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ABSTRACT

Direct observation of the orbital motion of a sub-parsec supermassive black hole binary (SMBHB) would provide the first conclusive
electromagnetic proof of such systems existing. Widely considered to be the source of gravitational waves, binaries are expected to
form as a natural consequence of galactic mergers, and determining the processes that drive their evolution is essential to understanding
cosmological evolution. In this work, we evaluate the prospects of using ground and spaceborne Very Long Baseline Interferometry
(VLBI) to observe SMBHBs and estimate their orbital parameters. The Black Hole Explorer (BHEX) is considered the primary case
study. Achieving unprecedented resolution, BHEX will provide access to a new volume of binary parameter space, potentially enabling
the first confident detection of an SMBHB. We present an orbit-fitting approach that uses relative astrometry and Bayesian dynamic
nested sampling, and demonstrate its efficacy on a set of example binary systems. For simulating observations, we use a binary image
model based on post-Newtonian orbit propagation and find that for BHEX, binary detection requires a total flux density of 40 mJy and
a minimum separation of ~2 pas. With three annual observations, BHEX could constrain the semi-major axis and the eccentricity of
binaries with orbital periods of <10 years to within 0.06 dex of the true values under specific noise assumptions. We have also evaluated
the benefits provided by BHEX for binary detection compared to ground-only observations by arrays such as the next generation Event
Horizon Telescope (ngEHT). Finally, we constrained the requirements of a future spaceborne VLBI system capable of performing a

statistically significant survey of SMBHBs.
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1. Introduction

Galactic mergers are inevitable in the course of the evolution of
the Universe, and supermassive black hole binaries (SMBHBs)
are expected to form as a natural consequence of such mergers
(Kormendy & Ho 2013, and references therein). Determining the
processes involved in their formation and evolution is essential
to understanding cosmological evolution on a galactic scale.
The stages of an SMBHB’s life cycle (formation, inspiral,
merger, and ringdown) were defined in the work by Begelman
et al. (1980). Following a galaxy merger, dynamical friction is
capable of driving the binaries closer together (Callegari et al.
2011; Mayer 2013; Dosopoulou & Antonini 2017). However, at
a separation on the order of several parsecs, dynamical friction
becomes inefficient at continuing to decay the binary orbit, a
process known as hardening (Merritt & Milosavljevi¢ 2005).
Further evolution of an SMBHB may be driven by processes
such as torque imparted on the binary due to interaction with
a circumbinary gas disk (see Tang et al. (2017) and references
therein) and/or asymmetric stellar distributions that promote
a high interaction rate between the binary and surrounding
stars (Gualandris et al. 2017). The final decay is controlled by
dissipation of the binary’s kinetic energy via gravitational
wave (GW) emission (Begelman et al. 1980; Merritt &
Milosavljevi¢ 2005). Through these stages, the separation
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between the SMBHB components decreases from single-digit
parsecs to < 0.01 pc. Characteristic angular separations of com-
ponents at these stages of evolution are of the order of 1 pas and
smaller (Gurvits et al. 2025).

From detection of the GW background, sub-parsec binaries
are expected to exist, as the measurements favour models with
efficient merging instead of indicating the existence of a sig-
nificant final-pc problem (Agazie et al. 2023). However, at the
time of writing, there has been no conclusive direct evidence of
such systems in electromagnetic observations. As described by
Arca Sedda et al. (2024), directly resolving a binary of this type
is only possible through the use of Very Long Baseline Inter-
ferometry (VLBI). The angular resolution required for such a
detection (and subsequent imaging) is, in the best case, near the
fundamental limit of ground VLBI systems. D’Orazio & Loeb
(2018) predict that with the capabilities of the next generation
Event Horizon Telescope (ngEHT), a few SMBHB systems may
be resolvable out to z < 0.2.

Ground VLBI systems are fundamentally limited in angular
resolution by the Earth’s diameter (~12 000 km) and the highest
radio frequency (~345 GHz) permitted by atmospheric opacity.
Thus, a robust and statistically significant investigation of multi-
ple SMBHB objects necessitates the use of space VLBI systems,
as they are free of these limitations.

Characterisation of a population of binaries would enable
evolutionary models to be constrained across the SMBHB life
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cycle. Multi-messenger studies combining VLBI with electro-
magnetic observations at other wavelengths and GW observa-
tions would enormously broaden the view on the evolution of
galaxy constituents of the Universe. Resolving a population of
SMBHBs would also improve predictions for the stochastic GW
background, breaking model degeneracies (Agazie et al. 2023).

Here, we consider the near-future prospects for direct resolv-
ing observations of SMBHBs with spaceborne VLBI. A moti-
vation for this work is the prospect of synergistic studies of
SMBHBS in both their electromagnetic and GW emission, the
latter by pulsar timing arrays (Agarwal et al. 2026) and other
future GW facilities.

In this paper, we propose a methodology for the two objec-
tives discussed above, namely, VLBI detection of an SMBHB
and monitoring of its orbital motion using a Bayesian infer-
ence, post-Newtonian (PN) orbit fitting technique. In doing so,
we provide an approach that could be used for future SMBHB
VLBI observations. This technique is also used to determine
the likelihood of a mission such as BHEX being able to accu-
rately constrain orbital parameters and for defining preliminary
requirements for future spaceborne VLBI systems.

In Sect. 2, we present the three future VLBI arrays used as
case studies in this work. In Sect. 3, the conditions required for
the proposed detection and orbit fitting approach to be appli-
cable are discussed. The orbit fitting methodology is presented
in Sect. 4. In Sect. 5, an evaluation of the binary observation
prospects of BHEX is presented, and this is accompanied by a
demonstration of the orbit fitting. Finally, in Sect. 6, prelimi-
nary requirements of a future spaceborne VLBI mission that can
perform imaging SMBHB surveys are defined.

2. Future VLBI arrays

The ngEHT will build on the performance of the EHT by
adding more ground sites and regularly observing at 345 GHz
(Ayzenberg et al. 2025). The angular resolution of this ground
array is assumed to be 15pas in the subsequent analyses
(Doeleman et al. 2023). In addition to the ngEHT, we con-
sider the binary-detection prospects of two proposed spaceborne
VLBI instruments.

The Black Hole Explorer (BHEX) is a proposed 2-year
extension to ground-based arrays such as the EHT, with an angu-
lar resolution of ~6 pas (Johnson et al. 2024). The primary
aim of BHEX is to detect the photon ring in M87* and Sgr A*,
the horizon-scale targets of the EHT (Event Horizon Telescope
Collaboration 2019, 2022a). On baselines with ALMA, BHEX
will achieve a sensitivity of ~1 mJy (Johnson et al. 2024). BHEX
is intended for submission to NASA’s Small Explorers (SMEX)
programme, at the next call for proposals.

TeraHertz Exploration and Zooming-In for Astrophysics
(THEZA) was originally prepared as a concept in response to
the European Space Agency’s (ESA) call for its science program
Voyage 2050 (Gurvits et al. 2021, 2022). THEZA represents a
theoretical, multi-element space system, capable of using space—
space VLBI to achieve an order of magnitude improvement in
angular resolution. For estimation of relative astrometry errors,
we assume an angular resolution of 1 pas for THEZA.

3. Binary detectability conditions

D’Orazio & Loeb (2018) predict the number of sub-parsec binary
sources observable with VLBI under the following conditions:
(1) The binary orbital separation is larger than the minimum
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Fig. 1. Predicted number of observable SMBHB systems as a function
of array angular resolution (6,) and flux density sensitivity (S,) out to
z=2.Here, P < 10 years and g > 0.01. The figure was generated with
data from D’Orazio & Loeb (2018).

spatial resolution of the array. (2) Both components are bright
enough to be independently detectable. (3) The observed orbital
period is Pgps < 10 years, which serves as a simple limit to
increase the chance of detecting orbital motion. Fig. 1 depicts
the predicted number of observable sources from their approach,
with the angular resolutions of the three reference arrays
plotted.

This model should be revisited given the recent GW back-
ground measurements by the NANOGrav collaboration. As a
preliminary evaluation, Agazie et al. (2023) find a strain ampli-
tude of 2.4*07 x 107! for a frequency of 1 year™'. In Fig. 2
of D’Orazio & Loeb (2018), the predicted GW background
from their model is presented. For the same frequency, the
strain amplitude broadly agrees with the pulsar timing array
measurements.

Critically, the population estimate assumes that, if an
active galactic nucleus has an SMBHB, both components are
millimetre-bright. The results presented in Fig. 1 scale linearly
with the value of this fraction. For example, if only 10% have two
millimetre-bright components, the predicted number of observ-
able systems for BHEX decreases to < 10. However, this is only
for systems with Pg,s < 10 years. D’Orazio & Loeb (2018) note
that increasing Pps increases the value of Nvypgy, by an order of
magnitude in the example they provide for Py, = 20 years.

Requirement 2 from D’Orazio & Loeb (2018) is the pri-
mary assumption we adopt. Ayzenberg et al. (2025) describe
this as a telescopic or visual binary where both components have
independently detectable emission. Orbit fitting can then be per-
formed using relative astrometry, for example, as performed by
Fomalont et al. (1999) (i.e. estimation of the position of the sec-
ondary black hole with respect to the primary, without reference
to the known position of a calibrator). The orbit fitting method-
ology has been developed for this specific case. However, with
absolute astrometric uncertainties approaching 1 pas (Broderick
et al. 2011; Zhao et al. 2024), this approach could in theory be
used for candidate binaries with only one detectable component
if its motion with respect to a calibrator source was sufficient. We
do not explore this potential use case in the subsequent analyses.

Both binary components being detectable with VLBI
requires conditions supporting compact radio emission, such
as horizon-scale emission, such as that detected for M87* and
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Sgr A* by the EHT, and/or jet launching (Gutiérrez et al. 2024).
Avara et al. (2024) provide a summary of the conditions required
for the formation of a circumbinary disk (CBD), and subsequent
black hole mini-disks, from recent general relativistic magneto-
hydrodynamic (GRMHD) results. A CBD could form around a
sub-parsec binary with a gas supply in the nucleus, where the
gas has sufficient angular momentum, as is expected to occur
in merged galaxies (Chapon et al. 2013). Streams can break off
from the CBD’s inner edge and feed accreting matter onto the
binary components, with factors such as the mass ratio g = %2
having a significant effect on the dynamics (Combi et al. 2022;
Avara et al. 2024). If the specific angular momentum of these
streams is greater than that of the innermost stable circular orbit
of the black hole, then mini-disks may form around one or both
components (Gutiérrez et al. 2024).

Tiede & D’Orazio (2025) present a spectral energy distri-
bution model for a binary system consisting of two mini-disks
and a CBD. They demonstrate that their model (including a jet
feature) can self-consistently capture the observed broadband
spectrum of the binary candidate PG1302-102. Gutiérrez et al.
(2024) discuss the possibility of dual jet launching from sub-
parsec binaries. Using RadioAstron 22 GHz observations of the
famed binary candidate OJ287, Valtonen et al. (2025) show that
the existence of a secondary jet from the smaller black hole is
consistent with the spectral shape of the periodic optical flares
observed.

Significant work remains to understand the accretion prop-
erties and thus the detectability of sub-parsec binary systems.
The results of such studies have the potential to severely impact
the number of observable binary systems with VLBI. However,
binary observation has been identified as a potential activity of
the ngEHT (Ayzenberg et al. 2025). Within the Event Horizon
and Environs (ETHER) database, used for identification of
EHT and ngEHT targets, a library of SMBHB candidates for
follow-up VLBI observations is also being built (Ramakrishnan
et al. 2023). The widespread interest in this activity warrants
investigation of BHEX’s binary detection prospects.

4. Method

The analysis pipeline presented requires a sample of relative
right ascension and declination positions of the secondary black
hole with respect to the primary. From the relative position data,
the process is then divided into two phases: binary confirmation
and orbit estimation. The former involves building confidence
that what is being observed is two SMBHs exhibiting non-linear
relative motion. For the latter, sufficient observations of the
system over time have been performed to constrain its orbital
parameters.

4.1. Binary toy model

For simulating VLBI observations of SMBHBs and for calcula-
tion of the likelihood of candidate orbits in the Bayesian fitting
process, we implemented a PN orbital model. The model is based
on the one described by Blanchet (2024) up to order 3.5PN. This
is consistent with the typical consideration for massive black
hole inspirals (e.g. Piarulli et al. 2025, and references therein).
The rational behind excluding higher-order effects is discussed
below. The acceleration function is defined as

GM

r_z[(l + A)n + Bv], (1)

X =-

where M = m| +m,, n = X/r and the orbital separation is r = |x]|.
The coefficients A and B, which describe the PN perturbations
in increasing powers of ¢, are provided by Pati & Will (2002).
Acceleration was calculated in the centre-of-mass frame, and the
black hole positions are

myX —-miX

xlzﬁzandxzz o 2)

The acceleration function is integrated from a set of initial
Campbell orbital elements defined as: semi-major axis (a),
eccentricity (e), inclination (i), position angle of nodes ({2), argu-
ment of periastron (w) and time of periastron passage (7). An
explicit, eighth order Runge-Kutta method was used for the inte-
gration. As described by Blunt et al. (2017), for orbit fitting, the
parameter 7 is used instead of T, as the prior bounds for it are
simply between 0 and 1, regardless of orbital period. We note
that 7 is related to 7 by

TO — lref
oo o tr 3)
Preg

where f..r is some specified reference date and Py is the rest-
frame orbital period. Both are in the same time units (e.g.
Modified Julian Date).

Other, higher-order effects have not been implemented
for this preliminary formulation of the pipeline. Provided in
Appendix A is an evaluation of the impact of these additional
perturbations and justification for their inclusion/exclusion. In
summary, Schwarzschild black holes are considered with zero
spin. Thus, the spin-spin, spin-orbit coupling effects described
in Dey et al. (2018) are not included. Nor are the other terms in
A and B beyond 3.5 PN.

The effect of the relative light travel time from each source
is taken into account. Although they will be observed on a flat
sky plane, any orbit that is not face-on will have one black hole
further from the observer. The time taken for this extra distance
to be traversed by the emission is non-negligible and will result
in the farther black hole’s position being from an earlier time rel-
ative to the other source. Details of how this has been modelled
are provided in Appendix A.

For synthetic data simulations of BHEX observations, we
build a binary image model from the superposition of two Gaus-
sian sources, described by their Full Width at Half Maximum
(FWHM) and total flux density. We note that this is a simple
model of two compact radio cores, with no contributions from
jets launching from one or both black holes. Use of this model
also assumes that both sources are unresolved or only marginally
resolved; a fair assumption as BHEX is only expected to be able
to resolve an additional 5-10 black hole shadows (Johnson et al.
2024). We assume a flat spectrum for the components for sim-
plicity, and because detection of such would be more difficult
than for a rising spectrum. This toy model is shown in Fig. 2,
depicting the first test case analysed in Sect. 5.

4.2. Binary confirmation

Upon observing a binary candidate with a VLBI array, the chal-
lenge will be in building confidence that what has been measured
is indeed an interferometric response to an SMBHB structure.
With the likely faintness and small angular separation of the two
sources, it is conceivable that the points of emission may not be
gravitationally bound and what is being observed is two inde-
pendent sources with close celestial positions or a combination
of an AGN core and a jet. Other scenarios for potential false
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Fig. 2. Stokes I image of the binary toy model for Case 1 in March 2032,
2033, and 2034. The primary source is fixed to the origin and the first
position of the secondary is illustrated. Subsequent observed positions
of secondary are depicted with yellow crosses.

alarms can also be imagined. Confirming a binary detection will
require evidence to reject these null hypotheses. This evidence
can be considered in two categories:

1. Confirming the sources are SMBHs: for most sources of
future VLBI observations of binary candidates, they will
appear as unresolved and point-like or Gaussian due to the
very high angular resolution required to resolve them on
an event horizon (EHT-like) scale. Observational features
that will provide strong evidence of the sources being black
holes include: the launching of relativistic jets; spectra show-
ing flux density rising with frequency suggesting compact,
non-thermal emission; location within the centre of a known
active galactic nucleus and evidence from multi-wavelength
observations;

2. Detection of orbital motion: confirming an SMBHB detec-
tion requires observing orbital motion. It is the process of
observing and constraining this motion that the rest of this
section is focused on.

We consider linear motion as the null hypothesis to be rejected
in the attempt to detect orbital motion. This is based upon the
assumption that if the objects are not gravitationally bound, they
are most likely to be exhibiting linear motion on the small angu-
lar scales a VLBI mission can probe. Systems on much larger
orbital paths, which could be the source of erroneous binary
detections, would likely appear as linear motion on these scales.
Other sources of erroneous binary detection can be imagined, for
example, bright components in a relativistic jet exhibiting some
relative motion on short timescales. In such cases, where it is
feasible that relative motion may be non-linear, the other forms
of evidence listed above would have to be carefully considered
along with the goodness of fit of an orbit, determined using this
approach.

A useful metric for planning future VLBI missions is the
number of observations required to confidently detect curvature
in the observed motion. This expression is based on the need
for the curvature in the trajectory to exceed the uncertainty in
the position measurements. For an inclined circular orbit, the
number of observations, N,,;,, required is

korpos P2,
tz—"s} , 4)

Npin = max| 3, {1 + -
2d COS 1

an?
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Fig. 3. Minimum number of observations required to detect the curved
motion of the secondary black hole as a function of the observed orbital
period and semi-major axis in angular units. Observations are per-
formed annually. We assume the nominal angular resolution of 6 pas for
BHEX (solid lines), and 15 pas for the ngEHT (dashed lines). The red
line depicts the assumption used in synthetic data simulations: the best
case for the number of BHEX observations (three) of a binary across a
nominal 2 year mission.

where Pg,s = (1 + 2) Prest» Icad 1S the cadence of observations,
and a is the orbit semi-major axis in angular units. Further, k
is a significance threshold, which we set to 5, and oo is the
uncertainty on the position estimation. Appendix B contains the
full derivation of this analytic expression.

To perform relative astrometry where two sources are within
the primary beam (as will certainly be the case for sub-parsec
binaries), Thompson et al. (2017) provide the following equa-
tion in Appendix 12.1.3 for the thermal noise limited position
uncertainty,

o)
Opog & ————.
P 2 VND,

Approximating the phase error o4 as 1/ signal-noise ratio (S/N)
for a strong detection, with S/N = 5, and converting to angular
resolution 6, = 1/D,,

&)

br
Tpos = ————, (6)
" 2 VN SN
where N = Ya@®a=D ¢ the number of independent baseline

measurements, and N, is the number of antenna in the array.

Fig. 3 depicts Np;, for a circular, face-on orbit of vary-
ing semi-major axis and orbital period (Fig. 1 can be used to
relate these angular separations to the population estimates of
D’Orazio & Loeb 2018).

As discussed in Sect. 4.5, Eq. (6) does not include the effect
of additional positional uncertainty introduced by model mis-
specification and systematic error. Fig. 3 has been produced
using the values of oo from Table 1, describing the position
uncertainties achieved in synthetic data simulations of BHEX
and the ngEHT, for the 10% + 10 mJy error case. For refer-
ence, the thermal noise limited expression gives estimates of
the relative astrometric uncertainty of 0.005 pas, 0.032 pas
and 0.080 pas at Ny = 9, for THEZA, BHEX and ngEHT,
respectively.
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Fig. 3 shows that for three annual BHEX observations of a
system across a 2 year mission, curved trajectory motion could
be confidently detected in binaries with 5 < a[pas] < 15 and
7 < Pgbs [years] < 28. The observational limits associated with
BHEX are of course removed for binaries that are detectable with
the ngEHT, and the effect of increased astrometric uncertainty
without BHEX can be seen in Fig. 3. Assuming similiar sensi-
tivity to BHEX, with a 1 pas resolution, THEZA should provide
a 6 times improvement in astrometric uncertainty, and ~2.5 times
lower N,,;,, to detect the same orbit.

Extending this approach to elliptical orbits as part of the
Bayesian orbit fitting approach, the false alarm rate (FAR) of
the maximum a posteriori (MAP) solution is calculated. This
FAR represents the probability that the apparent orbit motion
signature could simply arise from noise in a linear trajectory.
A two-parameter linear model is fitted to the data (gradient
and intercept in the (Aa) and (Ad) system). The FAR is then
calculated using a chi-squared test.

4.3. Orbit estimation

Once sufficient observations of a source have been performed to
gain confidence that it is a likely binary candidate, the orbital
parameters can be estimated. Fang & Yang (2022) present a
Newtonian orbit fitting approach for a binary model consisting
of two point sources. They demonstrate how the orbital parame-
ters can be determined directly from the visibility data. Here we
present an extended method, consisting of a PN orbit propaga-
tion and one that is applicable to various forms of binary models
(i.e. not just point sources) and can also be used on reconstructed
images.

The group of Bayesian Markov chain Monte Carlo (MCMC)
methods is widely used in astronomy for orbital parameter esti-
mation across a diverse range of disciplines, from stellar binaries
to exoplanets (Pearce et al. 2020; Blunt et al. 2017). Other algo-
rithms such as the least squares Monte Carlo method or more
traditional orbit fitting (e.g. Gauss’s and Gibbs methods, Lam-
bert’s problem) are effective at finding only the best-fit solution
under specific required conditions for the number of and cadence
of observations.

However, as noted by Thompson et al. (2023), it is challeng-
ing to compute posteriors for traditional orbital elements as they
consist of complex co-dependencies and degeneracies. This is
exacerbated when working with short orbital arcs, as is likely
to be the case for SMBHB observations. Depending on the type
of MCMC method used, they can be ineffective at estimating
the posterior for highly multi-modal problems. Variants such as
the parallel-tempered method used by Blunt et al. (2017) aim to
address this issue.

Dynamic nested sampling has been shown to be effective at
estimating Bayesian posteriors in an astronomical context, par-
ticularly when compared to MCMC methods (Speagle 2020).
Dynamic nested sampling adaptively allocates samples depend-
ing on the posterior structure, enabling it to effectively sample
multi-modal distributions. For this orbit fitting approach, we
have implemented the dynamic nested sampling Python package
dynesty' (Speagle 2020). A custom, Gaussian log-likelihood
function was used of the form

NO S
. (Aaohx,n - Aa’m,n)z (A(Sobs,n - A6n1,n)2
Ugos,n '
@)

1
log L(D | m) = —5

2
i=1 O pos,n

I https://github.com/joshspeagle/dynesty

where the subscript obs, n are the observed positions of the n'h
observation and m, n are the positions calculated from the trial
model parameters using the PN orbit model. Ny is the number
of observations. A prior transform is used that only allows phys-
ically realistic values of the orbital parameters and black hole
masses. This is discussed in Sect. 4.4.

The orbit fitting calculates the optimum values of the fol-
lowing parameters to fit the observational data: total mass (M),
mass ratio (¢), a, e, i, Q, w, and 7. The tuneable parameters
of dynesty have been determined through preliminary runs of
the test cases presented below. We use the random walk sam-
pling method and multiple ellipsoid bounding, as is suggested
for multi-modal distributions. For live points, Speagle (2020)
suggests 50 times the number of degrees of freedom, for each
expected mode. Through preliminary tests, increasing the value
of nlive_init beyond 12000 produced minimal change in
already smooth and well-sampled posterior contours, and there-
fore this value was used for all cases. The dlogz tolerance, the
stopping condition for the initial baseline run, is set to 0.005.

4.4. Parameter constraints

An upper limit can be applied to the black hole mass ranges
based on whether the two binary components have been resolved
in the VLBI observations. The diameter of a resolved black hole
shadow is related to its mass (m) by

2V27Gm
s T o 3
C DA
where D, is the angular diameter distance, which can be calcu-
lated from knowledge of the source’s redshift (Bardeen 1973).
Redshift can be measured from other observations of the host
galaxy’s emission or absorption lines. As such, even if the
shadow is not resolved, this expression provides an upper limit
on the black hole mass. A lower limit can be estimated from
spectral energy distribution models of such systems (Pesce et al.
2021; Tiede & D’Orazio 2025) and the fact that the source has
been detected in the first place. Scaling relations between the
black hole and host galaxy will also be useful for determining
the likely lower limit. For the subsequent example cases, it is
assumed that the total black hole mass is known to within an
order of magnitude of solar masses.

Semi-major axis can be constrained from measurement of the
angular separation of the binary across different observations.
Assuming a near face-on orbit, the maximum semi-major axis
can be determined by assuming a highly elliptical orbit and that
the observed black holes are currently at periastron (where 7y
is the observed separation at this point).

’
Amax = ﬁ- )
1-e

For an inclined orbit, the observed separation is a function of the
semi-major axis and the inclination. In the worst-case, a binary
may be viewed completely edge on (i = 7) with the black holes
almost aligned. The observed instantaneous separation would
then be a tiny fraction of the true semi-major axis. From multiple
observations (as would be required to perform orbit determina-
tion), constraints will be able to be applied to the semi-major
axis. The prior imposed on a ranges from 0.001 pc to twice the
true semi-major axis.

Eccentricity is allowed to vary between 0 and 1, permitting
only elliptical orbits to be included in the orbit fitting. Although
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Table 1. Relative astrometric uncertainty noise survey.

O pos (Has) Separation (pas)

Noise case 5 10 15
0% + 0 mly 2.19/0.06  0.04/0.03 0.02/0.02
0% + 5 mJy 2.62/1.50 0.38/0.12 0.23/0.13
0% + 10 mJy 2.62/2.27 2.57/0.39 2.57/0.23
10% + 0 mJy 2.56/0.28 0.21/0.08 0.11/0.07
10% + 5 mly 2.58/1.58 0.59/0.13 0.26/0.14
10% + 10 mJy  2.61/2.31 2.85/0.45 0.91/0.23
20% + 0 mJy 2.52/1.00 0.62/0.11 0.20/0.12
20% + 5 mJy 2.54/1.77 1.37/0.15 0.33/0.17
20% + 10 mJy  2.67/2.39 3.62/0.52 1.40/0.25

Notes. FWHM of both sources is fixed at 2 pas. The combined total
flux density is set to 50 mJy, inline with BHEX’s minimum detectability
condition (see Fig. 4). In each cell, the relative astrometric uncertainty
is provided for ground/ground + BHEX.

hyperbolic orbits where the black holes are not yet fully bound
are theoretically possible, they are far less likely on the small
angular scales being probed with VLBLI. It is also less probable
to observe such a system, given how little time it would spend
in such a state, when considered on cosmological timescales.
The angular orbital elements are allowed to vary within their full
range in the subsequent examples. The epoch of periastron pas-
sage (1) is allowed to vary between 0 and 1, as described in the
previous section.

4.5. Synthetic data simulations

To demonstrate the orbit fitting approach and evaluate BHEX’s
efficacy at detecting binaries, simulated BHEX observations
have been modelled using eht-imaging® (Chael et al. 2018)
and ngehtsim® (Pesce et al. 2024). These packages propagate
the spacecraft and ground array positions across the simula-
tion time and simulate VLBI observations of a given image
model. Impacting factors such as thermal noise, weather con-
ditions, atmospheric effects and station-based gain variations
are included. ngehtsim provides the ability to model frequency
phase transfer (FPT), allowing the phase from a lower frequency
observation to be transferred to the higher band to increase
coherence time, which is intended to be performed for BHEX
and ngEHT (Rioja et al. 2011; Pesce et al. 2024; Issaoun et al.
2025). See Appendix C.1 for a full definition of the ground array
and other simulation configuration parameters.

The toy binary model presented in Sect. 4.1 is used as the
image model for each of the test cases examined below. Once
simulated observations have been performed, we use the native
model fitting functionality of eht-imaging to fit two Gaussian
sources to the simulated visibility amplitudes and closure phases.
We fix the brighter Gaussian component to the origin such that
it becomes the astrometric phase origin. A flat prior is defined
for the secondary component’s position between =50 pas. A flat
prior is used for both component’s total flux density and FWHM
of 0—1 Jy and 0-30 pas, respectively. From the model fitting, we
extract an estimate of o, the uncertainty in the relative position

2 https://github.com/achael/eht-imaging
3 https://github.com/Smithsonian/ngehtsim
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estimate of the secondary with respect to the primary. We also
fit a single Gaussian source to the same data and evaluate the
difference in the goodness of fit to assess the likelihood of a false
detection of a binary.

As the binary toy model consists of idealised, compact Gaus-
sians, it does not include the effect of model misspecification,
where extended or evolving source structure would introduce
additional structural phase contributions and thus increase the
position uncertainty. We preliminarily constrain the effect of this
by introducing varying fractional and flat additive noise, for dif-
ferent binary separations, and evaluate the relative astrometric
uncertainty using the synthetic data simulations. Table 1 presents
these results.

Table 1 demonstrates the expected inflation of relative astro-
metric uncertainty with increasing fractional and additive noise.
For the low noise cases, the uncertainty approaches the ther-
mal noise limited value calculated in Sect. 4.2. We associate the
fractional noise with systematic errors, such as those presented
in the investigation conducted for EHT observations of Sgr A*
by Event Horizon Telescope Collaboration (2022b). The addi-
tive noise accounts for model misspecification effects expected
in real observations. For the subsequent test cases, we adopt a
10% fractional noise, inline with the upper limit presented by
Event Horizon Telescope Collaboration (2022b) for the EHT. We
apply an additive 10 mJy noise, which equates to a 20% model
misspecification error, for the 50 mJy total flux sources we use
in the majority of the test cases. Provided in Sect. 5.2.4 is a case
in which 10% + 20 mly is assumed, to demonstrate the effect of
inflating noise on the orbit fitting.

The systematic noise survey demonstrates how model mis-
specification errors can cause non-detections of close binaries.
Noting in particular the 5 pas case, even small amounts of addi-
tive noise reduce detection confidence from nearly 1000, to
a < 30 marginal detection. Table 1 also shows the benefit of
adding BHEX to the ground array. For binaries with separations
on the order of ground ngEHT resolution, BHEX provides a fac-
tor of 3—4 improvement on relative astrometric uncertainty. As
the binary separation is reduced (as is likely for real systems), the
finer resolution of BHEX provides greater benefit. For example,
leading to improvements by factors of up to 9-10, under various
noise conditions at 10 pas separation.

5. SMBHB detection with BHEX

BHEX will utilise a 3.4 m antenna and observe in collabora-
tion with a ground array at an upper (~320 GHz), and lower
(~86 GHz) frequency band. The spacecraft will operate in a
polar, medium Earth orbit (MEO), at an altitude of ~26 562 km.
Justification for this orbit selection is given by Hudson et al.
(2025). The reader is referred to Johnson et al. (2024) and the
accompanying SPIE papers for more information on the design
and operation of the spacecraft.

In this section, the binary detection prospects of BHEX
are evaluated. We conduct a preliminary assessment of the
detectable binary parameter space, and demonstrate the orbit
fitting methodology using synthetic data simulations of BHEX
observations for a number of example test cases.

5.1. Binary detection

As an interferometer, BHEX and a ground array of telescopes
samples the complex visibility of a target source — the noise-
corrupted Fourier transform of its true image. Detecting a binary


https://github.com/achael/eht-imaging
https://github.com/Smithsonian/ngehtsim

Hudson, B, et al.: A&A, 711, A293 (2026)

100 —

101 J

- Fy’[0t=0-50 Jy
Bl F=010Jy
[ Fli=0.05]y

—
S
)

—
(e}
=]

Flux Density or Solid Angle Ratio

10!

102 y T T T T T

0 5 10 15 20 25

30 0 5 10 15 20 25 30

Separation [pas]

Fig. 4. Binary system detection with BHEX depicting the total flux density of the source required to distinguish a binary from a single Gaussian
source, assuming a thermal noise of 5 mJy/beam. The term w, is the angular diameter of the primary component. The y-axis describes the ratio
between the primary and secondary component flux densities and solid angles. For illustrative purposes, we assumed the same brightness for both
components of the binary system. The positions of the seven test cases presented below are labelled in this parameter space. Subscript A indicates
the largest angular separation of the orbit from the observer’s perspective, and P is the smallest observed separation.

first requires discerning two distinct sources in the visibility data.
Fig. 4 shows the observable region of binaries by BHEX, as
a function of flux density and solid angle ratio (f), and sep-
aration between the primary and secondary components. This
figure uses the binary toy model of two Gaussians described in
Sect. 4.1. The figure depicts the required total flux density of
the binary for BHEX to distinguish it from a single Gaussian
source.

A binary detection is defined as when the correlated flux
density on BHEX baselines is 30 discrepant from the total flux
density and also from the flux density of the primary Gaussian
source. Fig. 4 also depicts the locations of the test cases analysed
in Sect. 5.2 in the parameter space. The subscript refers to their
angular separation at apoastron (A) and periastron (P). This fig-
ure only includes the effects of thermal noise, and as such should
be used as a preliminary guide to BHEX binary detectability,
before synthetic data simulations are performed of specific cases.

BHEX is able to detect binaries with a lower total flux den-
sity as the primary becomes more compact (moving from left to
right in Fig. 4) and the separation increases. F;,; = 0.5 Jy is the
approximate total flux density of M87%, the brightest horizon-
scale source for ground VLBI observations. As such, the white
regions of this figure depict parameter space where a total flux
density greater than this is required to detect a binary. Therefore,
it becomes increasingly less likely that such systems exist. Con-
sidering this constraint, BHEX is able to detect binaries with
a flux density ratio of f > 0.045, if it is assumed sources with
Fy 10 = 0.5 Jy can be found.

Assuming a thermal noise figure of 5 mJy (representative
of baselines across the array), binaries with a total flux less than
40 mly are not detectable, noting that the thermal noise is depen-
dent on the specific ground sites participating in the observation.
In the best case on BHEX-ALMA baselines, binaries with a
total flux of >7 mJy are detectable, for f = 0.75. As has been
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Table 2. Summary of the test cases.

Case F o y) q Pops (yr) Separation (uas) e(-) i(°) M (108 M,) FWHM, /2 (pas)
1 0.03/0.02 1 5 10 0 0 4.00 2/2

2 0.03/0.02 1 10 rp=175r,=225 0.5 0 3.37 2/2

3 0.03/0.02 1 10 r, =151, =225 0.5 45 3.37 2/2

vL, (ergs‘l) szp sz Ximp,sin sz‘si,, O pos,av (uas) Xi,-;, FAR (%)

1 6.07/4.05x10*"  0.06 0.04 0.72 0.10 0.95 0.01 11

2 6.07/4.05x10*"  0.06 0.04 0.63 0.31 0.33 0.02 0

3 6.07/4.05x10*"  0.05 0.05 0.48 0.22 0.72 0.02 0

Notes. For all cases, Q, w, and T were set to zero, as they are expected to have less impact on the orbit fitting than the varied parameters. The
terms )(ﬁmp and )(gp describe the average goodness of fit of the binary Gaussian model in amplitude and closure phase to the observed data in

eht-imaging, across the three observation epochs. The subscript sin describes the y? values for fitting a single Gaussian source to the observed

2
orb

data, and y

found in GRMHD simulations of close binary systems, for low
mass ratios the secondary may be more active than the primary
(D’Orazio et al. 2013; Farris et al. 2014; D’Orazio et al. 2016). It
is therefore non-trivial to relate f to a specific, detectable mass
ratio. BHEX data can be used to identify the presence of a binary
source down to separations of ~2 pas, below the nominal array
resolution.

5.2. Orbital parameter estimation

In this section, we demonstrate the orbit fitting approach pre-
sented in Sect. 4, and evaluate BHEX’s ability to detect orbital
motion in binaries. For a number of test cases, the estimated
positions (and uncertainties) of the secondary with respect
to the primary component were determined from the syn-
thetic data simulation pipeline. We then ran the orbit fitting
approach on these data to estimate the orbital parameters of the
system.

The test cases were selected to explore as much of the binary
parameter space as possible, within the limits imposed by the
computational expense of running these simulations. We focused
on the minimum and maximum of important parameters, such
as total flux density, inclination, angular separation, and orbit
period. Three primary test cases were selected:

1. A circular face-on binary with a short Py, to demonstrate
a system for which a large percentage of the orbital period
is sampled. The FWHM of each Gaussian component is set
below BHEX angular resolution, as is likely for a binary at
redshift higher than M87* and Sgr A*;

2. An eccentric, face-on binary to test the effect of eccentric-
ity on the orbit fitting. The periastron separation is set near
the limit of BHEX angular resolution, with a longer P (for
which observable systems are more likely to exist) to demon-
strate the increased uncertainty in fitting an orbit to a short
observed arc;

3. An eccentric, inclined binary to test the effect of inclination
on the orbit fitting.

For all three, m; and m; are equal but the flux density is unevenly
distributed between the components to break the degeneracy that
exists in the visibility domain if the sources were identical. A
total flux density of 50 mJy is used, in accordance with the limit
of BHEX’s ability presented in Fig. 4, for the upper and lower
bands’ combined total flux density of the sources.

It is also ensured that the test cases stay within realistic
limits for mass-luminosity relations and brightness temperature.
The luminosities of the components in each test case have been
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describes the goodness of fit of the MAP orbital solution.

evaluated, and compared to the millimetre-wavelength funda-
mental plane presented by Ruffa et al. (2023), for a fixed redshift
of z = 0.05. The brightness temperature (T,) of each compo-
nent has also been calculated. For reference, for the primary
source used in the first three examples with F,« = 0.03 Jy,
T, = 9.4 x 10'° K, within the typical brightness temperature
range of VLBI sources.

In a nominal ~2 year mission, the first 1-2 months will be
spent in a commissioning phase. For the subsequent examples,
an observing cadence of 7,,q = | year is assumed, beginning as
soon as commissioning is complete with two subsequent observ-
ing sessions of the same source, during the M87* observation
window. The source is observed for one night at each of these
epochs and is assumed to lie close to M87* on the sky.

Summaries of the key properties of each test case, and the
results of the synthetic data simulation and orbit fitting, are pre-
sented in Table 2. A number of additional test cases are more
briefly analysed in Sect. 5.2.4, to further explore the effect of
key parameter variations.

5.2.1. Case 1: Circular, minimum separation

Tables 2 and 3 summarise the model and orbit fitting results. The
true, median and MAP orbit parameters are provided in Table 3,
along with relative errors where they can be calculated. Fig. 5
depicts the best-fit orbit. The posterior distribution corner plot is
provided in Appendix C.2.

As can be seen in all test cases, the small number of
observations results in a highly multi-modal problem. However,
important constraints can be pulled from the posteriors. Total
mass (M) has a single main mode, and it shows a relatively
tight posterior distribution. As a large arc of the orbit has been
sampled, the semi-major axis (a) and eccentricity (e) are very
well constrained, with a clear tendency towards a circular orbit.
The mass ratio (¢g) is degenerate without prior constraints on the
mass distribution, which we have not imposed. We also see the
expected degeneracy between M and the angular parameters i,
Q, and w, as the former controls the dynamical scale of the orbit,
and the latter controls the geometric projection on the sky. In par-
ticular, posteriors for Q and w are expected to be wide as for a
circular orbit, they do not change its projected shape. The effect
of angle wrap-around and a 180° degeneracy in the parameters is
also evident, and this is discussed further in the next section. The
posterior distribution suggests a low inclination, but in general it
is poorly constrained. T is showing some tendency towards O or
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Table 3. Case 1 orbit fitting summary.

Parameter True MAP Median
M (10°My) 0400  0.528 (32.0%)  0.543*03%
q() 1000  0.924 (7.64%)  0.418+9332
a (pc) 0.0101  0.0108 (6.90%) 0.0110*290161
e(-) 0.000 0.0380 0.085+9204
'O 0 288 28273
o 0 M3 217
Q) 0 242 179.7+949,
e LA s S L

Notes. Error between fitted value and true parameter value given in
brackets for MAP. Median provided with 68% credible interval ranges.
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Fig. 5. Best-fit solution for Case 1. The observed positions of the sec-
ondary relative to the primary are indicated by red markers with 1o
error bars.

1, and this is expected as both describe the periastron position at
which observations began. We see a broader posterior in 7 com-
pared to latter cases as for a nearly circular orbit, the periastron
position is weakly defined.

An interesting phenomena can be observed at the lowest
observed point, at which o, is considerable larger than for the
other observations. Near Aa = 0, the primarily east-west distri-
bution of ground (u,v) coverage, and the position of BHEX at the
start of observations in the simulations (also aligned east-west),
provides weak constraints on the A position of the secondary.
This can also be observed in Case 3, and in general we have
determined that it occurs in this plane when angular separa-
tions are <10 pas. Despite this, the MAP solution traces the true
orbit very closely as the narrower error bars on the other points
strongly pin the dynamics. The increased uncertainty on this data
point results in a non-negligible FAR of 11%.

In general, the posterior shows a circular, low inclination
orbit with a well-constrained dynamical scale, but with strong
degeneracies and multimodality in angular parameters.

Table 4. Case 2 orbit fitting summary.

Parameter True MAP Median
M (10°Ms) 0337 0.605(79.2%)  0.5617030)
q () 1.000  0.898 (10.2%) 0.489+0718
a (pe) 0.0152  0.0170 (12.3%)  0.0175* 104
e (=) 0.500 0566 (13.2%)  0.608:9319
i) 0 38.05 41.9*857
w (°) 0 147.1 151.7+1388
Q) 0 196.7 215.8*11¢4
() 0 0.992 0.0102+0980_
151
101
5 4
LI
Q
<
_5 4
_10<
_15 4
30 20 10 0 ~10
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Fig. 6. Best-fit solution for Case 2.

5.2.2. Case 2: Eccentric, longer period

Tables 2 and 4 summarise the model and orbit fitting results for
the second test case. Fig. 6 depicts the best-fit orbit. The posterior
distribution corner plot is provided in Appendix C.2.

With the longer period orbit, a smaller arc has been sampled
by the observing cadence. Naturally, this widens the posterior
distribution on the orbital parameters and the relative errors of
the MAP. Although across a 3 year period the trajectory exhibits
less curvature than in Case 1, the narrow 1o~ error bars still result
in a confident detection of a curved trajectory, with the FAR
near 0.

Semi-major axis (a) and eccentricity (e) are still very well
constrained. Despite <_%P(,bS having been sampled, a strong pref-
erence for an eccentricity ~0.5 can be seen. Mass ratio (g)
is unconstrained by the data without further information or
assumptions, and this is evident throughout the test cases. As
with Case 1, the posterior distribution of i suggests a low incli-
nation but it is very wide, with the MAP and median values
~40°. In Q and w (the true values of which are both 0°), mul-
tiple effects can be seen: 180° degeneracy such that (w, Q) —
(w + 180°,Q + 180°), demonstrated by the MAP solution where
both parameters are ~180° offset from the truth, and wrap-
around as expected for parameters ranging from 0-360°. The
epoch of periastron passage (1) is showing a strong preference
for 0 and 1, both of which describe the same position.
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Table 5. Case 3 orbit fitting summary.

Parameter True MAP Median
M(10°My) 0337 0.852(152.6%)  0.723%0710
q () 1000 0.765(23.5%)  0.494*53%
a (pc) 0.0152  0.0147 (3.09%)  0.0137+30623
e(-) 0.500  0.537 (7.40%)  0.522*3133
i) 450  59.6 (32.4%) 46.61197
@0 0 138.6 2675112,
N 00 mset,
i 0 om ooy
—— True
107 —— MAP
5<
o)
<
_5<
_]0<
3 20 10 0 -10
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Fig. 7. Best-fit solution for Case 3.

The posterior indicates a strong eccentric mode with low
inclination and a well constrained semi-major axis. The expected
parameter degeneracies without more stringent prior constraints
are also evident.

5.2.3. Case 3: Eccentric, inclined

Tables 2 and 5 summarise the model and orbit fitting results for
the third test case. Fig. 7 depicts the best-fit orbit. The posterior
distribution corner plot is provided in Appendix C.2.

In general, similar trends can be seen as in Case 2, with the
introduction of inclination having little impact on the posterior
distribution. Semi-major axis (a) and eccentricity (e) are still the
best constrained parameters. Inclination (i) is showing a clear
tendency to a moderate inclination, but the posterior is wide.
As with Case 2, a strong preference for v = 0/1 is illustrated.
In the MAP solution, the effect of periastron precession is also
evident supporting the need for a PN propagation in the orbit
fitting methodology. The effect described for Case 1, whereby
the observed point near Aa ~ 0 exhibits increased astrometric
uncertainty, can also be seen.

Case 3 shows the effect of sampling a short arc of the orbit as
beyond the three observations, the best fit orbit deviates signifi-
cantly from the truth and this appears to have been exaggerated
by the introduction of inclination. Additional observations would
evidently help with this issue.
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5.2.4. Additional cases

The following cases were also tested with the synthetic data
simulation and orbit fitting pipeline:
4. The estimated parameters of the source ‘Gondor’ from
Agarwal et al. (2026). Demonstration of observing a source
with a wider separation at redshift z = 0.07, with increased
noise (10% + 20 mly);
5. An extreme mass ratio example with total flux density simi-
lar to that of M87#, at the edge of BHEX binary detectability.
Redshift z = 0.05 and black hole masses are calculated to
meet prescribed period and separation;
6. An extreme inclination example such that the source is
almost completely edge-on. Parameters the same as Case 3
but with an inclination of 80°. This case also demonstrates
the scenario of the two sources having a separation smaller
than BHEX resolution;
7. Along period example. In order to keep this case close to the
fundamental millimetre plane, the separation is very wide
(Ruffa et al. 2023). As such, if it existed, such a system
would likely be observable from the ground. It is included
here to demonstrate the effect of a long period orbit on the
orbit fitting. Redshift z = 0.05.
Table C.3 summarises the key properties and test results for
the cases defined above. The additional test cases support the
trends described above whilst illustrating the effect of different
parameter variations.

Case 4 was run with an increased error budget (10% +
20 mJy). The error bars grow noticeably as is to be expected,
resulting in a significant FAR, despite the large angular sepa-
ration used in the example. As the estimated source positions
are still close to the actual trajectory, the MAP solutions for a
and e are within 10% of the true values. Case 5 depicts a sce-
nario with a more diffuse source. The total flux density is still
within the predicted detectability of BHEX as shown in Fig. 4,
and therefore high relative astrometic accuracy is still achieved.
The goodness-of-fit of the MAP reflects this. In Case 6, an
extreme inclination example results in growth of the errors on
a and e. Interestingly, although the posterior distribution is wide,
i has been constrained quite well, with a clear preference for an
edge-on orbit. However, the significant astrometric uncertainty
on the observed point at a small angular separation to the pri-
mary causes a high FAR of 80.5%. In general, it will be harder to
confirm non-linear motion in a highly inclined system. In Case 7,
a longer period case is considered of 30 years. Here, a small arc
of the orbit is sampled by three BHEX observations and this is
reflected in the FAR which is 100%. The MAP solution is poorly
constrained, with all parameters exhibiting wide posteriors.

5.3. Identifying candidates

Near-future capabilities will further progress the ability to iden-
tify and observe candidate binary systems. Through detection
of quasi-periodic oscillation (QPO) sources, the Vera C. Rubin
observatory may be able to detect hundreds to thousands of can-
didate SMBHBs, although with a preference for systems with
short orbital periods such that statistically significant variabil-
ity can be observed across the 10-year survey (Liao et al. 2020).
Although certainty of a black hole binary will not be achieved
with these observations, identification of likely candidates, with
follow up radio observations, may provide sufficient evidence to
warrant a VLBI observation. The detection of astrometric oscil-
lations with VLBI proposed by Gurvits et al. (2025) also has
potential for identification of more candidate systems.
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Agarwal et al. (2026) present a search for GW sources from
114 active galactic nuclei, using the NANOGrav 15 yr dataset,
by fixing priors for period and position on the sky from QPO
data and fitting the pulsar timing array measurements for the
remaining binary parameters. Bayesian model comparison with
uncorrelated red noise identifies eight candidates with Bayes
factors (BF) >1. Despite the lack of statistical significance, the
method by which these candidates were identified is promising
and should result in more identifications, and with greater con-
fidence in the future, as pulsar timing improves (Agarwal et al.
2026).

As discussed in Sect. 3, Valtonen et al. (2025) demonstrate
that the optical light curves and radio jet observations of OJ287
can be explained with the presence of a secondary jet. OJ287 is
a target source of BHEX and the improvement in resolution by
a factor of two will enable further constraining of the possible
explanations for its flaring behaviour. If a secondary jet can be
confidently identified, the positions of the black holes at their
bases could be estimated and the method presented in this paper
used to fit an orbit.

Within the ETHER database, a library of SMBHB can-
didates identified using the methods described previously is
also being built (Ramakrishnan et al. 2023). Through follow-
up observations of promising candidates with VLBI planned to
constrain flux densities and determine detectability, the ETHER
database will no doubt play an important role in identifying
binary targets.

6. Discussion

The binary parameter space detectable by BHEX has been con-
strained, requiring F s > 40 mJy and f > 0.75 (at the minimum
detectable flux density), in the thermal-noise limited case. If
the secondary source is more active than the primary (as pre-
dicted in GRMHD), or the total flux of the source approaches
0.5 Jy, BHEX may be able to detect very low mass ratios (g <
0.05). Binaries are detectable (under the conditions described
in Sect. 5.1) even for separations down to 2 pas, albeit with
increasing relative astrometric uncertainty.

As shown in Fig. 3 and Table 1, the relative astrometric
uncertainty of BHEX observations is very low. This results in
confident detection of non-linear motion for longer period orbits
than is perhaps to be initially expected considering BHEX’s
short mission duration. Curved trajectory motion could be con-
fidently detected in binaries with 5 < a(pas) < 15 and 7 <
Pops (years) < 28, with only 3 annual observations.

Across the three primary test cases, clear trends in the orbit
fitting can be seen. Semi-major axis (a) and eccentricity (e) are
tightly constrained to within 0.06 dex of their true values, for
all cases. Total mass (M) exhibits a wide posterior distribution,
with the MAP within 0.4 dex of the true value. Inclination (i) is
more difficult to constrain as various combinations of a, e and i
can produce similar projected trajectories on the sky. The posi-
tion angle of nodes (2) and argument of periastron (w) show the
expected 180° reflection degeneracy. Mass ratio (g) is essentially
unconstrained across all cases as, considering the Keplerian
equation for orbital period, Pgpg o< % it is only dependent on
M and a. The small number of observations that are likely to
be possible with BHEX does present issues in tightly constrain-
ing orbits for which only a short arc is sampled. Naturally, more
observations will always result in better fits.

The additional test cases presented in Sect. 5.2.4 show the
effect of other parameter variations on the orbit fitting process.

The limits of confident orbital motion detection are demonstrated
with the long period orbit in Case 7. The challenge of inclina-
tion fitting is evident throughout the test cases, and particularly
in Case 6 for an extreme, near edge-on example. Measure-
ments of variation in the observed flux density of the source,
caused by periodic Doppler boosting, could provide information
on the direction of motion of the source at a given time and
thus constrain the inclination (D’Orazio et al. 2015). The poten-
tial difficulty in using such a constraint is identifying Doppler
boosted emission from intrinsic variability of the source.

These results hold under the assumption of 10% fractional
and 10 mJy additive noise, on a toy binary model consisting
of two Gaussians. Increasing the error diminishes the ability of
BHEX and the ground array to detect non-linear relative motion
of the source, and to fit orbital elements. This was demonstrated
with Case 4.

Table 1 shows the benefit of BHEX in binary observations.
The fine angular resolution provides low relative astrometric
uncertainties, increasing the orbit fitting ability of the array
and potentially opening up a larger population of observable
binaries. The relative astrometric accuracy of the ngEHT alone
has also been evaluated, and the constraint on total number of
observations disappears with ground observations. The effect of
increased sampling of the orbit period can clearly be seen in the
goodness of fit of the orbits for Case 1 and Case 4. The chal-
lenge, as discussed in Sect. 5.3, is finding candidate sources, and
we acknowledge the remaining uncertainty in the sub-millimetre
detectability of sub-parsec binaries.

If BHEX could successfully detect a binary source, and
observe orbital motion over the course of the mission, this
would be the first direct evidence of the existence of sub-parsec
SMBHBSs, supporting existing evidence from GW detections.
Although this in itself would be a major achievement, the real
scientific value would be to do this for a statistically significant
population of binaries. As described by D’Orazio & Loeb (2018),
a sample of massive binary separations and their redshift dis-
tribution would enable models for residence times to be ruled
out and the parameters defining these models to be constrained.
Such observations would also be beneficial in calibrating exist-
ing methods for binary candidate identification that are perhaps
easier to perform than spaceborne VLBI. Such a survey would
require a future spaceborne VLBI system, with a longer mission
lifetime than BHEX and more specifically designed for SMBHB
observation. This is discussed further in Sect. 6.2.

Any observing time with BHEX dedicated to binary can-
didates is going to be inherently limited by the short lifetime
and the primary science objectives of the mission. In this case,
if sufficient observations of a candidate cannot be performed
to confirm orbital motion, BHEX measurements could form
part of a longer term, multi-instrument system observing the
same source. This could consist of the ngEHT and/or future
spaceborne VLBI systems.

6.1. Image reconstruction

Reconstructed images from the VLBI data are the ultimate goal
in the effort to directly observe an SMBHB. Generating images
has multiple benefits compared to working directly with the
correlated visibility data. The toy model used here is a simple
depiction of a binary appearance, consisting of only two Gaus-
sian sources with some additive noise. In reality, the binary is
likely to consist of a combination of extended and evolving core
emission and possibly jet launching. Reconstructing an image
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removes some of this complication, allowing the various emis-
sion regions to be more intuitively analysed. Also, where the
(u,v) coverage is sparse, imaging algorithms incorporate prior
information to fill missing Fourier components, aiming to give
a more faithful representation of the source structure. Chael
et al. (2018) provide a review of VLBI image reconstruction and
present the methodology used in the eht-imaging package.

High fidelity image reconstruction requires as dense (u,v)
coverage as possible. Images of new black hole shadows, jets
and the photon rings of M87* and Sgr A* are intended to be
reconstructed using BHEX data. With an extensive ground array,
BHEX will therefore achieve sufficient (u,v) coverage for image
reconstruction of complex sources. In this work, we have shown
that BHEX is capable of confidently distinguishing a binary
Gaussian model from a single Gaussian. A future spaceborne
VLBI mission, capable of imaging SMBHBs must be designed
with the need for very dense (u,v) coverage in mind.

6.2. Requirements for future spaceborne VLBI

The angular resolution and sensitivity of BHEX have been pri-
marily driven by the photon ring science. Furthermore, as shown
by Fig. 1, BHEX’s performance is predicted to only enable
observation of a few tens of binary systems, with significant
uncertainty existing in this model. To observe a statistically
significant number of binary systems, enough to constrain evo-
lutionary models and draw conclusions about the distribution
of binaries across redshift and in relation to their host galaxy,
a more capable spaceborne interferometer is required.

As shown in Fig. 1, to significantly increase the number
of observable systems, angular resolution and sensitivity ide-
ally need to be improved by an order of magnitude compared to
BHEX. We set the angular resolution requirement to that orig-
inally defined for the THEZA concept, 1 pas. Furthermore, as
shown by the results of D’Orazio & Loeb (2018), the number
of observable systems becomes sensitivity-limited beyond this
point, with minimal increase with further improving resolution.

As described above, dense (u,v) coverage is required for
image reconstruction, with sampling of the Fourier domain of
the source across a range of baseline lengths and orientations
preferable. For a spaceborne system in orbit around the Earth
and observing with a ground array, this is at odds with the need
for fine angular resolution. The latter requires extreme distance
from the Earth (with observing frequency limited by the ground
array), whilst the former is more easily achieved with rapid
orbital motion associated with short orbital periods at lower alti-
tudes. To achieve both of these effects, multiple space elements
are required. A proposed orbit for a dual-element THEZA sys-
tem in orbit around the Earth is shown by Hudson et al. (2023)
which provides the desired (u,v) coverage features.

Scheduling observations with an extensive ground array
poses considerable difficulty and limits the available observing
time for a spaceborne VLBI mission. The observing frequency
of the array is also effectively limited by atmospheric absorp-
tion. It is therefore desirable to have a multi-element spaceborne
VLBI system, capable of observing independently from the
ground to overcome these issues. As such, a minimum of three
elements would enable closure phases to be measured around
the triangle of antennae which provides considerable benefits for
calibration and imaging (Chael et al. 2018). Observations with a
ground array should also be possible for extremely dense (u,v)
coverage and to make use of the low SEFD sites on the ground.

Such a mission would be of a different class to BHEX, requir-
ing a significantly higher budget and additional technological
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advances. Gurvits et al. (2022) discuss the key engineering chal-
lenges that must be tackled to realise future spaceborne VLBI
missions.

7. Conclusions

Obtaining conclusive electromagnetic evidence of a sub-parsec
SMBHB would be a major achievement given its relevance to
some of the most important ongoing research in astrophysics.
Very Long Baseline Interferometry is the only astronomical
technique with the resolution and sensitivity needed to directly
observe such SMBHBs, and spaceborne VLBI is required to
observe a statistically significant population. The BHEX mission
is the most likely to be realised in the near future, and we have
shown that it would theoretically be capable of providing the first
detection of an SMBHB, although doing so is on the edge of its
proposed capability.

Confirming that an observed source is indeed a binary is
a challenge, and observational signatures have been discussed
that could be used to build confidence in a detection. Observ-
ing orbital motion with observations over multiple epochs would
be the key evidence, although BHEX is not best suited to this
activity given its short (2 years) mission lifetime. However,
the fine resolution and extensive (u,v) coverage provided by
BHEX would be highly beneficial for reducing relative astro-
metric uncertainties and would perhaps enable observation of
systems that would not be possible with just the ground array.
The next steps to further the case for performing binary observa-
tions with BHEX requires identifying candidate sources in time
for launch, and we have reviewed promising methods for this
activity.

Although BHEX will be a transformational interferome-
ter, performing a survey of a statistically significant sample of
SMBHBs requires a more capable system. Estimating orbital
parameters of a larger number of SMBHBs is necessary for con-
straining evolutionary models and drawing conclusions about
their relationship with the host galaxy. Preliminary requirements
of such a system have been defined as a first step towards real-
ising a mission capable of reconstructing images of a sample of
binaries. The orbit fitting methodology presented here and used
throughout the paper can serve as a building block of an analysis
pipeline for processing VLBI data of SMBHB candidates in the
future.
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Appendix A: Orbit model error analysis

The PN orbit propagation used to evaluate the likelihood of can-
didates in the orbit fitting method has been implemented up to
order 3.5PN. Provided in this section is an evaluation of the
order of magnitude impact of higher orders and other relativistic
effects on the observed black hole positions.

The terms up to 3PN produce the characteristic precession
of an eccentric orbit that occurs on the order of single orbital
periods. This behaviour is desired in this model as the pre-
cessing nature of the orbit considerably changes the observed
position within the timescales of possible VLBI observations.
The candidate SMBHB 0J287 exhibits ~40° per ~12 year orbit.

Each PN term has an associated expansion factor (§)2P N
where v is the orbital velocity vector. The PN terms therefore
have the greatest effect when v is a maximum. Consider an orbit
with v = 0.1¢, over an orbital period of 20 years. Approximat-
ing the differential displacement due to 4PN acceleration term
as Ax ~ %AaNt2 where ay is the Newtonian acceleration given

by (i—2M, a source at redshift 0.2 will only exhibit an angular

displacement of 107° pas, far below resolution limits of VLBI.

The spin-orbit coupling effect produces a precession of the
orbital plane which can be calculated from the equation pro-
vided by Dey et al. (2018). Considering the same example orbit
as above, and black hole spins of y; = y» = 0.5, the precession
rate after a single orbital period equates to a differential angu-
lar displacement of ~0.015 pas. The spin-spin coupling effect
causes a precession of a lower order that results in an angular
displacement of ~107* pas.

For an inclined binary orbit, the relative time for light to
travel from each source to the observer results in the farther black
hole appearing in a position from an earlier time than the closer
one. Considering the orbit above with a worst-case inclination
of 90°, this effect causes the secondary black hole to appear at
a position ~0.6 pas different to its real location at the time of
the primary black hole’s emission. At a tenth of the observed
separation, this is by far the largest effect compared to higher
orders of the PN propagation. With BHEX achieving astromet-
ric uncertainties of ~0.1 pas under certain noise conditions, this
is non-negligible. Table A.1 summarises these results.

To include the relative light travel time effect, the emission
time f,,,;; of a black hole (index i) observed at time ¢,,, in the
binary rest frame is calculated from

+
Temiti = lobs,i — TZDlos(temil,i)y (A1)
where Dios(femiti) = Xi(femiti) - i is the distance along the
observer line of sight of the black hole from the binary barycen-
tre. i is the observer unit vector direction, which in this case
is the z-axis. This is solved iteratively using a simple numerical
method

tn+1

emit,i

1+z
= lobs,i — TDIOS(thit,i)'

(A2)
The observed position of each black hole is then x;?bs(tobs) =
X;(femiti)- The coordinate system is transformed to place the pri-
mary black hole at the origin and the relative right ascension
and declination of the secondary are computed by projecting the
observed position in the binary rest frame onto the sky plane and
converting to angular units. This approach also includes the time
dilation effect of the source being at redshift z on the relative
light travel time.
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Table A.1. Orbit model error analysis.

Effect ~ A6 [pas]
Relative light travel time 0.6
Spin-orbit coupling 0.015
Spin-spin coupling 1074
>4PN terms 107°

Notes. Differential angular displacements provided for an example orbit
with Py = 20 years, a = 6 pas, v = 0.1c.

Appendix B: Minimum number of observations

In this section is provided the full derivation of Eq. (4). For a
face-on, circular orbit, the projected motion on the sky in right
ascension « is

(Zm‘)
a = acos ,

obs

where a is the orbit semi-major axis in pas. For small 1 << Py,
we expand in a Taylor series,

1 (2m)2 1(271;)2
a~ra— —a =all-= .

2 P obs 2\P obs
Thus, the maximum deviation from linear motion over a time
span T is approximately

2
nT
A ~ .
@max ~ d (Pobs )

Assuming N,,;, observations spaced by cadence T, the total span
i8 T = (Nyin — 1)tcaq, and therefore

2
(K(Nmin - l)tcad)
Atpax ~ a| ———| .
P obs
To statistically detect this curvature, we require
Aapmax 2 k0-p05a

for some significance threshold &k (e.g. kK = 3 or 5) and where
O pos 18 the uncertainty in the position estimation of the secondary
black hole. Substituting and solving for Ny, we get

2
T(Nmin — Ditcaa
a\———— > ko—pos,
Pobs
keP?
b\
Npin = 1+ 235.
anm tcad

Since at least three observations are required to geometrically
detect curvature, we enforce

koo P2
Npin = max|3, |1+ % )
ant>  cosi
cad
The effect of inclination can be introduced with the simple addi-
tion of a cos i term in the denominator as it reduces the projected
separation by this factor.
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Table C.1. BHEX properties.

Parameter Value
Antenna Diameter 34m
Surface Accuracy 40 ym

High-band LO Frequency = 308 GHz
Low-band LO Frequency 86 GHz
Receiver Noise Temperature 40 K
Bandwidth 8 GHz
Pre-FPT Low-band ¢;,; 45 s
Pre-FPT High-band #;,, 10s
Post-FPT High-band ¢, 600 s
Quantisation 1 bit

The derivation of this equation approximates the curvature of
a circular orbit using a Taylor expansion to the quadratic order.
As such, its accuracy diminishes as the total elapsed time of
observations approaches half of the orbital period of the binary.
However, this will always underestimate the actual curvature of
the orbit, providing a conservative estimate of Np;y.

Appendix C: Simulated observations
C.1. Simulation configuration

Provided in this section are the definitions of key simulation
properties used in the ngehtsim and eht-imaging simula-
tions presented in Sect. 5.1. Table C.1 describes the modelled
parameters for BHEX. Table C.2 defines the ground array used
in the simulation. Provided for ALMA is an effective diameter
that accounts for multiple antenna being phased together during
observations. The reader is referred to the full documentation
of eht-imaging and ngehtsim for descriptions of how these
simulations are performed.

Weather conditions at each ground site are also modelled,
and an assumption of median weather conditions is used for
these simulations. BHEX will utilise a northern ground array
for January—March observations and a southern array for June—
August. For all cases in Sect. 5.2, it is assumed the source
lies close to M87%*, and therefore the January—-March window
is utilised, with ALMA participating in the observations but not
performing FPT. We fit amplitudes and closure phases due to the
absence of phase calibration in typical VLBI.

In our previous work, the various functional constraints
impacting a space-based VLBI mission were analysed with
methods for mitigation proposed for BHEX s specific challenges
(Hudson et al. 2025). Apart from Sun and Earth blinding of the
main antenna, these effects are not included in these simula-
tions due to lack of engineering maturity of the concept. BHEX
will observe with a cadence of every 1 hour, resulting in full
azimuthal sampling of the (u,v) plane, across its ~12 hour orbit.

C.2. Supplementary simulation material

Supplementary figures for Case 1, 2 and 3, and the additional test
cases are provided in this section. Figures C.1, C.2 and C.3 show
the posterior distribution of the runs in the form of corner plots.
Tables C.4, C.5, C.6 and C.7 present the orbit fitting results of
the additional test cases.

Table C.2. Array properties.

Site Array  Diameter SEFD SEFD
[m] (High-band) (Low-band)
ALMA N&S 75 157 - 163 N/A
LMT N&S 50 854 - 876 169 — 171
SMA N&S 15 3313 — 3491 N/A
JCMT N&S 15 3408 — 3591 1680 — 1688
IRAM N 30 1955 - 2177 N/A
GLT N 12 18824 — 20008 N/A
KP N 12 N/A 3093 - 3197
GBT N 100 N/A 204 - 208
BHEX N&S 34 39817 19207

Notes. Median System Equivalent Flux Density (SEFD) ranges pro-
vided for high-band and low-band, accounting for variation across the
three observing sessions. Where N/A is noted, this site cannot observe
in the defined band. For each site, it is defined whether it participates as
part of the Northern (N) array or Southern (S) or both.

A293, page 15 of 19



Table C.3. Supplementary test case summary.

Hudson, B., et al.: A&A, 711, A293 (2026)

Case Py Y] 4 Pos [yr] _ Separation [pas] e [-] i1 MII0° Myl FWHM, ; [was]
4 0.03/0.02 0.6 4.41 15 0 0 17.3 2/1.6
5 0.47/0.03 0.06 5 10 0 0 3.37 5/0.3
6 0.03/0.02 1 10 rp,=1571r,=225 05 80 3.37 272
7 0.03/0.02 1 30 30 0 0 3.00 2/2
vL, [ergs‘l] Xgmp Xgp anzmp,sin X%p,sin T pos,av [uas] X(z)rb FAR [%]

4 6.07/4.05 x 10T 0.11 0.02 0.48 0.27 2.39 0.02 48

5 9.90/0.55x 10*  0.03 0.24 0.47 0.36 0.12 0.06 0

6 5.54/3.68x10*  0.20 0.21 7.27 0.38 0.64 0.02 81

7 5.54/3.68x10*  0.08 0.05 0.91 0.17 1.16 0.14 100

Notes. For all cases, Q, w and 7 are set to 0, as they are expected to have less impact on the orbit fitting than the varied parameters. Xfmp and sz
describe the average goodness of fit of the binary Gaussian model in amplitude and closure phase to the observed data in eht-imaging, across

the three observation epochs. The subscript sin describes the y? values for fitting a single Gaussian source to the observed data. y

goodness of fit of the MAP orbital solution.

M = 0.54308
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. o % ':‘.,J\ +
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% % % %
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e =0.085%;7s3

i=28.235+1134

Fig. C.1. Case 1 corner plot.
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e =0.608+0302

i =41.86445773

= 151696538
Q =215.769+1183%
W
= 0.010%038
- — N p, -
NI SRR SN NN ST AP e S &P » S &R NENENRN
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Fig. C.2. Case 2 corner plot.
Table C.4. Case 4 orbit fitting summary. Table C.5. Case 5 orbit fitting summary.
Parameter True MAP Median Parameter True MAP Median
M[10°Ms] 1734 2156 (24.3%)  6.904*2%C. M[10°Ms]  5.62  1.296(76.9%)  1.342%24%7
q[-] 0.600 0.131 (78.2%) 0.7229'&‘536 q [-] 0.600  0.935 (55.8%) 0.475f8:§§2
a [pc] 0.0152  0.0159 (4.85%) 0.0167‘3’8%‘(‘5%9 a [pc] 0.0138  0.0145 (4.9%) 0.0146:’8:8832
e[-] 0.000 0.00111 0.276%_31%7 e[-] 0.000 0.031 0.0779f8:(2)g§8
i[°] 0.000 25.7 37.93‘2‘2_7 i[°] 0 25.5 24.7’:?2:%
w[°] 0.000 342.3 161.717‘5%25_3 w[°] 0 295.9 225.4’:?2'71'1
Q[°] 0.000 35.1 176.1?6]';‘0'7 Q[°] 0 24.0 176.632;:‘7‘
7 [-] 0.000 0.0492 0.6239&%3 T[] 0 0.901 0.797f8:égg

A293, page 17 of 19



Hudson, B., et al.: A&A, 711, A293 (2026)

M = 0723073

q=04941335)

a=0.014+30%
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i=46.57411948%
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S 0 > 0 QPSR )
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Fig. C.3. Case 3 corner plot.

Table C.6. Case 6 orbit fitting summary.

Parameter True MAP Median
M[10°Mo] 0337 0776 (130%)  1.28270¢%
q[-] 1000 0.124 (87.7%) 0392043

afpc] 00152 0.0103 (31.8%) 0.0116+00102

el 0500  0.164 (67.2%)  0.170°979

i[°] 80.0 101.3 99.4+93
ol 0 285 20053,
Q[°] 0 169.5 171.9+1782
0 028 02y
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Table C.7. Case 7 orbit fitting summary.

Parameter True MAP Median
MI[10°Mo] 0300 1722 (474%)  0.808+12%
ql-] 1000 0.817 (18.3%)  0.507+032

alpc] 00303 0.0735 (142%) 0.0429%00788

el-] 0.000 0.415 0.355+03%2

] 0 73.3 52,9120
wl’] 0 94.8 150.2+1570
Q[ 0 102.2 137.3+1607
T 0 080 049y
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Fig. C.4. Best-fit solution for Case 4.
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Fig. C.5. Best-fit solution for Case 5.
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Fig. C.6. Best-fit solution for Case 6.
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Fig. C.7. Best-fit solution for Case 7.
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