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Abstract

Direct-collapse black holes (DCBHs) may be the seeds of the first quasars, over 200 of which have now been
detected at z > 6. The James Webb Space Telescope (JWST) could detect DCBHs in the near-infrared (NIR) at
z 20 and probe the evolution of primordial quasars at their earliest stages, but only in narrow fields that may not
capture many of them. Wide-field NIR surveys by Euclid and the Nancy Grace Roman Space Telescope (RST)
would enclose far greater numbers of DCBHs but only directly detect them at z 6–8 because of their lower
sensitivities. However, their large survey areas will cover thousands of galaxy clusters and massive galaxies that
could gravitationally lens flux from DCBHs, boosting them above current Euclid and RST detection limits and
revealing more of them than could otherwise be detected. Here, we estimate the minimum number density of
strongly lensed DCBHs and supermassive primordial stars required for detection in surveys by Euclid, RST, and
JWST at z 20. We find that for reasonable estimates of host halo numbers RST, Euclid, and JWST could
potentially find hundreds of strongly lensed DCBHs at z= 7–20. RST would detect the most objects at z 10 and
JWST would find the most at higher redshifts. Lensed supermassive primordial stars could potentially also be
found, but in fewer numbers because of their short lifetimes.

Unified Astronomy Thesaurus concepts: Quasars (1319); Supermassive black holes (1663); Black hole physics
(159); Early universe (435); Reionization (1383); High-redshift galaxies (734)

1. Introduction

Direct-collapse black holes (DCBHs) could be the seeds of
the first quasars, nine of which have now been found at z> 7
(Mortlock et al. 2011; Bañados et al. 2018; Wang et al. 2021).
They are thought to form when primordial halos in unusual
environments grow to masses of ∼107Me (Agarwal et al.
2016; Latif et al. 2015; Hirano et al. 2017) and collapse via
atomic cooling at rates of up to ∼1 Me yr−1 (e.g., Regan &
Downes 2018; Patrick et al. 2020). Stellar evolution models
indicate that collapse leads to supermassive stars (SMSs) that
reach a few 104–105Me before collapsing to DCBHs
(Hosokawa et al. 2013; Woods et al. 2017; Haemmerlé et al.
2018a, 2018b; Woods et al. 2021; N. Herrington et al. 2021, in
preparation). DCBHs are thought to be the seeds of the first
quasars because it is difficult for normal Population III star BHs
to grow rapidly after birth (Whalen et al. 2004; Whalen &
Fryer 2012; Smith et al. 2018). They are born with much larger
masses and in much higher densities in halos that retain their
fuel supply even when it is heated by X-rays (Johnson et al.
2013; see Woods et al. 2019 for recent reviews). A DCBH
must lie at the nexus of cold accretion flows (e.g., Di Matteo
et al. 2012) or merge with other gas-rich halos capable of
fueling its rapid growth (e.g., Li et al. 2007) to become an
SMBH at z> 6. Radiation hydrodynamical simulations show
that 105 Me DCBHs at z∼ 19 can grow to 2× 109 Me by
z= 7.1 in cold accretion flows (Smidt et al. 2018; Latif &
Khochfar 2020; Zhu et al. 2020; Valentini et al. 2021) and that
these flows can form DCBHs without the need for exotic
environments or even atomic cooling (Latif et al. 2022).

DCBHs could be found at z∼ 8–10 by the Square Kilometer
Array and next-generation Very Large Array (Whalen et al.
2020a), at z∼ 10 by future X-ray missions such as the Advanced
Telescope for High-Energy Astrophysics (ATHENA) and Lynx,
and at z∼ 20 by the James Webb Space Telescope (JWST;
Pacucci et al. 2015, 2016; Natarajan et al. 2017; Barrow et al.
2018; Whalen et al. 2020b). NIR from their SMS progenitors
could be detected at z∼ 10 by JWST (Surace et al. 2018, 2019),
and gravitational waves from DCBH mergers might be found by
the Laser Interferometer Space Antenna (LISA; Hartwig et al.
2018; Latif et al. 2020).
JWST could detect primordial quasars at their earliest stages

of evolution but only in narrow fields of view that may not
capture many of them. Wide-field surveys by Euclid and RST
could enclose far greater numbers of DCBHs but only detect
them at z 6–8 because of their lower sensitivities (Whalen
et al. 2020b). Furthermore, because the filters in Euclid and
RST are limited to λ< 2 μm and λ< 2.3 μm, they cannot
detect SMSs or DCBHs at z 15 and z 18, respectively,
because flux blueward of the corresponding wavelength in the
rest frame of the object is resonantly scattered and absorbed by
the neutral intergalactic medium (IGM) prior to the end of
cosmological reionization.
However, Euclid and RST could still find DCBHs or SMSs

at z 10 because their wide-field surveys (several tens or
thousands of square degrees, respectively) will enclose
thousands of galaxy clusters and massive galaxies that could
gravitationally lens flux from these primordial sources. Strong
lensing could offset the lower sensitivities of wide-area surveys
and reveal more objects than could otherwise be detected (and
at higher redshifts). Until now, surveys have targeted individual
well-resolved cluster lenses with extreme magnifications, μ,
exceeding ∼ 1000 (Welch et al. 2022) to search for faint, high-
redshift objects. Lensed galaxies at z 6 have already been
discovered at high magnifications (e.g., Bradley et al. 2014;
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Vanzella et al. 2014; Salmon et al. 2020). Wide-field surveys
could produce more detections of high-z objects because of
their much larger total lensing areas, even though their
magnifications are more modest (e.g., Vikaeus et al. 2022).
Here, we estimate the number of strongly lensed DCBHs and
SMSs that could be found in wide-field surveys by Euclid and
RST and in deep JWST surveys. In Section 2 we discuss our
DCBH and SMS source-frame spectra and statistical model for
strong lensing in wide fields. We show SMS and DCBH
number counts in Euclid, RST, and JWST surveys in Section 3
and conclude in Section 4.

2. Numerical Method

We convolve rest-frame spectra for DCBHs and red and blue
SMSs with statistical estimates of strong lensing in wide or
narrow fields to calculate the minimum number density of
objects required for just one object to appear in a given survey
over a range of redshifts.

2.1. DCBH/SMS Spectra

Studies of SMS evolution show that they either follow cool
red tracks at temperatures of ∼104 K if they grow at the
Hayashi limit or hot, blue tracks with temperatures above
105 K. We take spectra for 105Me DCBHs and 105 Me red and
blue SMSs growing at 1Me yr−1 from Whalen et al. (2020b)
and Surace et al. (2018, 2019), respectively, which are shown
in Figure 1. Reprocessing of radiation from the object by the
dense cocoon of atomically cooled gas in which it forms was
included in the spectrum calculation, and absorption by the
atmosphere of the blue SMS was included in its spectrum.
Absorption by the envelope of the DCBH is evident from the
attenuation of its flux blueward of the Lyman limit and the
emission features at longer wavelengths. Similar features are
visible in the spectra of both stars. Absorption and emission
features are more prominent in the spectrum of the blue star
because of its ionizing UV flux and absorption by its
atmosphere. The spectral limit of the red SMS occurs at a
longer wavelength than for the SMS because of its lower
temperature, but more flux emerges from the red star at
wavelengths above 3000Å, which has important consequences
for its detectability at higher redshifts. Likewise, the flatter

spectrum of the DCBH makes it easier to detect than SMSs at
most redshifts, as will be shown later.

2.2. Minimum Number Densities

The minimum comoving number density (nmin) of DCBHs
or SMSs required to detect just one object in a randomly
oriented sky survey is
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where mP z,min( ) is the probability of achieving the minimum
magnification required to boost flux from the object above the
detection threshold for the survey and is calculated from the
lensing model of Zackrisson et al. (2015, see Figure 1 therein
for plots of P(�μ, z) for μ� 10, 100, and 1000). Vc is the
comoving volume spanned by the survey area A of the
telescope at a redshift z with a redshift bin Δz corresponding to
those used in dropout selection techniques when observing
with photometric filters (here, we set Δz= 1). The effect of Δz
on nmin is partly compensated by the ratio of the cosmic time
spanned by the survey volume, Δt, and the time for which the
object remains uniquely identifiable as a DCBH or SMS,
defined here as τ. For larger choices of Δz, the corresponding
cosmic time Δt is also greater, mitigating the dependence of
nmin on Δz. We assume τ= 40Myr for the DCBH, about one
Salpeter e-folding time (Salpeter 1964), after which its
luminosity would begin to change significantly. This assump-
tion is somewhat conservative as the luminosity is expected to
increase over time. The SMSs have τ= 200,000 yr because
they are much shorter lived.
Our lensing model uses the large-scale dark matter

distribution of the Millennium simulation with a semianalytical
model (Baugh et al. 2005) for the distribution of galaxies inside
dark matter halos. From this distribution, the lensing potential
for a sequence of lens planes along different lines of sight can
be calculated. Magnifications for randomly oriented sight lines
are then calculated as a function of redshift for the source
to produce the magnification probability function P(�μ, z).

Figure 1. Source-frame spectra for the 105 Me DCBH (left) and 1.0 Me yr−1 SMSs (right) after reprocessing by the host gas envelope.
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Meneghetti et al. (2020) argued that failing to consider
substructures in galaxy clusters could lead to underestimates

of the likelihood of strong gravitational lensing. Because our
dark matter distributions do not resolve these substructures, our
estimates of DCBH and SMS detections should be considered
to be conservative.
As constructed in Equation (1), nmin establishes the require-

ments on minimum object number density for a 1σ detection
such that any randomly oriented sky survey will find at least one
object in the survey volume with a probability of ~P 0.68det .
This constraint is set by m= - - >P P z1 1 , N

det min[ ( )] , where
N is the number of SMSs or DCBHs within the survey area with
an age that does not exceed their respective τ. Requiring a
specific probability Pdet therefore sets a relation between N and
P(�μ, z) that can be varied by requiring, for example, a 2σ
detection ( ~P 0.95det ). This increases the required number of
objects inside the survey volume by a factor of 3 compared to
the 1σ detection for any given P(� μ, z). Here we consider 1σ
detections to set a lower limit on nmin.

2.3. Resolved/Unresolved Imaging

The DCBH would appear as a point source given the
magnifications necessary to detect it in the surveys here
because we assume its spectrum is dominated by its accretion
disk and that nebular emission is negligible. The intrinsic size
of the DCBH is then tens of astronomical units, not parsecs,
which could be the case for the nebula. The top panel of
Figure 2 shows the magnification required to detect a 105 Me
DCBH. The black dashed–dotted lines indicate the magnifica-
tions above which an object with an intrinsic size of 1 pc or 10
pc could become resolved in imaging. Here, we make the
assumption that the stretching of the image due to lensing is
only in one direction. In reality, the object will also be stretched
by a non-negligible amount in other directions, which would
allow for higher magnifications, making this a conservative
estimate. If there is significant nebular emission, Figure 2
shows that, e.g., the deep RST survey would only detect
DCBHs that are resolved in imaging at z 14.5 if they are 10
pc sources or z 16.5 if they are 1 pc sources. Note that a
DCBH or SMS with an intrinsic size of ∼10 au would remain
point like (unresolved) in all surveys because μ 4× 106

would be required throughout the redshift range to resolve such
a small object.
Similar arguments apply to SMSs, which can also be taken

to be point sources if their intrinsic size is on the order of
astronomical units. Nebular emission in blue SMS spectra can
produce a larger object that could be resolved at higher
magnifications depending on the size of the nebula (center and
bottom panels of Figure 2). If DCBHs and SMSs are indeed
tens of astronomical units in size, their point-like appearance
even at high magnifications enables their detection at very high
redshifts. We find that JWST NIRCam imaging never requires
significant magnifications and would therefore be able to detect
DCBHs and SMSs as point-like sources throughout the redshift
range, even for objects with intrinsic sizes on the order of
parsecs. When objects become resolved, additional modeling of
the sources on smaller scales is required to determine if the
detection is a DCBH or an SMS.

2.4. Survey Parameters

JWST NIRcam and MIRI filters range from 0.6–5 μm and
5.6–25.5 μm and Euclid covers 0.9–2 μm and RST covers
0.5–2.3 μm. As noted earlier, these filters allow JWST in

Figure 2. Minimum magnification (mmin) required for photometric detection of
a gravitationally lensed DCBH (top), blue SMS (center), and red SMS (bottom)
as a function of redshift for the different surveys. The filter used for each object
and survey is specified in Table 2. Note that the lines are only plotted for μ > 1.
Therefore, the ultradeep NIRCam exposures are not included for the DCBH
because no magnification is required in that particular case. The two dashed–
dotted black lines indicate the magnification above which an object with a
given intrinsic size (1 pc and 10 pc plotted here) could become resolved in
imaging.
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principle to detect SMSs and DCBHs out to z∼ 20 but restrict
detections by Euclid and RST to at most z∼ 15 and z∼ 18
respectively. Point-source 5σ photometric detection thresholds
in proposed JWST, RST, and Euclid surveys and their filters
are shown in Table 1 (Rieke et al. 2019; Akeson et al. 2019;
Laureijs et al. 2011). To maximize detections over the range of
redshifts in our study, we consider two filters for RST because
an object at higher redshifts (e.g., at z 13.8 for DCBHs) may
be brighter in the F213 filter than the F184 filter (at z 15 the
flux entering the F184 filter originates blueward of Lyα and is
thus attenuated by the neutral IGM). We likewise consider four
JWST filters to optimize detections over specific ranges in
redshift. The redshift ranges for which the filters in each survey
were used to minimize nmin for each type of object are
summarized in Table 2. Note that in most of the cases, the
redshift ranges for the optimum filter do not depend on the
depth of the survey. In this paper, we consider the JWST
surveys summarized in Rieke et al. (2019), in which the filters
that are available for the designated survey depth and areal
coverage are limited. Because of the photometric depth of
JWST, DCBHs can be detected in several of its filters without
gravitational lensing up to very high redshifts in ultradeep
fields. When gravitational lensing is not required, the survey
area alone determines the minimum required number density.

3. Results

3.1. DCBHs

We show the minimum required number density (nmin) for
one single detection from z= 7–20 for a 105 Me DCBH in the
top panel of Figure 3. The deep-field survey with RST will
detect more strongly lensed DCBHs than its wide survey at
z 12, above which the wide RST survey will perform equally
well. The wide Euclid survey will detect more DCBHs than its
deep survey at all redshifts. The deep RST survey performs
better than all other surveys at z 10.5. However, JWST
medium NIRcam imaging would find the most DCBHs at
10.5 z 13.2 and deep NIRCam imaging would detect the
most at 13.2 z 17.5. Single, ultradeep NIRCam pointings
with 100 hr exposures will detect the most DCBHs at z 17.5.
We note that nmin for ultradeep NIRCam imaging varies with
redshift only with Vc and Δt because DCBHs are visible in
these exposures without gravitational lensing. In contrast,

lensing is required for all detections by wide and deep surveys
with RST and Euclid, even at lower redshifts. In these surveys,
nmin rises rapidly at z∼ 14–15 because of absorption of DCBH
flux at corresponding wavelengths (λ� λLyα) in the source
frame by the neutral IGM, as discussed earlier. Although the
NIRcam plots in Figure 3 are for the F444W filter, the other
NIRCam filters yield similar numbers of detections because the
DCBH spectrum is relatively flat (see Figure 1).
We overlay the range of number densities of halos expected

from simulations (defined here as nsim) to host DCBHs as the
gray regions in Figure 3 (Habouzit et al. 2016; Valiante et al.
2017). They vary by many orders of magnitude with redshift
because of uncertainties in Lyman–Werner and UV self-
shielding in the halos but have a lower limit of ∼10−9 Mpc−3

that is set by the number of observed quasars at z∼ 6. For none
of the surveys to detect a DCBH the number density of host
halos would have to be less than∼10−7 Mpc−3 at z∼ 7
and∼10−4.5 Mpc−3 at z∼ 20, which are fairly severe limits. As
nmin sets the required minimum number density for one single
detection, the ratio n nsim min yields the number of objects
expected to be detected at a given redshift. In the optimistic
limit, this indicates that these surveys could detect several
hundred to several thousand lensed DCBHs per unit redshift at
lower z and up to 10 even at the highest redshifts—but these
predictions are very uncertain due to the large range of nsim at
any given redshift. Note however that the regions marked by
gray in Figure 3 may somewhat underestimate the number of
DCBHs expected to be present at a given redshift because the
most recent simulations of the formation of atomically cooled
halos have shown that one to five DCBHs can form per halo
(e.g., Patrick et al. 2020).

Table 1
Filters, Areas, and Photometric Depths for Proposed JWST (NIRCam/MIRI),

Euclid, and RST Surveys

Filter Area (deg2) Depth (AB mag)
5σ Point-source

Deep NIRCam
F200W/F356W/F444W 0.013 30.6/30.1/29.8
med. NIRCam:
F200W/F356W/F444W 0.053 29.7/29.3/29.0
deep MIRI (F770W) 0.0022 27.4
med. MIRI (F770W) 0.0039 25.6
wide RST (F184/F213) 2000 26.3/25
wide Euclid (H) 15000 24
Ultradeep NIRCam
F200W/F356W/F444W 0.0027 31.8/31.3/31.0
ultradeep MIRI (F770W) 0.0006 27.8
deep RST (F184/F213) 40 28.5/27.2
deep Euclid (H) 40 26

Table 2
Photometric Filters Providing the Lowest Minimum Number Densities for the

Different Surveys and Their Corresponding Redshift Ranges

Object Survey Filter Redshifts

DCBH Euclid H z = 7-15
DCBH RST F184 z = 7-13.8
DCBH RST F213 z = 13.8-18
DCBH NIRcam F444W z = 7-20
DCBH MIRI F770W z = 7-20
BSMS Euclid H z = 7-15
BSMS RST F184 z = 7-14.5
BSMS RST F213 z = 14.5-18
BSMS NIRcam UD F200W z = 7-16.4
BSMS NIRcam UD F356W z = 16.4-20
BSMS NIRcam D F356W z = 7-9.5
BSMS NIRcam D F200W z = 9.5-16.4
BSMS NIRcam D F356W z = 16.4-20
BSMS NIRcam M F356W z = 7-9.7
BSMS NIRcam M F200W z = 9.7-16.3
BSMS NIRcam M F356W z = 16.3-20
BSMS MIRI F770W z = 7-20
RSMS Euclid H z = 7-15
RSMS RST F184 z = 7-13.4
RSMS RST F213 z = 13.4-18
RSMS NIRcam F444W z = 7-20
RSMS MIRI F770W z = 7-20

Note. JWST filters are selected from the surveys in Rieke et al. (2019).
UD = ultradeep, D = deep, M = medium, BSMS = blue SMS, RSMS =
red SMS.
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3.2. SMSs

The nmin for the blue and red SMSs are shown as a function
of redshift in the center (blue SMS) and bottom (red SMS)

panels of Figure 3. SMSs are intrinsically brighter than the
DBCH at some redshifts in some of the filters; therefore, one
might naively expect that their nmin could be less than those for
DCBHs. However, their shorter lifetimes result in minimum
required number densities that are orders of magnitude greater
than those for DCBHs and would be detected at most to z∼ 14,
even by ultradeep NIRcam exposures. The breaks in some of
the lines in the center panel of Figure 3 are due to switching to
the optimum filter at those redshifts and to significant variations
in the brightness of the blue SMS spectrum at certain
wavelengths. The troughs in the MIRI plots at z∼ 8–13 in
the center panel are due to strong Balmer emission lines from
the blue star. The MIRI F770W filter probes the rest-frame
spectrum between 5000–9000Å, which contains these lines.
This brightens the star and enhances the prospects for
detections over this redshift range by MIRI.
If we take into account the numbers of SMS host halos per

redshift predicted by simulations in gray in Figure 3, deep
NIRcam imaging would detect the most blue SMSs at z= 7–8
and wide RST exposures would find the most at z= 8–13.5,
followed closely by ultradeep NIRcam pointings. The wide
Euclid survey is the only other one that would detect blue
lensed stars, at z= 10.5–12.5. Medium NIRcam imaging would
find the most red SMSs at z= 7–10.2 and deep NIRcam
exposures would find the most at z= 10.2–13.5. Over both
ranges in redshift, F444W is the optimum NIRCam filter. We
again note that the regions in gray in Figure 3 somewhat
underestimate the number of SMSs expected to exist per unit
redshift because more than one star can form per halo. Unlike
DCBHs, we find that SMSs generally must be gravitationally
lensed at higher redshifts in order to be detected, even by
ultradeep NIRCam imaging (see Figure 2).

4. Conclusion

Our calculations show that RST, Euclid, and JWST would
detect far more lensed DCBHs than lensed SMSs, primarily
because the stars have such short lifetimes. Indeed, the best
way to constrain SMS numbers at high redshifts is to detect
their DCBHs because SMS detections could effectively
undercount their true numbers by orders of magnitude.
Considering the surveys included in this paper, RST will
detect the most lensed DBCHs for z 10 and JWST will find
the most at z∼ 10–20. These surveys will find up to a few tens
more red SMSs than blue ones because more of their flux is
redshifted into the NIR today. In principle, RST, Euclid, and
JWST may find no DCBHs if the number density of source
halos is small enough at high redshifts. However, the failure to
detect these objects would impose severe constraints on DCBH
number densities, less than 10−6 Mpc−3 from z= 7–20. For
reasonable estimates of progenitor halo numbers, RST, Euclid,
and JWST could find hundreds or even thousands of strongly
lensed DCBHs at z= 7–20 in the coming decade.

A.V. and E.Z. acknowledge funding from the Swedish
National Space Board.
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Figure 3.Minimum number densities nmin required for the photometric detection
of one single gravitationally lensed DCBH (top), blue SMS (center), and red
SMS (bottom) as a function of redshift. The gray shaded area (extending down to
10−9 Mpc−3 in all figures) shows the expected range of number densities of
halos that can host SMSs and DCBHs from simulations (Habouzit et al. 2016;
Valiante et al. 2017).
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