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★ Supermassive black holes 

of ~109 solar masses 
have been observed at 
z>6 (Venemans +15) 

★ The highest-redshift 
quasar at z=7.085 hosts 

a SMBH of 2x109M⦿ 

(Mortlock et al. 2011) 

★ The most massive black 
hole has  a mass of     

1.3 x 1010  M⦿ at z=6.3 
(Wu et al. Nature 2015) Wu et al. Nature 2015



Direct collapse scenario

  

Direct collapse scenario

●  Direct collapse of a massive 
halo of 107-108 M

☉

● key requirements

Primordial composition

quench H
2 
formation

● Fragmentation remains 
suppressed

● Provides massive seeds of 105 
-106 M

☉

● The role of turbulence remains 
unexplored Regan et al 2009

★ Provides massive seeds of 
105-106 M⦿ 

★ Key requirement is to have large 
inflow rate of > 0.1 M⦿/yr 

★ Isothermal direct collapse with 
T~ 8000 K   

★ Primordial gas composition 

★ Requires strong LW flux to 
quench H2 formation                                      

See recent review by Latif & Ferrara 2016 (arXiv:1605.07391) 



Supergiant protostar

Hoskawa et al. 2012, Schleicher, ML et al.,  A&A, 2013
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Thermodynamics of primordial gas 

H atomic 
cooling

J>Jcrit

H2 molecular cooling

J<Jcrit

Omukai 01, Also see Latif et. al 2014 MNRAS



Latif et al. 2013, 2014, 2015

Cosmological simulations



Successes of 
Isothermal DC

Latif et al 2013, MNRAS, 433, 1607L

Global properties of simulated halos

  

Global Properties of Halos

Latif et al 2013 MNRAS 433.1607LLatif et al 2013 MNRAS 433 1607L, Also see Becerra et al. 215, Regan et al, 2009 & 2014 
Inayoshi et al. 214, Van Borm et al. 2014, Hosokawa et al. 2012,14

  

Central PropertiesSuccesses of Isothermal DC



  

State of Simulations

● Self-gravitating 
accretion disks 
are formed

● They have typical 
masses of few 
hundred solar

● SGS turbulence 
helps in 
suppressing the 
fragmentation

Latif et al 2013 MNRAS 
433.1607L

Latif et al. 2013, MNRAS, 433, 1607L

Simulations exploring the direct collapse

★Collapse occurs isothermally with T~ 8000 K       
★Provides large inflow rates of ~1M⦿/yr



Impact of H- cooling & Realistic opacities
Black hole formation 9

Figure 3. The average density along the projection axis at the end stage of our simulations. The rows represent halo 1 and halo 2 while
the columns from left to right show projections along x, y and z axis for the central 0.1 pc. The figure shows that only single object forms
in the halo 1 while halo 2 shows two clumps. The masses of the clumps are a few M⊙ at this stage but are expected to grow rapidly at
later times.

Figure 4. Same as figure 3, showing the average temperature along the projection axis. The figure shows the local impact of H− cooling.
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Masses of protostars/sinks

✦ Employed sink particles and followed       
the evolution for 200,000 yrs 

✦ Massive sinks of about 105 M⦿ are 
formed
  

Typical mass scale of DCBHs 

Latif et al 2013  MNRAS 436 2989L 

● SGS turbulence favors high accretion rates

● DCBHs are 105 M
sun 

Latif et al. 2013, MNRAS, 436, 2989L

  

Typical mass scale of DCBHs 

● Employed sink 
particles

● Followed accretion 
for 104 yrs

● Three distinct halos

of few 106 M
☉

● Supermassive stars 
of 2x105 M

☉

Latif et al 2013 MNRAS 436 2989L 



Fraction of metal free halos

Latif et al. 2016 ApJ 823 40 L, See Habouzit, et al 2016 

14 Latif et al.

Figure 10. The ratio of clump mass to the Jeans mass is plotted against the clump masses for various metallicities. The left panel halo
1 and the right panel halo 2. The red symbols represent the clumps forming for Z/Z⊙ = 10−6, the blue for Z/Z⊙ = 10−5 and the green for
Z/Z⊙ = 10−4. The clumps for Z/Z⊙ ≤ 10−5 are gravitationally unbound while the central clumps for Z/Z⊙ = 10−4 cases are gravitationally
bound and more massive. In general, the ratio of clump mass to the Jeans mass increases with clump masses.

Figure 11. Fraction of halos with metallicities below a given value (see legend) as a function of redshift. In this figure, we only show
the fraction of halos with masses between 2 × 107

− 108 M⊙ in a computational box of size 10 Mpc for Z/Z⊙ ≤ 10−4. The fraction of halos
with Z/Z⊙ ≤ 10−5 is about 1.5 times higher than the metal-free halos.
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Estimates of Jcrit from 3D simulations

  

Realistic Pop II Spectra

Latif et al 2014
ArXiv:1408.3061L

Latif et al. MNRAS 2015 446 3136, Also see Agarwal et al. 2016



 Number density of DCBHs

Habouzit,Volonteri, ML et al. 2016,  Also see Dijkstra et al. 2014

8 Habouzit et al.

Figure 4. Number density of halos that can host a DCBH, at a given redshift. To be consistent with previous literature, we show the number density of
DCBH regions at a given redshift, this is not a cumulative number density in the sense that we do not add the regions found at higher redshifts. In grey
we show the number density from previous studies. Symbols represent di↵erent radiation intensity thresholds. Squares: JLW,crit = 30, circles: JLW,crit = 100,
triangles: JLW,crit = 300. The top light grey crossed square at z = 10.5 is from A14 (post-processing of a hydrodynamical simulation), the light grey squares
in the range z = 10 � 7 are from A12 (values from private conversation, semi-analytical study), dark grey squqres are the results of D14 (analytical). We
do not show the number density derived in D08, which is in the range 10�6 � 10�8 cMpc�3, similar to the one derived in D14. The orange square shows
the number density for Chunky (10 cMpc side box), for the thermal SN feedback (0 regions are identified in the simulation employing the delayed cooling SN
feedback). The blue squares, circle and triangle represent the large-scale cosmological simulation Horizon-noAGN (142 cMpc side box).

at z = 5.8, and the photo-dissociating radiation they are illuminated
by. Of the 552 halos with Mh >= 1011 M� at z = 5.8, 155 have
at least one DCBH progenitor at z = 7.3, illuminated by a radi-
ation with an intensity higher than JLW,crit = 30 and with a metal-
licity Z < 10�3.5 Z�. We do not identify any DCBH progenitor at
z = 9.8. Therefore the fraction of massive halos which can host a
DCBH is 155/552=0.28, so 28% of the massive halos. When con-
sidering a radiation intensity threshold of JLW,crit = 100, only 6.5%
of the massive halos can host a DCBH, and it drops to 0.36% for
JLW,crit = 300.

In summary, about a third of the most massive halos at z = 6
have at least one progenitor reaching both the criterion on metal-
licity (Z < 10�3.5 Z�) and the criterion on radiation intensity
(JLW,crit = 30). However, this fraction drops significantly down to
⇠ 6% for JLW,crit = 100, and even more, down to less than 1% for a
more realistic value of JLW,crit = 300.

Table 4. Percentage of massive halos with at least one DCBH progenitor,
in the simulation Horizon-noAGN.

Criteria Z 6 10�3.5

JLW,crit = 30 28%
JLW,crit = 100 6.5%
JLW,crit = 300 0.36%

7 COMPARISON BETWEEN HYDRO-DYNAMICAL
SIMULATIONS AND (SEMI-)ANALYTICAL MODELS

In this section, we perform a systematic comparison between dif-
ferent models presented in the literature. Analytical and semi-
analytical studies have the advantage of investigating with ease the
impact of physical processes. Ahn et al. (2008) show that the clus-

c� 0000 RAS, MNRAS 000, 000–000



Hartwig, ML et al. 2016 MNRAS, resubmitted

CR7: Potential host for a DCBH ?

Exploring the nature of CR7 9
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Figure 4. Mean cosmic Pop III SFR for all four models per
comoving volume. The primordial SFR peaks around redshift 20,
and decreases at z < 12.
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Figure 5. Mass of metal-free or metal-poor gas as a function of
time for all four models. Here, we assume that the final halo has a
mass Mh = 1.2×1012 M⊙ at z = 6.6 and we only account for gas
in its resolved progenitor haloes, which explains the rise at early
times. This plot illustrates the maximum available amount of gas
to form Pop III stars, but even in the most promising Zcrit model
the mass of gas available for Pop III star formation is limited to
! 108 M⊙.

ing an SFE of 100%. For all the models this mass remains
below ∼ 108 M⊙. In the model in which we allow primordial
stars to also form in metal-enriched gas at Z < Zcrit, we
have more gas to form Pop III stars at lower redshifts and
still 107 M⊙ of low-metallicity gas just above z = 6.6. These
values are derived for Mh = 1.2× 1012 M⊙.

The stellar mass in Pop III stars and Heii line luminosi-
ties are shown in Figure 6. For the lower mass IMF there
are 105 M⊙ of Pop III stars in CR7, whereas the other mod-
els yield values of 102 − 103 M⊙. The mass of pristine gas
drops steeply before this redshift and only less massive stars
with longer lifetimes can survive to be present in CR7. The
Heii luminosity is a steep function of the stellar mass, and
massive stars are favoured to reproduce the observations.
The Zcrit model yields larger masses of low-metallicity gas
down to smaller redshifts and consequently allows primor-
dial star formation at later times. Hence, more massive stars
can also survive to contribute to the Heii luminosity at z =
6.6. The Zcrit model produces the highest Heii luminosities,
which are still more than 10 orders of magnitude below
the observed value of 1.95 × 1043erg s−1. Even for a higher
halo mass, the final luminosities are too small. We note
that the corresponding Lyα luminosity for Pop III stars in a
∼ 1012 M⊙ halo is of the order 1036 − 1037 erg s−1, which is
about 7 orders of magnitude below the observed value.

What mostly limits the Heii luminosity is the mass of
Pop III stars that survive until z = 6.6. To show this effect,
we plot the stellar mass distribution of primordial stars in
Figure 7. The more massive the stars, the shorter the life-
times and the smaller the probability that they survive long
enough to be present down to z = 6.6. For M < 2M⊙ this
plot represents the IMF, since the lifetimes of these stars are
long enough for them to survive until z = 6.6. For higher
masses we see that the Zcrit model is the most likely one to
also contain stars that are ∼ 10M⊙ since it has the largest
amount of gas available for star formation down to lower
redshifts. But even these stars are not massive enough to
contribute significantly to the Heii luminosity, due to the
steep dependence of the Heii luminosity on the stellar mass
(see also Table 1). We also test more extreme models for
the Pop III IMF with a mass range from Mmin = 10M⊙

to Mmax = 1000M⊙ and find significantly fewer primordial
stars at z = 6.6 and also a smaller Heii line luminosity than
in the fiducial model. ForMmin " 50M⊙ there are no Pop III
stars at all that might contribute to the Heii luminosity at
z = 6.6, because such massive stars explode within a few
Myr as SNe.

Coupling star formation to the merger history of the
haloes induces a higher scatter in the stellar mass per halo.
Hence, the merger model leads to a broader distribution
of Heii luminosities at z = 6.6. We show the probability
distribution function of the luminosities at this redshift in
Figure 8. The expected Heii luminosities for a halo mass
of Mh = 1012 M⊙ span more than six orders of magnitude
with a maximum value of ∼ 1032 erg s−1. The recipe for star
formation in mergers (equation 8) is only an extrapolation
to lower-mass haloes and higher redshifts. But even in the
most optimistic case, in which all the pristine gas turns into
Pop III stars during a major merger of two ∼ 106 M⊙ mini-
haloes, ∼ 100 such mergers are required just above z = 6.6
to account for 107 M⊙ of Pop III stars at that redshift. It is

c⃝ 2015 RAS, MNRAS 000, 1–19
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Prime target for JWST!

Sobral et al 2015, Pallottini et al. 2015, Agarwal et al. 2016
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Figure 17. Comparison of the three different models, regarding
the metallicity of clump A at z = 6.6 and the mass of the stel-
lar population or of the BH, respectively. The grey shaded area
indicates the region in which we expect the system to have the
same observational signature as CR7. A Pop III stellar popula-
tion has to have a mass of ∼ 107 M⊙ and a black hole should
be in the mass range 105 − 107 M⊙ to yield the observed line lu-
minosities. The upper limit of the metallicity is set by Zlimit, in
order not to violate the observed metal tax, but lower values
are favourable. Black holes of different origin can reside
in sufficiently metal-poor halos, but, without including
growth by accretion neither Pop III remnants nor DCBH
are sufficiently massive to account for the observations.
The arrows for the BH populations symbolise possible
mass growth by gas accretion; DCBHs require less mass
growth by accretion to account for the spectral proper-
ties of CR7.

the metallicity, and estimate the masses of both Pop III
stars (with the fiducial model) and BHs resulting from the
two different seeding scenarios in halo A at z = 6.6. The
results are shown in Figure 17. For a given scenario, this
plot illustrates the possible mass-metallicity combinations
of the three scenarios. For Pop III stars, the stellar mass
in clump A at z = 6.6 remains always below 103 M⊙ and
the halo has a metallicity of ∼ 10−3. Pop III remnant black
holes might reside in metal-poor halos at z = 6.6, but are
not massive enough (! 103 M⊙) to explain CR7. Only the
DCBH scenario can explain the observed line luminosities.
For the given mass constellation of the halos A, B, C, and
D, the probability that clump A hosts Pop III stars is 37%,
that it hosts a Pop III remnant BH is 98% and that it hosts
a DCBH is 10%. These probabilities add up to over 100%,
because due to merging of the progenitor halos, clump A
can contain Pop III stars and black holes at the same time.
Comparing these results to, e.g., Figure 12 shows that it is
crucial to treat CR7 as three individual clumps, since the
BH mass in clump A is generally lower than the
most massive BH in all CR7 progenitor halos. The
third most massive halo A is less affected by metal enrich-
ment, but the Pop III remnant BHs do not merge to masses
above 103 M⊙. Under these conditions and with the opti-
mistic assumption of Jcrit = 100 we find that ∼ 90% of the
DCBHs reside in sufficiently metal-poor gas at z = 6.6.

Only ∼ 0.5% of all the merger tree realisations, yield the
right mass constellation and out of these, only 9% produce
results that are consistent with the observations of CR7. Ac-
cording to the Press-Schechter formalism, the number den-
sity of the host halo (Mh = 1.2 × 1012 M⊙ at z = 6.0)
is n ! 10−5 Mpc−3. This yields an expected abundance of

n ! 5 × 10−9 Mpc−3 for objects with the same constel-
lation and observational signature as CR7. These esti-
mates might even be lower with a smaller value of
Zlimit, suggested by the non-detection of Ciii]. The
survey of Matthee et al. (2015) covers 5 deg2 in the redshift
range z = 6.5 − 6.6, which corresponds to an observed vol-
ume of ∼ 4.3× 106 Mpc3. The volume in the COSMOS
fields, where CR7 was found, is ∼ 1.5× 105 Mpc3 and
the expected number density of CR7-like sources is
of the order 10−6−10−7 Mpc−3 (Pallottini et al. 2015;
Visbal et al. 2016). CR7, therefore, appears to have been
a fortunate discovery, for the design of that survey. Larger
surveys can confirm whether the mechanisms suggested in
this paper occur with the expected probability or if we
might have to adopt the model and assumptions to
account for such rare sources.

There are other galaxies near the epoch of reion-
isation that have comparable observational signa-
tures. Matthee et al. (2015) find more than ten
Lyα emitter candidates potentially similar to CR7,
which are worth being further investigated. Also the
‘Himiko’ galaxy is very bright and extended in Lyα ,
consists of three clumps of which one is very blue,
and shows no sign of metals emission lines in the
rest-frame UV (Ouchi et al. 2009, 2013; Zabl et al.
2015). However, no Heii emission has be confirmed
for this galaxy, which disfavours Himiko as a poten-
tial host of Pop III stars.

5 CAVEATS

The main shortcoming of our semianalytical approach is the
lack of spatial information in the merger tree and hence the
simplified treatment of metal enrichment. We check statis-
tically if a halo is polluted, which yields reasonable results
on average over many merger tree realisations. Once a halo
is polluted we assume that the metals mix homogeneously
with the gas and assign a single metallicity to the halo. How-
ever, metal-enriched winds may not mix effectively with the
dense gas in minihaloes and a large fraction of this gas might
remain at low metallicity (Cen & Riquelme 2008; Pallottini
et al. 2014; Ritter et al. 2015; Smith et al. 2015). Three-
dimensional (3D) hydrodynamical simulations are required
to obtain a more reliable metal enrichment history and iden-
tify pockets of metal-free gas.

We do not explicitly account for accretion onto BHs. In
our model, the DCBHs have a seed mass of 104−105 M⊙ and
the Pop III remnant BHs only gain mass by mergers. The
accretion of large masses of gas is necessary to account for
the observed BH mass density at z = 6 (Tanaka & Haiman
2009). Pop III remnant BHs form in minihaloes with shallow
potential wells, which are unable to retain the photoionised
heated gas (Johnson et al. 2007; Alvarez et al. 2009). Also
the energy of a single supernova from a massive star is suf-
ficient to clear the halo of accretable gas. The average time
that Pop III remnant BHs can accrete mass in our model
is ∼ 400Myr. To grow from a seed mass of ∼ 200M⊙ to a
final mass of 106 M⊙ at z = 6.6 they would have to accrete
constantly at 80% the Eddington rate. Using cosmological
zoom-in simulations, Jeon et al. (2012) study the assembly
of the first galaxies under feedback from a central BH. They

c⃝ 2016 RAS, MNRAS 000, 1–21



Growth of a DCBH 
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3D RT+ hydro simulations 
Include both  UV & X-ray feedback (0.1eV-1.1 KeV) from a BH
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Summary

➡Direct isothermal collapse provides massive seeds of about 
105 M☉  

➡Large accretion rates of ~0.1 M☉/yr are found in 
numerical simulations  

➡Direct collapse model seems feasible 

➡Difficult to grow a DCBH 104 M☉ in an atomic 

cooling halo 
➡Radiative feedback from active BH limits its 
growth



Thank you!


