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images stored by Source Extractor (stored with CHECK-
IMAGE flags) using the same determined effective gains and
add in quadrature to the error per source using the local
photometry. We verified that this approach produces values
comparable to Source Extractorʼs MAG_



global (Kron



deexcited, and [O III] emission probes only the more extended
narrow line-emitting region.

3.2. Supernova Candidates

We show images of the three supernova candidates in
Figure 3 and present general properties in Table 3.

Object 1402129—This is a clear stellar transient source
exploding near the edge of a disk galaxy and is clearly not
associated with nuclear activity. It is identified in our later
epoch of F140W imaging and has increased in brightness by
almost 2 mag—a 2012 magnitude is reported in Table 3, but
this corresponds to the host galaxy in a matched aperture.
Despite being relatively bright, the host galaxy only has a
redshift reported from JADES photometry, which confirms the
galaxy at z ; 1.07. With an absolute magnitude of −16.9 in the
rest-frame R band, the supernova could have been of any type.
Since this redshift would provide a factor of only ;2 in
cosmological time dilation, we expect the supernova to have
been relatively recent: the slowly evolving superluminous
supernovae (SLSNe) would typically have faded by 4 mag in
1 yr, with ordinary Type Ia and core-collapse supernovae
fading faster still.

1402146—This is a remarkable transient source that was
identified in our second epoch F140W imaging and exploded
between 2012 and 2023. No host galaxy is apparent in the
HST/IR imaging, but a faint source is just visible in the ACS
imaging. Of our 15 visits in the observing program, one failed
because of guide-star acquisition and was repeated 1 month

after the remainder of the observations. 1402146 was also
visible in the repeat visit and had not moved, suggesting that it
lies at cosmological distances and is not a solar system object.
The source in the ACS image is not detected in redder bands
and is so faint it does not enter any photometric redshift
catalogs, so the distance to this source cannot be determined.

1051237—This object appears very similar to 1402146,
except it had become fainter between the 2008 and 2012 images
in the F105W and F160W filters, vanishing from 26.9 mag
(both filters) to undetected. This source is intriguing, since it has
a photometric redshift in the Rafelski et al. (2015) catalog of
6.84 and appears to be a supernova mistaken for a galaxy.
1051237 is visible in all the NIR filters of the HUDF09
campaign, and, while it is not visible in data from HUDF12, still
appears in deep stacks that combine the two epochs. When the
ACS optical data were obtained in 2005, the source had not yet
exploded, but it had subsequently faded by the time the UVUDF
(Teplitz et al. 2013) imaging was obtained. Consequently, in
HST imaging only, the source is visible throughout the NIR but
not in the UV/optical. In multiband photometry, it therefore
appears as a z-band dropout and is assigned a best photometric
redshift of ∼7. The two galactic sources that lie about 1″ to the
north in the HST images have redshifts of 6, but other objects
with redshifts in the range 0.2–1.1 lie within 2″.



three sources with significance greater than 3σ and best
redshifts greater than 6. These are, naturally, much fainter than
the sources identified at mid-z above. They will be studied in
detail in upcoming papers (V. Cammelli et al. 2024; A. Young
et al. 2024; both in preparation), and here we present the three
sources at z > 6 that are detected at better than 3σ in Figure 4
and Table 4. We also extracted NIRISS spectra from the
NGDEEP survey but found no convincing detections of either
continuum light or emission lines in any of the three. Given the
faintness of these targets and the insensitivity of low-resolution
spectroscopy to weak emission lines (expected in the UV), this
is not surprising.

Object 1052123—This is our highest-significance variable
source at z> 6. It is detected as variable in all three photometric
bands and is visible in the pair-subtracted images of Figure 4. Its
light curve is shown in Figure 5. It is pointlike and brightens
between 2009 and 2012 (both F105W and F160W) by about
0.3 mag, with a very similar change in brightness detected at
both wavelengths implying a constant color of the variable
source. Interestingly, its F105W–F140W color is 0.42 mag,





Lyu et al. catalogs, almost certainly because they are too faint to
be independently verified by the above techniques at current
observational depths. See V. Cammelli et al. (2024, in prepara-
tion) for a more detailed discussion. From the ratio 8/31, we
derive a crude estimate of this variability completeness correc-
tion factor of 3.85. After such a completeness correction is
applied, nSMBH ∼ 1.1× 10−3 cMpc−3.

Next, it should be noted that our survey is only sensitive to
AGN above a minimum luminosity of MUV ;−18.6, so this
estimate is still a lower limit on the true value of nSMBH.
Harikane et al. (2023) have detected AGN via the presence
of broad emission lines and estimated nSMBH from z ∼ 4 to 7
by extrapolating down an assumed luminosity function to
MUV ;−17. For a fair comparison of our results to those of
Harikane et al. (2023), we carry out the same method and
estimate a luminosity function (assuming Lå =−20 and
α =−2) correction factor of ∼7, which boosts nSMBH ∼ 7.7 ×
10−3 cMpc−3



massive seeds early in the Universe (e.g., Bromm &
Loeb 2003). However, simulations of this mechanism have
struggled to produce sufficient numbers of SMBHs compared
to the known z = 0 population. For example, Chon et al. (2016)
found nSMBH ∼ 10−4 cMpc−3, while Wise et al. (2019)
estimated a global nSMBH ∼ 10−7

–10−6 cMpc−3.
The “Pop III.1” SMBH formation model (Banik et al. 2019;

Singh et al. 2023) invokes the physical mechanism of dark
matter annihilation changing the structure of primordial proto-
stars (Spolyar et al. 2008; Natarajan et al. 2009; Rindler-Daller
et al. 2015) allowing efficient accretion of the baryonic content
of their minihalos to become supermassive stars with masses of
∼105 Me, which then collapse to SMBHs. However, only the
first minihalos to form in each local region of the Universe, i.e.,
being pristine and undisturbed by external feedback, are Pop
III.1 sources and undergo this evolution. The vast majority of
minihalos are Pop III.2, i.e., irradiated by UV and/or shocked by
supernova blast waves leading to enhanced hydrogen–deuterium
cooling and formation of relatively low-mass stars with ∼10 Me
(Greif & Bromm 2006; Johnson & Bromm 2006). Banik et al.
(2019) and Singh et al. (2023) have predicted the evolution of
the comoving number density of SMBHs forming from Pop III.1
seeds. The main parameter of the Pop III.1 model is the
“isolation distance” (diso), defined as the minimum separation
distance a Pop III.1 source needs to have from already formed
sources, with this expected to be set by the physical mechanism
of radiative feedback. To reproduce the known population of
low-z SMBHs with nSMBH(z = 0)∼ 5× 10−3 cMpc−3 requires
diso ; 100 kpc (proper distance), i.e., ∼3 cMpc at the typical
epoch of formation at z∼ 30. These models predict that nSMBH is
approximately constant with redshift fromz−
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