
magnetized) models. This is evident in Figure 9 of V. Dhruv
et al. (2025), which shows time- and azimuth-averaged angular
momentum in the emission region for both MAD and SANE
models. In MAD models, the plasma experiences strong
magnetic torques in the plunging region, leading to slower
rotation and thus weaker Doppler boosting. Since MAD
models have relatively weak Doppler boosting, the asymmetry
can be more sensitive to other effects.

The rotational velocity also differs between v3 and v5
models. This point is discussed in greater detail in
Appendix A.

5.1. Comparison with Earlier Work

EHT reported asymmetries for both the 2017 and 2018
MB87* datasets (EHTC M87 IV; EHTC M87 2018 1) that differ
from those reported here. Those reports were based on either
different parameterized image models, different definitions of
asymmetry, or both.

10
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Figure 7. Probability p for zero-spin models, across Ry, = 1 (purple) and
Riow = 10 (yellow), based on two-sample KS tests. Models with Ry, = 10 are
marginally favored.

The analysis of 2017 data reported an asymmetry A ~ 0.22
on April 11, which is smaller than reported here (a; = 0.41)

due to a difference in definition. In that analysis,
_ 2 i 2w

A = <|f0 1 do)| /fo Id6’>re[rimrm] on an annulus bounded

by ri, and roy. If we apply this definition for A to an m-ring,

the asymmetry recovered is a factor of 2 smaller than a;, which
is the amplitude of the m = 1 sinusoidal mode (see Equation
(22) and subsequent discussion in EHTC MS87 1V). The
difference in definition accounts for most of the difference
between their measurement and ours. The remainder is
accounted for by a difference in measurement procedure: we
fit a parameterized model, while the original EHT analysis
did not.

The EHT analysis of 2018 April 21 data used Comrade and
VIDA to measure an asymmetry and found A ~ 0.31 (other
methods had the asymmetry ranging from A = 0.21 to 0.43,
with an average of A ~ 0.31, per Table 7 of EHTC
MS87 2018 I). However, that analysis followed a Comrade
convention where m-rings fitted in the (u, v) domain produce
amplitudes that are a factor of 2x smaller than those fitted in
the image domain. Thus, their values typically range from
ay, yv € [0, 0.5]. In our convention, we present both (, v) and
image domain asymmetries in units of [I_rmg] ranging from
a; € [0, 1], where a; = 1 corresponds to a ring whose
amplitude is as large as its mean intensity I_ring.

A smaller difference in asymmetry magnitude originates
from the use of an mF-ring or floored m-ring model in the EHT
2018 analysis. This model has a flat (non-Gaussian) back-
ground, an elliptical ring, up to m = 2 modes (rather than
m = 4), and allows for two free nuisance Gaussians to help
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model diffuse extended emission. The nuisance Gaussians are
allowed to overlap with the ring, and so can introduce on-ring
brightness asymmetries that are not accounted for in their
measure of asymmetry A. The more complex template from
2018 analysis allows for better fits to the 2018 data, while ours
allows for more straightforward interpretation at reduced
computational cost.

The EHT analysis of 2021 April 18 used Comrade to
measure an asymmetry of A ~ 0.22—0.25, again following the
convention where values of A are a factor of 2 smaller than a;.
Their analysis used an m = 4 m-ring as in this work, but had
minor differences in the background Gaussian component (see
Section 3.4 and Table 2 in EHTC M87 2021). Their recovered
values of A are consistent with a; measured in this work, after
accounting for these differences.

The theoretical study of ring asymmetry in EHT images has
focused mainly on inclination, rather than spin. L. Medeiros
et al. (2022) analyzed asymmetry in M87" with a focus on the
inclination dependence, using a set of GRMHD models. Their
measure of asymmetry is based on integrations along rays
through the image at fixed position angle, comparing the line-
integrated intensity on one side of the shadow against the
other. Assuming that a; < a; (as in most of our fits), their
asymmetry measure A ~ (1 4+ a;)/(1 — a;). They consider
GRMHD models with a, = 0, 0.7, 0.9 and see relatively little
asymmetry at zero spin. L. Medeiros et al. (2022) find a strong
dependence on inclination, and also note a substantial
difference between MAD and SANE models.

R. Qiu et al. (2023) have used machine learning models
trained on a different set of GRMHD simulations to assess
relative importance of different image observables for spin and
inclination inference. Asymmetry, computed as in L. Medeiros
et al. (2022), was included as one of the observables. They find
that asymmetry has moderate to strong effects on spin and
inclination constraints, broadly consistent with our results. The
authors find that observation of asymmetry puts particularly
strong constraints on spin for Sgr A" models. For M87*
models, the constraining power of asymmetry is smaller, but is
still the highest among all observables not pertaining to
polarization structure. In our study, the v5 simulations sample
black hole spin more densely and use what we believe to be a
more accurate adiabatic index (C. F. Gammie 2025).

J. C. Faggert et al. (2025) studied asymmetry in a
phenomenological thick-disk model. They use yet another
measure of asymmetry, FA, which relies on the depth of nulls
in the visibility amplitudes on rays perpendicular to the
projection of the spin axis on the sky. In the limit of a
thin ring (not always appropriate), one can show that
FA =~ a;J,(jo,1) =~ 0.52a,, where j; is the first root of Jy(x),
while Jo(x) and J;(x) are zeroth and first Bessel functions of the
first kind. They also introduce a second metric, IA = A — 1,
where A is the L. Medeiros et al. (2022) asymmetry. For
2017 M87* data they find FA = 0.20-0.24, implying
a; ~ 0.38-0.46, consistent with the a; = 0.41 value we find
by fitting all visibility amplitudes and closure phases using
Comrade. J. C. Faggert et al. (2025) find that FA depends
strongly on inclination and is almost independent of spin at
inclinations appropriate to M87* (see their Figure 4), which
differs significantly from our results. This is likely due to
differences in the underlying disk model.

Saurabh et al. (2026) perform a detailed study of asymmetry
dependence on geometric parameters, including spin, in
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semianalytic RTAF models, as well as in a subset of GRMHD
simulations. They define asymmetry as the ratio of total
imaged fluxes on both sides of the black hole’s rotation axis.
The authors find that RIAF models tend to produce more
symmetric images than GRMHD ones, possibly due to the
simplifying assumptions on the magnetic field structure and
fluid flow in RIAF models. Despite that, both RIAF and
GRMHD models demonstrate asymmetry growth with |a,|
and disfavor small negative a, models as too symmetric,
which broadly agrees with our findings.

5.2. Future EHT Observations

Future upgrades to EHT and future observations will
improve our understanding of the ring asymmetry in M87*
and Sgr A*. In both sources, the emitting plasma is turbulent
and samples a turbulent configuration about once per
correlation time 7., For the asymmetry magnitude, the
correlation time Teo(a;) =~ 95 t, across the full model library.
For MAD models, 7con(a;) ~ 115t,. Thus for MB87",
Teorr & 1001, ~ 35 days and for Sgr A" 7o,y &~ 30 minutes.

In Sgr A", which we have not discussed yet, instantaneous
(u, v) coverage is poor compared with M87”. Each turbulent
configuration persists for only ~30 minutes, during which
Earth’s rotation causes the baselines to trace out only short
arcs in the (u, v) plane. Thus, Sgr A"’s asymmetry is
comparatively poorly constrained. The addition of new
antennas can improve coverage, allow better asymmetry
estimates, and enable a model-dependent constraint on the
inclination and spin of Sgr A*.

In M87*, each turbulent configuration persists for ~35 days;
during a night of observation, the source changes very little,
but Earth’s rotation causes the baselines to trace out long arcs
in the (u, v) plane (so-called Earth rotation aperture synthesis).
As shown in Figure 3, this coverage permits accurate
asymmetry measurements. At present, there are three snap-
shots from uncorrelated turbulent configurations separated by a
year, in 2017, 2018, and 2021. The uncertainty in the
measurement of the average asymmetry scales with the
number of independent samples N as ~o/+/N, where o is
the width of the “true” asymmetry distribution (¢ ~ 0.2, per
Table 2). Existing data that has not been analyzed yet, from
2022 to 2024, will take N from 3 to 6. We forecast that this
will reduce uncertainty in the mean asymmetry by ~1/+/2.

ALMA has recently approved a time-lapse imaging
campaign of M87* in 2026. If the asymmetry correlation
times in M87* and models are consistent, then the main
campaign will span ~2 correlation times, while potential
extensions would enable up to ~4 independent measurements.
Taken with 2025 observations and potential future observa-
tions in 2027+, EHT could achieve 12 independent samples by
the end of the decade, reducing uncertainty in the mean
asymmetry by a factor of ~1/2.

To assess how future observations might constrain spin, we
consider two scenarios: one showing the confidence with
which spin zero models can be ruled out assuming future
observations that are consistent with present constraints, and
another showing how well the spin can be measured if the true
asymmetry distribution in M87" is well described by one of
our models.

For the first case, we assume the asymmetry is a (truncated)
normal distribution with p equal to the average of the three
existing measurements, ~0.55, and the standard deviation
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Figure 8. Effect of new observations on spin constraints. We repeatedly “observe” N random asymmetry samples from the MAD model distribution for each “true”
spin, then compare the mock observations to the asymmetry distribution for each “tested” spin using a KS test. The resulting median probability p of each tested spin
is shown for N = 3 observations (left), N = 6 (center), and N = 12 (right). High p (blue) suggests the asymmetry distribution in the tested spin is a good match to the
observations of the true spin; low p (red) suggests we can rule out the tested spin. As N increases, we can correctly rule out an increasing fraction of the parameter

space.

~(.2, motivated by the typical standard deviation in the model
library. We draw N random samples (mock observations) from
the truncated normal distribution, and perform a KS test
comparing the mock observations to all spin zero models. For
each N, we repeat this procedure many times. We find the
median p for spin zero drops off as p ~ eV /1. the constraint
improves exponentially as new observations are added.

For the second case, we assume the correct model is in our
library and ask how well future observations can measure the
spin. The result is shown in Figure 8. We fix the “true” spin
of M87"*, draw samples from the distribution for that spin
reported in Table 2, and test the N simulated observations
against the model distribution at each spin. We again repeat
this procedure many times and take the median p. The
resulting p for different M87" spins and observational
samples N are shown in Figure 8. The p-value recovered
for the true spin lies on the “True Spin = Tested Spin”
diagonal. If M87" is highly spinning, we will be able to
strongly exclude zero-spin models by N = 6. If on the other
hand M87" has low spin, we will also be able to strongly
exclude high spin by N = 6.

5.3. Degeneracy with Inclination

So far, we have only considered i = 17° and 163°. As earlier
works such as L. Medeiros et al. (2022) have noted, however,
the asymmetry also varies with inclination. When face-on at
i = 0° or 180°, we would expect a; = 0; when edge-on, we
would expect a; to reach its maximum. To what degree does
the uncertainty in M87"’s estimated inclination (with standard
deviation ~3°-4°, per F. Mertens et al. 2016; R. C. Walker
et al. 2018) contaminate our spin constraints?

We assess the uncertainty introduced by inclination error in
a small sample of models, changing the inclination by +5°
from the inclination used in our standard model series. We
consider four MAD models, with Rpien = 40, R, = 1, and
ay = £ 0.5. We sample 30 images from each model separated
by >501,. In the prograde model, we find a shift of i + 5°
corresponds to a shift in asymmetry of a; = 0.1. In the
retrograde model, we find a shift of i + 5° corresponds to a
shift in asymmetry of a; = 0.04. The asymmetry uncertainty
due to inclination error o; will begin to dominate when
0/N < o; for N independent samples and asymmetry
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distribution standard deviation o. This occurs when N 2> 4
for the retrograde models, and N 2 25 for the prograde models.

5.4. Model Uncertainty

Our asymmetry distributions are model-dependent. What
are the sources of model uncertainty?

Two uncertainties (magnetization and adiabatic index) are
discussed in detail in Appendix A, since they can be evaluated
from existing simulation data. To summarize: across v3 and v5
MAD and SANE models, the asymmetry is minimized at zero
or at slightly negative spin, although the exact relationship
between asymmetry and spin shows some variation.
Additional sources of model uncertainty include the following:

(1) Electron energization and thermodynamics. Our models
assume the electron distribution function is thermal with
T.(8, Ti;Ruigh» Riow)> Te < T;, and with an isotropic 7, relative
to the local magnetic field. Better models would evolve a
separate electron internal energy equation. This may produce
better agreement of the models with Sgr A variability data
(L. Salas et al. 2025), although it requires modeling electron
heating (an unsettled issue in the theory of collisionless
plasmas), electron cooling (particularly important in M87%),
and acceleration of electrons into a nonthermal tail.

GRMHD models with the nonthermal tail in the electron
distribution function produce remarkably similar brightness
asymmetries to their thermal counterparts (see EHTC
MS87 2018 II, Figure 3). One set of GRMHD models that
evolve a separate electron internal energy shows similar trends
in asymmetry, but has a decrease in the overall magnitude by
~33% after accounting for a different asymmetry definition,
which should produce values 2x smaller than ours if the data
corresponds to an m = 1 m-ring (A. Chael 2025). If the
decrease is due to the differing models and not the differing
asymmetry definition, then the smaller asymmetry would
allow us to more confidently rule out zero spin.

Electron anisotropy can also affect asymmetry (A. Galishnikova
et al. 2023). Anisotropy perpendicular to the magnetic field
(T'. > Ty, as in the mirror and whistler limits) produces increased
asymmetry in the image and is disfavored based on the observed
circular polarization fraction (V. L. Ginzburg & S. I. Syrovats-
kii 1965; A. Galishnikova et al. 2023; EHTC M87 IX). Anisotropy
parallel to the magnetic field (T > T, as in the firchose limit)
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would decrease the observed asymmetry, thus increasing the
confidence with which we could rule out zero spin.

(2) Collisionless dynamics. Our models treat the accreting
plasma as an ideal fluid, but the plasma is known to be
Coulomb-collisionless.'’* The accuracy of this approximation
is not yet understood. Although Coulomb scattering is too
weak to fluidize the plasma, wave—particle scattering may be
strong enough (e.g., M. W. Kunz et al. 2014). One particular
source of concern is that, at least for some model problems, the
reconnection rate is an order of magnitude slower in MHD
than in kinetic theory (e.g., B. Ripperda et al. 2020). Models
that incorporate nonideal corrections (viscosity and heat
conduction) to an ideal fluid show behavior that is remarkably
similar to ideal models (F. Foucart et al. 2017; V. Dhruv
et al. 2025).

(3) Boundary and initial conditions. The models are
initialized with a magnetized torus of limited radial extent
(L. G. Fishbone & V. Moncrief 1976; G. N. Wong et al. 2022).
The variation of model outcomes with respect to changes in
this initial condition and boundary conditions have not yet
been fully assessed. It is known that in models of Sgr A*, a
limited set of self-consistent wind-fed models (S. M. Ressler
et al. 2020) produce images that are similar to images
produced with our initial conditions used here (EHTC
SgrA V).

(4) The “fast light” approximation. The fast light approx-
imation used here performs the radiative transfer calculation
for a snapshot on a single time slice. A more precise treatment
(“slow light”) would trace the photon trajectories through
multiple time slices, i.e., through the fluid as it evolves, since
the light-crossing time is only slightly less than the dynamical
time close to the horizon. The fast light approximation is used
because it is cheap and simple. We have compared the
asymmetry distribution in fast light and slow light versions of
a test model and find that they are nearly identical. The
asymmetry had a mean and standard deviation of 0.70 4 0.18
in the fast light model, while it was 0.70 &+ 0.19 in the slow
light model.

Finally, there are other sources of uncertainty such as those
related to numerical treatment of low-density regions in the
flow. Ultimately the models will be tested by comparison with
observations.

5.5. Testing the Blandford—Znajek Jet-launching Mechanism

The Blandford—Znajek (BZ) mechanism (R. D. Blandford &
R. L. Znajek 1977) is commonly considered the favored
mechanism for jet launching. BZ predicts (1) that there is a
black hole at the base of M87"’s jet, (2) that the jet connects to
the black hole, (3) that the black hole is spinning, and (4) that
the jet power is a function of black hole spin. The presence of a
black hole is unambiguously confirmed by 230 GHz VLBI
imaging, which shows the expected ring (EHTC M87 I).
86 GHz VLBI imaging shows a connection between the black
hole and jet (R.-S. Lu et al. 2023). Our analysis suggests that
the black hole is spinning—consistent with BZ. Estimates of
M87"’s jet power typically favor higher spins assuming BZ
(R. Nemmen 2019; EHTC M87 V), and these higher spins are
among the values favored by asymmetry. In Section 5.2, we

172 1deal here refers to the governing equations. The numerical implementa-

tion, which is an ILES or Implicit Large Eddy Simulation, still incorporates
dissipation due to truncation error at the grid scale. See P. Grete et al. (2023)
for a discussion of ILES in compressible MHD.
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show future observations may provide improved spin con-
straints. Future EHT or space-VLBI observations could test
BZ by checking for continued consistency between estimates
of spin and jet power. Finally, future observations may also
provide a direct probe of the electromagnetic energy extraction
direction using polarization measurements, which could also
test BZ (A. Chael et al. 2023).

6. Conclusion

In this paper, we have presented tentative evidence for a
spinning M87* black hole based on the asymmetry of 2017,
2018, and 2021 EHT images. The evidence is tentative
because it relies on (1) the relevance of the model library itself,
which is known to have missing physical ingredients and
internal inconsistencies, discussed in Section 5.4; (2) a
restriction of the model library to magnetically arrested disk
(MAD) models, which are nevertheless preferred by EHT data;
and (3) only three independent observations. With these
assumptions, zero-spin models are disfavored.

The spin-ring asymmetry correlation is clearer for MAD
models than for SANE models (see Appendix A), and MAD
models are mildly favored by existing model-data compar-
isons. SANEs are more likely to fail the jet power constraint
(EHTC M87 V). SANEs are also either too weakly polarized,
or have weak magnetic field lines that become too azimuthal as
they are dragged by the fluid, producing EVPAs that are too
radial to agree with the observed orientations (EHTC
M8&7 VIII).

At present, there are three independent asymmetry measure-
ments for M87". This paper highlights the value of new data
for constraining the spin of M87". In Section 5.2, we have
calculated the median probability that the observations are
drawn from an a, = 0 model asymmetry distribution to scale
as exp(—N/1.6), where N is the number of independent
asymmetry measurements.

Our analysis, based on image asymmetry alone, suggests
that M87* may have |ay| 2 0.2, as can be seen in Figure 6. In
particular, a, = 0 and —0.25 models are marginally disfavored
at p ~ 0.026 and 0.049, respectively. Models with a, = 0.25
are currently still plausible at p ~ 0.14. The EHT could
strengthen its spin constraints with an increased sample size,
e.g., using future time-lapse imaging of MS87*. This is
consistent with previous arguments based on jet power (EHTC
MS87 V): low-spin models that match the compact millimeter
flux of M87"’s accretion disk have jet power far below existing
estimates. Our argument here is independent of the jet power
argument and does not rely on highly uncertain jet power
estimates.

Our spin constraint is also consistent with spin distributions
obtained in M. Janssen et al. (2025), which uses machine
learning models trained on GRMHD simulations to interpret
polarized data. Our analysis does not use M87" polarization
data. The EHT could also strengthen its spin constraints by
incorporating other observables, such as the aforementioned
jet power, polarization structure of the ring (D. C. M. Palumbo
et al. 2020; A. Chael et al. 2023), and pattern speed
(N. S. Conroy et al. 2023).

The asymmetry argument presented here, the jet power
argument (EHTC MS87 V), and the outcome of GRMHD
simulations (e.g., J. C. McKinney & C. F. Gammie 2004) are
all consistent with the notion that the M87™ jet is powered by
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the BZ mechanism. We outline several methods to test
predictions of the BZ mechanism with future observations.

A future space-based VLBI antenna, such as the proposed
NASA BHEX mission (M. D. Johnson et al. 2024), would
enable us to resolve near-horizon rings in sources other than
M87" and Sgr A* (X. A. Zhang et al. 2024). Our work suggests
that it may be possible to estimate the magnitude of spin in
these sources based on asymmetry alone, if a sufficiently good
estimate for the inclination is available. Ring diameter and
brightness asymmetry are perhaps the easiest features to
measure in EHT images, thus enabling future analysis to
provide model-dependent constraints on mass and spin across
a variety of sources.
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Appendix A
Other Model Sets

A.1. v3 lllinois GRMHD Library

In this study, we rely on the v5 version of the PATOKA
model library. This version has significant differences from
version v3. The most notable physical difference is that in v5,

the plasma adiabatic index is v = %, compared with v = % in

v3. Models in v5 were run longer, at higher resolution, with a
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Figure 9. Asymmetry curves with 1o ranges, as in Figure 5, for vS MAD (top
left), v5 SANE (top right), v3 MAD (bottom left), and v3 SANE (bottom
right) models. The black lines show the modes x of truncated Gaussians fitted
to modeled asymmetry distributions at each spin. The gray bands show the 1o
variation of the distributions. Observed asymmetries in M87" are marked with
dashed lines. The colored bands show lo uncertainties. X-axis tick marks
show the spins sampled in each set of models.

slight change in Ryign (v3 has Ry, = 1 instead of 80), and
included more spins (v3 only modeled 5 spin values
ay, € {—0.94, —-0.5, 0, 0.5, 0.94}, compared with 13 spin
values modeled in v5). In addition, v3 utilized an older 1harm
code (B. Prather et al. 2021) to evolve the fluid, compared with
the newer KHARMA code used in v5.

The effect of each of these differences has yet to be fully
assessed. However, the statistical characteristics of synthetic
images can vary significantly between v3 and v5. The
adiabatic index of v = 5/3 in v5 produces higher temperatures
in the emitting region than the lower adiabatic index of v =
4/3 in v3. The higher adiabatic index of the v3 library
analyzed in the body of this text is considered more accurate
(C. F. Gammie 2025).

In Figure 9, we show the asymmetry dependence for v3 and
v5 models, again marginalizing across the radiative transfer
parameters Ry and Ry, as above. Despite differences, the v3
model library generally produces similar trends to v5. Both are
maximized at |a,| ~ 1 and minimized at |a,| < 1. One
interesting feature of the v3 models is that the minimum in
median asymmetry occurs at a, = —0.5, which is different
from the minimum at a, = 0 in v5. The reason for this
difference is likely due to different velocity profiles in the
emission region. The outdated, lower adiabatic index is
expected to enable faster rotation (See the Appendix of
N. S. Conroy et al. 2025). Then for v3 a, = —0.5, Doppler
beaming may contribute brighter emission on the side of
approaching disk and receding spin, counteracting the effects
of the moderate retrograde spin to create a more symmetric
ring. However, we note the v3 library has no spins sampled
between a, = 0 and —0.5, so it is possible a denser sampling
of spins would produce a closer minimum.
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A.2. SANE Models

We also show the brightness asymmetry in SANEs in
Figure 9. In both model libraries, the mean asymmetry is larger
for prograde SANEs than retrograde SANESs, in contrast to
MADs where the distribution is more symmetrical. In SANEs,
the rotation curve is nearly Keplerian, while MADs have
strongly sub-Keplerian rotation curves (N. S. Conroy et al.
2023; V. Dhruv et al. 2025). Thus, Doppler beaming plays a
larger role in SANEs relative to lensing, increasing the
asymmetry for prograde models.'”® This makes SANEs better
agree with observed asymmetries of M87" at more modest
positive spin values. For retrograde models, Doppler beaming
and lensing compete (along with other effects) to produce
asymmetry in opposite hemispheres.

Appendix B
m-ring Truncation, Asymmetry Bounds, and (u, v)
Coverage

For the bulk of this analysis, we used an m-ring model that
was truncated at m = 4, bound by asymmetry a,, € [0, 1), and
fit in the (u, v) domain assuming 2018 (u, v) coverage. In this
section, we show that changes to these specific methodology
choices do not affect our spin constraints.

Our m = 4 m-ring had zero ellipticity and was allowed a
single nuisance Gaussian, which models diffuse off-ring
emission. Geometric ring models are well-motivated for
EHT sources (e.g., EHTC M87 IV; P. Tiede 2022; P. Tiede
et al. 2022), especially m-rings with m € {2, 3, 4}. The
addition of a nuisance Gaussian improves the fit of the model
(EHTC MS87 2018 I, Figure 14). Here, for simplicity, we
considered a single Comrade template. Would different
choices of geometric model template, parameter bounds, or
simulated (u, v) coverage change our results?

Figure 10 shows a two-sample KS test as done in Figure 6,
this time while varying assumed (u, v) coverage from 2017 to
2021, the assumed parameter bounds from @ yox = 1 to 1.5,
and the geometric model template from an m = 4 m-ring to an
m = 3 one. This analysis was performed at a reduced cadence
of one frame every 500 t,, leaving 60 samples for each unique
model, and 480 for each unique spin. The changes in
asymmetry bounds or assumed (u#, v) coverage have a
negligible effect on p-values.

A small subset of MAD model frames (2.6% of all MAD
frames, 0.3% of MAD |a,|<0.5 frames) have asymmetry
near the boundary (a; > 0.99, as is visible in Figure 3). These
are most common in high-spin models with a large brightness
peak. By visual inspection of GRMHD frames, a; ~ 1 occurs
when the dim side of the ring is particularly dim, or when the
ring appears obscured with a large amount of extended
emission. In this case, setting a higher asymmetry bound
allows us to capture the tail of asymmetry distribution in
las| ~ 1 models. Although a; > 1 would appear to permit
negative intensity on the faint side of the ring, the optimizer
prevents this by aligning the phase of higher-order m-rings and
the nuisance Gaussian. Thus, recovering such large asymmetry

'73 Note that asymmetry measurements for v5 SANEs at a, = 0.85 and 0.97

were calculated over a shorter duration (+ = 20,000 to 30,000 #, rather than
20,000 to 50,000 ¢,), with a slightly higher cadence (every 100 ¢, rather than
every 1251t,), using a reduced image resolution. These differences may
account for the wider 1o region for those models.
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Figure 10. Same as Figure 6, but now showing the probability p across spin
for the two-sample KS test using different modeling methodologies. We replot
the curve of Figure 6 (blue), adjust the assumed (u, v) coverage from 2018 to
2017 (gray) and 2021 (tan), adjust the Comrade template to allow a maximum
asymmetry of a; max = 1.5 (orange), and adjust the Comrade template to use
an m = 3 m-ring (purple). The results are largely consistent, producing lower
p-values for zero-spin models.

requires accurate recovery of the higher-order m-ring
harmonics.

Rather than shifting the bound of the truncated Gaussian,
one might also consider fitting a clipped Gaussian distribution,
where the values outside of a; = 1 are reflected across the
threshold. We tried fitting a clipped Gaussian and found this
had little effect on the recovered p for each model. In any
event, current measurements of asymmetry observations are
far from the a; = 1 boundary, and raising the boundary has
negligible effect on p-values.

Finally, we tried fitting an m = 3 ring to observations and
compared with the distribution found in models at each spin
and again found largely consistent results. Zero-spin models
produce a low p-value. We conclude that our spin constraints
are relatively insensitive to details of the geometric model. As
suggested by Figure 8, if the true spin magnitude of M87" is
far enough from zero, we will be able to more confidently rule
out zero-spin models using future observations.

Appendix C
Asymmetry Fits from GRMHD Library

Table 3 provides the mode p and the standard deviation o of
the truncated Gaussian fits to each model in the v5 M87"
library. The model parameters are summarized in Table 1. As
in Table 2, we filter out the small percentage of frames that
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Table 3
Gaussian Fits to Asymmetry for All Models
MAD/SANE Ay i Rhigh Rlow 14 o
(deg)
MAD —-0.97 17 10 1 0.612 0.192
MAD —0.97 17 10 10 0.622 0.214
MAD —0.97 17 40 1 0.671 0.194
MAD —0.97 17 40 10 0.663 0.214
MAD —-0.97 17 80 1 0.671 0.189
MAD —0.97 17 80 10 0.656 0.201
MAD —0.97 17 160 1 0.674 0.207
MAD —0.97 17 160 10 0.661 0.207

Note. Truncated Gaussian fits to asymmetry distributions of individual
GRMHD models in v5 library. Each model is specified by its magnetic field
mode (MAD/SANE), spin a,, observer inclination i, and electron temperature
parameters Ry, and Rjoy. The fitted mode ;1 and standard deviation o are
shown. Only a portion of this table is shown here to demonstrate its form and
content.

(This table is available in its entirety in machine-readable form in the online
article.)

have an asymmetry equal to the bound when fitting the
truncated normal parameters. A small fraction of high-spin
SANEs are poorly fit, as the asymmetry boundary truncates a
significant portion of the asymmetry distribution. Never-
theless, the chosen bounds generally improve fitting accuracy,
and have negligible effects on observational constraints. See
Appendices A and B for discussion.
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