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ABSTRACT

We propose that one of the sources in the recently detected system CR7 by Sobral et al. through
spectrophotometric measurements at z = 6.6 harbours a direct collapse black hole (DCBH).
We argue that the LW radiation field required for direct collapse in source A is provided by
sources B and C. By tracing the LW production history and star formation rate over cosmic
time for the halo hosting CR7 in a ACDM universe, we demonstrate that a DCBH could have
formed at z ~ 20. The spectrum of source A is well fit by nebular emission from primordial
gas around a BH with MBH ~4.4 x 10° M accreting at a 40 per cent of the Eddington rate,
which strongly supports our interpretation of the data. Combining these lines of evidence, we
argue that CR7 might well be the first DCBH candidate.

Key words: galaxies: high-redshift — quasars: supermassive black holes —dark ages; reioniza-

tion; first stars.

1 INTRODUCTION

Observations of the first of z > 6 quasars (Fan et al. 2003; Mortlock
etal. 2011; Venemans et al. 2013; Wu et al. 2015) pose a conundrum
for the existence of supermassive black holes (SMBH) with M, ~
10° M. There is a growing consensus that an alternate seeding
mechanism, beyond their origin as stellar mass remnants from the
first stars, may best explain these high-redshift SMBHs. Whether
these are seeded by the M, ~ 10°~10° M remnants of the first
(Population III) stars forming from metal-free gas (e.g. Volonteri &
Rees 2006; Alvarez, Wise & Abel 2009), intermediate mass black
holes M, ~ 10°~10* M resulting from the runaway collapse of
dense primordial star clusters (Begelman & Rees 1978; Portegies
Zwart et al. 2004), or massive seeds that resulted from the direct
collapse of metal-free gas into M, ~ 10*~10° M black holes,
is still an open question (see e.g. Eisenstein & Loeb 1995; Oh
& Haiman 2002; Bromm & Loeb 2003; Koushiappas, Bullock &
Dekel 2004; Lodato & Natarajan 2006). In order to disentangle
these three distinct seeding mechanisms, we need to find evidence
for the formation of a seed BH and to observe its growth during the
early stages rather than just the SMBH that it grew into later on.
The recent observation of the brightest Lyman o« (Ly «) emitter
found at z ~ 6.6 in the COSMOS field (Matthee et al. 2015, M15
hereafter) has opened up discussion about its components (Sobral
et al. 2015, S15 hereafter; Pallottini et al. 2015, P15 hereafter;
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Hartwig et al. 2015; Dijkstra, Gronke & Sobral 2016) and their
properties. Hubble Space Telescope (HST) imaging presented by
S15 reveals that CR7 is in fact made up of three distinct clumps (A,
B and C) that appear to be ~5 kpc apart (projected distance). The
components B and C appear to be evolved galaxies, whereas the
bulk of the Ly « flux appears to be emanating from A. The lack of
metal lines in A’s spectrum suggests the presence of a metal-free
region, indicative of either a Pop III star cluster or a direct collapse
black hole (DCBH) environment.

In this study, we model the formation and evolution of the CR7
system in the context of the standard theory of structure formation
in a A cold dark matter Universe (ACDM), and we compare the
observations of this system with the predictions derived from this
model. Consistent with the WMAP 7 results (Komatsu et al. 2011),
we assume that a ACDM cosmology with 2 = 0.265, 2, = 0.044,
Qar =0.735,h =0.71 and o3 = 0.801. We discuss the conditions
for DCBH formation in Section 2, followed by arguments for the
specific case of the CR7 system in Section 3. Finally, our conclu-
sions and discussion are presented in Section 4.

2 COSMIC CONDITIONS REQUIRED
FOR DCBH

The baryonic component of haloes in the first billion years of our
Universe’s evolution is primarily composed of hydrogen and as-
sociated species, e.g. Hy, HD, H etc. (e.g. Lepp & Shull 1984),
which serve as the primary coolant during the process of gas col-
lapse. Molecular hydrogen, which serves as a primary coolant in
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minihaloes,' can cool gas down to ~200 K, which at a density of
n=10° cm™3, corresponds to a Jeans mass of ~100M¢), i.e. the
characteristic mass for fragmentation. Thus, the first metal-free stars
or Pop III stars are expected to form with with M, ~ 10-1000 M
(Bromm, Coppi & Larson 1999; Yoshida et al. 2006; Hirano et al.
2014) The formation of a DCBH requires pristine gas in an atomic
cooling halo predominantly composed of atomic hydrogen (Volon-
teri 2010; Natarajan 2011; Haiman 2013, and see references therein)
instead of molecular hydrogen. Thus, once the collapse begins, the
primary cooling agent is atomic H, which allows the gas to cool
isothermally down to a temperature floor of 8000 K. At a density
of n = 10° cm™, this corresponds to a Jeans mass of ~10°> M),
which can then undergo a runaway collapse into a massive DCBH
of 10*-10° M@ (Lodato & Natarajan 2007). We now describe the
requirements for this scenario in more detail.

2.1 Lyman—Werner radiation

In order to prevent Pop III star formation in a pristine halo, cool-
ing by molecular H needs to be suppressed and this occurs via
the reaction H, + ypw — H + H, where yw is a photon in the
Lyman—Werner band of 11.2-13.6 eV. A critical level of LW radia-
tion has been quoted as the requirement to rid the gas of H,, which
leads to a high atomic H fraction in the gas. This ensures that at
the onset of collapse, cooling by H, is subcritical. This value of
critical LW radiation is often quoted as a specific intensity in units
of 107" ergs~' cm~2 Hz~' sr~! and has been studied extensively in
literature for blackbody and power-law-type spectra. The assump-
tion made in these studies is that Pop II stars can be represented by
a T = 10* K blackbody spectrum, and Pop III stars by a T = 10° K
blackbody spectrum, which leads to a J.; ~ 30-100 from Pop II,
and J.i ~ 10°~* from a Pop III-type stellar population (Omukai
2001; Shang, Bryan & Haiman 2010; Wolcott-Green, Haiman &
Bryan 2011).

Much progress has been made recently with regards to the deter-
mination of J. For instance, implementing a more self-consistent
and updated chemical framework relevant to the collapse of pristine
gas can lead to a factor of ~few difference in the determination
of Juir (Glover 2015a,b). Also, using realistic spectral energy dis-
tributions (SED) to model the Pop III/Pop 1II stellar populations
can lead to a significant difference in the qualitative interpretation
of Ji (Sugimura, Omukai & Inoue 2014; Sugimura et al. 2015;
Agarwal & Khochfar 2015, hereafter Al5a; Agarwal et al. 2016,
hereafter A15b). In their study, A16b have shown that, depending
on the detailed properties of the stellar population, the value of Jei
can vary over even up to 2 orders of magnitude. This is due to the
fact that the reaction rates for the dissociation of H™ and Hj, ke
and kg;, govern the fate of collapsing gas. These rates depend on
the shape of the SED (A15a) and the net output of photons in the
~1 eV and LW band, respectively. Thus. in order to understand if
molecular cooling is suppressed in a pristine halo, one must analyse
the SED used to model the stellar population(s) and compute the
kge — kg; values to check for DCBH formation (A15a, A16b).

2.2 Fragmentation and formation of the seed

Once cooling by molecular hydrogen is suppressed and the Jeans
mass has been reached, the gas cloud must withstand fragmentation

12000 < Tyir < 10* K with a corresponding Myir ~ 10°~10° M), which is
a function of redshift (Barkana & Loeb 2001)

into stars and lose its angular momentum in order to form a dense
core that will ultimately result in the formation of a DCBH. Several
authors have studied this in idealized hydrodynamical simulations
of isolated haloes, where the gas is allowed to cool and collapse
to very high densities (n ~ 10'7~!8 cm~3) via the atomic cooling
channel (e.g. Latif et al. 2013; Schleicher et al. 2013; Shlosman
et al. 2016). Both turbulence and disc formation have been reported
as excellent agents that can rid the gas of its angular momentum
resulting in the formation of a dense core fed by inflows with accre-
tionrates ~0.1-1 M yr*1 (Johnson et al. 2011; Choi, Shlosman &
Begelman 2015). The core can then either form a supermassive star
~10° Mg (Hosokawa et al. 2013; Schleicher et al. 2013), which
undergo collapse before becoming thermally relaxed and fully con-
vective, resulting in a 10%~> M DCBH, or a quasi-star, where a
dense core is embedded in a optically thick cloud of gas, where
radiative losses are inefficient, thus, the accretion process becomes
super-Eddington for the system overall resulting in a DCBH (e.g.
Begelman, Rossi & Armitage 2008; Spaans & Silk 2006).

2.3 Halo growth history

The gas in the halo that hosts the DCBH must be free of metals,
which implies no previous in situ star formation, as well as no pollu-
tion from nearby galaxies through stellar winds and/or supernovae.
Prior in situ star formation can be prevented in a halo by a moder-
ate external LW specific intensity, Jyw, if virial temperatures range
between 2000 < T.;; < 10* K (minihalo). The necessary conditions
for a halo to host a DCBH are listed below.

(1) While its virial temperature is 2000 < Ty;; < 10* K, the halo
must be in close proximity (<20 kpc) of a galaxy (or galaxies),
which produce a large enough LW flux to shut down Pop III star
formation (Agarwal et al. 2012, 2014, A16b).

(i1) When the halo has grown to T;; = 10* K, it must be exposed
to a large enough LW flux for H, formation to be suppressed,
resulting in DCBH formation.

(iii) The halo must be metal free throughout (i) and (ii) above.

Having outlined the conditions under which a DCBH can form in
the early universe, we now examine whether or not CR7 is a viable
host for such a massive seed BH.

3 THE CR7 SYSTEM

CR7 is an excellent candidate for a Pop III cluster due to the ab-
sence of metal lines and the redshift at which it has been observed.
However, this explanation has been questioned by P15 on the basis
of their simulations where they do not find any Pop III clusters that
have the right Ly «/He 11 line luminosities, unless there is a burst of
10" M of young Pop III stars with ages <5 Myr. Also, the possi-
bility that CR7 could be harbouring an AGN or Wolf-Rayet stars
has been shown to be inconsistent with the much broader full width
half-maxima (FWHM), expected for such systems (S15). Here, we
argue that in the system CR7 source A is an excellent candidate for
a DCBH, while sources B and C are the evolved stellar systems that
have enabled the formation of a DCBH in it through their LW radi-
ation field. The spectrophotometric observations of CR7 reveal that
it is composed of three distinct components, A, B and C, separated
by projected distances of ~5 kpc (M15, S15). A description of the
system is shown in Fig. 1. We highlight the observations from S15
in the left-hand panel with the false-colour composite, fig. 7 of their
study. The LW radiation contour projection of the DCBH candi-
date, DC4, in the x—y plane taken from the simulation presented in
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Figure 1. The CR7 system. Left: observations. A false colour composite of CR7 from S15 constructed using NB921/Suprime-cam imaging along with F110W
(YJ) and F160W (H) filters from HST/WFC3. The figure demonstrates the extreme blue nature of component A as compared to components B and C that are
much redder. Middle: simulation analogue. The LW radiation contour projection in the x—y plane for a DCBH candidate (black) seen in Agarwal et al. (2014)
with a similar arrangement of neighbouring galaxies (star symbols) as CR7. Right: evolution (not to scale). The two panels, at z = 6.6 (left) and 20 (right),
show the evolution of the virial radius of CR7’s host halo, which has a mass of ~1012 M@ at z = 6.6. The stellar radiation required for DCBH formation in
source A is produced by source B at z ~ 20. Source A, powered by accretion on to a DCBH, later merges with the larger halo hosting source B.

Agarwal et al. (2014) is shown in the middle panel. DC4 satisfies
all the conditions outlined in Section 2 and exhibits a similar con-
figuration as CR7 with its neighbouring galaxies.? Finally, the size
evolution of component B with redshift and A’s assumed that the
distance from it are shown in the right-hand panel.

3.1 Description of the system

CR7 is the brightest Ly o emitter at z > 6 to date with Liy, ~
102 ergs™! and Lyey ~ 1042 ergs™!, with no metal lines de-
tected. The photometric observations from the Wide Field Camera
3 (F110W: Y] filter; F160W: H filter) suggest that A is extremely
blue, while B and C are redder in comparison. The FWHM for
Lya ~ 266kms~' and He 1 ~130kms~!, with corresponding
equivalent widths (EW) of ~80 and 230 A.

We re-reduced and re-analysed the Spitzer/IRAC imaging data
over CR7. In particular, we use our photometry tool MOPHONGO
(e.g. Labbe et al. 2010b,a, 2013) to derive accurate IRAC fluxes
for the three different components of CR7. We model these compo-
nents based on the WFC3/IR images and derive their IRAC fluxes
by degrading the HST images to the IRAC PSF and fitting deriving
the appropriate flux normalization for each (e.g. Labbe et al. 2015).
Doing this, we find that ~70 per cent of the 3.6- and 4.5-pum flux em-
anates from A, with sources B and C contributing only 30 per cent,
which is in contrast to the findings of S15.3 As we will see in the
following sections, this is critical to disentangle the SED modelling
of components A, B and C.

3.2 SED fitting: B and C

In their study, S15 explored the Pop II explanation of CR7 by trying
to fit its spectrophotometric data with a stellar population of Z =
0.2Z¢ and age of ~800 Myr, amongst other cases. Using their
parameter space as a prior, we proceed to fit the spectrophotometric

2 Note that, this is for illustration purposes only, as the box sized and high
resolution of the simulation in Agarwal et al. (2014) chosen to accurately
capture low-mass minihaloes (10°~° M) does not allow for the collapse
of a 102 Mg haloatz = 6.

3 The importance of accurate Spitzer/IRAC flux derivations will be high-
lighted in an upcoming study (Agarwal et al., in preparation).
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Figure 2. Here, we compare our SEDs to the observations, assuming the
source stellar populations described in Section 3.3 and the BH accretion disc
spectrum described in Section 3.8. The solid circles represent the observed
flux for source A, whereas the star symbols are the observations for B and
C. We fit source A (blue) with a multicolour accretion disc spectrum of a
BH (along with its nebular component), whereas sources B and C is fit (red)
with an evolved stellar population that is ~700 Myr old with a metallicity
of 0.04Z¢, (see text for more details). We also plot in yellow squares, the
resulting broad-band fluxes in the corresponding band from our best-fitting
model for component A.

data of sources B and C as two distinct stellar components. Our best
fit shown in Fig. 2 (red curve) is obtained when:

(i) B is fit with a 700 -Myr-old stellar population, with an expo-
nentially decreasing* SFR from z & 23-6.6, such that at z = 6.6 it
has an SFR of ~2M@yr ! and M, =2 x 101°Mp;

(>ii) C is fit with a 300 Myr-old stellar population, with an expo-
nentially decreasing SFR starting at z ~ 9-6, such that at z = 6.6 it
has an SFR of ~1 Mgyr! and M, =7 x 108 M.

We use our own SED modelling without any dust attenuation,
based on the Yggdrasil code (Zackrisson et al. 2011) assuming a
stellar metallicity of 0.04 Z«), and accounting for nebular emission

4 We use here an e-folding time of 200 Myr.
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Figure 3. Tracing LW history of CR7. The photodetachment rate (kge) and
the photodissociation rate (kq;) computed at a distance of five (dotted line),
10 (dashed line) and 20 kpc (dash—dotted line) at each redshift from the
stellar system B and C, plotted against the curve that demarcates the region
in the kge — kq; parameter space. where DCBH formation is permissible.
The kqe — kai tracks that allow for DCBH formation all begin at z ~ 23
(solid black circles) but end at different times due to the evolution of the
SED and the separation assumed between A and B, and C. The upside down
triangle, upright triangle and the star symbol correspond to z ~ 16, 7.2, 6.6.

with the same metallicity. Despite the known degeneracies in SED
modelling, we were unable to fit sources B and C with a single
stellar population, and/or assuming exponentially increasing SFR.
Our model suggests that bulk of the star formation in B and C
occurred at z >> 6.6, proving to be viable sources of LW radiation
for direct collapse in source A. In principle C should have a lower
metallicity than B owing to its age, however, lowering the metallicity
of C only marginally changes the nature of the fit. This can also be
attributed to the degeneracies in the fitting parameters of the two
populations.

3.3 Lyman—Werner history

Having obtained the SEDs and the star formation history for the
stellar systems B and C, we then compute it’s LW history all the
way back to the first instance when B and C were forming stars.
Following the analysis of Al5a and A16b, we compute the pho-
todissociation (kg;) and photodetachment (kq.) rates within a 5 kpc
sphere around B and C at each redshift and find that at 7 < z < 23,
the stellar system B and C is able to produce the right set of kqe — kg
values that can lead to DCBH formation in a pristine atomic cooling
halo within the 5-kpc sphere. Even if we relax the constraint on the
separation and assume a larger sphere to account for their dynam-
ical evolution, we find that B and C can still produce conditions
(kge — kq;) suitable for DCBH formation out to a distance of 10 kpc
(20 kpc) during 8 < z < 23 (19 < z < 23). We show the results of
this calculation in Fig. 3, where the solid curve divides the k4. — kg
parameter space into regions where DC is permissible or not, and
the dotted, dashed, dash—dotted lines correspond to a distance of 5,
10 and 20 kpc from the stellar sources.

3.4 Metal pollution

In order to allow DCBH formation in A, sources B and C must
not pollute its site with metals. No metal lines are detected in
component A (S15), suggesting that metal pollution has not oc-

curred. Despite this, taking a conservative approach, we estimate the
range in redshift when A could have been first polluted by sources
B and C and find that with a typical wind speed of 100 kms™", it
would take the metals 50 Myr to reach A at a separation of 5 kpc.
Of course, a larger separation would only go in the direction of
increasing the time it takes for the metals to reach A. Therefore,
we assume, as a conservative pessimistic case, that the separation
is 5 kpc. This provides an estimate of the latest redshift by which
A must form a DCBH which is at z ~ 19. Thus, the window for
DCBH formation in A is 19 < z < 23.3 Following the release of
our work, Hartwig et al. (2015) independently analysed the nature
of CR7 in a cosmological framework. An extensive analysis of the
metal pollution history of A can be found in their study, which is in
excellent agreement with us and favours the DCBH explanation of
CR7 as well.

3.5 Source a as a DCBH

Following the argument in the sections above, it is clear that source
A could have formed a DCBH between 19 < z < 23. Assuming
that a DCBH with a seed mass of 10° M (10*) did form in A at
z = 21, it can grow to Mgy = 7.5 x 10°°Mg (7.5 x 10°) by
z = 6.6 via Eddington accretion with f.q¢ = 1, € = 0.1. To better
understand the final state of the BH in source A, we model its SED
as a multicolour accretion disc surrounded by photoionized gas.
The nebular emission produced by the latter is predicted as in
Zackrisson et al. (2011), using the photoionization model cLoupy
(Ferland et al. 1998) under the assumption of metal-free, constant-
density (100 cm™), radiation-bounded nebula. The total SED is
generated by adding the nebular SED to that of the accretion disc,
correcting the Ly « line by a further escape fraction (fes, 1ye) t0
accommodate possible flux losses in the IGM, while setting the flux
at wavelengths shortwards of Ly « to zero to simulate the Gunn—
Peterson trough. The integrated HST (NIC3/F110W, NIC3/F160W)
and Spitzer (IRAC/3.6 um: IRAC Ch1 IRAC, IRAC/4.5 um: IRAC
Chl) broad-band fluxes are then computed from this final SED
redshifted to z = 6.6 and corrected for the luminosity distance.
Our fit to the observables is shown in Fig. 2 (blue), using the
model described above with a Mgy ~ 4.4 x 10° M@, accreting
at fraa = 0.4, with a fus ion = 0 and fige 150 = 0.16. Note that
this is the first study that attempts to fit a single spectrum to the
proposed accreting BH powering clump A. We find that the Ly o
and He 1 line fluxes, the He 1 equivalent width, and the IRAC
Ch2 flux are well reproduced, i.e. Ly, ~ 9 x 10% erg s, Lyenn ~
2.1 x 109 ergs™!, LLHTEY? ~ 0.23,EW(He ) ~ 85 A. Our model falls

short in the IRAC Ch1,5 but we point out that, in this study, we fit
the EW of the He 1 line, the Ly o luminosity, the % line ratio and
the HST and Spitzer fluxes simultaneously with a single accreting
BH model. This ensures that there is no longer a degeneracy in
the Mgy — Mgy parameter space since only specific values of the
black hole mass and accretion rate give rise to the right slope (and
normalization) for the multicolour disc spectrum, which leads us to
the re-emitted nebular component.

The final BH mass and accretion rate is also consistent with the

formation epoch of z ~ 20, if we assume a seed mass of 2 x 10* Mg

3> We note that, even if metals did reach source A, it is possible that they
did not mix thoroughly with the dense gas from which the observed nebular
emission originates (see e.g Cen & Riquelme 2008).

o We emphasize, therefore, that further modelling of the nebular emission
and source spectrum is warranted.
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Figure 4. Mass assembly history of CR7. We associate a 102 Mo DM
host halo at z = 6.6 to the stellar system B. The light grey region bounds the
16th—-84th percentile of the 500 realizations employed to compute the mass
assembly history of B’s host halo. The five thick lines are just a few of the
such realizations colour coded in order to be distinguishable. The thin lines
(possible host haloes of A), are the mass assembly histories of what end up
being subhaloes of the host haloes (thick lines of corresponding colours)
of B. The hatched region marks the time window most suitable for DCBH
formation. The vertical jump in the thin lines at z < 7 indicates accretion
into their current z = 6.6 hosts, i.e. the transition from being host haloes
to subhaloes. The atomic cooling limit 7yi; = 10*K is plotted as the dotted
line. An explanation of the dark grey shaded region and the dashed line can
be found in the Appendix.

(typical range for DCBH), accreting constantly at 40 per cent of the
Eddington rate. A range of seed masses, formation epochs (19 <
z < 23) and accretion rates can be accommodated by invoking a
time varying accretion rate as long as we end up at z = 6.6, with a
final My ~ 4.4 x 10° M@ and fizaq ~ 0.4.

3.6 Putative halo assembly histories

Now let us examine the assembly history of the halo that hosts
source A of the CR7 system over redshift to assess its feasibility
as a DCBH site. A stellar mass of ~10'° at z = 6.6 for system B
implies a DM host halo mass of the order of 10'? Mg (Behroozi,
Wechsler & Conroy 2013). Such a DM halo has a virial radius of
~45 kpc (physical), and it is thus safe to assume that the entire
CR?7 system is embedded within the virial radius of B’s host halo at
7=06.6.

Using the method of Parkinson, Cole & Helly (2008), and adopt-
ing the WMAP7 cosmology outlined earlier, we construct an en-
semble of 500 merger trees for a host halo of mass 10" Mg, at
z = 6.6. These are used to construct the average mass accretion
history (MAH), and its halo-to-halo variance, using the method
outlined in van den Bosch et al. (2014). The light grey region in
Fig. 4 bounds the 16th—84th percentiles, while the solid, thick lines
indicate a random subset of the 500 realizations used.

Next, we search each merger tree for branches (corresponding
to dark matter subhaloes) that could host a DCBH (i.e. source A).
The dark grey region in Fig. 4 bounds the time frame most suitable
for DCBH formation, i.e. the LW conditions are met at z < 23 and
metals from B and C have not yet made it to A at z > 19. The dotted
line marks the T.;; = 10* K limit, below which baryonic gas cannot
cool. Hence, in order for a DCBH to form, we require that its host
halo (which is to become a subhalo of the host halo of B at a later

Detecting DCBHs: Is CR7 the one? 4007

time) upcrosses the atomic cooling limit in the redshift range 19 <
Zupeross < 23. Also, for this halo to form a DCBH that is sufficiently
massive, it needs to be able to accrete enough gas so that it can
grow from its seed mass (here assumed to be M = 10° Mp)
to its inferred mass of 4.4 x 10° Mg at z = 6.6. If we make the
conservative assumption that the BH growth is such that it ends up
on the z = 0 BH mass—bulge mass relation, roughly 10~ of the
baryonic mass accreted by the DCBH’s host halo (Li et al. 2007;
Kulier et al. 2015) has to be funnelled into the black hole. Taking
into account that the mass of a dark matter halo is arrested once
it becomes a subhalo, due to the tidal forces of the host halo (see
Jiang & van den Bosch 2015, and references therein), this puts the
following criterion on the mass history of the halo that hosts the
DCBH (source A):

MBH(Z = 66) - B]sgeﬁd(zupcmsa)
10_3fb

~29x 10""Mg.

MDM(Zacc) - MDM(Zupcross) >

Here, z,.. is the redshift at which the halo that hosts the DCBH is
accreted into the host halo of source B, and f, >~ 0.15 is the universal
baryon fraction. Finally, in order for the BH to be observable at
z = 6.6, it must still be accreting at that redshift. The growth of the
halo A is arrested once it becomes the subhalo of B, thus the BH in
A grows from the gas reservoir that was accumulated prior to A’s
accretion by B. Under the assumption that gas accretion on to the
BH is depleted within one free-fall time and that we require that A
should still be accreting, we deduce that the merger of A on to B
occurred between z = 6.6 and 7.5.

The thin lines in Fig. 4 are a random subset of mass accretion
histories of subhaloes of host haloes that reach a mass of 10'> M
at z = 6.6 that meet the following criteria:

(i) upcross the atomic cooling limit between 19 < Zypeross < 23;

(ii) accrete on to the host halo of source B at 6.6 < z,.. < 7.5;

(iii) have enough gas to feed the BH, i.e. Mpm(ziee) —
MDM(Zupcmss) >2.9 x 100 M@,

and that therefore potentially host a DCBH. We find that a host halo
of 1012 Mg at z = 6.6 has an average 0.2 subhalos that meet all these
criteria. Out of 500 realizations, 78 (~16 per cent) have one subhalo
that meets all three criteria listed above, while 1.5 per cent of the
host haloes have two subhaloes or more that meet all criteria. We
emphasize that the criteria used above are fairly conservative: in
principle BHs at a high redshift could accrete more than 0.1 percent
of all the baryons (Alexander & Natarajan 2014; Volonteri & Rees
2005), and it might take significantly longer than one free-fall time
for the gas to be accreted by the BH after being accreted by its halo.
For example, if we assume that one, rather than 0.1, percent of the
baryons are accreted by the BH, we find that each host halo has on
average three subhalos that meet all criteria. Of all the realizations,
96 per cent haloes have at least one subhalo that meet all the criteria
and 79 per cent have two or more such subhaloes.

Hence, we conclude that a typical host halo of mass 10" M¢
at z = 6.6 can easily host one or more subhalos with a DCBH, as
long as it has been exposed to sufficient LW radiation. In the case of
CR?7, this implies that the subhalo that hosts source A should have
remained within a radius of roughly 20 kpc (physical) from source
B (and/or C) over the redshift range 19 < z < 23 (which is the
epoch at which we postulate that the DCBH formed). We address
this issue in the next subsection.
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3.7 Separation between the components

We note, here, that we computed the LW conditions from B and
C, assuming that the separation between the stellar system and A
remains constant in time. This is clearly an oversimplification. In
reality, prior to being accreted into the host halo of B, the physical
distance between the haloes hosting A and B first increases due to
the Hubble expansion, followed by a decrease as A is starting to
fall towards B. After accretion, the subhalo that hosts A will orbit
B. A 102 M DM halo at z = 6.6 has a virial radius of ry;; ~
45 kpc (physical). According to the spherical collapse assumption,
the matter that has collapsed to form this halo (and its substructure),
originated from a Lagrangian volume with a radius that is twice
that of the virial radius. This Lagrangian volume has a physical
radius of ~30 kpc at z = 20, which is approximately the redshift at
which we postulate that the DCBH formed. If we assume a roughly
constant density within that volume, there is roughly a 30 percent
probability that a mass element within that volume is located within
20 kpc from the centre where source B is postulated to reside. For
comparison, according to the mass accretion histories, the typical
main progenitor of a host of mass 102 Mg at z = 6.6 has a mass
of ~10° My at z = 20, which corresponds to a virial radius of only
~1.5 kpc (physical). According to this (very rough) calculation,
there is a ~1 in 3 chance that the subhalo hosting A was located
within about 20 kpc from B at the crucial redshift interval 19-23.

Based on these estimates, the probability that a host halo of mass
102 Mg at z = 6.6, whose central galaxy has the same LW history
as source B, hosts at least one subhalo that could have formed a BH
mass similar to that of source A is given by

o] 2N
P=1-) PN) (%) , 1
szjo ( )(3> (1)

where P(N) is the probability that the host halo contains N subhaloes
that meet the three criteria listed in the previous subsection. Using
the probabilities inferred from our merger trees, we infer that P ~
0.06 for the case, where 0.1 per cent of the baryons are allowed to be
accreted by the BH, whereas P ~ 0.63 for the case where 1 per cent
of the baryons are allowed to be accreted by the BH. Thus, it is not
at all unlikely that source A may indeed have formed a DCBH.

Note that equation (1) is a fairly conservative lower limit; if
we were to assume that the density distribution within the 30 kpc
Lagrangian volume is centrally concentrated rather than uniform,
the probability to host at least one DCBH increases. We further in-
clude a discussion on the temporal-spatial distribution of the stellar
mass in B, and its impact on the LW history of the system in the
Appendix.

4 DISCUSSION AND CONCLUSIONS

The discovery of the brightest Ly « emitter in the COSMOS field
(M15), CR7, has generated active interest about its origin (S15,
P15). The possibility that it could be a Pop III galaxy or an obese
black hole galaxy (OBG; Agarwal et al. 2013) has been suggested by
S15. Recently, P15 have reported that it is unlikely that component
A in CR7 could be harbouring a purely Pop III population. This, they
argue, is because to produce the Ly and He 1 line luminosities, a
combination of an extremely top-heavy IMF with a ~107 M burst
of very young (¢, < 5 Myr) Pop III stars is required. Furthermore,
they claim that component A could potentially be a DCBH, with a
seed mass ~10° M and growth period lasting 120 Myr. However,
they do not explore the formation history of the black hole, or the
MAH of the DM host halo for this system.

Here, we do all of the following to build a comprehensive history
for the stellar components, the DCBH and the MAH of the DM
haloes simultaneously:

(1) model the SED of the stellar components B and C;

(ii) calculate the LW history from B and C incident on A;

(iii) construct the MAH of the DM host haloes of CR7 down to
7=106.6;

(iv) estimate the window of possible metal pollution of A by B
and C;

(v) constrain the epoch of DCBH formation taking all of the
above into account.

Including these multiple constraints, we find component A satis-
fies all the pre-requisites for hosting a DCBH that has now evolved
to ~4.4 x 10° Mg at z = 6.6, accreting at foqq =~ 0.4. Our model for
the accreting DCBH’s spectrum (along with its nebular re-emission)
successfully reproduces the observed Ly & and He 1 line flux, the
He n equivalent width and the HST and Spitzer fluxes, but falls short
in the IRAC Ch1 band, warranting further modelling of the nebular
component.

With observations of this system at z = 6.6, discriminating be-
tween the high-z seeding models, for example Pop III remnant seeds
versus DCBH, is in principle difficult. However, we show in this
study that the expected mass assembly histories of the DM host
haloes, and the evolution of the LW radiation strongly support the
case for a DCBH assembling between 19 < z < 23 in A.

Detecting higher redshift counterparts of such systems would
shed more light on the detailed assembly history of the seed
BH. Such observations, particularly if the seed grows via super-
Eddington accretion for a short period of time (Pacucci et al. 2015;
P15) might be accessible with future X-ray missions like the Athena
or X-ray surveyor. Deep X-ray or ALMA observations of the CR7
system could provide additional constraints to help pin down the
DCBH growth history.
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APPENDIX:

Spatial-temporal distribution of B’s stellar component

In Fig. 4, the slim-dark-grey region shows the 16th—84th percentile
distribution of all progenitors of B above the atomic cooling limit at
that redshift. The grey dashed line represents the total stellar mass
in B divided by the baryonic mass fraction. This implies that B can
host the stellar mass we associate with it at z = 6.6, if its progenitors
convert 100 per cent of their baryons into stars during z =21 — 19.
Such an efficient baryon to star conversion is highly disfavoured
at lower redshifts, but one can not rule out such high efficiencies
in the first billion years of galaxy formation. However, even if
B’s progenitors convert 6.25 per cent of their baryons into stars,
the DCBH formation window of z = 21 — 19 is still maintained.
This can be understood from Fig. 3, where the 20 kpc separation
still leads to a DCBH formation window (pre-metal pollution) of
z = 21 — 15. The curve can instead be interpreted as a %
6 per cent (scaled by distance squared) lower baryon to stellar
conversion factor at the same original separation of 5 kpc.

Furthermore, distributing the total stellar mass in B equally
among all its progenitors, instead of the main progenitor only, chal-
lenges our assumption of A being at a constant distance of 5 kpc
from the LW source at all times. In the regime 10 < z < 23, we
re-distributed the stellar mass expected in B at each time-step of
our calculation in n,,, progentiors, where 1,0, = 50-100. We then
computed the average separation between A and such progenitors
at any given redshift by randomly distributing the progenitors in B’s
Lagrangian volume (see Section 3.7). Assuming a uniform density
distribution, we can write

My

4.3
gT[rL

~
~

=P, (AD)
where at any given redshift: Mg is B’s main progenitor mass, r,
is the physical extent of the Lagrangian region where one would
expect to find all of B’s progenitors, and p is the average cosmic
matter density.

After randomly distributing n,, progenitors over a scale length
S, we compute the quantity

—1

Tprog
1 1

S (A2)
Mprog 77 1
where r; is the distance of each progenitor from A.

This is because the total flux reaching A, Fa, at any given redshift
from ny,,, progenitors is of the form

Nprog

L:
FA:ZK;[?’

i=1

(A3)

where L; is the luminosity of the stellar component in each progen-
itor such that
L
L=—,
Nprog

(A4)
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where L is the total luminosity of the stellar component. Thus, the not affect the LW history of the system. Note that this computation
effective average distance of B’s progenitors from A can be written does not depend on the choice of S as long as it is kept constant
as throughout.
R
Teff = gr L. (A5)
Between 10 < z < 23, we find 10 kpc > rer > 5 kpc, thus,
proving that distributing the stellar mass of B in it’s progenitors does This paper has been typeset from a TeX/IATEX file prepared by the author.
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