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ABSTRACT

Context. The Event Horizon Telescope (EHT) will soon provide the first high-resolution images of the Galactic Centre supermassive
black hole candidate Sagittarius A* (Sgr A*), enabling us to probe gravity in the strong-field regime. In addition to studying the
accretion process in extreme environments, the obtained data and reconstructed images could be used to investigate the underlying
spacetime structure. In its current configuration, EHT is able to distinguish between a rotating Kerr black hole and a horizon-less
object such as a boson star. Future developments can increase the ability of EHT to tell different spacetimes apart.

Aims. We investigate the capability of an advanced EHT concept, including an orbiting space antenna, to image and distinguish dif-
ferent spacetimes around Sgr A*.

Methods. We used general-relativistic magneto-hydrodynamical simulations of accreting compact objects (Kerr and dilaton black
holes as well as boson stars) and computed their radiative signatures via general-relativistic radiative transfer. To facilitate a compar-
ison with upcoming and future EHT observations, we produced realistic synthetic data including the source variability, diffractive,
and refractive scattering while incorporating the observing array, including a space antenna. From the generated synthetic observa-
tions, we dynamically reconstructed black hole shadow images using regularised maximum entropy methods. We employed a genetic
algorithm to optimise the orbit of the space antenna with respect to improved imaging capabilities and u—v-plane coverage of the
combined array (ground array and space antenna) and developed a new method to probe the source variability in Fourier space.
Results. The inclusion of an orbiting space antenna improves the capability of EHT to distinguish the spin of Kerr black holes and

dilaton black holes based on reconstructed radio images and complex visibilities.

Key words. gravitation — magnetohydrodynamics (MHD) — radiation mechanisms: thermal — methods: numerical —

techniques: interferometric — galaxies: individual: Sgr A*

1. Introduction

The Event Horizon Telescope (EHT) presented the first
horizon scale images of the black hole in M87
(Event Horizon Telescope Collaboration 2019a) and will soon
provide the first image of the black hole candidate Sgr A* in
our Galaxy. The current configuration of EHT consists of eight
telescopes scattered across Europe, North and South America,
and the South Pole (Event Horizon Telescope Collaboration
2019b). Combining the data recorded simultaneously by the
individual telescopes after the observations, pas angular reso-
lution is achieved. These observations enable us, for the first
time, to study accretion processes in M 87 and in the centre of
our Galaxy with unparalleled resolution and to probe gravity in
the strong-field regime. Given the small number of telescopes
participating in the observations, the intrinsic variability of the
source, and the interstellar scattering screen, reconstructing
an image and discriminating between different spacetimes is

Article published by EDP Sciences

challenging (Lu et al. 2014, 2016; Mizuno et al. 2018). An inter-
ferometer such as the EHT samples the brightness distribution
of an astronomical object in Fourier-space, the so called u—v
plane. Due to the limited number of participating telescopes,
the u—v plane is sparsely sampled. The sampling of this u—v
plane increases with the number of telescopes and the duration
of the observations. However, an improvement in the resolution
of the image can only be obtained by increasing the distance
between the telescopes, the so-called baselines, or by increasing
the observed frequency. Given the current configuration of the
EHT array, a significant increase in the baselines can only be
achieved by extending baselines to space. Using the ground
array while increasing the observed frequency above 345 GHz
is limited by the opacity of the atmosphere and its water vapour
content.

The concept of space-based Very Long Baseline Interferom-
etry (VLBI) including a ground array has been studied exten-
sively since the early 1970s (see Schilizzi 2012, for a historic
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overview). Successfully launched space antennas are the Highly
Advanced Laboratory for Communications and Astronomy
(HALCA,; project VLBI Space Observatory Programme, VSOP;
Hirabayashi et al. 1998) and, more recently, Spektr-R (project
RadioAstron; Kardashev et al. 2013). Both missions operate
at lower frequencies than EHT (230GHz) and in the case
of RadioaAstron provide pas resolution (Gémez et al. 2016).
Therefore, in this work we consider the increase in the angu-
lar resolution that can be obtained by extending the baselines of
EHT via a space-based antenna (see also Palumbo et al. 2019).
This configuration has the advantage of using a well-calibrated
ground array. For a mission based entirely on space telescopes,
see the recent studies by Roelofs et al. (2019) and Fish et al.
(2020). Within this work we address the scientific question as
to whether such a configuration will improve the current ability
of EHT to distinguish between different theories of gravity using
radio observations of Sgr A*.

The structure of this paper is as follows: In Sect. 2 we briefly
introduce our General Relativistic Magneto-Hydrodynamic
(GRMHD) simulations and General Relativistic Radiative
Transfer (GRRT) calculations. The procedure for the selec-
tion of the orbit of the space antenna is introduced in
Sect. 3 and the results of the synthetic imaging and data
analysis are shown in Sect. 4. We present our discussion
and conclusions in Sect. 5 that Sgr A* is located at RA:
17" 45™ 40.0409° and Dec: —29° 45’ 40.0409”, at a distance of
8178 + 13 stat. + 22 sys. pc, and its central candidate supermas-
sive black hole (SMBH) exhibits a mass of My, = 4.14 x 10° M,
(GRAVITY Collaboration 2019).

2. GRMHD and GRRT simulations

We used the state-of-the-art GRMHD code BHAC (Porth et al.
2017; Olivares et al. 2019) and performed three-dimensional
accretion simulations on Kerr black holes (a, = 0.6 and a, =
0.94), dilaton black holes, and a boson star (Mizuno et al. 2018;
Olivares et al. 2020). Here, a. is the dimensionless black-hole
spin parameter, with |a.| < 1.

We have chosen a black hole solution in the Einstein—
Maxwell—-dilaton—axion (EMDA) theory, which derives from a
particular string theory (Okai 1994; Garcia et al. 1995). Such
black-hole solutions exhibit more diverse physical properties
than others in the literature. For example, they have hair, in addi-
tion to mass, rotation, and charge, thus they are an interesting
laboratory for performing black hole experiments and studying
possible differences between Einstein’s gravity and alternative
theories of gravity. Moreover, since both the dilaton and the
axion are considered to be candidates for dark matter, the study
of the shadow from a dilaton black hole may provide hints as to
the observational properties of the matter in which the black hole
is immersed (Davoudiasl & Denton 2019).

We also consider a stable boson star, which although being
classified as a compact object, is physically completely different
from a black hole (Schunck & Liddle 1997). It is well known
that the gravitational field of a boson star bends light around
itself, creating a region resembling the shadow of a black hole’s
event horizon. Similar to a black hole, a boson star accretes ordi-
nary matter from its surroundings, but its opacity means that this
matter, which would likely heat up and emit radiation, would be
visible at its centre. There is no significant evidence so far that
such stars exist. However, it may become possible to detect them
through VLBI measurements (Olivares et al. 2020). In theory,
a super-massive boson star could exist at the core of a galaxy,
which might explain many of the observed properties of active
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galactic nuclei. Boson stars have also been proposed as candidate
dark matter objects, and it has even been hypothesised that the
dark matter haloes surrounding most galaxies might be viewed
as enormous boson stars (Levkov et al. 2018).

The formation of boson stars or other exotic objects is an
interesting process to study. Although we know that at the cen-
tre of our Galaxy there is a highly compact object, it is impor-
tant to study different candidates because we might find that
other galaxies could harbour exotic objects composed of ‘non-
baryonic’ matter at their centres (Lee & Koh 1996).

For spacetimes not described by Einstein’s general theory
of relativity, we used the Rezzolla—Zhidenko metric param-
eterisation (Rezzolla & Zhidenko 2014; Konoplya et al. 2016;
Younsi et al. 2016). The initial conditions of all GRMHD sim-
ulations for Kerr and dilaton black holes as well as for the
boson star consist of a torus in hydrodynamical equilibrium with
a weak poloidal magnetic field. In order to trigger the accre-
tion process, the magnetic field in the torus is seeded with a
small perturbation which leads to the formation of the magneto-
rotational instability (MRI). After the saturation of the MRI (¢ >
5000 GM/c?, with gravitational constant, G, mass of the central
object, M, and speed of light ¢), all simulations show a quasi-
stationary accretion flow (for more details see Mizuno et al.
2018; Olivares et al. 2020).

In the next step, we computed the radiative signature of the
accretion process via GRRT calculations using the BHOSS code
(Younsi et al. 2012, 2020; Gold et al. 2020). We used a viewing
angle of 8 = 60°, adjusted the ion-to-electron temperature ratio
(T;/T. = 3), and the mass-accretion rate in order to obtain the an
average flux of 4 Jy at 230 GHz (see supplemental information in
Mizuno et al. 2018, for a detailed description of the GRRT cal-
culations and fitting procedure). This leads to a flux density vari-
ation between 3 Jy and 5 Jy (see light curve in the bottom panel
of Fig. 1), which is in agreement with the observed flux den-
sity variations 2 Jy—5.5Jy provided by Bower et al. (2015). The
GRRT images were computed every 10 M, which corresponds
to 200 s for Sgr A* for a time span of 4320 M (24 h for SgrA).
This long duration allowed for the calculation of several overlap-
ping and two independent 12h! observational windows. In this
work we investigate the following spacetimes: Kerr black holes
in general relativity, a dilaton black hole, and a boson star. The
variability of the total flux and in the emission structure of the
individual GRRT snapshots, together with the averaged image,
is presented in Fig. 1. Additionally, in Table 1, we present an
overview of the GRRT images used.

3. Orbit selection and optimisation strategy

In this section of our exploratory paper, we present one possible
array optimisation strategy which could lead to improved imag-
ing capabilities for EHT and thus may allow us to distinguish
between different spacetimes. Thus, the question arises as to
which kind of orbit is required for improving the imaging of the
Galactic Centre. The answer to this question depends strongly on
the observational constraints: the position of the Galactic Centre
relative to the space and ground antennas and the duration of the
observations. In the following, we assume an observation sched-
ule consisting of 12 h of Sgr A* observations. This long observ-
ing time allows European as well as North and South American
telescopes to participate in the observation.

! Typical duration for EHT observations of Sgr A* which allows Euro-
pean and American telescopes to participate in the observation.
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Fig. 1. Top, panels A and B: GRRT images for a Kerr black hole with a, = 0.6 including scattering effects (diffractive and refractive scattering)
for two selected times ¢t = 12.6 h and ¢ = 23.6 h (dash-dotted line in the bottom panel) at a frequency of 230 GHz. The average image for 24 h of
observation is presented in panel C. Bottom: simulated total flux light curve at 230 GHz for 24 h of observations. A typical EHT observation with

a duration of 12 h is indicated.

Table 1. Overview of simulations used.

Spacetime  a, 6 [deg] Ar[M(s)] t[M (h)]

Kerr 0.60 60 10 (200) 4320 (24)
Kerr 0.94 60 10 (200) 4320 (24)
Dilaton 0 60 10 (200) 4320 (24)
Boson star 0 60 10 (200) 4320 (24)

For the space-EHT concept, we consider the EHT 2017 con-
figuration as the ground array and include the Northern Extended
Millimetre Array (NOEMA?) and a space antenna. In Table 2,
we list each antenna and its corresponding system equivalent flux
density (SEFD; Event Horizon Telescope Collaboration 2019b).
For the orbiting space antenna, we assume a diameter of 8§ m
(similar to the size of Spektr-R), a system temperature of 100 K,
and an antenna efficiency of 40%. Given these values, an SEFD
of 20 x 10° Jy was computed. The orbit of the space antenna can
be described by six orbital elements which can be divided into
orbital shape parameters (semi-major axis, a, and eccentricity,

2 http://iram-institute.org/EN/

e) and orbital orientation parameters, which provide the location
and orientation of the orbit in space relative to the equatorial
plane (inclination, i, longitude of the ascending node, Q, argu-
ment of perigee, w, and the true anomaly, ). The six orbital
elements of the space antenna together with the duration of
the observations lead to a seven-dimensional parameter space,
which has to be searched to obtain an optimal configuration. This
task can be formulated as a constrained non-linear optimisation
problem and written as follows:

minimise :  f(x),
subjectto :  g;(x) <0, j=1...,n, (1)
Xri < Xi < XRji» i=1,....,m,

where x is a seven-dimensional vector containing the model
parameters, that is, x = [fobs, a, €,1, Q, w, ﬂ]T, f(x) is the objec-
tive function (minimisation function), g;(x) are the constraints,
and x; ; and xg; are the lower and upper boundaries for the model
parameters. In Table 3, we report the boundaries used during the
optimisation.

Improving the imaging capabilities of EHT can be translated
into an increased angular resolution and a denser sampling of
the u—v plane as compared to the current EHT configuration.
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Table 2. Effective antenna diameter d (for single telescopes this
corresponds to the diameter of the dish) and system equivalent
flux density (SEFD) used for the ground and space antennas (see
Event Horizon Telescope Collaboration 2019b, for details).

Telescope deg [m]  SEFD [Jy]
ALMA @ 73 74
APEX 12 4700
JCMT 15 10500
LMT 325 4500
NOEMA ® 52 700
PV 30 1900
SMT 10 17100
SMA ® 14.7 6200
SPT © 6 19300
Space antenna ) 8 20000

Notes. ®’Only used for the space-EHT configuration. “’For EHT 2017
ALMA used 37 x 12m. ®For EHT 2017 SMA used 6 x 6m. ©For
EHT 2017 SPT was under-illuminated with an effective diameter of 6 m.

Table 3. Parameter boundaries used for the optimisation.

a[103km] e
0.4-100 0-0.9

Tobs [h]
0-12

i [deg]
0-180

Q [deg]
0-360

w [deg]
0-360

9 [deg]
0-360

The improvement of the imaging capabilities, that is to say
better array resolution and u—v plane coverage, can be assessed by
computing image metrics between the infinite resolution GRRT
image and the reconstructed image. Therefore, for the minimisa-
tion process, we used a combination of the denser sampling in the
u—v plane (minimising the distance between u—v points) and the
improved imaging (improved image metrics). For the image met-
rics, we used the normalised cross correlation coefficient (nCCC)
and the structural dissimilarity measure (DSSIM)? (Wang et al.
2004). The minimisation function is given by:

f(x) = DSSIM (x), 2)

and we used the following constraints* to speed up the optimisa-
tion procedure:

g = DSSIM (x) — 0.75 x DSSIMEuT2017, (3)

g = Aruv, max (X) = Arffgza?;”o 4)

The first constraint ensures that the DSSIM is improved by at
least 25% as compared to the image reconstructed using the
EHT 2017 configuration. The denser sampling of the u—v plane
is addressed by the second constraint, g,, where we enforced
that the projected distance between the u—v points, Ar, was
minimised with respect to the u—v sampling of the EHT 2017
configuration. During the optimisation, we generated for each
set of parameters, (x), synthetic visibility where we included
both diffractive and refractive scattering (Johnson 2016), and we
reconstructed the image using the EHTim package® (Chael et al.
2016, 2018).

Due to the numerical costs, during the optimisation, we used
a single GRRT image instead of a series of GRRT images (or
GRRT movie) and the array configuration and additional param-
eters used during the data generation and image reconstruction

3 Smaller values indicate a better image agreement.

4 The constraints are fulfilled if the g; < 0.
3 https://github.com/achael/eht-imaging
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Table 4. Parameters used for the data generation and image
reconstruction.

Synthetic data generation
tine [8] Av [GHz] toap @ [s]  Vobs [GHz]  Gain off set @

12 4,8 200 230 0.1
Image reconstruction

Data Weighting ©) Regularizer Weighting )
Visibilities 100 Simple entropy 2
Bi-spectra 10 Simple entropy 1

Notes. 'Only used for the space-EHT configuration. Time difference
between GRRT images. ’ Antenna gains are drawn form a normal dis-
tribution with mean=1.0 and standard deviation=0.1 (gain oft set).
©Weighting factor for data terms and image entropies used during the
image reconstruction.

Table 5. Optimised satellite orbit for 12 h of Sgr A* observation.

alkm] i[°] e Q] wl’]
14900 67 05 46 70

9 [°]
330

tobs,stan/slup [UT]
04:00-16:00

T, [h]
5.03

are listed in Tables 2 and 4. The procedure of the image recon-
struction follows the approach of Chael et al. (2016): initialisa-
tion of the imaging using as Gaussian prior with a FWHM of
70uas and the repeated re-initialisation of the imaging using
the previously obtained image convolved with half the nominal
array resolution. During the orbit optimisation, we used two re-
initialisation loops and we aligned the reconstructed image with
the GRRT image prior to the computation of the DSSIM.

Given the high dimensionality of this constrained optimi-
sation problem, gradient-based solvers may become stuck in
a local minimum and/or may be required large computational
resources to map out the gradient of the parameter space with
sufficient resolution to avoid this problem. An elegant method to
circumvent the above mentioned difficulties is based on gradient-
free optimisation algorithms. For the purposes of this work, we
applied a genetic algorithm (GA) and in particular employed the
implementation of a Non Sorting Genetic Algorithm II (NSGA2)
to solve the optimisation problem (Deb et al. 2002). For the ini-
tial generation, we used 1000 randomly initiated orbits and we
evolved them for 100 generations.

The results of our numerical optimisation are presented in
Table 5 and Fig. 2. The improvement of the image reconstruc-
tion is clearly visible by comparing the EHT 2017 reconstructed
image (panel b in Fig. 2) with the image obtained by space-EHT
(panel c in Fig. 2). The ground truth GRRT image is presented
in panel a in Fig. 2. The space-EHT image is able to capture and
image fine flux arcs which are smeared out in the EHT 2017 con-
figuration. The visible image improvements are also reflected in
the improved image metrics: The nCCC increased from 0.92 to
0.96 and the DSSIM decreased by 40% from 0.252 to 0.152 (see
also constraint g; Eq. (3)). It is important to notice that increased
nCCC and decreased DSSIM correspond to better image match-
ing. The satellite orbit as seen from Sgr A* (we note that the
Earth is viewed from —30°) is presented in panel d in Fig. 2.
In panel e in Fig. 2, the satellite ground track (projection of the
satellite orbit onto the surface of the Earth) of the space antenna
(red points for 12 h and grey ones for 24 h) and the ground anten-
nas are indicated by the blue points. The sampling of the u—v
plane is presented in panel f in Fig. 2 where the white points
indicate the u—v tracks of the ground array and the red points
indicate the u—v tracks including the space antenna. The addition
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Fig. 2. Result of the orbit optimisation for 12 h of Sgr A* observations. Top row, from left to right: GRRT image (panel a), reconstructed image
with interstellar scattering (including both diffractive and refractive scattering during the generation of the synthetic visibilities) using the EHT
2017 configuration convolved with 75% (red shading) of the nominal array resolution (light grey shading, panel b) and reconstructed image with
interstellar scattering (including both diffractive and refractive scattering during the generation of the synthetic visibilities) using the space-EHT
configuration convolved with 75% (red shading) of the nominal array resolution (light grey shading, panel c) for a dilaton black hole. Bottom row,
from left to right: satellite orbit as seen from Sgr A* with orbital parameters and orbital period (panel d), satellite ground track (red lines for 12h
and grey ones for 24 h), ground array antennas (blue points, panel e), u—v sampling for the ground array (white points), and the baselines including

the space antenna (red points, panel f).

of the space antenna does not only extend the u—v sampling up to
25 G A, but also adds short and intermediate baselines to the array
as required by the constraint g, (see Eq. (4)) of the optimisation
process which also improve the imaging capabilities.

The orbit optimisation procedure suggested an elliptical orbit
with a semi-major axis of a = 14900 km with an eccentricity of
e = 0.5 at an inclination of 67°. The optimal time span of the

Sgr A* observation is obtained between 4:00 UT and 16:00 UT.
The orbital period of the satellite is T, = 5.03h. It is impor-
tant to notice that elliptical orbits with long orbital periods have
also been used for VSOP (e = 0.6, T, = 6.3 h) and the Spekt-R
(e = 0.9, T, = 200 h) (Hirabayashi et al. 1998; Kardashev et al.
2013). In Appendix A we illustrate the impact of different satel-
lite orbits on the image reconstruction. Our results differ from
the results of Palumbo et al. (2019), which used a circular orbit
with semi-major axis a = 6652 km at an inclination of 61°. The
similarity in the inclination is due to the declination (Dec) of
Sgr A* of —29° and a face-on orbit is given by an inclination
~Dec +90°. The difference in the eccentricity, e, and semi-major
axis, a, can be explained by the different models used for Sgr A*.
Palumbo et al. (2019) used a Schwarzschild black hole (a = 0) at
an inclination of 10°. In this work, we used four different phys-
ical models: GR black holes (¢ = 0.6 and a = 0.94), a Dilaton
black hole, and a boson star all at an inclination of 60°. Due

to the larger relativistic effects at higher inclination (Doppler
boosting), the GRRT images show a large left-right asymme-
try for example, and the flux distribution is more compact as
compared to black holes seen at an inclination of 10°. In addi-
tion, the boson star used in our work shows the most compact
flux distribution around 10 pas (see panel i in Fig. 4). Since we
require in our optimisation to resolve and recover the compact
structure of the black holes and at the same time the boson star,
we need to improve the angular resolution (longer baselines) and
the u—v plane coverage (short baselines). Using one satellite, this
can be achieved by an elliptical orbit. In our case the perigee is
located at a height of ~1100km and the apogee at a height of
~22300 km. The space-ground tracks of this orbit are presented
in panel f of Fig. 2 and the plot clearly shows the improved u—v
coverage (short baselines with Vu? + 12 < 9GA and long base-
lines Vu? +v2 > 9GA).

Using this satellite orbit and the observing time span from
4:00 to 16:00 UT, the reconstructed images for all black holes
and the boson star clearly improve the quality of the recon-
structed images (better image metrics as compared to the
EHT 2017 array) and are able to recover the structure seen in
their infinite resolution GRRT counterparts (see Fig. 4).

After the optimisation of the space-EHT defining the orbit
of the space antenna and the observing time, we created
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synthetic data taking the source variability during the course
of the EHT observation into account. Therefore, for each of
the spacetimes under investigation, we created a movie from
the GRRT images which covers 12 h of observations (first 216
GRRT images are used, see indicated time 12h time span in
Fig. 1). From this movie, we created the synthetic visibilities
using the same parameters used during the orbit optimisation
(see Tables 2 and 4). As a consequence of creating the syn-
thetic data from a variable source, the visibility amplitude (VA)
of the zero baselines (ALMA-APEX, JCMT-SMA) is variable
and not stationary as in the case when using a 12h averaged
GRRT image for the data creation. This behaviour is also true for
non-zero baselines and for the closure phases (CP). In Fig. 3 we
compare the VA and CP created from the GRRT movie and from
its static average frame for the ALMA-SMT baseline and for the
ALMA-LMT-SMT triangle. The differences in the behaviour of
the VA and CP are clearly visible and the most striking difference
can be seen at t = 10 UT.

4. Results

Given the underlying variability in the flux density and also in
the source size (see Fig. 1) of the different models, standard
VLBI imaging approaches which assume a static source during
the course of the observations are likely to fail at reconstructing
an image. Therefore, we followed the approach of Johnson et al.
(2017) and used dynamical imaging to reconstruct an average
image from the time variable data. Since we are mainly inter-
ested in the average image obtained during the observation and
our GRRT images do not show significant flaring events®, we
used the Rp; regularizer with D, distance metric and com-
plex visibilities as a data product (see Johnson et al. 2017, for
more details). We reconstructed 24 frames with a duration of
30min each for a total duration of 12h. For the first initiali-
sation of the imaging, we applied a circular Gaussian with an
FWHM = 70pas prior image and for repeated re-initialisation
of the imaging we used the previously obtained average image
computed from all 24 frames convolved with half of the nominal
array resolution as a prior. For the dynamical reconstruction, we
applied five re-initialisation loops.

4.1. Image plane comparison

In order to quantify the ability to test different spacetimes,
we computed the structural dissimilarity measure (DSSIM;
Wang et al. 2004) between the GRRT and reconstructed images.
Before computing the DSSIM, we performed an image align-
ment using the normalised cross correlation coefficient (nCCC;
see Mizuno et al. 2018). Both image metrics are reported in the
panels of Fig. 4 and in Table 6.

In Table 6 we list the DSSIM and nCCC values computed
for the different image combinations and for the different array
configurations. If we could clearly distinguish between differ-
ent theories based on the reconstructed images, the smallest
DSSIM and largest nCCC values should be obtained for equal
image pairs, or for example for boson stars (the diagonal in
Table 6). However, for the EHT 2017 configuration, this is only
true for the boson star. Thus based on reconstructed images
obtained from synthetic data which take the source variability
into account, it is difficult for the EHT 2017 configuration to
distinguish the spin of Kerr black holes and to differentiate a

© We define a flare as the doubling of the flux density from one frame
to another.
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Fig. 3. Comparison between synthetic data generation from a dynamical
movie (blue lines) and from its static average frame (black lines) for the
visibility amplitude (fop) and closure phase (bottom) for Kerr black hole
with a, = 0.6.

Kerr black from a dilaton black hole (see very similar values in
Table 6). Including a space antenna improves the ability to dis-
tinguish between the different spacetimes, especially for the Kerr
black hole with high spin. Given the obtained image metrics, the
space-EHT concept can distinguish the spin of the Kerr black
holes, but it is still difficult to discriminate between a Kerr black
hole with spin a. = 0.6 and a dilaton black hole (see Table 6).
By comparing the image metrics obtained for EHT 2017 and
the space-EHT concept, the following two different behaviours
can be found: improved image metrics (decreased DSSIM and
increased nCCC) and worsened ones (increased DSSIM and
decreased nCCC). For equal image pairs dilaton—dilaton, the
image metrics for the space-EHT concept improved as compared
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Fig. 4. Synthetic black hole images for Sgr A* for a Kerr black hole with a, = 0.94 (panels a—c), a Kerr black hole with a. = 0.6 (panels d—f),
a non-rotating dilaton black hole (panels g—i), and for a stable, non-rotating boson star (panels j-I). From left to right and for all rows: GRRT
image (panels a, d, g, j), dynamically reconstructed image with interstellar scattering (including both diffractive and refractive scattering during the
generation of the synthetic visibilities) using the EHT 2017 configuration convolved with 75% (red shading) of the nominal beam size (light grey
shading, panels b, e, h, k), and dynamically reconstructed image with interstellar scattering (including both diffractive and refractive scattering
during the generation of the synthetic visibilities) using the space-EHT configuration convolved with 75% (red shading) of the nominal beam size
(light grey shading, panels c, f, i, ).
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Table 6. Results of the cross-comparison of the synthetic images using
the EHT 2017 and the advanced EHT configuration.

Boson star Dilaton Kerr (a, = 0.6) Kerr (a, = 0.94)
EHT 2017 configuration
Boson star 0.03(0.98) 0.17(0.79) 0.18(0.81) 0.10 (0.88)
Dilaton 0.16 (0.83)  0.13(0.92) 0.13(0.92) 0.12 (0.93)
Kerr (a, = 0.6) 0.16 (0.85)  0.14(0.91) 0.13(0.92) 0.12 (0.94)
Kerr (a. =0.94)  0.09 (0.89) 0.18 (0.83)  0.18 (0.85) 0.09 (0.93)
EHT including space antenna
Boson star 0.03(0.98) 0.13(0.88) 0.14(0.85) 0.09 (0.89)
Dilaton 0.17 (0.78)  0.10 (0.96)  0.11 (0.96) 0.12 (0.88)
Kerr (a. = 0.6) 0.17(0.80)  0.11(0.96)  0.10 (0.96) 0.12 (0.91)
Kerr (a, =0.94)  0.09 (0.89) 0.13(0.89)  0.13 (0.92) 0.07 (0.96)

Notes. The values correspond to the DSSIM and the numbers in brack-
ets indicate the normalised cross correlation coefficient (nCCC). Small
values for the DSSIM and numbers close to 1 for the nCCC indicate
well-matched images (lowest DSSIM values are indicated in bold).

to the EHT 2017 (as discussed above). However, for unequal
image pairs, there are two different behaviours. For example in
the boson star and dilaton case, the image metrics improved.
In contrast to the dilaton—boson star pair where the image met-
rics become worse. This behaviour could be understood in the
following way: The boson star image is very compact as com-
pared to the dilaton model (see left column in Fig. 4). Due to the
limited resolution of the EHT 2017 array, the intrinsically large
structure of the dilaton model is smeared and scattered out to an
even larger structure (compare panel i and j in Fig. 4). However,
the improved imaging capabilities of the space-EHT concept
leads to a more compact and less smeared out source structure,
which is reflected by a better matching between the boson star
and the dilaton black hole. The contrary happens in the dilaton—
boson star case: The EHT 2017 blurs the true boson star struc-
ture to a large size which matches the dilaton structure better
as compared to a sharper, more compact boson star image pro-
vided by the space-EHT concept. As a result, the image metrics
for this image pair will worsen as compared to the EHT 2017. A
similar behaviour can be seen for Kerra, = 0.6-boson star and
to some extent for dilaton—Kerra, = 0.94 and Kerra. = 0.6—
Kerra. = 0.94. In Appendix B we provide a more detailed study
on the variation of the image metrics with respect to intrinsic
source size and array resolution.

4.2. Fourier plane comparison

Given that an interferometer measures the Fourier transform of
the brightness distribution of an astronomical source, a more
direct comparison between images of different spacetimes can be
obtained in Fourier space. The turbulent nature of the accretion
process in the GRMHD simulations manifests itself in large vari-
ations in the total flux density and in its flux density distribution
(see Fig. 1 for Kerr a. = 0.6). In this work we include the vari-
ability of the source in the scoring procedure. Therefore we mod-
ified the scheme used in Event Horizon Telescope Collaboration
(2019c) for the analysis of the recent EHT M 87 observations.
The main modification is that for the comparison with the syn-
thetic data, we used a GRRT movie generated from a series of
GRRT images spanning the observing time given by the syn-
thetic data set. For the purposes of this work, typically 216
frames (for an EHT observation of 12 h) were used and we slid
along our GRRT data series for the different spacetimes where an
increment of five frames was used. The increment of five frames
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Fig. 5. Illustration of the movie scoring scheme. From the GRRT data,
via a sliding window, we selected a set of images from which a movie
was created. From this movie, complex visibilities were generated and
the x? between the synthetic data was computed while allowing the
movie to rotate and vary in source size and flux density. The y* were
minimised either using an evolutionary algorithm (EA) or an MCMC

scheme. After the optimisation, the sliding window was advanced until
the entire GRRT data set was sampled.

is justified by the fact that the typical correlation times of the
GRRT images are around 50 M. This implies that around this
time, the GRRT images can be regarded as independent reali-
sations of the accretion flow and thus the different movies cre-
ated from the sliding window can be considered as uncorrelated.
The first step in the scoring procedure is to create complex vis-
ibilities from the GRRT movie, taking into account the array
configuration, the observing schedule, and interstellar scatter-
ing, including both diffractive and refractive scattering (see also
Tables 2 and 4). From the complex visibilities, we computed the
visibility amplitude (VA) and from closed antenna triangles we
computed the closure phase (CP). The latter is of great impor-
tance in measuring the structural variation within the source. In
the second step, we minimised the x? for VA and CP between
the snapshots and the individual frames (images) of the GRRT
movie by allowing the total flux, the position angle, and the black
hole mass’ to vary. It is important to notice that once the values
for the flux scaling, position angle, and black hole mass were
set, they were kept constant for all frames of the GRRT movie
in order to ensure the consistency of the movie. In addition to
the image scaling, we performed antenna gain calibrations. We
limited the variation in the individual antenna gains to between
50% and 150% in order to avoid the compensation of structural
differences among the models by large gain variations. The scor-
ing was carried out with the well tested GENA pipeline devel-
oped for the image matching of EHT and VLBA observations
(Event Horizon Telescope Collaboration 2019¢,d; Fromm et al.
2019), and we focussed our analysis on the synthetic observa-
tions including a space antenna. The scheme for this kind of
scoring which includes the source variability (hereafter movie
scoring) is illustrated in Fig. 5.

In Fig. 6 we show an example of movie scoring for Kerra, =
0.94 synthetic data to the Kerra, = 0.94 model. The obtained

7 1In fact, we varied the plate scale, W = mpy/dwn, during the scoring.
Assuming a fixed distance dy, to Sgr A*, we computed the black hole
mass, My, from p.
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Fig. 6. Scoring result of the Kerra, = 0.94 synthetic data to the
Kerra, = 0.94 model. The panels show from top to bottom the visibil-
ity amplitude, the closure phase, the calibrated gains, and the average
image of the Kerr a, = 0.94 movie (GRRT left and convolved right).

values for the mass, flux scaling, and position angle are indicated
in the top panel. The recovered values are in good agreement
with the injected values. A more detailed self-test of the movie
scoring scheme is presented in Appendix C.

During our analysis, we fitted the synthetic data generated
from the first 12h of our GRRT data set to the entire data by
advancing the sliding window with an increment of five frames.
This allowed us to statistically quantify the difference between
the synthetic data generated from the first 12h to the entire
GRRT data set including the source variability. In the next step,
we kept the synthetic data and scored it against the GRRT images
of the three different remaining spacetimes. Finally, we obtained
the Xz-distribution for VA, CP, the position angle (measured
from north to east), and the mass distribution for various com-
binations of synthetic data and the entire GRRT image sets for
different spacetimes. Based on these distributions, we performed
a Kolmogorov—Smirnov (K-S) test to determine if the synthetic
data under investigation are in agreement with being drawn from
one of the four spacetimes.
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Fig. 7. Results for the Kerra. = 0.6 test. The panels show the distri-
bution of the total x> = (y%, + x%p)/2 (fop) and the position angle, ¢
(bottom). In each violin, the left-hand side corresponds to K¢ — Ko
and the numbers above the violins indicate the results of the two-sided
K-S test (see text for further details). The red line in the bottom panel
corresponds to the initial position angle, ¢ = 0, of the GRRT images
used to create synthetic data for K .

Here, we provide a short example which explains the gen-
eration of the violin plots and the obtained p-value from the
K-S test. In assuming two normal distributions, one with a mean
at 5.5 and a standard deviation of 0.25 and another one with
a mean at 5.7 and a standard deviation of 0.35, then, one can
draw 20 random numbers for the distribution and create a vio-
lin plot (the left half of the violin is the histogram for the first
distributions and the right half corresponds to the second distri-
bution). In this case, the violin looks nearly symmetrical with
only a slight shift and the computed K-S test provides a p-value
of 0.49. This value implies that the hypothesis that the values are
from the same ‘overall’ distribution cannot be rejected or that the
underlying model (spacetime) is the same (see left most violin in
the top panel of Fig. 7). On the contrary, if the mean of the sec-
ond distribution is located at 12, the two wings of the violin are
disjoint and the K-S test provides a p-value of 5 x 107'°. This
value indicates that the two distributions are not draw from the
same ‘overall’ distributions. This would imply that the underly-
ing model (spacetime) is not the same (see right most violin in
Fig. 7).

In the following, we label the different spacetimes by their
first letter and a subscript indicates their spin, for example Ky ¢
for a Kerr black hole with spin a, = 0.6. We indicate the syn-
thetic data by a superscript ‘syn’, for example K}’ for the syn-
thetic data of the Kerr black hole with spin a. = 0.6 generated
from the first 12 h. Using this notation, scoring the synthetic data
Kerra. = 0.6 against the entire data set of Kerr a. = 0.94 is given
by K — Ko.oa-

4.2.1. Application to Kerra, =0.6 (test 1)

In the first application of the movie scoring technique, we
wanted to test whether we could distinguish the synthetic data
for a Kerr black hole with spin a, = 0.6 from a Kerr black hole
with spin a, = 0.94, a dilaton black hole, and from a boson star.
Therefore, we scored the synthetic data for Kerr black with spin
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Fig. 8. Same as in Fig. 7, but for the Kerra, = 0.94 test.

a, = 0.6 against the data set for the different spacetimes and
performed the KS test. Given the known black hole mass for the
black hole in Sgr A* and its small uncertainty from the GRAV-
ITY experiment (GRAVITY Collaboration 2019), we kept the
black hole mass fixed for this first test and performed the K-S
test only on the total x* = (y%, + x&p)/2 and the position angle.

Figure 7 shows the results for the Kerra. = 0.6 test. For
Ko.6— Dy, the y* shows a very similar, only slightly shifted shape.
In contrast to Ko ¢— Kp.94 and K ¢— By where the distributions are
only marginally overlapping. The distributions for the position
angle ¢ overlap with the distribution of the truth model (K —
Ko, blue violins) in all cases. This behaviour can be explained
by the very similar source size for the Kerr a. = 0.6 and dilaton
black hole in contrast to the Kerr black hole with spin a,. = 0.94
and the boson star (see left column in Fig. 4). In order to improve
the y? during the optimisation (or MCMC) step, the image was
rotated a bit more in the case of the Kerr a. = 0.94 and the boson
star data set. The results of the K-S test can be found in Table 7.
The results of the movie scoring indicate that the space-EHT
concept can clearly distinguish fast from slow spinning black
holes as well as from boson stars.

4.2.2. Application to Kerr a, = 0.94 (test 2)

For the second test, we used the synthetic data from the Kerr
black hole with spin a, = 0.94 and we tested if it can be dis-
tinguished from either a Kerr black hole with spin a, = 0.6,
a dilaton black hole, or a boson star. The following movie scor-
ings were computed: K, 0 9 4~ Ko.o4 (synthetic data and GRRT data

set are from the same spacetime), K 094 — Dy, KOY(L Ko, and
KQyn

0.04 — Bo- The x? and position angle distribution of all test pairs
of models are clearly shifted (see Fig. 8). This behaviour is also
reflected in the small numbers for the K-S test (see Table 7).
The shift in the y? distributions can be explained by the differ-
ence in source size for the Kerra, = 0.6 and dilaton black hole.
In order to match the source size of the Kerr black hole with spin
a. = 0.94, the dilaton and Kerr black hole with spin a,. = 0.6
would require a smaller black hole mass my, < 4.14 X 106 M.
Since we did not allow the black hole mass to adjust, the only
way to improve the y? would be to rotate the GRRT movies. An
improved y? was obtained by rotating the GRRT movies and the
mean of the ¢ distributions is located at —15° (Kerr black hole
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Table 7. Results of the K-S tests for Kerra, = 0.6 and Kerra, = 0.9 as
truth images.

Truth model K¢’ (test 1)

K)—-Dy Ky —Koos K¢ —Bo
p-value (x?) 046 1.6x10°  13x107°
p-value (¢) 0.55 0.22 0.12

Truth model K, (test 2)

KS.& — Do Ko o4 ~ Kos Kg.y;zx — By
pvalue (¥2)  7.0x107  1.0x107  1.6x 10
pvalue () 12x 10710 75x10710  2.8x 10

Truth model K¢’ (test 3)

Ksyn Do
p-value (XZ) 0.74
p-value (¢) 0.78
p-value (myp) 0.94

Notes. The K-S tests were performed on the distribution of the total
X .cp (visibility amplitude and closure phases) and the distribution of
the black hole mass, ny,.

with spin a, = 0.6) and —25° (dilaton black hole). Similarly, the
boson star would require a larger black hole mass to fit the Kerr
a. = 0.94 synthetic data. Given the distributions and the result
of the K-S test, the space-EHT concept can distinguish between
all three models if the truth model is a Kerr black hole with spin
a, = 0.94.

4.2.3. Application to Kerr a, = 0.6 with varying black hole
mass (test 3)

In order to test the variations in the black hole mass required
to make the Kerr a, = 0.6 indistinguishable for the space-
EHT concept from the dilaton black hole, we performed a third
test where we restricted ourselves to Kerra, = 0.6 and dilaton
black holes and allowed the black hole mass to adjust during the
optimisation. The result for this test is presented in Fig. 9. As
expected, the adjusted black hole mass for the dilaton black hole
improved the p-values for the K-S test on all quantities (y2,,
¢, and myy,). However, this would require a black hole mass of
mpy = 4.05 x 10° M, which is not in agreement with the current
measurements of GRAVITY (GRAVITY Collaboration 2019).

5. Discussion and summary

In this exploratory paper, we address the question if an orbiting
space antenna will improve the capabilities of the EHT to dis-
tinguish between different spacetimes around Sgr A*. Our pro-
posed optimisation procedure has suggested an elliptical orbit
with an eccentricity of e = 0.5 and a semi-major axis of a =
14900 km. By including the suggested space antenna, the base-
lines of the EHT array could be extended beyond 10 000 km and
thus increase the angular resolution and the imaging capabilities
of the array considerably (see right column in Fig. 4). As can
be seen in Table 6, the space-EHT is able to distinguish the spin
of Kerr black holes (best image metrics can be found for equal
image pairs). For example, the DSSIM for the Kerra, = 0.6—
Kerra,. = 0.6 dropped from 0.13 to 0.10, while the Kerra, =
0.6-Kerra. = 0.94 is 0.12. The improvement on the imaging


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201937335&pdf_id=8

C. M. Fromm et al.: Using space-VLBI to test spacetimes around Sgr A*

25 50
40 0.78
20 A 30
20
a 154 — 10
o jo)}
0.74 Q
< T 0
N> —_
< 10 A S -10
-20
5 -30
-40
0 =50
5.0
4.5+
)
=
S
= 4.0 -
F=
Q
€
3.5 A
3.0

Fig. 9. Results for the Kerra. = 0.6—dilaton black hole test with vary-
ing black hole mass. The panels show the distribution of the total
X = (¥4, + x2p)/2 (top left), the position angle, ¢ (fop right), and
the black hole mass (bottom). In each violin, the left-hand side corre-
sponds to K. — Ko and the right-hand side corresponds to K — D.
The numbers above the violins indicate the results of the two-sided K-S
test. The red line in the middle and right panel corresponds to the initial
position angle ¢ = 0 and initial black hole mass My, = 4.14 x 10° M,
used for the GRRT images.

capabilities of the space-EHT is also noticeable in the change
of the computed nCCC: For Kerr a, = 0.6, the nCCC increased
from 0.92 to 0.96; while for the Kerr a, = 0.94 case, the nCCC
decreased from 0.94 to 0.91. A similar behaviour is found for the
other equal image pairs Kerra, = 0.94—Kerra, = 0.94 as com-
pared to the non-equal image pairs Kerra. = 0.94-boson star
(see last row in Table 6). For the a. = 0.6 Kerr black hole and the
dilaton black hole comparison, the DSSIM value decreased from
0.13 to 0.10 and the nCCC increased from 0.92 to 0.96. Given
the very similar numbers for Kerra, = 0.6-Kerra, = 0.6 and
dilaton—dilaton it is currently not possible to distinguish between
both spacetimes based solely on their reconstructed images.

To circumvent the limitations of reconstructed average
images in distinguishing between different theories of gravity,
we additionally performed a detailed comparison in Fourier
space including the source variability. We created synthetic data
from the first 12 h of the GRRT images of the two different Kerr
black holes and scored them against 12 h movies created from
the GRRT images of all four spacetimes. Fitting the synthetic
data for the Kerr black hole with spin a, = 0.6 against its entire
GRRT data set leads to a y? distribution with a mean value of
5.6 and a standard deviation of 0.5 (see blue violins in Fig. 7).
The position angle distribution peaks at a value of ¢ = 0.7° £ 4°.
This value is close to the initial value we used for the creation of
the synthetic data and can be regarded as a confirmation of the
fitting routine.

We performed two-sided K-S tests to investigate the hypoth-
esis that the synthetic data are drawn from a spacetime other
than Kerr. The result for the Kerr a.. = 0.6 tests reveal very small
numbers for the synthetic data generated from Kerra, = 0.9
and a boson star, both for the y? and for the position angle (see
Fig. 7 and Table 7). Thus we could reject the null-hypothesis and

conclude that Kerr a, = 0.9 and a boson star can be distinguished
from an a. = 0.6 Kerr black hole. The K-S test between the
a. = 0.6 Kerr and the dilaton black holes provides values that
are significantly larger than for the Kerr a. = 0.94 and a boson
star. The mean values of the dilaton distributions are shifted
by roughly one standard deviation compared to the truth distri-
bution (Kerra, = 0.6). Given the obtained values, it is likely
(54% level) that we can distinguish an a, = 0.6 Kerr black hole
from a dilaton black hole. In an additional test, we allowed the
black hole mass to adjust and in order to probe the mass varia-
tion which would lead to undistinguishable data sets, for exam-
ple, we could not differentiate between a Kerr black hole with
spin a. = 0.6 and a dilaton black hole. The shift between the
x* and ¢ distribution decreased which leads to larger p-values
for the K-S test (see Table 7 and Fig. 9). In addition to the
previous test, we also obtain the distribution for the black hole
mass. The obtained mean black hole mass for the Kerr black
hole with spin a, = 0.6 is mp, = 4.1i8'?§ x 10 M, which is
in good agreement with the black hole mass used during the
radiative transport calculations and a confirmation of the movie
scoring method. In order to make both theories of gravity undis-
tinguishable to 74%, the mean black hole mass should decrease
to my, = 4.02 x 10° M. However, given the mass boundaries
from the GRAVITY experiment, this black hole mass is out-
side the allowed range. Similar to the a, = 0.6 Kerr case, we
performed K-S tests on the fast spinning Kerr black hole with
a. = 0.94. Again, we obtain the distribution for the /\/2 and the
position angle ¢ and computed the K-S test. All distributions
for this test are clearly offset from the truth distribution (see top
panel in Fig. 8), which is also reflected in the very small num-
bers obtained for the p-value (see Table 7). However, given the
small p-values, we conclude that the fast-spinning Kerr black
hole can be clearly distinguished from the slower spinning Kerr
black hole, the dilaton, and the boson star.

In summary, we have presented a future EHT concept which
includes a space antenna and tested the capabilities of this new
array to investigate the different possible spacetimes around
Sgr A* viaradio images and complex visibilities. The orbit of the
satellite was computed from a non-linear optimisation using a
genetic algorithm and constraints on the u—v-plane filling, obser-
vation time, and improved image metrics computed between the
GRRT image and the reconstructed image. We generated syn-
thetic data for three different theories of gravity, namely the fol-
lowing: a Kerr black hole (general relativity), a dilaton black
hole, and a boson star. The synthetic data generated were cre-
ated from 12h of a GRRT movie in order to properly include
the source variability, and a dynamical image reconstruction was
applied following Johnson et al. (2017) using ehtim. From the
dynamical reconstructed images, an average image was com-
puted and compared to the average frame of the GRRT movies
using DSSIM and nCCC metrics. The image plane compari-
son was accompanied by a more detailed and robust analysis
in the Fourier plane using the newly developed movie scor-
ing method in GENA. A K-S test was performed on the y?
position angle and mass distributions in order to investigate
the possibility of distinguishing between different spacetimes
and therefore different theories of gravity. The space-EHT con-
cept presented in this study has been shown to both improve
the imaging capabilities, while including the source variabil-
ity of the array, and improve our ability to distinguish between
(and potentially exclude) certain solutions a nd theories of
gravity.

Our ability to image time-variable sources and probe the
underlying spacetime will be further improved by the addition
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of more ground antennas, for example the African Millimetre
Telescope (ATM; Backes etal. 2016) or several telescopes
placed at dedicated locations across the globe as planed by the
next generation EHT (ngEHT; Doeleman et al. 2019). Extend-
ing the GRRT images series will allow us to address the source
variability on larger non-overlapping time windows, improving
the statistics. Increasing the observing frequency (v > 500 GHz)
will reduce the interstellar scattering and also allow us to study
general relativistic effects on horizon scales more deeply since
the obtained image is less affected by the properties of the accre-
tion flow and the radiation microphysics. However, due to the
opacity of Earth’s atmosphere, such a concept would require
an entirely space-based VLBI concept (see Roelofs et al. 2019;
van der Gucht et al. 2020).

In addition to horizon scale images of the EHT and future
space-EHT concepts, further constraints on the properties of
the spacetime around Sgr A* can be obtained from a pulsar
in a tight orbit (orbital period ~1yr ) around the galactic cen-
tre (Liu et al. 2012). When combined, both measurements, for
example of horizon scale images and pulsar timing, would allow
tight constraints on the properties of spacetime around Sgr A*
(Psaltis et al. 2016).
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Appendix A: Influence of the orbital parameters on
the imaging capabilities

In Fig. A.1 we illustrate the impact of the orbital parameters on
the imaging capabilities of the space-EHT concept and the trade-
offs between u—v coverage and array resolution. We kept the ori-
entation parameters of the orbit fixed to the results of our orbit
optimisation (see Table 5) and changed the semi-major axis, 4,
and eccentricity, e.

An increase in the semi-major axis, a (see panel j in
Fig. A.1), leads to higher resolution (see beam in panel d in
Fig. A.1). At the same time, the larger semi-major axis, a, which

corresponds to a larger orbital period T}, = 27 va®/ (GMgam),

0.2 0.4

reduces the u—v coverage (see panel g in in Fig. A.1). This
leads to a worse image metric than a medium-sized orbit,
for example (compare image metrics in panel ¢ and d in
Fig. A.1). On the other hand, a small semi-major axis (see
panel h in Fig. A.l) leads to a dense u—v coverage (panel
e in Fig. A.l1), but it does not provide high angular reso-
lution (see panel b in Fig. A.l1). A trade-off between reso-
lution and u—v coverage is an intermediate-sized semi-major
axis (see third column in in Fig. A.1). For each of the three
satellite orbits, the image metrics were calculated prioritis-
ing the orbit with the best image metrics, the orbit with a
semi-major axis of a = 14861km, and an eccentricity of
e=0.5.
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Fig. A.1. Reconstruction of a boson star image for Sgr A* (ground truth image in panel a) for the following three different satellite orbits: small
orbit (second column), intermediate orbit (third column), and large orbit (fourth column). From top to bottom: reconstructed image convolved with
75% of the nominal array resolution, the uv-coverage (white: ground array baselines, red: space baselines), and the satellite orbit as seen from

Sgr A*.
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Appendix B: DSSIM and nCCC

Kerr a=0.60
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Fig. B.1. DSSIM and nCCC variation study. Top panel: ground truth
images for Kerr a. = 0.6, Kerr a. = 0.94 and dilaton black holes
(left most column) and convolved with decreasing beams (30 pas—1 pas).
Middle panel: DSSIM and nCCC calculations using the average image
of Kerr BH with a, = 0.6 as ground truth image. Bottom panel:
DSSIM and nCCC calculations using the average image of Kerr BH
with a. = 0.94 as ground truth image.
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In order to explore the variation of the DSSIM and the nCCC, we
performed a small parameter space study using averaged GRRT
images. The GRRT images are taken from Kerr BHs with spin
a. = 0.6 and a, = 0.94 as well as from the dilaton black hole. To
mimic different observing arrays with improved imaging capa-
bilities, we convolved the average images with different beam
sizes® ranging from 30 pas to 1 pas. The convolved images were
compared to the ground truth GRRT images and the DSSIM
and the nCCC values were computed. In Fig. B.1 we show the
results for this study. As expected, the DSSIM values decrease
with smaller beam sizes, while the nCCC increases for all image
pairs. However, at a beam size of ~16 pas, the DSSIM values for
the Kerr BH with a, = 0.94 increases and at the same time the
nCCC decreases. This behaviour can be understood by the differ-
ent source sizes of the ground truth images (see left most column
in the top panel in Fig. B.1). The compact source structure of the
Kerr BH with a,, = 0.94 was smeared out to larger extents during
the convolution with a beam with a size >16 pas, which matches
the ground truth structure better of the Kerr BH with a. = 0.6.
Thus, the DSSIM decreases while the nCCC increases. How-
ever at a beam size of ~16 pas, the behaviour is inverted. For the
models with similar ground truth sizes, the DSSIM monotoni-
cally decreases while the nCCC continuously increases. If the
size of the ground truth image is smaller than the intrinsic size
of the models to which it is compared, for example for Kerr BH
with a, = 0.94 and Kerr BH a. = 0.6, no change in the DSSIM
and nCCC behaviour is found: the DSSIM is always decreasing
and the nCCC is continuously increasing with decreasing beam
size (see bottom panel in Fig. B.1).

8 We applied a circular Gaussian.
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Appendix C: Movie scoring self-test
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Fig. C.1. Posterior distributions for the black hole mass, myy, the posi-
tion angle, ¢, and the flux scaling, S .. The sliding window is located
at Ar = 1.7h (30 frames) recovering the time range used for the syn-
thetic data generation (see Text).

To valid the developed movie scoring method, we performed
a self-test. For the self-test, we generated synthetic visibilities
from the Kerr black hole with spin a.. = 0.94. The start frame for
the synthetic data generation was shifted by 1.7h (30 frames).
During the generation of the synthetic data, we took interstel-
lar scattering (including both diffractive and refractive scatter-
ing), thermal noise, and gain variations into account (see also
Table 4). For a successful self-test, the movie scoring method
should recover the correct starting frame, the black hole mass,
and the orientation of the images used during the synthetic data
generation. During the radiative transfer, we used a black hole
mass of 4.14 x 10° M, and an orientation angle of ¢ = 0°.
During the self-test, we allowed the black hole mass, myy, the
rotation angle, ¢, and the flux normalisation, S, to adjust dur-
ing the scoring. For the optimisation, we applied an MCMC
method (Foreman-Mackey et al. 2013; Foreman-Mackey 2016)
using 100 MCMC walkers for 500 iterations and performed
gain-calibration.

The movie scoring method successfully recovered the start
frame and in Fig. C.1 we present the posterior distribution for
the black hole mass, the orientation angle, and the flux scal-
ing for the GRRT movie starting at frame 30. The black hole
mass and the orientation angle are recovered within 1o~ proofing
the applicability of the developed method to recover black hole
parameters from a source with a varying flux density and struc-
ture. The posterior distribution of the flux scaling, S sc,le, reflects
the influence of interstellar scattering and antenna gain varia-
tions taken into account during the synthetic data generation.
Interstellar scattering smears out the flux density, thus reducing
the measured visibility amplitude as compared to an un-scattered
case. In order to match the visibility amplitude during the scor-
ing, the flux scaling factor is smaller than one. The additional
variations due to the antenna gain variations are compensated
for by the applied self-calibration. In addition, in Fig. C.2, we
show the posterior distribution for the scaling parameters (mp,

mpn [108mo| = 4.11+3:32

¢ldeg] = 0.42133%
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Fig. C.2. Posterior distributions for the black hole mass, myy, the posi-
tion angle, ¢, and the flux scaling, S s, for the entire Kerr black hole
a, = 0.94 data set.
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Fig. C.3. Variation of the image centroid position angle relative to
the one from the sliding window used for the generation of the syn-
thetic data (indicated by the black arrow). The mean centroid position
angle for a second sliding window with a 10h offset is indicated in
green.

¢ and S ;) obtained from the entire data set for the Kerr black
with a. = 0.94. The posterior distribution for the black hole
mass, mpp, and the flux scaling, S scae, show a similar distribu-
tion as for the best starting frame model (see Fig. C.1), except
for the three times larger uncertainties for the black hole mass.
However, the distribution of the position angle, ¢, shows a sec-
ond local maximum around ¢ = 3°. This can be explained by
the variability of the source or more precisely the variation of
the position angle of the flux centroid. In Fig. C.3 we show
the variation of the image centroid position angle relative to the
data set used for the synthetic data. For sliding windows differ-
ent that the one used for the data generation (indicated by the
black arrow in Fig. C.3), the centroid position angle is the lager
angle (see green dashed line in Fig. C.3). During the optimi-
sation within the movie scoring method, this angle difference
is compensated for by rotating the images which explains the
second maximum in the position angle posterior distribution in
Fig. C.2.
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