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ABSTRACT

We present the Black Hole Explorer (BHEX), a mission that will produce the sharpest images in the history of
astronomy by extending submillimeter Very-Long-Baseline Interferometry (VLBI) to space. BHEX will discover
and measure the bright and narrow “photon ring” that is predicted to exist in images of black holes, produced
from light that has orbited the black hole before escaping. This discovery will expose universal features of a
black hole’s spacetime that are distinct from the complex astrophysics of the emitting plasma, allowing the
first direct measurements of a supermassive black hole’s spin. In addition to studying the properties of the
nearby supermassive black holes M87∗ and Sgr A∗, BHEX will measure the properties of dozens of additional
supermassive black holes, providing crucial insights into the processes that drive their creation and growth.
BHEX will also connect these supermassive black holes to their relativistic jets, elucidating the power source
for the brightest and most efficient engines in the universe. BHEX will address fundamental open questions in
the physics and astrophysics of black holes that cannot be answered without submillimeter space VLBI. The
mission is enabled by recent technological breakthroughs, including the development of ultra-high-speed downlink
using laser communications, and it leverages billions of dollars of existing ground infrastructure. We present the
motivation for BHEX, its science goals and associated requirements, and the pathway to launch within the next
decade.

Keywords: Black Holes, AGN, Photon Ring, VLBI, EHT, Jet Launching

1. INTRODUCTION

Black holes are central to questions of stellar evolution, galaxy formation and mergers, astrophysical jets, and the
nature of spacetime. They are prodigious energy sources, liberating gravitational energy to power the brightest
objects in the Universe.1–5 Supermassive black holes are ubiquitous in galactic cores,6–9 and their spin can
launch and power relativistic jets that extend over thousands of parsecs, ultimately shaping evolution on galactic
scales.10–12 Yet, the vast influence of black holes originates from their defining property on the smallest scale: a
gravitational singularity enshrouded within an event horizon.

Over the past decade, our ability to directly study event-horizon-scale physics using images has been revolu-
tionized by the Event Horizon Telescope (EHT). The EHT is an Earth-spanning very-long-baseline interferome-
try (VLBI) array that has produced images at ∼230 GHz (corresponding to a wavelength of λ = 1.3 mm).13–29

The longest baselines of the EHT have a length of d ≈ 11,000 km, with a corresponding angular resolution
λ/d ≈ 20µas. This resolution is only a few times larger than the angular gravitational scales θg ≡ GM/(c2D)
of its two primary targets: M87∗ (θg ≈ 4µas), the M ≈ 6 × 109M⊙ black hole at the center of the elliptical
galaxy M87, located D ≈ 53 million light years away, and Sgr A∗ (θg ≈ 5µas), the M ≈ 4 × 106M⊙ black hole
at the center of the Milky Way, D ≈ 27,000 light years away. Previous VLBI studies of M87∗ and Sgr A∗—even
those with space VLBI30,31—could not access these scales because they were performed at lower frequencies,
where synchrotron self-absorption (for both targets) and interstellar scattering (for Sgr A∗) entirely obscure
horizon-scale features. The combination of the sharp angular resolution and high observing frequencies with the
EHT revealed a dark central region (the “apparent shadow”32) in each source, with a diameter of about 10θg.

The EHT images have had a profound influence across the astronomy and physics communities, and they
prompted a worldwide explosion of interest in black holes from the general public. The EHT image of M87∗

features prominently in the Astro2020 Decadal Survey,39 which noted the important role that such observations
could play in two of its three organizing science themes—“Cosmic Ecosystems” and “New Messengers and New
Physics”—particularly in pursuit of answers to fundamental questions about accretion, jets, galaxy evolution,
and strong-field gravity. At EHT resolution, we are beginning to see the structures controlling inflow and outflow
around the black hole, but are limited in what we can discern about spacetime itself or the mechanism through
which black holes anchor, launch, and power their relativistic jets.40 For example, while the EHT images give
the masses of M87∗ and Sgr A∗ to an accuracy of ∼10%, they do not directly constrain either black hole’s spin.
Finer details in the images of black holes, just beyond the reach of an Earth-bound VLBI array, reflect crisp
relativistic features and would enable truly fundamental discoveries.

Recently, we have shown that general relativity predicts a universal feature of black hole images: a sharp ring
of light formed by photons that escape after orbiting near the event horizon, known as the “photon ring”.41,42
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Figure 1. The BHEX mission concept. Black hole images display distinctive, universal features such as a sharp
“photon ring” that is produced from light that has orbited the black hole before escaping. By extending the Earth-
spanning EHT into space, BHEX will be the first mission to make precise measurements of this striking, untested
prediction from general relativity, enabling the first direct measurement of a supermassive black hole’s spin.

This photon ring arises from the family of unstable spherical photon orbits near a Kerr black hole.43–45 The
properties of the black hole, including its spin, are elegantly encoded in the photon ring, as is the origin of black
hole feedback power.41,42,46–48 For ground-ground VLBI baselines, the photon ring is blended with the more
weakly lensed emission,49 but it can be isolated using space-ground VLBI baselines where the signal is dominated
by the sharpest image features.41,50,51 Moreover, it can be studied using a sparse interferometric array because
of a telltale “ringing” pattern in interferometric space.41,52–59

Motivated by the promise of such measurements, we have developed a concept for a mission that would
extend the EHT to space: the Black Hole Explorer (BHEX; see Figures 1 and 2). This work has included
contributions from over 100 scientists and engineers, focused workshops on science and engineering,60,61 white
papers summarizing the potential capabilities of space VLBI and exploring a variety of mission concepts,62–67

detailed studies on crucial technologies,68 and extensive international contributions that include a burgeoning
consortium of scientists and engineers from the Japanese space community.69 BHEX will operate as a “hybrid
observatory”,70,71 combining mission-critical infrastructure on the ground and in space. In particular, these
efforts to develop BHEX are catalyzed by intensive parallel efforts to expand the ground-based capabilities
of the EHT through higher-frequency observations,72,73 major upgrades and expansion of the array,33,74–77

frequency phase transfer through simultaneous multi-band observations,78–81 and enhancements of the most
sensitive ground facilities such as the ALMA Observatory.82,83

In this paper, we describe our vision for BHEX and the technology and instrumentation that makes it possible
to launch as a NASA Explorers mission within the next decade. We begin by summarizing the science goals
(Section 2) and their associated requirements (Section 3). We then describe the instrument and its associated
heritage (Section 4) and the concept of operations (Section 5). We conclude with a summary of the mission status
and pathway to launch (Section 6). A series of associated white papers describe the BHEX instrument,84 its
associated subsystems,85–90 the planned coordination with ground networks,71 as well as several of the primary
science drivers for the mission.91–93
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how they are launched, collimated, and accelerated, as well as the role played by magnetic fields in these
processes, requires state-of-the-art VLBI observations with the highest possible angular resolution. Space-VLBI
observations at centimeter wavelengths with RadioAstron have enabled the mapping of blazar jets with angular
resolutions on the order of tens of microarcseconds. These observations have revealed how the jet in the powerful
radiogalaxy 3C84 is collimated,127 the presence of helical magnetic fields launching powerful relativistic jets
in BL Lac,128 and how the development of Kelvin-Helmholtz instabilities leads to the formation of filaments
in the jet of 3C279,129 structures that remain hidden when observed with ground-only arrays. Conversely,
ground-based millimeter VLBI observations with the Event Horizon Telescope offer the highest possible angular
resolution achievable from the ground, reaching 20µas. These observations operate at wavelengths where the
blazar sources are optically thin, allowing us to penetrate the deepest regions of blazars and study areas closest
to the black hole, which remain hidden behind an opacity curtain at other wavelengths. The EHT observations
of the blazar 3C279 have revealed an unexpected twisted and bent jet structure close to the central black hole,95

while observations of Centaurus A have detailed the jet collimation and its connection to the supermassive
black hole,96 enhancing our understanding of jet formation and acceleration mechanisms. These results (see also
Refs. [97–99]) highlight the transformative potential of the EHT in advancing our knowledge of relativistic jets
in AGN. The next natural step to obtain the sharpest view of blazar jets as close as possible to the central black
hole is to perform space-VLBI observations at millimeter and submillimeter wavelengths with BHEX, capable of
achieving angular resolutions of just a few microarcseconds.

Another key aspect to understand the nature of blazar jets is to decipher where and how the high energy
emission observed from these objects is produced. Multi-wavelength observations have shown that flares in γ-rays
are usually preceded by a rapid rotation of the optical polarization angle at optical and millimeter wavelengths,
which provides evidence for the existence of a helical magnetic field in the innermost jet regions, where the
plasma is accelerated and collimated.130–132 Correlations among the different spectral bands have also allowed
to locate the site of the γ-ray emission parsecs away from the central engine in OJ287, AO 0235+164, 3C120,
and CTA102.133–137

In recent years, there has been a growing association between flaring activity in blazars and neutrino events.
High-energy neutrino detections by telescopes like IceCube have been temporally linked to blazar flares, as
exemplified by the case of TXS 0506+056.138,139 Further studies have shown a statistically significant association
between neutrino sources and the bright cores of blazars, suggesting that these jets are likely sites of neutrino
production.140 The correlation between a sharp gamma-ray and optical flare with the 8 December 2022 neutrino
detected toward 0735+178 adds to the evidence supporting this connection.141

Figure. 3 illustrates some of the most promising AGN targets for the BHEX mission. These targets include
potential supermassive binary black hole systems, neutrino candidates, nearby AGN where we can study jet
formation and dynamics as close as possible to the central engine, and some of the brightest γ-ray sources in the
sky.

2.3 Supermassive Black Hole Demographics and Growth

Finally, while BHEX will only be able to probe the photon rings for the most massive and nearby SMBHs
(primarily M87∗ and Sgr A∗), it will be able to spatially resolve the horizon-scale emission for black holes that
are substantially less massive or more distant, providing images comparable in quality to the current EHT
images of M87∗ and Sgr A∗. The ring-like structures seen by the EHT towards M87∗ and Sgr A∗ are expected
to be ubiquitous for accreting black holes observed in the optically thin regime, and the angular diameter of the
emission ring θr is proportional to the black hole’s mass-to-distance ratio: θr ≈ 10M/D.112

The angular resolution of BHEX will in principle be sufficient to spatially resolve dozens of additional SMBH
shadows in the nearby (z ≲ 0.1) Universe.142 Unlike most AGN samples, which are biased towards (rarer)
high-Eddington ratio objects, BHEX targets for horizon-scale studies will be predominantly those with low
Eddington ratios, more representative of the typical accretion states of supermassive black holes. Figure. 9
shows the estimated Eddington ratios and black hole masses for a subset of candidate BHEX targets from
Ref. [94], selected from the ongoing Event Horizon and Environs (ETHER) survey.143,144 Eddington ratios are
estimated based on the 230 GHz flux density; black hole masses are typically derived from dynamical modeling.
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of BHEX baselines, scattering sets an upper limit on the useful baseline length for a given observing frequency
or, equivalently, a lower limit on the observing frequency for a given baseline:

ν >∼ 280 GHz

(

b

20,000 km

)

. (1)

The scattering has been studied intensively at centimeter wavelengths,163–165 giving rise to a detailed predictive
model for BHEX.166,167 Because of ISM scattering, BHEX must observe above 300 GHz to access the photon
ring in Sgr A∗. Because the scattering of M87∗ is 1,000 times weaker than that of Sgr A∗, this requirement only
affects Sgr A∗.

Finally, because the interferometric resolution of BHEX is determined by its separation from the ground-
based stations, its orbit is tuned to see spatial scales where the photon ring dominates over smoother, more
weakly lensed emission. For M87∗ and Sgr A∗, this transition occurs at approximately 20 Gλ.

3.2 Key Performance Metrics

BHEX is primarily a mission for continuum VLBI, limited by angular resolution (λ/D) and sensitivity. The
angular resolution of a baseline depends only on the length b of the baseline projected orthogonal to the line of
sight and on the observing wavelength:

θ ≈ 10µas ×

(

λ

1 mm

)(

b

20,000 km

)−1

(2)

≈ (8µas) ×

(

λ

1 mm

)(

Altitude

20,000 km

)−1

(3)

The sensitivity of a radio telescope is commonly quantified by its system equivalent flux density (SEFD):168

SEFD =
2kBT

∗
sys

ηAA
. (4)

In this expression, kB is the Bolzmann constant, T ∗
sys is the effective system temperature, ηA is the aperture

efficiency of the telescope, and A is the geometric area of the dish. The aperture efficiency depends on a number
of factors including the reflector design and losses from surface deformations with RMS surface errors of ϵ (Ruze
losses):

ηA,Ruze = e−( 4πϵ

λ )
2

(5)

For example, to ensure that ηA,Ruze > 0.75 for the highest observing frequency of BHEX (320 GHz) requires
ϵ < 40µm.

Because BHEX does not have any contribution from atmospheric emission or absorption, T ∗
sys is approximately

equal to the receiver noise temperature, TR. Putting in characteristic values, we obtain

SEFD ≈ 20,000 Jy ×

(

TR

50 K

)(

D

3.5 m

)−2
( ηA

0.7

)−1

(6)

≈ 10,000 Jy ×
( ν

100 GHz

)

(

D

3.5 m

)−2
( ηR

0.2

)−1 ( ηA
0.7

)−1

. (7)

In the final expression, we have introduced ηR ≡ TR/TQ, which gives the performance of a receiver relative to its
quantum limit TQ ≡ hν/kB ≈ 4.8 K×

(

ν
100GHz

)

.169,170 To compute the SEFD for dual-sideband (DSB) receivers,
the receiver noise temperature must be doubled to account for noise in both sidebands.
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For continuum VLBI observations, which will be used for all the primary BHEX science goals, the most
important quantity is the ground-space baseline sensitivity (expressed as the RMS thermal noise, σG−S). This
quantity depends on the properties of both the ground and space telescopes:

σG−S =
1

ηQ

√

SEFDG SEFDS

2 ∆ν ∆t
. (8)

Here, ∆ν is the averaged bandwidth (single polarization), ∆t is the (coherent) integration time, and ηQ ≤ 1 is
a factor that accounts for losses in coarse digitization of the electric field (for BHEX baselines, ηQ = 0.75; see
Section 4.4). We note that the baseline length does not affect the baseline sensitivity. For the original EHT
observations of M87∗, the median SEFD at ν = 230 GHz across all sites was 5,000 Jy, with the best performance
of 74 Jy (a phased array of 37 12-m ALMA dishes). Several other EHT sites (e.g., NOEMA and LMT) also
achieve SEFD < 1,000 Jy in typical weather conditions for a source at moderately high elevation.

Putting in characteristic values for strong baselines, we obtain

σG−S ≈ 5 mJy ×

(

SEFDG

1,000 Jy

)1/2 (
SEFDS

20,000 Jy

)1/2 (
∆ν

8 GHz

)−1/2 (
∆t

100 s

)−1/2

. (9)

All elements of the system combine to determine this baseline sensitivity, resulting in a rich trade space.

Frequency phase transfer between the secondary (ν2) and primary (ν1) receivers for BHEX will require
reaching a signal-to-noise ratio of approximately S/N >∼ ν1/ν2 for the signal of the secondary receiver in the
coherence time associated with the primary receiver. For instance, if the coherence time at 320 GHz is 10 seconds,
frequency phase transfer from 80 to 320 GHz would require reaching a signal-to-noise ratio at 80 GHz of S/N >∼ 4
in 10 seconds of integration. The signal could then be coherently integrated in both bands for longer times
(typically over a full ∼10-minute scan). For additional details on frequency phase transfer, including results for
a power-law spectrum of phase fluctuations, see Ref. [35].

3.2.1 Requirements for Photon Ring Detections

The precise expected signal from a black hole depends on a multitude of details about the black hole system, many
of which are poorly constrained. However, in the optically thin regime (which is appropriate for observations
of M87∗ and Sgr A∗ at submillimeter wavelengths), the signal on long baselines takes a universal form that is
determined solely by basic considerations of the gravitational lensing.41 Specifically, ∼20% of the flux density
comes from the black hole’s “photon ring,” and this flux falls as u−3/2 on long baselines as the photon ring is
increasingly resolved. Here, u is the baseline length in units of the observing wavelength, with a corresponding
angular resolution (or fringe spacing) θ = 1/u.

Because the flux density of the compact components of the sources such as M87∗ and Sgr A∗ are known, we
can compute the expected photon ring signal on a long baseline. For instance, for M87∗,

|V | ≈ 30 mJy ×
( u

10 Gλ

)−3/2

(10)

≈ 0.3 mJy ×

(

θ

1µas

)3/2

. (11)

For Sgr A∗, a similar equation holds, accounting for the substantially higher compact flux density and somewhat
larger photon ring, but the equation must also be multiplied by the diffractive scattering kernel.166,167

3.2.2 Requirements for Non-Photon-Ring Science and Calibration Targets

For BHEX observations of marginally resolved LLAGN or knots in blazar jets, the flux density is limited by
the maximum brightness temperature of incoherent synchrotron emission: Tb <∼ 1011 K.173,174 Note that the
observed brightness temperature can exceed this limit by an order of magnitude because of relativistic Doppler
effects, as is commonly seen in blazar jets. Since bright, marginally resolved sources are also ideal calibration
targets for BHEX, this type of source is also useful to define mission requirements for calibrators.
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Table 1. Representative flux densities of primary BHEX targets. The total (compact) flux densities for M87∗

and Sgr A∗ are based on interferometric observations of both targets.16,171,172 The BHEX flux densities are based on
values measured in GRMHD simulations and simple analytic arguments.

Total Flux Density BHEX Flux Density

M87∗

80 GHz 0.6 Jy 40 mJy

240 GHz 0.5 Jy 10 mJy

320 GHz 0.35 Jy 5 mJy

Sgr A∗

80 GHz 3 Jy 3 mJy

240 GHz 3.5 Jy 5 mJy

320 GHz 3.5 Jy 10 mJy

Tb = 1012 K 100 mJy 88 mJy

50 mJy 47 mJy

10 mJy 9.9 mJy

Tb = 1011 K 100 mJy 29 mJy

50 mJy 27 mJy

10 mJy 8.8 mJy

Tb = 1010 K 100 mJy 0 mJy

50 mJy 0.1 mJy

10 mJy 2.9 mJy

For a Gaussian distribution of flux density, the central (peak) brightness temperature is Tb,max = 2 ln(2)c2

πν2kBθ2F0.
Putting in characteristic values,

Tb,max =
(

1.45 × 1010 K
)

×
( ν

230 GHz

)−2
(

F0

1 Jy

)(

θ

40 µas

)−2

. (12)

The visibility domain response takes the form:

V (u) = F0 exp

(

−
πb2F0

2kBTb

)

. (13)

Critically, the visibility amplitude depends only on the (projected) physical baseline length b (rather than the
dimensionless length b/λ). On a fixed baseline b, Equation 13 is maximized when F0 = 2kBT

πb2 . Thus, under
the assumption of a Gaussian emitting region, this type of source gives a peak correlated flux density that only
depends on the brightness temperature and physical baseline length:

|V (b)| ≤ (300 mJy) ×

(

Tb

1011 K

)(

b

104 km

)−2

. (14)

Hence, BHEX will primarily be sensitive to compact emitting regions with Tb >∼ 1011 K and F0 <∼ 100 mJy
(see Table 1). We note that this limit applies exclusively to marginally resolved emitting regions. For heavily
resolved regions, the flux density can be substantially higher than the Gaussian prediction from the overall source
morphology (e.g., in the case of the photon ring) or substructure within the image.

4. INSTRUMENT AND TECHNICAL HERITAGE

BHEX builds upon the lessons of space-VLBI missions at centimeter wavelengths: TDRSS,175 VSOP,36 and
RadioAstron37 (for a brief review of space VLBI, see Refs. [168, 176, 177]). The BHEX instrument is a radio
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telescope and (heterodyne) receiver system, similar to the corresponding ground systems at all EHT stations [for
an overview of these systems, see Ref. [14].

In this section, we briefly summarize each of the six subsystems of the BHEX instrument: the antenna
(Section 4.1), the receiver (Section 4.2), the cryocooler (Section 4.3), the digital back end (Section 4.4), the
frequency reference (Section 4.5), and the optical data transmission (Section 4.6). Each of these subsystems
leverages substantial space heritage and has been designed after considering a broad trade space; see Ref. [61].
A more detailed description of the BHEX instrument is given in Ref. [84].

4.1 Antenna

The BHEX antenna will have a rigid 3.5 m circular aperture. To minimize the mass, the antenna will employ a
metallized carbon fiber reinforced plastic (CFRP) sandwich construction. This approach has been successfully
used in past missions including Planck.178 To achieve our required sensitivity at the highest observing frequency
(320 GHz), a high surface accuracy with less than 40µm rms is targeted. The current optical design incorporates
a symmetric, dual reflector configuration that achieves an aperture illumination efficiency of ηa ≈ 90%. Further
exploration of design choices and parameter space and reflector shaping studies are in progress.

For additional details on the space heritage, trade space, and design, see Refs. [86, 179].

4.2 Receiver

BHEX includes two dual-polarization receivers together with an optical diplexer that allows them to observe
simultaneously. The primary receiver will be double-side-band (DSB) operating over the frequency range 240-
320 GHz with a Superconductor-Insulator-Superconductor (SIS) mixer. SIS mixers are standard in ground sub-
millimeter telescopes, were used in the Herschel mission,180,181 and are being actively developed for a variety of
terrestrial and space applications.69,85,182 The secondary receiver will be single-side-band (SSB) operating over
the frequency range 80-106 GHz with a cryogenic low noise amplifier, which are commercially available.

On baselines from BHEX to ground stations, rapid phase variations are dominated by fluctuations in the
troposphere and from errors in reference oscillators. Because all these contributions are non-dispersive delays,
measurements at low frequencies can be used to stabilize the phase at high frequencies, substantially increasing
the coherence time and, hence, the achievable sensitivity. This technique, known as frequency phase transfer,
has been used routinely in centimeter observations,78 and is a major focus of ongoing EHT upgrades.78–81 The
receivers of BHEX are designed to enable this technique, transferring phase measurements from the secondary
band to derive phase corrections for the primary band. This design both improves the sensitivity of BHEX and
mitigates the requirements for the reference frequency.

For additional details on the space heritage, trade space, and design of the BHEX receivers, see Ref. [85].

4.3 Cryocooler

The BHEX receiver suite requires cryogenic cooling to achieve the required receiver noise temperatures, close
to the quantum noise limit TQ = hν/k (see Section 4.2). The SIS mixers of the primary receiver, in particular,
must be cooled to 4.5 K (approximately half the critical temperature of the SIS junction), while the low noise
amplifier of the secondary receiver performs better when cooled to 20 K. It is worth noting that BHEX only
requires a modest heat lift to cool the receiver suite and does not need to cool the dish. BHEX aims to leverage
existing cryogenic technology, where the majority of the key cryogenic components within these technologies boast
established spaceflight heritage. Recent missions (e.g., SMILES/JEM, ASTRO-H, XRISM) include closed-cycle
4 K cryocoolers that are a good match to the BHEX design and requirements.

For additional details on the space heritage, trade space, and design of the BHEX cryocooler, see Ref. [87].
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4.4 Block Downconverter and Digital Back End

Following the receiver, the digital stage of BHEX requires a block downconverter (BDC) and a digital back end
that can sample and digitize a combined 32 GHz of analog bandwidth. Because the sampled signal is a zero-
mean Gaussian random field (corresponding to band-limited noise from both the source and thermal background
noise), no additional data compression can be applied before downlink, aggregation with the data from other
participating observatories, and correlation.168

The BHEX digital back end is informed by state-of-the art EHT designs, which must operate in harsh
terrestrial environments (e.g., at the South Pole or at an altitude of 5000 meters for the ALMA Observatory).
These systems use commercial wideband samplers and Field Programmable Gate Arrays (FPGAs) to enable
a relatively low-power and low-cost design. The primary difference for the BHEX system is the requirements
for space-grade components, which are also commercially available. Another difference is that the BHEX DBE
will use a 1-bit quantization scheme, giving a quantization efficiency of ηQ = 0.750 on baselines from BHEX to
ground sites with 2-bit quantization.

For additional details on the space heritage, trade space, and design of the BHEX DBE, see Ref. [89].

4.5 Frequency Reference

VLBI relies on a stable frequency reference to allow coherent integration of the correlated signal between sites
in order to find “fringes.” With a sufficiently stable reference, the integration time is limited by fluctuations
in optical path length through the troposphere, with typical coherence times of ∼10 second at wavelengths of
λ ≈ 1.3 mm for EHT sites. With sufficient signal-to-noise on short integrations, residual fluctuations can be
corrected in post-processing (a procedure sometimes called “ad-hoc phase correction”).15,183

With the use of multi-band observations, using a secondary band for phase corrections, BHEX can use an
ultra stable oscillator (USO) based on a temperature-controlled quartz crystal. For example, an exceptionally
quiet USO184,185 is currently serving as a reference for the European Space Agency’s (ESA) Jupiter Icy Moons
Explorer (JUICE) mission.186 We are also currently evaluating alternative choices of frequency reference that use
the stabilization of a continuous wave (CW) laser to an optical atomic or molecular transition. By referencing
the output of an optical frequency comb to stabilized CW laser, the coherent optical pulse train output from
the comb serves as the clock output and a microwave reference frequency can be generated which preserves the
fractional frequency instability of the CW laser. Some of these optical atomic clocks can be quite simple, with
performance that exceeds that of an active hydrogen maser over the timescales of interest.187

For additional details on the space heritage, trade space, and design of the BHEX DBE, see Refs. [61, 84].

4.6 Optical Data Transmission

Space optical communications has long been recognized as capable of supporting higher data rates with smaller
apertures and lower powers than the incumbent radio-frequency communications methods widely used today.
Over the past several decades, these capabilities have been demonstrated over a variety of orbits and mission
use cases such as lunar missions for science,188 geosynchronous relays,189–191 and low-earth orbit and lunar
missions supporting human exploration.192,193 One unique aspect of space optical communications addressed by
all missions is the sensitivity of optical frequencies to atmospheric scintillation and fading, requiring atmospheric
mitigation techniques to provide error-free data delivery. To support high-fidelity downlink of data captured at
up to 64 Gb/s, BHEX requires a 100 Gb/s optical downlink system.

Recently, the TeraByte Infrared Delivery (TBIRD) mission, a small cubesat in low-earth orbit (LEO), demon-
strated transmission up to 200 Gb/s from space to ground.194,195 We have already explored adaptations to
TBIRD that would meet requirements that are more demanding than the present BHEX design; see Ref. [68].
Such a mission can be achieved with technologies which have already been demonstrated today.

For additional details on the space heritage, trade space, and design of the BHEX laser communications
downlink design, see Ref. [88].
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Table 2. BHEX Mission Characteristics.

Antenna

Diameter 3.5-m

Surface RMS 40µm

Primary Receiver (SIS; 4.5 K)

Frequency Range 240-320 GHz

IF 4-12 GHz

Receiver noise temperature (DSB) 23-30 K

SEFD at 240 GHz 16,400 Jy

SEFD at 320 GHz 23,600 Jy

Secondary Receiver (HEMT; 20 K)

Frequency Range 80-106 GHz

IF 4-12 GHz

Receiver noise temperature (SSB) 45 K

SEFD at 80 GHz 14,700 Jy

Maximum Data Rate 64 Gb/s (both receivers; dual-pol; 1-bit quantization)

Baseline Sensitivity (RMS Thermal Noise for 8 GHz Bandwidth)

BHEX-ALMA, 10-minute integration 1 mJy

BHEX-ALMA, 10-second integration 7 mJy

BHEX-LMT, 10-minute integration 2 mJy

BHEX-LMT, 10-second integration 15 mJy

Orbit Semi-synchronous (12-hr; 20,200 km altitude)

Circular

≥78◦ inclination

Finest Fringe Spacing (λ/D)

80 GHz 24µas

240 GHz 8µas

320 GHz 6µas

Maximum Baseline Length 32,900 km

80 GHz 9 Gλ

240 GHz 26 Gλ

320 GHz 35 Gλ

Mission Lifetime 2 yr
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Crawford, T. M., Crowley, J., David, J., Derome, M., Dexter, M., Dornbusch, S., Dudevoir, K. A., Dzib,
S. A., Eckert, C., Erickson, N. R., Everett, W. B., Faber, A., Farah, J. R., Fath, V., Folkers, T. W., Forbes,
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J. L., Gómez-Ruiz, A. I., Gu, M., Gurwell, M., Hada, K., Haggard, D., Hecht, M. H., Hesper, R., Ho, L. C.,
Ho, P., Honma, M., Huang, C.-W. L., Huang, L., Hughes, D. H., Ikeda, S., Inoue, M., Issaoun, S., James,

25



D. J., Jannuzi, B. T., Janssen, M., Jeter, B., Jiang, W., Jimenez-Rosales, A., Johnson, M. D., Jorstad, S.,
Jung, T., Karami, M., Karuppusamy, R., Kawashima, T., Keating, G. K., Kettenis, M., Kim, D.-J., Kim,
J.-Y., Kim, J., Kim, J., Kino, M., Koay, J. Y., Kofuji, Y., Koch, P. M., Koyama, S., Kramer, M., Kramer,
C., Krichbaum, T. P., Kuo, C.-Y., Lauer, T. R., Lee, S.-S., Levis, A., Li, Y.-R., Li, Z., Lindqvist, M., Lico,
R., Lindahl, G., Liu, J., Liu, K., Liuzzo, E., Lo, W.-P., Lobanov, A. P., Loinard, L., Lonsdale, C., Lu,
R.-S., MacDonald, N. R., Mao, J., Marchili, N., Markoff, S., Marrone, D. P., Marscher, A. P., Mart́ı-Vidal,
I., Matsushita, S., Matthews, L. D., Medeiros, L., Menten, K. M., Mizuno, I., Mizuno, Y., Moran, J. M.,
Moriyama, K., Moscibrodzka, M., Müller, C., Musoke, G., Mej́ıas, A. M., Michalik, D., Nadolski, A., Nagai,
H., Nagar, N. M., Nakamura, M., Narayan, R., Narayanan, G., Natarajan, I., Nathanail, A., Neilsen, J.,
Neri, R., Ni, C., Noutsos, A., Nowak, M. A., Okino, H., Olivares, H., Ortiz-León, G. N., Oyama, T., Özel,
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L., Blundell, R., Bouman, K. L., Bower, G. C., Boyce, H., Bremer, M., Brinkerink, C. D., Brissenden,
R., Britzen, S., Broderick, A. E., Broguiere, D., Bronzwaer, T., Bustamante, S., Byun, D.-Y., Carlstrom,
J. E., Ceccobello, C., Chael, A., Chan, C.-k., Chatterjee, K., Chatterjee, S., Chen, M.-T., Chen, Y.,
Cheng, X., Cho, I., Christian, P., Conroy, N. S., Conway, J. E., Cordes, J. M., Crawford, T. M., Crew,
G. B., Cruz-Osorio, A., Cui, Y., Davelaar, J., Laurentis, M. D., Deane, R., Dempsey, J., Desvignes, G.,
Dexter, J., Dhruv, V., Doeleman, S. S., Dougal, S., Dzib, S. A., Eatough, R. P., Emami, R., Falcke,
H., Farah, J., Fish, V. L., Fomalont, E., Ford, H. A., Fraga-Encinas, R., Freeman, W. T., Friberg, P.,
Fromm, C. M., Fuentes, A., Galison, P., Gammie, C. F., Garćıa, R., Gentaz, O., Georgiev, B., Goddi,
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Gómez-Ruiz, A. I., Gómez, J. L., Gu, M., Gurwell, M., Hada, K., Haggard, D., Haworth, K., Hecht, M. H.,
Hesper, R., Heumann, D., Ho, L. C., Ho, P., Honma, M., Huang, C.-W. L., Huang, L., Hughes, D. H.,
Ikeda, S., Violette Impellizzeri, C. M., Inoue, M., Issaoun, S., James, D. J., Jannuzi, B. T., Janssen, M.,
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Roelofs, F., Rogers, A., Romero-Cañizales, C., Ros, E., Roshanineshat, A., Rottmann, H., Roy, A. L.,
Ruiz, I., Ruszczyk, C., Rygl, K. L. J., Sánchez, S., Sánchez-Argüelles, D., Sánchez-Portal, M., Sasada, M.,
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Ramakrishnan, V., Rao, R., Rawlings, M. G., Raymond, A. W., Rezzolla, L., Ripperda, B., Roelofs, F.,
Rogers, A., Ros, E., Rose, M., Roshanineshat, A., Rottmann, H., Roy, A. L., Ruszczyk, C., Ryan, B. R.,
Rygl, K. L. J., Sánchez, S., Sánchez-Arguelles, D., Sasada, M., Schloerb, F. P., Schuster, K.-F., Shao, L.,

38



Shen, Z., Small, D., Sohn, B. W., SooHoo, J., Tazaki, F., Tiede, P., Tilanus, R. P. J., Titus, M., Toma,
K., Torne, P., Trent, T., Traianou, E., Trippe, S., Tsuda, S., van Bemmel, I., van Langevelde, H. J., van
Rossum, D. R., Wagner, J., Wardle, J., Ward-Thompson, D., Weintroub, J., Wex, N., Wharton, R., Wong,
G. N., Wu, Q., Yoon, D., Young, A., Young, K., Younsi, Z., Yuan, F., Yuan, Y.-F., Zensus, J. A., Zhao,
G., Zhao, S.-S., Zhu, Z., Algaba, J.-C., Allardi, A., Amestica, R., Anczarski, J., Bach, U., Baganoff, F. K.,
Beaudoin, C., Benson, B. A., Berthold, R., Blanchard, J. M., Blundell, R., Bustamente, S., Cappallo,
R., Castillo-Domı́nguez, E., Chang, C.-C., Chang, S.-H., Chang, S.-C., Chen, C.-C., Chilson, R., Chuter,
T. C., Rosado, R. C., Coulson, I. M., Crowley, J., Derome, M., Dexter, M., Dornbusch, S., Dudevoir,
K. A., Dzib, S. A., Eckart, A., Eckert, C., Erickson, N. R., Everett, W. B., Faber, A., Farah, J. R., Fath,
V., Folkers, T. W., Forbes, D. C., Freund, R., Gale, D. M., Gao, F., Geertsema, G., Graham, D. A.,
Greer, C. H., Grosslein, R., Gueth, F., Haggard, D., Halverson, N. W., Han, C.-C., Han, K.-C., Hao,
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A. I., Gu, M., Hada, K., Haggard, D., Hecht, M. H., Hesper, R., Ho, L. C., Ho, P., Honma, M., Huang,
C.-W. L., Huang, L., Hughes, D. H., Ikeda, S., Impellizzeri, C. M. V., Inoue, M., James, D. J., Jannuzi,
B. T., Jeter, B., Jiang, W., Jimenez-Rosales, A., Johnson, M. D., Joshi, A. V., Jung, T., Karami, M.,
Karuppusamy, R., Kawashima, T., Keating, G. K., Kettenis, M., Kim, D.-J., Kim, J.-Y., Kim, J., Kim,
J., Kino, M., Koay, J. Y., Kocherlakota, P., Kofuji, Y., Koch, P. M., Koyama, S., Kramer, C., Kramer,
M., Kuo, C.-Y., La Bella, N., Lauer, T. R., Lee, D., Lee, S.-S., Leung, P. K., Levis, A., Li, Z., Lico, R.,
Lindahl, G., Lindqvist, M., Liu, K., Liuzzo, E., Lo, W.-P., Lobanov, A. P., Lonsdale, C., Mao, J., Marchili,
N., Markoff, S., Marrone, D. P., Marscher, A. P., Matsushita, S., Matthews, L. D., Medeiros, L., Menten,
K. M., Michalik, D., Mizuno, I., Mizuno, Y., Moran, J. M., Müller, C., Mus, A., Musoke, G., Myserlis,
I., Nadolski, A., Nagai, H., Nagar, N. M., Nakamura, M., Narayan, R., Narayanan, G., Natarajan, I.,
Nathanail, A., Neilsen, J., Neri, R., Ni, C., Noutsos, A., Nowak, M. A., Oh, J., Okino, H., Olivares, H.,
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[104] Gammie, C. F., McKinney, J. C., and Tóth, G., “HARM: A Numerical Scheme for General Relativistic
Magnetohydrodynamics,” ApJ 589, 444–457 (May 2003).

[105] Porth, O., Chatterjee, K., Narayan, R., Gammie, C. F., Mizuno, Y., Anninos, P., Baker, J. G., Bugli, M.,
Chan, C.-k., Davelaar, J., Del Zanna, L., Etienne, Z. B., Fragile, P. C., Kelly, B. J., Liska, M., Markoff,
S., McKinney, J. C., Mishra, B., Noble, S. C., Olivares, H., Prather, B., Rezzolla, L., Ryan, B. R., Stone,
J. M., Tomei, N., White, C. J., Younsi, Z., Akiyama, K., Alberdi, A., Alef, W., Asada, K., Azulay, R.,
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J., Axani, S., Bagherpour, H., Bai, X., Barron, J. P., Barwick, S. W., Baum, V., Bay, R., Beatty, J. J.,
Becker Tjus, J., Becker, K. H., BenZvi, S., Berley, D., Bernardini, E., Besson, D. Z., Binder, G., Bindig,
D., Blaufuss, E., Blot, S., Bohm, C., Börner, M., Bos, F., Böser, S., Botner, O., Bourbeau, E., Bourbeau,
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Capistrán, T., Carramiñana, A., Casanova, S., Castillo, M., Cotti, U., Cotzomi, J., Coutiño de León, S.,
De León, C., De la Fuente, E., Diaz Hernandez, R., Dichiara, S., Dingus, B. L., DuVernois, M. A., Dı́az-
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González, D., Rosenberg, M., Ruiz-Velasco, E., Ruiz-Velasco, E., Salesa Greus, F., Sandoval, A., Schneider,
M., Schoorlemmer, H., Sinnis, G., Smith, A. J., Springer, R. W., Surajbali, P., Tibolla, O., Tollefson, K.,
Torres, I., Villaseñor, L., Weisgarber, T., Werner, F., Yapici, T., Gaurang, Y., Zepeda, A., Zhou, H.,
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