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Artistic representation of a heavy black hole seed, formed in the early Universe. Despite numerous
theoretical and observational efforts to observe the birth of the first population of black holes, thus
far we are still lacking a confirmed detection. The formation of these objects would be among the
most spectacular events in the history of the Universe. (Credit: NASA/CXC/M. Weiss)
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Introduction
The dawn of the first black holes (and stars) occurred ∼ 100Myr after the Big Bang (Barkana and
Loeb 2001). It is very remarkable that numerous observations in the past two decades have shown
the presence of Super-Massive Black Holes (SMBHs, with masses 109−10M�) less than 700Myr
later (e.g., Fan et al. 2006; Mortlock et al. 2011; Wu et al. 2015; Bañados et al. 2018). A “seed” is
the original black hole that, growing via gas accretion and mergers, generates a SMBH. Seeds are
categorized in light (. 102M�, formed as stellar remnants) and heavy (∼ 104 − 106M�). Heavy
objects formed by the direct collapse of primordial gas clouds are named Direct Collapse Black
Holes (DCBHs, Haehnelt and Rees 1993; Bromm and Loeb 2003; Lodato and Natarajan 2006).

It is challenging to grow a black hole from a light seed in time to match the observations of
SMBHs in the early Universe (Haiman and Loeb 2001; Haiman 2004, see also reviews by Volonteri
and Bellovary 2012; Haiman 2013; Woods et al. 2018). Possible solutions to decrease the growth
time are: (i) start the growth from heavy seeds (Bromm and Loeb, 2003), and (ii) allow extremely
large accretion rates in the high-z Universe (Begelman, 1979; Volonteri and Rees, 2005; Pacucci
and Ferrara, 2015; Inayoshi et al., 2016; Pezzulli et al., 2016). Notwithstanding several efforts
in theoretical predictions and observations (e.g., Sobral et al. 2015; Pallottini et al. 2015; Pacucci
et al. 2015a; Valiante et al. 2018a,b), thus far there is no confirmed detection of any black hole
seed. DCBHs may be relatively common in the early universe, with recent work suggesting a
comoving number density of ∼ 10−6Mpc−3 and as high as ∼ 10−3Mpc−3 in dense regions (Wise
et al., 2019). Previous studies which also explored the issue of DCBH formation include Yoshida
et al. (2003); Visbal et al. (2014); Chon et al. (2016); Maio et al. (2018); Inayoshi et al. (2018).
These theoretical findings highlight the great potential relevance of this formation channel.

Detecting the Dawn of Black Holes
FUTURE OBSERVATORY IMPORTANCE FOR SEEDS

JWST (launch: 2021) • Detect peak emission of typical seeds
• Detect heavily obscured seeds 

Athena (planned: 2031) • Larger field of view for surveys
• Detect compton-thin sources

Lynx (concept study) • Higher angular resolution
• Detect heavily compton-thick sources

LISA (planned: 2034) • Unequivocally determine main 
formation channel of seeds

Figure 1: Overview of future observatories that will detect the dawn of black holes.

Shedding light on the dawn of black holes will be one of the key tasks that the astro-
nomical community will focus on in the next decade. The unknowns in this field are several
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and largely unconstrained. What is the main formation channel? Assuming that both heavy and
light seeds were formed, what is their typical formation ratio? What is the peak redshift of their
formation? Investigating the dawn of black holes will have crucial consequences on the theory of
galaxy formation/evolution and on gravitational wave astronomy. A better understanding of the
initial conditions of this high-z population will provide fundamental clues on its evolution at lower
redshifts, down to the local Universe around us. In fact: (i) there is a tight connection between
some properties of the host galaxy and the mass of the SMBH at its center (e.g., Kormendy and Ho
2013), and (ii) the progenitors of the merging black holes that we observe via gravitational waves
could have formed as high-z light seeds (e.g., Kinugawa et al. 2014).

The formation of SMBHs by the DCBH scenario at z & 10 is very appealing on many grounds
(e.g., Oh and Haiman 2002; Bromm and Loeb 2003; Lodato and Natarajan 2006; Pacucci et al.
2015a). Direct collapse of a gas cloud onto a 104−6 black hole would be among the most spectac-
ular events in the history of the Universe. In this white paper we address the question of what
capabilities are required to identify and study SMBHs formed by heavy seeds in the early
Universe. On similar topics, see the white papers by Natarajan et al. (2019); Haiman et al. (2019).

In the electromagnetic spectrum, infrared and X-ray observations offer the best chances to
investigate the dawn of black holes. In fact, while infrared wavelengths probe the spectral region
of highest emission, X-ray photons are able to escape from the extremely large column densities
that their hosts are predicted to have (e.g., Pacucci and Ferrara 2015). Future observatories in both
spectral ranges, like the James Webb Space Telescope (JWST), Athena and the proposed Lynx, will
certainly play a major role in unraveling the dawn of black holes (see Fig. 1). The JWST, with its
impressive angular resolution and a light-collecting area seven times larger than the Hubble Space
Telescope (HST), will observe the infrared sky farther than ever before. Athena, with its large
field of view, will be fundamental for X-ray surveys. Lynx, with excellent angular resolution, high
throughput and spectral resolution for point-like and extended sources, will collect X-ray photons
from the most obscured accreting sources in the high-z Universe.

How can we identify z & 10 heavy seeds?
Currently we probe only the most luminous high-z black holes: ∼ 109−10M� objects at z ∼ 6− 7
(Fan et al. 2006; Mortlock et al. 2011; Bañados et al. 2018). This is clearly the tip of the iceberg of
their mass distribution (see e.g. the SHELLQs survey, Matsuoka et al. 2018). Upcoming facilities
will revolutionize our view of the early Universe, by probing mass scales . 106M� (Pacucci et al.
2015a; Woods et al. 2018). To exemplify the extent of the observational revolution that we are
about to witness, NIRCam onboard the JWST will reach m = 30.5 at 5σ with an exposure of
∼ 88 hr (Finkelstein et al., 2015). Depending on the models and on the brightness of the host
galaxy, this will enable the detection of objects of ∼ 105−6M� at z & 10. These capabilities will
open up, for the first time in history, the window to the dawn of black holes.

In order to observationally identify heavy seeds it is thus crucially important to understand the
observational signatures that we are seeking. To obtain an unequivocal detection of heavy seeds
we need to probe mass scales of ∼ 105−6M� at redshift z & 10. Observing them early in their
evolution (i.e., at birth or soon after) is crucial: once a black hole has evolved from its original
seed, the initial conditions are rapidly deleted and become undetectable (Valiante et al., 2018a).

The observational methodologies proposed can be divided in direct and indirect. A direct
method affirms, within some error margin, whether a source is a heavy black hole seed or not. An
indirect method, instead, looks at a group of objects and infer whether it is likely that at least a
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fraction of them originated from heavy seeds. In this white paper we focus on direct methods. See
Haiman et al. (2019) for a review of indirect methods.

The next generation of telescopes will provide an unprecedented number of high-quality spec-
tra. Thus, it is important to understand the spectral signatures of heavy seeds. Pacucci et al. (2015a)
presented the first, accurate study of spectral templates (continuum + lines) for heavy seeds, span-
ning from the sub-mm to the X-ray (see Fig. 2). For a typical heavy seed, buried under very large
absorbing column densities, the emission occurs in the observed infrared-submm (1 − 1000µm)
and X-ray (0.1 − 100 keV) bands. These sources feature a very steep spectrum in the infrared,
because much of the radiation emitted by the central source is reprocessed at lower energies by the
intervening matter (Pacucci et al., 2016). At the fiducial redshift z = 10, the signal generated by a
heavy seeds will be easily detectable by the JWST at a mass scale∼ 105−106M�, while Lynx will
go down to∼ 104M�; Athena will be able to detect these sources down to a mass scale∼ 106M�.
Thanks to its higher angular resolution, images from Lynx will also be affected by a lower source
confusion due to foreground objects. All the aforementioned estimates assume a Compton-thin
irradiation scenario. In fact, as shown in several studies (e.g., Pacucci et al. 2017; Valiante et al.
2018b) the spectrum depends on multiple parameters: (i) black hole mass, (ii) column density and
gas metallicity of the host, (iii) presence of stars. Pacucci et al. (2015a); Natarajan et al. (2017)
indicate that heavy seeds will be primary targets for all these upcoming facilities.

Additional observational signatures of z & 10 heavy seeds may come from the very large ab-
sorbing column density of their host galaxies (e.g., Pacucci and Ferrara 2015; Latif et al. 2013;
Begelman and Volonteri 2017). In fact, column densities comparable to or well in excess of the
Compton-thick limit (NH ∼ 1.5× 1024 cm−2) may be reached during the formation of the seed, or
shortly after for periods of ∼ 100Myr (Pacucci et al., 2015b). The effects of large absorbing col-
umn densities are: (i) X-ray fluxes in the soft and in the hard bands (0.5−10 keV) are significantly
reduced by factors up to ∼ 100 for extreme values of the column density (NH & 1025 cm−2), and
(ii) X-ray photons are re-emitted in the infrared bands, due to Auger-like cascade effects (Pacucci
et al., 2015a). In summary, the increase in column density to values NH & 1.5× 1024 cm−2 causes
a decrease in the X-ray emission and an increase in the infrared emission. Supported by radiation-
hydrodynamical simulations, Pacucci et al. (2015a); Natarajan et al. (2017) suggest that extremely
absorbed heavy seeds will have a ratio of X-ray flux to optical flux FX/F444 Å � 1, and a ratio of
X-ray flux to infrared flux FX/F1µm � 1.

Additional probes are available if future instruments will detect not only the central black hole,
but also its host galaxy. For instance, Agarwal et al. (2013); Visbal and Haiman (2018), utilizing
a cosmological N-body simulation, show that before the ∼ 105M� DCBH at z & 10 grows to
∼ 106M�, it will have a black hole mass to halo mass ratio larger than expected for remnants of
Pop III stars, grown to the same mass. Thus, a combination of infrared and X-ray observations will
be able to distinguish high-z DCBHs from lighter seeds due to this peculiarly large ratio.

What observational capabilities do we need to detect z & 10 heavy seeds?
Any effort to detect z & 10 heavy seeds will likely need a pre-selection of sources with observa-
tional properties meeting some criteria. In this regard, a blind X-ray survey will play a fundamental
role. The final confirmation of the heavy seed nature of a z & 10 source will eventually need a
high-resolution spectrum showing high-ionization lines and no metal lines. Pacucci et al. (2016)
introduced a photometric selection criteria for heavy seeds, leading to the first identification of
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Lynx

Athena
CDFS (4Msec)

Lynx
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Figure 2: Spectral predictions for a typical heavy seed. The flux limits for future/proposed (JWST,
Athena, Lynx) and current (HST, Chandra) observatories are shown. Left: Spectral predictions are
shown at peak infrared emission and in the Compton thin and Compton thick cases. Right: Spec-
tral predictions are shown at different times during the seed evolution. The unprocessed spectrum
refers to the radiation emitted by the central source and not processed by the host galaxy. Adapted
from Pacucci et al. 2015a.

z > 6 candidates. The criteria arise from the observation that the infrared spectral energy distribu-
tion of seeds is predicted to be significantly steeper when compared to other high-z sources. Other
works extended this study (Natarajan et al., 2017; Volonteri et al., 2017). For instance, Valiante
et al. (2018b) introduced a careful modeling of the metallicity and dust evolution of the hosts.
Their improved selection method employs a combined analysis of near-infrared colours, infrared
excess, and ultraviolet continuum slopes to distinguish host galaxies with growing heavy seeds
from starburst-dominated systems in JWST surveys. The search for heavy seeds thus far is limited
to the GOODS-S field, spanning ∼ 800 arcmin2, leading to 2 candidates and the prediction of
finding . 10 (Natarajan et al., 2017). Applying the same criteria to larger surveys (& 1 deg−2)
will allow the detection of significantly more candidates, building the first census and opening the
way to follow-up spectroscopic observations with the JWST. A major role in the search for candi-
dates will be played by WFIRST. Below we review the observational requirements and how they
compare with planned instruments (see Fig. 1).

Near Infrared: Employing radiation-hydrodynamic simulations, several studies have shown
that the peak emission for a typical heavy seed at z & 10 falls in the near-infrared, at ≈ 1µm
(Pacucci et al., 2015a; Inayoshi et al., 2016; Natarajan et al., 2017; Valiante et al., 2018b). This
fact is true under very general conditions, i.e. independently of the time elapsed from the for-
mation of the seed, of the environmental metallicity and of the specifics of the accretion. The
same studies show that the luminosity of a typical heavy seed varies wildly depending on the
aforementioned parameters. It is very challenging to define the “expected luminosity” of a high-z
seed, as we are dealing with massively active, and thus rapidly varying, sources. Overall, to ob-
serve a 105M� heavy seed at z & 10 in the middle of its lifespan (∼ 100Myr) and assuming a
Compton-thin scenario, we need to reach a flux density of at least 10−16 erg s−1 cm−2. This depth
is very well achieved by the planned specifications of JWST, expected to reach a flux density limit
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≈ 3× 10−17 erg s−1 cm−2 for a 10 ks exposure at ∼ 1µm. Assuming we can observe any DCBHs
accreting at z & 10 producing a flux density & 3 × 10−17 erg s−1 cm−2, we calculate how many
sources of this kind we expect to observe with JWST. The predicted number density of DCBHs
widely varies in the range ∼ 10−10 − 10−1Mpc−3 at z ∼ 10 (Habouzit et al., 2016). The extreme
span in the predictions is mainly due to the uncertainties on the critical external Lyman-Werner ra-
diation field strength that can fully suppress the H2 formation. Employing intermediate values for
the number density (Agarwal et al., 2012; Habouzit et al., 2016), we obtain a number of DCBHs
detectable with JWST at z & 10 of 1− 10 deg−2. Assuming more optimistic values for the number
density of DCBHs, this prediction would increase by several orders of magnitude.

X-rays: High-energy spectral predictions for typical heavy seeds (Pacucci et al., 2015a; Valiante
et al., 2018b) need to take into account the fundamental variable of the column density of the host.
In general, the X-ray emission is predicted to be bell-shaped, with a peak at ∼ 1 keV in the ob-
served frame at z ∼ 10 and rapidly fading at . 0.1 keV. For Compton-thin sources the minimum
requirement to observe a z & 10 DCBH is a flux density 10−16 erg s−1 cm−2, (Valiante et al.,
2018b) which is well contemplated by the flux limit of Athena (Aird et al., 2013). For Compton-
thick sources (NH & 1.5 × 1024 cm−2) instead, more sensitive instruments will be needed, able
to reach sources at least 1 − 2 orders of magnitude fainter (Pacucci et al., 2015a). Flux limits
of ∼ 10−19 erg s−1 cm−2 are expected to be provided by Lynx (Lynx Team, 2018). In fact, future
X-ray missions will play a key role in unraveling the dawn of black holes, especially its most ob-
scured components. Employing again intermediate values for the number density of DCBHs, with
Lynx we expect to observe 5 − 50 deg−2 sources of this kind at z & 10. As already mentioned
in the infrared case, larger values for the number density of DCBHs would lead to a significantly
higher prediction for the number of detectable sources. X-ray and infrared observations are fully
synergetic in the study of the dawn of black holes. While infrared bands are invaluable to study the
spectral energy distribution and emission lines of high-z sources, X-ray observations will provide
crucial insights into their emission mechanisms. Consequently, a high-sensitivity observatory as
JWST needs to be complemented with equally sensitive high-energy observatories (e.g., Athena
and Lynx) to efficiently study the dawn of black holes. Moreover, a high-sensitivity instrument
such as Lynx could be able to detect heavy seeds at slightly lower mass scales (∼ 105M�) when
compared to JWST (Pacucci et al., 2015a), and for a longer period of time in the evolution of the
seed (see Fig. 2, right panel).

Gravitational Waves: Gravitational waves observations will be fundamental to gain a clear
view of the population of black hole seeds at z & 10. According to its technical specifications
(e.g. Klein et al. 2016), LISA will be able to detect the merger of ∼ 105M� black hole seeds
at z & 8 with a signal-to-noise ratio of ∼ 200. Latest predictions (Ricarte and Natarajan, 2018)
suggest that LISA should be able to detect the merger of ∼ 105M� heavy seeds in the number of
2 − 20 in about 4 years of operations (see also e.g. Sesana et al. 2004, 2007; Tanaka and Haiman
2009). Although gravitational waves observations are invaluable to discriminate between seeding
models, only synergetic observations in the electromagnetic realm (e.g., with JWST, Lynx, Athena)
will provide crucial insights on their formation and growth processes.

To conclude, detecting heavy black hole seeds at z & 10 in the next decade will be chal-
lenging but, according to current theoretical models, feasible with upcoming and/or proposed
facilities. Their detection will be fundamental to understand the early history of the Universe,
as well as its evolution until now.
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son, T. Theuns, E. A. Gonzáles-Solares, A. Adamson, S. Dye, N. C. Hambly, P. Hirst, M. J.
Irwin, E. Kuiper, A. Lawrence, and H. J. A. Röttgering. A luminous quasar at a redshift
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