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Abstract: We present a case for significantly enhancing the utility and efficiency of the ngEHT
by incorporating an additional 86 GHz observing band. In contrast to 230 or 345 GHz, weather
conditions at the ngEHT sites are reliably good enough for 86 GHz to enable year-round observations.
Multi-frequency imaging that incorporates 86 GHz observations would sufficiently augment the
(u, v) coverage at 230 and 345 GHz to permit detection of the M87 jet structure without requiring
EHT stations to join the array. The general calibration and sensitivity of the ngEHT would also be
enhanced by leveraging frequency phase transfer techniques, whereby simultaneous observations
at 86 GHz and higher-frequency bands have the potential to increase the effective coherence times
from a few seconds to tens of minutes. When observation at the higher frequencies is not possible,
there are opportunities for standalone 86 GHz science, such as studies of black hole jets and spectral
lines. Finally, the addition of 86 GHz capabilities to the ngEHT would enable it to integrate into a
community of other VLBI facilities—such as the GMVA and ngVLA—that are expected to operate at
86 GHz but not at the higher ngEHT observing frequencies.

Keywords: very long baseline interferometry; black holes; active galactic nuclei; radio astronomy;
instrument design

1. Introduction

Building upon the success of the Event Horizon Telescope (EHT; [1–14]), the next-
generation EHT (ngEHT) is a proposed global very long baseline interferometry (VLBI)
telescope network that aims to carry out horizon-scale observations of M87 and Sgr A*
at (sub)millimeter wavelengths [15]. By adding ∼10 new VLBI stations to the EHT array
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and increasing the overall array sensitivity, the ngEHT will be able to achieve high-fidelity
imaging and even movie-making capabilities. The primary scientific goals of the ngEHT
require an angular resolution of .20µas and thus motivates observing at the highest VLBI
frequencies, currently 230 and 345 GHz (see Bustamante et al. [16] for dual-band receiver
details). However, the design specifications for the ngEHT have yet to be finalized, and
the addition of an 86 GHz band is under consideration. Adding 86 GHz capabilities to the
ngEHT would provide numerous prospects for improving the performance of the array,
expanding its science applications and permitting it to operate jointly with other existing
or near-future facilities. In this work, we explore a number of these motivating factors and
present a case for including 86 GHz capabilities as part of the ngEHT array’s design.

2. Science Drivers
2.1. Black Hole Shadow and Jet Physics

Observations of horizon-scale targets at 86 GHz supplement a primary science driver
of the ngEHT: connecting dynamics and properties of black hole shadows with the creation
and launching of astrophysical jets. The horizon-scale jet emission is typically brighter
at 86 GHz than at 230 or 345 GHz, owing to the negative spectral index and increased
optical depth at 86 GHz. The inference of jet structure from 86 GHz observations to 230
and 345 GHz images, with the use of multi-frequency imaging techniques [17], will enable
the recovery of faint large-scale jet emissions in horizon-scale images with higher fidelity
compared to high-frequency imaging alone. In Figure 1, we show example reconstructions
of simulated emission from M87 at 230 GHz with and without multi-frequency information
from 86 GHz (and 345 GHz) observations. Imaging with the full EHT+ngEHT array was
done using visibility amplitudes and closure phases, and ngEHT-only reconstructions also
made use of closure amplitudes to improve convergence. The ground-truth models are
shown in Figure 2. These reconstructions assume that the telescopes are well pointed,
well focused, and amplitude-calibrated, another avenue in which 86 GHz capabilities can
improve the overall array performance. Relative registration of images across frequencies
was performed via the algorithm, although additional observing techniques can provide
that information more robustly (see Sections 2.2 and 3.4). While the best imaging results are
obtained using the full core EHT and new ngEHT stations with multi-frequency imaging,
the addition of 86 GHz information dramatically improves 230 GHz images with the new
ngEHT stations alone (or in conjunction with a single sensitive core-EHT site, such as the
LMT or ALMA). The inclusion of 86 GHz observing guarantees good coverage and station
operation the entire year; see Section 3. This would, for example, enable images and movies
of the shadow and jet in M87 with high cadence over long periods of time, see Figure 1.

The 128 Gbps recording rate of the ngEHT brings about a factor of 32 increase com-
pared to the current 86 GHz VLBI recording rate of 4 Gbps (currently limited by the record-
ing capability of the Very Long Baseline Array). The increase in sensitivity brought by
the ngEHT at 86 GHz would greatly improve polarimetric imaging of jet structure and
inner accretion flows, particularly for low-polarization sources such as M87 and Sgr A*.
Polarimetric imaging is essential for the discrimination between magnetic field configura-
tions [7,8], thereby tightening our constraints on black hole astrophysical models.

For Sgr A*, the ngEHT will be sufficiently sensitive for detecting refractive scattering in
the interstellar medium toward the Galactic Center, for which the effects are most dominant
on long VLBI baselines. Detections of refractive scattering in the millimeter regime were
detected on north–south baselines, where the diffractive scattering is weakest [18,19], and
detections in the centimeter regime were detected on east–west baselines [20]. While these
detections allowed us to eliminate the more extreme models of magnetic field wander
(i.e., variations transverse to the line of sight across a range of viewing angles), further
constraints of the model parameter space require a wider coverage of position angles at
many refractive timescales. A higher baseline sensitivity and increased observing cadence
at 86 GHz would provide detections of refractive scattering along baselines in all directions,
which could definitively discriminate between different models for the underlying magnetic
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field wander in the interstellar medium that predicts varying levels of refractive noise along
different baseline directions [21]. Joint modeling of the screen across the three simultaneous
observing bands will also improve the scattering mitigation of Sgr A* observations.
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Figure 1. Demonstration of multi-frequency capabilities with simulated observations of the M87 jet
at 230 GHz reconstructed with and without 86 GHz complementary observations. The left column
shows reconstructions using the new ngEHTa configuration stations alone (see Section 3.1 for array
specifications), and the right column shows reconstructions with the full ngEHT array, including
the core EHT stations. Top: Simulated reconstructions of 230 GHz only observations. The contours
are spaced logarithmically, starting at 1% of the peak value and increasing by factors of 2. Middle:
Simulated reconstructions at 230 GHz using multi-frequency 86 and 230 GHz observations. Bottom:
Simulated reconstructions at 230 GHz using multi-frequency 86, 230 and 345 GHz observations. This
demonstration offers a compelling view of the imaging advantages of adding 86 GHz receivers to the
ngEHT, enabling flexible high-fidelity imaging of the black hole shadow and jet during times when
the core EHT sites would not be readily available.

Furthermore, the addition of simultaneous 86 GHz observing in the 230 and 345 GHz
configuration will provide wide frequency coverage for rotation measure and Faraday
rotation studies, core shift studies, and time-lag measurements in the event of flares. Due
to the variability of Sgr A*, simultaneity of 86 GHz observations is essential for relative
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astrometry between the frequency bands, and the registration of the three bands for accurate
spectral index and rotation measure mapping.

300 as

86 GHz 230 GHz 345 GHz

40 as

86 GHz 230 GHz 345 GHz

Figure 2. Input images used for the M87 synthetic data in this work, produced from the GRMHD
simulations in [22]. The upper panels show a 1 mas field of view with a logarithmic colorscale to
highlight the extended jet emission, and the lower panels show the central 100µas around the black
hole using a linear color scale to more easily see the photon ring region.

2.2. Telescope Calibration and Astrometry

At high frequencies, single-frequency phase referencing using nearby calibrators is
challenging due to the varying atmospheric conditions between the calibrator and the
main target. Even at 86 GHz, atmospheric coherence limits the switching time between the
target and the calibrator reference to 15 s or less. While a single demonstration at 86 GHz
exists [23], single-frequency phase referencing at high frequencies is, in general, only
conceivable using simultaneous observations in multiple directions, either with multiple
beams or more likely paired antennas; ngVLA would have this capability by having
multiple antennas per site location. Single-frequency astrometry at 230 and 345 GHz is thus
difficult without a proper phase reference position on the sky.

Frequency phase transfer (FPT) is a powerful tool for 230 GHz calibration in marginal
weather conditions. The FPT approach was initially developed for (sub)mm compact arrays
(e.g., [24]) and first used in VLBI by Middelberg et al. [25] to extend the coherence time
at 86 GHz, using the VLBA. The work of Rioja and Dodson enabled bona-fide astrome-
try (source frequency phase referencing; SFPR) in addition (Dodson and Rioja [26] and
Rioja and Dodson [27] using the VLBA up to 86 GHz) and has been demonstrated up to
130 GHz using the Korean VLBI Network (KVN [28,29]). With FPT techniques applied to
simultaneous KVN observations at 22, 43, 87, and 130 GHz, coherence times at 130 GHz
were increased from tens of seconds to ∼20 min. Adding SFPR using a separate reference
source, the coherence time was further increased to many hours (20% loss after eight hours
of integration). FPT has been successfully applied to other KVN observations as well.
Application to MOnitoring of GAmma-ray Bright AGN (iMOGABA) observations led to
the imaging of several sources at 86 and 129 GHz that were not detected without FPT [30].
Zhao et al. [31] applied the technique to simultaneous 22 and 43 GHz observations with
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the KVN and VERA in Japan (combined as KaVA), increasing the coherence time at 43 GHz
from ∼1 min to tens of minutes. As demonstrated by Zhao et al. [32], a second round of
FPT applied to the residuals from the first round (FPT-square), was successful at taking out
ionospheric effects without the need to observe a reference source as in the SFPR technique,
increasing coherence times from 20 min to more than eight hours at 86 GHz.

As shown in Section 3.1, 86 GHz observing is possible throughout the entire year at all
sites. On observing days with marginal or poor 230 GHz weather, the phase stability at the
lower frequency of 86 GHz would allow us to solve for phase offsets on a particular station
at the lower frequency and transfer them to a higher frequency (230 and/or 345 GHz). This
technique requires at minimum simultaneous 86 and 230 GHz observing to be effective, due
to the short coherent time at the higher frequencies. Another requirement is that sources
at 86 GHz be bright and compact enough to be detectable on all baselines, which is not
a limiting factor for most sources apart from Sgr A*, which is scatter-broadened at this
frequency [33–36]. Finally, an integer frequency ratio is preferred between the different
frequency bands in order to optimally use these techniques and should allow bonafide
astrometry between the bands (i.e., between 86 and 230 and/or 345 GHz). Astrometry at
these frequencies is expected to yield residual systematic errors of ∼3µas [27,37–39], though
we note that such analyses will additionally need to account for frequency-dependent
structural changes such as the well-known core-shift effect (e.g., [40]). These specifications
are discussed in more detail in Section 3.4.

With simultaneous receivers at 86 GHz, the ngEHT will have a frequency overlap with
a large network of well-located VLBI stations that enable astrometric observations. Using
SFPR, it would be possible to astrometrically connect these to the highest frequencies and
should be able to provide relative astrometry at 345 GHz. With certain array configurations,
this should be possible with just ngEHT observations. The frequency phase transfer tech-
nique allows for correction of the fast tropospheric variations and increases the coherence
at the higher frequencies. This enables the switching time between the target and calibrator
to be longer (of order ∼ minutes) and allows for the calibrator to be at a larger distance (up
to 10◦–20◦, as demonstrated with the KVN). This technique, called “source frequency phase
referencing”, allows for relative astrometry to directly register observations of the target at
the three observed frequencies with respect to the calibrator. Explanations of the various
flavors of frequency phase transfer and their applications to the ngEHT are provided in a
complementary publication by Rioja et al. [38].

In addition to scientific input, 86 GHz capabilities enhance technical specifications
of the ngEHT array. Individual station calibration will be improved with the ability to
point and focus at a lower frequency, where calibrator sources have higher flux density and
the atmosphere is more stable. The calibrator sky is limited at 230 and 345 GHz, and the
catalog of sources available at 86 GHz, both for continuum and spectral-line pointing, is
significantly larger. Calibration operations at 86 GHz would enable station participation in
marginal 230 GHz weather conditions.

2.3. Stand-Alone 86 GHz Science

Over the past few decades, VLBI observations at 86 GHz have provided high-quality
images of AGN sources, spatially and temporally resolving their innermost structure in
total intensity and polarization, thereby providing new insights into the origins, collimation,
and dynamics of relativistic jets (e.g., [41]).

For example, recent observations with the Global Millimeter VLBI Array (GMVA)
have imaged the core region of 3C84 and OJ287 [42–45], measured jet collimation profiles
of various AGNs (e.g., [46,47]), provided a survey of AGN core brightness temperature
measurements [48], and imaged jet dynamics associated with gamma ray flares and source
variability across the electromagnetic spectrum (e.g., [49–53]). Multi-wavelength (mm-)
VLBI is also useful for studying the dynamics of X-ray binary jets, where the jet formation
occurs on much smaller timescales (e.g., [54]).
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Spectral line VLBI observations at 86 GHz can also be used to study SiO maser emission
near stars. In stars on the asymptotic giant branch (AGB), SiO maser emission probes the
highly dynamical circumstellar gas regions where dust grains are formed and accelerated
outwards with the gas, driving the formation of planetary nebulae (e.g., [55], and references
therein). In high-mass star formation regions, imaging SiO maser emission spots can probe
the dynamics of the protostellar accretion disk and outflow, shedding more light on the
star formation process (e.g., [56,57]).

The planned next-generation Very Large Array (ngVLA) will be able to observe at
86 GHz with unprecedented sensitivity ([58,59]; see also Section 4). However, as the
ngVLA sites are limited to the American continent, its maximum baseline length and hence
angular resolution are significantly smaller than those of the current GMVA. The ngEHT
operating at 86 GHz could provide up to ∼3 times longer baselines than the ngVLA while
providing significantly more sensitivity than the GMVA due to its increased bandwidth.
The ngEHT and ngVLA operating together would form an extremely high-sensitivity and
high-resolution array at 86 GHz, providing unprecedented images of AGN jet sources
(Section 4).

3. Array Specifications and Performance

The ngEHT will be comprised of up to 10 new (sub)millimeter radio telescopes dis-
tributed around the globe and operating as a VLBI network [15]. There are two primary
operating modes that the ngEHT is expected to employ. The first operating mode is a
campaign mode, during which the ngEHT dishes will observe alongside the current EHT
dishes as part of a large and sensitive array. Owing to the need to coordinate such obser-
vations among many telescopes, a number of which are themselves facility instruments,
the campaign mode will likely only operate during a small number of observing windows
within any given calendar year. The second operating mode is a standalone ngEHT mode
that will be more versatile and which is expected to operate throughout the year.

3.1. Array

In this article, we consider two different reference array configurations for the ngEHT,
which we refer to as the ngEHTa and ngEHTb arrays (Doeleman et al., in prep; Roelofs
et al. [60]). The individual sites contained in each of these arrays are listed in Table 1,
and world maps illustrating their global distributions are shown in Figure 3. The ngEHTa
configuration contains 10 stations, and the ngEHTb configuration contains 8 stations with a
slightly larger average dish diameter.

Figure 3. Maps of the two ngEHT array configurations, with the current EHT sites shown in cyan
and new ngEHT sites in yellow. The ngEHTa configuration with 6 m dishes is shown on the left, and
the ngEHTb configuration with 10 m dishes is shown on the right.

For the ngEHTa reference configuration, 7 of the 10 new sites were assumed to be
equipped with 6-meter dishes, and the remaining three sites were the Haystack Observatory
(HAY; 37-meter dish), the Gamsberg mountain (GAM; the primary candidate site for the
Africa Millimetre Telescope, which will refurbish the 15-meter SEST dish currently in
Chile), and Owens Valley Radio Observatory (OVRO; 10-meter dish). For the ngEHTb
configuration, 7 out of 8 new sites were assumed to be equipped with 10-meter dishes, and
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the remaining site was GAM with a 15-meter dish. The bottom row of panels in Figure 4
shows the (u, v) coverage for both of these arrays as seen from M87, and the top row of
panels shows the expected signal-to-noise ratio as a function of baseline length.

Table 1. Station participation in current and future VLBI arrays.

Station EHT ngEHTa ngEHTb GMVA

ALMA X - - X
APEX X - - -
SMA X - - -
JCMT X - - -
LMT X - - X
SMT X - - -

KPTO X - - -
NOEMA X - - X

PV X - - X
SPT X - - -
GLT X - - X

BAJA - X X -
BAR - X - -
CAS - - X -
CAT - X - -
CNI - X X -

GAM - X X -
GARS - X - -
HAY - X - -
LLA - - X -
NZ - X X -

OVRO - X - -
PIKE - - X -
SGO - X X -

GBT - - - X
BR - - - X
FD - - - X
KP - - - X
LA - - - X
MK - - - X
NL - - - X
OV - - - X
PT - - - X
EF - - - X
YS - - - X

ONS - - - X
MET - - - X
KVN - - - X
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Figure 4. Coverage at 86 GHz (u, v) (bottom row) and signal-to-noise ratio versus (u, v) distance (top
row) for the two ngEHT array configurations, as viewed from M87. The left panels show baselines
between EHT stations in cyan, baselines between ngEHTa stations in red, and baselines between
ngEHTa and EHT stations in black. The right panels show baselines between EHT stations in cyan,
baselines between ngEHTb stations in yellow, and baselines between ngEHTb and EHT stations
in black. The horizontal dashed and dotted lines in the top panels show the 86 GHz S/N levels
necessary to achieve 90% phase coherence at 230 and 345 GHz, respectively.

The various new ngEHT sites were selected primarily because of their suitability for
observations at 230 and 345 GHz [61], and as a result, they tend to have excellent prospects
for 86 GHz observations. Figure 5 shows the median 86 GHz zenith opacities at each of
the EHT and ngEHT sites as a function of month during the year. We can see that the
majority of the sites exhibit median 86 GHz opacities less than 0.1 throughout the entire
year, corresponding to &90% atmospheric transmission.

3.2. Synthetic Data

For the various explorations carried out in this article, we have generated synthetic
interferometric datasets using the eht-imaging library [62,63]. As the input source structure
for M87, we used images generated from the GRMHD simulations described in [22] and
ray-traced at observer frequencies of 86, 230, and 345 GHz. Figure 2 shows the images of
the source at these three frequencies.

During synthetic data generation, SEFDs for each of the stations have been determined
following the procedure and atmospheric parameters from [61]. We carried out a Monte
Carlo weather sampling procedure, whereby 100 versions of each synthetic dataset were
generated using independent instantiations of the atmospheric temperature and zenith
opacity at every site. All results presented in this article were then computed using the
statistics of these 100 samples for each synthetic observation.



Galaxies 2023, 11, 28 9 of 20

J F M A M J J A S O N D
Month of year

0.00

0.05

0.10

0.15

0.20

0.25

Ze
ni

th
 o

pa
cit

y

EHT
(south)

ALMA, APEX
SPT

J F M A M J J A S O N D

ngEHT
(south)

CAS
CAT
GAM
GARS
LLA
NZ
SGO

0.00

0.05

0.10

0.15

0.20

0.25

Ze
ni

th
 o

pa
cit

y

EHT
(north)

SMA, JCMT
LMT
SMT
KP
NOEMA
PV
GLT

ngEHT
(north)

BAJA
BAR
CNI
HAY
OVRO
PIKE

Figure 5. Median-zenith atmospheric opacity at 86 GHz as a function of time at each of the sites in
the EHT (left panels) and ngEHT (right panels) arrays; the sites are split by hemisphere. The top
row shows northern hemisphere sites, and the bottom row shows southern hemisphere sites. We note
that for frequencies below ∼130 GHz, the atmosphere over Chajnantor is typically more transparent
even than that over the South Pole (e.g., [64]).

3.3. Performance Metrics

We employed two different metrics to assess the performance of a particular array.
Our selected metrics can be computed directly from visibility measurements, so as to
be independent of the various specific algorithmic and procedural choices that go into
image reconstruction.

Our first metric is the “point source sensitivity”, or PSS, which is a measure of overall
array sensitivity. For a set of N complex visibilities with thermal noises σi, the PSS is
given by

PSS =

(
N

∑
i=1

1
σ2

i

)−1/2

. (1)

The PSS has units of flux density, and for a perfectly-calibrated array, it would be equal to
the measurement uncertainty in the flux density of an observed point source. A smaller
value for the PSS thus indicates a more sensitive array.

Our second metric is the “(u, v)-filling fraction”, or FF, which was developed by [65]
and is a measure of how completely-filled the Fourier coverage is. Computation of the FF
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depends not only on the (u, v) coverage, but also on the specifications of two additional
values: an angular resolution and a field of view. Given a circle in the (u, v) plane with
radius determined by the specified angular resolution, the FF metric value is taken to be the
fraction of this circle’s area that is occupied by the (u, v) coverage after convolution with a
circular tophat function with a radius determined by the specified field of view. For all FF
calculations in this article, we specified a 56.4µas angular resolution (equal to that of an
Earth-diameter baseline observed at 86 GHz), and we specified a field of view of 1 mas for
M87 observations. The FF metric value is normalized to fall between zero and one: a value
of zero indicates no coverage, and a value of one indicates a fully covered Fourier plane.

Figure 6 shows the PSS and FF metric behavior for the EHT, ngEHT, and composite
arrays throughout the year, relative to their median values. We see that for both the PSS and
FF metrics, the 86 GHz behavior is substantially more stable in time than the corresponding
metrics at 230 GHz or 345 GHz. The arrays may suffer from substantial performance
degradation when observing at 230 GHz or 345 GHz in the northern summer relative to the
northern winter, but observations at 86 GHz should not be significantly impacted.

3.4. Multi-Frequency Calibration Techniques

One promising calibration technique made possible by the addition of 86 GHz capa-
bilities is FPT, in which atmospheric phase fluctuations are tracked at 86 GHz and then
transferred to the higher-frequency bands. FPT results in increased coherence time at
the higher frequencies. Bona fide astrometry can be added using SFPR, by interleaving
observations of a second source to remove the remaining FPT dispersive residual terms. A
comprehensive error analysis formulation of FPT and SFPR was initially presented in Rioja
and Dodson [27]. Overviews and discussions can be found in Dodson et al. [55] and Rioja
and Dodson [37].

FPT requires observing a source simultaneously in (at least) two different frequen-
cies. The key assumption underlying FPT is that phase tracking and calibration at one
of the frequencies—almost always taken to be the lower frequency—is easier than at the
other frequency. There are at least three reasons for why phase calibration is easier at
lower frequencies:

1. At (sub)millimeter observing wavelengths, the most rapidly-fluctuating contribution
to the visibility phase comes from the troposphere, whose timescale typically decreases
with increasing observing frequency and whose magnitude is proportional to ν.

2. Atmospheric absorption and receiver noise temperatures are lower at 86 GHz than
they are at higher frequencies, essentially making each telescope more sensitive and
permitting higher S/N to be achieved within any given integration time.

3. Dimensionless baseline lengths are proportional to ν, meaning that the spatial scales
probed by any given baseline are larger when observing at lower frequencies. As
many VLBI sources (e.g., AGN) are resolved at (sub)millimeter observing wave-
lengths, shorter baselines typically have higher correlated flux densities at lower
frequencies in this regime, again permitting higher S/N to be achieved within any
given integration time.

To successfully carry out FPT, the source must be detectable at the lower frequency
within a timescale that is approximately equal to the phase coherence timescale at the higher
frequency, such that the phase variations can be tracked over time. As the tropospheric term
dominates these phase variations, and because the magnitude of the tropospheric variations
is proportional to ν, we can apply a frequency-scaled version of the lower frequency phase
solution to the higher-frequency data. For periods of time over which the intrinsic source
phases are only slowly varying, the removal of the dominant phase corruption permits
substantially increased integration times.
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Figure 6. Deviation of the PSS (top panel) and FF (bottom panel) metrics from their yearly median
values, each plotted as a fraction of that median value versus time for five different array configura-
tions. The EHT, ngEHTa, ngEHTb, ngEHTa+EHT, and ngEHTb+EHT arrays are each plotted in a
different color, as indicated in the legend. The top, middle, and bottom rows in each panel correspond
to observing frequencies of 345, 230, and 86 GHz, respectively. The light shaded region around
each line encompasses the inter-quartile range determined by the weather Monte Carlo procedure.
A target field-of-view of 1000µas has been assumed for all (u, v)-filling fraction computations.
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FPT imposes more demanding S/N requirements for the low-frequency detection
than would typically be necessary for single-frequency phase calibration. The S/N of a
detection is related to the RMS phase fluctuations σφ by

S/N ≈ 1
σφ

. (2)

The RMS phase fluctuations in turn determine the coherence, η, which for Gaussian
variations is given by

η = e−σ2
φ/2 = e−1/2(S/N)2

. (3)

The RMS phase fluctuations at the lower frequency are also scaled by the frequency ratio
when transferred to the higher frequency, meaning that the effective S/N at the higher
frequency is smaller by the same factor. Thus, achieving a coherence of η ≥ 0.9 at a
frequency of 345 GHz requires S/N & 2.2. However, if the phase at 345 GHz is being
determined by FPT from 86 GHz, then the equivalent S/N at 86 GHz must be S/N & 8.8 to
achieve the same 345 GHz coherence. The horizontal dashed and dotted lines in the top
panels of Figure 4 show the 86 GHz S/N levels necessary to achieve η ≥ 0.9 at 230 GHz
and 345 GHz.

The scaling of the phase variations at the lower frequency before applying them to
the higher frequency can also result in phase-wrapping ambiguities. Such ambiguities
are avoided only if the frequency ratio between the lower and higher frequencies is an
integer [66]. For the more general non-integer case, these ambiguities can introduce
seemingly random phase jumps whenever the lower frequency phase wraps. Attempting
to “unwrap” the phases prior to transferring can improve the performance, but this is
an imperfect solution that will perform increasingly poorly as SNR decreases. It is thus
preferable to maintain an integer value R when employing the FPT technique, which
motivates particular choices of frequency bands. Figure 7 illustrates how such constraints
manifest for the proposed ngEHT frequency configuration containing three bands. One
“optimal” arrangement is highlighted in blue and corresponds to a ∼4 GHz bandwidth
in the lowest frequency band (spanning ∼82.5–86.5 GHz), a ∼12 GHz bandwidth in the
middle frequency band (spanning ∼248–260 GHz), and a ∼16 GHz bandwidth in the
highest frequency band (spanning ∼330–346 GHz).

Applications at lower frequencies have demonstrated that FPT-aided coherence times
can extend to tens of minutes [67], and adding in a third frequency to remove residual
ionospheric phase fluctuations can potentially extend the coherence times to multiple
hours [32]. Integration times of minutes have also been achieved by the EHT using phase
stabilization at 230 GHz alone for sources with &Jy-level flux densities [3]. An FPT from
86 GHz would enable similarly increased coherence times for substantially weaker sources
than would otherwise be observable with the ngEHT.
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Figure 7. Frequency coverage constraints imposed by the desire to transfer phase information from
a low-frequency band (“low-band”, around ∼86 GHz) to two different higher-frequency bands
(“mid-band” around ∼230 GHz and “high-band” around ∼345 GHz). The black curves in the left
panel show integer multiples of the low-band frequency, and the green shaded regions indicate
approximate available spectral windows for the mid- and high-frequency receivers. The three vertical
shaded regions indicate low-band frequency ranges where an integer multiple of that frequency
passes through both the mid- and high-band spectral windows. The middle vertical shaded region
(highlighted in blue) corresponds to our proposed spectral arrangement; the available frequency
ranges for each of the three bands are labeled, and the corresponding segments of the black curves
are highlighted. For reference, the right panel shows the atmospheric transmission as a function
of frequency.

4. Technical Interoperability

In the previous section we have shown that the ngEHT stations are able to observe
at 86 GHz for the entire year. This offers great flexibility to enhance observing time at the
higher frequencies, but also to provide stand-alone 86 GHz observing time with the array
when observation conditions at the higher frequencies are poor.

The addition of 86 GHz capabilities to the ngEHT telescopes creates an opportunity
for interoperability with major current and upcoming facilities. The new ngEHT dishes
will most likely have small (≤10 m) diameters, meaning that the sensitivities of baselines
between ngEHT dishes will be comparatively modest relative to, e.g., many EHT baselines.
Substantial increases in both sensitivity and coverage at 86 GHz could be achieved by
jointly observing with the ngEHT and one or more other arrays. In this section, we explore
the capabilities of the ngEHT stations on their own and in combination with two external
facilities (see Tables 1 and 2): the Global Millimeter VLBI Array (GMVA), the current
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leading 86 GHz VLBI array, and the next generation Very Large Array (ngVLA), a future
major facility that is expected to become the most sensitive array observing at 86 GHz.

Table 2. Station overview and receiver capabilities, showing which sites are capable (or expected to
be capable) of observing in which frequency bands.

Station 86 GHz 230 GHz 345 GHz

ALMA X X X
APEX - X X
SMA - X X
JCMT X X X
LMT X X planned
SMT - X X

KPTO - X -
NOEMA X X X

PV X X X
SPT - X X
GLT X X X

BAJA X X X
BAR X X X
CAS X X X
CAT X X X
CNI X X X

GAM X X -
GARS X X X
HAY X X X
LLA X X X
NZ X X X

OVRO X X X
PIKE X X X
SGO X X X

ngVLA X - -

GBT X - -
BR X - -
FD X - -
KP X - -
LA X - -
MK X - -
NL X - -
OV X - -
PT X - -
EF X - -
YS X - -

ONS X - -
MET X - -
KVN X X -

The baseline sensitivity of the GMVA is currently limited by the recording bandwidth
of the VLBA array (4 Gbps), and the ngEHT is planning to operate with a bandwidth of
256 Gbps. Currently, EHT sites with 86 GHz receivers are able to observe, as part of the
GMVA, by only correlating a fraction of the observed frequency band. They have potential
applications also for sub-arraying stations that are able to record at a higher rate. An
alternative to the GMVA would be to make use of the high bandwidth of the ngEHT+EHT
86 GHz sites. This alternative offers a significant increase in baseline sensitivity due to the
higher recording rate (especially valuable for weak polarization signals) and comparable
coverage and point-source sensitivity to the GMVA. However, to more accurately reflect
the capabilities of the current GMVA, all synthetic datasets labeled “GMVA” in this paper
are limited to 512 MHz. The synthetic datasets for the other arrays use the bandwidths
specified in Figure 7.
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Figure 8 shows histograms of the baseline signal-to-noise ratio (S/N) for a number of
potential array combinations. When observing as a standalone array, the ngEHT achieves a
typical baseline S/N in tens or hundreds. By jointly observing with the EHT, GMVA, and/or
ngVLA, a typical baseline S/N of hundreds or thousands is achieved; some baselines have
an S/N in excess of 104. A measure of the total array sensitivity is captured by the PSS
metric plotted in Figure 9, which improves by more than an order of magnitude when
observing with the EHT, GMVA, and/or ngVLA alongside the ngEHT. Figure 9 also shows
the improvement in the FF metric that is achieved by joint observations; we can see that
joint observations substantially improve the FF to make it superior to that of the standalone
ngEHT and the standalone ngVLA.
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Figure 8. Histograms of baseline signal-to-noise ratios for the different arrays observing M87 at
86 GHz. Each histogram is the result of averaging over 100 Monte Carlo realizations of weather at
every site, so the resulting histogram bins do not necessarily contain integer numbers of baselines.

We also prepared a demonstration of the imaging capabilities with the ngVLA, which
is shown in Figure 10. We used the long-baseline ngVLA array configuration (LBA), which
consists of 30 18-meter dishes on 10 sites across the United States. Co-located stations were
modeled as a single site with properly scaled sensitivity, and in addition, we modeled the
ngVLA core in New Mexico as a single highly sensitive site (with an SEFD of 10 Jy). We
used the underlying model for M87 shown in Section 2, and obtained reconstructions at
86 GHz with the ngVLA alone, with the ngEHT+EHT combined array (here acting as a
high-sensitivity alternative to the GMVA), and with the ngEHT+EHT+ngVLA combination.
We notice that the ngVLA greatly improves the dynamic range for higher-fidelity recon-
structions of the jet, whereas the ngEHT+EHT increases the resolution of the reconstruction
and enables the imaging of the central brightness depression related to the black-hole
shadow. Owing to the increased optical depth at 86 GHz compared to, e.g., 230 and
345 GHz (see also Figure 2), the appearance of this central brightness depression probes the
“inner shadow” rather than the photon ring, which provides opportunities for measuring
accretion flow and black hole properties [68]. While the optical depth of M87 at 86 GHz is



Galaxies 2023, 11, 28 16 of 20

uncertain, our simulation results inform the potential for long-term monitoring with the
ngEHT+EHT+ngVLA at 86 GHz to study dynamics of both the (inner) shadow and the jet.
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Figure 9. Comparison of the point source sensitivity (PSS, top panel, in units of Jy) and (u, v)-filling
fraction (FF, bottom panel, unitless) metrics for several different array configurations. Each point
shows the median metric value determined for 86 GHz M87 observations across 100 Monte Carlo
realizations of weather at every site and across each month of the year, and the errorbars indicate the
16th to 84th percentile ranges.
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Figure 10. Demonstration of interoperability with ngVLA using simulated observations of the M87
jet at 86 GHz. The columns from left to right are: the ground truth image; the reconstruction with
the ngVLA only; the reconstruction with the full ngEHT array; and the reconstruction with the full
ngEHT array combined with the ngVLA. Top: Images plotted in square-root scale to emphasize
the jet reconstruction; the contours are spaced logarithmically, starting at 1% of the peak value and
increasing by factors of 2. Bottom: Images on a linear scale to emphasize the shadow reconstruction.
The sensitivity of the ngVLA improves the dynamic range of the ngEHT, and the ngEHT boosts the
resolution of the ngVLA, enabling imaging of both the shadow and the jet at 86 GHz with high fidelity.



Galaxies 2023, 11, 28 17 of 20

5. Summary and Conclusions

We argue that supplementing the ngEHT with 86 GHz observing capabilities—partic-
ularly simultaneous multi-frequency capabilities at 86, 230, and 345 GHz—would improve
the overall performance and flexibility of the array, helping it to achieve its primary
scientific goals of high-dynamic-range images and movies of the M87 jet base region and
the evolving accretion flow around Sgr A*.

One of the main benefits afforded by the addition of 86 GHz capabilities to the ngEHT
would be the ability to carry out agile (i.e., rapid response or target of opportunity) and/or
year-round observations. The primary observing frequencies of the ngEHT (230 and
345 GHz) require very stable atmospheric conditions, which renders consistent and agile
observing difficult. We have shown that observing at 86 GHz should be possible year-round,
as there are reliable weather conditions at all sites, allowing for more flexibility to observe
transient sources and other targets.

Through multi-frequency imaging, 86 GHz observations can be combined with 230/345
GHz observations to permit imaging of the M87 jet structure with high fidelity. A standalone
ngEHT array (i.e., without the addition of EHT or other sites) can only reliably reconstruct
the M87 shadow and jet if 86 GHz information is present in multi-frequency imaging.
Observations at 86 GHz would thus open up a significant fraction of time in which some or
all of the EHT sites may not be available, but core ngEHT science remains achievable.

Simultaneous observations at 86 GHz, together with 230/345 GHz, are a practical
requirement for absolute phase calibration and astrometry. Observing at 86 GHz would
permit the ngEHT to connect with a well-established astrometric network of facilities
around the world. Furthermore, simultaneous multi-frequency observing capabilities
would enable full-array enhancements in calibration and sensitivity via multi-frequency
phase reference techniques. By transferring the simultaneously measured phases at 86 GHz
to the higher frequencies, the effective coherence times at 230 and 345 GHz could be
increased from a few seconds to tens of minutes (and perhaps even longer).

In addition to simultaneous observations with the higher frequency bands, standalone
86 GHz capabilities of the ngEHT could also be used communally and to connect with
other facilities, such as the currently operating GMVA and the upcoming ngVLA. Joint
observations with the ngEHT and ngVLA at 86 GHz would leverage their substantial com-
plementarity; the ngVLA provides sensitivity and the ngEHT provides angular resolution.
We demonstrate that if the accretion flow in M87 is sufficiently optically thin at 86 GHz,
then joint observations with the ngEHT and ngVLA could image both the horizon-scale
shadow structure and the extended jet emission.
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