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ABSTRACT

Aims. We investigate the detectability of the jet base of M87∗ at Event Horizon Telescope (EHT) observing frequencies. Although
M87 is known to host a prominent relativistic jet, detecting jet emission close to the black hole at horizon scales remains challenging.
Our goal is to determine the minimum jet intensity that can be reliably detected with the recent EHT array configurations.
Methods. We used synthetic EHT data generated for three array configurations, corresponding to the 2021 and 2022 observing
campaigns and to a near-future EHT campaign. As input models, we employed semi-analytic accretion–jet models in which the
jet emission can be tuned independently of the accretion flow. The synthetic datasets were reconstructed using multiple imaging
approaches, including regularized maximum likelihood and Bayesian imaging techniques. Jet detectability was assessed through flux
density recovery, image fidelity, and uncertainty maps.
Results. We find that jet detectability strongly depends on the jet intensity, the array configuration, and the imaging methodology.
Using our analysis, we determined a lower limit on the jet intensity that can be reliably recovered. The 2022 EHT array configuration
represents a significant improvement over earlier arrays, enabling a more robust reconstruction of faint jet features.
Conclusions. Our results indicate that the current EHT array is already sensitive to weak jet emission at horizon scales in M87∗. The
improved short-baseline coverage introduced in 2022 makes faint inner jet features more easily detectable. If the inner jet contributes
a significant fraction of the unresolved compact flux, it should become visible in post-2021 observations. On the other hand, if no
clear jet signature is found, this would suggest that the horizon-scale jet contributes only a small part of the compact emission. The
continued expansion of the EHT will further improve our ability to detect such jet emission in M87∗ .
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1. Introduction

The nearby Virgo Cluster hosts one of the closest known ac-
tive galactic nucleus, located in the galaxy M87. This active
galactic nucleus has long attracted interest for its central su-
permassive black hole, known as M87∗, and for its relativistic
jet (e.g., Abramowski et al. 2012; Giroletti et al. 2012; Algaba
et al. 2021; Hada et al. 2024). The Event Horizon Telescope
Collaboration (EHTC) has released images of M87∗’s shadow
based on data obtained during its 2017, 2018, and 2021 ob-
serving campaigns, though additional observations were made
in subsequent years (Event Horizon Telescope Collaboration et
al. 2019a,b,c,d,e,f, 2021, 2023, 2024). The 2017 observations re-
vealed a black hole shadow (Falcke et al. 2000) with an angular
diameter of θd = 42± 3µas, consistent with a black hole mass of
6.5 × 109M�. While the 2018 Event Horizon Telescope (EHT)

observations reproduced the ring diameter observed in 2017,
they revealed a notable change in the azimuthal brightness dis-
tribution, with the peak emission shifting by approximately 30◦
counterclockwise. More recently, the EHTC presented a joint
analysis of total intensity and polarized images of M87∗ from
2017, 2018, and 2021, finding that the total intensity brightness
position angle in 2021 is consistent with that observed in 2018,
and that the polarized structure exhibits year-to-year variability
(see Event Horizon Telescope Collaboration et al. 2025 for more
details). These findings highlight the importance of upcoming
multifrequency EHT campaigns and enhanced array observa-
tions to further refine our understanding of the M87∗ accretion
flow and jet-launching region.

M87 is known to host a powerful relativistic jet, whose emis-
sion on horizon scales remains only weakly constrained by cur-
rent EHT observations. The jet exhibits a nonthermal spectrum
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from radio to γ rays that is consistent with synchrotron emission,
steepening from the radio through the optical/UV. At submil-
limeter frequencies, the spectrum shows a "sub-mm bump" (in
analogy to Sgr A*; see Falcke et al. 1998 and references therein),
indicating a transition to optically thin emission close to the
black hole (Doi et al. 2013). The relativistic jet has been detected
across the electromagnetic spectrum over the past few decades
(e.g., Biretta et al. 1999; Owen et al. 2000; Marshall et al. 2002;
Gebhardt et al. 2011; Perlman et al. 2011; de Gasperin et al.
2012; Algaba et al. 2021; Algaba et al. 2024; Röder et al. 2025).
At a 3 mm wavelength, the Global mm-VLBI Array (GMVA)
and Very Long Baseline Array (VLBA) have resolved the in-
ner jet down to tens of Schwarzschild radii. These observations
reveal a wide opening angle of ∼ 60◦ at the jet base, which grad-
ually re-collimates into a narrower conical structure on larger
scales (e.g., Junor et al. 1999; Hada et al. 2011; Asada et al.
2014; Kim et al. 2018; Walker et al. 2018; Janssen et al. 2019;
Okino et al. 2022; Yang et al. 2024). General relativistic mag-
netohydrodynamic (GRMHD) simulations of magnetized accre-
tion flows (Narayan et al. 2003; Mościbrodzka et al. 2016) show
that relativistic outflows can be launched through magnetic pro-
cesses, including the extraction of black hole spin energy via
the Blandford–Znajek mechanism (Blandford & Znajek 1977)
as well as disk-driven winds powered by accretion through the
Blandford–Payne mechanism (Blandford & Payne 1982). The
observed wide opening angle and gradual parabolic collimation
in M87∗ agree with these models.

Recent 86 GHz observations carried out jointly by
the GMVA, Atacama Large Millimeter/submillimeter Array
(ALMA), and Greenland Telescope (GLT) revealed a spatially
resolved ring-like central structure together with an inner jet
that shows clear limb brightening and extends to the immedi-
ate vicinity of the core (Lu et al. 2023). Subsequent reimaging
analyses confirmed the robustness of this ring+jet morphology,
while also showing that finer details of the innermost emission,
such as the prominence of a possible central spine, depend on the
imaging method and angular resolution (Kim et al. 2025). These
results indicate that the inner jet in M87 at 86 GHz is morpholog-
ically more complex than a smooth, centrally filled outflow and
may contain localized bright features superimposed on a broader
emission component.

The EHT, operating at 230 GHz with an angular resolution
of ∼ 20 µas, probes spatial scales of ∼ 10Rs in M87∗ that cor-
respond to the optically thin region close to the black hole. At
this resolution, the array images the ring-like structure surround-
ing the black hole shadow and the innermost jet base, consis-
tent with the jet-launching region predicted by GRMHD simu-
lations. Early analyses of the 2017 EHT data reported evidence
of faint emission offset from the black hole shadow that may
be associated with the jet base (Broderick et al. 2022a; Arras
et al. 2022; Carilli & Thyagarajan 2022). The GRMHD mod-
els that describe the 2017 EHT data best are those with strong
jet emission (Janssen et al. 2025c). However, the absence of
short and intermediate baselines in the 2017 and 2018 EHT
array prevented a robust detection. In 2021, new shorter base-
lines were provided by the NOrthern Extended Millimeter Array
(NOEMA) in France and the Kitt Peak (KP) telescope in Ari-
zona. Using this configuration, Event Horizon Telescope Col-
laboration et al. (2025) detected jet emission outside the ring. In
particular, Saurabh et al. (2026) investigated hints of faint ex-
tended emission near the base of the jet, modeled as a Gaussian
component with a preferred location roughly 300 µas west and
100 µas south of the ring center, improving the closure phase fits
on intermediate baselines. Georgiev et al. (2026) further demon-

strated that residual offsets in triangles that involve ALMA and
the Atacama Pathfinder Experiment (APEX) can be explained
by an additional ∼ 1 mas component located northwest of the
ring, consistent with the larger-scale jet. Simulations incorpo-
rating Korean VLBI Network (KVN) observations (Cho et al.
2025) further show that short baselines at multiple frequencies
(86–230 GHz) significantly improve the recovery of both the jet
and the ring structure.

Motivated by these advances, we assessed the limitations of
past and upcoming EHT configurations in detecting the M87∗ jet
base. Our tests use synthetic observations from multiple years,
semi-analytic models with varying jet intensity, and different
imaging pipelines that include recent advanced Bayesian and
regularized maximum likelihood (RML) approaches previously
used on real EHT data.

The paper is organized as follows. Section 2 describes the
EHT observing campaigns and the participating telescopes for
the years analyzed. Section 3 presents the input models and
imaging methods. In Sect. 4 we first use the 2022 EHT array con-
figuration as a reference case to investigate how the detectability
of jet emission changes as the jet intensity is progressively re-
duced, in order to identify a lower detection limit; then we ex-
plore how this limit varies across the different EHT observing
campaigns considered. Finally, Sect. 5 summarizes our findings
and discusses prospects for future EHT observations and jet de-
tectability.

2. EHT development and campaigns

The EHT has undergone continuous expansion and technical up-
grades since the initial observations of 2017. At that time, the
array was composed of eight telescopes: ALMA and APEX in
Chile; the Institut de Radioastronomie Millimétrique (IRAM)
30 m Telescope at Pico Veleta (PV) in Spain; the Submillimeter
Array (SMA) and the James Clerk Maxwell Telescope (JCMT)
in Hawaii; the Submillimeter Telescope (SMT) in Arizona; the
Alfonso Serrano Large Millimeter Telescope (LMT) in Mexico;
and the South Pole Telescope (SPT) in Antarctica. In 2018, the
GLT joined, the observing bandwidth doubled (from ∼4 GHz to
∼8 GHz, except at GLT for that year), implemented as four bands
centered at sky frequencies of 213.1 GHz (band 1), 215.1 GHz
(band 2), 227.1 GHz (band 3), and 229.1 GHz (band 4). In addi-
tion, the effective aperture of LMT increased by ∼ 50%. In 2021,
the array expanded further with the addition of NOEMA and the
KP telescope, although the LMT was unable to participate due to
logistical issues. By 2022, full participation of the core stations
was achieved. All major campaigns to date have been conducted
at 230 GHz (1.3 mm), while most stations are also being pre-
pared for observations at 345 GHz (0.87 mm), enabling future
global campaigns at this frequency. Since 2024, the inclusion
of the KVN station Yonsei (KY) has enhanced both long- and
short-baseline coverage, while the PyeongChang station (PC) is
expected to participate in the next campaigns. Looking ahead,
further expansion will include the Africa Millimeter Telescope
(AMT; Namibia) and the Canary Island Telescope (CNI; Spain),
which will provide important additional coverage of the south-
ern sky (La Bella et al. 2023), as well as future extensions with
the next generation EHT array (Doeleman et al. 2019).

Despite these advances, reconstructing the diffuse inner jet
structure of M87∗ remains challenging due to the lack of short
baselines at (u, v) distances below ∼1 Gλ. Figure 1 shows the
projected (u, v) coverage at 230 GHz for three representative
EHT configurations considered in this work. In the first panel,
we show the 2021 (u, v) coverage. The addition of short and in-
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Fig. 1: Projected (u, v) coverage at 230 GHz for three representative EHT configurations (2021, 2022, and near-future). Colored
points indicate newly introduced baselines in each configuration. Dashed circles correspond to angular scales of 25 and 50 µas.
Insets highlight the short-baseline coverage (|b| ≤ 1.5 Gλ), which remains relatively limited.

termediate spacings from NOEMA and KP enhances sensitivity
to extended structure. The PV–NOEMA baseline is ∼ 1100 km,
yielding a nominal fringe spacing of ∼ 250 µas at 230 GHz. The
KP–SMT baseline is ∼ 100 km, corresponding to ∼ 2500 µas.
Although these new baselines are significantly shorter than those
used in earlier campaigns, direct imaging of the extended jet
base structure remains limited by sparse (u, v) coverage and faint
jet base emission. The second panel represents the 2022 array.
The inclusion of the LMT restores high-sensitivity mid-to-long
baselines between North America and Europe/Chile, in partic-
ular reintroducing the LMT–SMT baseline, which in the 2017
and 2018 arrays was the shortest baseline between non-colocated
sites. Although the short spacings remain sparse, the 2022 con-
figuration provides for the first time a closed triangle of inter-
mediate baselines (LMT–SMT–KP), enabling us to place robust
phase constraints across the angular scales relevant to the jet
base. As a result, the array is more sensitive to both compact and
jet emission compared to 2021. Nevertheless, the dedicated 2022
M87∗ night was affected by poor weather, and some stations
were unable to observe. We therefore used another M87∗ night
from the same campaign, which had fewer M87∗ scans but full
array participation. The 2022 configuration used here should be
interpreted as a realistic, but not best-case, 2022 setup. For this
reason, we simulated the near-future array, which includes the
two additional KVN stations. These three cases (2021, 2022, and
near-future) were selected to investigate the lowest detectable jet
emission in our models and illustrate the progressive filling of
the (u, v) plane compared to the sparser 2017 and 2018 coverage
shown in Appendix D.

3. Methods

3.1. Semi-analytic models

To enable flexible control over the relative flux contributions of
the accretion and jet components, we employed semi-analytic
models that explicitly incorporate both an accretion flow and a
relativistic jet. The accretion component is implemented follow-
ing the formalism described in Pu & Broderick (2018), which
is based on Broderick & Loeb (2006), while the jet component
is constructed on the basis of the jet model developed in Pu &

Takahashi (2020). The jet model assumes a terminal Lorentz fac-
tor Γ = 10, with the local Lorentz factor varying along the jet. At
the projected axial distances z = 100 µas and z = 250 µas from
the ring centroid, the Lorentz factor is approximately Γ ≈ 3 and
Γ ≈ 5, respectively. The dimensionless black hole spin is chosen
as a = 0.9 for demonstration purposes. Note that this is likely op-
posite to the preferred spin direction in the actual source (Event
Horizon Telescope Collaboration et al. 2019e, 2025; Janssen
et al. 2025c). The goal of this project is to investigate the general
reliability of detecting the extended emission, and not the de-
tailed reconstruction of the precise jet structure from a particular
semi-analytic model. The emissions arising from the accretion
flow and the jet are thermal synchrotron and nonthermal syn-
chrotron radiation, respectively. Furthermore, our model images
cover a 1 mas field of view (FOV) and are intended to represent
resolved jet emission on the angular scales probed by the short
and intermediate EHT baselines at 230 GHz, not the detailed
near-horizon jet-launching region. Our analysis of the model jet
emission is therefore mainly relevant on scales z & 100 µas,
comparable to the angular scales associated with the 230 GHz
"jet base" emission discussed by Saurabh et al. (2026).

To phenomenologically simulate various potential realiza-
tions of the scenarios considered, we constructed exploratory
models with differing relative contributions from the accretion
flow and jet components. We calibrated the relative ratios be-
tween these components by varying the accretion and jet contri-
butions through normalizations of the electron number density
in the models.

The total flux densities of our semi-analytic models span 0.8,
1, and 3.6 Jy at 230 GHz. The accretion flow emission is kept
relatively fixed, and the different total flux levels are obtained by
mainly varying the jet emission. The lower-flux density models
(0.8–1 Jy, both with an accretion component of ∼ 0.6 Jy) cor-
respond to more compact-dominated emission states similar to
those commonly assumed in EHT imaging analyses (Event Hori-
zon Telescope Collaboration et al. 2019d, 2024). The higher-flux
density model (3.6 Jy, with accretion component ∼ 1.27 Jy) rep-
resents a jet-enhanced case in which a significant fraction of the
emission is distributed over a more extended jet structure.

Recent results of the 2021 EHT data suggest that the jet emis-
sion on sub-milliarcsecond scales is likely faint, with only weak
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deviations from pure ring models detected. Closure phase anal-
yses favor a faint additional component of order ∼ 60 mJy near
the ring, indicating that the jet emission on these scales is likely
well below the jansky level (Saurabh et al. 2026). This makes
the lower-flux models particularly relevant for assessing the de-
tectability of weak horizon-scale jet emission with different EHT
array configurations, while the strongest-jet model serves as a
reference case in which the jet should be clearly detectable.

The jet axis in the main analysis is rotated on the sky to
match the millimeter-scale jet orientation observed at 86 GHz
(Lu et al. 2023; Kim et al. 2025). Models with different jet orien-
tations were also explored in blind imaging tests (see Appendix
A.2) to assess the robustness of the reconstructions.

3.2. Synthetic images

We generated synthetic EHT observations of our jet models
using Symba (Roelofs et al. 2020) 1, an end-to-end very long
baseline interferometry (VLBI) simulation pipeline that incor-
porates atmospheric, instrumental, and calibration effects, pro-
ducing datasets directly comparable to real EHT observations.
Symba has previously been used to generate synthetic images
of M87∗ (Event Horizon Telescope Collaboration et al. 2019a),
Sgr A∗ (Event Horizon Telescope Collaboration 2022), to inves-
tigate jet structure in nearby radio galaxies such as Centaurus A
(Event Horizon Telescope Collaboration 2021), and, more re-
cently, for large-scale inference studies based on millions of sim-
ulated EHT datasets (Janssen et al. 2025a,b,c). For each model
and array configuration, we simulated two independent datasets
corresponding to the EHT band pairs, assigning each a single ob-
serving frequency equal to the mean central frequency of its two
spectral windows (∼ 214 GHz for Bands 1–2 and ∼ 228 GHz
for Bands 3–4). The resulting b1–b2 and b3–b4 datasets were
produced for the 2021, 2022, and near-future campaigns, with
realistic variations in schedule, atmospheric conditions, and sta-
tion availability (see Appendix F for more details).

Synthetic data were reconstructed using both RML and
Bayesian imaging approaches. At 230 GHz, the EHT provides
sparse (u, v) coverage and limited sensitivity to large angular
scales, leading to degeneracies in image reconstruction and to
the well-known problem of missing large-scale flux density.
In this regime, all imaging approaches become to some extent
sensitive to method-dependent assumptions and user choices.
For traditional deconvolution techniques, such as CLEAN, re-
stricting components to predefined regions aligned with the ex-
pected jet axis can bias the reconstruction by forcing emission
to appear along that direction. We therefore adopted forward-
modeling approaches that operate directly in the visibility do-
main, made prior assumptions explicit, and allowed for residual
station gain errors to be incorporated into the reconstruction. For
RML imaging, we used eht-imaging (Chael et al. 2016, 2018),
the EHT-standard imager employed since the first M87∗ imaging
analyses, which minimizes a weighted combination of data fi-
delity terms and image regularizers. Within the Bayesian frame-
work, we used Themis, which has also been extensively applied
in the M87∗ imaging campaigns, modeling the source emis-
sion with a thin geometric crescent and adaptive spline raster
and explicitly marginalizing over station gains (Event Horizon
Telescope Collaboration 2020; Broderick et al. 2020, 2022b;
Event Horizon Telescope Collaboration et al. 2024). We addi-
tionally employed the more recent Resolve (Knollmüller et al.
2023) and Comrade (Tiede 2022; Tiede et al. 2026) frameworks,

1 https://bitbucket.org/M_Janssen/symba

which also implement fully Bayesian image reconstructions us-
ing Gaussian-process or spline-based image priors and joint in-
ference of source structure and instrument (gain) parameters. For
the Bayesian methods, we present the mean reconstructed im-
age from the inferred posterior distribution. These imaging ap-
proaches are standard methods used in EHT analyses and have
been widely applied to M87∗ and Sgr A∗ (e.g., Event Hori-
zon Telescope Collaboration et al. 2019a,b,c,d,e,f, 2021, 2024;
Event Horizon Telescope Collaboration et al. 2025; Event Hori-
zon Telescope Collaboration et al. 2022a,b,c). Here, they are
used as reconstruction tools, as our primary goal is to evalu-
ate how different jet intensities and array configurations affect
the detectability of jet emission rather than to compare imag-
ing methods. Moreover, the imaging pipelines were not simply
applied with their standard settings used in previous EHT anal-
yses. Instead, the reconstruction parameters, calibration strate-
gies, and model priors were adjusted to improve sensitivity to
diffuse jet emission in the presence of a dominant ring compo-
nent. The specific settings adopted for each method are summa-
rized in Appendix E.

4. Results

We present the results of the jet-detectability analysis at EHT
frequencies. We first fixed a single observing campaign and
investigated how the detectability of jet emission changes as
the jet intensity is progressively reduced in order to identify a
lower detection limit. We then explored how this limit varies
across the different EHT observing campaigns considered. The
results shown here correspond to the b1-b2 dataset; a compari-
son assessing band consistency with b3-b4 is presented in Ap-
pendix A.3.

4.1. Jet detectability

To assess the jet detectability, we adopted the 2022 EHT array as
our reference configuration. It provides strong baseline coverage
through the reintroduction of the LMT, the availability of short
baselines in Europe and Arizona, and for the first time includes
an intermediate triangle of baselines (LMT–SMT–KP) sensitive
to angular scales relevant to jet emission. In Fig. 2 we show,
for each input model, the reconstructed images obtained with
the four imaging pipelines with the 2022 configuration. Similar
plots for the 2021 and near-future arrays are shown in Figs. A.1
and A.2, respectively. The rows show the three input models
and the columns show the truth image (first column) and recon-
structions (other columns). For a fair comparison across imaging
methods and input models, we place all images on a common ge-
ometric and flux density scale. On the truth images, we defined
fixed regions for the ring (red), jet (cyan), and counter-jet (ma-
genta) using the region file format of the SAOImage DS9 image
viewer, with the jet and counter-jet regions explicitly excluding
the ring. Because the centroid of a ring mask can be biased by
pixelization and brightness asymmetries, we refined the ring cen-
ter of the truth image by searching for the center that maximizes
the mean brightness within a ring-shaped annulus, with the in-
ner and outer radii of this annulus derived directly from the ring
region. Each reconstructed image is then resampled to the truth
pixel scale and aligned by shifting it so that its core position co-
incides with the truth ring center. After alignment, both the truth
and reconstructed images are normalized to a total flux of 1 Jy.
We then refer to the models as high-, mid-, and low-jet models.

Flux density recovery is quantified through a pixel-by-pixel
comparison between the reconstructed and truth images within
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Fig. 2: Jet recovery for the 2022 array configuration. Rows show the high-, mid-, and low-jet truth models, while columns display
the truth image and reconstructions obtained with the different imaging pipelines. All images are aligned to the truth and normalized
to a total flux density of 1 Jy. The red, cyan, and magenta regions indicate the ring, jet, and counter-jet, respectively. For each re-
construction, the recovered jet and counter-jet flux density ratios, RJ and RCJ, as well as the normalized cross-correlation coefficient,
ρNX, are reported in each panel. The intrinsic counter-jet contribution is non-negligible only in the high-jet model; in the mid- and
low-jet models, the counter-jet emission is much fainter (see Appendix B) .

the DS9 regions defined on the truth image. The recovery values
reported in the panels are defined as

RJ =

〈
Irec

Itruth

〉
J
, RCJ =

〈
Irec

Itruth

〉
CJ
, (1)

where Irec and Itruth denote the reconstructed and truth pixel in-
tensities, and the averages are taken over pixels in the jet and
counter-jet regions, respectively. To avoid artificially large ra-
tios from very faint pixels, we restrict the analysis to pixels with
Itruth > 0.02 Imax

truth, where Imax
truth is the maximum pixel intensity

of the truth image. For completeness, we also report the inte-
grated flux densities within the jet (FJ), counter-jet (FCJ), and
outside regions (Fout). These are computed by first summing the
pixel intensities within each region and then deriving the corre-
sponding flux density fractions. The resulting values are listed
in Table 1 (and in Tables A.1 and A.2). We note that FJ, FCJ,
and Fout are defined on the normalized 1 Jy images and there-
fore describe how the total flux is distributed among the selected
regions, rather than the intrinsic flux density of the input models,
which span 0.8, 1, and 3.6 Jy over the full FOV of 1 mas. In the
panels, we additionally report the normalized cross-correlation
coefficient (ρNX) between each reconstruction and the truth im-
age as a global similarity metric. Because this metric is domi-
nated by the bright ring emission, it primarily reflects the overall
image fidelity rather than the detailed structure of the faint jet.
The detectability of the jet is therefore mainly quantified through
the recovered jet flux density ratio (RJ), while the integrated flux

density outside the defined regions (Fout) serves as a diagnostic
of misplaced emission.

In the high-jet model, all imaging pipelines recover a large
fraction of the jet emission, with typical values of RJ ∼ 70 −
100% and ρNX ≥ 0.8. As the intrinsic jet brightness decreases,
the recovered jet flux density ratio systematically decreases, with
values of ∼ 65 − 80% for the mid-jet model and ∼ 50 − 70%
for the low-jet model. In contrast, the counter-jet is significant
only in the high-jet model, while in the mid- and low-jet mod-
els its true flux density is much weaker. As a result, RCJ is often
elevated and can exceed 100%, as even small amounts of recon-
structed emission translate into large relative values. This reflects
the intrinsically weak counter-jet signal, consistent with previous
VLBI studies of M87∗ (e.g., Ly et al. 2007; Walker et al. 2018).

This effect is also visible in Table 1, where elevated values
of FCJ and Fout indicate misplaced flux density in the counter-jet
and surrounding regions. The color scale adopted in Fig. 2, opti-
mized for the jet structure, further limits the visibility of the faint
counter-jet emission in the mid- and low-jet models. A clearer
view, together with additional details, is reported in Appendix B.

Among the tested imaging pipelines, Comrade provides the
most conservative flux recovery, while also maintaining high
ρNX and low Fout, and avoiding extreme counter-jet recovery. For
this reason, we adopted Comrade as a reference imaging pipeline
for the campaign comparison analysis presented in the follow-
ing section. Based on the overall imaging quality, we did not
consider jet models fainter than 0.8 Jy, as the imaging pipelines
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Table 1: Integrated flux densities for the 2022 EHT array.

Model Pipeline FJ [Jy] FCJ [Jy] Fout [Jy]
high-jet Truth 0.5347 0.0075 0.0098

Comrade 0.4423 0.0077 0.0600
Themis 0.5636 0.0147 0.1062
Resolve 0.4510 0.0330 0.1403
eht-imaging 0.4992 0.0582 0.1026

mid-jet Truth 0.2581 0.0060 0.0274
Comrade 0.1907 0.0088 0.0756
Themis 0.1802 0.0169 0.0799
Resolve 0.2129 0.0286 0.1015
eht-imaging 0.1900 0.0520 0.1333

low-jet Truth 0.1546 0.0053 0.0330
Comrade 0.1062 0.0079 0.0715
Themis 0.0976 0.0129 0.0462
Resolve 0.1234 0.0349 0.0909
eht-imaging 0.1145 0.0443 0.0623

Notes. The jet FJ, counter-jet FCJ, and outside Fout regions are defined
on the truth image shown in Fig. 2.

already exhibit clear difficulties in reliably recovering the jet at
this level (see Appendix A.2).

An additional concern is whether the recovery of the faintest
jet models is driven by the data or is instead influenced by
prior knowledge of the jet direction. Indeed, a reanalysis of the
2017 EHT data reported a core–jet morphology without a domi-
nant ring when deconvolution was restricted to predefined boxes
aligned with the known jet axis (Miyoshi et al. 2022). Without
these constraints, a reliable reconstruction of the jet structure and
orientation from the 2017 data alone is not possible. To avoid a
similar bias, we performed blind tests with different jet orien-
tations that were not disclosed to the imagers (Appendix A.2).
These tests show that the ring is robustly recovered even when
the jet direction is unknown, while recovering the jet structure
itself remains challenging, especially for the faintest models.

4.2. Array performance

After establishing the lower limit for jet detection, we investi-
gated how the recovery of the input models changes across ar-
ray configurations. As mentioned above, we adopted Comrade
as the reference imaging pipeline, as it provides reconstructions
that are representative for both jet and counter-jet structures and
exhibits the clearest trends across the different array configura-
tions. This choice allows us to investigate how the quality of the
reconstruction evolves across the considered observing epochs.
Figure 3 presents the relative uncertainty maps derived from the
Comrade posterior distributions, defined as the ratio between the
posterior standard deviation, σ, and the posterior mean inten-
sity, I, for the three input models and for the 2021, 2022, and
near-future arrays. For each configuration, the three columns
correspond to reconstructions assuming total flux densities of
3.6 Jy, 1 Jy, and 0.8 Jy, respectively. Darker regions correspond
to lower relative uncertainty (i.e., higher posterior confidence),
while brighter regions correspond to higher uncertainty. In all
cases, the relative uncertainty is lowest in regions close to the
ring and the jet base and increases toward fainter emission and
larger angular separations from the ring. This behavior is ex-
pected, as the relative uncertainty is inversely related to the lo-
cal signal-to-noise ratio of the reconstructed emission. Along the
jet direction, the emission is recovered with higher confidence

near the jet base, while the uncertainty increases progressively
toward the more extended regions of the jet. The figure shows
a clear improvement in the reconstruction of the dimmest input
models (1 Jy and 0.8 Jy) with increasing array capability. For the
2021 configuration, the relative uncertainty is overall higher, and
in the faintest models the jet-related contours appear detached
from the main jet structure. In contrast, the near-future configu-
ration exhibits more extended regions of reduced fractional un-
certainty, with contours that remain more closely connected to
the jet morphology even in the lowest flux density case. The
2022 epoch shows generally good performance and in particu-
lar for the highest-flux model displays darker and more extended
regions of low fractional uncertainty along the jet, indicating a
robust reconstruction. Even if the near-future configuration fur-
ther improves the posterior confidence of the reconstructed jet,
and both Comrade and Themis show improved reconstructions
compared to 2022 (see Appendix A.1 and Fig. A.2), this pro-
gression is not seen across all imaging pipelines. We attribute
this behavior to the near-future synthetic dataset, which includes
the introduction of KVN stations. As these stations are new to
the array, their inclusion introduces additional calibration com-
plexity, particularly in the presence of poor atmospheric condi-
tions (e.g., elevated precipitable water vapor). These effects are
reproduced in Symba and required additional flagging of scans
with low detection significance, particularly on the longest base-
lines. Therefore, we interpret the near-future results conserva-
tively, with some simulation parameters intentionally chosen to
be conservative rather than fully realistic, given that the instru-
mental properties of the new stations (e.g., station sensitivity)
and weather conditions are not yet characterized as well as in
the 2021 and 2022 configurations.

We emphasize that the relative uncertainty maps trace where
the posterior distribution is most tightly constrained and there-
fore indicate the confidence of the reconstruction. They do
not directly quantify how closely the reconstructed emission
matches the truth within the jet and counter-jet regions. This
comparison is instead provided by the recovery ratios discussed
in Sect. 4.1 and listed in Table 1. These metrics show how the
reconstructed emission is distributed among the ring, jet, and
surrounding regions, and can differ even when the overall mor-
phology is well constrained. Taken together, the two analyses
indicate that the 2022 array configuration provides the most bal-
anced combination of robust jet recovery and consistency across
imaging pipelines, while the near-future configuration yields the
highest reconstruction confidence for the faintest jet structures.

5. Conclusions

This work investigates the detectability of extended jet base
emission in M87∗ at EHT frequencies using synthetic observa-
tions generated with the Symba pipeline, which reproduces re-
alistic EHT observing conditions, noise properties, and calibra-
tion effects. By varying the intrinsic jet brightness and consider-
ing different imaging approaches and array configurations rep-
resentative of the 2021, 2022, and near-future observing epochs,
we assessed how jet-related emission is recovered under realis-
tic interferometric conditions. Recent analyses of the 2021 EHT
observations have provided the first constraints at 230 GHz on
faint, asymmetric emission on intermediate angular scales near
M87∗, suggesting the presence of weak jet-related structure close
to the ring (Event Horizon Telescope Collaboration et al. 2025;
Saurabh et al. 2026; Georgiev et al. 2026). These constraints
were possible thanks to the participation of NOEMA and KP,
which improved the array’s sensitivity to diffuse emission com-
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Fig. 3: Relative uncertainty maps, defined as σ/I, derived from the Comrade posterior distributions for the three models and observ-
ing campaigns. All maps are shown using the same FOV and color scale. Darker (brighter) regions correspond to a lower (higher)
relative uncertainty. White contours indicate intensity levels and increase by factors of 3, with the lowest displayed contour at 27σ .

pared to earlier EHT campaigns. Motivated by these results, we
adopted the 2021 configuration as the starting case for investi-
gating jet detectability.

Using both RML and Bayesian imaging methods, we find
that jet emission can still be recovered in the faintest model con-
sidered here, which has a total flux density of 0.8 Jy. At this level,
all imaging pipelines reconstruct a jet-like component, although
fainter emission would be expected to become increasingly sen-
sitive to noise and method-dependent effects. Blind imaging tests
confirm that, in this faintest case, recovering the jet remains chal-
lenging and is primarily limited by signal-to-noise. In these tests,
the jet orientation was not disclosed to the imagers, ensuring that
any recovered jet structure arises from the data rather than from
prior assumptions about its direction. The intrinsic counter-jet
contribution is negligible in the mid- and low-jet models, such
that even small amounts of misplaced emission can lead to large

apparent counter-jet recovery ratios. This highlights the need for
caution when interpreting counter-jet recovery metrics, particu-
larly when the signal is very weak.

To explore how array improvements affect jet detectabil-
ity, we then considered the 2022 configuration, which restores
the LMT and introduces the first closed triangle of intermedi-
ate baselines (LMT–SMT–KP). This configuration provides the
most balanced performance among those considered here, com-
bining robust jet recovery ratios with consistent behavior across
imaging pipelines. Finally, we examine the near-future array
configuration, which includes the additional KVN stations and
provides a more densely sampled (u, v) plane. In this case, the
Comrade uncertainty maps show improved posterior confidence
for faint jet structures, although these gains are not uniformly
realized across all imaging methods, likely reflecting increased
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calibration uncertainties associated with the introduction of new
stations.

Our simulations also place constraints on the brightness
of the horizon-scale jet. In models with total flux densities of
0.8–1 Jy, the jet produces detectable signatures in the synthetic
2021 EHT data. The absence of similarly strong features in
the real observations (Event Horizon Telescope Collaboration
et al. 2025) suggests that the jet emission on these scales is
likely fainter, consistent with the limits derived by Saurabh et al.
(2026).

A caveat of this work is that the adopted jet models do not
capture the ridge-brightened, knot-dominated morphology seen
in existing 86 GHz images of M87. The present analysis should
therefore be interpreted primarily as a study of diffuse inner-jet
detectability and is likely conservative with respect to flux de-
tection. If the true 230 GHz morphology is instead dominated
by compact bright knots, such features could remain detectable
even for lower total jet flux densities than in the models explored
here. More realistic morphologies, including recent ring-plus-
edge-brightened parabolic jet models developed to reproduce
the GMVA+ALMA observations (Gómez-Miller et al. 2026),
anisotropic nonthermal-electron models for limb-brightened jets
(Tsunetoe et al. 2025), and slow-light radiative-transfer calcu-
lations (Tsunetoe et al. 2026), could be tested within the same
simulation framework in future work.

We conclude that the improved intermediate-baseline cover-
age introduced in the 2022 EHT observation provides a stronger
test of inner-jet emission on the relevant angular scales than was
possible in 2021. If the inner jet contributes a substantial frac-
tion of the unresolved compact flux density, it should therefore
become more robustly detectable in post-2021 observations.

Upcoming analyses of the 2022 data will provide a direct test
of whether the inner jet is responsible for this missing flux den-
sity in M87∗. Future stations such as those in the Canary Islands
and Namibia will further enhance European (u, v) coverage and
provide additional intermediate baselines with PV and NOEMA,
improving phase information on large angular scales and en-
abling a more robust localization of the jet emission. Moreover,
future observations spanning multiple frequencies, epochs, and
stations are expected to further improve the detectability of the
jet base emission in M87∗.
Acknowledgements. We thank Boris Georgiev for useful discussions and the
anonymous EHT Collaboration internal reviewer for helpful comments.
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Appendix A: Additional tests

Appendix A.1: The 2021 and near-future configurations

In this section we extend the jet recovery analysis presented in
Fig. 2 to the 2021 and near-future EHT array configurations. The
same analysis procedure described in Sect. 4.1 is applied: all im-
ages are aligned to the center of the truth ring, normalized to a
total flux density of 1 Jy, and evaluated using fixed ring, jet and
counter-jet regions. Figures A.1 and A.2 show the reconstructed
images together with the corresponding jet and counter-jet re-
covery ratios (RJ and RCJ), expressed as percentages relative to
the truth model, and the normalized cross-correlation coefficient
ρNX. The overall behavior is consistent with that found for the
2022 configuration. In particular, the recovered jet ratio RJ de-
creases systematically from the high-jet to the low-jet model for
all imaging pipelines. The counter-jet ratios RCJ are generally
much larger and more variable. As discussed in Appendix B, the
intrinsic counter-jet emission in the mid- and low-jet models is
extremely weak, such that even small amounts of reconstructed
emission in this region can produce large RCJ values (see also Ta-
bles A.1 and A.2). The 2021 array generally provides the weak-
est jet recovery across the imaging pipelines. The comparison
between the 2022 and near-future configurations is less uniform.
In particular, Comrade and Themis tend to show slightly higher
recovered jet fractions for the near-future array, whereas this
trend is not consistently observed for Resolve and eht-imaging.
As discussed in Sect. 4.1, these differences should be interpreted
with caution. First, the near-future synthetic dataset was gen-
erated using conservative assumptions regarding station perfor-
mance and atmospheric conditions, which can limit improve-
ments observed. Second, the analysis presented in Figs. A.1
and A.2 is based on images normalized to the same total flux
density, which suppresses differences between observing cam-
paigns. As a result, the recovered flux density fractions are not
necessarily the most sensitive diagnostic for comparing array
performance across years. For this reason, in the main analy-
sis we complemented the flux density recovery metrics with the
relative uncertainty maps derived from the Comrade posterior
distributions (Fig. 3), which provide a more robust diagnostic of
the reconstruction confidence across the different array configu-
rations.

Appendix A.2: Blind tests

To assess whether the recovery of faint jet emission is driven by
the data or instead influenced by prior knowledge of the jet di-
rection, we performed a set of blind imaging tests. Figure A.3
shows the reconstructions obtained for two representative blind
tests, generated using the mid-jet and low-jet models with the
2022 array configuration. In both cases, the intrinsic jet orien-
tation was rotated and this information was not disclosed to the
imagers. All other aspects of the analysis were kept identical to
the main jet recovery study, including the array configuration,
alignment procedure, region definitions, and flux density nor-
malization. The recovered jet flux density ratio (RJ) and the nor-
malized cross-correlation coefficient (ρNX) are reported in each
panel. For the mid-jet model (first row), all imaging pipelines
recover a detectable jet component, with recovered jet ratios
typically in the range RJ ∼ 50 − 100%. Although the recon-
structed jet morphology is generally more diffuse than in the
non-blind case, it broadly follows the true jet direction, indi-
cating that the recovery is not driven by prior information. The
reconstruction becomes significantly more challenging for the

Table A.1: Integrated flux densities for the 2021 EHT array.

Model Pipeline FJ [Jy] FCJ [Jy] Fout [Jy]
high-jet Truth 0.5347 0.0075 0.0098

Comrade 0.4102 0.0174 0.0736
Themis 0.5186 0.0102 0.1322
Resolve 0.3919 0.0322 0.1659
eht-imaging 0.4683 0.0546 0.0934

mid-jet Truth 0.2581 0.0060 0.0274
Comrade 0.1959 0.0076 0.0585
Themis 0.1946 0.0110 0.0829
Resolve 0.1802 0.0223 0.1046
eht-imaging 0.1593 0.0394 0.0999

low-jet Truth 0.1546 0.0053 0.0330
Comrade 0.1118 0.0058 0.0644
Themis 0.1146 0.0070 0.0562
Resolve 0.0941 0.0176 0.0836
eht-imaging 0.0724 0.0309 0.0660

Table A.2: Integrated flux densities for the near-future EHT ar-
ray.

Model Pipeline FJ [Jy] FCJ [Jy] Fout [Jy]
high-jet Truth 0.5347 0.0075 0.0098

Comrade 0.4690 0.0080 0.0571
Themis 0.5942 0.0102 0.0540
Resolve 0.3497 0.0311 0.1864
eht-imaging 0.4522 0.0615 0.1389

mid-jet Truth 0.2581 0.0060 0.0274
Comrade 0.2138 0.0078 0.0628
Themis 0.2391 0.0110 0.0522
Resolve 0.1711 0.0240 0.1130
eht-imaging 0.1544 0.0437 0.1144

low-jet Truth 0.1546 0.0053 0.0330
Comrade 0.1214 0.0077 0.0619
Themis 0.1419 0.0089 0.0356
Resolve 0.1027 0.0229 0.0857
eht-imaging 0.0725 0.0357 0.0775

low-jet model (second row). In this case, most imaging pipelines
struggle to recover a coherent jet morphology, with fragmented
or weak jet-like features and reduced ρNX values. Among the
tested methods, Comrade most consistently recovers a jet mor-
phology that resembles the truth model, while the other imag-
ing pipelines show larger deviations. These blind tests confirm
that jet recovery at low intrinsic jet flux density is primarily lim-
ited by signal-to-noise, leading to increasingly fragmented and
method-dependent reconstructions. This result further supports
our choice of 0.8 Jy total flux density as a practical threshold for
reliable jet detectability at this observing frequency, since mod-
els with fainter jets would likely yield increasingly unreliable
and method-dependent jet features.

Appendix A.3: Bands consistency

To increase the sensitivity of the array, we combined EHT bands
1 and 2 and bands 3 and 4. In this section we test the consistency
of our results by repeating the jet recovery analysis using the in-
dependent b3–b4 band pair. We find that the jet detection limit
remains unchanged when using the b3–b4 dataset. Figure A.4
shows the reconstructions for the low-jet model using the 2022
array configuration, where the first and second rows correspond
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Fig. A.1: Jet recovery for the 2021 array configuration. The layout and annotations follow Fig. 2. All images are aligned to the truth
and normalized to 1 Jy.

to b1-b2 and b3-b4, respectively. The recovered jet flux density
ratios and ρNX are generally consistent with those obtained for
the b1–b2 combination, confirming a good agreement between
the two band pairs. This consistency indicates that our conclu-
sions on jet detectability are independent of the choice of band
combination. While the current study uses band combinations
at 230 GHz (b1–b2 and b3–b4), ongoing efforts to extend EHT
observations to higher frequencies (e.g., 345 GHz) and wider
bandwidths are expected to provide even better constraints on
jet morphology and flux density recovery.

Appendix B: Counter-jet detectability

Figure B.1 shows the three truth models (high-, mid-, and low-
jet) displayed with identical intensity scaling. The red contour
marks the ring region used for normalization, and the magenta
contour marks the counter-jet (CJ) region. In each panel, we re-
port the counter-jet flux density fraction relative to the ring,

F truth
CJ =

∑
p∈CJ Itruth(p)∑

p∈ring Itruth(p)
, (B.1)

where p indexes image pixels and negative pixel values are ex-
cluded from the sums. We find F truth

CJ = 5.2%, 1.1%, and 0.7% for
the high-, mid-, and low-jet models, respectively, indicating that
the counter-jet contribution rapidly becomes negligible. In con-
trast, the jet flux density fractions remain significant, with F truth

J
of approximately 71% and 33% for the mid- and low-jet models,
highlighting the strong asymmetry between jet and counter-jet
emission. As a consequence, even modest reconstructed emis-
sion in the counter-jet region can translate into large relative val-
ues. This explains why some imaging pipelines yield elevated

counter-jet ratios, despite the intrinsically weak counter-jet sig-
nal. More generally, this highlights the need for caution when
interpreting counter-jet flux density measurements, including in
analyses of real EHT data.

Appendix C: Closure phases

Closure phases are interferometric observables formed by sum-
ming phases around closed baseline triangles. They are indepen-
dent of station-based phase errors and therefore provide a robust
probe of source asymmetry and extended emission in EHT ob-
servations. Closure phases have been extensively used to study
deviations from azimuthal symmetry in M87∗, including signa-
tures associated with jet base emission (e.g., Chael et al. 2016;
Event Horizon Telescope Collaboration et al. 2019a; Saurabh
et al. 2026; Georgiev et al. 2026). In this work, closure phases
are used as a consistency check between the synthetic data and
the reconstructed images for models with different intrinsic jet
brightness. Figure C.1 presents representative closure triangles
for the synthetic datasets considered here, covering the 2021,
2022, and near-future array configurations and the three input
models with progressively fainter jets. For each observing year,
a single representative closure triangle is shown, chosen to re-
flect the evolution of the array configuration and the introduction
of new stations. Specifically, we show the ALMA-PV-NOEMA
triangle for 2021, the LMT-SMT-KP triangle for 2022, and the
KY-PV-NOEMA triangle for the near-future case. Recent clo-
sure phase studies of M87∗ with the 2021 array have shown that
specific high-sensitivity triangles, such as ALMA–SMT–KP and
ALMA-PV-NOEMA, are interpreted as signatures of faint asym-
metric emission on intermediate spatial scales (Saurabh et al.
2026; Georgiev et al. 2026). In our synthetic data, the same tri-
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Fig. A.2: Same as Fig. A.1 but for the near-future array configuration.

Fig. A.3: Blind tests using the 2022 configuration and the mid- and low-jet models. The layout and annotations follow Fig. 2. All
images are aligned to the truth and normalized to 1 Jy.

angles show similar closure phase behavior. As discussed above,
the LMT–SMT–KP triangle introduced in the 2022 configura-
tion represents the first closed triangle of intermediate baselines
probing compact and jet base angular scales in M87∗. Finally,
the KY–PV–NOEMA triangle was chosen as a representative
example of increased redundancy in the expanded near-future ar-
ray. Figure C.1 also shows that closure phase deviations increase
with jet brightness, with the strongest jet model producing the
largest deviations.

Appendix D: M87∗ EHT coverage

As explained in the main text (Sect. 2), the EHT array has un-
dergone continuous upgrades since the 2017 observations that
produced the first image of M87∗. In Fig. D.1, we illustrate the
evolution of the M87∗ (u, v) coverage over the years, highlighting
in different colors the additional telescopes incorporated into the
array. The 2017 coverage is shown as gray points and serves as a
reference baseline. The inclusion of GLT (brown points) repre-
sents a particularly important upgrade for M87∗ observations, as
it provides long north–south baselines that significantly improve
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Fig. A.4: Bands consistency test using the 2022 configuration and the low-jet model. The layout and annotations follow Fig. 2. All
images are aligned to the truth and normalized to 1 Jy.

Fig. B.1: Counter-jet emission in the truth models. The reported counter-jet flux density fraction is computed relative to the ring
emission (red contour).

angular resolution (Event Horizon Telescope Collaboration et al.
2024). Subsequent expansions of the array in 2021, 2022, and
the near-future are shown using the same color scheme adopted
in Fig. 1 of the main text. As mentioned above, these later addi-
tions mostly contribute to shorter baselines, leading to a progres-
sively denser filling of the central (u, v) plane. However, the short
baselines (. 1 Gλ) remain relatively sparse, which continues to
limit the sensitivity to diffuse jet emission. Future expansions of
the array will therefore be important for improving the detection
of faint jet structures.

Appendix E: Imaging pipeline setup

Appendix E.1: Comrade

Comrade is a differentiable Bayesian modeling package de-
signed to model generic VLBI data, including sparse EHT data,
written in julia. The latest version of Comrade tackles VLBI im-
age reconstruction using hierarchical Bayesian priors, produc-
ing posteriors on the direct imaging parameters, model hyper-
parameters like the raster point correlation coefficients, and
instrument parameters like the telescope gain amplitudes and

phases. The particular model used in this work is similar to the
parameterized raster model described in Broderick et al. (2020)
and Tiede (2022), and discussed in detail in Tiede et al. (2026).
The image model is parameterized as a stochastic process con-
sisting of a rasterized mean image structure with some correla-
tion. The prior image for this paper was assumed to be a ring,
with a Gaussian mean random field applied as "noise" to mod-
ulate the emission. The instrument parameters (gain amplitudes
and phases) were fit simultaneously with the image parameters.
The reconstruction region was restricted to an FOV of 1 mas; to
avoid artifacts from the un-modeled intrasite baselines (provid-
ing image information at approximately arcsecond scales), we
removed visibilities below 0.05 Gλ and only fit the remainder.
We fit the scan-averaged complex visibility data with an addi-
tional 2% fractional systematic uncertainty meant to reflect un-
resolved calibration artifacts like leakage and/or coherence loss
(Event Horizon Telescope Collaboration et al. 2019c, 2024).
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Fig. C.1: Representative closure phase triangles considered in this work. Rows correspond to the three input models with progres-
sively fainter intrinsic jet emission, while columns show the 2021, 2022, and near-future EHT configurations.

Appendix E.2: Themis

Themis is a modular Bayesian parameter estimation framework
developed to directly compare parameterized models to VLBI
data products produced by the EHT, primarily written in C++
and designed to be used on large-scale high-performance com-
puting (HPC) systems. The particular parameterized model used
in the work is composed of an analytically defined geometric
crescent to model the bright ring, an adaptive spline raster grid
to model arbitrary emission around the ring, and a large-scale
asymmetric Gaussian to model the emission at the largest scales.
Posteriors on each model component are sampled using an adap-
tive parallel tempered Hamiltonian Monte Carlo sampler. The
instrument gains for each telescope are recovered via optimiza-
tion in each model evaluation step. This particular model has
been used in the analysis of the 2017 (Broderick et al. 2022b)
and 2018 M87∗ (Event Horizon Telescope Collaboration et al.
2024) data. The model used in this work is identical to the "hy-
brid themage" model described in Sect. 6.2.1 of Event Horizon
Telescope Collaboration et al. (2024), except that this paper uses
a 7x7 raster instead of a 5x5 raster, since the near-future cov-
erage supports additional model complexity. The model priors
used here are the same as those described in Appendix J of
Event Horizon Telescope Collaboration et al. (2024). The syn-
thetic data were also processed in the same way as done in Event
Horizon Telescope Collaboration et al. (2024), in that we fit to
scan averaged complex visibilities, with 2% additional fractional

systematic uncertainty in quadrature with the thermal uncertain-
ties, similar to the Comrade reconstructions.

Appendix E.3: Resolve

Resolve is a Bayesian imaging framework for radio interferom-
etry that has been used in VLBI imaging of both M87∗ and
Sgr A∗ (Arras et al. 2022; Knollmüller et al. 2023; Kim et al.
2024, 2025). Resolve objective is to infer the posterior distribu-
tion of the sky brightness I, given the interferometric visibility
data V , by using the negative logarithm of Bayes’ theorem. This
results in H(I|V) = H(V |I) + H(I) − H(V), where H denotes
the negative logarithmic probability, also known as the informa-
tion Hamiltonian. H(V |I) represents the negative log-likelihood
and enforces data fidelity, while H(I) encodes prior information
about the image structure. The evidence term, H(V), is indepen-
dent of I and can therefore be neglected during optimization. We
modeled the brightness distribution and the instrumental calibra-
tion parameters as Gaussian processes with a correlation kernel
that is inferred jointly during the optimization. This approach
enables adaptive regularization directly from the data. For ini-
tialization, the reconstruction starts with a Gaussian brightness
distribution of 30 µas × 30 µas, where we assumed 0.0 system-
atic noise. We utilized a sky model covering an FOV of 1050 by
1050 µas using 500 by 500 pixels. During inference, 16 pairs of
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Fig. D.1: Projected (u, v) coverage of M87∗ at 230 GHz, illus-
trating the incremental expansion of the EHT array since 2017.
Gray points show the baseline coverage of the 2017 configura-
tion, while colored points highlight additional baselines intro-
duced in subsequent observations.

antithetic samples are used per iteration to efficiently estimate
the latent parameters and their variance.

Appendix E.4: eht-imaging

Regularized maximum likelihood imaging reconstructs an image
by combining constraints from the data with prior assumptions
about the source structure, such as smoothness, sparsity, or en-
tropy. This is formulated as an optimization problem in which a
weighted sum of data fidelity terms and regularization function-
als is minimized:

Î = arg min
I

∑
d

αdχ
2
d(I) +

∑
x

βxRx(I)

 . (E.1)

The eht-imaging library provides a direct implementation of this
framework. For a detailed overview of the standard regulariza-
tion terms applied for analyses within the eht-imaging framework
(and for RML methods in general), we refer to Event Horizon
Telescope Collaboration et al. (2019d) and Event Horizon Tele-
scope Collaboration et al. (2025, see their Table C.1).

The reconstruction depends on the choice of hyperparame-
ters αd and βx (which control the trade-off between agreement
with the data and adherence to prior assumptions), as well as an
iterative optimization strategy including blurring the guess solu-
tion, re-initializing and iterative self-calibration. In earlier work,
the hyperparameters αd and βx were explored through system-
atic surveys over a range of geometric source models (e.g., Event
Horizon Telescope Collaboration et al. 2019d). For the purpose
of jet detection, however, we noticed that heuristical pipeline
choices (such as the addition of systematic noise, how to handle

the zero-baseline flux, the iterative phase self-calibration, and
the re-initialization of the imager) dominate the imaging perfor-
mance over hyperparameter choices.

In the present study, therefore, we manually adjusted
pipeline heuristics and regularization weights to the best of our
knowledge, and performed only a limited parameter exploration.
For the initialization, we first fit a simple parametric model con-
sisting of an asymmetric ring and an elliptical Gaussian. This
was achieved via a grid search over ring diameter, asymmetry,
and position angle, as well as Gaussian flux, size, and orienta-
tion. The resulting model was then used for self-calibration, after
which the full eht-imaging reconstruction procedure was applied.

Appendix F: Synthetic data generation

The synthetic datasets used in this work were generated with
Symba (Roelofs et al. 2020), which combines MeqSilhouette
(Natarajan et al. 2022) for realistic data corruption with the rPI-
CARD pipeline (Janssen et al. 2019) for calibration. For each
configuration, Symba was driven by inputs reflecting the actual
or expected observing conditions, so that the resulting (u, v) cov-
erage, noise properties, and residual calibration errors reproduce
those of real EHT data as closely as possible.

For the 2021 configuration, we adopted the M87∗ observ-
ing schedule, station list, and system equivalent flux densities
(SEFDs) of the 2021 EHT campaign (Event Horizon Telescope
Collaboration et al. 2025). Atmospheric corruptions, including
opacity, sky temperature, and phase fluctuations, were computed
by MeqSilhouette from the precipitable water vapor, ground
temperature, and ground pressure recorded at each site during
the campaign night. For the 2022 configuration, the same proce-
dure was followed using the corresponding schedule, station list,
now including the LMT, SEFDs, and site-specific weather logs.
For the near-future configuration, the schedule was built by ex-
tending the 2022 schedule with additional scans on the KVN sta-
tions. For all stations except KY and PC, the 2022 weather logs
and SEFDs were retained. For the new stations, we adopted rep-
resentative seasonal precipitable water vapor values and SEFDs
based on comparable stations since the instrumental properties
of KY and PC at 230 GHz are not yet fully characterized. Low-
S/N scans on the longest KVN baselines were flagged when their
detection significance fell below the rPICARD fringe-detection
threshold. A more realistic characterization of the KVN stations
at 230 GHz will be possible once dedicated observations become
available and may improve the jet detection performance pre-
sented here.
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