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ABSTRACT

The Event Horizon Telescope has released polarized images of the supermassive black holes Messier 87*

(M87*) and Sagittarius A* (Sgr A*) accretion disks. As more images are produced, our understanding of

the average polarized emission from near the event horizon improves. In this letter, we use a semi-analytic

model for optically thin, equatorial emission near a Kerr black hole to study how spin constraints follow from

measurements of the average polarization spiral pitch angle. We focus on the case of M87* and explore how

the direct, weakly lensed image spiral is coupled to the strongly lensed indirect image spiral, and how a precise

measurement of both provides a powerful spin tracer. We find a generic result that spin twists the direct and

indirect image polarization in opposite directions. Using a grid search over model parameters, we find a strong

dependence of the resulting spin constraint on plasma properties near the horizon. Grid constraints suggest that,

under reasonable assumptions for the accretion disk, a measurement of the direct and indirect image spiral pitch

angles to ±5◦ yields a dimensionless spin amplitude measurement with uncertainty σ|a∗ | ∼ 0.25 for radially

infalling models, but otherwise provides only weak constraints; an error of 1◦ can reach σ|a∗ | ∼ 0.15. We also

find that a well-constrained rotation measure greatly improves spin measurements. Assuming that equatorial

velocity and magnetic field are oppositely oriented, we find that the observed M87* polarization pattern favors

models with strong radial velocity components, which are close to optimal for future spin measurements.

1. INTRODUCTION

The mathematics of strongly lensed light around a black

hole event horizon present a tantalizing universality; simple

structures that neatly encode spacetime properties such as the

mass, spin, and viewing inclination of the system (see, e.g.

Johannsen & Psaltis 2010; Gralla & Lupsasca 2020; Johnson

et al. 2020). Of particular interest are predictions that may

be accessible through near-term very-long-baseline interfer-

ometry (VLBI) experiments targeting the photon ring, such

as the next-generation Event Horizon Telescope (ngEHT,

Doeleman et al. 2023) and Black Hole Explorer mission

(BHEX, Johnson et al. 2024). The photon ring is the sharp

image feature corresponding to nearly-orbiting light escap-

ing to a distant observer, and is composed of sub-images in-

dexed by the number n of half-orbital windings undergone by

photons before arriving at the observer. Universal structures

emerge for large n.

The reality is that no structure observed in the next decade

will have large n, or be otherwise universal – that is, indepen-

dent of astrophysical assumptions beyond zero optical depth.

Simulations of the Messier 87* (M87*) and Sagittarius A*

(Sgr A*) accretion disks uniformly predict strong contribu-

tions from the first lensed sub-image of half-orbiting photons,

the n = 1 ring (Event Horizon Telescope Collaboration et al.

2019e, 2022). Indeed, studies in the Fourier domain suggest

that the long-baseline signal already measured by the Event

Horizon Telescope (EHT) may already have comparable con-

tributions from the n = 0 and n = 1 images in total intensity,

linear polarization, and circular polarization (Broderick et al.

2020; Palumbo et al. 2023; Shavelle & Palumbo 2024; Tamar

& Palumbo 2024). However, the contribution from the n = 2

image is largely undetectable on baselines accessible now or

in the near future due to the exponential suppression of sub-

sequent sub-images, even in the absence of optical depth.

We are left to reckon fully with the rich phenomenology of

the n = 1 image. In this letter, we focus on the polarimetry

of the n = 0 and n = 1 images as a spin probe for M87*,

inspired by the spin imprint in alternating n image polar-

ization described in the universal regime by Himwich et al.

(2020). As has been studied in detail in ray-traced images of

general relativistic magnetohydrodynamic (GRMHD) simu-

lations, polarimetric reversals across n = 0 and n = 1 are a

ubiquitous feature of optically thin accretion disks with weak

Faraday effects (Ricarte et al. 2021; Mościbrodzka et al.

2021; Palumbo & Wong 2022; Emami et al. 2023). For much

higher n, the azimuthal structure of linearly polarized spirals

is a direct spin tracer (though spin information is erased at

zero inclination), but for n = 0 and n = 1 images, this struc-

ture is very sensitive to astrophysical details.

In order to study astrophysical uncertainties in spin infer-

ences, we utilize KerrBAM, a semi-analytic accretion model

for optically thin synchrotron emission from an axisymmet-

ric, equatorial disk (Palumbo et al. 2022); this model is a de-

scendant of other recent toy models used for both M87* and

Sgr A* (Narayan et al. 2021; Gelles et al. 2021). We assume

that the polarimetric spiral pitch angle coefficient, β2, can

be measured with some quantified error for both the n = 0

and n = 1 emission (Palumbo et al. 2020). We predict the

measured phases ∠β2,0 and ∠β2,1 across a large grid of mod-

els, and use self-fits to examine marginalized spin amplitude

measurements under varying joint constraints on other model
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parameters, such as the plasma velocity orientation and the

characteristic emission radius.

In Section 2, we review the polarimetric spiral pitch angle

and the accretion disk model, and demonstrate trends in po-

larized image structure that show strong spin signatures amid

a rich astrophysical phenomenology. In Section 3, we show

how spin constraints evolve with respect to measurement un-

certainties and astrophysical parameters. We conclude with

a discussion in Section 4.

2. POLARIMETRIC MODEL TRENDS

We begin with a brief review of the polarimetric spiral

pitch angle, and then explore trends in the KerrBAM model

space.

2.1. Polarimetric spiral pitch angle

We use the image-averaged rotationally symmetric polar-

ization coefficient β2, introduced in Palumbo et al. (2020). β2

is one element of a larger radially-averaged azimuthal Fourier

decomposition of the complex-valued linearly polarized im-

age P(ρ, ϕ), where ρ is the image radius and ϕ is the image

azimuthal angle measured east of north:

βm =
1

Itot

∞
∫

0

2π
∫

0

P(ρ, ϕ) e−imϕ ρ dϕ dρ, (1)

Itot =

∞
∫

0

2π
∫

0

I(ρ, ϕ) ρ dϕ dρ . (2)

Here, I(ρ, ϕ) is the corresponding total intensity image. Each

coefficient βm is broadly proportional to the resolved frac-

tional polarization.

The image-integration inside β2 mixes the structures of the

n = 0 and n = 1 images, causing drifts in the observed phase

as a function of frequency as shifting optical and Faraday

depths cause relative contributions to vary (Palumbo et al.

2024). However, interferometers disentangle direct and indi-

rect image structure; Palumbo et al. (2023) studied an exam-

ple GRMHD simulation for M87* and Sgr A* and found no

frequency variation in the inferred values of β2 taken from

long-term averages of other observables, such as the corre-

sponding Fourier quantity, β̆2, in baseline regimes clearly

dominated by one sub-image or the other. Though we do

not directly utilize β̆2, the construction is summarized in Ap-

pendix A for completeness.

In this work, it is sufficient to assume that repeated obser-

vations of M87* on currently available EHT baselines per-

mit an average measurement of β2 for the direct image, while

similar observations on longer (space-VLBI) baselines or at

higher frequencies eventually yield a measurement of β2 for

the indirect image. Moreover, since the relative amplitudes

of these two β2 values will depend sensitively on astrophysics

not modeled in this work such as different optical depths in

the n = 0 and n = 1 image, we will discard their ampli-

tude information, working only with the two phase quantities

∠β2,0 for the direct image and ∠β2,1 for the indirect image.

2.2. The Semi-analytic Emission Model

The specification of the accretion disk in KerrBAM is opti-

mized for speed and simplicity, aimed at producing reason-

ably accurate images of accretion systems dominated a small

region in the equatorial plane. The model is described in full

in Palumbo et al. (2022), but we summarize key properties

here.

The ray tracing in the model is exact and semi-analytic us-

ing elliptic integrals to connect the observer screen to the

emitting plane (Rauch & Blandford 1994; Dexter & Agol

2009; Gralla & Lupsasca 2020), and is carried out adaptively

with increasing resolution for each sub-image n given a spec-

ification of the FOV and pixel number Npix. The plasma spec-

ification is where most of the simplification happens; using

the settings employed here, the model assumes a large num-

ber of plasma parameters are both axisymmetric and radially

uniform:

1. The plasma speed in the zero-angular-momentum-

observer (ZAMO) frame, β.

2. The equatorial pitch angle, χ of the axisymmetric

velocity relative to the ZAMO radial unit vector in

Boyer-Lindquist coordinates.

3. The vertical polar angle, ι, of the magnetic field vector,

measured from the equatorial Boyer-Lindquist polar

unit vector −θ̂ in the lab frame. The equatorial compo-

nent of the magnetic field is assumed to be oriented op-

positely to the fluid velocity, which is itself restricted

to the midplane.

4. The spectral index αν of the fluid frame synchrotron

spectrum.

It bears emphasizing that assuming a radially uniform fluid

velocity in the ZAMO frame and fluid frame magnetic field

are both poor assumptions for GRMHD flows in full gen-

erality, especially if images indicate emission from distinct

regions undergoing different dynamics. In addition, the as-

sumption that the equatorial magnetic field and velocities

should be opposed will not strictly hold for any magnetically

dissipative flow, though the equatorial magnetic field seems

to approximately obey this assumption in GRMHD (Ricarte

et al. 2022). Should the velocities and magnetic fields be-

come decoupled, the primary determinant of image polariza-

tion structure will be the magnetic field, not the velocities;

pinning them to one another reduces parameter volume while

still allowing a separate polar magnetic field component.

Absolute properties of the accretion disk such as the num-

ber density and temperature of electrons and the strength of

the magnetic field are abstracted away; all radial structure not

borne from the spacetime itself is absorbed into a radial pro-

file J(r). We utilize a ring-shaped emissivity profile with a

Gaussian cross-section:

J(r; Re,w) = exp

[

−4 log 2

(

r − Re

w

)2
]

. (3)
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sistent with a range of values of image-integrated ∠β2, be-

tween −163◦ and −127◦. We may extract loose preferences

on χ in the equatorial model by assuming that EHT observa-

tions probe only n = 0 emission, in which case we compare

the model grid to the constraint −163◦ < ∠β2,0 < −127◦.
Figure 4 shows the result of the uncertainty survey with

two values of the assumed measurement uncertainty, over-

plotted with the M87* preferred values of χ. Notably, M87*

does not eliminate any values of χ from polarimetric spiral

pitch angle alone, though it clearly prefers values in which

−180◦ < χ < −90◦, corresponding to clockwise motion with

radial infalling velocity components, consistent with the in-

terpretation in Event Horizon Telescope Collaboration et al.

(2021b). The violins represent the distribution of spin am-

plitude measurement error over the space of true models; for

most values of χ, these violins are centered at σ|a∗ | ≈ 0.3.

This value may seem promising at first, but we note with

the overlayed dotted line that this corresponds closely to the

standard error of a unit top hat, that is, a spin amplitude dis-

tribution that is uniform on the interval [0, 1]. Portions of

the model space yielding worse values of σ|a∗ | than 0.3 corre-

spond to spin constraints that happen to be multimodal with

larger variance than a uniform distribution.

We observe that the values of χ for which the uncertainty

σ|a∗ | is minimized at each value of the measurement error are

those with predominantly radial motion, that is, χ = −180◦

and χ = 0◦. Though the M87* constraint disfavors these par-

ticular values, the constraint prefers values quite near these

peaks.

4. CONCLUSION

We have extended a simple equatorial model for optically

thin emission in the Kerr equatorial plane to predict polarized

emission. We have used this model to build a large grid of im-

ages over a parameter space representing both reasonable and

unreasonable structures for the near-horizon accretion disk

in M87*. We have examined a particular image-integrated

quantity, the polarization spiral pitch angle ∠β2, for the direct

(n = 0) and indirect (n = 1) image on the observer screen,

and found that spin has opposite effects on the direct and in-

direct image polarization, twisting polarization through par-

allel transport with opposite handedness in alternating sub-

images. We examined model space constraints resulting from

uncertain measurements of each sub-image value of the spi-

ral pitch angle, and found that the exact position in plasma

parameter space can have a strong impact on the constrain-

ing power of the polarimetric measurement. We found that,

under the assumption of antialigned equatorial velocities and

magnetic fields, observations of M87* favor velocities di-

rected more radially than azimuthally (though they disfavor

purely radial motion), which we find to be some of the most

promising models for spin constraints from polarimetry.

These results are notable in part because they show how

little power polarization information has in measuring spin

in the absence of a prior on the plasma. For example, in

GRMHD (Palumbo et al. 2020) and in semi-analytic magne-

tospheric prescriptions (Chael et al. 2023; Hou et al. 2024),

polarimetric morphology, in particular ∠β2 was found to pro-

vide a strong, nearly linear relationship with respect to spin.

In this work, though our model is much simpler, we permit

a wider range of fluid velocities and magnetic field geome-

tries, allowing us to paint plasmas into the Kerr spacetime

that erase much of the relationship between polarization and

spin. Our results can thus be treated as an examination of

spin constraints emerging purely from parallel transport with

minimal imprint from black hole-accretion disk coupling in

the magnetic field.

Nonetheless, one may still use GRMHD simulations to es-

timate observation requirements in light of the uncertainty

survey in this work. In order for average polarization struc-

ture to be used to measure spin, the phases ∠β2,0 and ∠β2,1

themselves must have a small error on the mean. We may re-

quire that the error on the mean polarization in an observation

be smaller than a requisite error, σreq. GRMHD simulations

allow us to estimate the intrinsic deviation, σint, for which

we must observe a number of times N such that
σint√

N
< σreq, (5)

→ Nmin ≡
(

σint

σreq

)2

. (6)

Palumbo & Wong (2022) examined distributions of β2,0 and

β2,1 for a library of GRMHD simulations, and found a wide

variety of distributions. However, for the phase in a typical

magnetically arrested disk, σint ≈ 30◦, with comparable vari-

ation in n = 0 and n = 1 phases. Taking σreq = 5◦ to match

the less constraining values in Figure 4, we find the requisite

number of observations Nmin ≈ 36. As repeated observa-

tions of M87* and Sgr A* occur, empirical determinations

of σint will become available. However, given the current

EHT observation cadence, observing this many independent

accretion realizations would take decades, and may not reach

n = 1 spatial scales in M87* even at 345 GHz. Thus, the

high observing cadence of the ngEHT and BHEX and the

long baselines uniquely afforded by BHEX are necessary to

guarantee sensitivity to time-averaged photon ring features.

EHT theoretical constraints so far suggest that retrogradely

spinning magnetically arrested disks excel at reproducing the

image properties of M87* (Event Horizon Telescope Collab-

oration et al. 2019e, 2021b, 2023). These models are no-

table in our context because they produce nearly radial veloc-

ity distributions, as material loses angular momentum due to

frame dragging as it approaches the horizon. As shown in the

second column of Figure 2 in Palumbo & Wong (2022), these

models also produce values of ∠β2,0 and ∠β2,1 that are close to

each other, similar to what we obtain in Figure 2 for the radial

inflow models which are optimal for spin inference. Bondi

accretion (Bondi 1952) and other radial infall accretion sce-

narios (see, e.g. Falcke et al. 2000; Narayan et al. 2019) are

also ideal for the spin measurement we describe. However,

it bears emphasizing that the detailed error budgets found in

this paper will not extend to more general three-dimensional

emitter morphologies, including in GRMHD. Though Ker-

rBAM can reproduce Stokes I morphology in magnetically
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arrested disk images from GRMHD (Palumbo et al. 2022), a

more thorough analysis of spin effects on polarization from

off-equatorial emitters is necessary, extending work in Chang

et al. (2024).

Looking ahead to future observationally-minded studies of

the photon ring, we expect much of the rich structure in-

flicted on images by the spacetime to only be accessible in

the non-universal lensing regime. The polarized signatures

analyzed here provide a unique example in which, in the face-

on limit, all spin information in lost in the universal regime

(see Equation 37 in Himwich et al. (2020)). We demon-

strate here the power of non-universal structure, with which

observers and theorists alike will have no choice to reckon

in ngEHT and BHEX observations, provided they routinely

detect long-baseline polarization, as they are currently envi-

sioned to (Doeleman et al. 2023; Johnson et al. 2024; Lup-

sasca et al. 2024). Holistically, we encourage the application

of semi-analytic models which model both the emitting ge-

ometry and the spacetime, to build a full and proper treatment

of these non-universal features.
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APPENDIX

A. MEASURING POLARIMETRIC PITCH ANGLE WITH INTERFEROMETRY

Though this manuscript does not operate on Fourier quantities, it is useful to imagine how the direct (n = 0) and indirect (n = 1)

image polarization morphologies might be disentangled by an interferometer using Fourier quotients as in Palumbo et al. (2023).

The quantity β̆2 corresponds to a rotation and projection of interferometric quantities that contain the same information as the

interferometric fractional polarization m̆. Beginning with the interferometric Stokes Q and U quantities Q̃(u, v) and Ũ(u, v), with

θ = arctan(u/v), we construct E and B mode polarization in the Fourier domain:












Ẽ(u, v)

B̃(u, v)













=













cos 2θ sin 2θ

− sin 2θ cos 2θ

























Q̃(u, v)

Ũ(u, v)













, (A1)

We then divide by the Stokes I visibility to form a polarimetric closure, and project out the real part to target symmetric structures:

ĕ(u, v) ≡ Ẽ(u, v)

Ĩ(u, v)
, (A2)

b̆(u, v) ≡ B̃(u, v)

Ĩ(u, v)
, (A3)

β̆2(u, v) ≡ Re(ĕ(u, v)) + i Re(b̆(u, v)). (A4)

Collections of measured polarimetric closures can be averaged coherently over long periods of time. Various track-averaging and

annular-bin averaging strategies have been proposed (Shavelle & Palumbo 2024; Tamar & Palumbo 2024); for our purposes, it is

sufficient that some suitable averaging scheme is taken such that, for a given sub-image-dominated regime in (u, v):

∠β2 ≈ arg
(〈

β̆2

〉)

, (A5)

σ∠β2
≈
σ|⟨β̆2⟩|
|
〈

β̆2

〉

|
. (A6)

These formulae correspond to the high signal-to-noise ratio limit for complex random variables; in a more general treatment of

some set of Fourier data Ĩ, Q̃, and Ũ, these formulae need not be assumed to still place meaningful constraints on polarized

structure.
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