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Abstract: General relativity predicts that images of optically thin accretion flows around black holes
should generically have a “photon ring”, composed of a series of increasingly sharp subrings that
correspond to increasingly strongly lensed emission near the black hole. Because the effects of
lensing are determined by the spacetime curvature, the photon ring provides a pathway to precise
measurements of the black hole properties and tests of the Kerr metric. We explore the prospects
for detecting and measuring the photon ring using very long baseline interferometry (VLBI) with
the Event Horizon Telescope (EHT) and the next-generation EHT (ngEHT). We present a series of
tests using idealized self-fits to simple geometrical models and show that the EHT observations
in 2017 and 2022 lack the angular resolution and sensitivity to detect the photon ring, while the
improved coverage and angular resolution of ngEHT at 230 GHz and 345 GHz is sufficient for these
models. We then analyze detection prospects using more realistic images from general relativistic
magnetohydrodynamic simulations by applying “hybrid imaging”, which simultaneously models
two components: a flexible raster image (to capture the direct emission) and a ring component.
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Using the Bayesian VLBI modeling package Comrade. j1, we show that the results of hybrid imaging
must be interpreted with extreme caution for both photon ring detection and measurement—hybrid
imaging readily produces false positives for a photon ring, and its ring measurements do not directly
correspond to the properties of the photon ring.
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Simulated images of optically thin accretion flows around supermassive black holes
(SMBHs) generically exhibit a nested series of “photon rings” produced from strong gravi-
tational lensing of photon trajectories near the black hole (e.g., [1,2]). These increasingly
sharp ring-like features are exponentially demagnified as they converge on an asymptotic
critical curve [3-5], and they can be indexed by the number 7 of half-orbits that light takes
around the black hole, as shown in Figure 1 [6-8]. Because the null geodesics that define
the photon ring are determined by the spacetime curvature and are negligibly affected by
accreting plasma, detection of an n > 0 photon ring would provide striking evidence that
the supermassive compact objects in galactic cores are Kerr black holes and would provide
a pathway to precisely measuring their properties.

To date, measurements of the horizon-scale emission structure around black holes
are only possible using millimeter-wavelength very long baseline interferometry (VLBI).
The Event Horizon Telescope (EHT) is a globe-spanning network of (sub)millimeter radio
telescopes that has carried out VLBI observations of the SMBHs M87* and Sgr A* on horizon
Attribution (CC BY) license (https://  Scales [1,2,9-20]. The next-generation EHT (ngEHT) plans to build on the capabilities of the
creativecommons.org/ licenses /by / EHT by adding multiple new telescopes to the array, increasing the frequency coverage,
4.0/). and improving the sensitivity by observing with wider bandwidths [21]. Though the

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and

conditions of the Creative Commons

Galaxies 2022, 10, 111. https:/ /doi.org/10.3390/ galaxies10060111 https:/ /www.mdpi.com/journal/galaxies



Galaxies 2022, 10, 111

20f17

ngEHT will operate with an unprecedentedly fine diffraction-limited angular resolution of
~15 pas, the n = 1 photon ring is anticipated to be finer still; the expected thickness of the
n = 1 photon ring in M87* corresponds to an angular size of less than ~4 pas [8]. Direct
imaging of the n = 1 photon ring will thus likely remain unachievable for the foreseeable
future, and studies of this feature using ground-based VLBI will require some degree of
“superresolution” via judicious application of parameterized models of the source structure.

Visibility amplitude (mJy)
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Figure 1. The image of a black hole can be decomposed into subimages that are indexed by the
number of half orbits that their photons traveled around the black hole before reaching the observer.
In this scheme, the # = 0 emission (top right panel) is the “direct” image of the accretion flow and
is dominated by astrophysical emission structure. The n = 1 emission (top middle panel) is the
“secondary” image, consisting of photons that have traveled a half orbit around the black hole before
reaching the observer. The actual observed image is a sum of all # subimages (top right panel).
The bottom panel shows visibility amplitudes of these (sub)images for projected baselines that are
parallel (blue) and perpendicular (pink) to the black hole spin axis. The longest EHT and ngEHT
baselines, indicated with vertical black lines, occur at baseline lengths for which then =0and n =1
contributions are comparable, raising the prospect of distinguishing them through modeling.

At least two classes of modeling methodology currently show promise for extracting
superresolved photon ring signatures from VLBI measurements of black holes: models
that parameterize the three-dimensional distribution of the material in the vicinity of the
black hole (e.g., [22-24]), and models that parameterize the two-dimensional distribution
of the emission morphology as seen on the sky [25,26]. In either case, because the ad-
ditional information supplied by the model specification is supporting the extraction of
superresolved structural information, it is important to quantify precisely what defines a
photon ring “detection.” For instance, the most compelling detection might not require the
assumption that general relativity (GR) is true, while a somewhat weaker claim of detection
might test for the presence of this feature under the assumptions of GR. Likewise, methods
could utilize models that assume the existence of the photon ring to make measurements of
black hole parameters without needing to meet potentially more stringent criteria for an
unambiguous detection of the same feature.
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A parameterized modeling approach to study the photon ring was recently developed
by Broderick et al. [25] (hereafter [25]), who employ a “hybrid imaging” technique that
fits a thin geometric ring component alongside a more flexible pixel-based image compo-
nent, where the pixel flux densities are treated as model parameters. Broderick et al. [26]
(hereafter [26]) applied this technique to the EHT observations of M87*, finding that the
diameter of the thin ring component is well-constrained by the EHT data; the authors
associate this component with the n = 1 photon ring. While the value and stability of the
diameter of this component across different datasets support its identification as an image
feature that is determined by the spacetime, other aspects—particularly the fraction of the
total flux density that is recovered in the thin ring—challenge its association with the n = 1
ring. This ambiguity underscores the need to quantify exactly what constitutes a photon
ring detection.

In this paper, we aim to investigate the efficacy of tools such as hybrid imaging to
extract photon ring signatures from EHT- and ngEHT-like data and to determine what VLBI
measurements are necessary and sufficient to reliably detect a photon ring. In Section 2,
we conduct tests using simple geometric models, deriving necessary conditions to detect
the n = 1 photon ring. Next, in Section 3, we explore the application and limitations of the
hybrid imaging approach to detect and measure the photon ring, and we perform tests using
more realistic synthetic data from general relativistic magnetohydrodynamic (GRMHD)
simulations. In Section 4, we summarize these results and discuss their implications for the
EHT, ngEHT, and other future VLBI arrays.

2. Geometric Modeling

We begin with a series of idealized tests, generating simulated data from a simple
geometric on-sky model that includes a proxy for the photon ring and then fitting the same
model to these data. This so-called self-fit procedure guarantees that model parameter
posteriors are directly interpretable. However, the clarity of this procedure comes with the
penalty of being artificially optimistic; it provides requirements for detecting the photon
ring that are likely necessarily but almost certainly not sufficient. Hence, if these self-fits to
simulated data cannot detect a photon ring with a given array, then we expect that photon
ring detection with the same array in realistic settings will be impossible.

The structure of this section is as follows. First, we describe our geometric model
(Section 2.1). Next, we outline our construction of simulated data and the fitting procedure
(Section 2.2). Finally, we perform self-fits for a variety of EHT and ngEHT arrays to assess
the requirements for detecting the n = 1 photon ring (Section 2.3).

2.1. Specifying the Geometric Model

Our simple parametric model is motivated by the expected image structure for opti-
cally thin emission near a black hole consisting of multiple ring-like structures. For each
component, we use the m-ring model from Johnson et al. [8] and Event Horizon Telescope
Collaboration et al. [19]. This model is an infinitesimally thin ring with azimuthal bright-
ness modulation determined by angular Fourier coefficients, which is then convolved with
a Gaussian kernel G. We restrict ourselves to a first-order Fourier expansion, giving the
following intensity profile for the thin ring:

M(r,6|d;, a;, by, E;) = NF 167 — di/2)(1 +a;cos(8) — bisin(6)), 1)

1
where we parameterize a;, b; using a polar representation a; = A; cos ¢; and b; = A;sin¢;,
where A; is the amplitude and ¢; is the phase of the first-order Fourier coefficient. Finally,
F; and d; are the flux density and diameter of the ring, respectively. Note that we have
included a subscript, i, in anticipation of the nested photon rings. The location of the
observed n photon rings relative to the emitting plasma are shifted as a function of spin
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and inclination. Therefore, we allow the centroid of the rings to be displaced by an amount
x;, y;. To give the ring finite width, we convolve the m-ring with a symmetric Gaussian:

G(r, Blwy) = 41082) exp(_w) @)

2 2
Tw; i

w4

where w; is the Gaussian’s full width at half maximum (FWHM). We denote the thick
m-ring model by T(x,y) = M * G, where * is the convolution operator. Finally, the shape
of the ring is also of interest since it encodes information about the spin and inclination of
the central black hole (see, e.g., [8,27-32]). To add ring ellipticity, we modify the intensity
map of the thick m-ring

T(x,y) = ReT(x, (1+1)y) = I(x,y) ®3)

where R rotates the image by ¢ radians counter-clockwise, and T > 0 parametrizes the
ring ellipticity. Formally, 7 is related to the eccentricity e of the elliptical (stretched) ring
viae=+/1-1/(1+71)* =~ \/2T. We denote this model by I and call it the stretched thick
m-ring.

The stretched thick m-ring forms the base image for each nested photon ring. The
final model that we use is a sum of multiple stretched thick m-ring components:

N
I"N(x,y) = Y I(x,y|F, di,w;, Ai, 1,7, &, X1 i) 4)
n=0

2.2. Simulated Observations and Fitting Procedure

To create simulated data, we use Equation (4) with m-ring parameters motivated by
the observed structure and expected gravitational lensing of M87* [13]. Because we are
focused on distinguishing the n = 0 and n = 1 structure, our model for the construction of
the simulated data consists of two nested rings (i.e., N = 1) with equal brightness. Their
diameters d; are related by

dy = 2pc + (do — 2pc)e” 7. )

We set p. = 19 pas and y = 71, which approximates the structure of the photon ring in
M87* given its mass [13] and low viewing inclination [33]. Additionally, the width of the
rings will be given by

wy = wee 7, (6)

and the flux density ratio by
Fyp1/Fi~e 7. (7)

Note that these expressions are a rather crude approximation of the precise structure
expected in black hole images. Nevertheless, given that we want to explore the potential
for photon ring detections that do not explicitly assume general relativity and that our
goal is only to define a minimum threshold for detection, we do not regard this as a
significant limitation.

Our complete model description is as follows:

*  Fluxdensity: Fy = 0.6]y, and F; = e ""Fy = 0.03]y (Equation (7))
e Diameter: dy = 45 pas, and dy = 2p. + (do — 2pc)e” ™ = 38.3 pas (Equation (5))
e Width: wy = 18 pas, and w; = wpe~ ™ = 0.78 pas (Equation (6))
*  Brightness Asymmetry: Ag = A1 = 0.15,and ¢g = ¢1 = —7t/2
e  Ellipticity: 7o = 7y = 0.05,and ¢y = &1 = /3
¢ Ring Centers: xg = yg = x; = y; = O pas
The image structure of this model is shown in the leftmost panel of Figure 2.
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EHT 2017 EHT 2022 ngEHT phase 1 ngEHT phase 2

Figure 2. Results from self-fits of geometric models to synthetic data for a series of EHT and ngEHT
arrays. Each fit includes two m-ring components, as described in Section 2.1. The left panel shows the
ground truth model; the remaining panels show the mean image for the array noted at the top. Even
for this optimistic test, the EHT coverage is insufficient to identify the n = 1 photon ring. However,
the longer baselines of the ngEHT allow clear detection of the n = 1 photon ring.

We generate simulated data using eht-imaging [34] and the ngehtsim' package. This
procedure integrates historical weather data at each site using similar methods to Raymond
et al. [35]. For the EHT arrays, we use 2 GHz of recorded bandwidth with dual polarization,
while for the ngEHT arrays, we use 8 GHz of recorded bandwidth with dual polarization.
To approximate the practical limitations related to fringe detection, we remove baselines
that are not connected to another baseline with an SNR > 5 within a 10 s integration
time. Finally, we segment and coherently average the data over 5 min intervals, emulating
standard on-sky scans. For each 5 min scan, we add station-based gain corruptions, which
add 10% Gaussian multiplicative Gaussian noise in amplitudes and uniform [0, 277) noise
in visibility phases. We include thermal noise but do not include any additional non-closing
errors, such as polarimetric leakage. The list of arrays we use in this paper is listed in
Table 1.

Table 1. Arrays used for synthetic data. For additional details on EHT sites, see [10]; for additional
details on ngEHT sites, see [35]. Note that the SPT cannot observe M87* so does not contribute to the
tests shown in this paper. New ngEHT phase 1 sites use specifications for existing facilities (HAY:
37-m, OVRO: 10.4-m) and are 6.1-m for new locations (BAJA, CNI, LAS); new ngEHT phase 2 sites
assume 8-m diameters with the exception of the AMT, which is planned to be 15-m [36].

Array Freq. (GHz) Sites
EHT 2017 230 (8) ALMA, APEX, JCMT, LMT, IRAM, SMA, SMT, SPT
EHT 2022 230 (11) EHT 2017, KP, NOEMA, GLT

ngEHT phase1 230, 345  (16) EHT 2022, BAJA, CNI, HAY, LAS, OVRO
ngEHT phase2 230, 345  (22) ngEHT phase 1, GARS, AMT, CAT, BOL, BRZ, PIKE

To extract model parameters from the simulated data, we use Bayesian inference. Our
goal is to find the posterior distribution p(6|D) for our model parameters 6 given the data
products D:

_ p(D[6)p(6)
p(o|p) = FEEES) ®

The p(D|0) distribution is often called the likelihood and is sometimes denoted by
L(D|6), p(0) is the prior, and p(D) is the marginal likelihood or evidence.

In this work, we use log-closure amplitudes and closure phases as our data products”
The benefit of closure products is that they are immune to station-based gain errors (such
as those introduced in the synthetic data generation). However, the likelihood functions of
closure quantities are non-Gaussian in the low-SNR limit [37,38]. For this paper, we used
the high-SNR expression from Event Horizon Telescope Collaboration et al. [19] and flagged
any closure products that had SNR < 3. For the EHT and ngEHT 230 GHz observations,
this cut removed 1% of the closure products. For the ngEHT 345 GHz observations, this cut
removed 25% of the closure products.



Galaxies 2022, 10, 111

6 of 17

For model fitting, we use the same model prescription as above, but we parameterize
the width and total flux density as follows:

*  wj = ejwy (the width of the n = 1 ring is forced to be thinner than the first)
*  Fy+ F = 1]y (the total flux density is forced to be unity)

Both of these choices are for computational efficiency when sampling the posterior.
The first prevents a trivial label-swapping degeneracy between the two m-rings, and the
second resolves the trivial flux density-rescaling degeneracy that occurs when using only
closure products. Additionally, we force the xg = yo = 0 pas to provide a phase center for
the reconstructions. For multi-frequency observations with the ngEHT, we assume a flat
spectral index (i.e., we use the same model to fit both 230 and 345 GHz observations and
also for the ground-truth model). Table 2 lists the priors assumed for each model parameter.

Table 2. Priors used for the geometric self-fits with two m-ring components. I (a, b) represents the
uniform distribution on the interval (a, b).

Parameter Prior

doa U (20 pas, 60 pas)
wy U(0.1 pas, 40 pas)
€1 4(0.0,1.0)

Aoa 4(0.0,0.5)

$oa U(—m,m)

70,1 U(0.0, 05)

o1 Uu(o, m)

21 U(—10 pas, 10 pas)
X1 U(—10 pas, 10 pas)

To fit the model to the simulated data, we use the Bayesian VLBI modeling package
Comrade. jl [39] implemented within the Julia programming language [40]. To sample
from the posterior, we first use the pathfinder algorithm [41] and its Julia implementation
Pathfinder. j1 [42] to find a Gaussian approximation of the posterior. This approximation
tends to be poor, but it helps initialize MCMC sampling methods that enable more precise
estimates of the posterior. To sample from the posterior, we use the no-u-turn sampler
(NUTS) algorithm [43] and its Julia implementation [44]. To initialize our sampling, we
draw a random sample from the pathfinder variational approximation, and we use the
diagonal elements of the covariance matrix to initialize the NUTS mass matrix. We find
that this greatly reduces the amount of time required for NUTS to adapt to our posterior.
We run the NUTS sampler for 3000 adaptation steps and 5000 sampling steps. To check
MCMC convergence, we compute the effective sample size of each chain (after removing
the adaptation steps) and found > 500 effective samples for all model parameters. Note that
NUTS struggles to explore multi-modal posteriors, making it possible that we are missing
parts of the posterior distribution. To test for multi-modality, we ran an optimizer from
many starting locations. Other than pathological cases where the fit quality is extremely
poor, we find no evidence for a multi-modal posterior.

2.3. Results

Figure 2 shows the mean image estimated using synthetic data for each array in
Table 1, while Figure 3 shows the marginal posteriors for the parameters of the secondary
ring component. These results show that the secondary ring parameters have a hierarchy
of measurement difficulty. For instance, all the arrays provide tight constraints on the ring
diameter, flux density, and centroid. The ring asymmetry is more challenging to constrain;
the EHT 2017 coverage is inadequate to constrain the n = 1 ring asymmetry’, while the
EHT 2022 coverage is sufficient to constrain asymmetry to the ~2% level, and the ngEHT
coverage provides further improvement. The most challenging parameter to constrain
is the width of the secondary ring, which is weakly constrained by both EHT arrays but
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is tightly constrained for the ngEHT arrays. Note that we used the combined 230 and
345 GHz coverage for the ngEHT arrays; if restricted to just 230 or 345 GHz, the arrays no
longer constrain the width of the m-ring to be less than M/D = 4 nas. Thus, these tests
demonstrate the importance of ngEHT observations at both frequencies for M87*.

Interestingly, the width posterior for ngEHT coverage does not appreciably change
when moving from phase 1 to phase 2. This result arises because the six additional dishes in
phase 2 bring more complete baseline coverage but do not increase the maximum baseline
length or the SNR on long baselines, both of which are crucial for measuring the properties
of the photon ring. Similarly to the marginal posterior for the width, the ellipticity posterior
also shrinks considerably when moving from the EHT to the ngEHT arrays. Both ngEHT
arrays measure the ellipticity to <1% precision.

These idealized tests show that the EHT cannot detect the photon ring. However,
the ngEHT may be able to meaningfully constrain its size, width, flux density ratio, and
ellipticity. Because the principal difficulty in a photon ring detection will be in distinguish-
ing it from the direct emission, measuring each of these ring properties is important for
claiming a detection of the photon ring. For instance, treating the ring thickness as a model
parameter permits a crucial diagnostic of whether the data show a preference for a narrow
ring, which is a key identifying property of the photon ring. Anomalous values in any
of the fitted ring parameters may indicate that the direct emission affects the measured
photon ring structure.

In the next section, we analyze the prospects for detecting the # = 1 photon ring under
more realistic circumstances, using images from GRMHD simulations to generate synthetic
data and fitting models to these data using the hybrid imaging approach from [25].

— EHT 2017 EHT 2022 ngEHT phase 1 — ngEHT phase 2
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Figure 3. Geometric self-fit marginal posterior distributions for the examples shown in Figure 2. The
curves show the marginal posterior distributions for n = 1 ring parameters of interest: diameter
(d1), width (w), ellipticity (1), fractional flux density (f1/fp), and relative displacement (x1, ¥1).
The black dashed line shows the true value for the n = 1 ring component. Overall, we find that the
EHT 2017 and 2022 coverage is insufficient to fully constrain the second ring. In particular, the width
of the n = 1 ring component is the most difficult quantity to measure.

3. Hybrid Imaging
We now explore more realistic tests of whether the EHT and ngEHT can detect and

measure the photon ring, using synthetic data from GRMHD simulations and applying a
tlexible hybrid imaging approach from [25] that we have implemented in Comrade. j1. First,
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we review the original [25] model and describe the modifications in our implementation of
it (Section 3.1). Next, we apply hybrid imaging to a series of simulated datasets using the
2017 EHT array (Section 3.2). Finally, we apply the hybrid model to simulated ngEHT data
for the first time and assess the viability of photon ring measurements with the ngEHT and
the hybrid imaging approach (Section 3.3).

3.1. Review of Hybrid Imaging

Ref. [25] proposed modeling a black hole image using a decomposition consisting of
two components. The first component is a rasterized image model given by

I(x,y) = Zlin(x —x)x(y — yj), )
ij

where x(x)* is the pulse function that converts the raster of pixel flux densities ljj into a
continuous image. For this work, we use a third-order B-spline kernel (Ref. [25] uses a
slightly different pulse function that does not preserve image positivity.). The B-spline
kernel is given by successive convolutions of the square wave pulse (Sq(x)) with itself; e.g.,
the third order B-spline is given by

Kk(x) = (SqxSq*Sq)(x), (10)

where Sq(x) = 1 when |x| < 1/2 and 0 otherwise.

The second model component in [25] is a ring that is forced to be thin (<2 pas), creating
a natural scale separation in the model components. The authors suggested that this scale
separation would allow the rasterized image model to predominantly fit the # = 0 emission,
while the ring component would predominantly fit the n = 1 emission. Hence, the ring
component would measure the properties of the photon ring.

To test whether the hybrid imaging hypothesis works for the EHT data, ref. [25]
analyzed mock data from five GRMHD simulations, with coverage and sensitivity corre-
sponding to the 2017 EHT observations of M87*. They found that in 4/5 cases, the correct
n = 1 photon ring diameter was contained within the 95% highest posterior density interval
(HPDI) for the fitted ring diameter, and 5/5 models had the n = 1 photon ring diameter
within the 99% HPDI. These results suggested that the measured diameter is correlated
with the true n = 1 photon ring diameter. However, ref. [25] found that the recovered ring
flux density was a factor of 2-3 times higher than the true n = 1 photon ring flux density;
they argue that this excess flux density matches expectations for an array with an angular
resolution of 20 pas. Namely, the flux density approximately matches the integrated flux
density within an annulus with a diameter of the n = 1 photon ring and a width of 20 pas.

The ref. [25] analysis has two notable limitations: (1) it does not answer the question
of whether the hybrid imaging approach will always favor placing a thin ring feature in
the image regardless of the true on-sky appearance, and (2) it does not demonstrate that
hybrid imaging can distinguish the n = 0 and n = 1 emission because the diameters of
these components were very similar in all five tests. In the next section, we assess hybrid
imaging for 2017 EHT data, focusing on tests that address both of these limitations.

3.2. Testing Hybrid Imaging on EHT 2017 Data

We first explore the application of hybrid imaging to synthetic data matching the
EHT 2017 observations of M87*. For these tests, we generate data using the GRMHD
simulation snapshot of M87* shown in Figure 1. The GRMHD simulation is of a blackhole
in the magnetically arrested accretion state (MAD) taken from Johnson et al. [8]. It has
a blackhole with a spin of 0.9375 that is viewed at an inclination of 163° with respect to
the spin axis and. The electron temperature is described through a temperature model
that has a maximum proton to electron temperature ratio, rign = 10 [46]. The GRMHD
fluid simulations used in this paper were run using iharm3d [47,48] and ray-traced using
ipole [49]. The ray tracing decomposition into sub-images is taken from Palumbo and



Galaxies 2022, 10, 111

9o0f17

Wong [50]; for additional details on the snapshot generation pipeline, see Wong et al. [51].
To assess the ability of hybrid imaging to detect and/or measure the photon ring, we
analyze four separate images: the first and second images contain just then = land n =0
emission, respectively, and the third image is the combined n = 0 4- 1 emission, and the
fourth image is similar to the n = 0 + 1 image, but we have artificially shrunk the n =1
photon ring by 21%, corresponding to a 30 pas diameter for the n = 1 photon ring. The
resulting images are shown in the first column of Figure 4.

GRMHD Snapshot e n=0 =---n=1

—
+
o

n

n =0 + shrunk 1

/

I I
25 30 35 40 2 6 10 14 18 00 0.5 1.0
Ring Diameter (pas) Ring Width (pas) Relative Ring Flux

Figure 4. Results of fitting a GRMHD simulation snapshot with coverage corresponding to the
EHT 2017 array. The GRMHD simulation has a spin of 0.9375, inclination of 163°, Thigh = 10, and is
in the MAD accretion state. The top row shows the results from fitting only the # = 1 emission with
the hybrid model, the second row shows fits to only the # = 0 emission, and the third row shows fits
to the combined # = 0 + 1 emission. The bottom row shows fits to the combined # = 0 4 1 emission
after reducing the diameter of the # = 1 ring by 21%. All rows show both fits that force the ring
component to be thin (blue) and fits that do not constrain the ring width (orange). The black dashed
lines show true values for the n = 1 photon ring, while the black dotted lines show the true values
for the n = 0 photon ring.

For each image, we generated simulated data whose properties matched the April 11
2017 EHT observations. We then fit two versions of the hybrid model described in the
previous section for each dataset. Both models use an 8 x 8§ raster (see Equation (9)) with a
90 pas field of view and also a thick m-ring model. Note that we do not include ellipticity
in the ring model fit to EHT 2017 data since we found that it was poorly constrained even
for the geometric self-fits using EHT data (Ref. [25] also did not include ellipticity).

The difference between the two models is the prior on the thickness of the blurred
m-ring. The first model forces the FWHM of the ring to be 1 pas (similar to [25], who force
the ring to be thin); we call this the thin-ring hybrid model. For the second model, we also fit
the thickness of the thick m-ring; we call this the thick-ring hybrid model. The priors for the
raster model are given by a Dirichlet prior with concentration parameter & = 1, effectively
placing a uniform prior on the N simplex where N is the number of pixels in the irnage.5 For
the ring component, we use the same priors as those for the first ring component in Table 2,
except for the thin-ring hybrid model where wp = 1 pas. We force the ring component and
raster to be centered on the origin, which differs from [25], which fits for the ring centroid.

In our view, the two hybrid models serve different purposes, distinguished by their
ability to fit all relevant ring parameters. The thick-ring hybrid model makes fewer assump-
tions about the fitted ring component, making it a useful basis for detecting a photon ring.
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The thin-ring hybrid model imposes more assumptions about the fitted ring component,
making it a useful basis for measuring the remaining photon ring properties. Figure 3
provides motivation for forcing the ring to be thin, suggesting that the ring thickness is the
most difficult parameter to constrain.

To measure the ring diameters and widths for the n = 0 and n = 1 photon rings from
the GRMHD images, we used the VIDA. j1 package [52]. VIDA extracts image parameters
by optimizing approximate template images that are parameterized by the features of
interest. We used VIDA’s SlashedGaussianRing template, which provides estimates for the
ring diameter, width, and brightness position angle. For our objective function, we used
the Bhattacharyya divergence [53]:

BA(FIL) = [ /f(x,y)1(x,y)dxay, an

where f and I are the template and image, respectively. We use the Bhattacharyya diver-
gence since it follows the recommendations from Tiede et al. [52]. While other divergences
could be used, we found that they did not appreciably change the extracted parameters. To
extract the ring parameters, we used VIDA on n = 0 and n = 1 images separately.

The results of the test are shown in Figure 4. We find that the thick and thin ring
models give similar results for the measured ring diameter and relative ring flux density.
This suggests that the thin ring component is not focusing on a different aspect of the image
than the thick ring component. Comparing the n = 0 and n = 0 + 1 fits, we find that the
results are very similar for both ring models.

Focusing on the thin ring model, we find that the measured diameter is 39.8:1]:; pas
for the n = 0 fits and 38.5:1):2 uas for the n = 1 fits; the relative flux density of the ring is
0.52f8:8§ for the n = 0 fits and O.61f8:8§ for the n = 0 + 1 fits. Therefore, we find that the
assumption of a thin ring does not appreciably change the estimated ring parameters. These
results are consistent with the conclusions of Section 2, which showed that the EHT 2017
array could not meaningfully constrain the thickness of a thin ring feature in M87*.

For the thin ring fits, we find that the model always places ~50-60% of the flux density
in the thin ring component. Additionally, the thin ring diameter of the n = 0 + 1 image
appears to be an average of the n = 0 and n = 1 fits, suggesting that its measured diameter
is a combination of both. For the thick ring fits, we find that the measured flux density and
diameter of the m-ring component are very similar to the thin ring fits. The width for the
thick ring analysis is very uncertain—going from 0 pas to 15-20 pas.

From Figure 4, it appears that the thin ring component is modeling the combined
emission of the n = 0 and n = 1 photon rings. One reason for this could be the fact that the
n = 0 emission has substantial small-scale (< 5 pas) structure due to plasma turbulence.
This structure could be causing the thin ring to fit both the n = 0 and n = 1 structures.
To assess whether this is the case, we repeated the above analysis, but we replaced the
GRMHD snapshot with a time-averaged GRMHD simulation. By time-averaging, we have
averaged over the small-scale turbulence and created a smooth image n = 0, yielding
a more natural scale separation between the n = 0 and n = 1 emission that may make
hybrid imaging more successful. Nevertheless, we find similar results when fitting the
time-averaged images as those for the snapshots (see Figure 5). Namely, the n = 0 and
n = 0+ 1 fits give similar marginal posteriors for the thin ring diameter, and they are not
substantially changed from the thick ring diameters. Additionally, the n = 0 + shrunkl
fits also show that the measured ring diameter is substantially biased towards the n = 0
emission diameter.
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Figure 5. Results of fitting a time-averaged GRMHD simulation with coverage corresponding to the
EHT 2017 array, following the same procedure and format of Figure 4. The GRMHD simulation has a
spin of 0.5, inclination of 163°, ry;ey, = 20, and is in the MAD accretion state.

3.3. Hybrid Imaging with the ngEHT

We now explore the prospects for hybrid imaging of M87* with the ngEHT, focusing
on the ngEHT phase 1 array. We use a different GRMHD simulation for these tests, selecting
one with no large-scale jet (see Figure 6). Because the ngEHT has many short baselines,
using an image with a prominent jet would significantly increase the necessary field of
view and, hence, the number of raster elements required. Additionally, we only use a time-
averaged simulation, since we expect hybrid imaging to perform best after time-averaging
(see Section 3.2). Finally, as for the geometric models, we assume a flat spectral index
between 230 GHz and 345 GHz so that these bands can be easily combined in the modeling.

GRMHD Time Average (ngEHT phaset1) e n=0 ==-n=1

30 35 40 2 6 1014 18 0.0 05 1.0
Ring Diameter (pas) Ring Width (pas) Relative Ring Flux

Figure 6. Results of fitting a time-averaged GRMHD simulation with no large-scale jet using a thick
ring hybrid model and baseline coverage corresponding to the ngEHT phase 1 array.

The simulated dataset was created using the ngehtsim package using the same settings
described in Section 2.2. The model we fit matches Section 3.2, except that we use a 13 x 13
raster with a 110 pas field of view, which corresponds to an 8 pas pixel size. We again
fit the data using only closure data products, flagging any that have SNR < 3, and we
use a similar sampling strategy as for the geometric models in Section 2. Because of the
computational expense of this test, we only fit data for the full GRMHD image rather than
examining the four decompositions into specific subimages (Figure 5). As in Section 3.2,
we explore the prospects for both detection and measurement of the photon ring by fitting
both the thick ring hybrid model and the thin ring hybrid model. Note that we include
the ring ellipticity T as a model parameter when fitting ngEHT synthetic data due to the
improved baseline coverage.
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The results are shown in Figure 6. Unfortunately, the additional coverage of the ngEHT
does not improve the biases seen in Section 3.2. Nearly all ring parameters indicate that
they are a combination of the n = 0 and n = 1 photon ring properties; the single exception
is the measured ring diameter, which is consistent with the # = 0 photon ring diameter for
both the thin and thick ring fits. Unlike the EHT fits, the ring width is tightly constrained;
however, it is much larger than the n = 1 ring width and smaller than the n = 0 ring width.
The recovered fractional flux density in the ring component is 0.36 &= 0.01, while the true
value for the n = 0 and n = 1 photon rings are 0.83 and 0.17, respectively.

Comparing the ngEHT hybrid imaging results to the # = 0 + 1 2017 EHT results in
Figure 2, we find that the results are somewhat similar, with the major difference being
the posterior concentration for both the raster and ring parameters. In particular, rather
than identifying a new solution mode, the posterior of the ring diameter and width for the
ngEHT phase 1 array results appear to be subsets of the EHT 2017 array results. Thus, even
with the significant improvements of the ngEHT resolution, baseline coverage, and sensitivity,
the hybrid imaging methodology does not successfully isolate the # = 1 photon ring.

Figures 7 and 8 show the mean reconstructions and horizontal cross sections for the
thick ring hybrid model and the thin ring hybrid model, respectively. The cross sections
demonstrate the significant improvement in image fidelity and dynamic range for the
ngEHT relative to the EHT; all ngEHT reconstructions robustly identify a central brightness
depression, which is predominantly caused by the deep “inner shadow” in the simulated
image [54]. However, no reconstructions for either model indicate a ring component that
corresponds directly to the n = 1 photon ring.

Truth Mean Recon.
EHT 2017 ngEHT phase 1

-

Linear Scale

O 11.25 pas O 8 pas

o
o
O
]
[y}
e}
-
100
et
(o))
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I I I
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Figure 7. Summary of applying the hybrid model to fit both EHT 2017 and ngEHT phase 1 synthetic
data for the time-averaged GRMHD simulation shown in Figure 5. The top row shows the ground
truth image with different degrees of blurring (left group) and mean reconstructions using the thick
ring hybrid model (right group) on a linear scale. The second row is the same set of images but plotted
on a logarithmic scale. The 11 pas and 8 pas blurring kernels applied to the GRMHD simulation
were chosen to match the raster resolutions of the hybrid models used for the EHT and ngEHT
reconstructions, respectively. The bottom row shows the emission profile along the x-axis for the
various images in the top two rows. Bands for the reconstructions denote 95% credible intervals
(including both the raster and ring components).
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Figure 8. Similar to Figure 7 except fitting the thin ring hybrid model. In this case, the profiles show
localized peaks associated with the thin ring, but they are displaced from the profile peaks of the
n = 1 photon ring.

4. Discussion

We have explored the prospects for detecting and measuring the properties of the
photon ring in M87* using VLBI. Specifically, we have performed two types of tests using
synthetic VLBI data, both within a Bayesian modeling framework implemented in the
open-source library Comrade. j1. The first type is simple geometric “self-fits”, which are
idealized but easily interpreted. These geometric fits can be used to define firm require-
ments to detect the photon ring and to quantify how different array design choices affect
the accuracy of photon ring parameter measurements. The second type generates synthetic
data from more realistic GRMHD models and fits them in a “hybrid imaging” framework
that simultaneously models a raster grid (similar to conventional VLBI imaging) and a
geometric ring component.

For the geometric tests, we find that the EHT baseline coverage and sensitivity cannot
distinguish the direct (# = 0) and secondary (n = 1) emission (see also [55]). In particular,
the width of the n = 1 component is weakly constrained. However, adding longer baselines
and higher observing frequencies in the simulated ngEHT coverage allows a firm detection
of the n = 1 photon ring. Thus, this test successfully provides minimal requirements for a
photon ring detection with the ngEHT.

For the more realistic GRMHD tests, we have demonstrated that the Bayesian VLBI
modeling package Comrade. j1 can readily support posterior estimation using the hybrid
imaging methodology with large rasters, even with ngEHT baseline coverage. Note that
our results are more nuanced and are strongly tied to limitations of the hybrid imaging
methodology and of the VLBI data fitted. For our tests with EHT and ngEHT phase 1 and
phase 2 coverage, we find that
*  Hybrid imaging is prone to false positive detections of the photon ring. Tests using

images that only have direct (n = 0) emission still show a strong preference for a ring

component, even if the ring is restricted to be narrow.
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e Assuming a thin ring does not appreciably affect the other inferred ring parame-
ters. While the physically motivated assumption that the n = 1 ring is narrow could
plausibly affect the success of hybrid imaging, our fits are only weakly affected by this
assumption.

¢  Thefitted ring parameters in hybrid imaging do not correspond to the n = 1 photon
ring in the presence of confounding n = 0 emission. In our tests, the ring flux
density, width, and diameter are all affected by both the n = 0 and n = 1 emission
and are generally most consistent with properties of the direct emission.

In short, our tests indicate that estimates of black hole properties that rely on a rigid
association of the ring component in hybrid imaging with the n = 1 photon ring, such as
those presented in [26], should be regarded with caution. A statistically significant detection
of a thin ring component in a hybrid imaging model fit does not by itself demonstrate
the existence of a photon ring in the source, because of the false positive tendencies of
the method. Moreover, at minimum, mass-to-distance posteriors derived using hybrid
imaging require an additional systematic error budget to account for the unknown bias
from n = 0 emission.

Our results highlight the challenge of estimating photon ring parameters in the su-
perresolution regime, even when the modeling is informed by knowledge of the true
image. Future studies, including blind testing within frameworks such as the ngEHT
analysis challenge [56]°, will provide additional guidance on what inferences are reliable.
To convincingly make photon ring detections and measurements with real data, it will be
imperative to demonstrate frequency and temporal independence of the inferred black
hole parameters. Black hole images have strong dependence on frequency because of
changing optical depth and synchrotron emissivity, so we expect that independent but
consistent inferences across the full ngEHT frequency range (86-345 GHz) will provide the
most compelling empirical tests.

We have explored a narrow range of possible implementations of hybrid imaging,
examining only the difference between assuming a thick or thin ring component. Addi-
tional studies should explore the role of ring ellipticity, diameter, and relative flux density,
all of which could use physically informed priors or information from complementary
observations (e.g., from resolved stellar orbits of Sgr A*).

Future studies that explore other observational signatures of the photon ring, such
as those in linear polarization (e.g., [50,57]), in circular polarization (e.g., [58,59]), and
in the time domain (e.g., [23,60-62]), can provide important pathways to detection and
measurement, as well as creating additional validation opportunities across data products
and analysis methods. Finally, while we have focused our tests on M87*, Sgr A* is another
target for millimeter VLBI for which photon ring detection may soon be possible. Sgr A*
has a somewhat larger angular gravitational radius than M87%, so its photon ring is likely
to be larger as well. Unlike M87*, Sgr A* has an exquisitely measured mass from resolved
stellar orbits (e.g., [63,64]) which can either be integrated as an informative prior or can be
used as a powerful consistency test on photon ring inferences. However, Sgr A* has the
additional challenges of strong interstellar scattering (e.g., [65-68]) and rapid variability
(e.g., [19,69]), and we expect that the requirements to detect the photon ring in Sgr A* may
be more stringent than those for M87*.
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Notes

https:/ /github.com/Smithsonian/ngehtsim, accessed on 19 June 2022.

We have also explored fitting other data products, including visibility amplitudes and complex visibilities, and we find that our
conclusions are unchanged.

Tiede et al. [45] find that the EHT 2017 coverage cannot even constrain the asymmetry of the n = 0 image, 1.

4 For this work we assume that x(x) has units of sr 1.

5 Our raster prior differs from the [25] model which uses a log-uniform prior on the pixel intensity. Ref. [26] also fits for the raster
field of view and orientation.

6 The future ngEHT analysis challenges will be hosted on https://challenge.ngeht.org/.
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