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ARTICLE INFO ABSTRACT

Keywords: Ultra-high angular resolution in astronomy has always been an important vehicle for making fundamental
Radio interferometry discoveries. Recent results in direct imaging of the vicinity of the supermassive black hole in the nucleus of
VLBI

the radio galaxy M87 by the millimeter VLBI system Event Horizon Telescope and various pioneering results
of the Space VLBI mission RadioAstron provided new momentum in high angular resolution astrophysics. In
both mentioned cases, the angular resolution reached the values of about 10-20 microarcseconds (0.05-0.1
nanoradian). Further developments towards at least an order of magnitude “sharper” values, at the level of
1 microarcsecond are dictated by the needs of advanced astrophysical studies. The paper emphasis that these
higher values can only be achieved by placing millimeter and submillimeter wavelength interferometric systems
in space. A concept of such the system, called Terahertz Exploration and Zooming-in for Astrophysics, has been
proposed in the framework of the ESA Call for White Papers for the Voyage 2050 long term plan in 2019. In
the current paper we present new science objectives for such the concept based on recent results in studies
of active galactic nuclei and supermassive black holes. We also discuss several approaches for addressing
technological challenges of creating a millimeter/sub-millimeter wavelength interferometric system in space.
In particular, we consider a novel configuration of a space-borne millimeter/sub-millimeter antenna which
might resolve several bottlenecks in creating large precise mechanical structures. The paper also presents
an overview of prospective space-qualified technologies of low-noise analogue front-end instrumentation for
millimeter/sub-millimeter telescopes. Data handling and processing instrumentation is another key technolog-
ical component of a sub-millimeter Space VLBI system. Requirements and possible implementation options for
this instrumentation are described as an extrapolation of the current state-of-the-art Earth-based VLBI data
transport and processing instrumentation. The paper also briefly discusses approaches to the interferometric
baseline state vector determination and synchronisation and heterodyning system. The technology-oriented
sections of the paper do not aim at presenting a complete set of technological solutions for sub-millimeter
(terahertz) space-borne interferometers. Rather, in combination with the original ESA Voyage 2050 White
Paper, it sharpens the case for the next generation microarcsecond-level imaging instruments and provides
starting points for further in-depth technology trade-off studies.

Millimeter and sub-millimeter astronomy
Space-borne astrophysics

1. Introduction

Angular resolution is one of the major parameters which define
efficiency of an astronomical observing instrument. For the past half
a century, the record in angular resolution firmly belongs to the Very
Long Baseline Interferometry (VLBI) technique. In recent years, ad-
vances of VLBI technologies and new data processing algorithms en-
abled the global Event Horizon Telescope (EHT) collaboration to image
the black hole shadow in M87* ([1] and references therein) and probe
the innermost regions of Active Galactic Nuclei (AGN) jets [2,3] at the
wavelength of 1.3 mm with an angular resolution of about 20 pas.
The Space VLBI mission RadioAstron operated at wavelengths down
to 1.3 cm and baselines up to ~30 Earth diameters thus enabling
angular resolution reaching ~10 pas [4]. However, these observing
capabilities at the level of angular resolution of tens of microarcseconds
do not exhaust the science drives towards even sharper radio astronomy
‘vision’, both on the ground and in space. In fact, over the past four
decades, there were a number of studies aiming to achieve an even
higher angular resolution, including several design studies of Space
VLBI missions ([5,6] and references therein).

The range of electromagnetic spectrum between hundreds of gi-
gahertz and several terahertz (hereafter called a terahertz range for
brevity; it corresponds to wavelengths from ~1 mm down to sub-
millimeters) is used for many diverse scientific and technological appli-
cations. In astronomy, spectroscopic studies in the THz range provide
information on spectral lines of molecules and atoms that are essential
to understanding of astrochemistry of various constituencies of galactic
matter and evolution of galaxies, stars and planets. For the VLBI tech-
nique, the millimeter domain provides the highest angular resolution
accessible by any Earth-based telescopes as demonstrated recently by
the EHT. However, THz radiation is absorbed by the water vapour in
the Earth’s atmosphere. Therefore, observations at frequencies up to
~350 GHz are practically possible at very special places — either at
high altitudes or in extremely cold and dry regions (e.g., Antarctica),
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or on stratospheric aircraft or balloons. Thus, a radical solution of the
problem of atmosphere opacity is in placing THz telescopes in space.

Angular resolution of a telescope is proportional to the observing
wavelength and inversely proportional to its aperture size, which, for
an interferometer, is its baseline. Therefore, sharpening the angular
resolution in principle can be achieved by either shortening observing
wavelengths (as demonstrated by the EHT) or increasing the interfer-
ometer baseline (Space VLBI). However, it is the combination of these
two approaches that offers the most radical improvement in angular
resolution. Among various advantages of a Space VLBI mission operat-
ing at THz frequencies we underline two which cannot be achieved in
principle by any other means:

— the ability to operate at frequencies higher than those of EHT will
offer the unique opportunity to study a new population of sources
associated with resolvable black hole shadows which are opaque at
230 GHz (cf. [7]);

— long space baselines at these high frequencies will make possible
unique probes of black hole spin and spacetime properties (see Sec-
tion 2.2). Angular resolution of Earth-based VLBI systems cannot be
significantly higher than that of EHT. Even at the highest operational
frequencies permitted by the Earth atmosphere (~350 GHz, equivalent
to the wavelength of ~1 mm), the angular resolution is merely 40%
higher than demonstrated so far, ~20 pas. Thus, a scientifically trans-
formational leap by an order of magnitude towards a microarcsecond
angular resolution can be achieved only by placing a VLBI system in
space.

In the wake of the EHT and RadioAstron results, a global initiative
aiming to present a case for a Space VLBI mission able to operate
at mm and sub-mm wavelengths has taken off the ground, see [8]
and references therein. The concept of TeraHertz Exploration and
Zooming-in for Astrophysics (THEZA) is one of the components of this
global initiative. It was developed in 2019 in response to the ESA’s
Call for White Papers for the long-term plan Voyage 2050 [9]. The
concept considers a space-borne mm/sub-mm interferometric system
able to image celestial radio sources with angular resolution reaching
single-digit microarcseconds. The THEZA White Paper [10] presents
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the science case and charters briefly engineering challenges of such
a mission and possible ways to their resolution. In the current paper
we describe new recently developed scientific topics which strengthen
the main objectives of the THEZA concept. We also suggest several
novel engineering approaches which might make the THEZA mission
a reality.

We see the goal of the current paper in presenting a conceptual
study and providing starting points for future in-depth design and
engineering trade-off studies of a space-borne terahertz interferometric
system. Section 2 describes additional science applications for the
THEZA concept which strengthen the case described in the original ESA
White Paper [10]. In particular, they are based on the recent results
stimulated by the EHT studies of M87* (e.g., [11-13] and references
therein) and other astrophysical objects (e.g., [2,3]), published after the
submission of the Voyage 2050 THEZA White Paper. Section 3 describes
a set of major benchmark specifications for a mission based on the
THEZA concept. The following Sections 4-8 address key mission com-
ponents which have crucial impact on the overall ability of the system
to address science applications presented in [10] and Section 2. Finally,
Section 9 offers brief concluding remarks on the THEZA concept.

2. THEZA science case

THEZA is a concept of a multi-purpose astrophysical facility. Its
main specifications aim at supporting transformational studies of su-
permassive black holes (SMBH) with unprecedented angular resolution
and sensitivity, thus enabling investigation of the physics of space—
time in the strong-field regime inaccessible by any other experimental
technique. However, as demonstrated in the THEZA White Paper [10],
the concept offers a wide range of science applications ranging from
population studies of active galactic nuclei, progenitors of gravita-
tional wave events and other multi-messenger phenomena, formation
of stellar and planetary systems, astrochemical studies and search for
technosignatures. In this paper, while focusing on several new con-
siderations for the mission architecture and required technologies, we
present several new science cases which reflect recent developments
and results. We note that many science objectives of THEZA coincide
or are highly synergistic to those developed for the Next Generation
EHT (ngEHT, [16,17]).

2.1. Imaging of supermassive black holes on event horizon scales
Imaging of SMBH is one of the main science objectives of the THEZA

concept. The long baselines and high frequencies attainable from space
allow an order-of-magnitude improvement in image resolution and
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Fig. 1. Top: Signal-to-noise ratio of individual visibilities (integration times 0.5-7.5 min depending on baseline length) when observing a GRMHD model of Sgr A* [model 39
from14] at 690 GHz with the Event Horizon Imager (EHI) system, using system noise parameters from [15] and three dishes with a diameter of 4 (left) or 15.7 (right) m. Bottom:
images reconstructed by taking an FFT of the visibilities on a 116 x 116 pixel grid. The normalised cross-correlation when comparing to the average image of the observed movie

is 0.89 and 0.97 for 4 and 15.7-meter dishes, respectively.

fidelity compared to ground-based observations with the Event Horizon
Telescope, which published the first image of a black hole shadow in
2019 [1,18-22]. Sharper event-horizon scale images of supermassive
black holes will help test general relativity to high precision, mea-
suring black hole properties such as mass and spin, constrain plasma
models of the accretion flow, and provide transformational input into
cosmological tests [23].

A concept of Event Horizon Imager (EHI), a predecessor of discussed
here THEZA concept, was analysed and simulated in [15,24]. It in-
volved two or three satellites in Medium Earth Orbits (MEO). Due to a
slight difference in the orbit radii, the baselines form a dense spiral
in the uv-plane as the satellites orbit Earth and drift apart, so that
information is available on all baseline lengths and directions up to the
maximum baseline length, which gives nominal resolution of 3.5 pas at
690 GHz. For comparison, the current nominal resolution of the EHT
at 230 GHz is 23 pas.

Fig. 1 shows how such a system is limited by the attainable signal-
to-noise ratio (S/N) rather than the uv-coverage. An EHI observation
of a general relativistic magnetohydrodynamics (GRMHD) simulation
of Sgr A* [14] was simulated following [15], using different antenna
dish sizes. With three 4-meter dishes, a sharp crescent feature can
be seen after integrating for one month, but with 15.7-meter dishes
(the equivalent of 19 4-meter dishes assuming a phasing efficiency
of 0.9, see also Section 4), the full photon ring can be distinguished
clearly and with high precision, as high-S/N visibilities are detected
up to baseline lengths of several tens of GA. The difference in image
quality is attested by the normalised cross-correlation [nxcorr, e.g., 20],
which is 0.89 and 0.97 for 4 and 15.7-meter dishes, respectively, when
comparing to the average image of the observed GRMHD movie. Such
a sharp image of the photon ring can be used for precise tests of general
relativity, which predicts its size and shape. Furthermore, it can be used
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to put strong constraints on the black hole mass and spin, and plasma
parameters [25,26].

2.2. Black hole’s photon rings

At the currently highest resolution, baselines up to 10 G4 cor-
responding to a few Schwarzschild radii for the objects Sgr A* and
M87*, it is necessary to make strong assumptions on the accretion flow
properties in order to constrain the spacetime geometry [21,22,27].
Indeed, current EHT measurements do not even significantly constrain
the black hole spin of M87*. This weakens the robustness of the space-
time tests, as our understanding of the detailed physics of astrophysical
plasma, relevant for the image formation, remains largely incomplete
(e.g., [28,29]). However, owing to the extreme lensing near the photon
shell, images of black holes contain a sequence of demagnified copies
of the direct image — photon rings [11,30], as shown in the Fig. 2. The
photon rings are less sensitive to the accretion flow properties than the
direct image, observed by the EHT [1]. Moreover, sharp image domain
features decay slowly in the visibility (Fourier) domain, dominating
the signal at high spatial frequencies (see the upper panel of Fig. 3),
thus rendering space radio interferometry a well-suited tool to probe
the photon ring structure of the black hole images [11,28]. However,
constraining photon ring structure in the VLBI data requires probing
significantly higher spatial frequencies than has been enabled by the
EHT or RadioAstron, as indicated in the bottom panel of Fig. 3.

Tests of general relativity involving the second order photon ring
require baseline lengths exceeding ~100 GA for M87* or Sgr A* [11,31].
While such an extreme spatial resolution may necessitate a system op-
erating at the EHT frequencies with the physical baselines comparable
with those of RadioAstron, spacetime geometry tests involving the first
order photon ring have also been proposed, allowing to probe the black
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Fig. 2. A toy model of an image of a black hole viewed face-on, with its decomposition into the direct image (» = 0) and first two photon rings (n = 1,2) shown. The photon rings
have approximately constant brightness but become exponentially narrower with increasing index n. They converge to a theoretical critical curve, which has a size and shape that

depend exclusively on the spacetime geometry.
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Fig. 3. Top: Fourier domain structure of the black hole images shown in Fig. 2. The photon rings are expected to dominate the total signal at very long baselines. Bottom: capabilities
of the highest-resolution existing instruments. The limitation of the ground-based instruments is shown as a blue-shaded area. A resolving power of Earth — geostationary orbit
(GEO), Earth-Moon, and Earth-L2 orbits is indicated. THEZA would enable transformational ultra-high resolution science of black hole photon rings and entirely new tests of

general relativity.

hole spin [32] or spacetime deviation from the Kerr solution [12]. The
first order photon ring analysis requires spatial frequencies at most
several tens of giga-wavelengths, as shown in Fig. 3. What is more,
the other factor limiting feasibility of the photon ring observations is
related to the source-intrinsic opacity, which reduces the prominence
of the strongly sensed features and ultimately truncates the maximal
order of observable photon rings. These spurious effects of opacity
are reduced with the increasing observing frequency, rendering high-
frequency mission concepts favourable for this kind of observations.
The proposed capabilities of THEZA would enable observations of both
first and second (n = 1,2) photon rings.

2.3. Supermassive black holes and relativistic outflows

The extremely high angular resolution offered by the VLBI tech-
nique enables us to study cores of active galactic nuclei at centimeter
wavelengths with “sharpness” a thousand times better than regular
optical observations. In particular, it makes possible investigation of
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mass accretion onto supermassive black holes and formation of an
accretion disc that surrounds the event horizon. In the case of the most
powerful active galactic nuclei, known as blazars (i.e, active galactic
nuclei with jets pointed towards us), magnetic fields either anchored
in the innermost accretion disc [33] or black hole ergosphere [34]
extract some of this material forming a pair of very powerful and highly
collimated relativistic jets that extend far beyond the nucleus area of
the host galaxy (see Fig. 4 for the archetypal jet in M87). Relativistic
electrons in the jet, threaded by large-scale magnetic fields, radiate
most of their energy as synchrotron and perhaps inverse Compton
emission across the entire spectrum, from radio to y-rays.

While several studies over the past decades have provided a broad
picture of physical processes like accretion onto SMBHs, ignition of
galactic nuclei and propagation of relativistic jets, the currently achiev-
able angular resolution with ground-based VLBI is insufficient to re-
solve all these processes in the SMBH vicinity — i.e., on scales crucial
to test competing theoretical models. Two recent major instrumental
improvements have partially overcome this limitation, providing a first
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Fig. 4. M87 hosts the supermassive black hole captured by the Event Horizon Telescope in the first-ever image of a black hole. From left to right: Hubble optical image of the
M87 field; VLA radio continuum image at the wavelength 20 cm; VLBA at 20 cm; VLBA at 7 mm; GMVA at 3 mm; and EHT image at 1 mm (the images are all rotated by 90°).
The figure is adapted from [35] (with references therein for the shown five left images) and [1] for the right-most EHT image. The central supermassive black hole shown at the
right is responsible for the enormous energy driving the relativistic jet, shown at all scales in the figure.

glimpse into the inner works of SMBHs. On one hand, the Space VLBI
mission RadioAstron has allowed to increase the virtual size of our
VLBI telescopes to as large as the distance to the Moon, achieving
angular resolutions as small as ~10 microarcseconds. On the other
hand, the participation of ALMA as a phased array in VLBI observations
at millimeter wavelengths [36,37] has allowed the EHT to reconstruct
images with similar angular resolutions, but at higher frequencies and
therefore lifting the opacity curtain that affects longer wavelengths,
providing the first clear look into a black hole [1].

The RadioAstron Space VLBI mission [4] featured a 10m radio
telescope on board of the Spektr-R satellite. With an apogee of ~350
000km, Space VLBI observations with RadioAstron made possible
imaging of blazar jets in total and linearly polarised intensity with
an unprecedented resolution at the wavelength of 1.3 cm [e.g.,38].
Three Key Science Programmes (KSPs) on AGN imaging have collected
data since 2013 to study the launching, collimation, and magnetic field
properties of AGN jets, while the AGN survey studied the brightness
temperature of their cores [e.g., 39].

First RadioAstron polarimetric observations at the shortest operat-
ing wavelength of 1.3 cm targeted BLLac. Earth-Space fringes were
detected up to a maximum projected baseline length of about 8 Earth
diameter, allowing to image the innermost jet in total and linearly
polarised intensity with an unprecedented angular resolution of 21
pas [38]. Gradients in Faraday rotation and intrinsic polarisation vec-
tors were found as a function of position angle with respect to the VLBI
core, suggesting that the jet launching region in BLLac is threaded
by large-scale helical magnetic fields, as expected from theoretical
models. Similarly, intra-day variable blazar 0716+714 was observed
with RadioAstron at 1.3 cm probing the vicinity of the central black
hole with an angular resolution of 24 pas [40]. High linear polarisation
was detected in a very compact jet region 19 pas in size located at
about 60 pas from the central engine. The VLBI core was resolved out
into a highly bent structure, which suggests that the jet viewing angle
lies inside the opening angle of the jet, which in turn may explain
the intra-day variability that characterises this source through rapid
variable Doppler boosting.

While RadioAstron is allowing us to probe the magnetic field in
the innermost jet regions of the brightest blazars (see also [41-43]),
the EHT has recently provided the first image of linearly-polarised
emission at the event horizon scale in M87*, encoding the magnetic
field structure present in the system [44-46]. The images show that the
southwest part of the ring is highly linearly polarised, with polarisation
position angles arranged in a nearly azimuthal pattern that may result
from organised poloidal magnetic fields in the vicinity of the central
black hole. Comparison with GRMHD models suggest that the near-
horizon magnetic fields are dynamically important, with strengths of
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the order of 1 —30 G, consistent with a magnetically arrested accretion
disc.

The natural step forward in our quest for the sharpest astronomical
images would be to combine the short wavelength observations of the
EHT, and the long baselines of RadioAstron into a sub-mm space VLBI
interferometer that for the first time will be capable of addressing the
fundamental questions of how gravity works in the strong-field regime
near the event horizon, how accretion leads to the formation of jets,
and how the latter propagate to drive galaxy evolution at cosmological
scales.

2.4. Central engines of AGN: the case of Cen A and 3C 279

Next to horizon-scale science on SgrA* and M87*, the EHT also
studies the jets launched by AGN for sources where the black hole
shadow cannot be resolved. Thanks to the resolving power and high
observing frequency of the EHT, such observations probe the launching
region of extragalactic radio jets close to the black hole [47]. Due to
the well known jet core-shift effect [48], these jet launching regions are
synchrotron-self-absorbed and therefore unobservable optically thick
regions for lower frequency observations. Going towards higher reso-
lution and observing frequencies with THEZA will allow us to zoom in
further into the heart of these AGN. Thereby it will be possible to study
the jets in greater detail, in particular their transverse structure close to
the black hole, which will inform us about how these jets are launched
— by the black hole magnetosphere [34] or the accretion flow [33].
And in many of such sources, we expect to be able to image the
black hole shadow together with the footprint of the jet [7]. This will
enable survey studies of black hole images and resolve the symbiotic
connection between black hole accretion flows and jet formation [49],
which underlies the fundamental plane of black hole activity from
stellar-mass to supermassive black holes [50,51].

In particular, EHT images of the jets in Centaurus A (Cen A) [3] and
3C2