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Abstract

We present new observations from JWST that reveal a striking kiloparsec-wide cavity in the stellar distribution of
the central galaxy in the cluster A402. Supporting data from the Hubble Space Telescope (HST) allow us to rule
out extinction due to dust as an explanation, and instead, suggest that this is a localized depression in the stellar
density field corresponding to ~2 x 10° M, in missing stars within a volume of 0.5 kpc®. On larger scales, both
the JWST and HST data show evidence for a 2.2 kpc flattened core in the stellar distribution (on which the
smaller-scale cavity is superimposed), which implies the presence of a central ultramassive black hole with
Mgy ~ 5 x 10" M. We report evidence for a mid-IR-bright point source at one edge of the cavity, suggesting
that this black hole is actively accreting. MUSE spectroscopy reveals that this source is a low-ionization nuclear
emission-line region active galactic nucleus (AGN) and that there is a second candidate AGN on the opposite side
of the cavity with a relative velocity of 370 km s~ '—if real, this implies the presence of a klloparsec separation
dual AGN with a total binary mass of 6 + 2 x 10'° M, which would make this the most massive binary black
hole system discovered to date. We propose that this unique stellar cavity is the result of a short-lived dynamical
interaction between at least one supermassive black hole and the background stellar density field, caused either by
three-body scattering during binary hardening or the induction of a dipole instability in the stellar density field.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Galaxy nuclei (609); Supermassive black holes
(1663); Astrophysical black holes (98)
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harbor a central SMBH, the merger of black holes is hence
anticipated to occur frequently as well. In particular, at late
times, massive galaxies at the centers of clusters are expected
to be the site of active merger events (J. Dubinski 1998; G. De
Lucia & J. Blaizot 2007).

For two SMBHs to merge, they first need to shed sufficient
orbital angular momentum to shrink their orbit to a sufficiently
small separation such that gravitational wave emission can
carry away the remaining orbital energy in less than the age of
the Universe. While such gravitational waves from a merging
supermassive black hole binary have yet to be detected,
recently NANOGraV and other pulsar timing array experi-
ments have reported evidence for the existence of a stochastic
gravitational wave background from the collective merging of
binary black holes in galactic nuclei (G. Agazie et al. 2023). It
is believed that the initial stage of this process, before
gravitational waves become important, involves three-body
scattering with stars, which would lead to the “scouring” of the
stars and dark matter in the inner approximately kiloparsec of
the most massive galaxies (M. Frigo et al. 2021; 1. T. Nasim
et al. 2021; N. Khonji et al. 2024). This deficit of stars can be
further enhanced if the merger induces a recoil on the remnant,
which would remove the SMBH from the center of the
gravitational potential and lead to a rapid expansion of stellar
orbits behind it (M. Boylan-Kolchin et al. 2004; M. Favata
et al. 2004; 1. T. Nasim et al. 2021; N. Khonji et al. 2024).

Such large, diffuse cores in the stellar distribution have been
observed in several massive galaxies (M. Postman et al. 2012;
P. Bonfini & A. W. Graham 2016; J. Thomas et al. 2016;
A. Rantala et al. 2018; K. Mehrgan et al. 2019), and it has been
argued that the physical size of the observed core can be
directly related to the mass of the black hole that likely created
it. Indeed, the masses of some of the most massive SMBHs
have been deduced from the sizes of the core regions carved
out by them in their host galaxy light profiles (M. Postman
et al. 2012; B. T. Dullo 2019). This relation hinges on the idea
that the core was formed via dynamical interactions with a
binary SMBH, either during or after the merger. Despite
significant observational effort expended studying cores in
massive galaxies and on the theory side predicting mechanisms
for their formation, there remains little direct observational
support for this picture—the only system for which a binary
SMBH has been directly detected to be altering the stellar
distribution is NGC 5419 (B. Neureiter et al. 2023). In this
system, two closely separated point sources appear to be
driving kinematic disturbances in the stellar distribution,
which will eventually lead to the formation of a flattened
core. In addition, these large, flat stellar cores may be
dynamically unstable, as shown by S. Dattathri et al.
(2025b), leading to the development of a long-lasting dipole
in the stellar distribution. This dipole arises from the sharp
transition between the flat inner core and steep outer profile,
and could lead to off-center central supermassive black holes
due to the interaction of the black hole and the stellar dipole.
Such off-center black holes have been observed in a variety of
lower-mass systems (e.g., B. Binggeli et al. 2000; A. E. Reines
et al. 2020; M. Mezcua & H. Dominguez Sinchez 2024).
Given that stellar dipoles have not been observed in any of the
known flat core systems, it may be that they are too weak to
detect or that there is a mechanism to suppress them.

Here, we present observations of the central galaxy in A402,
which is a massive galaxy cluster at z=0.322. This work
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makes use of new imaging data from the JWST Near Infrared
Camera (NIRCam), which reveals a kiloparsec-scale cavity
embedded in a large diffuse core at the center of the galaxy.
This cavity was previously reported by A. Repp & H. Ebeling
(2018), based on Hubble Space Telescope (HST) observations,
and was speculated to be a patch of dust near the galaxy center.
With these new data, we present compelling evidence that this
is, in fact, an absence of stars, and argue that it is most likely
due to dynamical interactions with a merging pair of SMBHs.
This Letter is structured as follows: in Section 2, we present
the data that is used in this work; in Section 3 we present a
photometric analysis of the stellar cavity; in Section 4 we
present a photometric analysis of the diffuse core and a central
supermassive black hole estimate, in Section 5 we present a
spectroscopic analysis of two candidate AGN on either side of
the cavity; and in Section 6 we present three possible scenarios
for the formation of the stellar cavity that are consistent with
the observations.

Throughout this work, we assume a ACDM cosmology,
with Hy = 70 km s~ Mpc™', Q,, = 0.3, and Q, = 0.7. All
error bars are 1o confidence intervals, unless explicitly stated
otherwise.

2. Data

This Letter makes use of new and archival data from a
variety of telescopes, which we describe below. We limit this
section to the description of the data acquisition and basic
reductions, and will discuss the details of our analyses in
subsequent sections where appropriate. We also defer discus-
sion of supporting multiwavelength data in the radio and X-ray
to the discussion at the end of this Letter, once their motivation
is clear.

2.1. Optical/IR Imaging: JWST and HST

This work makes use of new imaging data from the JWST
Near Infrared Camera (NIRCam) at short (F150W2) and long
(F322W2) wavelengths from the JWST SLICE (Strong
Lensing and Cluster Evolution) program #5594 (PIL:
G. Mahler). These data were reduced using a custom pipeline
developed for these shallow survey data, which is described in
full detail in other papers (C. Cerny et al. 2025; J. R. Rigby
et al. 2025). We briefly describe the JWST data reduction
process here. We utilize Level 1b products from MAST using
an STScl-adapted custom Python script. For data reduction, we
employ scripts modified from the default JWST pipeline
v1.15.1 and the Calibration Reference Data System pipeline
mapping 1303. We process Level 2A data products to apply a
custom de-striping algorithm to correct for 1/f noise and
jumps between amplifiers. We then run the de-striped images
through the same modified pipeline to generate Level 3
F150W2 and F322W2 dithered science-ready mosaics. The
filters are World Coordinate System matched to Gaia as per the
specifications of the default pipeline. For more details on the
various steps and systematics involved in this process, please
refer to the complete description of the custom pipeline
(J. R. Rigby et al. 2025).

We supplement these near-infrared imaging observations
with archival imaging data from the HST Advanced Camera
for Surveys (ACS) and Wide Field Camera 3 (WFC3) in the
F606W, F814W, and F110W filters, yielding high angular
resolution five-band imaging spanning 0.5-4 um over the
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Figure 1. Multiwavelength observations of the central galaxy in A402. Left: three-color image of the cluster core based on data from HST and JWST (north is up,
east is left). Upper right: zoom-in of the inner 2” x 2" of the central galaxy in A402. This zoomed image reveals a 0725 wide cavity in surface brightness, as well as a
bright point source on the western edge of the depression. Lower right: images of the inner region of the central galaxy in five different filters at four different epochs.
The point source (depicted with a white pointer in all panels) is brightest in the redder JWST band, where the combination of the bright point source and degraded

PSF obscures the presence of any cavity.

cluster core. These data were obtained with the WFC-ACS
camera (F606W, F814W) and with the WFC3-IR camera
(F110W), and were previously published by A. Repp &
H. Ebeling (2018). We reduce these data using the standard,
automated MAST pipeline, which is sufficient for the purpose
of this study (aperture photometry and morphological
comparison between bands).

2.2. Optical Spectroscopy: MUSE

MUSE (R. Bacon et al. 2010) observations of A402 were
obtained between 2017 September and 2019 September, as
part of the MUSE Guaranteed Time Observations Lensing
Clusters program (PI: J. Richard). The full dataset consists of
30-1000 s exposures, all centered around the brightest cluster
galaxy (BCG). All data were taken in Wide-Field mode using
the nominal (N) wavelength range. However, the first six
exposures were acquired without ground-layer adaptive optics
(WFM-NOAO-N mode), while all subsequent exposures used
the AO system (WFM-AO-N mode). However, due to the
excellent conditions on these nights, the ground-layer correc-
tion was minimal, and there was virtually no difference in the
delivered image quality between these observations. As such,
we combine all observations in our analysis. These data were
reduced following standard procedures as described in
previous works (J. Richard et al. 2021; D. J. Lagattuta
et al. 2022).

Spectral modeling was performed in narrow wavelength
intervals around emission lines. We choose a relatively
featureless and emission-line-free region of the central galaxy
to extract a continuum spectrum, and then include the
normalization of this continuum as a free parameter in our

models. We combine this one-parameter continuum model
with a series of Gaussians to represent emission lines. We fit
each emission line independently over a narrow (~50A)
interval, allowing the line position, width, and flux to vary
independently for each line. In general, the observed emission
lines are quite high signal to noise, and are, thus, relatively
insensitive to choices in methodology. Where errors are
quoted, these represent bootstrapping errors over the measured
uncertainties, continuum models, and initial conditions.

3. A Kiloparsec-wide Cavity in the Stellar Distribution of
A402-BCG

Figure 1 shows the central galaxy in A402, as observed by
HST and JWST. At the very center of this galaxy are two
distinct features: a bright pointlike source at the galaxy center,
and a kiloparsec-wide dark region to the east of this source.
The point source is brightest in the redder NIRCam band
(F322W2) and has a strong wavelength dependence character-
istic of an AGN. The dark region was first identified in
observations with HST, and was speculated to be a patch of
dust near the center of the galaxy (A. Repp & H. Ebeling
2018). However, the fact that this feature is still present in
near-infrared data from JWST—which should be largely
unaffected by dust—presents a major challenge for this
interpretation. In the Appendix, we demonstrate that the cavity
and point source are present and consistent in position and
morphology at all wavelengths, and that the subtle differences
between these five panels can be attributed to a strongly
wavelength-dependent point source and a varying point spread
function (PSF) across the five bands, leading to an apparent
filling in of the cavity at F110W and F322W2.
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Figure 2. Left: comparison of the dark patch in A1060-BCG and A402-BCG. In the upper row, we show F555W and F110W observations of the central galaxy in
A1060 (z = 0.012), which has a well-known ring of dust in the inner kiloparsec. The F555W image has been smoothed and rebinned to match the F110W image. In
the right column, we show the ratio of these two images, which highlights the wavelength-dependent intensity of the dust ring. In the middle row, we have simulated
how A1060 would appear at z = 0.3 by adjusting the binning/smoothing based on the larger angular diameter distance—the dust ring now appears to be an
unresolved cavity in the galaxy center, similar to what is observed in A402. The dust feature is still highly significant in the ratio image. In the bottom panel, we show
A402, where we have smoothed and rebinned the F150W2 data to match the F6O6W image. In this case, the ratio image contains no structure, suggesting that the
observed cavity is missing stars, rather than dust. Right: Intensity of the dark patch compared to the expectation value from a symmetric model, as a function of
wavelength for A402-BCG (diamonds) and A1060-BCG (orange circles). This figure shows that the constant depth of the cavity in A402 with wavelength (dashed
line) is inconsistent with predictions from extinction models. We compare to the standard models for the Milky Way (blue; J. A. Cardelli et al. 1989) and for the
starburst galaxies (red; D. Calzetti et al. 2000), but also compare to eight models that span different regions in the LMC, SMC, Milky Way, M31, and M33 (green;
K. Gordon 2024). All of these models predict a factor of ~4 difference in rest-frame extinction between the F150W2 and F606W bands. In contrast, the feature in
A1060-BCG is fully consistent with dust. We also compare to a simple model in which we remove a cylindrical volume of stars from the midplane of the galaxy,
with spectral shape based on the measured color gradient of the galaxy—this model (in gray) describes the data excellently.
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In Figure 2, we contrast the central galaxy in A402 with the
central galaxy in the nearby cluster A1060 (z = 0.012), which
has a well-known dust ring at its center (S. Laine et al. 2003).
When we simulate the appearance of A1060 at z = 0.3 (the
redshift of A402), the dust ring appears as an unresolved
“cavity” in the galaxy center, similar to that in A402.
However, in A402, the integrated intensity of the dark patch
is independent of wavelength. Dust models (e.g., J. A. Cardelli
et al. 1989; E. L. Fitzpatrick 1999; D. Calzetti et al. 2000)
predict that, given the depth of the feature in the F150W2
band, the F606W band should have a factor of 4 times more
absorption than is observed—this is indeed what we observe in
A1060. This is highlighted in the right panel of Figure 2,
where we estimate the amount of missing flux in the dark
patches of A402 and A1060 as a function of wavelength. This
figure makes it clear that the feature in A402 is inconsistent
with dust models. Instead, the data is well fit by a model that
mimics the removal of stars within 0.5 kpc of the midplane of
the galaxy by taking the ratio of the projected light along two
different paths (see Appendix A.l for more details). We note
that this feature cannot be produced by gas, which would
require ionized gas densities that are unrealistically high
(n, ~ 100 cm ). Likewise, it could not be produced by nearby
macroscopic absorbers (e.g., asteroids), which would move on
the sky on timescales of decades (the cavity was first observed
in 2006), or distant macroscopic absorbers, for which one
would need to invoke unrealistic distributions of solid objects
that violate the mass budget of the Universe.

Having ruled that absorption due to dust is inconsistent with
the data, we conclude that the dark region in Figure 1 is a
cavity in the stellar distribution. To estimate the missing stellar
mass in the kiloparsec-wide cavity, we utilize the image
decomposition described in Appendix A.l, which yields an
analytic model for the cavity as a function of wavelength. We
fit the spectral energy distribution (SED) of the cavity as
described in Appendix A.2, finding that the total stellar mass
that is contained in this negative-intensity component is
My caviy = 2.1 £0.9 x 10° M_,, which represents <1% of the
total stellar mass of the galaxy. This estimate does not
include the mass in dark matter that would be associated with
these missing stars, which may account for an additional
~10°-10"° M., depending on the underlying shape of the dark
matter profile.

Removing such a large, concentrated mass in stars and dark
matter requires dynamical interactions with a scatterer of
roughly equal or greater mass. As described in Section 1,
dynamical interactions can produce such a signature in three
distinct ways: (i) three-body interactions during the “hard-
ening” of the SMBH binary would scatter nearby stars to either
highly eccentric or unbound orbits (A. Rantala et al. 2018;
M. Frigo et al. 2021; I. T. Nasim et al. 2021; N. Khonji et al.
2024), (ii) a stalled SMBH binary in a flat stellar density field
can induce a dipole instability in the distribution of stars which
can appear as a cavity for certain geometries (S. Dattathri
et al. 2025b,a; F. C. van den Bosch & S. Dattathri 2026), or
(iii) the recent merger of two SMBHs could induce a recoil in
the remnant, effectively removing the SMBH from the center
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of the gravitational potential and leading to a rapid expansion
of stellar orbits within its (now evacuated) sphere of influence
(M. Boylan-Kolchin et al. 2004; M. Favata et al. 2004;
I. T. Nasim et al. 2021; N. Khonji et al. 2024) or, if the SMBH
does not reach the escape velocity, inducing a sloshing motion
in the core which can transfer energy and angular momentum
to stars in the core. To determine which, if any, of these
scenarios are realistic for A402, we must first establish the
presence and infer the properties of any central SMBHs.

4. A Large Core Indicating the Presence of an
Ultramassive Black Hole

The presence of a large, diffuse core in the center of a
massive galaxy is often used as direct evidence for the
presence of a supermassive black hole (e.g., M. Postman et al.
2012; P. Bonfini & A. W. Graham 2016; J. Thomas et al. 2016;
A. Rantala et al. 2018; K. Mehrgan et al. 2019). Assuming that
these cores are formed via scouring by merging supermassive
black holes, the extent of the core (i.e., the “break radius”) can
be used as a proxy for black hole mass (e.g., T. R. Lauer et al.
2007; J. Kormendy & R. Bender 2009; B. T. Dullo 2019).
When performing the two-dimensional modeling of the central
galaxy to extract the properties of the cavity and central point
source (see Appendix A.l1), we found that the best-fitting
model was the “Nuker” profile (T. R. Lauer et al. 1995), with a
major axis break radius at FIS0W2 of 15.3 pixels (0.48 or
2.2 kpc). This flat core model, when combined with a point
source and a cavity (see Appendix A.1), yields an excellent fit
to the data with no strong residuals. This break radius is among
the largest ever measured, with the largest core radii measured
to date being 2.7kpc in A2261-BCG (B. T. Dullo 2019),
3.8kpc in IC 1101 (B. T. Dullo et al. 2017), and 4.1 kpc in
Holm 15A (K. Mehrgan et al. 2019). We consider two scaling
relations between the break radius and the black hole mass,
from J. Thomas et al. (2016) and B. T. Dullo (2019). These
relations yield black hole masses of 4.671%% x 109 M and

5.0732 x 10'° M., respectively. The uncertainty in both of
these cases comes from the uncertainty in the scaling relation.

Rather than relying on a model fit to the imaging data, we
can also consider a one-dimensional surface brightness profile
to assess the degree to which the central light distribution is
flattened. In Figure 3, we show a one-dimensional surface
brightness profile computed from an elliptical wedge centered
on the central point source and with a shape matching the
large-scale isophotal ellipticity (see inset in Figure 3). This
wedge extends to the west, avoiding the stellar cavity entirely.
We correct the measured surface brightness profile in the
F150W2 band for cosmological dimming (o< (1 + 2%, and
convert from the FIS0W2 band in the observed frame to the V
band in the rest frame, assuming a 10 Gyr old simple stellar
population. This allows us to directly compare to profiles from
B. T. Dullo et al. (2017) and B. T. Dullo (2019), which are
provided in the same bandpass. These comparison profiles
comprise the most extended cores known, most of which are
considerably less cored than A402-BCG. This comparison
confirms the presence of a large, diffuse core in A402-BCG,
which is consistent in size and surface brightness with the
exceptionally large core detected in IC 1101, and is clearly not
a result of modeling assumptions. The combination of the
two-dimensional modeling in Appendix A.l and the one-
dimensional surface brightness profile in Figure 3 suggests that
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Figure 3. This figure shows, in red, the F150W2 surface brightness profile
extracted from the central galaxy in A402-BCG along a wedge as shown in the
inset. For comparison, we show the galaxies with the largest cores measured to
date, Holm 15A (K. Mehrgan et al. 2019) and IC 1101 (B. T. Dullo
et al. 2017), and a sample of cored galaxies from B. T. Dullo (2019). All
profiles have been corrected for cosmological dimming and k-corrected to the
rest-frame V band assuming an old stellar population. The vertical red dotted
line shows the location of the break radius measured from the two-dimensional
fit described in Appendix A.l. This figure highlights the similarities between
IC 1101 and A402-BCG, and suggests that A402-BCG likely harbors an
ultramassive black hole.

the central galaxy in A402 hosts an ultramassive black hole
with a mass >10'" M.

5. Evidence for a Kiloparsec-wide Binary AGN in
A402-BCG

The JWST data presented in Figure 1 show evidence for a
mid-IR-bright point source at the center of the galaxy and on
the western edge of the cavity. After spatially and spectrally
decomposing the point source and the galaxy (see
Appendix A.1), this point source has an SED fully consistent
with a mid-IR-bright power law (see Appendix A.2 for more
details), as is commonly seen for AGN. The combination of an
IR-bright power-law continuum and the fact that the source is
pointlike at JWST angular resolution suggests that this source
is an actively accreting SMBH. Coupled with the large
observed core (described in the previous section), this
emission is most likely associated with a >10'" M, central
black hole.

We appeal to integral field spectroscopy from MUSE to
establish the presence (or absence) of a second AGN in the
center of A402-BCG. In Figure 4, we show spectra extracted
from a 1”7 x 0.6 (5 x 3 pixels) region centered on the stellar
cavity, revealing the presence of two kinematically distinct
sets of emission lines, separated along the line of sight by a
velocity of 370 km s~ in the rest frame of the galaxy. Among
other lines, we detect bright Ha, HB, and [O II]JAS007
emission lines at both z=0.3227 and z=0.3243, and the
[N II]AA6548,6583 emission-line doublet at z=0.3227 only.
For reference, we measure an absorption line redshift of the
stellar component of z=0.3225. All of these emission lines
are narrow, with no evidence for broad-line AGN.

In Figure 4, we also show the spatial distribution of the two
kinematic components of the high-ionization [O IIT]A5007 line.
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[O lll] Maps

Figure 4. Left: integrated spectra from a 1” wide region centered on the stellar cavity, showing the brightness of various lines. The two velocity components are
clearly offset, with the blueshifted source having LINER-like emission-line ratios (low [O 111]/HS ratio, high [N 1] /He ratio), while the redshifted source has very
bright [O 11I] emission but no detectable [N II]. In the H{3 panel, the rest-frame velocity of the galaxy is shown for comparison. In all panels, the green line represents
the empirical continuum model, extracted from a nearby region free of emission lines and rescaled in intensity to fit the central region. Right: zoomed-in image of the
central galaxy in A402 in the F150W2 band. The white rectangle shows the extraction area for the MUSE spectra shown on the left. Red and blue contours show the
intensity of the two kinematic components of [O III]JA\5007 shown on the left. This figure demonstrates the presence of two highly ionized, pointlike sources on either
side of the stellar cavity, with high relative velocities. The eastern (redshifted) source, while compact, appears to be embedded in a larger (~10 kpc) blob of highly

ionized gas.

The blueshifted gas (which is within ~100kms~" of the
stellar redshift) originates from a pointlike source on the
Western edge of the stellar cavity. This source is coincident
with the pointlike continuum source shown in Figure 1, and
shows no evidence for an extended component, further
increasing the already-high likelihood that it is an AGN. The
redshifted gas appears to be a pointlike source on the Eastern
edge of the cavity, embedded in a more extended, diffuse
envelope of [O III]-emitting gas. This extended emission may
be related to a recent galaxy-galaxy merger or an ongoing
dynamical interaction with the blueshifted AGN. The separa-
tion between the red- and blueshifted [O III] peaks in the plane
of the sky is 2.0 £0.6kpc, which is consistent with the
measured diameter of the cavity in the near-IR. Assuming that
these two sources are pointlike and in orbit around one another
perpendicular to the plane of the sky, the implied binary mass
assuming a relative velocity in the rest frame of 370 kms ™'
and a separation of 2.0 & 0.6kpc is Mo, = 6 + 2 x 10"° M,
(from Kepler’s law), which is remarkably consistent with the
estimate of the central SMBH mass based on the presence of a
large, flat stellar core. The uncertainty on this estimate is
dominated by the uncertainty on the separation between the
two sources (Figure 4).

In Figure 5, we show the ratios of the [O1]/HS and
[N 11]/Hae emission lines for the red- and blueshifted sources
identified in Figure 4. This pair of emission-line ratios is
commonly used to distinguish between young stellar popula-
tions, which produce low-ionization spectra, and AGN, which
tend to produce both high- and low-ionization spectra
(J. A. Baldwin et al. 1981). The blueshifted source has higher
[N 11] /He than can be predicted by stellar photoionization, and
is consistent with typical “low-ionization nuclear emission-line
regions” (LINERs), which are thought to typically arise
from low-luminosity AGN accreting at very low rates
(T. M. Heckman 1980). Combined with the presence of an
IR-bright point source that exhibits a power-law SED, there is
substantial evidence that the blueshifted source is an accreting
SMBH. The redshifted source, on the other hand, is not
detected at [N II], making its spectrum challenging to interpret.
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Figure 5. Line ratio diagram, comparing high-ionization ([O 1] /H/3) and low-
ionization ([N 11]/Hc) line ratios (J. A. Baldwin et al. 1981), which separates
star-forming regions from active galactic nuclei and is insensitive to the effects
of dust. The black/gray points in the background represent 85,224 galaxies
with spectra from the Sloan Digital Sky Survey (L. J. Kewley et al. 2006).
Where the point density becomes sufficiently high, we transition to a 2D
histogram. There is a dense locus of points that are consistent with predictions
for H 11 regions (L. J. Kewley et al. 2001) (purple grid). The blueshifted source
on the western side of the stellar cavity has line ratios consistent with LINER
AGN (T. M. Heckman 1980; M. G. Allen et al. 2008; green grid) and is
inconsistent with models of star formation. The redshifted source on the
eastern side of the stellar cavity has no detectable [N II] emission, and so
appears here as an upper limit in [N II]/Ha. This source is fully consistent
with models of Seyfert-like AGN with low-metallicity gas (B. A. Groves
et al. 2000) (pink grid), but is also marginally consistent with a very young and
energetic starburst. We rule out the latter scenario based on the lack of blue
continuum emission, which would have been clearly visible in the archival
HST data at F60O6W.

The extremely high [O 111]/HQ ratio measured for this source
(~5) is at the very limit of what can be produced with the most
extreme star formation, lying on the so-called “extreme
starburst line” (L. J. Kewley et al. 2001). Assuming that this
ionization is due to star formation yields an Ha-derived star
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formation rate (R. C. Kennicutt 1998) of 0.04 M, yr—', which
would lead to a predicted surface brightness a factor of two
higher than what is observed at F6O6W (C. Leitherer et al.
1999). While “normal” star formation is inconsistent with the
observations, we cannot rule out that this eastern source is a
“Green Pea” analog, representing a compact starburst with
extremely high [O 1] equivalent width (C. Cardamone et al.
2009). Alternatively, the redshifted source may be a low-
metallicity AGN (B. A. Groves et al. 2006), with the data
favoring a scenario where the accreted gas has Z<0.5Z..
This scenario is further supported by the observation that the
intracluster medium in A402 has a metallicity of 0.4 & 0.2 Z,
(K. W. Cavagnolo et al. 2009). Given the high [O 111] /HQ ratio
in the redshifted source, and the lack of excess blue emission
that one would expect from a concentrated starburst, we
conclude that the redshifted source is most likely an
accreting SMBH.

6. Interpretation

We have shown that the central galaxy in A402 has a
kiloparsec-wide cavity in its stellar mass distribution corresp-
onding to at least 2 x 10° M., and a larger deficit of total mass
if the dark matter is also missing. Removing this much mass
from such a small volume likely requires a dynamical
interaction with a scatterer of similar or greater mass. We
have also shown that, on larger scales, the central galaxy
exhibits a large, diffuse core consistent with a past core-
scouring event during the merger and subsequent creation of a
~5 % 10" M, black hole. Finally, we have shown compelling
evidence for the presence of at least one AGN (pointlike
nature, mid-IR-bright power-law continuum, LINER-like
emission-line ratios), and strong evidence for a second AGN
(Seyfert-like emission-line ratios, pointlike to MUSE) with
relative velocities of 370 km s~! between the two. As such, we
conclude that the stellar cavity is most likely the result of a
strong dynamical interaction with the central supermassive
black hole and, possibly, with a binary. Below, we discuss
three possible origins for this cavity.

6.1. Core Scouring by an SMBH Binary

A natural explanation for the presence of a kiloparsec-wide
cavity in the stellar distribution, representing >10° M, in
stellar mass, is three-body scattering of stars and dark matter
during the inspiral of two supermassive black holes. Here, we
investigate this scenario by directly comparing the observa-
tions of this system to predictions from two different
simulations (D. Merritt 2006; N. Khonji et al. 2024).

Under the assumption that the two emission-line sources are
binary SMBHs, and further assuming that they have an orbital
plane that is perpendicular to the plane of the sky, we infer a
total binary mass via Kepler’s law of Mo, = 6 =2 x 10" M_...
If their orbit is inclined into the plane of the sky, this would
represent an under-estimate of the binary mass. This high mass
is consistent with the measured 2.2 kpc core (Figure 3). Given
the large uncertainties on both the progenitor SMBH mass
(based on the flat core) and the binary mass (based on the
relative velocities of the two AGN), any mass ratio is
possible, from an equal-mass merger of two >10'" M, black
holes to a highly unequal merger where the primary mass is
~6 x 10'°M_. These masses are generally consistent with
observations of >10'" M, black holes at the centers of giant
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elliptical galaxies (N. J. McConnell et al. 2011; J. Thomas
et al. 2016; K. Mehrgan et al. 2019), but would represent the
most massive black hole binary yet discovered by a significant
margin. We note that the center of this binary is offset both in
position (~0.5kpc) and velocity (~200kms~') from the
galaxy center and rest frame, respectively, which would
indicate that it is not yet in equilibrium. The offset binary is
consistent with the observation of tidal features in the optical/
IR continuum of the central galaxy, and a disturbed X-ray
morphology (Z. S. Yuan & J. L. Han 2020), as one would
expect if this galaxy had recently undergone a merger, a
necessary condition for the presence of an SMBH binary.

Simulations and analytic theory predict that the separation
for an SMBH binary will shrink, or “harden,” first by
dynamical friction from the stars and dark matter, and then
by ejection of stars via slingshot interactions, and finally by
gravitational radiation (D. Merritt 2006; F. M. Khan et al.
2012; L. Z. Kelley et al. 2017; M. Sobolenko et al. 2021;
N. Khonji et al. 2024). D. Merritt (2006) provide a framework
for predicting the radiii over which SMBH binary evolution
via three-body encounters with stars and dark matter is
efficient. This process begins when the separation corresponds
to the gravitational influence radius (7;,) and will stall when all
stars on intersecting orbits have been ejected. The first radius,
74 is well defined and corresponds to GM/c>. The stalling
radius, on the other hand, depends on a variety of factors,
including the mass ratio of the binary, the total mass of the
binary, the velocity dispersion of the stars, and the local slope
of the stellar density profile (D. Merritt 2006). From the
MUSE data, we measure a stellar absorption line velocity
dispersion of 375 + 15kms™'. From the Nuker profile fits to
the F150W2 data (Appendix A.l), we measure an inner slope
of v = —0.02. Using these values and Table 1 from D. Merritt
(2006), we can interpolate a value of ag./r,’ = 0.06 for
v = 0 and assuming a 1:1 mass ratio. Using the definition of
ry’ from D. Merritt (2006), and assuming a total black hole
mass of My, = 6 x 10" M. and a velocity dispersion of
375kms !, yields a value of r,” = 3.7 kpc and, thus, a stalling
radius of ag,; = 0.18 kpc, or a separation of ~0.4 kpc. This
can be compared to the measured separation of 1.2 £ 0.3 kpc.
The fact that the observed separation of 1.2kpc lies between
the gravitational influence separation (7.4 kpc) and the stalling
separation (0.4 kpc) implies that this system is in the early
stages of binary hardening, when one would expect to observe
mass deficits of only ~5%-10% of the binary mass
(D. Merritt 2006).

D. Merritt (2006) also makes predictions for galaxies in the
Virgo cluster, which we can directly compare to. The brightest
galaxy for which they make this prediction, NGC 4472, has
predicted a stalling radius of ag,; = 5.6 pc, for a black hole
mass of 5.94 x 108 M, Given that ag,; x 1, X Mgy, we
should scale this up by a factor of 100 to match our estimate of
the black hole mass in the center of A402. This yields a
stalling radius of 0.56 kpc, or a stalling separation of 1.1 kpc,
fully consistent with the observed size of the stellar cavity.

In Figure 6, we directly compare the measured size and
missing mass in the stellar cavity to predictions from
simulations (D. Merritt 2006) to assess whether these
observations are consistent with the merging SMBH binary
scenario. Given the uncertainties in the dark matter content in
the galaxy core and in the measured size of the cavity, we find
excellent agreement between the theoretical expectation for a
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Figure 6. An example simulation from D. Merritt (2006) showing the amount
of mass in stars and dark matter scattered to larger radius during three-body
encounters from a binary SMBH as a function of binary separation—both axes
are scaled by a scale factor related to the mass of the binary, making this
prediction mass independent. The simulation shown is for a 10:1 (¢ = 0.1)
binary in a galaxy with a slight stellar cusp (y = 1.0), which was the only
parameter set shown in D. Merritt (2006) and is used here for illustrative
purposes. While, eventually, the amount of missing mass approaches the total
mass of the binary, the missing mass is expected to be closer to 10% for
measurable separations in black holes with M > 10" M. For the central
galaxy in A402, we measure a stellar mass deficit of 2 x 10° M., which could
be a factor of ~2 higher for realistic dark matter fractions in the centers of
elliptical galaxies (M. W. Auger et al. 2010; M. Barnabe et al. 2011). Coupling
this with the measured separation (1.2 & 0.3 kpc), and normalizing these to the
primary SMBH mass (M) and the gravitational sphere of influence (r;"), we
find excellent agreement with theory.

binary SMBH and our observations of a stellar cavity
accounting for ~5% of the SMBH mass. Indeed, theory
predicts that this process will only be visible for a short time
before the separation reaches ~10% of the gravitational sphere
of influence and the binary is unresolvable by JWST. This
early phase of binary hardening (orbit shrinking from 7, to
0.1r,) should last for ~40 Myr (N. Khonji et al. 2024), and
produce ~10%-20% of the mass deficit that will ultimately
form the diffuse scoured core (D. Merritt 2006). We note that
this 40 Myr timescale is based on simulations which assume
that the initial stellar density profile is cuspy—for a flat core,
as we observe in A402, it may be significantly longer.

Assuming a major merger (M;/M,> 1/4) rate for the most
massive galaxies at z ~ 0.1 from the Illustris simulations
(V. Rodriguez-Gomez et al. 2015) of 0.1Gyr ' and a
timescale for which the binary is visible of ~40Myr (see
above), we would only expect to catch this process in action
for ~0.5% of massive galaxies. This is consistent with the fact
that we have found one such system in our larger sample of
~100 clusters. While binary AGN at lower mass should be
more common, and have been detected (e.g., M. Koss et al.
2012), the expected size of the scouring region is proportional
to the SMBH mass, and so the expected angular sizes of such
regions would be too small for HST or JWST to resolve for
SMBHs with Mgy < 10° M., outside of z ~ 0.1.

These comparisons to simulations are meant to be
illustrative and do not, on their own, prove that the central
galaxy in A402 is in the midst of a binary SMBH merger. That
said, the simulations do support this interpretation, with the
stellar cavity in A402 being the appropriate size and mass

McDonald et al.

deficit given the observed properties of the central galaxy and
an assumed SMBH mass of ~6 x 10'° M.

6.2. Postmerger Black Hole Recoil

The above interpretations require the presence of two
SMBHs, which we assume to be the two emission-line
sources. If, instead, there is only one SMBH (the bright
source on the western edge of the cavity), then the velocity
measured in this source may represent a recoil “kick” after the
merger of two SMBHs (see, e.g., M. Boylan-Kolchin et al.
2004; M. Favata et al. 2004; I. T. Nasim et al. 2021; N. Khonji
et al. 2024). The magnitude of these velocity kicks is expected
to be ~200 km s~ for nonspinning SMBHs (Y. Zlochower &
C. O. Lousto 2015), but can be >400km s! for particular
mass ratios and spins (F. Herrmann et al. 2007), which is
consistent with the velocity offset between the blueshifted
source and the stellar continuum of ~100kms™'. Given this
velocity of the AGN relative to the stars, and a cavity radius of
~0.5 kpc, the recoil kick would have happened only ~5 Myr
ago (half crossing time of the cavity). Such a short observable
timescale makes it highly unlikely (though not impossible) that
we would observe in this state, as described above, the three-
body scouring scenario would be observable for a factor of
~5-10 longer, making it the more likely explanation. None-
theless, this postmerger scenario is plausible, though it has a
low probability of detection and fails to explain the presence of
pointlike, highly ionized gas on the eastern edge of the cavity.

Another possible interpretation is that the stellar cavity
observed in A402 may be due to the accumulation of several
past scouring and recoil episodes. We note, however, that the
observed edges of the cavity are sharp—when we model it
with a Sérsic function, it is best fit by n = 0.1 (see
Appendix A.l). The sharpness of this feature implies that it
cannot be long-lived. Indeed, simulations predict that for a
similar mass galaxy and central SMBH, the central deficit,
which is initially quite sharply defined, should smear out over
several kiloparsecs postmerger (N. Khonji et al. 2024).

6.3. A Dipole Instability in the Stellar Distribution

S. Dattathri et al. (2025b) provide the framework for an
alternative explanation for the observed cavity in the center of
A402-BCG. Stellar distributions with a rapid transition
between the inner and outer slopes can violate Antonov’s
stability criterion. In particular, simulations predict that such
systems should have instabilities that manifest as a rotating
dipole in the stellar density distribution. The instability arises
from an inflection in the system’s isotropic distribution
function, which characteristically appears in systems with
large, flat cores (see Figure 2 in S. Dattathri et al. 2025b). For
the central galaxy in A402, which, based on a double-power-
law fit, has an inner slope of v = 0.14 and outer slope of
a = 4.13 (see Figure 3), we expect the system to go unstable
interior to the transition radius at ~2.2 kpc.

Based on Figure 11 in F. C. van den Bosch & S. Dattathri
(2026), the dipole instability is expected to produce positive
and negative deviations of the order tens of percent from the
average, with the fluctuations having a size similar to that of
the cavity observed in A402. So, at least qualitatively, the
properties of the cavity are consistent with a stellar dipole. The
production of this dipole can torque a central SMBH outward,
leading to off-center black holes in galaxy cores. It can also act
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as a source of buoyancy that slows down the inspiral of
additional black holes, delaying their mergers (S. Dattathri
et al. 2025a). In the case of A402-BCG, the scouring caused
during the formation of the ultramassive central black hole
may have caused the core to go dipole unstable. This, in turn,
started a complicated dynamical interaction between the dipole
and the two SMBHs, leading to the observed configuration.
The fact that the brightest and most secure AGN seems to be
located close to the peak in the central surface brightness is
consistent with the simulations of S. Dattathri et al. (2025a).

While this explanation for the stellar cavity is appealing, as it
seems to be a natural consequence of a flat stellar core, it also
faces some challenges. Most critically, the central structure of
A402 does not show as clean a dipolar structure with a positive
fluctuation on the opposite side, as seen in the simulations of
S. Dattathri et al. (2025b). In particular, in Appendix A.l, we
show that the galaxy in all five filters can be modeled as the
combination of a symmetric Nuker model, a negative fluctua-
tion, and a point source, with no strong residuals. However, one
could imagine that a combination of projection and general
asymmetry, combined with the point source overlapping with
the expected location of the positive fluctuation, could mask
some of this. In addition, simulations of this dipole instability
(S. Dattathri et al. 2025a, 2025b) have only been considered for
symmetric systems with a single black hole—it may be that
more complicated systems with either a recoiling SMBH or a
binary SMBH could interact with the dipole in such a way to
produce the observed signature in A402. Nonetheless, this
mechanism is intriguing as it suggests that a strong, localized,
negative fluctuation in the stellar density field, as observed in
A402, may be a consequence of an instability of the core region,
rather than of dynamical interactions with a binary SMBH.
However, we emphasize that the creation of the (unstable) core
itself would still likely have been a consequence of recent
scouring or recoil scenarios.

7. Conclusions

We report the discovery of a kiloparsec-wide dark patch in
the center of A402-BCG based on data from HST and JWST.
We have shown that this feature is not caused by dust
absorption and, instead, appears to be a cavity in the stellar
distribution that represents a missing mass of >2 x 10° M. In
addition to this “stellar cavity,” we find that the central galaxy
in A402 has an extremely large diffuse core, with a break
radius of 2.2kpc, on which the (smaller) cavity is super-
imposed. Such a large core was likely produced during the past
merger of SMBHs, leaving behind a remnant with a mass of
~5 x10'"°M,,. This “ultramassive” black hole appears on the
western edge of the stellar cavity as a mid-IR-bright point
source in the HST and JWST data, and is coincident with a
LINER AGN as identified by MUSE. On the eastern edge of
the cavity, we find evidence for a second AGN, based on the
presence of strong, localized [O IlI] emission—these two AGN
have a relative velocity of 370km s~ ', implying a combined
binary mass of 6 + 2 x 10'°M,.

We postulate that the stellar cavity is being formed by the
ongoing dynamical interaction of a stellar core with in-
spiraling SMBHs. This interpretation is supported by the
evidence in the optical and X-ray for a recent galaxy-scale
merger and by the observation of two emission-line sources on
either side of the cavity, consistent with a massive binary
AGN. The size of the cavity and the relative velocities of the
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two purported AGN are consistent with decades of theory on
three-body scouring of stellar cores by in-spiraling SMBHs.
Other valid hypotheses for the origin of this cavity include (i) a
postmerger recoiling SMBH, which would lead to the rapid
expansion of stellar orbits on small scales, or (ii) the
development of a dipole instability due to the rapid change
in slope of the stellar surface density profile.

This system provides a blueprint for a new phenomenon to
look for in existing and future observations—multiwavelength
data was essential in distinguishing between dust absorption
(wavelength-dependent) and missing stars (wavelength-inde-
pendent). Detection of other similar sources, or confirmation of
the binary AGN hypothesis in this system, would help firm up
our current predictions of multi-messenger signatures for
individual LISA sources, for which the merger timescale and
occurrence remain key uncertainties. Moving forward, large
surveys with Euclid and Roman, as well as archival surveys
through the HST and JWST archives, will likely uncover
similar systems, providing an estimate of the SMBH merger
timescale based on the frequency with which such systems are
observed. At the same time, targeted follow-up of this unique
system with our most powerful telescopes will facilitate a
more complete understanding of the nature of the AGN in this
system and the dynamics of the stars in and around the cavity.
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Appendix
A.l. Two-dimensional Modeling of HST/JWST Images

In Figure 1, we show five-band imaging of the central
galaxy in A402, taken with cameras on HST (F606W, F814W,
F110W) and JWST (F150W2, F322W2). These images depict
three clear morphological components: (i) an elliptical galaxy,
(i1) a “cavity” on the left side of the galaxy, which is more
obvious in the F606W, F814W, and F150W2 bands than in the
F110W and F322W2 bands, and (iii) a point source, which is
most obvious in the F322W2 and F150W2 bands, and barely
visible in the F606W band. Each of these bands has different
pixel scales and different PSFs, which makes it nontrivial to
assess whether the observed cavity and/or the point source are
varying with bandpass.

To assess the wavelength dependence of these morpholo-
gical features, we have modeled the central region of A402 in
all five bands using Sherpa.”* We note that, while GALFIT
(C. Y. Peng et al. 2010) is more commonly used to model
surface photometry of galaxies, it does not allow for negative
components (given that it works in magnitude units), which
would make it impossible to add a “cavity” component. We
use the combination of a two-dimensional Nuker profile
(T. R. Lauer et al. 1995; A. W. Graham et al. 2003) to describe
the central galaxy, a two-dimensional Sérsic profile with a
negative amplitude to describe the cavity, and a pointlike
Gaussian to describe the point source. In the FISOW2 band, all
structural parameters were allowed to vary freely, including
the inner and outer slopes of the Nuker profile, the size and
sharpness of the cavity, and the location of the point source.
The F150W2 band was fit first, with the best-fit parameters
used as inputs for the other four bands. To properly sample our
modeling uncertainty, we fit each image 50 times. We used
four point sources in the field of view as our template PSF,
randomly choosing one for each bootstrap fitting and allowing
for a 0.1 pixel centering uncertainty for this PSF model. We
also, for each bootstrap, randomly sample the intensity at each
pixel based on the local rms.

The results of this analysis are shown in Figure Al. For the
models, we show the average of 50 bootstrapped fits to the
data, accounting for small errors in the PSF and source counts
between fits. The best-fit models are very similar between

24 https:/ /cxc.cfa.harvard.edu /sherpa/
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Figure Al. The surface photometry for the central galaxy in A402 has been
modeled using a combination of a Nuker profile (A. W. Graham et al. 2003)
for the “galaxy,” a negative-intensity Sérsic profile for the “cavity,” and a
pointlike Gaussian for the “nucleus,” all convolved with the instrumental PSF.
All models shown represent the average model fit when marginalizing over
variations in the PSF and the count rate. The component models are shown
without the PSF convolution applied, while the “full model” panels include the
instrumental PSF. This figure demonstrates that the large variations in the
observations can be attributed to a central AGN with a steep wavelength
dependence and a PSF that is a factor of two larger at F110W and F322W2
compared to F606W, F814W, and F150W2. This image decomposition allows
us to accurately measure the total flux missing in the cavity (Figure 2), the
SED of the missing stars in the cavity and the galaxy (Figure A2), and the
spectral energy distribution of the point source (Figure A3).

filters, despite the fact that all parameters were allowed to
vary. These models allow us to determine the amount of flux
missing in the cavity as a function of wavelength, by simply
integrating over the “cavity” model—these “missing flux”
values are presented in Figure 2—this will be discussed further
in the following section.

From Figure A1, we can also assess the color gradient in the
underlying galaxy light profile. We use these color gradients to
create an empirical model for the expected amount of missing
flux due to a cavity in the stellar distribution as a function of
wavelength. More specifically, to predict the effects of a gap in
the stellar distribution, we compare the intensity in a given
band at two galaxy radii, where the intensity at a larger radius
can be thought of as containing all of the same line-of-sight
contributions as that at a smaller radius, but with a segment
missing from the midplane with length corresponding to the
difference in radii. In this way, we use the color gradients to
model a cylindrical hole with a depth of 1 kpc and a separation
of 1 kpc from the center of the galaxy’s light distribution in the
plane of the sky. This model is shown as a gray band in
Figure 2, where the uncertainty corresponds to our uncertainty
in the 2D position of the cavity in a given filter. This figure
confirms our intuition that a gap in the stellar distribution
would produce a flat profile in the amount of missing flux as a
function of wavelength. If the galaxy had a strong color
gradient (which the central galaxy in A402 does not have),
then we would expect a slight slope in this line.

A.2. SED Modeling

To estimate the missing stellar mass in the kiloparsec-wide
cavity, we utilize the image decomposition described in the
previous section, which yields an analytic model for the cavity
as a function of wavelength. We sum up the total missing flux
in this component of the model for each filter and perform flux
calibration using the relevant header information in the data.
For comparison, we also sum up all of the light in the Nuker
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Figure A2. This figure shows the integrated model photometry for the central
galaxy and the stellar cavity in A402. For clarity, the flux values for the stellar
cavity have been scaled by a multiplicative factor of -50 to make them positive
and similar in intensity to the galaxy. The best-fit models from CIGALE
(M. Boquien et al. 2019; G. Yang et al. 2022) are shown in gray, and the
relevant properties of these stellar populations are included. This figure
demonstrates that the stellar cavity has an SED consistent with missing stars,
and that the implied stellar mass that is missing is ~2 x 10° M.

model component for each filter. The resulting SEDs are
shown in Figure A2, where we have excluded the F322W2
data here due to the fact that it is the most affected by
PSF modeling. We fit these two SEDs using PCIGALE
(M. Boquien et al. 2019; G. Yang et al. 2022), using a delayed
star formation history with an optional burst, a Salpeter initial
mass function, and minor contributions from dust, nebular lines,
and residual contamination from the AGN. The best-fit models
for both the underlying galaxy and the missing stellar mass are
shown in gray in Figure A2. From this modeling, we can deduce
the total stellar mass that is contained in this negative-intensity
component, finding My caviy = 2.1 & 0.9 x 10° M., This
represents < 1% of the total stellar mass of the galaxy. The SED
of the missing mass is fully consistent with that of the
underlying galaxy, as is depicted in Figure A2, with best-fit ages
of 6.5 £ 2.3Gyr and 7.3 £ 2.1 Gyr.

We additionally model the broadband spectral energy
distribution of the central point source to determine if it is
consistent with an AGN and whether or not time variability is
required to explain the SED. From the two-dimensional image
decomposition described above, we obtain fluxes and their
model uncertainties of the central point source in each filter,
which are shown in Figure A3. We again use PCIGALE
(M. Boquien et al. 2019; G. Yang et al. 2022) to model this
SED with a combination of a stellar component and an AGN
component, finding that the data is well-described by an AGN
(power law and nebular lines) at all wavelengths, with a
reduced x> = 1.1. The most discrepant band is F606W, which
lies ~1.50 above the model. This offset may be due to time
variability (the F6O6W observations were taken 18 yr before
the JWST observations), due to an emerging contribution at
short wavelengths from a nuclear starburst, or may be a
statistical fluctuation. Given the significant uncertainties in the
modeling, we are unable to distinguish between these cases.
We note that a follow-up observation at any of these
wavelengths would establish whether or not time variability
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Figure A3. This figure, produced using the PCIGALE software (M. Boquien
et al. 2019; G. Yang et al. 2022), shows the fluxes obtained for the central
point source in each filter based on the two-dimensional image decomposition
described in previous sections. This SED is well-described by a power law at
all wavelengths. We model these data using PCIGALE, allowing for the
combination of a two-stage star formation history, nebular emission, and an
AGN, finding that the emission is best described by an AGN with
contributions from nebular lines at the shortest wavelengths. The fact that
these data are well-described by a single power law, despite being obtained
over the course of 20 yr, suggests minimal time variability in the central point
source.

is significant, but conclude that the evidence for this is
statistically weak with the data in hand.

A.3. Additional Multiwavelength Data

When evaluating the binary SMBH hypothesis, we con-
sidered all publicly available radio, millimeter-wave, and
X-ray data. Generally speaking, these data are challenging to
compare to the JWST/HST data, due to the fact that the
angular resolution of the optical /IR data is more than an order
of magnitude better than the best radio/X-ray data available.
However, we can still learn something from these compar-
isons, as we outline below.

Radio data is available for the central galaxy in A402 from a
variety of telescopes. The highest angular resolution data
available is from the EVLA—the Very Large Array Sky
Survey covers this field at 1.5 GHz with an angular resolution
of 2'5 and pointed observations in the B configuration at
6 GHz (program No. AE223; PI: A. Edge) yield an angular
resolution of 170. Neither of these observations yields a
detection at the location of the central galaxy in A402,
implying an upper limit of ~0.1 mJy. At lower frequencies,
there is a tentative detection of extended emission at 300 MHz
from the GMRT (V. Cuciti et al. 2021), which the authors
suggest may be a radio mini halo, but caution that it is only a
“probable” detection. From these data, we can conclude that
there are no strong radio jets in this system, which suggests
that the double-peaked velocity for the emission lines in the
optical is not related to a radio-powered outflow.

The Atacama Large Millimeter/submillimeter Array
(ALMA) observatory has also pointed at A402 in several
configurations. Unfortunately, the three pointings with high
angular resolution (<0!2) are offset from the central galaxy,
presumably targeting a lensed background galaxy. These data
are not helpful for understanding the nuclear region of the
central galaxy. The remaining two observations have angular
resolutions of 0.5 and 170, targeting frequencies around
95GHz and 140 GHz, respectively. While the frequency
bands chosen for these data do not overlap with any strong
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Chandra 0.5-7.0 KeV Adaptively Smoothed JWST F150W2

Cluster Core

Central Galaxy

Reference Star

Figure A4. Chandra observations of A402. Upper panels: large-scale X-ray
emission, which exhibits a clearly asymmetric morphology indicative of a
recent cluster-scale merger. Middle panels: zoom-in of the X-ray peak, which
is significantly offset from the galaxy center and the IR-bright point source.
We interpret this as a sloshing core, rather than a point source, suggestive of a
recent merger. Bottom panel: zoom-in of a nearby point source, to emphasize
the excellent astrometry of these data, indicating that the offset above is not an
astrometry error.

CO transitions at z=0.322, we still examined them both
channel by channel, finding no evidence for line emission in
the galaxy center. In addition, the continuum maps contained
no significant emission coincident with the galaxy, suggesting
that neither of the line-emitting sources in the optical is bright
in millimeter-wave continuum.

Finally, high angular resolution X-ray data (20ks; ObsID
3267) are available for this source from Chandra. We have
downloaded and reprocessed these data, extracting an image in
the 0.5-7.0keV bandpass. The counts images have been
adaptively smoothed to a pixel-level signal-to-noise ratio of
2.5, with a minimum smoothing scale of 0.5 pixels. The resulting
images are shown in Figure A4. On large scales, it is apparent
that the X-ray surface brightness is sharply peaked and that the
cluster has a generally asymmetric morphology, with an
elongated morphology that is often seen in clusters that have
recently experienced a merger. This is consistent with published
works labeling this cluster as unrelaxed (Z. S. Yuan & J. L. Han
2020). Zooming in on the central X-ray peak (middle panels), we
see that it is not coincident with the IR-bright point source,
which lies outside of the FWHM of the Chandra PSF.
Furthermore, this point source is brightest in the soft X-rays,
and is undetected in a 2—-8 keV bandpass, suggesting that it is not
an AGN. While the presence of this pointlike source is enticing
and would make sense given the AGN-like nature of the IR-
bright point source, we interpret this morphology as a “sloshing
core,” which is indicative of a recent merger with another
massive structure (J. A. ZuHone 2011). For comparison, we
show in the lower panels of Figure A4 the same data for an
X-ray point source that lies 1.5 from the center of the cluster and
is in both the Chandra and JWST fields of view. This X-ray point
source, which is also present in a hard X-ray band, is well-
aligned with a near-IR point source, suggesting that the offset
observed in the center of the galaxy is not an astrometry error.

In summary, the available multiwavelength data can rule out
that the two line-emitting sources are not radio jet hot spots,
and that the cavity is not caused by a large cloud of molecular
gas. They do not, however, provide any additional supporting
evidence for the dual-AGN hypothesis.
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