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ABSTRACT

‘Direct collapse black holes’ (DCBHs) provide possible seeds for supermassive black holes that exist
at redshifts as high as z ∼ 7. We study Lyα radiative transfer through simplified representations of the
DCBH-scenario. We find that gravitational heating of the collapsing cloud gives rise to a Lyα cooling
luminosity of up to ∼ 1038(Mgas/10

6 M⊙)
2 erg s−1. The Lyα production rate can be significantly

larger during the final stages of collapse, but collisional deexcitation efficiently suppresses the emerging
Lyα flux. Photoionization by a central source boosts the Lyα luminosity to Lα ∼ 1043(MBH/10

6M⊙)
erg s−1 during specific evolutionary stages of the cloud, where MBH denotes the mass of the black
hole powering this source. We predict that the width and velocity off-set of the Lyα spectral line
range from a few tens to few thousands km s−1, depending sensitively on the evolutionary state of the
cloud. We also compare our predictions to observations of CR7 (Sobral et al. 2015), a luminous Lyα
emitter at z ∼ 7, which is potentially associated with a DCBH. If CR7 is powered by a black hole,
then its Lyα flux alone requires that MBH > 107M⊙, which exceeds the mass of DCBHs when they
first form. The observed width of the Lyα spectrum favors the presence of only a low column density
of hydrogen, log[NHI/cm

−2] ∼ 19 − 20. The shape of the Lyα spectrum indicates that this gas is
outflowing. These requirements imply that if CR7 harbors a DCBH, then the physical conditions that
enabled its formation have been mostly erased, which is in agreement with theoretical expectations.

Subject headings: cosmology: theory–cosmology: dark ages, reionization, first stars –quasars: super-
massive black holes–galaxies: high-redshift–radiative transfer–scattering

1. INTRODUCTION

The ‘Direct Collapse Black Holes’ (DCBH) presents a
channel for forming supermassive black holes (SMBHs)
that exist in the Universe at z >∼6 (see e.g.

Johnson & Haardt 2016, for a review). In the DCBH
scenario primordial gas inside dark matter halos with
Tvir ≥ 104 K collapses directly into a ∼ 104 − 106M⊙

black hole, without any intermediate star formation.
DCBH formation requires primordial gas to collapse
isothermally at T ∼ 104 K (e.g. Bromm & Loeb 2003),
which has been shown to prevent fragmentation (e.g.
Li et al. 2003; Omukai et al. 2005). Isothermal col-
lapse at T ∼ 104 K is possible when primordial gas
is kept free of molecular hydrogen, H2, for example as
a result of a strong photo dissociating radiation back-
ground (e.g. Bromm & Loeb 2003; Shang et al. 2010;
Wolcott-Green et al. 2011; Van Borm & Spaans 2013;
Sugimura et al. 2014; Regan et al. 2014; Fernandez et al.
2014; Agarwal et al. 2015; Inayoshi & Tanaka 2015;
Latif et al. 2015) and/or magnetic fields (Sethi et al.
2010; Van Borm & Spaans 2013).

The DCBH formation process is a complex problem
which causes theoretical predictions for the number den-
sity of DCBHs span to span orders of magnitude (e.g.
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Dijkstra et al. 2014a; Habouzit et al. 2016). For this rea-
son it is extremely valuable to have observational sign-
posts of this process. Agarwal et al. (2013) presented
predictions for the broad-band colours of DCBH host
galaxies, under the assumption that the spectrum emit-
ted by the accretion disk surrounding the DCBH is a
multi-colored disk. Under this assumption, DCBH host
galaxies are characterized by blue UV slopes (β ∼ −2.3),
which are similar to those predicted for metal poor,
young stars. More recently, Dijkstra et al. (2016)
have shown that the physical conditions that are re-
quired for DCBH formation are optimal for Lyα pump-
ing of the 2p level of atomic hydrogen (see Pottasch 1960;
Field & Partridge 1961), and that the 2p levels are over-
populated relative to the 2s level. These inverted level
populations give rise to stimulated 2p3/2 → 2s1/2 emis-
sion at a rest-frame wavelength of λ = 3.04 cm. Dijkstra
et al. (2016) show that in simplified models of the DCBH
scenario, the resulting maser amplifies the background
background Cosmic Microwave Background (CMB) by a
factor of up to 105, which renders these clouds detectable
with the Square Kilometer Array. Dijkstra et al. (2016)
performed detailed Lyα radiative transfer calculations to
compute their signal. The goal of this paper is to focus
on the Lyα line itself, and to demonstrate that there
is useful information in both the total Lyα flux and its
spectral line shape. The motivation for this work is that

http://arxiv.org/abs/1602.07695v1


2 Dijkstra et al.

• Lyα is theoretically expected to be the most promi-
nent spectral feature in the spectrum emerging from
clouds collapsing into or onto a DCBH (see e.g. In-
ayoshi et al. 2015b, Pallottini et al. 2015, Agarwal
et al. 2016). Importantly, the Lyα radiative trans-
fer problem is simplified enormously in the DCBH for-
mation scenario: ordinarily, Lyα transfer through the
interstellar medium of galaxies depends sensitively on
the distribution, composition and kinematics of cold in-
terstellar gas, all of which are closely connected to stel-
lar feedback processes (see Dijkstra 2014; Barnes et al.
2014; Hayes 2015, for extended reviews). In con-
trast, in the DCBH scenario gas fragmentation is sup-
pressed, and no star formation has taken place, which
makes stellar feedback (chemical, kinematical) irrele-
vant. That is, the major challenges that one ordinarily
faces when modelling interstellar Lyα transfer are ab-
sent in the DCBH-scenario. It is worth stressing that
an immediate consequence of this difference is that the
Lyα line emerging from gas in the DCBH scenario is
likely different than that emerging from star forming
galaxies.

The physical conditions of the gas that enabled DCBH
formation persist briefly after the black hole has
formed. Merging with nearby halos occurs over time-
scales of tens of Myr (e.g. Hartwig et al. 2016, also see
Tanaka 2014), which would likely mostly erase these
conditions. We will also perform Lyα transfer cal-
culations through clouds that are illuminated by a
luminous ionizing source, under the assumption that
the gas properties are the same as those that enabled
DCBH formation. This also provides us with observa-
tional signposts of the DCBH formation process.

• The recent observation of CR7, a luminous Lyα emit-
ting source at z ∼ 6.6 (Sobral et al. 2015, Matthee
et al. 2015), with a large Lyα equivalent width,
and an accompanying luminous, large equivalent width
He1640 line (Sobral et al. 2015). The fact that HST
imaging of CR7 reveals that it is composed of a
blue galaxy close to a more massive galaxy has fur-
ther fueled speculation that CR7 is associated with
a DCBH (Sobral et al. 2015; Pallottini et al. 2015;
Agarwal et al. 2016; Hartwig et al. 2016). Previous
works have focussed on the observed line fluxes and
equivalent widths of Lyα and He1640. The observed
ratio of the flux in these lines favor photoionization
by sources with very hard spectra (with Teff > 105 K,
see Sobral et al. 2015, Hartwig et al. 2016, also see
Johnson et al. 2011), and possibly requires a signifi-
cant fraction of the emitted Lyα flux not to have been
detected (Sobral et al. 2015; Agarwal et al. 2016).

Because CR7 has such a bright Lyα emission line, there
is excellent data on the Lyα spectral line shape (Sobral
et al. 2015). In this paper we demonstrate that it is
possible to extract unique physical information from
the Lyα line. Moreover, our analysis also highlights
the physical ingredients that must be considered when
modeling Lyα line emission.

The outline of this paper is as follows. In § 2 we de-
scribe our model and list the relevant Lyα radiative pro-
cesses, including Lyα emission processes (§ 2.2) and ra-

diative transfer processes (§ 2.3). We present our main
results such as the predicted Lyα luminosity (§ 3) and
spectra (§ 4) of clouds collapsing into or onto a DCBH.
We compare our predictions to observations of CR7 in
§ 5, before presenting our conclusions and outlook in § 6.

2. MODEL

2.1. Geometry & Useful Physical Quantities

Our analysis focusses on spherical and ellipsoidal gas
clouds. As we discuss in § 3, our predicted luminosities
are unlikely to be affected by this simplifying assump-
tion. However, our predicted spectra will change (see
§ 4). Throughout the paper, we derive numerical values
in our equations assuming a uniform gas density profile,
which is characterized by a single number density, n. For
a given gas mass Mgas, this gives a cloud radius R. Re-
sults for uniform clouds are easy to verify and interpret.
Adopting a uniform gas density allows us to simplify the
Lyα transfer enormously, and occasionally use analytic
result from earlier work. Importantly, we show in Ap-
pendix A.3 that these results differ only slightly from
those from obtained assuming a (cored) isothermal den-
sity profile (see e.g. Shang et al. 2010, Pacucci & Ferrara
2015). In addition, the density profile changes the aver-
age density at which certain processes become important
compared to calculations that assume a uniform density,
but otherwise does not affect our results.

For isothermal density profile the gas density becomes
very large towards the centre of the collapsing gas cloud,
which may lead to the formation of a quasi-star, a super-
massive star, or a direct-collapse black hole in the centre
of the cloud. We therefore also consider models which
contain a central source of ionising radiation, as in Di-
jkstra et al. (2016). That is, our models assume either
that the gas is collapsing into a black hole, or onto a
central massive black hole that formed out of the inner
(denser) gas within the cloud (accretion rates onto the
central black hole can be up to ∼ 0.1M⊙ yr−1, e.g. Latif
& Volonteri 2015).

As we justified in § 1, we focus on the emission prop-
erties of gas with properties that enabled the DCBH sce-
nario, i.e. the gas is pristine, no fragmentation occurred,
and no stars have formed. For these reasons, we ex-
pect our predictions to be most relevant only during the
early phase of DCBH formation. As the dark matter halo
merger rates increase as (1+z)5/2 (e.g. Tanaka 2014), the
DCBH host halo is expected to merge with another halo
on a short time scale (∼ tens of Myr; see Hartwig et al.
2016). In this case, the changes in gas conditions will
likely make the Lyα more complex, and more reminis-
cent of what is happening in ordinary metal-poor star
forming galaxies. This will not affect our predicted (in-
trinsic) Lyα luminosities, but it will affect our predicted
spectra (also see § 4.5).

Finally, it is useful to recall that the mass of a dark
matter halo with virial temperature of Tvir = 104 K
is Mtot = 108(µ/0.6)−3/2([1 + z]/11)−3/2 M⊙ (µ de-
notes the mean particle mass in units of the proton
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mass), which has a virial radius of rvir = 1.8([1 +
z]/11)−1(Mtot/10

8M⊙)
1/3 kpc (Barkana & Loeb 2001).

The average number density of hydrogen atoms/nuclei
at virialization is n̄ = 0.048([1 + z]/11)3 cm−3. Linear
contraction by a factor of x increases the number density
by an additional factor of x3.

2.2. Lyα Emission

The DCBH scenario involves the collapse of a gas
cloud, which cools by via atomic line cooling, fα ∼ 40%
of which is in the form of Lyα emission (e.g. Dijkstra
2014). Lyα line cooling compensates for the change in
gravitational binding energy, denoted with Ubind, and is
therefore of order

Lg−cool
α,int = fα

dUbind

dt = fα
3GM2

gas

5R2 Ṙ (1)

≈ 4× 1036 erg s−1
(

Mgas

106 M⊙

)2 (
R

44 pc

)−2 (
Ṙ

10 km s−1

)

,

≈ 4× 1036 erg s−1
(

Mgas

106 M⊙

)2
(

n
100 cm−3

)2/3
(

Ṙ
10 km s−1

)

,

where we assumed that dark matter does not contribute
to the gravitational potential, which is appropriate when
the gas has collapsed to the high densities that we con-
sider in this paper. A gas cloud of mass Mgas = 106M⊙

with radius R = 44 pc has a mean enclosed number den-
sity of hydrogen atoms that is n̄ ≈ 100 cm−3. The to-
tal Lyα gravitational cooling luminosity that is produced
increases as ∝ n2/3. However, as we discuss in § 2.3
Lyα photons generally are destroyed and do not escape
for sufficiently large n (even in the complete absence of
dust). The predicted Lyα cooling luminosity that can
be observed therefore differs from the produced - also
known as the ‘intrinsic’ (hence the subscript ‘int’) - Lyα
luminosity.

It is possible to boost the Lyα luminosity if the gas
is (kept) ionized by radiation coming from the accretion
disk surrounding the central BH (e.g. Haiman & Rees
2001). The total Lyα luminosity powered by recombina-
tions is

Lrec
α,int ≈ 0.68ELyααB(T )

∫

dV nenp (2)

≈ 3× 1041 erg s−1
(

Mgas

106 M⊙

)2 (
R

44 pc

)−3
(

T
104 K

)−0.7
,

≈ 3× 1041 erg s−1
(

Mgas

106 M⊙

)2
(

n
100 cm−3

) (

T
104 K

)−0.7
,

where αB(T ) ≈ 2.6 × 10−13(T/104 K)−0.7 cm3 s−1 de-
notes the case-B recombination coefficient (in our calcu-
lations we take the more accurate approximation from
Hui & Gnedin 1997). The factor ‘0.68’ denotes the num-
ber of Lyα photons produced per recombination event
(see Dijkstra 2014, for details). The Lyα recombination
luminosity is orders of magnitude larger than the signal
expected from gravitational heating. The total recombi-
nation rate is Ṅrec = Lrec

α /ELyα, where ELyα = 10.2 eV
denotes the energy of a Lyα photon. The cloud is only
fully ionized when the recombination rate is less than the
production rate of ionising photons by the accession disk,
Ṅion. In the case of Ṅrec > Ṅion, the HII sphere does not

extend to the edge of the cloud, and the ionized gas is
‘ionization bound’. In the other case (Ṅrec < Ṅion), the
HII sphere extends right to the edge of the cloud, and
the ionized gas is ‘density bound’.

When the cloud is not fully photoionized, then a sig-
nificant fraction of the high-energy ionising photons (X-
rays) can be absorbed in the neutral gas, which would be
then be photoheated. This gas efficiently radiates away
this energy, again mostly in Lyα. In this case an even
larger fraction of the bolometric luminosity of the accre-
tion disk can be converted into Lyα radiation inside the
cloud (see § 3 for additional discussion).

When the intense photodissociating radiation field that
is required for the DCBH formation scenario is sourced
by a nearby star forming galaxy (e.g. Dijkstra et al.
2008), then this galaxy also irradiates the collapsing
cloud with X-ray photons (Inayoshi & Tanaka 2015).
These X-ray photons provide an additional heat source
that powers Lyα emission. To estimate this Lyα lumi-
nosity we consider a star forming galaxy that provides
a photodissociating flux density of J21 = 103 (J21 de-
notes the flux density in units of 10−21 erg s−1 cm−2

Hz−1 sr−1). This flux can be provided by a galaxy
with SFR∼ 1 M⊙(d/3 kpc)2 yr−1, where d is the dis-
tance to the galaxy (see Dijkstra et al. 2008). The
local relation between SFR and X-ray luminosity (e.g.
Mineo et al. 2012, where LX is measured in the 0.5-
8.0 keV band) implies that the X-ray luminosity of this
galaxy is LX ∼ 3 × 1039(d/3 kpc)2 erg s−1. The to-
tal luminosity incident on the cloud of radius R equals
LX ∼ 3 × 1036(R/100 pc)−2 erg s−1, which can become
comparable to the gravitational cooling luminosity dur-
ing early stages of the collapse.

2.3. Lyα Transfer

Gas with HI column densities in excess of 1020 cm−2

is considered ‘extremely’ optically thick to Lyα radiation
(e.g. Adams 1972; Neufeld 1990). Lyα transfer through
extremely opaque media has been studied for decades
(see Dijkstra 2014, for an extended review). The line-
center optical depth, τ0, of gas with an HI column density
NHI is:

τ0 = 5.9× 106
(

NHI

1020 cm−2

)(

T

104 K

)−1/2

, (3)

where T denotes the gas temperature. Lyα photons typ-
ically scatter2 of order Nscat ∼ τ0 before escaping from
a static medium (Adams 1972; Harrington 1973; Neufeld
1990).

2 The trapping time of Lyα photons equals ttrap =
Btcross, where tcross ∼ R/c denotes the light crossing time,

and B ≈ 12(NHI/10
20 cm−2)1/3(T/104 K)−1/3 (Adams 1975;

Dijkstra et al. 2016). For typical cloud sizes of ∼ 1− 100 pc, and
log τ0 ∼ 8−12, we have ttrap ∼ 103−104 yrs (longer trapping times
for lower densities), which is significantly less than the collapse time
of the halo. While Lyα photons undergo a tremendous number
of scattering events, their escape is not affected by them getting
‘trapped’ in the scattering medium. This is because the vast ma-
jority of scattering events occurs in the line core, where the mean
time is very short, tmfp = (cnHIσ0)−1 ∼ 1(nHI/10

3 cm−3)−1 s.
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The number of scattering events can be reduced
tremendously in multiphase media and/or media in
which velocity gradients are present. In the DCBH for-
mation scenario, fragmentation is suppressed and we ex-
pect the gas distribution to be smooth. Velocity gradi-
ents only reduce Nscat by a factor of order ∼ ∆v/vth,
where vth = 12.9(T/104 K)1/2 km s−1 is the thermal
velocity of hydrogen and ∆v denotes the (maximum) ve-
locity difference between the centre and the edge of the
cloud (Bonilha et al. 1979, also see Dijkstra et al. 2016
for a more quantitative analysis).

Lyα scattering is limited by a number of other pro-
cesses, which we briefly describe here (for a more detailed
description the reader is referred to Dijkstra et al. 2016).
Lyα photons can be destroyed in the following ways:

1. Molecular hydrogen (H2) has two transitions that lie
close to the Lyα resonance: (a) the v = 1 − 2P (5)
transition, which lies ∆v = 99 km s−1 redward of the
Lyα resonance, and (b) the 1−2R(6) transition which
lies ∆v = 15 km s−1 redward of the Lyα resonance.
Vibrationally excited H2 may therefore convert Lyα
photons into photons in the H2 Lyman bands (Neufeld
1990, and references therein), and thus effectively de-
stroy Lyα.

2. Photoionization by Lyα of the (tiny) fraction of atoms
in the 2p and 2s states.

3. Lyα photons can detach the electron from the H− ion.
This process is (slightly) less important than destruc-
tion via photoionization.

4. Induced transitions 2p → 2s by the CMB can be im-
portant when the 2s and 2p level populations are in-
verted. These induced transitions remove Lyα pho-
tons (see Dijkstra et al. 2016). This effect however,
can become important at higher densities where fesc
is already tiny due to collisions (see the next process).

5. Collisions between a proton and the atom in the ex-
cited 2p state which put it in the 2s state, at which
point radiative transitions to the ground state are
only permitted via emission of two continuum pho-
tons (whose combined energy is 10.2 eV). This last
process is most important in limiting the escape frac-
tion of Lyα photons (see Dijkstra et al. 2016), and we
ignore the other processes hereafter.

The lifetime of the hydrogen atom in the 2p-state is
t2p = A−1

α , where Aα = 6.25 × 108 s−1 denotes the
Einstein-A coefficient of the Lyα transition. The colli-
sional deexcitation rate (in s−1) is npq2p2s, where np de-
notes the number density of free protons and q2p2s =
1.8 × 10−4 cm3 s−1 denotes the 2p → 2s ‘collision
strength’, which depends only weakly on temperature
(e.g. Dennison et al. 2005). The probability that a Lyα
photon is eliminated via a collisional deexcitation event
is then

Pdest(n, T ) =
np(T )q2p2s(T )

np(T )q2p2s(T ) +Aα
. (4)

The fraction of Lyα photons that escape, fesc, equals
the probability that a Lyα photon is not destroyed after
Nscat scattering events. The Lyα escape fraction there-
fore equals

fesc(n, T ) = [1− Pdest(n, T )]
Nscat . (5)

Because Pdest ≪ 1, we can approximate Eq 5 as fesc ≈
1 −NscatPdest. We can obtain the maximum number of
scattering events, Nmax

scat , by setting fesc = 0, which yields

Nmax
scat =

1

Pdest
=

npq2p2s +Aα

npq2p2s
≈

T=104K
1013

( n

50 cm−3

)−1

.

(6)
Here, we assumed collisional ionization equilibrium. Un-
der this assumption, np = 3.5 × 10−3n for T = 104

K. These numbers depend strongly on temperature: for
T = 8000 K [T = 6000 K], Nmax

scat is increased by two
[five] orders of magnitude. The temperature dependence
of Nmax

scat is shown in Figure 7 in the Appendix. We
take this temperature dependence into account when we
present our results in § 3, by matching the cooling rate
of the gas (which depends strongly on T ) to the heating
rate.

It is worth stressing that Nmax
scat decreases as the cloud

contracts as Nmax
scat ∝ n−1

p ∝ n−0.9 (as np ∝ ny with
y = 0.88 to a good approximation, see Appendix A.2).
For comparison, the cloud column density - and hence
the line centre optical depth, and consequently the av-
erage number of scatterings before escape - increases
as NHI ∝ n2/3. This implies that there exists a criti-
cal density of the cloud, nmax, above which it abruptly
stops emitting Lyα radiation. In § 3 for example we
find that collisional de-excitation becomes important at
nmax ∼ 104 − 106 cm−3, where the precise number de-
pends on the gas temperature.

Lyα radiative transfer through extremely optically
thick gas can be described accurately as a diffu-
sion process in both real and frequency space (e.g.
Rybicki & dell’Antonio 1994; Higgins & Meiksin 2012).
That is, as the photons scatter diffuse outwards through
the cloud, they also diffuse away from line centre, which
facilitates their escape. Scattering thus broadens the
spectral distribution of Lyα photons. The characteris-
tic broadening of the line through a static medium is
(Adams 1972; Harrington 1973; Neufeld 1990)

FWHM

103 km s−1 ≈ 1.5
( NHI

1022 cm−2

)1/3( T

104 K

)1/6

(7)

≈ 1.5
( n

50 cm−3

)2/9
(

Mgas

106M⊙

)1/9 (
T

104 K

)1/6

.

For static gas clouds the line is centered on and sym-
metric around the Lyα resonance. For contracting gas
clouds however, the Lyα line is blue shifted relative
to the line centre by an amount that depends on the
HI column density and the infall velocity profile (e.g.
Zheng & Miralda-Escudé 2002; Dijkstra et al. 2006). In
§ 4 we will present predictions for the line profile, and
compare these to observations of CR7 in § 5.
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Fig. 1.— This Figure shows the total Lyα luminosity emerging from a (pristine) gas cloud of mass Mgas = 106M⊙ collapsing into a black

hole, as a function of its (average) number density of hydrogen. The lower line shows Lg−cool
α , the Lyα cooling luminosity in response to

gravitational heating. This cooling luminosity peaks at Lg−cool
α ∼ 1038(Mgas/106 M⊙)2 erg s−1 at a number density of n ∼ 106 cm−3.

For higher densities, the HI column density grows so large that collisional deexcitation of hydrogen atoms in the 2p suppresses the emerging
Lyα flux (see Eq 4 and Eq 5). The Lyα luminosity is boosted when the gas is irradiated by a central source powered by an already formed
DCBH of mass MBH. The Lyα recombination scales as ∝ M2

gas up to a maximum Lrec
α ∼ 1043(MBH/106 M⊙) erg s−1. This maximum

(red dashed horizontal line) is reached over a limited range of densities and is independent of Mgas. For lower densities the ionized gas is
density-bound, which reduces the conversion efficiency of ionising radiation into Lyα. For higher densities the cloud is ionization-bound, and
collisional deexcitation again reduces the Lyα luminosity. Collisional deexcitation kicks in at lower density than in the pure gravitational
heating case (see text). Labels on the Lrec

α -curve indicate the log of the HI column density and labeled arrows mark proportionalities.

3. RESULTS I: LYα LUMINOSITY

Figure 1 shows the Lyα luminosity as a function of
density n. This plot contains two lines:

• Gravitational Cooling Luminosity. For a uni-
form gas density profile, the gravitational binding en-

ergy Ubind = − 3GM2

5R . At each n we compute the
gas temperature T by setting the gravitational heat-

ing rate equal to the total cooling rate, i.e.
∣

∣

∣

dUbind

dt

∣

∣

∣
=

∫

dV ne(T )nHI(T )C(T ), in which C(T ) denotes the to-
tal gas cooling rate (which includes the relevant cooling
rates taken from Hui & Gnedin 1997). Once we have de-
termined T , we compute Pdest(n, T ), and fesc(n, T ) (see
Eq 4 and Eq 5). Figure 1 shows the total Lyα cooling
luminosity

Lg−cool
α = fesc(T, n)L

g−cool
α,int . (8)

Figure 1 shows that the gravitational cooling signal
reaches a maximum3 of Lg−cool

α ∼ 1038 erg s−1 at a crit-

3 The maximum Lyα cooling luminosity scales as ∝ M1.86
gas , be-

cause Nscat ≈ τ0 ∝ NHI = nR ∝ n2/3M
1/3
gas , while Nmax

scat ∝ n−1
p ∝

n−y, where y ≈ 0.88 (see Appendix A.2). If we set Nscat = Nmax
scat

then it follows that nmax ∝ M
−[3y+2]−1

gas ∝ M−0.21
gas , and the max-

imum Lyα cooling Lg−cool
α ∝ M2

gasn
2/3
max ∝ M1.85

gas .

ical density (which we introduced in § 2.3) nmax ≈ 106

cm−3, beyond which it rapidly decreases. This rapid
decrease is due to the rapid decrease in fesc(T, n). Inter-
mediate results of our calculations are shown in Figure 7
in Appendix A.2.

• Recombination Radiation. The predicted Lyα
luminosity powered by recombination events equals:

Lrec
α = fesc(T, n)×

{

Lrec
α,int, Lrec

α,int ≤ Lrec
α,max

Lrec
α,max, Lrec

α,int > Lrec
α,max,

. (9)

where the intrinsic Lyα recombination rate Lrec
α,int is given

in Eq 2. The Lyα recombination luminosity is bound by
the total photoionization rate in the cloud, and hence
by the total ionising photon production rate around the
black hole. We assumed that the accretion disk around
the DCBH is radiating at Eddington luminosity, and that
its spectrum is identical to that of unobscured, radio-
quiet quasars. Under these assumptions, the total ionis-
ing photon emission rate is (Bolton et al. 2011)

Ṅion = 6.5× 1053
(

MBH

106 M⊙

)

s−1. (10)

The Lyα recombination luminosity then saturates at

Lrec
α,max = FLyαELyαṄion ∼ (11)

2× 1043
(

FLyα

2.0

)(

MBH

106 M⊙

)

erg s−1.
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Here, FLyα denotes the mean number of Lyα photons
that are produced per ionizing photon. If each ionizing
photon ionized one hydrogen atom, then FLyα ≈ 0.68 (as
we mentioned above). However, photoionization by high-
energy photons creates energetic electrons which can col-
lisionally ionize additional atoms4. The boost in the pro-
duction rate of Lyα photons scales with the mean photon
energy above 13.6 eV (Raiter et al. 2010). Our fiducial
model assumes a boost by a factor of ∼ 3, and that there-
fore FLyα ∼ 3× 0.68 ∼ 2.

Figure 1 shows Lrec
α as a function of density n . This

maximum luminosity5 Lrec
α,max is reached at a density of

n ∼ 104 cm−3. Figure 1 shows that the recombination
luminosity plummets for n >∼104 cm−3, which is due the

reduction in fesc(n, T ) as a result of X-Ray heating: The
Lyα escape fraction goes to zero at lower density com-
pared to the case of gravitational heating, because higher
energy photons can penetrate the neutral gas which in-
creases its temperature. We compute this temperature
by setting the total cooling rate of the gas equal to the
total radiative heating rate, which we obtain by assum-
ing that a fraction fheat of the X-ray luminosity goes into
heating. The total X-ray heating rate is then

Hγ = fheatfXLedd (12)

=1.3× 1043
(

fheat
1.0

)(

fX
0.1

)(

MBH

106 M⊙

)

erg s−1,

where the choice fX ∼ 10% is based on observations of
luminous quasars for which 10% of their total bolometric
luminosity is in the 0.5-10 keV band (e.g. Marconi et al.
2004; Lusso et al. 2012). The choice fheat = 100% is
high. The enhanced temperature of this photo heated
neutral gas gives rise to a larger residual ionized frac-
tion, which enhances collisional deexcitation. We have
verified that the choice fheat = 10% would result in a
lower equilibrium temperature, a lower residual neutral
fraction, which in turn would cause fesc to drop to zero
at a higher density, but otherwise leave our results un-
changed.

The previous discussion and Figure 1 highlights that
we can only observe Lyα signatures from DCBH in cases
in which accretion onto the DCBH is already occurring,
as the Lyα cooling signal in response to gravitational
heating is orders of magnitude fainter than what can be
detected now, and in the near future (see e.g. Dijkstra
2014). To reach detectable Lyα luminosities in excess
of L ∼ 1042 erg s−1 we need the gas surrounding the
central massive DCBH (M >∼105M⊙ ) to be within a very
specific density range. In the next section, we predict
the spectrum of Lyα photons emerging from gas in this
particular state.

4 For example, a 1 keV photon can ionize 25 hydrogen atoms in
a neutral gas.

5 Technically, the assumption FLyα = 2 assumes that higher en-
ergy photons contribute to Lyα production. However, large HI col-
umn densities are required to absorb these photons. These higher
energy photons are thus only absorbed only after the cloud has be-
come ionization bound, i.e. when the ionized gas is surrounded
by neutral gas. The factor FLyα thus formally increases from
FLyα = 0.68 to larger values only after the cloud becomes ion-
ization bound.

Fig. 2.— Spectra of Lyα photons emerging from gas clouds col-
lapsing into/onto a DCBH. The clouds are characterized by their
HI column density (NHI), contraction velocity (v), and emission
profile (uniform or central). These plots show that a generic pre-
diction of the models is the Lyα line is double peaked, with an
enhanced blue peak compared to the red. Quantative predictions
on the velocity off-set of the peaks depends on NHI, v and emis-
sivity profile. The IGM will significantly suppress the blue peak of
the line (see Fig 3).

It is worth stressing that our predicted luminosities are
set entirely by the energy considerations: the total cool-
ing rate is set by the rate of gravitational heating. The
total binding energy of the gas changes for more real-
istic/complex gas distributions, but only by a factor of
order unity. The total recombination rate of Lyα power
is limited by the rate at which ionizing photons are emit-
ted into the gas, irrespective of the gas distribution. The
gas distribution affects the mean density at which the es-
cape fractions go to zero for both processes, and at which
the intrinsic Lyα recombination rate saturates. The gas
distribution more strongly affects the emerging spectra,
as we discuss in § 4.

4. RESULTS II: LYα SPECTRA

Predicting the emerging Lyα spectrum from the clouds
is more difficult than predicting the Lyα luminosity, as
they - unlike our predictions for luminosity - depend more
strongly on the adopted geometry. In this section we fo-
cus on the spectra emerging from different sets of mod-
els. We show calculations of Lyα spectra emerging from
a suite of spherically symmetric, collapsing gas clouds in
§ 4.1. We show how these spectra are affected by sub-
sequent radiative transfer in the intergalactic medium
in § 4.2. We study the directionally dependent spectra
emerging from flattened clouds without IGM in § 4.3 and
with IGM in § 4.4. We briefly discuss how more complex
gas distributions affect our results in § 4.5.

4.1. Spherical Clouds

Figure 2 shows Lyα spectra emerging from spherical
clouds characterized by (i) the HI column density (NHI),
(ii) a ‘Hubble-like’ contraction of the form v ∝ R, with
a maximum contraction velocity vcoll at the edge of the
cloud, (iii) the emissivity profile. We assume either a uni-
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form Lyα emissivity, or a central source fully surrounded
by the gas. In all models we set T = 104 K, and that all
photons are emitted at line centre. These assumptions
do not affect our calculations at all. We discuss each
model below:

• The black solid line shows a model with NHI = 1022

cm−2, vcoll = 20 km s−1, and uniform emission. The
column density is on the lower end of values associated
with the maximum Lyα luminosity in Figure 1. We
have chosen vcoll = 20 km s−1 (instead of vcoll = 10
km s−1 that was adopted in Eq 1) to better illus-
trate the impact of collapse on the emerging line pro-
file. This spectrum is broadened into the characteristic
double peaked profile that is associated with scatter-
ing through static, extremely opaque media. Infall en-
hances the blue-peak compared to the red as expected
(see § 2.3).

• The red line shows a model with NHI = 1023 cm−2,
vcoll = 20 km s−1, and uniform emission. The boost
in HI column density by a factor of ten increases the
line centre optical depth by the same factor, which
further broadens the line by a factor 101/3 ∼ 2.2 (see
Eq 8), which is consistent with the broadening shown
in Figure 2.

• The blue line shows a model with NHI = 1019 cm−2,
vcoll = 20 km s−1, and uniform emission. This model
represents the special moment in which the ionized re-
gion is ionization bound, but only by a tiny shell of
neutral gas. In this case, scattering still gives rise to
the double peaked profile, but the peaks are separated
only by ∆v ∼ 130 km s−1. This spectrum can also
be thought of as representing the spectrum when the
cloud is seen along a low-column density sightline. We
return to discuss this in § 4.3.

• The green line shows a model with NHI = 1022 cm−2,
vcoll = 60 km s−1, and uniform emission. The main
purpose of this plot was to show that the contraction
velocity has no major impact on our results. The en-
hanced contraction velocity enhances the blue peak rel-
ative to the red peak. The overall shape of the peaks
is mostly preserved.

• The grey line shows a model with NHI = 1022 cm−2,
vcoll = 20 km s−1, and central emission. This plot
shows that the precise radial emissivity profile also af-
fects the relative importance of the blue and red peaks,
in a similar way as the contraction velocity.

These plots show that a generic prediction of the mod-
els is a double peaked line profile, with an enhanced
blue peak. The precise FWHM of the line depends most
strongly on NHI (and hence, the evolutionary stage of
the cloud) closely in line with expectations from analytic
arguments, but also on the Lyα emissivity profile, and
infall velocity profile. At face value, these predicted spec-
tra differ greatly from line profiles that are commonly ob-
served in Lyα emitting galaxies (including CR7, see dis-
cussion in § 4.2), which typically show asymmetric, red-
shifted line profiles, indicative of scattering through out-
flowing gas (see Dijkstra 2014, Hayes 2015 for reviews).

However, we stress that the intergalactic medium (IGM)
strongly affects especially those photons that emerge on
the blue side of the line. We model the impact of the
IGM below.

4.2. Spherical Clouds, with IGM

The IGM is optically thick to photons emerging blue
ward of the Lyα resonance at6 z >∼4. To first order, the
IGM transmits all flux redward of the Lyα resonance,
and suppresses the flux blueward of it. In reality, inter-
galactic radiative transfer of Lyα photons is more compli-
cated as galaxies reside in overdense regions of the Uni-
verse, which is more opaque to Lyα radiation than what
has been inferred from the Lyα forest observations (e.g.
Dijkstra et al. 2007; Laursen et al. 2011). In addition,
the opacity of the IGM is highest at frequencies close to
the Lyα resonance (see Laursen et al. 2011), which makes
spectrally narrower emission lines centered on line cen-
tre more subject to intergalactic radiative transfer (also
see Zheng et al. 2010). We approximate intergalactic
RT at the redshifts of DCBH formation (z > 6) using
the models of Dijkstra et al. (2011) which suppress all
flux blue ward, and up to ∼ 100 km s−1 redward of the
Lyα resonance. This latter accounts for infall of inter-
galactic gas onto the dark matter halo that hosts the
cloud (Dijkstra et al. 2007; Iliev et al. 2008). The model
of Dijkstra et al. (2011) accounts for the inhomogeneous
distribution of diffuse neutral intergalactic gas that is
characteristic of a patchy reionization process7. For il-
lustration purposes, we assumed that the volume filling
factor of the diffuse neutral IGM is 〈xHI〉V = 40%, a
value that is preferred at z ∼ 7 by the observed reduc-
tion of Lyα flux from galaxies at z > 6 (see e.g. Dijkstra
2014, Mesinger et al. 2015, Choudhury et al. 2015, this
includes both drop-out galaxies and Lyα emitters, see
Dijkstra et al. 2014b).

Figure 3 shows the spectra after we have processed the
predicted lines through the IGM. The prominent blue
peaks are completely eliminated in all cases, which leaves
only the red peaks. It is remarkable that processing
through the IGM thus results in redshifted asymmetric
Lyα lines, which resemble line profiles associated with
scattering through galactic outflows. A difference is that
the predicted velocity off-set and FWHM of the line can
be of order ∼ 1000 km s−1, which is larger than what
is typically found for high-redshift Lyα emitting galax-
ies (see Fig 9 of Willott et al. 2015). It may make it
challenging observationally to detect the broadest lines,
as (when observed from the ground) they would possibly
be spread over multiple OH lines. It is worth stressing

6 More precisely, the ‘effective’ optical depth in the Lyα forest ex-
ceeds unity, τeff > 1 at z >∼4 (see e.g Fig 3 of Faucher-Giguère et al.

2008)
7 The models of Dijkstra et al. (2011) account for the inhomo-

geneous nature of the reionization process. Their IGM transmis-
sion curves in these models were calculated for massive, M ∼
1010 − 1011M⊙, dark matter halos. While DCBH occurs in much
less massive halos, the requirement of having a luminous nearby
neighbour typically places these halos in close proximity to a more
massive halo (Dijkstra et al. 2008, but see Agarwal et al. 2012,
Visbal et al. 2014 where the LW flux is provided by low-mass
nearby galaxies).
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Fig. 3.— Predicted Lyα spectra from Figure 2 after processing these lines through the IGM, using the IGM transmission models from
Dijkstra et al. (2011) which accounts for an inhomogeneous distribution of diffuse, neutral intergalactic gas that is associated with patchy
reionization. These calculations assumed a volume filling factor of neutral gas of 〈xHI〉 = 0.40. This figure shows that the IGM removes
the more prominent blue peak of the Lyα spectrum, and leaves the red peak. Processing through the IGM results in redshifted asymmetric
Lyα lines, which look remarkably like those produced by scattering through galactic outflows, though predicted redshifts and FWHMs of
order ∼ 1000 km s−1 are larger than what has been observed for ordinary Lyα emitting galaxies.

that in all these models the Lyα photons that scattered
in the IGM form diffuse, extended Lyα halos surrounding
the cloud. The halos would extend significantly further
than what has been detected so far.

4.3. Ellipsoidal Clouds

Our previous calculations assumed spherical symme-
try. Here, we quantify how our results change if the gas
distribution surrounding the DCBH were flattened (or –
say – in a thick disk). This affects the predicted Lyα
luminosity in several ways:

• Ionizing radiation can escape in certain directions, but
not in others. If we denote the solid angle along which
ionising photons escape with Ωion, then the total pro-
duction rate of Lyα photons inside the cloud is reduced
by a factor of (1 − Ωion).

• Lyα recombination photons will likely scatter, and ef-
ficiently escape along the same paths as the ionising
photons, thus leading to a slight beaming of Lyα flux
(see Behrens et al. 2014). Similarly, Lyα photons pro-
duced inside the HI gas (following collisional excita-
tion) escape in directions of low HI column densities.
This beaming will partially compensate8 the reduced
Lyα production rate.

• Anisotropic escape of Lyα along low column density
directions will suppress the importance of collisional

8 Or possibly overcompensate. The amount of beaming depends
on Ωion, the gas kinematics etc. Beaming can boost the flux in
certain directions, but by a factor of ∼ a few at most (Behrens et al.
2014).

de-excitation at a fixed density, and will lead to colli-
sional deexcitation becoming important at higher den-
sities than what is shown in Figure 1.

We thus expect our predicted maximum Lyα luminos-
ity to be practically the same for more realistic gas dis-
tributions, but that they likely apply for a wider range of
densities and a subset of viewing angles (also see § 4.5).
The assumed geometry has a bigger impact on the pre-
dicted Lyα spectrum. The biggest impact of geometry
occurs when the ionized region ‘breaks’ out of the cloud
only in certain directions. We refer to sightlines to the
DCBH that do not encounter any neutral gas as density-
bound sight lines, while sightlines that do intersect neu-
tral hydrogen as ionization bound sight lines. Here we
quantify how geometry affects the emerging spectra in
more detail.

We place a fully ionized sphere with radius Rion within
a ellipsoid of neutral gas on a Cartesian grid of 2563

cells in a box with box-size of (100, 100, 20) pc. The
ellipsoid is characterized by three half-axis given by
Rell,a = Rell,b = 50 pc and Rell,c = 10 pc. We focussed on
the two following setups: (i) the ionized sphere is touch-
ing the surface of the ellipsoid (Rion = Rell,c). We refer
to this model as the ‘no break-out’ model (ii) the ionized
sphere breaks out of the ellipsoid (i.e. Rion = 2Rell.,c),
which we call ‘break-out’ model. We chose the hydrogen
number density so that the maximum column density
between the center and the outside is 1022 cm−2, i.e.,
nHI(Rell,a −Rion) = 1022 cm−2. We assume that the gas
temperature is T = 104 K.

In both models, we place three different sources: a
central source (exponential distribution with scale length
0.1 pc, this emission gives rise to the ‘central spectrum’),
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Fig. 4.— The Lyα spectrum arising from an ionized sphere embedded in a ellipsoid filled with hydrogen. The left column shows spectra
from the ‘no break-out’ (i.e., Rion = Rell,c) scenario whereas the right column shows spectra from the ‘break-out’ setup (Rion = 2Rell,c)
as sketched in the panels placed in the top row. The observer is placed face-on (so that the column density to the center is maximized) in
the central row and edge-on (minimizing the column density) in the bottom row. In each panel we show the spectra resulting from three
different sources indicated in the sketches with the corresponding color: a central source (green dashed line), a uniform luminosity within
the ionized region (red solid line), and, a uniform luminosity in the region where the HI is placed (blue broken line). Note, that this curve
is rescaled in the ‘break-out’ scenario by a factor of 5 due to representation purposes. See §4.3 for details.

a uniform distribution inside the ionized region (the ‘in-
ner spectrum’), and a uniform distribution outside the
ionized region (the ‘outer spectrum’). The intrinsic spec-
trum is a Gaussian with σ = 12.9km s−1 in all cases. The
inner/central and outer spectra can be interpreted as be-
ing associated with Lyα emission powered by recombina-
tion and X-ray/gravitational heating, respectively. Fig. 4
shows the resulting spectra as seen by an observer view-
ing the ellipsoid face-on or edge-on, prior to processing
of these spectra by intergalactic radiative transfer. The
figure also includes sketches of the geometrical setups in
which the emitting regions are marked in the same color
as the corresponding spectrum. Fig. 5 shows how inter-
galactic radiative transfer alters these spectra. Our main
results are

• The spectra are doubled peaked and broad in the no
break-out scenario. The width of the spectra depends
only weakly on viewing angle and emission site. The
width of the spectrum is set approximately by the low-
est column density through the flattened cloud. One
way to see this is that the HI column density along the
shortest axis (Rell, a) is ∼

Rell,a
Rell.c

×1022 cm−2 ∼ 2×1021

cm−2. This column density translates to a line cen-

ter optical depth τ0 ≈ 1.2 × 108(T/104 K)−0.5. For
a spherical cloud with this line center optical depth,
we would expect Lyα spectra to exhibit peaks at
∆v± vth(avτ0)

1/3 ≈ ±490(T/104 K)1/6 km s−1 (where
av = 4.7 × 10−4(T/104 K)−0.5 denotes the Voigt pa-
rameter), which is close to the true location of the
peaks. Lyα photons thus diffuse outward in real-space
until they reach the edge of the cloud. The typical col-
umn density of HI gas they encountered corresponds
to the column density associated with the shortest dis-
tance to the edge of the cloud, i.e. the photons typi-
cally escape along the paths of ‘least resistance’. The
emerging spectra depends only weakly on viewing an-
gle simply because the escape direction of photons is
set by the last-scattering event, which does not depend
on cloud geometry. The spectral shape depends weakly
on where the Lyα photons were emitted.

• The previous discussion, which highlighted that Lyα
photons follow paths of least resistance, also allows
us to understand results from the break-out models.
The presence of low column density (NHI < 1017

cm−2) sightlines provides escape routes for Lyα pho-
tons, which do not require (and/or allow) them to dif-
fuse far into the wings of the line profile. Indeed, the
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Fig. 5.— Same as Figure 4, but after processing the lines through the IGM (as in Fig 3).

spectra associated with break-out models are typically
narrow (peak separation ∼ 100km s−1). In addition to
the characteristic double peaks, some spectra exhibit a
third peak around line-center. The importance of this
component depends strongly on viewing angle. In par-
ticular, the single peaked component is due to photons
encountering no (or very little) neutral hydrogen along
their path and is thus only present if a direct sight-line
to the source exists and weakened with |µ| → 0.

4.4. Ellipsoidal Clouds, with IGM

Fig. 5 shows how the IGM eliminates the blue peaks
from our predicted spectra, which causes the spectra to
appear redshifted. As we noted earlier, it is therefore dif-
ficult to distinguish clouds collapsing onto a DCBH from
ordinary star forming galaxies based on the Lyα spectral
line alone, especially when the spectrally broad compo-
nent is subdominant to the narrow component. How-
ever, the presence of broad redshifted wings (extending
to >∼1000 km s−1 redward of line center), and possi-
bly a second red-shifted peak, may be indicative of dif-
fusion of Lyα photons through extremely opaque, dust-
free, atomic hydrogen gas which is associated with DCBH
formation. Interestingly, the fact that intergalactic ra-
diative transfer only weakly affects photons that emerge
from the cloud far in the red wing of the line profile (also
see Dijkstra & Wyithe 2010) may make it easier to detect
these objects deep into the Epoch of Reionization.

4.5. More Complex Gas Distributions

Our previous analyses and discussion applies to scat-
tering through smooth, metal-free gas, which represent

key properties that enabled DCBH formation. The situ-
ation becomes more complicated once the halo that hosts
the DCBH merges with other (likely polluted) halos,
and/or when feedback from accretion onto the black hole
affects the gas hydrodynamically, and/or when in situ
star formation starts to occur. When these more com-
plicated processes occur, we are no longer in the regime
where Lyα transfer can be addressed from first princi-
ples, and our predictions naturally no longer apply.

Anticipated changes to our predicted spectra include:
(i) the presence of metals, and therefore, dust reduces the
Lyα escape fraction from the clouds; (ii) the presence
of complex gas flows, gas fragmentation and clumping
generally increases Lyα escape compared to homogenous
gas distributions that we adopted in our models. These
processes would likely boost fesc(n, T ) at a given mean
density. This may increase the Lyα cooling luminosity
as Lyα photons may escape from denser gas. The antic-
ipated boost is difficult to predict as fragmentation will
lead to in-situ star formation, which in turn leads to stel-
lar feedback occurs. At this point, ab initio predictions
for the emerging Lyα spectra become unreliable.

5. COMPARISON TO CR7

5.1. Luminosity

CR7 is a bright Lyα emitting source at z ∼ 6.6 which
has been associated with a DCBH (Sobral et al. 2015;
Pallottini et al. 2015; Agarwal et al. 2016). The total
Lyα flux observed from CR7 implies a Lyα luminosity
of Lα = 1044 erg s−1. The total intrinsic Lyα luminos-
ity is likely higher, as the observed Lyα luminosity has
been suppressed by intergalactic scattering, and possibly
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by interstellar dust. Agarwal et al. (2016) argue that in
order to reproduce the observed ratio of flux in the Lyα
and He1640 lines, the observed Lyα luminosity only rep-
resents one sixth of the total intrinsic luminosity. Our
calculations in § 3 imply that in order to explain its ob-
served Lyα luminosity, CR7 must be powered by a black
hole with mass M >∼107M⊙.

Previous works have attributed the Lyα luminosity of
CR7 to black holes with mass MBH ∼ a few ×106M⊙

(e.g. Pallottini et al. 2015; Agarwal et al. 2016). The
bolometric Eddington luminosity of a MBH ∼ 106M⊙

black hole equals Lbol ∼ 1.3 × 1044 erg s−1, which
makes it problematic to account for the total observed
Lyα luminosity of CR7 of Lα ∼ 1044 erg s−1 with
(sub)Eddington accretion. This problem worsens when
the intrinsic Lyα flux is required to be ∼ 6 times larger
(see above)9.

5.2. Lyα Spectrum

CR7s rest-frame ultra-violet spectrum was obtained
with both X-SHOOTER on the VLT and DEIMOS on
Keck (see Sobral et al. 2015) with slits of 0.9” and 0.75”
respectively and resolutions of R ∼ 7500 − 10000, and
with a total integration time of 3.75 hours. As detailed
in Sobral et al. (2015), no continuum is detected either
blue-ward or red-ward of Lyα (but rest-frame Lyman-
Werner continuum is detected at rest-frame 916-1017Å;
see Sobral et al. 2015).

The observed FWHM of the Lyα line from CR7 is
FWHM∼ 260 km s−1 (Sobral et al. 2015), which is a
factor of ∼ 2 smaller than in the models with NHI = 1022

cm−2 (see § 4). Analytic considerations (Eq 8) imply that
this FWHM thus translates to an HI column density in
the scattering medium that is ∼ 23 times smaller (i.e.
log[NHI/cm

−2] ∼ 21) to explain the observed FWHM.
We show below that the actual column density of the
scattering medium is likely well below this. The required
HI column density, log[NHI/cm

−2] ≪ 22, in these mod-
els implies a very specific evolutionary state in which the
cloud is mostly ionized, and surrounded by a thin skin of
HI gas.

In previous sections we predicted Lyα spectra asso-
ciated with the DCBH formation scenario. We com-
pared these predictions to observations to CR7 in several
places. Here, we perform a more quantitative analysis
of the observed spectrum of CR7 (Sobral et al. 2015)
by fitting ‘shell models’ to the data. The shell model
represents another class of spherically symmetric models
that has been routinely adopted to describe Lyα scatter-
ing on interstellar scales. The shell model is a simple,
six-parameter model which has been proven to be sur-

9 Boosting FLyα (see Eq 11) further enhances the Lyα luminosity
at fixed MBH. Physically this corresponds to requiring that high-
energy photons enhance the Lyα production rate. However, the
Lyα luminosity remains bound by Lα ≤ fheatfXLedd. To reach
Lα ∼ 1044 erg s−1 with MBH < 107M⊙ requires fheatfX > 0.1,
or even fheatfX >∼0.6 when constraints for the ratio of He1640 to
Lyα line fluxes are considered. Especially this last constraint is
unphysical.

prisingly successful in reproducing observed Lyα spectra
(see, e.g., Ahn 2004; Verhamme et al. 2008). The model
consists of a central Lyα and continuum emitting source
surrounded by a shell of outflowing hydrogen (and dust).
The source can be characterized by the Lyα equivalent
width EWi and the width of the intrinsic line σi. The
shell content is described fully by its hydrogen column
density NHI, the dust optical depth τd, the (effective)
temperature T (or, equivalently by the Doppler parame-
ter b), and, the outflow velocity vexp. Here, we constrain
the shell-model parameters that provide the best descrip-
tion of the spectrum of CR7.

We use the pipeline described in Gronke et al. (2015):
a set of 10, 800 pre-computed shell model spectra in com-
bination with a post-processing procedure allows us to
obtain the best-fit values, and also the uncertainties &
potential degeneracies between the parameters. The re-
sults of the fitting procedure are shown in Figure 6 as
one- and two-dimensional projections of the posterior
likelihood distribution sampled by a Monte-Carlo sam-
ple. We use the affine-invariant Monte-Carlo sampler
emcee (Foreman-Mackey et al. 2012) with 1600 steps and
400 walkers. We do not fit for the Lyα equivalent width
EWi since no continuum was detected (Sobral et al.
2015). Instead, we simultaneously fit for the redshift
z using a Gaussian prior with (µ, σ) = (6.604, 0.003).

The red solid line in Figure 6 shows the best-fit
model to the data. The best-fit shell model parame-
ters and their uncertainties are listed in the top-left cor-
ner. Two parameters are of particular interest: we ob-
tain log10 NHI/cm

−2 = 20.06+0.08
−0.13 and τd = 3.83+0.27

−0.26.
These parameters differ from the values we would nat-
urally associate with DCBH formation (namely, τd = 0
and NHI ≫ 1020 cm−2). This tension is qualitatively10

consistent with our analysis of the spectra emerging from
contracting gas cloud, in which the observed width of
the Lyα line favored low HI column densities. The high
value of τd is preferred due to the sharp drop-off of the
spectrum on the blue side. However, this high value is
inconsistent with the upper limit on the metallicity of the
gas of Z <∼0.02Z⊙ found by Hartwig et al. (2016) due the

non-detection of the CIII] line, and, results in a very low
escape fraction of fesc <∼10%. Due to these tensions we
have repeated our fitting procedure adding a narrow prior
on τd ((µ, σ) = (0, 0.05)) which yields τd = 0.02+0.04

−0.04. In
this case, the line profile favors an even lower column
density11 of logNHI/cm

−2 = 19.11+0.08
−0.08.

10 Analytic considerations prefer log[NHI/cm
−2] ∼ 21, which is

because these assume that the Lyα photons are all initially emitted
at line center. In contrast, in the best-fit shell-models the initial
Lyα spectrum is a Gaussian with σ ≈ 150 km s−1. The spectral
distribution of Lyα line is therefore broad to begin with, which
then requires a smaller HI column density to broaden the line to
match the observations. The fact that formally the data prefers a
high-σ, low NHI solution is entirely due to the spectral shape of
the line.

11 We did not include the IGM in our fitting procedure. We have
also repeated our fitting procedure only for the data points redward
of 9246 Å(i.e. ignoring the wavelengths which are likely affected by
IGM absorption). This fitting procedure -without putting a prior
on the dust content - favors even lower HI column densities of
logNHI/cm

−2 ∼ 18 − 20.
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Fig. 6.— Lyα spectrum of CR7 (Sobral et al. 2015). The solid lines represent our best-fit shell models. The red solid line shows our
best-fit shell model that we obtain by only using a prior on CR7’s redshift z. The blue solid line shows our best-fit model if we force the
scattering medium to have a low dust content by adding a prior on the dust content (see text). The best-fit shell model parameters for
both models are shown. Shell-model fitting shows that the observed Lyα spectrum of CR7 favors the Lyα source to be surrounded by
a scattering medium with a column density of log[NHI/cm

−2] ∼ 19 − 20 which is outflowing at a rate vexp ∼ 200 − 300 km s−1. These
parameters do not differ drastically from those inferred for lower redshift Lyα emitting galaxies, and may suggest that the interstellar
medium of CR7 is already shaped by star formation and stellar feedback.

The inferred shell-model parameters lie within the
range of values inferred for lower redshift Lyα emitters:
preferred shell column densities in z ∼ 2.2 Lyα emitters
are log[NHI/cm

−2] ∼ 19 (Hashimoto et al. 2015), and in
green pea galaxies at z ∼ 0.3 are log[NHI/cm

−2] ∼ 19−20
(Yang et al. 2015). The required shell velocity is a higher
for CR7 than in most lower redshift galaxies (but see
Vanzella et al. 2010 for an example of a galaxy at z ∼ 5.6
where the shell velocity and HI column density are both
higher). The scattering medium of CR7 therefore does
not seem drastically different than in lower redshift Lyα
emitting galaxies.

This implies that if CR7 hosts a DCBH, that then the
conditions that enabled DCBH formation may have been
mostly erased. This may not be surprising as the re-
quired black hole mass of M >∼107M⊙ exceeds the mass

of DCBHs when they first form (which is ∼ 105−106M⊙

e.g. Latif et al. 2013; Shlosman et al. 2016). This re-
quires that the black hole has grown significantly since
it first formed (see Hartwig et al. 2016, Agarwal et al.
2016), which in turn implies that the host galaxy likely
merged since the BH formed. It is then difficult to prove
that CR7 is indeed powered by a BH that formed via di-
rect collapse, or instead via a BH that grew from a stellar
mass seed. Instead, Hartwig et al. (2016) show that the

non-detection of the CIII] line puts an upper limit on
the metallicity of the gas at Z <∼0.02Z⊙, and that this
condition on metallicity makes it more likely for the BH
to have first formed as a massive seed via direct collapse.

5.3. Constraints from the He1640 Line

As we mentioned earlier, the equivalent width of the
He1640 line provides a direct measure of the hardness
of the source illuminating the gas cloud12 (e.g. Sobral
et al. 2015, also see Johnson et al. 2011). In addition,
constraints imposed by the ratio of line fluxes in He1640
to Lyα have been explored in previous works (Johnson et
al. 2011, Sobral et al. 2015, Agarwal et al. 2016, Hartwig
et al. 2016). The He1640 line provides a third constraint,
as it constrains both the systemic velocity of CR7 and
the width of non-resonant nebular lines, and thus the
width of the Lyα spectral line prior to scattering. This
information in turn constrains the Lyα transfer process.

It is interesting that our best-fit model favor the intrin-
sic FWHM of the Lyα line to be ∼ 2.35 × σi ∼ 250 km

12 It is interesting to point out that the detection of He1640 line
formally directly rules out models that purely invokes gravitational
heating, though these models were also ruled out based on their
predicted Lyα luminosity.
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s−1, which is a factor of ∼ 2 broader than the FWHM
of the He1640 line. This problem is also encountered
for Lyα emitters at z ∼ 2.2 which also required σi to
be larger than the observed width of the Hα line (see
Hashimoto et al. 2015), and is still not understood.

6. DISCUSSION & CONCLUSIONS

We have modelled the relevant radiative processes of
the Lyα line through simplified representations of the
‘direct collapse black hole’ (DCBH) scenario. The sup-
pressed gas fragmentation, the absence of star formation
and stellar feedback - all key characteristics of the DCBH
formation scenario - simplify the Lyα radiative transfer
problem, which is known to depend sensitively on all
these processes. Our main results are:

1. Gravitational heating of the collapsing cloud
gives rise to a Lyα cooling luminosity of up to ∼
1038(Mgas/10

6 M⊙)
2 erg s−1. Though gravitational

heating can increase the Lyα production much fur-
ther during the later stages of collapse, collisional de-
excitation efficiently suppresses the emerging Lyα flux.
During these later stages, the cloud may be visible
through its two-photon continuum emission (Dijkstra
2009; Inayoshi et al. 2015b), or through stimulated 3-cm
emission (Dijkstra et al. 2016).

2. Photoionization of the cloud by a central source
can boost the clouds Lyα luminosity to values as large as
Lα ∼ 1043(MBH/10

6M⊙) erg s−1 (irrespective of Mgas)
over a limited range of densities. Here, MBH denotes
the mass of the black hole powering this source. For
lower densities the ionized gas is density-bound, which
reduces the conversion efficiency of ionising radiation into
Lyα. For higher densities the cloud is ionization-bound,
and the collisional de-excitation in the neutral gas again
reduces the Lyα luminosity. This luminosity, and that
for gravitational cooling, are not affected by our adopted
simplified geometry, and are set entirely by the energetic
considerations.

3. We computed Lyα spectra for a suite of spherical
and flattened collapsing gas clouds. The predicted spec-
tra are double peaked, with an enhanced blue peak. The
width and velocity off-sets of the peaks range from a few
tens to few thousands km s−1, and are set by the HI col-
umn density through the cloud in close agreement with
analytic predictions. We process the emerging spectra
through the intergalactic medium (IGM), and find that
the IGM completely eliminates the blue peak. The re-
sulting spectra are asymmetric, and redshifted, and can
look remarkably like those typically associated with scat-
tering through a galactic outflow. However, the predicted
velocity off-set and FWHM can exceed ∼ 1000 km s−1,
which is larger than what is typically found for high-
redshift Lyα emitting galaxies , and thus possibly an
interesting observational signature.

4. In flattened clouds the predicted FWHM and over-
all off-set of the Lyα spectral line is set closely by the
minimum HI column density associated with the cloud.
An example of this consists of the extreme case in which
a central source ionized the cloud in certain directions,

but not others. In this case, the predicted Lyα spectral
line is narrow, with flux emerging at line center. More-
over, the emerging spectrum and the fraction of the flux
that emerges at line center depends on viewing angle.
Specifically, sightlines that allow ionizing photons to es-
cape are associated with most Lyα photons escaping at
line center (also see Behrens et al. 2014, Verhamme et
al. 2015).

5. We compared to observations of CR7, a luminous
Lyα emitter at z ∼ 7 which is potentially associated with
a DCBH (Sobral et al. 2015). Our analysis implies that
the Lyα line luminosity of CR7 alone implies that if it is
indeed associated with a DCBH, then it must be associ-
ated with a black hole of mass MBH >∼107M⊙. If CR7
is indeed powered by such a massive black hole, then it
must have accreted most of this mass after its forma-
tion, as the maximum mass of a newly formed DCBH is
∼ 105 − 106M⊙ (e.g. Latif et al. 2013; Shlosman et al.
2016). Supply of this gas to the black hole required
mergers with other nearby halos (Agarwal et al. 2016;
Hartwig et al. 2016). These mergers would likely have
erased the very specific conditions in the gas that were
required for DCBH formation. This may explain that
the spectral line shape of CR7 favors a low HI-column
density, log[NHI/cm

−2] ≈ 19 − 20, outflowing scatter-
ing medium. These parameters are consistent with those
inferred for lower redshift Lyα emitting galaxies, which
may reflect that the interstellar medium of CR7 is al-
ready shaped by star formation and stellar feedback.

Alternatively, our radiative transfer calculations
through simplified representations of the DCBH forma-
tion process can reproduce the observed the spectral line
shape of CR7 when the gas cloud is in a very specific
evolutionary state (again associated with a low column
density of HI), and that the intergalactic medium elim-
inated the blue side - which contains most flux - of the
emitted Lyα flux out of our line-of-sight. In this case,
CR7 should be surrounded by an Lyα halo that extends
much further than the present observations with a lumi-
nosity (significantly) larger than 1044 erg s−1.

The implication that the interstellar medium of CR7
may already be shaped by star formation and stellar
feedback begs the question whether these stars can be
a ‘pure’ ∼ 3 Myr old Population III stellar population
(as discussed by Sobral et al. 2015, Visbal et al. 2016).
It is then interesting to consider that the Lyα spectral
line shape favors scattering through outflowing gas (see
§ 5.2), which implies that its ISM is being enriched, and
that enough time must have elapsed for the effects of
feedback to have commenced. If the Lyα line was actu-
ally intrinsically symmetric and the observed asymmetry
is entirely due to the IGM (as discussed above), then we
again expect CR7 to be surrounded by an extended, still
undetected Lyα halo with a luminosity (significantly)
larger than 1044 erg s−1.

Finally, the association of broad redshifted Lyα lines
with the DCBH formation scenario makes this Lyα flux
less susceptible to scattering in the IGM compared to
narrower emission lines that have been observed from
star forming galaxies (Dijkstra & Wyithe 2010). This
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reduced sensitivity to the neutral IGM may increase the
likelihood of finding DCBHs among the high-redshift
Lyα emitting population: a source with an apparent Lyα
luminosity of ∼ 1042 erg s−1 at z = 10 (corresponding
to a flux of 0.8 × 10−18 erg s−1 cm−2) can be detected
with the James Webb Space Telescope (JWST) in 104

s at ∼ 3 − σ significance13. This - combined with the
increased sensitivity of NIRSPEC towards longer wave-
lengths - suggests that JWST at least has the sensitivity
to detect broad Lyα lines from MBH >∼105M⊙ DCBHs
out to redshift well beyond z = 10.
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APPENDIX

MORE DETAILS ON THE CALCULATIONS

Temperature Dependence Ionized Fraction

Collisional ionization equilibrium forces the recombination rate to equal the collisional ionization rate, i.e.
nenpαB(T ) = nenHIqion(T ). Here, αB(T ) is the case-B recombination coefficient and qion denotes the collisional
ionization rate coefficient. The equilibrium value is

xe ≡
ne

n
=

np

n
=

qion(T )

αB(T )
, (A1)

where we have taken fitting formulae for αB(T ) and qion(T ) from Hui & Gnedin (1997).

Temperature Evolution of Cloud

In § 3 we computed the Lyα luminosity, and the Lyα escape fraction as a function of density n. Figure 7 show some
intermediate results of these calculations. The red dashed line in the upper panel shows the line centre optical depth
τ0 = NHIσ0 through the cloud, where σ0 = 5.88×10−14(T/104 K)−1/2 cm2 denotes the absorption cross-section at line
centre. The column density increases as NHI ∝ n2/3, and therefore τ0 also increase almost as τ0 ∝ n2/3. The reason
that τ0 does not increase exactly as τ0 ∝ n2/3 is because of the mild temperature dependence of σ0 (as discussed below
and shown in the central panel of Fig 7, the temperature changes with n). Finally, the maximum number of scatterings
Nmax

scat ∝ n−1
p , and therefore decreases with overall number density n as the ionised fraction changes quite slowly with

density n (see the lower panel). The total number of scatterings equals the maximum at n ∼ 105 cm−3. This implies
that at higher densities, collisional deexcitation suppresses the emerging Lyα flux, which was also apparent in Figure 1.

The central panel shows the temperature evolution of the cloud with n, under the assumption that the gravitational
heating rate is balanced by cooling via collisional excitation (∼ 40% of which is Lyα cooling). The gravitational
heating rate increases towards higher densities as ∝ n2/3 (see Eq 2), but the collisional cooling rate increases slightly
faster (as n2), which is compensated by a reduction in temperature towards higher n (because the collisional cooling
rate is so sensitive to the gas temperature, this decrease in T is only small). Finally, the lower panel shows how the
residual ionised fraction also decreases with n as a result of the decreasing temperature T . Specifically, xp changes
by ∼ 1 order of magnitude over ∼ 8 orders of magnitude in n. This implies that xp ∝ n−0.12, and that therefore
np = nxp ∝ ny, where y = 0.88. We used this dependence in the paper.

Isothermal Density Profiles

Throughout the paper we assumed isothermal density profile. This greatly simplified our analysis, which improved
the clarity of the presentation and which allowed us to apply analytic results obtained for Lyα transfer. Here, we
repeat some of our calculations for a cored isothermal density profile, which is a more realistic description of the density
field (at least in 1D hydrodynamical simulations, see Pacucci & Ferrara 2015). This density profile is

ρ(r) =

{

A
1+(r/rc)2

for r ≤ R;

0 for r > R
(A2)

where A is a normalisation constant, and rc is the core radius which we assume to be rc = 0.1R, where R denotes the
edge of the cloud (as was the case for the uniform cloud). The total mass enclosed within radius r is

Mgas(< r) =

∫ r

0

dr 4πr2
A

1 + (r/rc)2
, A =

Mgas

4πr3c

(

R
rc

− arctan R
rc

) . (A3)
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Fig. 7.— This plot shows density dependence of various quantities associated with a collapsing gas cloud of uniform density that is
heated by the gravitational collapse. The top panel shows the line centre optical depth τ0 - which equals (approximately) the average
number of scattering events a Lyα photon undergoes before escaping - as a function of n (black solid line). The red dashed line shows the
maximum allowed number of scattering events, before collisional deexcitation becomes important. The two are equal at n ∼ 106 cm−3,
which implies that at higher densities, collisional deexcitation suppresses the emerging Lyα flux. The central/bottom panel shows that the
temperature/residual ionised fraction decreases towards higher density.

We can express the HI column density through the cloud as

NHI =
Arc
µmp

arctan

(

R

rc

)

=
100R K(R/rc)

3
n̄ ≈ 5.5n̄R, K(x) = arctanx

x−arctanx , (A4)

where we plugged in R/rc = x = 10, which translates to K(x) ∼ 0.17. That is, for a fixed cloud size and mass, the HI
column density through a cored isothermal profile (with rc = 0.1R) is about 5.5 larger than in the uniform case.

The total recombination rate in turn can be expressed as

Ṅ iso
rec = αB

M2
gas

V (µmp)2
N (R/rc) = Ṅuni

rec N (R/rc) ≈ 6.7Ṅuni
rec , N (x) = x3

3

arctan x− x
2

x
2+1

(x−arctan x)2 , (A5)

where again we plugged in x = 10. The total recombination rate for a given gas mass & size is thus ∼ 7 times larger
than in the uniform case. We stress that this does not boost the maximum Lyα luminosity from the cloud, as this is
set by the total production rate of ionising photons. The enhanced recombination rate at given average density would
only cause the total recombination luminosity to saturate at a lower density than what was shown in Figure 1.

The gravitational binding energy can be written as

Ubind = −
GM2

gas

R
F(R/rc) ≈ −0.8

GM2
gas

R
, F(x) = x

∫

x

0
du

(

u
2

1+u
2 −

u arctan u

1+u
2

)

(x−arctanx)2
. (A6)

The total gravitational binding energy at fixed M and R is slightly more negative than in the uniform case, which is
because the gas has settled deeper in the gravitational potential well compared to the uniform density case.


