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The Epoch of the First Stars and Galaxies
Density

Credit:  Claudio Dalla Vecchia (IAC); The First Billion Years project

The Milky Way (~30 kpc across)

The first stars dramatically 
transformed the Universe. 

High energy radiation 
from stars and accreting 
black holes shaped the 
formation of the first 
galaxies.

This radiation sets the 
stage for the formation of 
the first massive seed 
black holes.
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Formation of Black Holes by Direct Collapse
▪ An elevated H2-dissociating (LW) 

radiation field suppresses cooling of 
the primordial gas (e.g. Dijkstra et al. 
2008; Agarwal et al. 2012; Visbal et al. 2014; 
Regan et al. 2017)

▪ Gas cools to only ~ 104 K by 
collisional excitation of hydrogen (e.g. 
Bromm & Loeb 2003; Regan & Haehnelt 2009; 
Shang et al. 2010; Latif et al. 2013; Becerra et 
al. 2015; Choi et al. 2015)

• Gas collapses and rapidly forms a    
~ 105 Msun black hole (e.g. Schleicher et 
al. 2013; Hosokawa et al. 2013; Sakurai et al. 
2015; Haemmerlé et al. 2018)

JLJ et al. (2011)

Chen et al., JLJ (2014)
See review articles by Volonteri 2012; JLJ & Haardt 2016;
Latif & Ferrara 2016; Smith et al. 2017; Valiante et al. 2017
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The Rate of Direct Collapse Black Hole 
Formation Depends on the Details

• H- photodetachment by IR/optical photons 
slows H2 formation, lowering the critical 
Lyman-Werner flux Jcrit (Chuzhoy et al. 2007; 
Shang et al. 2010; Wolcott-Green & Haiman 2012).

• Jcrit is dependent on the age and metallicity 
of the stellar population (e.g. Sugimura 2014; 
Agarwal et al. 2015).and the escape fraction of 
UV photons (Schauer et al. 2017).

• X-rays stimulate H2 formation, raising Jcrit
(Inayoshi & Omukai 2011; Glover 2016).

• Binary stellar spectra and lifetimes can 
enhance UV emission (Agarwal et al. 2017).

Population of single 
and binary stars

Agarwal, et al., JLJ (2017)

The rate of DCBH formation scales strongly with the critical Lyman-
Werner flux, as Jcrit

-4 (e.g. Dijkstra et al. 2008; Chon et al. 2016; Habouzit et al. 2016).

4 B. Agarwal, et al.

Figure 3. Stellar populations that allow for DCBH formation, from SB99 shown on the right (taken from the Appendix of A16), and BPASSv2 on the right.

Grey regions bound the M∗ − Age parameter space for which the stellar populations produce an H2 photodissociation rate that at the location of the atomic

cooling halo that satisfies Eq. 3. The top, middle and bottom panels are computed for an assumed separation of 5, 12 and 20 kpc between the atomic cooling

halo and the irradiating source. The contours of JLW at the respective distances are over-plotted in each of the panels.

3 that a galaxy with M∗
>
∼ 109 and same age (50 Myrs) can easily

have JLW > Jcrit when it is described by a SB99 SED, while for

BPASSv2 SEDs JLW < Jcrit at this age for all masses.

These findings lead us to conclude

(i) Jcrit does not solely depend on the LW photon yield, but on

the 0.76 eV photon yield as well

(ii) The distribution of Jcrit depends on whether binaries are

included in a galaxy’s SED. For a stellar population of a given age

and mass, the Jcrit is higher when binaries are considered.

(iii) The distribution of Jcrit is critically altered by the inclusion

of older stellar populations. Our analysis shows that Jcrit originat-

ing from older single stellar populations (> 10 Myr) is much lower

than the one from similarly aged binary stellar populations

(iv) Formation of DCBHs must be understood in terms of a crit-

ical region in the kde–kdi parameter space (Eq. 3)

We note that point (i) is not a new result: it was already re-

marked upon by Sugimura et al. (2014) and in A16. However, our

results here do help to emphasize the dependance of Jcrit on the

shape of the SED, which in turn depends on physical parameters

such as the inclusion of binaries and older stellar populations.

High-redshift star-forming galaxies may also be bright at X-

ray wavelengths leading to X-ray photoionization of the gas that

produces additional free electrons. This could lead to enhanced H2

formation and hence X-rays can partially counteract the negative

feedback due to LW photons and the softer optical and near-IR pho-

tons that destroy H− (see e.g. Haiman et al. 1996; Glover & Brand

2003). The impact of X-rays on Jcrit has been studied by several

different authors (Inayoshi & Omukai 2011; Inayoshi & Tanaka

2015; Latif et al. 2015; Glover 2016), but disagreements remain

in the size of the overall effect. Inayoshi & Tanaka (2015) find

that if the incident LW spectrum is approximately described by a

T = 3× 104 K black-body spectrum, then the value of Jcrit in the

presence of X-rays is given by

Jcrit = Jcrit,0

!

1 +
JX,21

2.2× 10−3

"0.56

, (4)

where Jcrit,0 is the value of Jcrit in the absence of X-rays

Figure 4. Comparison of Jcrit for BPASSv2 (solid) and SB99 (dotted), for

all separations. This is an age distribution of the histograms, for the entire

separation range, shown in the right panel of Fig. 3.

and JX,21 is the strength of the X-ray background in units of

10−21 erg s−1 cm−2 Hz−1 sr−1, measured at an energy of 1 keV.

They also argue that JX,21 ≃ 4.4×10−6JLW. Looking at the distri-

bution of Jcrit in our models shown in Fig. 4, we see that the largest

values obtained are around Jcrit ≃ 4000. If this value is actu-

ally boosted by X-rays according to the Inayoshi & Tanaka (2015)

prescription, this would change the value to Jcrit,X ≃ 14000.

However, we note that other recent studies report a smaller effect.

For example, Glover (2016) finds an enhancement in Jcrit that is

roughly a factor of two smaller than in Inayoshi & Tanaka (2015)

at any given JX,21, due to differences in the assumption made re-

garding the effectiveness of X-ray shielding in the target halo. In

that case, accounting for X-rays would increase our largest values

of Jcrit by less than a factor of two, and hence would not signifi-

cantly change the qualitative results of our study. Latif et al. (2015)

find an even smaller effect, even with very large values of JX,21

barely affecting the values of Jcrit in their three–dimensional runs.

In view of this uncertainty in the overall impact of X-rays, we ne-

c⃝ 0000 RAS, MNRAS 000, 1–6

Population of 
single stars
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Lyman alpha Feedback Enhances Direct 
Collapse Black Hole Formation 

• Lya photons (10.2 eV) can readily 
destroy H-, which has a binding energy 
of only 0.75 eV.

• In an atomically cooled DCBH 
candidate halo, the Lya flux is 
magnified due to trapping, leading to a 
high rate Rdetach of H- photodetachment.

Jarrett L. Johnson and Mark Dijkstra: Enhanced direct collapse due to Lyman α feedback

Fig. 1. The evolution of the H2 molecule fraction as a function of
the number density of hydrogen nuclei, with (solid lines) and with-
out (dashed lines) accounting for the effect of photodetachment of H−

ions by Lyα photons. The colors denote calculations assuming different
background radiation fields, as labeled, which are assumed only to dis-
sociate H2 molecules. In all cases shown here B = 1, corresponding to
uniform Lyman α emission within the collapsing cloud.

Fig. 2. The evolution of the gas temperature as a function of the number
density of hydrogen nuclei, with (solid lines) and without (dashed lines)
accounting for the effect of photodetachment of H− ions by Lyα pho-
tons. The colors denote calculations assuming different background ra-
diation fields which are assumed only to dissociate H2 molecules. With
no photodetachment the temperatures remain too low for DCBH for-
mation in all cases, but with this effect included DCBH formation can
occur for a background radiation field with J21 ∼ 103. As in Figure 1,
here B = 1, corresponding to uniform Lyman α emission within the
collapsing cloud.

the peak H2 abundances dropping by orders of magnitude in the
cases with relatively high background radiation levels J21 > 100.

The thermal evolution of the gas in these same sets of cal-
culations is shown in Figure 2.2 Due to the depressed H2 frac-

2 Note that we recover the canonical cooling behavior of the gas for the
case with no background radiation (J21 = 0) and no H− photodetachment
(e.g. Bromm & Larson 2004; Greif et al. 2015), as expected since we
are employing effectively the same code as in previous studies of such
processes (Johnson & Bromm 2006).

Fig. 3. The rate of H− photodetachment by Lyα cooling radiation (equa-
tion 7), for the same calculations shown in Figures 1 and 2. The pho-
todetachment rate is slightly higher for lower levels of the background
radiation J21 due to the temperature dependence of the cross section for
Lyman α scattering. At low densities the gas evolves adiabatically, lead-
ing to the scaling Rdetach ∝ n3/2, whereas at higher densities the scaling
is better approximated assuming the gas is isothermal, leading to the
scaling Rdetach ∝ n31/18. Note that, in all cases, the photodetachment rate
rises above the critical rate of ∼ 10−5 s−1 found in calculations assuming
a constant background rate and a weak H2-dissociating radiation field
by Agarwal et al. (2016a).

tion, molecular cooling is less effective with higher levels of the
background radiation field. However, in all cases shown here the
gas is still able to cool to <∼ 103 K when H− detachment is not
included in the calculation. With this effect included, the cool-
ing of the gas is suppressed at high density, resulting in much
higher temperatures. Importantly, we find that with photodetach-
ment included, the temperature remains high enough for DCBH
formation in the case with J21 = 103. Thus, H− detachment by
Lyman α photons has the effect of lowering the critical value
of the background radiation level required for the formation of
DCBHs.

To more fully elucidate the impact of photodetachment, the
photodetachment rates in our calculations, as a function of the
cloud density, are shown in Figure 3. The density and time de-
pendence of the photodetachment rate makes comparison with
previous determinations of the critical rate of photodetachment
for DCBH formation difficult (e.g. Sugimura et al. 2014; Agar-
wal et al. 2016a; Wolcott-Green et al. 2016), as constant pho-
todetachment rates have typically been assumed. However, it is
clear that the photodetachment rates we find rise well above the
critical value of ∼ 10−5 s−1 found, for instance, by Agarwal et
al. (2016a) for the case of a weak H2-dissociating radiation field.
Thus, in this sense, our results are consistent with, and can be
understood in the context of, previous work. Noting from Figure
2 that the gas evolves roughly adiabatically up to n ∼ 102 cm−3

such that T ∝ n2/3, the scaling Rdetach ∝ n3/2 provides a good
match to our calculations, as shown in Figure 3. At higher den-
sities an isothermal scaling of Rdetach ∝ n31/18 provides a better
fit, as is also shown in the Figure. We next turn to assessing the
impact of Lyman α feedback on the value of the critical LW flux
required for DCBH formation.
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hydrogen line cooling and molecular (H2) line cooling (e.g. Cen
1992; Abel et al. 1997). In addition, the model tracks the non-
equilibrium chemistry of the primordial gas and the formation
of H2 molecules, the main channel for which is the following
two reactions:

H + e− → H− + γ (1)

H− + H→ H2 + e− , (2)

where e− is a free electron and γ is a photon. Given that H− is
the main precursor to H2, the photodetachment of H− is a key
reaction to track in order to accurately calculate the formation
rate of H2. Thus, we track the photodetachment of H− as well
as the photodissociation of H2 in our model, adopting the rates
presented in Shang et al. (2010) as functions of the temperature
of the radiation field.1

We solve additional equations in order to assess the impact of
photodetachment of H− by Lyman α photons. To begin, we make
the simple assumption that the luminosity of Lyman α cooling
emission in the cloud balances the rate of gravitational potential
energy release during the collapse of the cloud (e.g. Dijkstra et
al. 2016). This is a sound approximation, as it has been shown
in numerous cosmological simulations that the collapse of pri-
mordial gas in atomic cooling halos is roughly isothermal and
occurs on the free-fall timescale (e.g. Wise et al. 2008; Regan &
Haehnelt 2009). Thus, we adopt the following simple expression
for the Lyman α luminosity:

LLyα =
GM2

cloud

rcloud

1

tff
, (3)

where tff = (3π / 32Gρ)
1
2 is the free-fall time, where G is New-

ton’s constant and ρ is the density of the collapsing gas. Here
Mcloud = 106 M⊙ is the typical mass of the central gas cloud col-
lapsing in an atomic cooling halo (e.g. Wise et al. 2008; Johnson
et al. 2011, 2014; Latif et al. 2013; Choi et al. 2013). Assuming
a uniform cloud density, which is appropriate for our simplified
one-zone calculations, this implies a cloud radius of rcloud = 30
pc (n/102 cm−3)−1/3 where n is the number density of hydrogen
nuclei. As the gas cools, this is the characteristic length scale
over which Lyman α photons must diffuse in order to escape the
cloud.

The diffusion of Lyα photons out of the cloud enhances the
energy density in Lyα photons by an amount that depends on the
cloud column density, NH. The total line center optical depth to

Lyα is given by τLyα = 5.9 × 106
!

NH

1020 cm−2

" !

T
104 K

"− 1
2 , where T is

the temperature of the gas and the column density of hydrogen
atoms is NH = rcloudn (e.g. Osterbrock & Ferland 2006). Fol-
lowing Adams (1975, see also Smith et al. 2017 for an updated
discussion), the pathlength traversed by the photons in escaping

the cloud is enhanced by a factorMF ∼ (avτLyα)
1
3 , where av =

4.7 ×10−4 (T / 104 K)−
1
2 is the Voigt parameter. We estimate the

total energy density in Lyα radiation, uα, to be

uα =MF

LLyαrcloud

Vcloudc
, (4)

1 While H+2 is also a precursor to H2 formation in the primordial gas,
the rate of H2 formation via this channel is much lower than that through
the H− channel for the relatively hot radiation spectra (≥ 104 K) that
are of interest here (see e.g. Sugimura et al. 2015). For this reason, we
neglect the radiative destruction of H+2 in our modeling.

where Vcloud denotes the volume of the cloud, andMF equals

MF ∼ 60
#

n

102 cm−3

$2/9
%

M

106M⊙

&1/9 #

T

104 K

$−1/3

. (5)

Assuming that the Lyman α radiation field is isotropic within
the cloud due to the large optical depth to scattering, we can
then approximate the photodetachment rate Rdetach of H− ions by
Lyman α photons as

Rdetach = σH−MF

LLyα

ELyα

3

4πr2
cloud

B , (6)

where the cross section for this process is σH− = 5.9 × 10−18 cm2

and ELyα = 10.2 eV is the energy of a Lyman α photon (e.g. de
Jong 1972; Shapiro & Kang 1987). As the dependence on the
optical depth to scattering shows, this rate is elevated due to the
many scatterings that Lyman α photons make in passing out of
the cloud. Finally, B accounts for the fact that spatial diffusion
of Lyα photons does not necessarily uniformly enhance the Lyα
intensity throughout the cloud, especially when Lyα emission
is concentrated more towards the center of the cloud (see Fig.
A.1). In the Appendix we show that B can be as large as B ∼ 10
toward the center of the cloud, which is where the DCBH forms.
Throughout, we will investigate the impact of varying B within
the range B = 1 − 10.

Combining the above equations, we obtain the following ex-
pression for the photodetachment rate as a function of cloud tem-
perature, mass and density:

Rdetach ≃ 10−8 s−1

%

Mcloud

106 M⊙

&
10
9 #

T

104 K

$− 1
3
#

n

102 cm−3

$
31
18

%

B

2

&

.

(7)

This is the equation that we include in our calculations in order
to assess the role that Lyman α feedback plays in the formation
of DCBHs.

3. Basic Results

Here we show our results for two sets of calculations, one in
which the effect of H− detachment by Lyman α photons is in-
cluded and another in which it is neglected. In both cases, we
also include the effect of a background LW radiation field, which
is assumed to only contribute to the photodissociation of H2

molecules and not to the detachment of H− ions. In the next
Section, we explore how the inclusion of the photodetachment
rate due to the background radiation impacts the evolution of the
collapsing gas. Finally, here we only consider cases with B = 1,
corresponding to the simplest case of uniform Lyman α emission
from the collapsing cloud. We explore cases with higher B val-
ues, corresponding to strongly centralized emission, in the next
Section.

Figure 1 shows the evolution of the H2 fraction of the gas, as
a function of density, both with and without the above equations
for Lyman α photodetachment included. The three sets of curves
correspond to different values of the LW background radiation
field J21, which is expressed in the standard units of 10−21 erg
s−1 cm−2 Hz−1 sr−1. As expected, the H2 fraction is steadily de-
pressed as the level of the background radiation increases. The
impact of Lyman α photodetachment is also evident, resulting in
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Rate of H- detachment by Lya photonsCollapsing	gas	in	an	
atomic	cooling	halo		

Lyman	alpha	
cooling	radia3on	
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Jarrett L. Johnson and Mark Dijkstra: Enhanced direct collapse due to Lyman α feedback

Fig. 1. The evolution of the H2 molecule fraction as a function of
the number density of hydrogen nuclei, with (solid lines) and with-
out (dashed lines) accounting for the effect of photodetachment of H−

ions by Lyα photons. The colors denote calculations assuming different
background radiation fields, as labeled, which are assumed only to dis-
sociate H2 molecules. In all cases shown here B = 1, corresponding to
uniform Lyman α emission within the collapsing cloud.

Fig. 2. The evolution of the gas temperature as a function of the number
density of hydrogen nuclei, with (solid lines) and without (dashed lines)
accounting for the effect of photodetachment of H− ions by Lyα pho-
tons. The colors denote calculations assuming different background ra-
diation fields which are assumed only to dissociate H2 molecules. With
no photodetachment the temperatures remain too low for DCBH for-
mation in all cases, but with this effect included DCBH formation can
occur for a background radiation field with J21 ∼ 103. As in Figure 1,
here B = 1, corresponding to uniform Lyman α emission within the
collapsing cloud.

the peak H2 abundances dropping by orders of magnitude in the
cases with relatively high background radiation levels J21 > 100.

The thermal evolution of the gas in these same sets of cal-
culations is shown in Figure 2.2 Due to the depressed H2 frac-

2 Note that we recover the canonical cooling behavior of the gas for the
case with no background radiation (J21 = 0) and no H− photodetachment
(e.g. Bromm & Larson 2004; Greif et al. 2015), as expected since we
are employing effectively the same code as in previous studies of such
processes (Johnson & Bromm 2006).

Fig. 3. The rate of H− photodetachment by Lyα cooling radiation (equa-
tion 7), for the same calculations shown in Figures 1 and 2. The pho-
todetachment rate is slightly higher for lower levels of the background
radiation J21 due to the temperature dependence of the cross section for
Lyman α scattering. At low densities the gas evolves adiabatically, lead-
ing to the scaling Rdetach ∝ n3/2, whereas at higher densities the scaling
is better approximated assuming the gas is isothermal, leading to the
scaling Rdetach ∝ n31/18. Note that, in all cases, the photodetachment rate
rises above the critical rate of ∼ 10−5 s−1 found in calculations assuming
a constant background rate and a weak H2-dissociating radiation field
by Agarwal et al. (2016a).

tion, molecular cooling is less effective with higher levels of the
background radiation field. However, in all cases shown here the
gas is still able to cool to <∼ 103 K when H− detachment is not
included in the calculation. With this effect included, the cool-
ing of the gas is suppressed at high density, resulting in much
higher temperatures. Importantly, we find that with photodetach-
ment included, the temperature remains high enough for DCBH
formation in the case with J21 = 103. Thus, H− detachment by
Lyman α photons has the effect of lowering the critical value
of the background radiation level required for the formation of
DCBHs.

To more fully elucidate the impact of photodetachment, the
photodetachment rates in our calculations, as a function of the
cloud density, are shown in Figure 3. The density and time de-
pendence of the photodetachment rate makes comparison with
previous determinations of the critical rate of photodetachment
for DCBH formation difficult (e.g. Sugimura et al. 2014; Agar-
wal et al. 2016a; Wolcott-Green et al. 2016), as constant pho-
todetachment rates have typically been assumed. However, it is
clear that the photodetachment rates we find rise well above the
critical value of ∼ 10−5 s−1 found, for instance, by Agarwal et
al. (2016a) for the case of a weak H2-dissociating radiation field.
Thus, in this sense, our results are consistent with, and can be
understood in the context of, previous work. Noting from Figure
2 that the gas evolves roughly adiabatically up to n ∼ 102 cm−3

such that T ∝ n2/3, the scaling Rdetach ∝ n3/2 provides a good
match to our calculations, as shown in Figure 3. At higher den-
sities an isothermal scaling of Rdetach ∝ n31/18 provides a better
fit, as is also shown in the Figure. We next turn to assessing the
impact of Lyman α feedback on the value of the critical LW flux
required for DCBH formation.
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Fig. 1. The evolution of the H2 molecule fraction as a function of
the number density of hydrogen nuclei, with (solid lines) and with-
out (dashed lines) accounting for the effect of photodetachment of H−

ions by Lyα photons. The colors denote calculations assuming different
background radiation fields, as labeled, which are assumed only to dis-
sociate H2 molecules. In all cases shown here B = 1, corresponding to
uniform Lyman α emission within the collapsing cloud.

Fig. 2. The evolution of the gas temperature as a function of the number
density of hydrogen nuclei, with (solid lines) and without (dashed lines)
accounting for the effect of photodetachment of H− ions by Lyα pho-
tons. The colors denote calculations assuming different background ra-
diation fields which are assumed only to dissociate H2 molecules. With
no photodetachment the temperatures remain too low for DCBH for-
mation in all cases, but with this effect included DCBH formation can
occur for a background radiation field with J21 ∼ 103. As in Figure 1,
here B = 1, corresponding to uniform Lyman α emission within the
collapsing cloud.

the peak H2 abundances dropping by orders of magnitude in the
cases with relatively high background radiation levels J21 > 100.

The thermal evolution of the gas in these same sets of cal-
culations is shown in Figure 2.2 Due to the depressed H2 frac-

2 Note that we recover the canonical cooling behavior of the gas for the
case with no background radiation (J21 = 0) and no H− photodetachment
(e.g. Bromm & Larson 2004; Greif et al. 2015), as expected since we
are employing effectively the same code as in previous studies of such
processes (Johnson & Bromm 2006).

Fig. 3. The rate of H− photodetachment by Lyα cooling radiation (equa-
tion 7), for the same calculations shown in Figures 1 and 2. The pho-
todetachment rate is slightly higher for lower levels of the background
radiation J21 due to the temperature dependence of the cross section for
Lyman α scattering. At low densities the gas evolves adiabatically, lead-
ing to the scaling Rdetach ∝ n3/2, whereas at higher densities the scaling
is better approximated assuming the gas is isothermal, leading to the
scaling Rdetach ∝ n31/18. Note that, in all cases, the photodetachment rate
rises above the critical rate of ∼ 10−5 s−1 found in calculations assuming
a constant background rate and a weak H2-dissociating radiation field
by Agarwal et al. (2016a).

tion, molecular cooling is less effective with higher levels of the
background radiation field. However, in all cases shown here the
gas is still able to cool to <∼ 103 K when H− detachment is not
included in the calculation. With this effect included, the cool-
ing of the gas is suppressed at high density, resulting in much
higher temperatures. Importantly, we find that with photodetach-
ment included, the temperature remains high enough for DCBH
formation in the case with J21 = 103. Thus, H− detachment by
Lyman α photons has the effect of lowering the critical value
of the background radiation level required for the formation of
DCBHs.

To more fully elucidate the impact of photodetachment, the
photodetachment rates in our calculations, as a function of the
cloud density, are shown in Figure 3. The density and time de-
pendence of the photodetachment rate makes comparison with
previous determinations of the critical rate of photodetachment
for DCBH formation difficult (e.g. Sugimura et al. 2014; Agar-
wal et al. 2016a; Wolcott-Green et al. 2016), as constant pho-
todetachment rates have typically been assumed. However, it is
clear that the photodetachment rates we find rise well above the
critical value of ∼ 10−5 s−1 found, for instance, by Agarwal et
al. (2016a) for the case of a weak H2-dissociating radiation field.
Thus, in this sense, our results are consistent with, and can be
understood in the context of, previous work. Noting from Figure
2 that the gas evolves roughly adiabatically up to n ∼ 102 cm−3

such that T ∝ n2/3, the scaling Rdetach ∝ n3/2 provides a good
match to our calculations, as shown in Figure 3. At higher den-
sities an isothermal scaling of Rdetach ∝ n31/18 provides a better
fit, as is also shown in the Figure. We next turn to assessing the
impact of Lyman α feedback on the value of the critical LW flux
required for DCBH formation.
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Lyman alpha Feedback Enhances Direct 
Collapse Black Hole Formation 

Johnson & Dijkstra (2017)

• The impact of photodetachment by Lya is a reduction in the 
critical LW flux by 20 to 80 percent.

• This implies that Lya feedback significantly enhances the rate of 
DCBH formation in the early Universe.

DCBH 
regime

Star 
cluster 
regime
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Simulating the Growth of the Earliest 
Quasars from Direct Collapse Black Holes

• The large initial BH mass in 
the direct collapse scenario 
allows to estimate accretion 
rate in large a cosmological 
simulation. 

• The key advance in our Enzo
simulation is the inclusion of 
on-the-fly ray-tracing X-ray 
feedback from the central 
black hole.

• Star formation and supernova 
feedback are also included in 
our 100 cMpc h-1

cosmological box, in which 
the quasar host halo is 
resolved at < 4 pc (physical).

20 kpc

Metallicity field at z = 7.1

Smidt, Whalen, JLJ & Li (2017)
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Our Simulations Match a Broad Suite of Data
Our Enzo simulation ALMA Data

[C II] emission

Quantity Data	 Simulation
BH	mass	[109	Msun] 2+1.5-0.7	 2.2

BH	acretion	rate	[Msun	yr-1] ~	40 11+20-10	
Star	formation	rate	[Msun	yr-1] 105	--	340 245
Radius	of	H	II	region	[Mpc] 2.1	+0.1-0.1 2

Metallicity	[Zsun] ~	1 1	--	2	
Dynamical	mass	[109	Msun] 43	+9-9 40

• We find broad agreement 
with the available data on 
one of the earliest known 
quasars, at z = 7.1 
(Mortlock et al. 2011):

• BH mass 
• BH accretion rate
• Metallicity of the host 

galaxy
• Host galaxy star 

formation rate
• Dynamical mass of 

the host galaxy

• This implies that on-the-
fly X-ray feedback is key 
to understanding early 
quasar formation.

5 kpc

H2 fraction

30 kpc

Data from Mortlock et al. (2011), Dunlop (2013), Barnett (2015) and Venemans et al. (2017)

Venemans et al. (2017)

Smidt, Whalen, JLJ & Li (2017)
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• In cosmological simulations, 
metal enrichment does not 
completely quench Pop III 
star formation.

• Pop III stars are found to 
form down to at least z ~ 6 
(e.g. Tornatore et al. 2007; Xu et al. 
2016; Sarmento et al. 2017; Jaacks 
et al. 2018).

• The Pop III star formation 
rate is, however, strongly 
impacted by radiative 
feedback during reionization 
(e.g. Ahn et al. 2012).

6 J. L. Johnson, C. Dalla Vecchia and S. Khochfar

2.3.1 SN mechanical feedback

The mechanical feedback from SNe is modelled as a prompt
injection of thermal energy into the ISM surrounding star
particles (which represent individual, evolving stellar clus-
ters), as described in Dalla Vecchia & Schaye (2012). For the
feedback from Pop II SNe, for each SN that occurs 1051 erg
of thermal energy is distributed stochastically to neighbor-
ing SPH particles by instantaneously assigning them a gas
temperature of 107.5 K. As Dalla Vecchia & Schaye (2012)
show, for the resolution of our simulations this prescription
suffices to capture the deposition of mechanical energy into
the ISM reliably well. We use the same technique to model
feedback from Pop III stars but we differentiate between
type II SNe which occur for initial stellar masses 8 <

∼
M∗

<
∼ 100, and the more powerful PISNe which occur for initial
stellar masses 140 <

∼ M∗
<
∼ 260 (Heger et al. 2003). For

the former we inject 1051 erg per SN, while for the latter
we inject 3 × 1052 erg per SN which is roughly the average
PISN energy found from the suite of models computed by
Heger & Woosley (2002).

2.3.2 Metal enrichment

We follow the prescription for metal enrichment presented
in Wiersma et al. (2009a), which is similar to that also em-
ployed by Tornatore et al. (2007b). In this implementation,
Pop II star particles continuously release hydrogen, helium,
and metals into the surrounding gas in abundances calcu-
lated according to tabulated yields for types Ia and II SNe,
and from asymptotic giant branch (AGB) stars. The mixing
of this material with the surrounding ISM is modelled by
transferring it to neighboring SPH particles in proportions
weighted by the SPH kernel. We use the same technique to
model metal enrichment from Pop III stars, but we adopt the
appropriate different chemical yields for type II SNe (Heger
& Woosley 2010) and PISNe (Heger & Woosley 2002).

2.4 Reionization in the FiBY

Concurrent with the build-up of the LW background ra-
diation field is the onset of reionization, the process by
which the intergalactic medium becomes heated and ion-
ized at z >

∼ 6 (e.g. Ciardi & Ferrara 2005). We adopt a
simple approach to account for the effects of reionization.
In particular, we assume that reionization takes place uni-
formly throughout our simulation volume starting at z =
12, roughly consistent with range of redshifts inferred for
instantaneous reionization by WMAP (e.g. Komatsu et al.
2011) and also with the limit of ∆z > 0.06 for the extent of
reionization reported by Bowman & Rogers (2010).

In practice, to model the effects of reionization, at z =
12 we switch from the collisional to photoionization equilib-
rium cooling tables, which account for heating by the ion-
izing background radiation field given by Haardt & Madau
(2001). This results in a gradual heating of the IGM to ∼

104 K. To account for the shielding of dense gas from the
ionizing radiation, we adopt a maximum density threshold
nshield,ion below which the gas is subjected to the full ra-
diative flux; following Nagamine et al. (2010) we choose
nshield,ion = 0.01 cm−3. At densities above nshield,ion the

Figure 1. Top panel: The comoving formation rate density of
Pop III stars (dashed lines) and of all stars (solid lines), in our
simulations with (red) and without (yellow) LW feedback, as a
function of redshift z. Also plotted here (gray points) are the
star formation rate densities inferred from data on high-z galax-
ies, compiled from Hopkins & Beacom (2006), Mannucci et al.
(2007), and Bouwens et al. (2008). Bottom panel: The level of
the cosmological background LW flux in our simulation with LW
feedback, in units of 10−21 erg s−1 cm−2 Hz−1 sr−1, due to Pop
II stars (dashed green line), Pop III stars (dashed red line), and
both populations together (solid yellow line).

flux is decreased from the unattentuated value by a frac-
tion (n/nshield,ion)

−2, which is proportional to the recombi-
nation rate and allows for a continuous transition betwee the
shielded and unshielded regimes. The cooling rates are then
derived by interpolation between the collisional equilibrium
and photoionization equilibrium tables.

3 RESULTS

Here we report the results of our two simulations, one in-
cluding the effects of LW feedback (in dissociating H2 and
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The Extended Epoch of the First Stars and Galaxies
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Formation of Massive Population III Galaxies

Primordial haloes subjected to strong ionizing radiation 
collapse at large mass scales Mhalo ~ 109 Msun (e.g. Dijkstra et al. 
2004; Trenti et al. 2009; JLJ 2010; Visbal et al. 2016, 2017; Yajima & Khochfar 2017).

This could set stage for a Pop III starburst.

Collapsing photo-heated gas

JLJ (2010) JLJ et al. (2014)
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The Most Extreme Population III Starbursts

11

▪ If Population III galaxies do form in massive 
halos due to photoheating of IGM, then the most 
massive Pop III galaxies likely form in halos 
exposed to the most intense photo-heating.

▪ The highest temperatures (~ 106 K) could be 
achieved by X-ray heating in the vicinity of high-
z quasars.

▪ In such an environment Pop III stars would form 
in halos with masses of order 1010 Msun.

Bolton et al. (2009)

IGM heating by quasars

Assuming the star formation efficiency 
inferred from Pop III simulations, this 
implies that the most massive Pop III 
clusters could be ~ 107 Msun!
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Observational Evidence of Quasar-
Suppressed Star Formation

• No Lyman alpha emitters 
(LAEs) are found within 
several Mpc of a quasar at 
z = 6.4 (Goto et al. 2017).

• This is strongly indicative 
of star formation being 
suppressed in halos with 
masses < 1010 Msun. 

If the gas remains metal-
free, a Pop III starburst 
may occur when the halo 
mass exceeds ~ 1010 Msun.

4 Goto

Figure 6. LAE LF. One σ upper limit from our work with NB906 is shown

with the red arrow. Note the bin size is 1 dex. The black and purple lines

show results from Ouchi et al. (2010) and Matthee et al. (2015) at z=6.6.

The black small dots are results from five different sub-fields in Ouchi et al.

(2010).

not in the redshift range of NB906 (6.4 < z < 6.5), or they are but
without a strong Lyα emission. Because their broad-band colours
are still very red (i′ − z′ > 1.9, and z′ − zR > 0.3), they are likely
to be at z > 5.8. Previous observations reported the fraction of
bright LBGs with a strong Lyα emission is small at z> 6. For ex-
ample, Stark et al. (2011); Pentericci et al. (2011); Schenker et al.
(2014) reported the fraction of bright LBGs (EW>25Å, MUV <-
20.25) with a Lyα emission is ∼20% at z∼6, and ∼10% at z∼7.
Our LBGs are even brighter with MUV =−22.2∼ −21.7. The frac-
tion would be even smaller. It is not too surprising if none of the six
LBGs had a strong Lyα emission. Further conclusions need spec-
troscopic confirmation of these LBGs.

4.2 Comparison to previous work

In previous work investigating the environment of QSOs, there ex-
ist both positive and negative results on the detection of overden-
sity of galaxies around QSOs. At lower redshift, QSOs’ duty cy-
cles become relatively shorter compared with the age of the Uni-
verse. There are increasing chances that surrounding galaxies may
have formed before the central QSO did. In addition, LBGs and
LAEs are different in their mass, and thus, physical effects from the
central QSOs might be also different (e.g., Kashikawa et al. 2007).
Therefore, to simplify the discussion, below we compare with re-
sults at higher-z (z>4), which used LAEs to investigate the QSO
environment.

In previous work, Kashikawa et al. (2007) found that LBGs
without Lyα emission form a filamentary structure near QSO SDSS
J0211−0009 at z=4.87, while Lyα emitters are distributed around2

but avoid QSO within a distance of ∼770 pkpc. Swinbank et al.
(2012) used the Taurus Tunable Filter to find a significant
galaxy overdensity around a QSO at z=4.528 over 35 arcmin2.

2 Note that De Rosa et al. (2011) used MgII line to measure the redshift

of J0210−0009 to be z=4.894. If so, Lyα emissions could be out of the

NB711 filter.

Mazzucchelli et al. (2017) and Bañados et al. (2013) investigated
the environment of two z=5.7 quasars to find no enhancement of
LAEs in comparison with blank fields. Kikuta et al. (2017) ob-
served environments of LAEs around two QSOs at z∼4.9 using
a narrow-band filter. They found that two QSOs are located near
local density peaks (< 2σ), but the number densities of LAEs in
a larger spatial scale are not significantly different from those in
blank fields.

While results of the previous studies vary, we would like to
highlight differences in our work. Our QSO is at the highest redshift
of z=6.4. At a higher redshift, the age of the Universe is younger.
With less time available for halo formation, the effect of the QSO
UV radiation would be clearer. This could be a reason why we
found the number density of LAEs is even smaller than the gen-
eral field by 3 σ. It is an important future task to investigate QSO
luminosity dependence of LAE distribution using multiple QSOs
at similar or higher redshifts.

Also previous work at z∼5.7 could not rule out the QSO envi-
ronment could be overdense at large scale (∼10 pMpc) because of
their smaller field of view (∼200 cMpc2 at most). Our larger area
coverage of ∼5400 cMpc2, for the first time at z∼6, ruled this out
by finding the lower density of LAEs is over a large scale of ∼10
pMpc across.

4.3 Physical interpretation

By finding the lack of LBGs near the QSO, Utsumi et al. (2010)
discussed the strong UV radiation may have suppressed the for-
mation of galaxies in the vicinity of the QSO. The QSO is associ-
ated with a giant Lyα nebulae (Goto et al. 2009, 2011), reflecting a
strong UV radiation from the QSO. In this work, we found the lack
of LAE not just in the QSO vicinity but in the whole field.

Kashikawa et al. (2007) quantitatively estimated how much
QSO’s UV radiation can suppress such galaxy formation. QSO
CFHQS J2329−0301’s absolute magnitude is M

1450Å
=-25.2

(Willott et al. 2007), which is about 1.2 magnitude fainter that in
Kashikawa et al. (2007) at z=4.87 (M

1450Å
=-26.4). Following their

arguments, within 770 pkpc, J21 ∼ 24. The QSO can suppress star-
formation (SF) in halos with Mvir < 1010M⊙, while halos with
Mvir > 1011M⊙ are almost unaffected (see their Fig.8). How-
ever, at the edge of the field (∼5pMpc away), J21 is ∼ 0.6. Only
SF in halos with Mvir < 109M⊙ can be suppressed. Previous
estimates of halo mass of typical LAEs (LLyα ∼ 1042erg/s) are
around Mvir ∼ 1010M⊙ (Gawiser et al. 2007; Ouchi et al. 2010;
Garel et al. 2015). If so, the SF can be suppressed in halos near the
QSOs, but it remains to be explained why LAEs are not detected
around the edge of the field, where UV radiation is weaker.

There are several notable sources of uncertainty on the dis-
cussion. On the theoretical side, it was assumed that stars form at
the centre of a spherical halo. If star formation takes place after a
disk-like collapse or in substructures, the impact of photoionization
will be greater and the inferred mass of the host halo can be larger.
For example, some evidence was found that high-z sub-millimeter
galaxies are rotationally-supported (e.g., Goto & Toft 2015).

On the observational side, we should note that halo mass es-
timates of LAEs depends on the age of the stellar population,
and thus there remains uncertainty. If the halo mass of LAEs are
Mvir < 109M⊙, the lack of LAEs in our QSO field is consistent
with the suppression scenario.

The suppression scenario could explain the detection of LBGs
in Utsumi et al. (2010). LBGs are thought to have older stel-
lar population, and thus more massive than LAEs (Overzier et al.

Goto et al. (2017)

Upper limit in vicinity of 
quasar CFHQS J2329−0301 

LAE luminosity functions at z > 6
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Population III stars are expected to form 
in increasingly massive halos in which 
previous star formation has suppressed 
by increasingly strong radiative feedback. 
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Quasar photoheating 
Tvir ~ 106 K

Stellar photoheating 
Tvir ~ 5 x 104 K

H2 photodissociation
Tvir ~ 104 K

H2-cooled gas
Tvir ~ 103 K

Formation Sites of Population III Stars and Galaxies

First stars

Most massive potential 
Pop III galaxies

First galaxies

Pop III galaxies in 
reionized regions

JLJ & Aykutalp (in prep)
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Summary

• The rate of direct collapse black hole formation depends sensitively 
on the radiation generated by sources in the early universe.
• The Lyman alpha radiation that cools the collapsing primordial gas 

can itself enhance their formation.

• Cosmological simulations of the growth of the earliest quasars 
including X-ray feedback match well the available data.
• These may have been seeded by direct collapse black holes.

• The most extreme Population III galaxies may be triggered by the 
most extreme radiation sources.
• High-z quasars may set the stage for bright Pop III starbursts.
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X-ray Feedback Limits High-z Black Hole Accretion
2

grade or destroy cold streams in the host halo and in the
early intergalactic medium (IGM).
We have now developed numerical models that bridge

both scales and evolved a quasar from birth at z ⇠ 20
down to z ⇠ 6 in cold flows with x-rays from the BH fully
coupled to primordial gas chemistry and hydrodynamics.
We describe our numerical model in Section 2 and the
evolution of the BH and its host galaxy in Section 3. We
discuss prospects for the detection of the first quasars
and conclude in Section 4.

2. NUMERICAL METHOD

We use the Enzo adaptive mesh refinement (AMR)
cosmology code (Bryan et al. 2014), which evolves dark
matter with an adaptive N�body particle-mesh scheme
and gas flows with a piecewise-parabolic method. X-rays
from the BH are transported with the MORAY photon-
conserving adaptive raytracing radiation package (Wise
& Abel 2011), which is self-consistently coupled to hy-
drodynamics and nine-species primordial gas chemistry
in Enzo and includes radiation pressure on gas due to
photoionizations. Our simulation has a uniform LW UV
background due to global Pop III and Pop II SF that
evolves with redshift.
Secondary ionizations by energetic photoelectrons and

Compton heating by x-rays are included in the chem-
istry and cooling, and we assume a single photon en-
ergy of 1 keV. In reality, there is a spectrum of ener-
gies that evolves from X-rays to hard UV as the black
hole grows four decades in mass, but we chose 1 keV to
maximize heating and evaporation because photons with
higher energies have much lower ionization cross sections.
Our models therefore produce an upper limit to radiative
feedback by the BH. The BH is represented by a modi-
fied star particle that grows in mass as it accretes gas. Its
luminosity, Lr, is ✏rṁBHc2, where ✏r is the mean radia-
tive e�ciency, which we take to be 0.1, and ṁBH is the
accretion rate. To approximate mechanical feedback by
a BH jet, 10�4 Lr is deposited as thermal energy above
and below the midplane of the BH perpendicular to its
angular momentum vector (Ciotti et al. 2009).
Our simulation box is 100 h�1 Mpc on a side, with

a 2563 root grid and three nested 25 h�1 Mpc grids
that are centered on the host halo for an e↵ective res-
olution of 20483. These grids yield initial dark mat-
ter and baryon mass resolutions of 8.41 ⇥ 106 h�1 M�
and 1.57 ⇥ 106 h�1 M�, respectively. The grid is ini-
tialized with gaussian primordial density fluctuations at
z = 200 with MUSIC (Hahn & Abel 2011) with cos-
mological parameters from the second-year Planck best
fit lowP+lensing+BAO+JLA+H0: ⌦M = 0.308, ⌦⇤ =
0.691, ⌦b = 0.0223, h = 0.677, �8 = 0.816, and n = 0.968
(Planck Collaboration et al. 2016). We use a maximum
refinement level l = 10 and refine the grid on baryon over-
densities of 3 ⇥ 2�0.2l to obtain a maximum resolution
of 35 pc. We also refine on a dark matter overdensity
of 3 and resolve the local Jeans length with at least 32
zones at all times to avoid artificial fragmentation during
collapse.
Our simulation box was chosen to be large enough to

enclose the cold flows feeding the quasar on cosmological
scales while resolving gas flows, photoionization and SF
deep within its host galaxy. However, given that there
are only about a dozen regions per Gpc�3 with cold flows

Fig. 1.— Density slice of the host halo of the quasar at z = 7.1.
Cold accretion streams intersecting the host galaxy of the quasar
are clearly visible. Distances are in comoving Mpc.

capable of sustaining rapid quasar growth, no single 100
Mpc box at random would be expected to enclose one.
We therefore tested multiple random seeds at lower res-
olution until we obtained a halo that exceeded 1012 M�
by z ⇠ 7 and was not the product of major mergers, i.e.,
no mergers with other halos similar in mass to the host
halo at any redshift prior to z ⇠ 7 (Trenti et al. 2008).
The host halo of the BH is shown at z = 7.1 in Fig. 1,
when the cold flows are most prominent.
Our simulations do not resolve the accretion disk of

the BH, which is 0.1 - 1 pc in diameter. We therefore
use an alpha disk model to compute accretion rates in-
stead of the usual Bondi-Hoyle rates to approximate an-
gular momentum transport out of the disk on subgrid
scales (DeBuhr et al. 2010). Molecular clouds are not
resolved in our runs either, so we use a stochastic pre-
scription for SF (section 8.2.2 of Bryan et al. 2014) that
is based on Cen & Ostriker (1992). The stars are as-
sumed to have a Salpeter initial mass function (IMF) for
simplicity. Feedback by supernovae (SNe) is represented
as thermal energy deposited in the SF regions with 1051

erg deposited per explosion, assuming about one SN per
200 M� of stars formed. Cooling by metals from SNe is
included with rates from Glover & Jappsen (2007) and
Sutherland & Dopita (1993), assuming solar yields for
the ejecta that are consistent with our chosen IMF.

3. SMBH / HOST GALAXY COEVOLUTION

We first evolve the box from z = 200 down to z = 19.2,
when the host halo reaches 3.0 ⇥ 108 M� and crosses the
mass threshold for atomic cooling and collapse. At this
redshift we initialize a 105 M� BH particle at the center
of the halo and turn on x-rays and SF. We omit the for-
mation and collapse of the supermassive star because it
occurs on timescales of a few hundred kyr, less than the
cosmological time step of the simulation. Stellar evolu-
tion models also indicate that the star evolves as a red
supergiant whose radiation cannot alter the flows that
create it or cold streams entering the halo (e.g. Begel-
man 2010; Hosokawa et al. 2013; Schleicher et al. 2013;

Density field at z = 7.1

30 kpc

• X-ray and SN feedback generally limit the BH growth to sub-Eddington rates.
• This is a natural outcome of the X-ray feedback, not due to capping the 

accretion rate by hand.
• Quasar BHs at z > 7 may thus have originated as a direct collapse seeds.     

• A stellar mass BH seed would have grown too slowly to reach a billion 
solar masses by z = 7.

4

Fig. 3.— Left panel: Star formation rates in the host galaxy of the BH. Right panel: accretion rates normalized to the Eddington limit.

Fig. 4.— Onset of the merger at z ⇠ 11 that triggers the first
burst of star formation in the host halo of the BH.

4. DISCUSSION AND CONCLUSION

Our numerical simulations show that the earliest
quasar discovered to date, ULAS J1120+0641, can be
explained as a DCBH that formed at the intersection of
cold accretion streams at z ⇠ 20. They also show how
the more massive quasar SDSS J0100+2802 could have
formed at slightly lower redshifts. The BH in our model
reaches 5.44 ⇥ 109 M� by z = 6.3, within a factor of 2 of
the observed one, and well within the uncertainty in mass
of a factor of three associated with the use of the Mg II
line as a proxy for the luminosity of SDSS J0100+2802.
We note that SF begins at earlier times in Aykutalp

et al. (2014) than in our models, triggered by X-rays from
the BH that produce energetic photoelectrons that cause
secondary ionizations that enhance free electron fractions
in the primordial gas. Free electrons catalyze the for-
mation of H2 via the H� channel, cooling the gas and
forming stars. However, SF only occurred in the central
few pc of the halo in their models, well below the reso-

lution limit of our simulations, so the BH would have to
grow to larger masses in our models before its X-ray flux
could trigger SF at larger radii. However, as discussed
in the previous section, the merger at z ⇠ 11 triggers
SF before X-rays can. Furthermore, the host halo in the
Aykutalp et al. (2014) models was not at the nexus of
cold accretion streams, whose turbulent flows may have
delayed the onset of SF in their study. Radiation and
SN feedback limit accretion rates to at most 0.1 ṁEdd in
Aykutalp et al. (2014), but they would be expected to
be larger in the higher ram pressures of the cold flows in
our models. The delayed onset of SF in our simulations
is also in part due to our lower resolution, which cannot
capture individual molecular clouds so greater baryonic
masses and densities must build up in the halo before the
criteria for SF are satisfied.
Although our simulations include a prescription for me-

chanical feedback from a BH jet, it is not clear if one
would actually form at the accretion rates in our mod-
els. Steady jets are observed in active galactic nuclei
(AGNe) at L . 0.01/, LEdd and intermittent jets are seen
in quasars at L ⇠ LEdd (Merloni & Heinz 2008). In these
cases the disk is geometrically thick and radiatively inef-
ficient. No jets are seen at 0.01 LEdd < L < LEdd, when
the disk is geometrically thin and radiatively e�cient.
Regardless, when we repeated our simulation without a
jet we found little e↵ect on BH mass over time.
Other direct collapse scenarios could produce less mas-

sive BH seeds at high redshift. For example, if a 108 M�
halo is marginally enriched by a SN explosion the gas
can fragment locally and form a dense nuclear cluster
of stars that undergo runaway collisions and build up a
single massive star that later collapses (Whalen et al.
2008; Devecchi & Volonteri 2009). The BH would reach
103 - 104 M� before the first SNe in the cluster would
begin to disrupt it. Furthermore, some Pop III stars
forming in less massive halos by H2 cooling could reach
masses as high as 103 M� (Hirano et al. 2015). Both
processes could lead to low-luminosity quasars at high

Black hole accretion rate
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Population III Starbursts in the Vicinity of 
High-z Quasars

Our calculations include the following:
•A one-zone dynamical model assuming gas is in free-fall collapse (e.g. Omukai 2005)
•Monoenergetic quasar X-ray heating and ionization (e.g. Inayoshi & Omukai 2011)
•Lyman-Werner (LW) H2 dissociating UV radiation (e.g. Haiman 2001; Ahn et al. 2009)
•H- photodetaching radiation from stars in quasar host galaxy (e.g. Shang et al. 2010)
•Lya-enhanced H- photodetachment in collapsing halo (JLJ & Dijkstra 2017)
•Gas cooling, including by H2 and HD (e.g. JLJ & Bromm 2006; Wolcott-Green & Haiman 2011)

Collapsing 
1010 Msun halo

Infalling X-ray heated 
primordial gas

High z quasar

X-rays

LW radiation

Optical+infrared

JLJ & Aykutalp (in prep)
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UNCLASSIFIED

Population III Starbursts and DCBHs in the 
Vicinity of High-z Quasars

At < 100 kpc:  
• Molecular cooling is suppressed

• Outcome of collapse may be a direct 
collapse black hole 

At > 100 kpc:  
• Molecular (H2 and HD) cooling is effective

• Collapsing gas may trigger an extreme 
Population III starburst

1 Mpc300 kpc100 kpc

High z quasar

Collapsing 
1010 Msun halo

Infalling X-ray heated 
primordial gas

108 Msun black hole 
1010 Msun in stars
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UNCLASSIFIED

HD Cooling May Power the Most Extreme 
Population III Starbursts 

• X-ray ionization triggers HD cooling at > 100 kpc from the quasar.

• This may result in a Population III IMF shifted to lower masses further from the 
quasar (e.g. Nagakura & Omukai 2005; JLJ & Bromm 2006; McGreer & Bryan 2008; Wolcott-
Green & Haiman 2011; Nakauchi et al. 2014).

• A cooler stellar component in the quasar host galaxy more readily suppresses 
H2 cooling (e.g. Sugimura et al. 2014; Agarwal & Khochfar 2015; Latif et al. 2015;             
Glover 2016; Wolcott-Green et al. 2017).

Stellar radiation temperature = 104 KStellar radiation temperature = 105 K


