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ABSTRACT: New physics beyond General Relativity can modify image features of black
holes and horizonless spacetimes and increase the separation between photon rings. This
motivates us to explore synthetic images consisting of two thin rings. Our synthetic images
are parameterized by the separation as well as the relative flux density of the two rings.
We perform fits to the visibility amplitude and analyze closure quantities. The current
Event Horizon Telescope array cannot detect the presence of a second ring in the region of
parameters motivated by particular new-physics cases. We show that this can be improved
in three ways: first, if the array is upgraded with Earth-based telescopes with sufficiently
high sensitivity, second, if the array is upgraded with a space-based station and third, if
super-resolution techniques are used for the data obtained by the array.

KEYWORDS: modified gravity, quantum black holes

ARX1v EPRINT: 2312.11351

© 2024 The Author(s). Published by IOP Publishing

BY Ltd on behalf of Sissa Medialab. Original content from
this work may be used under the terms of the Creative Commons htt ‘//d : /10 1088/1475—7516/2024/05/103
Attribution 4.0 licence. Any further distribution of this work must ps: 01.0rg :

maintain attribution to the author(s) and the title of the work,
journal citation and DOI.


https://orcid.org/0000-0001-6389-6105
https://orcid.org/0000-0001-5784-1079
https://orcid.org/0000-0003-4458-1495
https://orcid.org/0000-0003-2701-9361
mailto:raulc@sdu.dk
mailto:hdel@sdu.dk
mailto:eichhorn@cp3.sdu.dk
mailto:aaron.held@uni-jena.de
https://doi.org/10.48550/arXiv.2312.11351
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1475-7516/2024/05/103

Contents

1 Introduction and motivation: two rings as a smoking gun of new physics 1
1.1 Photon rings in spacetime geometries beyond GR

2 The model: synthetic data 6
3 Visibilities in the Fourier plane 8
3.1 Complex visibilities for the crescent model 8
3.2 Generating synthetic data for (ng)EHT observations 10
3.3 A quantitative test of detectability 11
3.4 Results for simulated observations 11
3.5 Detecting new physics at sub-resolution scales 13
4 Closure quantities 14
4.1 Motivation and definition of closure quantities 14
4.2 Closure quantities for 2-ring models 16
4.3 Isolating features of 2-ring models on idealized arrays 17
4.4 Tsolating features of 2-ring models with space-based telescopes 21
5 Conclusions and outlook 24
A Gaussian profile 27
B Comparison of two profiles in a quantitative test of detectability 28
C Array specifications 29

1 Introduction and motivation: two rings as a smoking gun of new physics

Black holes are among the most promising gravitational systems to discover new physics,
because the theoretical understanding of these objects based on General Relativity (GR) and
quantum mechanics is incomplete. Where exactly in a black-hole spacetime our understanding
breaks down, is unknown. It was long assumed that GR holds up to very high curvature scales,
right up to the core of the black hole. Thus, our incomplete understanding was considered as
a mere theoretical conundrum with no impact on observations. However, new theoretical
developments [1-14] are starting to challenge this perspective, while recent observations
are pushing the boundary of what is observable [15-17]. This trend will continue with the
next-generation Event Horizon Telescope (ngEHT) [18-20].

We focus on very-long-baseline interferometry (VLBI) observations of supermassive black
holes. The groundbreaking observations of M87* [16, 21-27] and Sgr A* [28-33] by the Event
Horizon Telescope (EHT) collaboration are consistent with GR, but may also be explained by
alternatives to GR black holes. Possible alternatives that have been studied in this context are
regular black holes [34-42], horizonless (ultra) compact objects [12, 39, 43-46], wormholes [47—
49], as well as black holes in theories beyond GR [50, 51], see [20] for an overview.



Because the image of a black hole depends both on the spacetime geometry and on the
emission properties and structure of the accretion disk, a clean distinction of Kerr black
holes from alternatives is not simple [52-54]. Photon rings [55-60] are increasingly coming
into focus as the cleanest probe of black-hole spacetimes in the context of images. Other
VLBI image features, most importantly the direct emission, are highly dependent on the
profile of the direct emission, which is in turn determined by the astrophysics of the disk.
Different properties of accretion disks (e.g., MAD [61-63] vs SANE [64-66] accretion flows)
lead to distinct properties of the n = 0 emission. At increasing order n of the photon rings,
the physics of the disk has a decreasing impact. This makes photon rings important targets
for the EHT and ngEHT [19, 20, 67].

VLBI observations are not the only way to probe black holes beyond GR; gravitational
waves are also a powerful probe [68-72]. However, we focus on VLBI observations for two
reasons, a theoretical and a pragmatic one.

The theoretical reason is that we do not expect that black-hole uniqueness theorems
generically hold beyond GR. Simple examples supporting this expectation include quadratic
gravity [73], semi-classical gravity [74] or scalar-Gauss-Bonnet theory with scalarized black-
hole solutions in addition to the Kerr solution [75-77]. Thus, it is not excluded that
supermassive black holes, (so far) only accessed by VLBI techniques, and solar-mass black
holes, accessed by the LIGO/Virgo collaboration, correspond to different branches of solutions
of a theory beyond GR. A specific example in which supermassive black holes correspond
to a different, non-Kerr branch of solutions, while solar-mass black holes are described by
the Kerr solution, can be found in [14]. Thus, pursuing tests of the Kerr hypothesis across
all mass ranges is crucial, even if LIGO/Virgo effectively accesses higher curvature scales
than the EHT — it may be the case that even though the curvature at their horizon is lower,
supermassive black holes exhibit a larger deviation from the Kerr spacetime, because their
different formation history accesses a different branch of solutions of the theory beyond GR.

The pragmatic reason is that VLBI techniques only require knowledge of a spacetime
metric to interpret the data. In contrast, gravitational-wave observations require knowledge
of the full dynamics beyond GR and numerical simulations of binary black-hole mergers. This
requires a well-posed initial-value formulation of the equations of motion that is amenable to
numerical simulations. Finding such a formulation is a significant challenge in many settings
beyond GR, that has only partially been met in a small subset of theories [78-81]. In contrast,
to compare a spacetime beyond Kerr to VLBI data, one does not even need to know which
dynamics that spacetime is a solution to. It is, therefore, a promising strategy to first use
VLBI data to constrain possible deviations from the Kerr spacetime. If a deviation is found,
the much more challenging steps of constructing a possible underlying theory, formulating
the dynamics in such a way that it is amenable to numerical simulations [82, 83] and then
comparing to gravitational wave data (including from observatories at frequencies relevant
for mergers of supermassive black holes), can be undertaken.

1.1 Photon rings in spacetime geometries beyond GR

Black holes (in and beyond GR) and exotic compact objects produce strong gravitational
lensing. They generically give rise to photon rings, which are higher-order (lensed) images of



the objects’ surroundings that can be labelled by a set of integers n. In GR, the separation
between successively higher-order photon rings and their total, integrated flux density decrease
exponentially [55-59].! This makes higher-order photon rings challenging to access in GR.
For instance, if M87* and Sgr A* are described by the Kerr geometry,? then their images,
reconstructed from the EHT observations, are dominated by the n = 0 direct emission. For
the EHT array, already the n = 1 ring is inaccessible without super-resolution techniques [84].
The n = 2 ring requires a baseline that can only be achieved with space-VLBI [85].

Many alternatives to Kerr black holes are characterized by a photon-ring structure that
is distinct from the predictions of GR. In particular, photon rings may be more separated,
calling for a broadening of dedicated studies in GR [59, 67, 85, 88-91] to settings beyond
GR [92-95]. We discuss three examples to make this point: regular black holes, horizonless
spacetimes and parametrized black-hole spacetimes beyond GR. We will compare these
examples with a Kerr black hole, depicted in the top row of figure 1.

As a first example, for regular black holes, the photon rings are more widely separated
under the conditions spelled out in [39]. Regular black holes arise: (i) in approaches to
quantum gravity, e.g., in asymptotically safe quantum gravity [96-98], (see [99, 100] for
recent reviews) and Loop Quantum Gravity [101-103] (see [104] for a recent review), (ii)
in GR coupled to particular matter theories [105-107] (see [108] for a recent review), and
(iii) in degenerate-higher-order-scalar-tensor (DHOST) theories [109, 110]. They have been
proposed as phenomenological models for black-hole spacetimes beyond GR [111-116], see
also [117] for a recent review of various aspects of regular black-hole spacetimes.®> To tame the
curvature singularity of a Kerr black hole, a regular black hole is based on a mass function
which approaches the ADM mass in Kerr at asymptotic infinity and goes to zero in the
core of the black hole. This mathematical description models an expected physical effect,
namely a weakening of gravity through quantum fluctuations or appropriate matter fields.
Because gravity is weakened compared to a Kerr black hole, the event horizon and the photon
sphere are both located closer to the center of the black hole, with a larger shift for the
event horizon than for the photon sphere. Similarly, null geodesics that approach the photon
sphere are pulled further inwards more strongly, if they orbit closer to the photon sphere.
Thus, higher-order photon rings end up further away from the low-order photon rings than
they do in a Kerr black hole [39], cf. second row in figure 1.

'This is true at high enough order. For low orders, there is a strong dependence on the astrophysics of the
disk and higher-order rings may even appear outside of lower-order ones in the image plane [67], if the emission
region is located close enough to the horizon. The latter may not be the physically most relevant situation,
because emission typically comes from the accretion disk, which is expected to have a cutoff at the ISCO.

2In practise, the presence of the accretion disk introduces (essentially negligible) deviations from the Kerr
spacetime even in GR.

3Regular black holes are usually understood as phenomenological models, but not yet as the ultimate
and correct description of a fully consistent black-hole spacetime [118], due to the following reason: regular
black holes contain inner horizons, which become Cauchy horizons if not disappearing in finite time due
to evaporation or some other process. The spacetime region around inner horizons generically displays an
exponential focusing of null rays unless the inner surface gravity vanishes [119, 120], which results in an
exponential mass inflation phase in which curvature invariants grow exponentially [121, 122] (see also [123-126]).
The endpoint of this dynamical evolution is unknown, and is a question to be addressed in specific dynamical
frameworks leading to regular black hole solutions.
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Figure 1. For each spacetime example, we show three shadow images from the ideal image (left
column) to the ideal image along with a Gaussian blurring of variance opjy,y = 5 pas (middle column)
and finally with a Gaussian blurring of variance op),, = 10pas. As FWHM = 2v/21n2 oy, the
variances of the Gaussian blurrings correspond to FWHMSs of ~ 12 pas and ~ 24 pas (within the
current nominal EHT resolution), respectively. Top: Kerr black hole with spin a = 0.99 M. The
image is generated with a disk model as in [12, slow falloff model in table 1]. Second row: regular
black hole with exponential falloff function, see e.g. [37, eq. (3)]. Third row: circular [86] deformation
in the KRZ parameterization [87] of a Kerr black hole with spin a = 0.9 M and a single deformation
parameter by; = 5. Bottom: marginally overspun (with a = 1.01 M) and thus horizonless regular
spacetime, cf. [44].



As a second example, photon-ring separations in parametrized spacetimes beyond Kerr
can also be significantly larger than in the Kerr spacetime. To describe black-hole spacetimes
beyond GR, deviations from the Kerr geometry are encoded in general parameterizations.
Parameterizations differ in the degree of symmetry they impose: a completely general ax-
isymmetric and stationary parameterization would include non-circular spacetimes [127].
Circular spacetimes are parameterized in [86, 87, 128, 129] and spacetimes which addi-
tionally feature a Carter-like constant of motion are parameterized in [130-132]. Within
the parameter space covered by, e.g., the circular KRZ parameterization [87], there are
cases with a photon-ring separation that is significantly larger than that of a Kerr black
hole with the same mass and embedded in the same accretion disk, cf. third row in fig-
ure 1. The particular deformation that we have included does not introduce deviations
of the first parametrized post-Newtonian (PPN) parameters [133] and, therefore, evades
all solar-system constraints.

Horizonless spacetimes are our third example, which have been proposed in several
frameworks, including semiclassical gravity [134—136], string theory [3, 13] and asymptotic
safety [12, 96, 97, 137]. They can feature a secondary set of (inner) photon rings which can
be labelled by a second set of (positive) integers m > 0. These can arise from trajectories
that approach the photon sphere from the inside, e.g., for regular black-hole spacetimes
at supercritical spin parameter or supercritical new-physics scale [12, 39, 44, 47]. Even in
the absence of a photon sphere, a finite number of such inner photon rings can exist [39].
If the horizonless spacetime contains an ultracompact object, reflection off the surface can
also result in a secondary ring structure due to strong lensing [46]. Finally, even naked
singularities can result in such a secondary set of photon rings [45, 138, 139]. The n =1
and m = 1 rings can be well separated and have similar flux densities, e.g., for a reflective
surface with reflection coefficient close to unity [46], or for an overspun regular black hole,
cf. bottom row in figure 1.

Thus, beyond GR, images containing two rings with larger separation can occur. Similarly,
the difference between the flux densities can be much less pronounced. This motivates a
study of the capabilities of current and future VLBI arrays for the detection of two such
rings, irrespective of theoretical assumptions from GR. We will take a step in this direction
by considering a geometric image-plane model of two thin rings.

This paper is organized as follows: in section 2, we define the geometric two-ring model.
In section 3, we work in the Fourier plane, as is appropriate for image reconstruction from
VLBI data. We discuss the visibility amplitude associated to the 2-ring model and perform
fits to the synthetic data obtained when images of the same model are observed with current
and future VLBI arrays. We find that a part of the parameter space, which we consider to
be physically relevant, is in fact detectable by the (ng)EHT. In section 4, we perform an
analysis using closure quantities, which provide a cleaner measurement removing some of the
errors associated to the VLBI array, while offering a different perspective on the comparison
between 1-ring and 2-ring models. We conclude and provide an outlook in section 5.

Tt is widely expected that singularities should be absent from physical solutions of an everywhere viable
theory of gravity. Nevertheless, investigating the images of spacetimes with naked singularities is important,
because it lays the basis to test this expectation observationally.



2 The model: synthetic data

Images of black holes are reconstructed from complex visibilities, which are related to the
Fourier transform of the flux density. The complex visibilities associated to a pair of telescopes
in a VLBI array are the data products coming out of VLBI observations. We define our
model in the image plane and translate it into the Fourier plane.

Our synthetic data depends on six parameters, two of which are held fixed at values
inspired by the EHT observations of M87* [16].

The first parameter is Fiot, the total flux density, which we keep fixed to Fiot = 0.7 Jy,
motivated by the EHT observation of M87* [23]. The total flux density enters our analysis in
relation to the sensitivity of the respective telescopes in current and future VLBI arrays.

The second parameter is AF, the relative flux density between the two rings, i.e.,

Fy

AF = — 2.1
=, (21)

where F; is the flux density in the ¢th-ring. Thus, the respective flux densities are given by

Ftot Ftot

in = -\
YTI14AF 7T 141/AF

(2.2)

Further, we specify the geometry of the rings. The outer ring is kept at fixed diameter,
dy = 42 pas, again inspired by the EHT observation of M87* [16]. We do not vary the
widths wy 2 of both rings. Finally, the diameter of the second ring, do, is changed implicitly,
by varying the separation s between the two rings. The relation between separation and
diameter is given by dy = di — 2s.

From a simple Gaussian blurring of the images (cf. third and bottom rows in figure 1),
we expect that the separation s and the relative flux density AF are the most relevant
parameters to determine the detectability of a second ring, at least in the limit of relatively
thin rings which is realized in our examples. We thus visualize in figure 2 where the specific
examples, which motivate our study, are located in the (s, AF') plane.

To generate synthetic data, we define a flat profile for each ring, based on the auxiliary

p(r;d,w) = L@ <d+w—r> C) (r— d—w) , (2.3)

which is normalized such that

function

00 2T
/ dr 2mr do pu(r;d,w) = 1. (2.4)
0 0

The total resulting flux density profile combines two flat rings and is given by a function
of the radius in the image plane as

Ftot

+ mﬂ(r7 dl — 28, (A)Q). (25)

Foresc [T‘} = 7“(“ d17 wl)
The prefactors appearing in front of the auxiliary function take this form, because we
parameterize the flux density in terms of the total flux density in the image and the total

flux density in each ring, instead of the peak flux- density. While the latter would be a



0.7

0.6

0.5

0.4[

0.3

relative flux density AF

0.2 horizonless

| parameterized

0.11

Kerr y A regular
| |

0.0 ' '
0 2 4 6 8 10 12

separation s [pas]

Figure 2. We visualize various estimates obtained from theoretically expected parameter ranges
of possible 2-ring structures in the (s, AF') projection of the model parameter space: the different
markers correspond to the expected parameter values of the four spacetimes in figure 1, i.e. Kerr,
regular black holes, parametric deformations and horizonless objects, respectively. The points are
obtained by minimizing the divergence between a Gaussian two-ring model, see eq. (A.4), and the
obtained synthetic image. The black lines indicate lines along which we perform our analysis in
section 3.

simpler parameter to build a model with, the former is closer to the observations, because
the EHT is sensitive to the total flux density in the image. The prefactors correspond to
F1 2, respectively, such that

e} 2
/ d"" 27TT deFCresc [r] = FtOt’ (26)
0 0

and that each ring’s total flux density is normalized to either F; or F5. This flat profile Fioyesc
corresponds to the addition of two crescent models introduced in [140].

Then, we produce a synthetic image based on a discretization of the crescent profile. In
Cartesian coordinates (z,y), we center both rings at (z¢,yp) = (0,0) in our image, where
x refers to the relative right ascension (rRA, in pas) on the horizontal axis, and y to the
relative declination (rDEC, in pas) on the vertical axis.

We construct the synthetic image data by discretizing the flux density profile in a two-
dimensional array of pixels (zx, yr, F'(xk, yx)), where the index k runs from 1 to the square
of the number of pixels Ngix. Each pixel in our square array carries a flux density F'(xg, yx).

The spans of x- and y-axis, which are symmetric, equal and centered on xo =0 (yo = 0
respectively), define a field of view (FOV, in uas) as:

FOV = (Npix — 1) - 66, (2.7)

where 06 is the pixel “length” (in pas).



The crescent profile in eq. (2.5) makes up our synthetic data and has an analytically
known form in the Fourier plane [140], which provides us with an analytical fitting function.
We do not vary the flux density profile within individual rings, because we focus on the
thin ring limit, for which the widths of the two rings are small compared to their diameters
w; < d; and hence the type of profile does not matter (see figure 15 in appendix B for a
demonstration). In actual observations, in addition to thin rings,® there is a much broader,
diffuse emission from the accretion disk. We do not account for this broad image feature in

our analysis and comment on the resulting limitations in the conclusions.

3 Visibilities in the Fourier plane

The Fourier transform of any continuous intensity model in the image plane leads to the
complex visibility

_ 27i(uztvy)

V(u,v)://dxdyl(x,y)e o, (3.1)

where ) is the wavelength of observation, (z,y) are angular coordinates on the sky, (u,v)
are projected (on the plane orthogonal to the line of sight) baseline coordinates, and I(z,y)
in units of 1026Jy - sr~! is the intensity model, related to the flux density profile from the
previous section by a dimensionless factor of solid angle in steradian (sr), see below. It is
standard to express (u,v) in units of 107 - A (i.e. G)).

In practice, the discrete array of antennas does not sample V' (u,v) continuously. Thus
we define its discrete counterpart

Vij = V(uij, vij), (3.2)
where (u;j,v;5) is the vector associated with stations ¢ and j in the array.

3.1 Complex visibilities for the crescent model

Calculating V;; analytically is only possible for particular choices of synthetic data; one of
those is the crescent model [140] on which our fitting profile Fiyese is based. The resulting
expression V;; cresc is based on the Fourier transform of a single disk of radius R,

2.1 (k R)

k,Fo,R) = nR* [y ————
Va(k, Fo,R) = mR°Iy v R

(3.3)
where Iy is the constant intensity of the disk and J; is the Bessel function of the first
kind of order 1. Because a disk provides a radially symmetric flux density in the image
plane, the resulting Fourier transform does not depend on u and v separately, but only
through the combination

2
k= ;\/tﬂ ¥ o2, (3.4)

5We expect that photon rings are thin compared to their diameter also in theories beyond GR and are not
aware of a counterexample to this expectation.



Based on this expression, [140] provide the visibility amplitude for a 1-ring flux-profile, by
subtracting the visibility amplitude of two disks with outer and inner radius:

27l
V(k) - TO [Routerjl(kRouter> - Rinnerjl(kRinnerﬂ
2F,
= Rou erJ kRou er) — RinnerJ kRinner . 3.5
k (Rguter - R?nner) { ' 1( ' ) 1( )} ( )

To obtain the complex visibility for the 2-ring model, we add the visibilities for two
rings, cf. eq. (3.5):

V(k) = Vi(k) + Va(k)

2l
_ Tl [Router,lJl(kRouter,l) — Rinner1 1 (K Rinner’l)}
2r
TQ {Router,Ze]l (kRouter,Q) - Rinner,le(kRinner,Z)} s (36)

where the intensities are related to the flux densities used in the previous section as I; =

Fj/m(R? - R? ) and the radii are dimensionless quantities expressed in terms of

outer,j inner,j
the physical parameters as
di +wy di —wy
Router,l = 9 ) Rinner,l = 9 )
(3.7)
d1—28+W2 d1—28—(,U2
Router,2 = f: Rinner,2 = f

We will explore the thin-width case, for which we gain some intuition from the strict
limit of infinitely thin rings, in which the complex visibility is [59],

kd kd
Vitimsngs(0) = i Jo (%5 ) + Fado (552 ). (33)

For large real argument, kd; > 3/4, the m'™ Bessel function of the first kind can be

Im(2) =~ \/Z [cos <z — (1+jm)7r> + O(!z[l)} . (3.9)

For one infinitely thin ring, the visibility amplitude is a damped oscillation with the period

expanded as

set by the inverse diameter, 1/d. For two infinitely thin rings, where the separation s is not
much smaller than the diameter (cf. figure 2), two damped oscillations are superposed.

In the case of similar flux densities in the two infinitely thin rings, the zeros of the total
visibility amplitude can lie at rather distinct locations from those of the two individual rings.
However, for the cases we are most interested in, the outer ring carries the largest part of
the flux density and thus dominates the visibility amplitude. In that case, the second ring
only leads to a slight modulation of the overall visibility amplitude and shifts the locations
of the zeros somewhat, but cannot fully remove them (at least in the range of k that we
consider and for ring diameters which are of the same order of magnitude, as we consider
here). An example of this is shown in figure 4.



Arrays Total number of sites | Frequencies vops (GHz) SEFD values (Jy) of the new sites®
EHT 2022 11 230 See values in table 2
EHT 2022 11 230 & 345 See values in table 2
ngEHT-230-low-SEFD 19 230 74 (low; ALMA value)®
ngEHT-230-high-SEFD 19 230 19300 (high; SPT value)®
ngEHT-dualfreq-low-SEFD 19 230 & 345 250 (low; ALMA value)®
ngEHT-dualfreq-high-SEFD 19 230 & 345 44970 (high; KPNO value)©
ngEHT-230-space 19+14 230 74 (low; ALMA value) & 36600 (space)®
ngEHT-dualfreq-space 19 4 14 230 & 345 250 (low; ALMA value) & 56000 (space)

& The new sites are defined as all the Earth-based sites added to the EHT 2022 array.

b See the detail of all SEFD values in table 3.

¢ See the detail of all SEFD values in table 4.

4 The “+1” refers to the space-based site.

¢ SEFD values for the space-based site at 230 and 345 GHz are estimated from table 1 in [143].

Table 1. We tabulate the specifications of different VLBI arrays used in the complex-visibility
analysis. The number of sites determines how sparse the sampling of the Fourier plane is. The
frequency influences the maximum u — v distance that is effectively resolved. The system equivalent
flux density (SEFD) is a measure for the sensitivity of each telescope, hence the quality of single data
points in the Fourier plane: high SEFD values thus correspond to worse data quality. The labels
“low” and “high” in the arrays refer to the SEFD value of the new sites. More detail on the array
specifications is given in appendix C.

3.2 Generating synthetic data for (ng) EHT observations

The data from an actual observation with a VLBI array such as the EHT differs from the
above idealized discussion in several ways.

First, the combination of limited baseline and observing frequency sets an effective
cutoff on the sampling of the complex visibilities, i.e., it limits the maximal resolvable
uv-distance. For any Earth-based VLBI campaign, the baseline is necessarily limited by
Earth’s diameter. The frequency is effectively limited by atmospheric scattering, see e.g. [21].
This limits us to k& < 8.5GA.

Second, the finite number of telescopes leads to a sparse sampling of the complex visibility.
Due to Earth’s rotation, the projected baselines change during an observation campaign. As
a result, several data points in the uv-plane can be obtained from each baseline.

Third, the finite sensitivity of each telescope causes additional thermal and systematic
errors in each observational data point. The thermal noise is dominated by the system
equivalent flux density (SEFD) of the respective telescopes, see e.g. [21]. Overall, the lower
the SEFD, the smaller the respective thermal noise. The systematic errors can be factorized
as frequency- and time-dependent multiplicative station-based “gains”.

To capture these effects and thereby gain first quantitative insight into the detectability of
multi-ring features, we take the theoretical model defined in section 2 and generate synthetic
data, as expected from a given telescope array. To do so, we use the ehtimaging toolkit [141],
cf. also [142] for further details of the capabilities of ehtimaging. In table 1, we summarize
the set of arrays used in our exploratory study. The detailed tables of telescope sites and
SEFD values required to reproduce our results are provided in appendix C.
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We start from the telescope array which is used in the 2022 observing campaign of
the Event Horizon Telescope collaboration (EHT 2022). The EHT 2022 array includes 11
telescopes and operates at 230 GHz. Next, we add 8 telescope sites which are discussed as
part of the next-generation Event Horizon Telscope (ngEHT) proposal, cf. [19, 144]. Finally,
we also include a single space-based telescope (ngEHT-space) to quantify the potential gain
in detectability as compared to purely Earth-based observation campaigns.

In addition to these variations in site selection, we also vary the observation frequency
from the current 230 GHz to 345 GHz, as proposed by the ngEHT collaboration [19].

We work with known SEFD values for the EHT 2022 telescope sites [21, 145], cf. ap-
pendix C for details. The SEFD values for the remaining ngEHT sites depend on design
choices which may be informed by science cases such as the one we investigate here. To
investigate the effect of varying SEFD values in the additional ngEHT telescope sites, we
distinguish between one set of lower and one set of higher SEFD values, low-SEFD and
high-SEFD, respectively. For the low-SEFD case, we assume that all future ngEHT sites
can reach the SEFD value of ALMA, the most sensitive site in the EHT 2022 array. For
the high-SEFD case, we assume that the future ngEHT sites are limited to the SEFD value
of SPT/KP, the least sensitive sites in the EHT 2022 array.

With this selection of reference arrays at hand, we use ehtimaging to generate synthetic
data for each set of model parameters corresponding to the 2-ring model specified in section 2.
In particular, we perform scans along each of the four rays indicated in figure 2.

Before we proceed to discuss the results, we describe our procedure to quantify the
detectability of multiple rings.

3.3 A quantitative test of detectability

To decide about the detectability of the second ring, we fit the synthetic dataset with both
a l-ring and a 2-ring model. To perform the fits, we use the 1lmfit python package [146]
which minimizes the least-square residuals between data points and fitting function, also
taking into account the error budget at each data point.

With the two fits at hand, we perform a test to quantify whether the 2-ring fit is favored.
The nonlinear nature of the problem makes using a reduced chi-squared test questionable [147].
As an alternative, we determine the respective minimized residuals and perform a 2-sample
Kolmogorov-Smirnov (KS) test. The latter returns a p-value which quantifies how confidently
one can exclude the hypothesis that both sets of residuals are drawn from the same probability
distribution. The p-value quantifies with how much confidence the ‘1-ring hypothesis’ can be
rejected. For instance, a p < 0.01 rejects the ‘1-ring hypothesis’ with 99% confidence. For
two examples, the synthetic data (black crosses), together with the best-fit 1-ring and 2-ring
model, is shown in figure 4. In the left panel, the p-value test shows that the two models
cannot be distinguished. In the right panel, the data at the largest accessible uv-distances
are sufficiently distinct to distinguish the two models.

3.4 Results for simulated observations

Motivated by theoretical studies beyond GR, where photon rings are typically thin, just
as in GR, see, e.g., [20, 39, 93], we focus on synthetic data in the limit of relatively thin
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rings. Specifically, we set w; = 2 pas and wy = 1 pas in everything that follows but expect
that our results do not depend much on this exact choice and would remain similar for
other values of w; 2, as long as wy o < d.

In this limit, changes of the flux density profile within a ring do not affect the (non-)
detectability of the second ring, because these widths are sufficiently far below the resolution
limit of the VLBI arrays we investigate. Thus, the simplest fitting profile, i.e., a flat flux
density within the rings, described by the crescent model in eq. (2.5), suffices. One might
worry that using the same fitting profile that is also used to generate the synthetic data
could compromise the results. In appendix B, we have explicitly checked that using, e.g.,
a Gaussian profile to generate synthetic data does not alter our conclusions regarding the
(non-)detectability, as shown in figure 15.

Thus, the two remaining parameters which determine whether or not a 2-ring-model can
be distinguished from a 1-ring model are the relative flux density AF and the separation
between the rings, s; these two span our two-dimensional parameter space. We perform
four scans through this parameter space, as indicated in figure 2, which are motivated
by the new-physics cases we have discussed. For each scan, we consider 8 different array
configurations as specified in table 1, cf. figure 3.

First, we observe that the 2022 EHT configuration is only sensitive to the presence
of a second ring, if the separation between the two rings is larger than ~ 12 pas, which
roughly corresponds to the expected resolution for this array configuration.® Second, we
find that a ring separation of ~ 5 uas could be detectable with an Earth-based array; this
however requires high sensitivity and is therefore only reachable with an optimistic ngEHT
array design (ngEHT-low, in which the SEFD is very low, i.e., the sensitivity high, in all
telescopes added beyond the 2022 array).

This is an important result in view of the fact that some of our new-physics cases have
separations which are of the order of ~ 5 puas. It suggests that — if the results from our
idealized study extended to simulated observations of beyond-GR-spacetimes — a ground-
based array design with very low SEFD values could potentially probe spacetimes beyond
GR. As an alternative, we achieve similar results with a space-based telescope (again with
low SEFD).

Third, we find an interplay between separation and relative flux: at higher values of
the relative flux density, the threshold in separation is lower, at least for the less advanced
array configurations (cf. left and right upper panels in figure 3). This is as expected; for
less sensitive arrays, even structures separated further than the nominal resolution cannot
be resolved, if the total flux density in one of them is too low.

Fourth, we find that parameter scans at fixed separation and increasing relative flux
density show a somewhat surprising result: at some low value of relative flux density, there
is a detection threshold at which the p-value drops significantly below 1073 or even 107°.
At higher values of the relative flux density, the p-value increases again, i.e., it becomes
more difficult to distinguish the 1- and 2-ring models. The reason lies in the fact that at

5The nominal resolution is given by 6 = A/ Bmax with Bmax the longest baseline. This works out to 25 pas at
230 GHz and 16 pas at 345 GHZ. These can be reduced by a factor of roughly 2 by using regularized-maximum
likelihood imaging methods, see section 2.1 in [21].
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Figure 3. We show the 2-ring detectability (according to the p-value test, cf. main text) projected
onto the four rays in the (s, AF) plane, cf. figure 2. A transition of the p-value from (close to) one to
(close to) zero indicates the transition from non-detectable to detectable cases, see main text. For
visual purposes, we have added a p-value floor of 1072° to all data points. The different lines therefore
indicate the varying detectability thresholds that we find for various arrays as in table 1. In all cases,
we focus on the thin-ring limit, i.e., the remaining 2-ring parameters are chosen as w; = 2 pas and
wo = 1 pas. Moreover, we generate and fit the data with a crescent profile, i.e., the conducted p-value
test implicitly assumes perfect knowledge about the ring profile. No constraints, especially on the
widths, have been added.

relative flux densities AF ~ 1, the visibility amplitude for low k is nearly degenerate with
that of a 1-ring model with a diameter that is roughly the average of the two diameters
of the two rings. This degeneracy can be lifted once higher baselines are reached, which is
achievable with a space-based array. The lower left panel in figure 3 highlights that only
the space-based array confidently detects the presence of a second ring at the highest values
of relative flux density that we consider.

This result motivates the use of super-resolution techniques, which have been pioneered
for M87* in [84] and which we here implement as a constraint on the width of the rings.

3.5 Detecting new physics at sub-resolution scales

Both in and beyond GR, photon rings are typically thin compared to the shadow diameter [20,
59, 93]. Thus, we include a constraint on the width of the rings as a prior in our reconstruction
to investigate, how strong such a prior has to be in order to significantly improve the
detectability of a second ring feature.

To fully demonstrate the power of super-resolution techniques in our simplified setting,
we impose a prior of wy o < 2pas in the fits. This brings the detection threshold for the
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Figure 4. Two examples of fits corresponding to the s = 12 uas case in the right-hand upper panel in
figure 3. The left-hand panel shows simulated data taken with the EHT 2022-230 array and finds no
detection. The right-hand panel shows simulated data taken with the ngEHT-230-low-SEFD array
and finds a detection.

separation between the two rings to below 2 pas for the better-performing arrays and 3 —4 pas
for the worse-performing arrays, cf. figure 5. This highlights that there is a nontrivial
interplay between i) the scale imposed by the super-resolution constraint, ii) the nominal
resolution, and iii) the sensitivity.

Overall, these results suggest that even current Earth-based arrays can distinguish a
2-ring fit from a 1-ring fit at values of s and AF' that are relevant to existing new-physics cases,
if super-resolution techniques are used. We stress that the super-resolution technique used is
a prior on the ring width that follows the expected properties of photon rings in GR and many
theories beyond GR. Within the class of theories that produce photon rings which are thin,
super-resolution techniques can distinguish between one and two rings, or, in other words, show
that the presence of a second ring is a better fit to the data than just a single ring at sufficiently
large separation. We caution that this result is not sufficient to say whether new-physics cases
with these parameters can indeed be ruled out, because we only compare the performances of
a 1-ring and a 2-ring model fit and do not perform a more general fit to our simulated data.
It is however a result that motivates an in-depth future study that systematically simulates
images of such new-physics spacetimes and then systematically analyzes that simulated data
with a larger class of fits and/or more general image-reconstruction and data-analysis models
that go beyond comparing two flat fitting profiles.

4 Closure quantities

4.1 Motivation and definition of closure quantities

Thermal noise and systematic uncertainties impact visibility amplitudes, but can (partially)
be removed in closure quantities. These are therefore important EHT data products [23,
30, 142, 148, 149]. We review these quantities, and discuss how the 1-ring and 2-ring flux
density profiles discussed above look like in terms of these variables.

For each pair of telescopes, labelled by indices i, j, there is an idealized visibility amplitude
Vi,; and its actually measured counterpart f/” The measurement is affected by complex
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Figure 5. We show the 2-ring detectability (according to the p-value test, cf. main text) projected
onto the four rays in the (s, AF) plane, cf. figure 2. A strong constraint on the widths wq 2 < 2 pas
has been added in the fits.

gains g; and thermal noise ¢; ;, such that

‘A/ij = 9ig; Vij + €ij- (4.1)
Here, €;; is a circularly-symmetric (invariant under rotations in the complex plane [150])
complex Gaussian random variable with zero mean and variance o;; (determined by the
radiometer equation [142, 148]) describing thermal noise. g; are station-based effects including
limitations imposed by constituent interferometer elements and atmospheric turbulence. The
complex gains g; describe the dominant noise components.

In contrast to thermal noise, systematic noise is difficult to calibrate. Closure quantities
are constructed to remove station gains from the data as far as possible. Closure phases were
first defined in [151] and closure amplitudes in [152]. They were first applied in [153, 154],
later in VLBI in [142, 155, 156], and have been generalized in [157-160].

We split Vij into its amplitude and its phase. Closure phases vanish identically for
symmetric sources (e.g., [161]), and are therefore not useful for the analysis of the idealized
synthetic flux density profiles in this paper, thus we focus on closure amplitudes.

The variable |Vj;| is distributed according to a Rice distribution, Rice (|g||g;||Vis], oif),
as a direct consequence of eq. (4.1). Its expectation value is given by

(Vigly = lgil - g - Vigl - [1+ O(o3)] . (4.2)

Due to the (’)(U?j) term, (HA/”|> is a biased estimator of the parameter |g;| - |g;| - |Vi;| in the
Rice distribution. Thus, one introduces an unbiased estimator

Aij: \/“71‘]'|2—0'i2j. (43)
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Because the expectation values of both |1A/U| and A;; are proportional to quadratic combinations

of gain factors, they are undesirably sensitive to uncertainties in these factors. This sensitivity

is removed by defining closure amplitudes. Closure amplitudes can be defined for subsets

of 4 stations {4, 7, k,l}. The quantities

Zz'(jllzl - M’ Z'(‘lez = Ain st (4.4)
AipAjy * AiAjy

are independent of gain factors g; in the absence of thermal noise.” <Zi(jl,gl> and <ZZ(]2,31> are only

affected by gain factors at subleading order. This is a marked improvement over the visibility
amplitude, and the main reason behind the use of these variables. As a final step, we take the
logarithm of closure amplitudes, which simplifies the propagation of thermal errors [162, 163].

The disadvantage of closure amplitudes is that due to their dependence on four stations,
they are naturally represented in a five-dimensional space, making their interpretation more
tricky than, e.g., the visibility amplitude.

4.2 Closure quantities for 2-ring models

To prepare for the interpretation of synthetic data from an (ng)EHT array, we first analyze
an idealized setting with a very large array. We take it to be a square with Ng = Mg x My
stations, so that there are two adjustable parameters: the length of the baseline between
adjacent corners L.y (the maximum baseline is kpax = \/§Lmax), and the number of stations
on each side Mg, which determines the density of stations. For a general array, there are
Nst(Ngt — 3)/2 independent closure amplitudes [148]. To select an independent set, we follow
the algorithm in [162], which takes one of the two independent expressions in eq. (4.4) and
evaluates it on Ny (Ng — 3)/2 independent quadrangles. Using V (k) defined in eq. (3.6),
and kij = 2m,/ui; +v7;/), we have

ij

in (7)) =n (g“ﬁﬂw’fw)) . 45
(kik)V (K1)

This expression can be evaluated numerically once L.« and Mg are fixed.

To display the 5-dimensional information in logarithmic closure amplitudes, we first
represent it as a function of quadrangle perimeter in the uv-plane, discarding all other
information on the distribution of the stations in the array, see figure 6. This type of
representation of closure quantities has been used before in e.g., [25, 164]. The only obvious
pattern in these figures is the existence of periodic structures, which are, however, somewhat
obscured by the representation in terms of quadrangle perimeters. The analytical expressions
in egs. (3.6) and (4.5) indicate that an oscillatory pattern of divergences is expected due
to the presence of Bessel functions inside a logarithm. The location of these divergences
are controlled by the parameters of the crescent model. By isolating these features, we can
therefore identify these parameters. The complete set of logarithmic closure amplitudes
evaluated on the Ng(Ng — 3)/2 independent quadrangles contains information about the
whole image. As discussed next, it is possible to identify subsets of quadrangles containing
information about this oscillatory pattern of divergences.

"We can also define Zi(?,zl = AuAjir/(Ai; Ari), which does not add new information due to the constraint

(1) »(2) »(3) _
ZijklZijklZijkl =1 [148].
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Figure 6. Logarithmic closure amplitudes as a function of the perimeter of the independent
quadrangles of a square array with Mg, = 20 stations on each side (N = 400) and a size Lyax = 10 GA.
Independent quadrangles are selected following the algorithm in [162], and perimeters up to 35 GA
are represented. Closure amplitudes are evaluated with the analytical expressions valid for the 1-ring
crescent model with d; = 42 pas, wy = 2 pas, and a 2-ring model with an additional ring characterized
by s =5 pas, wo = 0.5 pas and AF = 0.5.

4.3 Isolating features of 2-ring models on idealized arrays

Let us discuss a possible algorithm to identify subsets of quadrangles providing an alternative
representation that isolates ring-like features. This representation is based on slicing the
space of closure amplitudes by fixing 3 of the stations and forming quadrangles with the
remaining station. For the moment, we introduce this “peak slicing” procedure on purely
theoretical grounds, based on the structure of logarithmic closure quantities. We will discuss
practical implementations of this slicing in the next section.

For the purpose of a clear graphical representation, we introduce 3 “auxiliary stations”
outside the previous square array, see figure 7 for an illustration of their placement. This
slicing contains less information than the full set of closure amplitudes, but provides a cleaner
representation of these periodic structures for comparable data densities, as illustrated in
figure 8. The figure shows a clear interference pattern, with logarithmic closure amplitudes
becoming large (formally, divergent) for specific values of the quadrangle perimeter.

The introduction of auxiliary stations also allows us to represent logarithmic closure
amplitudes as functions of the location in the uv-plane instead of the quadrangle perimeter,
as the remaining stations span a square subset of the uv-plane. In this representation, we
associate the value obtained by forming quadrangles with the 3 auxiliary stations and 1
station of the main array to the latter. The result is presented in figure 9. These figures show
the same interference pattern, and also illustrate the existence of both positive and negative
divergences of the logarithmic quantities. Going back to the analytical expressions in egs. (3.6)
and (4.5) allows for a clear interpretation of these features. As 3 of the stations forming
quadrangles remain fixed, there are only 2 baselines that change as different stations in the
main array are chosen. Depending on the position of the latter station, the Fourier transform
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Figure 7. Schematic representation of the array used: a square array with My = 5 stations on
each side (circles) and maximum baseline between adjacent corners L.y, and 3 auxiliary stations
(diamonds) with relative separation L.y, which we take as Laux = Lmax/Mst.
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Figure 8. Logarithmic closure amplitudes as a function of the quadrangle perimeter for a square array
with My = 200 stations on each side (Ng = 40000) and a size Lpax = 10 G, and with 3 auxiliary
stations with relative baseline Layx = Lmax/Mst. Quadrangles are formed holding the 3 auxiliary
stations fixed and choosing each of the stations one by one in the main array. Closure amplitudes are
evaluated with the analytical expressions for the 1-ring crescent model with d; = 42 pas, w; = 2 pas,
and a 2-ring model with an additional ring characterized by s = 5 uas, ws = 0.5 pas and AF = 0.5.
The 1- and 2-ring models become more distinguishable for larger quadrangle perimeters (baselines),
as expected from the fact that larger baselines allow for the detection of smaller features.
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along these baselines, eq. (3.6), can be (close to) zero. One of these baselines contributes
with the Fourier transform to the numerator in the argument of the logarithm, and the other
in the denominator, cf. eq. (4.5); if we pick for instance the index [ for the non-fixed station,
V (ki) vanishing leads to negative divergences, while V' (k;;) leads to positive divergences.
While the specific location of these divergences depend on the underlying model being used,
the existence of these divergences is model-independent and is based on robust interferometric
features. We can then understand figure 6 as a convolution of these interference patterns
and a choice of independent quadrangles that partially obscures these features. This full set
of closure quantities contains information about the whole image and is therefore the best
possible choice for image reconstruction using fitting procedures. However, some features
are easier to see and understand in the sparse representation in figure 6.

For instance, we can determine the baseline distances that are needed to distinguish
between 0-, 1- and 2-ring crescent models, using the form of the Bessel function Ji(z). The
zeros of the Fourier transform of the 0-ring model (i.e. a disk model with radius Royter) are
controlled by the single parameter Royter, and therefore we would need to be able to resolve
at least 2 zeros to falsify this model. The second zero of Ji(z) is located at x ~ 7 [165],
which yields the requirement

7 A

max o .
™~ 27 Router

k

(4.6)

For the 1-ring crescent model, we would need to determine the location of at least 3 of these
divergences to falsify the model and therefore be able to conclude that the 2-ring model could
provide a better fit. We can visually check in figure 9 that this requirement is satisfied by the
square array with Lyax = 10 GA. The location of these divergences can be calculated more
precisely from numerical values of Ji(x) for the crescent model, or by visually inspecting
the behavior of logarithmic closure amplitudes. This can be performed in detail focusing on
quadrangles formed with the three auxiliary stations and one of the remaining stations (see
figure 11). This procedure yields figure 12, which shows that probing the three first peaks for
1-ring and 2 ring-models characterized by d; = 42 pas, w1 = 2 pas, s = 5 pas, wy = 0.5 pas
and AF = 0.5, it is necessary to have quadrangles with 3 close auxiliary stations and one of
the remaining baselines of about by = 3.9 GA, by = 9.0 GA and by = 14.0 GA.

The maximum baseline kp.x is not the only relevant parameter when assessing the
observability of these features. While a minimum value of the latter is a necessary condition
to distinguish 0-, 1- and 2-ring models, it is also necessary to have enough density of data
points in the space of logarithmic closure amplitudes to be able to determine with confidence
the location of the divergences. The higher the density, the better constrained the location
of these divergences will be. This is illustrated in figure 10. In the idealized situation we
are describing, with a fixed square array with respect to the source, the data density is only
related to the density of stations in the array. However, (ng)EHT observations take place
during an extended period of time in which the position of the array relative to the source
changes due to Earth’s rotation, so that the data density is a combination of the density
of stations with time resolution. Both factors thus contribute to a better differentiation
between 1-ring and 2-ring models.
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Figure 9. Normalized logarithmic closure amplitudes in the uwv-plane for a square array with
My = 200 stations on each side (N = 40000) and a size Lyax = 10 GA, with 3 auxiliary stations with
relative baselines Laux = Lmax/Mst (top panel) and Layx = 10 X Lyax /Mg (bottom panel). Closure
amplitudes are evaluated for the 2-ring crescent model with d; = 42 pas, w1 = 2 pas, s = 5 pas,
wy = 0.5 pas and AF = 0.5. Logarithmic closure amplitudes are positive and formally divergent
within the regions marked as dark red, and negative and formally divergent within the regions marked
as dark blue. Information about the model parameters is encoded in the location of these divergences,
and not the maximum values reached which depend on the parameters of the array, thus we are
normalizing the logarithmic closure amplitudes. The larger relative distance between auxiliary stations
in the bottom panel allows for a better differentiation of the two types of divergent behavior.
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Figure 11. Quadrangles with 3 fixed stations (diamonds) and one movable station (circles). Values
for the movable horizontal baseline are given by the set {by + jAb}j:7 7, which in realistic settings
would be naturally provided by Earth’s rotation.

In order to use the information about the location of the peaks to distinguish between
1-ring and 2-ring models, it is necessary to know the location of the first three first peaks.
Knowing the location of the first two peaks allows falsifying a 0-ring model and determining
whether a 1-ring model provides a better fit, while the location of the first three peaks allows
falsifying the 1-ring model and determining whether a 2-ring model provides a better fit.
This motivates the seach for a practical implementation of the peak-slicing procedure that
can target the second and third peaks, which is discussed next.

4.4 Isolating features of 2-ring models with space-based telescopes

The discussion above is based on an idealized array with a regular geometry, an arbitrarily
large number of stations and a particular slicing.

In this section, we propose an implementation of this slicing using a single space-based
telescope together with 3 stations on Earth’s surface (ALMA, APEX and the planned site
LLAMA), and confirm that this implementation works as intended using the ehtimaging
toolkit [142]. Space-based VLBI has been discussed previously in [143, 166-169].
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Figure 12. Logarithmic closure amplitudes as a function of the perimeter of the quadrangles depicted
in figure 11, for the 1-ring crescent model with d; = 42 pas, w; = 2 pas, and a 2-ring model with an
additional ring characterized by s = 5 uas, we = 0.5 pas and AF = 0.5. In all cases, Ab = 0.6 G\ and
J = 50, while by = 3.85 G for the top panel, by = 9.0 G\ for the middle panel, and by = 14.0 G\ for

the bottom panel.
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Figure 13. Logarithmic closure amplitudes as a function of the perimeter of the quadrangles formed
by the Earth-based stations ALMA, APEX, LLAMA and the space-based station (see table 5), for
the 1-ring crescent model with d; = 42 pas, w; = 2 pas, and a 2-ring model with the second ring
characterized by s = 5 pas and wy = 0.5 pas. In all cases, the altitude of the space-based station varies
between 500 kms (i.e. 0.38 G at 230 GHz) and 8000 kms (i.e. 6.15 GA) above Odense (Denmark), by
steps of 200 kms (i.e. 0.15G).

Probing the first peak structure in figure 12 requires a baseline of around 8 G\ that is
attainable with stations on Earth. For the second and third peaks in figure 12, we require
longer baselines. Here, we are not concerned with a realistic placement of the space-based
telescope. We assume that a placement can be found so that the projected baseline can vary
over large distances over the course of an observation night. We mimick this by running
simulated observations in which the space-based station is moved by hand. We place it above
Odense (Denmark) at distances ranging from 500 kms to 8000 kms over Earth’s surface,
together with the three Earth-based stations ALMA, APEX and LLAMA (see table 5 for the
characteristics of all stations). The set of possible altitudes considered for the space-based
station spans a large range of quadrangle perimeters, but only a few of those are actually
necessary to target the second and third peaks in logarithmic closure amplitudes with the
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Figure 14. Summary of three tentative pathways to improve detectability, as suggested by the
statistical analysis in figure 3 and 5. In all panels, the detectable (not detectable) parameter ranges
are marked as thicker green (thinner red/orange) lines. (Here, detectability refers to a p-value of
1075.) The top panel shows results for the EHT 2022 array and without super-resolution constraints.
The three bottom panels show different ways of improving detectability: the left panel shows results
for the EHT 2022 array but with a super-resolution constraint; the middle panel shows results for the
ngEHT array, assuming optimistic, i.e., low SEFD values; the right panel shows the same ngEHT
array with an additional single space-based telescope. All arrays shown here observe at 230 GHz. For
details, cf. notation and figures in section 3.

slicing method. As Earth rotates during an observation period, the projection of the baselines
between the Earth-based and space-based stations onto the line of sight of the source changes
— as implemented in the ehtimaging toolkit. This effectively sweeps out a limited range of
quadrangle perimeters which, provided that the location and altitude of the space-based
station are chosen appropriately, can probe the second or third peak, as shown in figure 13.

5 Conclusions and outlook
The EHT cannot detect photon rings with the features expected in GR without using super-

resolution techniques [84, 88]. However, beyond GR, photon rings can be much more widely
separated from each other and also be significantly brighter. One example is in horizonless
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spacetimes with a photon sphere, where both an inner and an outer set of photon rings exist,
and the n = 1 photon ring can be at several pas distance® from the inner photon rings.

This motivates our study, in which we work in a simplified setting to investigate detection
capabilities of the EHT and potential future upgrades [19, 20, 144]. Our workflow is as follows:
first, we generate synthetic data that contains either one or two thin rings, parameterized by
ring separation, relative flux density and widths of the two rings. We put these through a
simulated observation and reconstruction, using ehtimaging [141, 142] to obtain the Fourier
data of a simulated observation for a given array configuration. To this simulated data, we fit
the visibility amplitude of both 1-ring and 2-ring crescent flux density profiles and compare
the fit quality. We thereby obtain the detection threshold as a boundary in parameter space.

We also explore the impact of super-resolution techniques by imposing priors on the fits.
The relevant prior in our case, in which the simulated data only features thin (compared to
the diameter) rings, is a prior on the reconstructed width of the rings.

First, we find that for our three new-physics cases which motivate our study, simulated
data from the EHT 2022 configuration does not allow to infer the presence of a second
ring, see uppermost panel in figure 14. Thus, VLBI arrays need to be improved. Two
properties of VLBI arrays are critical to lower the detection threshold towards rings with
lower separation from each other and also a second ring with low relative flux density: first, a
high sensitivity (thus low SEFD) and second, a high resolution (thus high frequency and/or
much larger baselines).

We find that the following setups bring the detection threshold to what is needed to rule
out some of the new-physics cases that motivate our study, see figure 14: first, an ng-EHT
array in which 8 stations are added to the EHT 2022 array and all these stations have low
SEFD values corresponding to those of the ALMA station; and where 230 and 345 GHz
frequencies are simultaneously used. This provides both the sensitivity and resolution needed.
Second, a space-based array in which an additional space-based station is added to the
previous ngEHT-configuration, which results in larger baselines and thus lower detection
threshold in terms of separation of the rings. Third, the EHT 2022 array combined with
super-resolution techniques. These provide a substitute for the resolution that is needed.

The first two options are clearly more expensive arrays and may therefore be more difficult
to realize. However, even the existing array, if combined with super-resolution techniques,
can approach the region in parameter space where our new-physics examples are located.
Using super-resolution techniques implies that any statement about ruling out/detecting
signatures of new physics can only be valid within the class of spacetimes that generates
photon rings that are thin compared to their diameter. To the best of our knowledge, this
is the generic case and no counterexamples are known.

We caution that all our conclusions are to be understood within our simplified setting
in which the image consists of two thin rings and a broad image feature corresponding to
foreground emission is not accounted for.

The visibility amplitude of a (simulated) observation is subject to systematic uncertainties,
some of which can be removed by considering closure quantities, which are based on ratios of
visibility amplitudes. Rings generate zeros in visibility amplitudes and accordingly divergences

8This assumes a mass of and distance to the source roughly similar to M87*.
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in closure quantities, such as the logarithmic closure amplitude which depends on four stations
in the array. We investigate an idealized setting in which three stations are held fixed and a
fourth one is moved in a controlled way. In that setting, the divergences of the logarithmic
closure amplitude of the 1-ring and 2-ring models can be separated from each other. In a
realistic setting, the (projected) baselines between all four stations change over the course of
an observation, because of Earth’s rotation. Earth’s rotation thus paves the way for a practical
implementation of this idealized setting, which can be obtained when choosing three auxiliary
stations as close as possible and the fourth station placed so that it can target higher-order
zeros for specific sources. Using ehtimaging, we have shown that such a setting enables one
to probe the first divergence of the logarithmic closure quantity by an Earth-based array, and
the second and third by choosing a space-based station as the fourth station. We argue that
knowing the locations of the first three divergences is sufficient to distinguish the 1-ring from
the 2-ring model. This provides further motivation for arrays featuring space-based stations.

In summary, our study shows that in an idealized setting, simulated observations with
VLBI arrays can distinguish between one and two rings at parameter values motivated by
new physics beyond GR, if the array is sensitive enough and dual-frequency capabilities are
assumed. Existing arrays can distinguish between one and two rings, if super-resolution
techniques are used.

This motivates future upgrades of our investigation along the following lines:

e First, our simulated data does not come from ray-tracing in a given spacetime geometry,
but consists of an ad-hoc geometric model which we used to perform a first parameter
study. Given the largely positive outcome of this study, a more extensive study starting
from given spacetime geometries is warranted. In such a study, also the following
additional points should be addressed, that correspond to simplifying assumptions of
our first analysis.

e Second, our simulated data consists of images with either one or two rings, but no diffuse
(n = 0) emission is included. Investigating the detection capabilities in the presence of a
(broad) feature from the diffuse emission is one important future direction. We expect
that the detection threshold is shifted towards higher separations and relative flux
densities, once foreground emission is accounted for. The extent of the shift depends
on the properties of the foreground emission: for a sufficiently broad image feature
with approximately constant flux density, from which two rings stand out in peak flux
density, our conclusions will likely not be altered much.

e Third, in such a study, accounting for uncertainties from the imperfectly understood
astrophysics of the accretion disk is important; i.e., such a study must fit not only
the parameters of the spacetime, but also parameters of an accretion disk model to
determine whether two rings can be distinguished from one ring.
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A Gaussian profile
In order to check that, in the thin ring regime, the type of flux density profiles has no

impact on the detectability of a second ring (see figure 15), we use another profile, Gaussian,
based on the auxiliary function

1
s ) = e (A1)
normalized such that
00 2w
/ dr 2mr dov(r;d,w) =1, (A.2)
0 0
which leads to the normalization factor
N=" {Vardw [erf (d/V2w) +1] + 2we /27 ], (A.3)
4
where erf(z) is the error function.

The resulting total Gaussian flux density profile combines two Gaussian rings and is
then given by

FGaussian [7’] = I/(T'; dl — 28, (/.)2). (A4)

The total flux density is Fiot, and the total flux densities for the two rings correspond to
the prefactors in eq. (A.4), i.e.

Ftot Ftot

F = = —tot
" I13AF 7T 1+1/AF

(A.5)
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Figure 15. We show the 2-ring detectability (according to the p-value test, cf. main text) projected
onto the ray AF = 0.5, cf. figure 2, for the EHT 2022 array at 230 GHz. We vary the profile (either
crescent or Gaussian), the width of the outer ring (either w; = 2 pas or 8 pas) and the constraint on
the width of the outer ring in the fits (either none or wy < 10.5 pas). The remaining 2-ring parameter
is chosen as wy = 1 pas.

B Comparison of two profiles in a quantitative test of detectability

We still focus on synthetic data in the limit of relatively thin rings and use the same fitting
profile as in section 3. However, we construct synthetic data with two different profiles,
namely the crescent profile, eq. (2.5), and the Gaussian profile, eq. (A.4), with or without a
loose constraint on the width of the outer ring w; < 10.5 pas in the fits, and for w; = 2 pas
(thin) or w; = 8 pas (relatively thin). The detectability test for the 2022 EHT array at 230
GHz as a function of the separation is shown in figure 15. As curves for the Gaussian and
crescent profiles are superposed for equal values of the parameters, we deduce that the type of
profile does not matter within the thin ring assumption. Note that this assumption remains
valid for a relatively thin outer ring, i.e. when w; = 8 pas.
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C Array specifications

We provide details (see tables 2-5) on the stations in the VLBI arrays considered in this

work and summarized in table 1.

Facility Location X®(m) Y?(m) Z*(m) SEFDP at 230 GHz (Jy) | SEFD® at 345 GHz (Jy)
ALMA Chile 2225061.164 | —5440057.37 | —2481681.15 74 250
APEX Chile 2225039.53 —5441197.63 | —2479303.36 4700 8880
GLT Greenland 541547.0 —1387978.6 6180982.0 5000 14390
JCMT | Hawaii, U.S.A. | —5464584.68 | —2493001.17 | 2150653.98 10500 5780
KPNO Arizona, US —1995954.4 —5037389.4 3357044.3 13000 44970
LMT Mexico —T768713.9637 | —5988541.7982 | 2063275.9472 4500 2040
NOEMA France 4524000.4 468042.1 4460309.8 700 1410
PV 30 m Spain 5088967.9000 | —301681.6000 | 3825015.8000 1900 3850
SMA Hawaii, U.S.A. | —5464523.400 | —2493147.080 | 2150611.750 6200 5730
SMT | Arizona, U.S.A. | —1828796.200 | —5054406.800 | 3427865.200 17100 17190
SPT Antarctica 0.01 0.01 —6359609.7 19300 25440

& Geocentric coordinates with X pointing to the Greenwich meridian, Y pointing 90° away in the equatorial plane (eastern

longitudes have positive Y), and positive Z pointing in the direction of the North Pole.

b SEFD

¢ SEFD values at 345 GHz from [145]

values at 230 GHz from [21]

Table 2. Array specifications for EHT 2022 at 230 and 345 GHz.

Facility Location X?(m) Y?(m) Z?(m) SEFDP at 230 GHz (Jy) | SEFD® at 345 GHz (Jy)
ALMA Chile 2225061.164 —5440057.37 | —2481681.15 4 250
APEX Chile 2225039.53 —5441197.63 | —2479303.36 4700 8880
BAJA Baja California, Mexico —2352576.0 —4940331.0 3271508.0 4 250
CNI La Palma, Canary Islands, Spain 5311000.0 —1725000.0 3075000.0 74 250
GAM Gamsberg, Namibia 5627890.0 1637767.0 —2512493.0 74 250
GLT Greenland 541647.0 —1388536.0 6180829.0 5000 14390
HAY Masachussetts, U.S.A. 1521000.0 —4417000.0 4327000.0 74 250
JCMT Hawaii, U.S.A. —5464584.68 | —2493001.17 | 2150653.98 10500 5780
KP 12 m Arizona, U.S.A. —1994314.0 —5037909.0 3357619.0 13000 44970
KVN-YS Korea —3042280.9137 | 4045902.7164 | 3867374.3544 4 250
LAS Chile 1818163.826 | —5280331.162 | —3074870.820 74 250
LLAMA Argentina 2325327.209 —5341469.111 | —2599682.209 74 250
LMT Mexico —768713.9637 | —5988541.7982 | 2063275.9472 4500 2040
NOEMA France 4523998.40 468045.240 4460309.760 700 1410
OVRO California, U.S.A. —2409598.0 —4478348.0 3838607.0 4 250
PV 30 m Spain 5088967.9000 | —301681.6000 | 3825015.8000 1900 3850
SMA Hawaii, U.S.A. —5464523.400 | —2493147.080 | 2150611.750 6200 5730
SMT Arizona, U.S.A. —1828796.200 | —5054406.800 | 3427865.200 17100 17190
SPT Antarctica 0.01 0.01 —6359609.7 19300 25440

& Geocentric coordinates with X pointing to the Greenwich meridian, Y pointing 90° away in the equatorial plane (eastern longitudes have
positive Y), and positive Z pointing in the direction of the North Pole.

P SEFD values at 230 GHz from [21] for EHT 2022 sites, and taken as ALMA’s (lowest) SEFD value for ngEHT planned and phase-1 sites from [19]

¢ SEFD values at 345 GHz from [145] for EHT 2022 sites, and taken as ALMA’s (lowest) SEFD value for ngEHT planned and phase-1 sites
from [19]

Table 3. Array specifications for ngEHT-low (low SEFD values) at 230 and 345 GHz.
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Facility Location X?(m) Y?(m) 7?(m) SEFDP at 230 GHz (Jy) | SEFDP at 345 GHz (Jy)
ALMA Chile 2225061.164 —5440057.37 | —2481681.15 74 250
APEX Chile 2225039.53 —5441197.63 | —2479303.36 4700 8880
BAJA Baja California, Mexico —2352576.0 —4940331.0 3271508.0 19300 44970
CNI La Palma, Canary Islands, Spain 5311000.0 —1725000.0 3075000.0 19300 44970
GAM Gamsberg, Namibia 5627890.0 1637767.0 —2512493.0 19300 44970
GLT Greenland 541647.0 —1388536.0 6180829.0 5000 14390
HAY Masachussetts, U.S.A. 1521000.0 —4417000.0 4327000.0 19300 44970
JCMT Hawaii, U.S.A. —5464584.68 —2493001.17 2150653.98 10500 5780
KP 12 m Arizona, U.S.A. —1994314.0 —5037909.0 3357619.0 13000 44970
KVN-YS Korea —3042280.9137 | 4045902.7164 | 3867374.3544 19300 44970
LAS Chile 1818163.826 | —5280331.162 | —3074870.820 19300 44970
LLAMA Argentina 2325327.209 —5341469.111 | —2599682.209 19300 44970
LMT Mexico —768713.9637 | —5988541.7982 | 2063275.9472 4500 2040
NOEMA France 4523998.40 468045.240 4460309.760 700 1410
OVRO California, U.S.A. —2409598.0 —4478348.0 3838607.0 19300 44970
PV 30 m Spain 5088967.9000 | —301681.6000 | 3825015.8000 1900 3850
SMA Hawaii, U.S.A. —5464523.400 | —2493147.080 | 2150611.750 6200 5730
SMT Arizona, U.S.A. —1828796.200 | —5054406.800 | 3427865.200 17100 17190
SPT Antarctica 0.01 0.01 —6359609.7 19300 25440

& Geocentric coordinates with X pointing to the Greenwich meridian, Y pointing 90° away in the equatorial plane (eastern longitudes have
positive Y), and positive Z pointing in the direction of the North Pole.

b SEFD values at 230 GHz from [21] for EHT 2022 sites, and taken as SPT’s (highest) SEFD value for ngEHT planned and phase-1 sites from [19)]

¢ SEFD values at 345 GHz from [145] for EHT 2022 sites, and taken as KP’s (highest) SEFD value for ngEHT planned and phase-1 sites from [19]

Table 4. Array specifications for ngEHT-high (high SEFD values) at 230 and 345 GHz.

Facility Location X*(m) Y?(m) Z*(m) SEFDP at 230 GHz (Jy) | SEFDP at 345 GHz (Jy)
ALMA Chile 2225061.164 —5440057.37 | —2481681.15 74 250
APEX Chile 2225039.53 —5441197.63 | —2479303.36 4700 8880
BAJA Baja California, Mexico —2352576.0 —4940331.0 3271508.0 74 250
CNI La Palma, Canary Islands, Spain 5311000.0 —1725000.0 3075000.0 74 250
GAM Gamsberg, Namibia 5627890.0 1637767.0 —2512493.0 74 250
GLT Greenland 541647.0 —1388536.0 6180829.0 5000 14390
HAY Masachussetts, U.S.A. 1521000.0 —4417000.0 4327000.0 74 250
JCMT Hawaii, U.S.A. —5464584.68 | —2493001.17 | 2150653.98 10500 5780
KP 12 m Arizona, U.S.A. —1994314.0 —5037909.0 3357619.0 13000 44970
KVN-YS Korea —3042280.9137 | 4045902.7164 | 3867374.3544 74 250
LAS Chile 1818163.826 | —5280331.162 | —3074870.820 74 250
LLAMA Argentina 2325327.209 —5341469.111 | —2599682.209 74 250
LMT Mexico —T768713.9637 | —5988541.7982 | 2063275.9472 4500 2040
NOEMA France 4523998.40 468045.240 4460309.760 700 1410
OVRO California, U.S.A. —2409598.0 —4478348.0 3838607.0 74 250
PV 30 m Spain 5088967.9000 | —301681.6000 | 3825015.8000 1900 3850
SMA Hawaii, U.S.A. —5464523.400 | —2493147.080 | 2150611.750 6200 5730
SMT Arizona, U.S.A. —1828796.200 | —5054406.800 | 3427865.200 17100 17190
SPT Antarctica 0.01 0.01 —6359609.7 19300 25440
space-based Above Odense (Denmark) at 35786 km | 23560747.282 | 4319365.430 | 34681814.518 36600 56000

& Geocentric coordinates with X pointing to the Greenwich meridian, ¥ pointing 90° away in the equatorial plane (eastern longitudes have positive Y),
and positive Z pointing in the direction of the North Pole.

Y SEFD values at 230 GHz from [21] for EHT 2022 sites, and taken as ALMA'’s (lowest) SEFD value for ngEHT planned and phase-1 sites from [19)]

¢ SEFD values at 345 GHz from [145] for EHT 2022 sites, and taken as ALMA’s (lowest) SEFD value for ngEHT planned and phase-1 sites from [19]

4 SEFD values for the space-based telescope at 230 and 345 GHz estimated from table 1 in [143]

Table 5. Array specifications for ngEHT-space (low SEFD values) at 230 and 345 GHz.
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