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ABSTRACT

Direct-collapse black holes (DCBHs) of mass ~10*~10° M,, that form in HI-cooling halos in the early Universe are promising pro-
genitors of the 210° M, supermassive black holes that fuel observed z > 7 quasars. Efficient accretion of the surrounding gas onto
such DCBH seeds may render them sufficiently bright for detection with the JWST up to z = 20. Additionally, the very steep and
red spectral slope predicted across the ~1-5 um wavelength range of the JWST/NIRSpec instrument during their initial growth phase
should make them photometrically identifiable up to very high redshifts. In this work, we present a search for such DCBH candi-
dates across the 34 arcmin? in the first two spokes of the JWST cycle-1 PEARLS survey of the north ecliptic pole time-domain field
covering eight NIRCam filters down to a maximum depth of ~29 AB mag. We identify two objects with spectral energy distributions
consistent with theoretical DCBH models. However, we also note that even with data in eight NIRCam filters, objects of this type
remain degenerate with dusty galaxies and obscured active galactic nuclei over a wide range of redshifts. Follow-up spectroscopy
would be required to pin down the nature of these objects. Based on our sample of DCBH candidates and assumptions on the typical
duration of the DCBH steep-slope state, we set a conservative upper limit of <5 x 10~* comoving Mpc™> (cMpc~3) on the comoving
density of host halos capable of hosting DCBHs with spectral energy distributions similar to the theoretical models at z ~ 6—14.

Key words. stars: black holes — stars: Population II — stars: Population III — quasars: supermassive black holes — early Universe —
infrared: general
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1. Introduction

In the history of the Universe, the evolution of galaxies and
supermassive black holes (SMBHs) are tightly connected. More
than 200 quasars powered by SMBHs of mass >10° M have
been discovered at redshift z > 6 (e.g. Fan et al. 2001, 2003,
2023; Mortlock et al. 2011; Wu et al. 2015; Bafiados et al. 2018;
Yang et al. 2020; Wang et al. 2021), with some of them shining
when the age of the Universe was less than 800 Myr. Explaining
how black holes reach such masses this early in the history of the
Universe is challenging and requires some combination of highly
efficient gas accretion and black hole mergers (Pacucci & Loeb
2020) starting from lower-mass (~10%>—~10° M) black hole seeds
(see, e.g., Woods et al. 2019; Inayoshi et al. 2020; Fan et al.
2023, for recent reviews). Thus, the discovery of high-redshift
SMBHs is instrumental in constraining the properties of the seed
population of black holes (Pacucci & Loeb 2022).

Several formation mechanisms for such seeds have been
proposed in the literature. These include (i) primordial
formation during inflation or from cosmic string loops
(e.g., Hasinger 2020); (ii) formation as the end prod-
uct of massive and metal-free stars, possibly undergoing
super-Eddington accretion episodes (e.g. Begelman 1978;
Wyithe & Loeb 2012; Begelman & Volonteri 2017); (iii) for-
mation through runaway stellar mergers in young star clus-
ters (e.g. Portegies Zwart & McMillan 2002; Davies et al. 2011;
Katz et al. 2015; Boekholt et al. 2018); and (iv) formation
via direct-collapse black holes (DCBHs; Loeb & Rasio 1994;
Bromm & Loeb 2003; Lodato & Natarajan 2006; Pacucci et al.
2017a; Inayoshi et al. 2020; Volonteri et al. 2021).

In the DCBH scenario, gas within an atomic-cooling halo
(i.e., 2107 M) collapses to form a ~10*~10° M, (Ferrara et al.
2014) black hole at z ~ 20-30 (e.g. Loeb & Rasio 1994;
Bromm & Loeb 2003; Lodato & Natarajan 2006), possibly with
a supermassive star or a quasi-star formed as an intermedi-
ate step (see Woods et al. 2019, for a review). Accretion onto
the newly formed seed black hole from the surrounding gas
in duty cycles with active phases lasting up to ~100 Myr (e.g.
Pacucci et al. 2015) could render such a DCBH sufficiently lumi-
nous to allow detection at z > 7 either in the near-to-mid infrared
(IR) or in the X-ray regime. The high-energy emission is more
sensitive to details of the accretion process, such as the gas
metallicity and column density of the host galaxy (Pacucci et al.
2015, 2016). Current X-ray observatories, such as Chandra,
have deep-field sensitivity limits of ~10~!7 erg s™! cm~ that ren-
der most of the seed population undetectable. Proposed X-ray
probe-class missions, such as AXIS, could reach sensitivities
of ~10~8 ergs~! cm™2 in their deep fields, allowing the uncov-
ering of at least part of the population of seeds, especially in
the heavy regime. In the deepest James Webb Space Telescope
(JWST) exposures, DCBHs of initial mass ~10° M, may remain
detectable up to z ~ 20 (Natarajan et al. 2017; Whalen et al.
2020) if supplied with large accretion rates from their host.

The likely observable signatures of DCBHs through
JWST observations vary significantly, largely due to var-
ious factors as discussed in the literature (Pacucci et al.
2015, 2016; Natarajan et al. 2017; Valiante et al. 2017, 2018;
Visbal & Haiman 2018; Whalen et al. 2020; Inayoshi et al.
2022; Nakajima & Maiolino 2022). These factors include (i) the
evolutionary state of the objects, including factors such as the
initial seed mass, gas density, and metallicity of the host, as well
as gas availability; (ii) the details of the accretion process onto
the seed (e.g., the geometry of the disk and its radiative effi-
ciency); (iii) the triggering of star formation in the host, possibly

A58, page 2 of 9

enhanced by soft X-ray irradiation from the DCBHs; and (iv) the
merger history of DCBHs after formation.

Some models suggest that the light from the DCBH is likely
to be blended with that of surrounding stars and associated neb-
ular emission (Natarajan et al. 2017). This occurs either because
the DCBH forms in the direct vicinity of star-forming halos
(which provides the radiation required to deplete molecules in
the DCBH host and prevent cooling) and merges with these
on timescales as short as ~1Myr (e.g. Pacuccietal. 2017a;
Natarajan et al. 2017), or because star formation occurs within
the DCBH host halo itself (e.g. Aykutalp et al. 2014, 2020;
Valiante et al. 2018; Barrow et al. 2018). In other scenarios, the
DCBH can remain isolated for prolonged periods while effi-
ciently growing in mass due to cold accretion (Whalen et al.
2020; Latif et al. 2022).

Consequently, the anticipated photometric spectral energy
distributions (SEDs) of high-redshift DCBHs, spanning the
wavelength range probed by JWST exhibit a spectrum rang-
ing from blue (e.g. Valiante et al. 2018; Barrow et al. 2018) to
red (e.g. Pacucci et al. 2016; Whalen et al. 2020; Inayoshi et al.
2022). The predicted formation rates of DCBHs as a function
of redshift are also highly variable, mainly due to uncertainties
in the level of background radiation necessary to prevent star
formation and the effect of supernova feedback (Habouzit et al.
2016). Theoretical predictions on the comoving number den-
sities of halos capable of hosting DCBHs span over five
orders of magnitude at any given redshift (Habouzit et al. 2016;
Valiante et al. 2017), rendering estimates of DCBH detectability
with JWST highly uncertain (e.g., Pacucci et al. 2019).

This work presents a photometric search for z > 6 DCBH
candidates in the Prime Extragalactic Areas for Reionization and
Lensing Science (PEARLS) north ecliptic pole (NEP) field for
which auxiliary X-ray data are available. In particular, we focus
on the predictions of Pacucci et al. (2016) in which DCBHs,
at birth, exhibit very steep (i.e., “red”) SEDs within the wave-
length range of ~1-5 um probed by JWST/NIRCam. These SED
models allow us to efficiently sift out promising candidates with
current JWST observations because of the large change in flux
between the near-to-mid IR filters.

A previous search by Pacuccietal. (2016) for such red
DCBH candidates at z < 10 using data from the Hubble Space
Telescope (HST), Spitzer, and Chandra revealed that objects at
H < 27 AB mag exhibiting the relevant ~1-5 pum signatures of
~10*=10° M DCBHs do exist but are very rare. However, this
candidate selection was based on three broadband filters only
in the range of 1-5um. Given the superior depth and more
diverse set of photometric filters provided by JWST, it remains
unclear how many of such candidates will remain consistent with
a DCBH interpretation after further scrutiny.

The current work is organized as follows. In Sect. 2, we
present the PEARLS data used, while Sect. 3 provides a descrip-
tion of the selection criteria upon which our search is based. In
Sect. 4, we present our main results: our DCBH candidates and
the inferred upper limits on the comoving number density of
DCBH host halos. Our findings are discussed and summarized
in Sect. 5.

2. JWST/NIRCam data on the NEP field

The IR observations analyzed in this study were provided as a
part of the PEARLS (PI: R. Windhorst; Windhorst et al. 2023)
Guaranteed Time Observations (GTO) program. PEARLS is a
time-domain survey of the NEP field that is being carried out
in four “spokes” (Jansen & Windhorst 2018) covering a total
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survey area of 68 arcmin® (i.e., 17 arcmin? for each spoke as a
2 x 1 mosaic layout of NIRCam modules A and B; Rieke et al.
2023). The NEP time-domain field, centered at RA 17:22:47.896
and Dec +65:49:21.54, is within the JWST continuous view-
ing zone and has been imaged by the NIRCam in eight near-
IR bands using four short-wavelength (SW) filters (F090W,
F115W, F150W, and F200W) and four long-wavelength (LW)
filters (F277W, F356W, F410M, and 444W) with 50 detection
limits at 28—29 AB mag. The auxiliary data for this field contains
observations spanning a broad energy range from radio to X-ray
(see Windhorst et al. 2023, for additional details). In this work,
we used spoke 1 and spoke 2 data catalogs covering a total area
of 34 arcmin? and including ~24 120 objects.

The catalogs were created following the methodology out-
lined in Windhorst et al. (2023), with the only significant dif-
ference being the retention of point sources, as it is possible
that DCBHs remain unresolved. In short, Source Extractor
(Bertin & Arnouts 1996) was utilized for source detection on
30 milli-arcsecond pixel-scale mosaics astrometrically aligned
to Gaia DR3 and with weight maps employed to aid in the detec-
tion and to account for flux uncertainties. The dual-image mode
was employed, with the F444W image used for source detec-
tion and aperture definition. The minimum threshold for analy-
sis and detection was set at 1.5¢0 in nine connected pixels, while
the deblending contrast parameter was set to 0.06 to strike a bal-
ance between completeness and reliability. All measured fluxes
used Source Extractor’s “automatic” apertures (i.e., MAG_
AUTO).

Additionally, another important dataset in our search for
z > 6 DCBH candidates was the NuSTAR 3-24keV and
Chandra 0.5-7keV X-ray observations. We used the dataset to
select X-ray bright candidates (see Sect. 4.3).

3. Photometric signatures of direct-collapse black
holes at z>6

High-redshift accreting DCBHs that are surrounded by a suffi-
ciently dense reservoir of gas are Compton-thick (i.e., they have
a column density ny > 1.5 x 10** cm™2) and can display a very
red SED for prolonged periods of time at rest-frame ultraviolet
and optical wavelengths (Pacucci et al. 2016). This serves as a
photometric signature across the 1-5 pm range that is probed by
JWST/NIRCam at z > 6. In this phase of evolution, the DCBH
may also be detectable in the X-ray regime, although the X-ray
flux is highly model dependent and can lie below the detection
threshold of all current X-ray telescopes (Pacucci et al. 2015),
except during the brightest phases of accretion.

In Fig. 1, we plot the SED of the Pacuccietal. (2016)
5 X 10° My DCBH model at z = 6-20 against the PEARLS
JWST/NIRCam detection limits. As can be seen, this model
remains detectable in at least four JWST/NIRCam filters until
z = 20 and displays a very red spectral slope.

While this significantly red SED ensures that DCBHs stand
out from the majority of z > 6 objects, it also presents a
number of challenges. The intrinsically red slope of the SED
can, in fact, make it difficult to assess the wavelength of the
Lyman-a (Lya@) break since the flux in the filter covering wave-
lengths directly longward of the “dropout” filter may also fall
below the detection threshold in the case of faint DCBHs.
As a reminder, the Lya break renders the flux at wavelengths
<0.1216 (1 + z) um undetectably low due to absorption in the
neutral intergalactic medium for light sources at z > 6 and is
often used to determine the redshift. The situation is illustrated
in Fig. 2, where we show that DCBHs over a relatively large

5%x10° M DCBH

Wavelength [p:m]

Fig. 1. DCBH detection limits in the NEP. The thick dashed line repre-
sents the combined JWST/NIRCam 50 flux detection limits expressed
in AB magnitudes across the NEP spokes. The colored lines show the
photometric fluxes of the Pacucci et al. (2016) 5x 10° M, DCBH model
atz = 6, 10, 15, and 20 in the set of NIRCam filters used by PEARLS
across the NEP field. The thin solid black line shows the z = 6 ver-
sion of the DCBH model spectrum on which the photometric predic-
tions are based, but offset by 0.5 mag for clarity. As can be seen, this
Pacucci et al. (2016) 5 x 10° M, DCBH model remains detectable up
to z = 20 in the reddest NIRCam filters used. The photometric SEDs
are characterized by a significantly red slope across the NIRCam bands
and are relatively featureless except for the drop at the Ly limit and the
bump seen in the F444W filter at z = 6 SED, which is due to strong He
emission. This is not seen in the higher-redshift SEDs, since it redshifts
out of the NIRcam range at z > 6.9.

redshift range (A(z) ~ 4) can produce photometric SEDs that
are observationally indistinguishable given the NEP detection
limit.

A second challenge comes from the fact that the rela-
tively featureless photometric SEDs of the Pacucci et al. (2016)
DCBHs may be confused with other rare types of objects. Low-
temperature stars or substellar objects in the Milky Way could
appear as very red point sources, and in some cases, they can
potentially be confused with compact objects at high redshifts.
However, the detailed JWST/NIRSpec SEDs of our DCBH mod-
els at z = 5-20 do not match the SEDs of any of the faint star
or brown dwarf models in the sets of Baraffe et al. (2015) and
Phillips et al. (2020), and such objects are therefore unlikely to
be confused with DCBHs in the current search. Dusty galaxies
and obscured active galactic nuclei (AGN) are more likely to
be interlopers, and in Fig. 3 we show that even when imaging
in the eight NIRCam filters is available, the photometric sig-
natures of DCBHs may be reproduced by both of these types
of objects. When only parts of the NIRCam wavelength range
are probed (i.e., when colors featuring just a few of the NIR-
Cam wide-band filters are used as diagnostics), DCBHs may
also display colors similar to some of the very reddest objects
detected so far by JWST, including AGN candidates and so-
called HST-dark galaxies (Rodighiero et al. 2023; Furtak et al.
2023; Larson et al. 2023; Barrufet et al. 2023; Kokorev et al.
2023; Barro et al. 2023; Matthee et al. 2023; Labbe et al. 2023;
Smail et al. 2023). For example, Kocevski et al. (2023) have
reported on the discovery of a broad-line AGN at z = 5.6,
which at ~2—4.4 um displays a steep and red SED very similar
to our DCBH models, whereas the ~1.15—1.5 part is relatively
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Fig. 2. Mass-redshift degeneracy for DCHB SEDs without a clear-cut
Lya break. If the Lya break is close to or below the detection thresh-
old (dashed black line), acceptable SED fits to NIRCam data at longer
wavelengths can be achieved for DCBH models over a wide range of
redshifts. Here, the purple line corresponds to the photometric SED of a
z =127 DCBH with mass log,,(Mpcsu/Ms) = 5.70, and the thin solid
line is the corresponding spectrum (offset by 0.1 mag for clarity). In this
case, the Lya break occurs at ~1.7 um between the F150W and F200W
filters. While the F200W flux is largely unaffected by the Ly« break,
the red slope of the DCBH SED still places the F200W flux below the
detection limit of the NEP field. Since a sharp drop in flux at the Ly«
limit becomes unobservable in this case, the redshift becomes poorly
constrained as higher-mass DCBH models at z = 14 (blue line), z = 16
(green line), and z = 17 (orange line) produce very similar fluxes in
the longer-wavelength NIRCam filters (F277W, F356W, F410M, and
F444W).

flat in f, units (many similar SEDs have also been seen in
Barro et al. 2023; Labbe et al. 2023). In its entirety, this type
of SED would not allow for a good fit to our DCBH models,
but if the source had been intrinsically fainter so that the short-
wavelength part had fallen below the detection threshold, our
search procedure would probably have identified this SED as a
likely DCBH.

This means that all photometrically selected DCBH candi-
dates should be considered tentative until confirmed through
spectroscopy, as discussed in Sect. 5. In Appendix A, we provide
some further exploration of the properties of galaxies capable of
mimicking the SEDs of DCBHs.

4. Direct-collapse black hole candidates

To produce a grid of SED models for DCBHs against which the
objects in the PEARLS/NEP catalogs are tested, we started from
the Pacucci et al. (2016) models of a DCBH with a seed mass
around 10° M, and we extracted SEDs at times where the black
hole mass has grown to Mpcgy = 5 X 10°, 1 x 108, 5 x 106,
and 7 x 10° M. These four original DCBH model spectra were
then interpolated to form 50 DCBH spectra uniformly spaced
in log,, Mpcpn throughout the 5 X 10°—7 x 10% M, range. On
this basis, we derived photometric fluxes in the relevant NIRCam
filters at z = 5—15 with a step size of A(z) = 0.1. We assumed a
cosmology characterized by Qy = 0.32, Q5 = 0.68, and Hy =
67kms~! Mpc™!, as well as complete absorption by the neutral
intergalactic medium at rest wavelengths shorter than Ly« for
sources at 7 > 5.8.
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Fig. 3. Photometric degeneracy between high-z DCBHs, obscured
AGN, and very dusty galaxies. The thin black lines represent the
Pacucci et al. (2016) model spectra of DCBHs with mass 5 x 10° M,
(upper line) and 5 x 10° M,, (lower line) at z = 10. The white squares
indicate the corresponding integrated fluxes in the NIRCam filters used
in the PEARLS/NEP survey. While the detailed spectra of the DCBHs
display features that would set them apart from both dusty galaxies
and obscured AGN, their photometric properties can be relatively well
reproduced by both of these types of objects. The blue line represents
the model spectrum of a passively evolving, very dusty (Ay =~ 2.5 mag,
Z =0.004, age ~2 Gyr) galaxy at z = 2.3 based on the Zackrisson et al.
(2011a) set, with filter fluxes (blue squares) that can roughly reproduce
the photometric data points of the 5 x 10® M, DCBHs that lie above the
PEARLS/NEP detection threshold (dashed black line). The red line and
red triangles represent the Polletta et al. (2007) template spectrum and
its corresponding NIRCam filter fluxes for an obscured AGN (QSO2
template), redshifted to z = 5 and scaled to match the 5x 10° M, DCBH
model as closely as possible. Also in this case, there is a substantial sim-
ilarity in the photometric SED between the z = 5 AGN and the z = 10
DCBH.

4.1. Direct-collapse black hole candidate selection

The search for potential DCBH candidates among the 24 119
objects listed in PEARLS/NEP1+NEP2 catalog began by select-
ing observations with at least four detected fluxes above the
JWST NIRCam 20 detection limit (see Sect. 2). For fluxes asso-
ciated with unrealistically small error bars, such as <0.1 mag, we
capped both upper and lower error bars at 0.1 mag. An SED fit-
ting using reduced-x? (y2) minimization was then performed for
every catalog object using all the Pacucci et al. (2016) DCBH
models described above. Consequently, two sources with IDs
21567 and 22 802 revealed acceptable fits with y2 < 3 (here-
after, we refer to the two DCBH candidates as DCBH-1 and
DCBH-2, designated in arbitrary order). Based on the minimum
and maximum degrees of freedom (two and six), the correspond-
ing limits of the P-values for the selected y? range are 0.049 and
0.006. Therefore, considering a maximum x? of three is quite
generous for this analysis and ensures that the upper limits on the
comoving density of DCBH host halos in Sect. 4.2 are conserva-
tive. The fit parameters and the source information of all detec-
tions are listed in Table 1. In the case of DCBH-1, it appeared
that the obtained mass (log,,(M/My) = 5.56) falls below the
range covered by our models. This happens because we chose to
expand our model dataset by employing an extrapolation tech-
nique. We included additional models that were derived through
interpolation, where we closely examined observed data points
and created new models to fill in the gaps. By doing so, we
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Table 1. Selected sources and corresponding best-fit parameters
obtained with the z > 6 DCBH models (Pacucci et al. 2016).

Parameters/Obs. ID (9 DCBH-1 DCBH-2
RA (deg) 260.75396245  260.69140947
Dec (deg) +65.80118827 +65.79172734
FOOOW - 29.59 £ 1.62
F115W - 28.57+0.62
F150wW - 27.43+0.19
F200W 2991+0.79 26.55+0.10®
F27TW 28.83 +0.15 25.46+0.10
F356W 28.42+0.10 2471 +0.10
F410M 27.95+0.13 24.48 +0.10
Fa44w 27.50+£0.10 24.24 +0.10
Redshift 14.1 8.2
log,o(M/My) 5.56 6.18
Eddington ratio ) 3.1 1.5

X2 2.41 0.53

Notes. Observation ID based on the combined NEP1 and NEP2 cata-
log. ®Error bars smaller than 0.1 mag were set to 0.1 mag. YEddington
ratio obtained from the SED fitting for the two DCBH candidates (see
the text).

significantly enhanced both the overall coverage, which means a
broader range of scenarios, and the granularity within our model
set. The mass of DCBH-1 was therefore scaled down in this pro-
cess. Thumbnail images and SED fits of the two candidates are
shown in Fig. 4.

As expected, the photometric SEDs exhibit extremely red
continuum slopes through the NIRCam bands. At the flux levels
of these candidates, the first data point at wavelengths longward
of the Ly« limit lies too close to the NEP detection threshold to
allow a sharp Lya limit feature to be seen (unlike in the z = 6
and z = 10 examples shown in Fig. 1). Instead, the continuum
gradually fades below the detection limit, which unfortunately
makes the redshift difficult to constrain. These photometric sig-
natures may also be reproduced by obscured AGN or very dusty
galaxies (see Sect. 3 and Fig. A.1).

We note that there is a range of morphologies among these
sources, with one of the candidates being extended and one being
more point-like. Naively, one would expect DCBHs to appear as
unresolved point sources, but the presence of ionized gas sur-
rounding the DCBH and/or its proximity to a nearby galaxy
could also be consistent with an extended source. However, one
should note that if the extended source is indeed a galaxy, the
Pacucci et al. (2016) DCBH SED fitting method will not yield
accurate results.

Shifting focus to a different aspect of the sources, it is note-
worthy that the Eddington ratios in the models we used consis-
tently demonstrate a slightly super-Eddington behavior (as elu-
cidated in Fig. 1 of Pacucci et al. 2015). This characteristic is
particularly evident in our two candidates, DCBH-1 and DCBH-
2, which have estimated Eddington ratios of 3.1 and 1.5, respec-
tively, at the time of observation. Notably, the estimate for the
luminosity emitted by the black hole in GN-z11, the farthest
detected to date (Maiolino et al. 2024), is about five times its
Eddington luminosity.

4.2. The comoving density of direct-collapse black holes

The prospects of detecting DCBHs in a given survey are set by
a combination of two factors: (i) the flux detection limits of the

photometric and/or spectroscopic observations used and (ii) the
sky area covered by a survey. Whereas the flux detection thresh-
olds set limits on the properties of the observable DCBHs (in
terms of black hole mass, accretion rate, etc.), the survey area
determines the number of such objects that are included in the
survey.

The connection between the survey area and the expected
number of DCBH detections is further complicated by substan-
tial uncertainties regarding the properties required for DCBHs to
form. Theoretical predictions on the number density of halos that
could host DCBHs at z = 6-20 spans at least five orders of mag-
nitude at any given redshift (Habouzit et al. 2016; Valiante et al.
2017; Inayoshi et al. 2020).

To compare current predictions on the number density of
DCBH host halos to the number density that would allow for at
least one detection in PEARLS, we derived the comoving num-
ber density nposts Of host halos that would produce a certain num-
ber of observed DCBH candidates (V) in the A(z) interval cen-
tered around redshift z as

Nobs (1)
Ve(A, z, A(z)) Atpen”

where V;(A, z, A(z)) is the comoving volume probed by a survey
that covers an area A in the sky across A(z) at redshift z, Af, A
is the cosmic time interval spanned by A(z) at this redshift, and
Atpcpy is the total time interval during which a DCBH can be
expected to exhibit some specific set of selection criteria.

In the case of the NEP, we based the V.(A,z, A(z)) esti-
mate on a survey area for two spokes (see below) and evaluated
Eq. (1) in A(z) = 1 bins. As long as Afpcpn < Af; A(z)» Bhosts €an
be interpreted as the comoving number density of DCBH host
halos emerging within a single redshift bin, which roughly cor-
responds to theoretical predictions on noncumulative densities
of DCBH host halos (e.g. Habouzit et al. 2016).

By requiring DCBH candidates to be detectable in at
least four JWST/NIRCam filters, the maximum redshift for
which DCBHs may be detected throughout the full 0.5-7 x
10% M, mass range considered corresponds to z ~ 14 when
using PEARLS data for the NEP field. By comparison, other
JWST cycle-1 surveys such as the Cosmic Evolution Early
Release Science (CEERS'; ~100 arcmin? in the Extended Groth
Strip; Finkelstein et al. 2022) and the JWST Advanced Deep
Extragalactic Survey (JADES?; ~175arcmin’ in GOODS-S
and GOODS-N; Eisenstein et al. 2023), which have somewhat
deeper detection limits, have the potential to extend this limit to
z =~ 16 and 19, respectively.

By setting Nyps = 1 in Eq. (1), Fig. 5 displays the minimum
DCBH host halo number densities detectable in PEARLS NEP,
CEERS, and JADES as a function of redshift under the assump-
tion that 0.5—7x10°® M, DCBHs retain their Pacucci et al. (2016)
telltale spectral signatures for Atpcgy = 10 Myr.

These detection limits were compared to the range of theo-
retical predictions on the comoving number densities of DCBH
hosts from Habouzit et al. (2016). The DCBH models that fall
above these limits could produce DCBH detections within the
specified survey areas, whereas models falling below the limits
would produce too few DCBHs per comoving volume to make
detections likely.

Based on our analysis using PEARLS NEP1 and NEP2
observations, we found two potential sources at different red-
shifts (see Sect. 4.1 for details). Assuming Nops = 2 and the

Aty A

Nhosts =

' https://ceers.github.io
2 https://www.cosmos.esa.int/web/jwst-nirspec-gto/
jades
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Fig. 4. DCBH candidates in PEARLS/NEDP. In the left column, we show the JWST/NIRCam photometric fluxes in eight bands (blue dots) and the
corresponding best-fitted photometric DCBH models (red dots and solid line) from Pacucci et al. (2016). The dashed lines correspond to NIRCam
detection limits. In the right columns, we show the corresponding 2 X 2 arcsec images for the objects DCBH-1 (top) and DCBH-2 (bottom).

Tabulated fluxes and coordinates of these objects are listed in Table 1.

PEARLS survey area of ~34 arcmin?® for two spokes, the upper
limit on the comoving density of halos that host DCBHs that
have grown to 5 x 10°—7 x 10° M, and exhibit SEDs in accord
with the Pacucci et al. (2016) models then becomes ~1.5-5 x
10~*cMpc=3 (“c” stands for comoving density; the lower part
of the dark-gray region in Fig. 5) at z = 6—14. These limits are
conservative since they were derived under the assumption that
both candidates could potentially be located at any redshift in
this range. We stress that the redshift estimates for the candidates
obtained by Pacucci et al. (2016) are photometric and therefore
subject to substantial uncertainties (as also discussed in Sect. 3).

These limits already exclude the upper part of the DCBH
parameter space compiled by Habouzit et al. (2016) at these
redshifts, and increasing the timescale over which the DCBHs
are assumed to be detectable given our search criteria would
strengthen the constraints even further. For example, increas-
ing Atpcgn from 10 Myr to 100 Myr would shift both the upper
limit and the theoretical detection limits of the various surveys
down by 1dex at z ¥ 6—8. At higher redshifts, the limits could
potentially become even stronger, but scenarios of this type (with
Atpen > At aq) for A(z) = 1, causing DCBHs that form in
higher-redshift bins to survive into lower-redshift bins) would
result in upper limits that depend on the formation history of
DCBH host halos specific to each formation model.

Since the predicted range of host number densities extends
well above the detection limits of PEARLS/NEP, CEERS, and
JADES, DCBH detections may be possible even if a small
fraction of potential DCBH host halos would produce sources
with the spectral characteristics we used for candidate selec-
tion. However, since the predicted range also extends below the
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detection limits, success in detecting DCBHs in these JWST
surveys is not assured. In Fig. 5, we considered only num-
ber densities from the Habouzit et al. (2016) simulation scenar-
ios that successfully generate DCBH candidate halos, not the
Habouzit et al. (2016) simulation scenarios that failed to produce
any such objects within the simulated volume. If the latter actu-
ally provides a better representation of reality, then the DCBH
number density could in principle be even lower than what is
shown in Fig. 5. However, if DCBHs serve as the primary seeds
of early SMBHs, a hard lower limit can be set by considering
the comoving number densities of z ~ 6 quasars (~10™ cMpc~>;
e.g., Valiante et al. 2017) since the DCBH host halo number den-
sity must then exceed this limit at some prior redshift.

4.3. Constraints on X-ray emission

In order to constrain the X-ray emission of our two candidates
(see Fig. 4), we used the 1.3-megasecond Chandra observa-
tions available in the field. By using different extraction regions
centered at each source position (the 50% encircled energy,
0.32 arcsec in all cases, and r = 1arcsec) and 3”—5" annulus
for background extraction, we obtained nondetections for both
of the candidates. In this case, we could compute 30~ upper lim-
its on count rates of 1.7 x 107° counts™', which translates into
an upper limit on the observed flux of ~3 x 1077 ergs™' cm™
in the 0.5-7keV band when assuming a power-law model
with a spectral index of I' = 1.4. This flux translates into an
X-ray luminosity of ~7 x 10*® in the 0.5—7 keV band at redshift
z = 7. The XMM-Newton and NuSTAR data available in this field
(Zhao et al. 2021) were also searched at the position of the two
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Fig. 5. Detection limits on the number density of halos that may host
DCBHs as a function of redshift. The light-gray region represents the
approximate range of theoretical predictions of the comoving number
densities of halos that may host DCBHs, based on the compilation by
Habouzit et al. (2016). The red lines represent the lowest detectable host
halo comoving density in the case of a DCBH that remains sufficiently
bright for detection in at least four JWST/NIRCam filters and retains its
characteristic spectral signatures for 10 Myr given the total survey areas
of PEARLS NEP (four spokes; solid red line), CEERS (dashed red) and
JADES (dotted red). The part of the parameter space ruled out by the
current limit derived in this paper is marked by the dark-gray region.
The dashed black line represents the approximate z = 6 quasar number
density DCBH models must exceed prior to these redshifts to explain
the SMBH powering these objects.

sources, and a consistent upper limit with Chandra was found.
We note that the two DCBH candidates selected by Pacucci et al.
(2016) are strong detections, with a full-band X-ray flux of
~6—7 x 107 erg s~ cm~2 calculated from 125 counts.

5. Discussion and conclusions

In this study, we conducted an observational search for DCBHs,
which represent one of the proposed mechanisms for the forma-
tion of SMBHs. The DCBH scenario elucidates the process by
which black holes achieved masses exceeding 10° My, during the
early stages of the Universe. With the launch of JWST, we now
possess the capability to explore the depths of high redshifts and
low luminosities, enabling us to delve into the past and inves-
tigate this phenomenon with unprecedented precision in the IR
regime.

As we have shown, objects with photometric SEDs that
closely resemble the Pacucci et al. (2016) predictions of z >
6 DCBHs do exist, even in full eight-band JWST/NIRCam
datasets of the type provided by the PEARLS/NEP survey. Con-
sequently, two DCBH candidates, a point-like source, and an
extended source were identified through SED fitting using the
Pacucci et al. (2016) DCBH models (see Sect. 4.1 for details).

However, since a DCBH sample selected in this way may
include heavily dust-reddened galaxies and AGN (see Sect. 3),
additional data were required to ascertain the true nature of these
objects. Given the ubiquity of dust-obscured AGN at z > 5
revealed by JWST (Kocevski et al. 2023; Greene et al. 2023), it
is possible that DCBH candidates identified by our search cri-
teria are in reality AGN for which the flatter part of the SED

is simply hiding below the detection threshold in the shorter-
wavelength filters. Follow-up spectroscopy is therefore required
to elucidate the true nature of objects that display DCBH-like
photometric SEDs.

The spectroscopic signatures of the DCBH models by
Pacucci et al. (2016) include very strong hydrogen Balmer lines,
an Ha-Hp emission-line ratio of He/HB > 10 (i.e., in significant
excess of the case B recombination value of 2.8 due to colli-
sional pumping of Ha), a strong Hell1640 emission line, and an
absence of emission lines due to metals (Pacucci et al. 2017b).
At z > 6.9, Ha redshifts out of the JWST/NIRSpec wavelength
range, but it remains within reach of JWST/MIRI imaging and
spectroscopy until z = 15. Follow-up observations with NIR-
Spec and MIRI could therefore rule out both dusty starbursts
and AGN, at least for the brightest of our candidates.

If the DCBH is located inside a large ionized bubble in
the intergalactic medium (for instance because the formation
of the DCBH has been triggered by a nearby AGN; e.g.,
Johnson & Aykutalp 2019), the Lya line could also be par-
tially transmitted. However, the transmission of a significant
Lya flux at z > 6 would alter the photometric signature (e.g.,
Zackrisson et al. 2011b). The DCBH candidate selection in this
work and by Pacucci et al. (2016) were made assuming a negli-
gible Lya contribution to the SED.

Due to stochastic gas accretion onto the black hole, DCBHs
may also display brightness variations (Wang et al. 2017) and
thus stand out in multi-epoch observations with NIRCam. While
this makes DCBHs distinct from dusty galaxies (except in the
rare case of a supernova going off in a star-forming galaxy), it
does not, however, effectively separate DCBHs from AGNSs.

The extended morphology evident in one of our candidates
could arise from ionized gas around the DCBH, as shown in
some early simulations. However, the morphological structure
at least shortly after their formation process would be nearly
spherical in this case, with a typical radius of 0.5kpc (see,
e.g., Latif et al. 2013). Specifically, DCBH-2 shows a somewhat
extended morphology, with a maximum size of a few kilopar-
secs. The size of the luminous, possibly ionized region depends
on the frequency range observed by the filter, ranging from a
fraction of a kiloparsec to a few kiloparsecs. Detailed simula-
tions are needed to assess how the optical depth of this ionized
region depends on the observed wavelength.

If the extended structure is not associated with the central
DCBH, it must be caused by either the DCBH host galaxy or
a nearby galaxy. However, an evident stellar component in the
candidate’s image would substantially impact the SED, inval-
idating the use of DCBH models without accounting for the
galaxy contribution. Consequently, our current search approach
is designed to avoid detecting such objects. As this paper focuses
on identifying DCBHs in their “pure” (or nearly pure) state, the
upper limits on the comoving density of DCBH host halos that
we present can admittedly be circumvented in scenarios where
star formation is quickly triggered in the host halos of newborn
DCBHs, where the DCBH host halo merges with a nearby star-
forming halo or in which the DCBH SED otherwise deviates
significantly from the Pacucci et al. (2016) prediction.
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Appendix A: Properties of galaxies with the
potential to mimic the spectral energy
distributions of direct-collapse black holes

In this appendix, we provide additional constraints on the proper-
ties of galaxies capable of mimicking the photometric signatures
of DCBHs. Treating the Pacucci et al. (2016) DCBH SED mod-
els as mock observations and attaching realistic observational
errorbars to the resulting NIRCam photometric data points, we
used the BAGPIPES code (Carnall et al. 2018) to fit galaxy mod-
els to these data. We found that the mock NIRCam photometry
can be reproduced by galaxies with a dust attenuation of Ay > 2
mag over a wide range of redshifts.

Figure A.1 presents two cases where mock NIRCam data
generated from DCBH models at zpcgy = 6 (a) and zpcgy = 12
(b) DCBH are fitted by models involving highly dust-reddened
stellar populations. The first case involves a dusty stellar pop-
ulation at a redshift similar to that of the DCBH model, while
the second case involves a dusty galaxy at a significantly lower
redshift of z = 4. It is also possible to find solutions in which
the best-fitting galaxy models have redshifts higher than those
of the underlying DCBH models. However, since this requires
extremely dusty galaxies that form very early in the history of
the Universe, such interlopers should be considerably less com-
mon (Algera et al. 2023). Moreover, medium-band filters are
also effective at removing dusty galaxies.
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Fig. A.1. BAGPIPES fits of galaxy models to mock DCBH data. The red squares represent the best-fitting galaxy model, based on the red model
galaxy spectrum, to the photometric fluxes of Mpcgy = 5 X 10° M, DCBH model (black circles with mock error bars) from Pacucci et al. (2016).
Red triangles indicate filters where the mock DCBH fluxes fall below the PEARLS detection limits of the NEP field. The estimated errors on the
fitted redshift, total stellar mass, and dust attenuation of the galactic fit are indicated by the sliders to the left of each plot. Top: Example where a
Zpcey = O spectrum is fitted by a dusty galaxy model at a similar redshift (z ~ 5.62). Bottom: Example where a zpcgy = 12 spectrum is fitted by a

dusty galaxy model at a significantly lower redshift (z = 3.94).
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