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  Theory/Observations �Mass Gap�!

ab initio 
simulations!

Log Virial Mass!
Lyman-α 
galaxies!

6! 10!9!8!
minihalos! first 

galaxies!

current telescopes!
JWST (ELTs)!Supercomputers!

Character of Population III Star Formation!

•  Simplified physics!
      No magnetic fields yet (?)!
       No metals      no dust!
       Initial conditions given by ΛCDM!
          Well-posed problem!
!
  !
      !
•  First Stars = Cold dark matter (CDM)!

             +     atomic and molecular physics of H/D/He!
   !
!
  !
      !
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The First Stars: Minimizing ``The Gap’’!
•  Compare typical scales of DM host and SF cloud:!

    ~ 100 pc!

Size!

Redshift!

IMF !-!

20! 10!
|! |!

DM host !

! Ideal laboratory for SF/ testing of sub-grid models?!

Atomic cooling 

H_2 cooling 

Cooling Channels in the Early Universe!

•  First Stars:!
      formed in minihalos (~ 106Mo)!
       Tvir ~ few 1,000 K!
       cooling     molecular hydrogen!
•  First Galaxies:!
      formed in deeper potential wells!
          (~ 108Mo)!
       Tvir > 10,000 K!

      cooling    atomic hydrogen!
!
     !

Metals!

Tvir for Pop III!

~!

! Thermal evolution may be!
    very different for the two regimes!!
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Formation of a Population III Star!

 Minihalo:!
    M ~ 106 Mo!

      R ~ 100 pc!

      z ~ 20!

(Stacy, Greif & Bromm 2010, MNRAS, 403, 45)!

 Clump:!
    M ~ 103 Mo!

      R ~ 1 pc!

Schematic View of Star Formation!
!
•  Qualitatively similar to present-day case!
!
  !
       !
!
!
         !

Pre-stellar core:!
      M~MJ!

M!
.!
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The Crucial Role of Accretion!
!
•  Final mass depends on accretion from dust-free!
Envelope!
!
•  Development of core-envelope structure     !
       - Omukai & Nishi 1998 ,  Ripamonti et al. 2002!
!
  Mcore ~ 10-3 Mo        very similar to Pop. I!
!
•  Accretion onto core        very different!!
!
•  dM/dtacc ~ MJ / tff ~ T3/2 (Pop I: T ~ 10 K, Pop III: T ~ 300 K)!
!

• Can the accretion be shut off in the absence of dust?!
         !

New Picture for Pop III SF: !
!
•  (Ubiquitous) Disk Fragmentation ! small multiple !
!
  !
       !
!
!
         !

Core:!
      M~MJ!

M!
.!
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Early Hints for Pop III Binaries  !

 800 AU!
(Turk, Abel & O�Shea 2009, Science, 325, 601)!

{ {
~ 10 Msun! ~ 6 Msun!

Pop III Star Formation: Disk Fragmentation  !

 - Disk grows around primary sink!
 - Disk is gravitationally unstable: small multiple forms!

(Clark, Glover, Smith, Greif, Klessen & Bromm 2011, Science, 331, 1040)!
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  Merging of Pop III Protostars  !

 - AREPO (Springel 2010), cosmological ICs!
 - completely ab initio: NO sink particles! !

   - Greif et al. 2012, MNRAS, 424, 399!

Gas Density! Gas Temperature!

 Pop III IMF: Early Situation !

 - After t~1000 yr of fragmentation and accretion!
 - A �top-heavy� mass function: dN/dln m ~ mx (x=0)!
                                  (Cf. Salpeter: x=-1.35)!

(Greif et al. 2011, ApJ, 737, 75)!
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Figure 11. The protostellar mass function after 1000 years of continued fragmentation and accretion. The dark and light shadings
distinguish mass functions obtained for standard and ‘sticky’ sink particles, respectively. Despite very aggressive merging, a small cluster
of protostars with a range of masses is formed even for ‘sticky’ sink particles. In the bottom right panel, we also show the cumulative mass
functions obtained by summing up the contributions from the individual minihalos, and renormalized for better visibility. The resulting
distribution is relatively flat between ! 0.1 and ! 10 M!, indicating that most of the mass is locked up in high-mass protostars.

the halo virial temperature. At the same time, irregu-
lar motions of the dark matter seed subsonic turbulence
in the gas, which cascades down to ever smaller scales
and later influences the fragmentation of the protostellar
cloud. Once enough hydrogen molecules have formed,
the gas at the center of the halo begins to cool, even-
tually becoming gravitationally unstable and decoupling
from the dark matter on scales below 10 pc (Abel et al.
2002; Bromm et al. 2002). At significantly higher den-
sities, three-body reactions render the gas fully molecu-
lar in a region of size a few hundred AU (Yoshida et al.
2006). Somewhat later, the gas becomes optically thick
and the cooling radiation can no longer escape, inducing
a final heating phase that ends with the formation of a
protostar (Yoshida et al. 2008). At this point a sink par-
ticle with an accretion radius of 100 solar radii is inserted,
close to the photospheric size of the accreting protostar
(Hosokawa & Omukai 2009).
Although the evolution of the gas is quite similar in

all cases, some scatter in the thermal history exists (see
also O’Shea & Norman 2007). In simulations MH-2 and
MH-3, HD cooling becomes important and leads to a
prolonged cooling phase at densities nH ! 104 cm!3

(Ripamonti 2007; McGreer & Bryan 2008). This is evi-
dent from Figures 4 and 5, where we show the occupation
of the gas in density and temperature space. There is no
correlation of the prolonged cooling with the bulk prop-
erties of the underlying DM halo (see Table 1), indicating
that details of the virialization process must be respon-
sible for this e!ect. Note that the temperature floor re-
quired for HD cooling is around 150 K, which is only
marginally attained in most minihalos. The activation
of HD cooling is therefore very sensitive to the evolution

of the gas during the initial free-fall phase. A second
interesting e!ect is the shock-heating of some parcels of
gas, which we attribute to the more violent heating in
simulations MH-2 and MH-3 once three-body reactions
set in.
In Figure 6, we show the internal structure of the mini-

halos just before the formation of the first protostar. The
density, enclosed mass, and angular momentum profiles
are relatively similar and agree well with previous in-
vestigations (Abel et al. 2002; Yoshida et al. 2006). The
density peak observable in simulation MH-2 indicates the
nearly simultaneous collapse of a second gas cloud, which
was also found in Turk et al. (2009). The temperature
profiles shows significant scatter due to the previously
mentioned di!erences in the virialization process. We
find no convincing correlation of the thermal history of
the gas with the velocity dispersion. The latter is al-
ways close to Mach numbers M ! 1, which indicates
transsonic turbulence.

3.2. Fragmentation and Protostellar Mass Function

Shortly after the first protostar has formed, the resid-
ual angular momentum of the surrounding gas cloud
leads to the formation of a circumstellar accretion disk.
Since the infall rate of new material onto the disk is ex-
tremely high, angular momentum transport by viscous
and gravitational torques is not su"cient to prevent the
disk from fragmenting. As shown in the left panels of
Figures 7 and 8, the disk hence passes the gravitational
instability limit, at which point it forms a number of
secondary protostars. After this initial burst, the gas be-
comes gravitationally unstable multiple times and forms
a small cluster of " 10 protostars after only 1000 yr.
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Pop III Star Formation: Radiative Feedback  !

 - after ~5,000 yr: UCHII Region with r~104 AU!

(Stacy, Greif & Bromm 2012, MNRAS, 422, 290)!

       1,500 yr   ! First Stars: Growth Under Feedback 13

Figure 7. Projected ionization structure of gas at 1500, 2000, and 3000 yr after initial sink formation. White lines depict the density
contours of the disk at densities of 107.5, 108, 108.5, and 109 cm!3. Box length is 40,000 AU. Note the pronounced hour-glass morphology
of the developing ultra-compact H ii region, roughly perpendicular to the disk. This structure gradually expands and dissipates the disk
gas from above and below, reducing the scale height of the disk.

Figure 8. Projected H2 fraction of gas at 1500, 2000, and 3000 yr after initial sink formation. Gray lines depict the density contours
of the disk at densities of 107.5, 108, 108.5, and 109 cm!3. Box length is 40,000 AU. Note how the morphology of the neutral region is
similar to that of the ionized region. The molecular inflow gradually becomes confined to the disk plane.

front is shown in Figure 7, where we can see that the I-front
expands as an hour-glass shape above and below the disk.
As the I-front expands and widens to encompass a larger
angular region, it dissipates the more di!use disk gas above
and below the mid-plane, leading to a decline in the disk
scale height. Figure 9 compares the I-front evolution with
that predicted by the analytical Shu champagne flow solu-
tion (Shu et al. 2002, see also Alvarez et al. 2006). Di!erent
analytical solutions can be found for the evolution of gas
under the propagation of an I-front into a powerlaw density
profile, which in our case is approximately ! ! r!2. The
ratio of the un-ionized gas temperature to that of the H ii

region must also be specified for the analytical solution, and
in our case we choose a ratio of 20,000 K to 1000 K, or 0.05.
The propagation of the I-front can then be described, assum-
ing D-type conditions and that the I-front closely follows the
preceeding shock, by a velocity of

vs = xscs, (15)

while the size of the I-front is

rs = xscst, (16)

where cs is the ionized gas soundspeed and xs is the position
of the shock in similarity coordinates, which for our case is
xs = 2.54 (see panel b of Figure 9).

Multiple factors cause deviations from the analytical
solution. For instance, the density structure of the gas is
not spherically symmetric. Furthermore, the initially close
proximity of the ionization front to the sink causes the grav-
ity of the sink to have a non-negligible e!ect on the early
H ii region dynamics, a factor that is neglected in the an-
alytical solution. However, this e!ect loses importance as
the H ii region grows well beyond the gravitational radius,
rg " GM"/cs " 50 AU for a 15M# star and 20,000K H ii

region. The analytical solution also does not take into ac-
count the continued infall of gas onto the central region.
The outer envelope beyond the disk, which we take as the
gas with density greater than 108 cm!3, grows for the first
2000 yr at a rate of " 10!2 M# yr!1, or 5 # 1047 neutral
particles per second. In comparison, the sink typically emits
>$ 1048 photons per second. Though the infall is not large
enough to quench the H ii region entirely, it is a large enough
fraction of the ionization rate to cause the total mass of the
H ii region to fluctuate. The motion of the sink through

c! 2011 RAS, MNRAS 000, 1–18

       2,000 yr   !        3,000 yr   !

 40,000 AU   !

Pop III Star Formation: Growth by Accretion  !

 - a dominant binary has formed (~ 20 and ~10 MO) after ~5,000 yr 
of accretion!
- Similar mass range found in Hosokawa et al. 2011 (Science)!

(Stacy, Greif & Bromm 2012, MNRAS, 422, 290)!

           Stellar mass vs. time                     !16 A. Stacy, T. H. Greif and V. Bromm

Figure 10. E!ect of radiative feedback on protostellar accretion.
Black solid line shows mass growth with no radiative feedback,
while black dotted line shows the ‘with-feedback’ case. The blue
solid line is a double powerlaw fit to the sink growth rate for the
‘no-feedback’ case, and the red dotted line is a double powerlaw
fit for ‘with-feedback’ case. The dashed line shows the growth
of the second-most massive sink. Radiative feedback along with
fragmentation-induced starvation leads to a divergence in the ac-
cretion histories in less than 1000 yr, and in the ‘with-feedback’
case the main sink does not grow beyond ! 20 M! in the time
of the simulation.

cent work by Peters et al. (2010b). They similarly examine
ionizing and non-ionizing radiative feedback on massive star
formation, though they study the case of present-day star
formation, and their initial configuration was di!erent from
ours in that they began with a 1000 M! rotating molecular
cloud core. They find H ii regions which fluctuate in size and
shape as gas flows onto the stars, and that the final mass
of the largest stars is set by ‘fragmentation-induced star-
vation,’ a process in which the smaller stars accrete mass
flowing through the disk before it is able to reach the most
massive star. This is in contrast to models in which the final
stellar mass is set once ionizing radiation shuts o! the disk
accretion (e.g. McKee & Tan 2008). In our ‘with-feedback’
case we find that fragmentation-induced starvation occurs
between ! 1000 and 2000 yr, while afterwards radiative feed-
back does lead to a further decline in the sink accretion rate
and the disk mass. Soon after the I-front breaks out from
the sink, the second largest sink accretes much more quickly
than the first, intercepting a large portion of infalling mass
that otherwise would be accreted by the main sink. Indeed,
the final estimated mass of the main sink is similar to that
found in Peters et al. (2010a), where they found the combi-
nation of disk fragmentation and radiative feedback led to a
most-massive star of 25 M!. However, radiative feedback be-
comes important after 2000 yr as it eventually prevents mass
flow onto either sink. A similar study of current-day star
formation by Krumholz et al. (2009) found that a prestel-
lar core would similarly collapse into a disk that would host
a multiple system of massive stars, even under the e!ects
of radiation pressure. However, they followed smaller aver-

age accretion rates over a longer period of time (50,000 yr)
and found that gravitational and Rayleigh-Taylor instabili-
ties would continue to feed mass onto the disk and stars.

We also note that, despite their very similar numeri-
cal setups, the disk evolution and accretion rate of our ‘no-
feedback’ case di!ers somewhat from that described in Stacy
et al. (2010). Several distinctions between the simulations,
however, explain this. The high-density cooling and chem-
istry is updated from that used in Stacy et al. 2010 (see
Section 2.2). We also use an adaptive softening length in-
stead of a single softening length for all gas particles as in
Stacy et al. (2010), and our criteria for sink accretion are
slightly more stringent. The main contribution to the dif-
ference, however, is likely the stochastic nature of the sink
particle dynamics. While no sink was ejected in Stacy et al.
(2010), the sink ejection and subsequent rapid velocity of the
main sink in our ‘no-feedback’ case altered the disk struc-
ture, and the main sink would likely have grown to a higher
mass otherwise. Nevertheless, the final sink masses in both
simulations were still the same to within a factor of two.

The radiative feedback seen here is much stronger than
the analytical prediction of McKee & Tan (2008), even when
considering the combined accretion rate of both sinks. They
found that a Pop III star could grow to over 100 M! through
disk accretion, as disk shadowing allowed mass to flow onto
the star even while the polar regions became ionized. Our
lack of resolution prevents this disk shadowing from being
fully modeled on sub-sink scales, and the ionizing photon
emission emanating from the sink edge is likely overesti-
mated along some lines-of-site. This especially applies to
angles just above and below the disk that quickly became
ionized in our ‘with-feedback case’, when in reality these
regions are unlikely to become ionized until sometime later,
only after the gas that is polar the disk becomes ionized first.
McKee & Tan (2008) furthermore assumed disk axisymme-
try, which does not describe the disk in either of our test
cases. Nevertheless, our shielding prescription does indeed
keep the disk from becoming ionized in our ‘with-feedback’
case. However, the I-front does not expand in a perfectly uni-
form fashion along the polar directions, as the disk rotates,
and the position of the main sink within the disk varies as
it orbits its companion sink. Thus, di!erent angles will be
shielded at di!erent times. Once gas along a certain direction
has been ionized, it may recombine at later times, but LW
radiation prevents most of this gas from cooling back down
to below a few thousand Kelvin. The pressure wave of

warm neutral gas sourced LW feedback, along with

an extended region of neutral gas sourced by for-

merly ionized particles that recombined, leads to a

bubble of neutral gas that continues to expand in all

directions except within a few degrees of the disk plane,
and mass flow onto the disk and sinks is greatly reduced.
Thus, while our results underestimate the e!ect of shielding,
it still highlights how non-axisymmetry will enhance the ef-
fects of radiative feedback, and the true physical case likely
lies somewhere in between our ‘with-feedback’ case and the
prediction of McKee & Tan (2008). In a similar vein, non-
axisymmetry can also promote further disk fragmentation,
and this in turn can result in N-body dynamics that may
provide another means of reducing Pop III accretion rates.

The fragmentation of primordial gas and growth of
Pop III stars has recently been modeled from cosmological

c" 2011 RAS, MNRAS 000, 1–18

secondary!

primary!
no feedback!
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The First Stars: Final IMF!

   ~ 1 Mo!

•  Numerical simulations!
    - Bromm, Coppi, & Larson (1999, 2002)!
     - Abel, Bryan, & Norman (2000, 2002)!
     - Nakamura & Umemura (2001, 2002)!
     - Yoshida et al. (2006, 2008); O�Shea & Norman (2007);!
     - Gao et al. (2007); Clark et al. (2011); Greif et al. (2011, 2012)!
     - Stacy et al. (2010, 2012); Hosokawa et al. (2011); Latif et al. (2013); Susa (2013)!
•  Likely Outcome:     Top-heavy initial mass function (IMF)!

Pop I / II! Pop III!

    ~ 10-100 Mo!

 Mchar!

dN/dlogM!

log M!

IMF ?!

              Relative Baryon-DM Streaming!
                     (Tseliakhovich & Hirata 2010; Tseliakhovich et al. 2011) 

•  Before recombination, baryons tightly coupled!
  to photons ! standing acoustic wave pattern!
!
•  CDM already decoupled earlier!

•  Results in vstream~30 km s-1, coherently on scales!
  of few Mpc (comoving)!

•  After recombination, baryonic cs~ 6 km s-1!

  ! vstream highly supersonic!!
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Pop III SF with Baryon-DM Streaming!
(Stacy, Bromm & Loeb 2011, ApJ, 730, L1)!

Velocity vs. z!

Virial velocity!

0!
3!

10!

The First Stars 9

(Greif et al 2011, Maio et al 2011, Stacy et al 2011, Tseliakhovich et al 2011). Most

importantly, it raises the minimum halo mass where Pop III stars can form (figure 1).

This can be understood as follows. To enable star formation, the halo virial mass has

to be larger than the cosmological Jeans mass:

MJ !
c3
s

G3/2!1/2
, (4)

where cs is the baryonic sound speed, and ! the total (DM + gas) density. To

accommodate the presence of the relative streaming, one can replace the sound speed

with an ‘e!ective velocity’ ve! =
!

c2
s + v2

s , where vs = vs(z) = vs,i/(1+z) is the redshift-

dependent relative streaming velocity. The decay with redshift reflects the generic decay

of momentum-energy in an expanding Universe. As a result, the collapse of a given DM

halo is delayed, by "z " a few, and at a given redshift, the minimum halo mass for
collapse is raised by a factor of a few as well. The abundance of Pop III star-forming

minihalos is thus reduced as well, in turn delaying the onset of reionization. In addition,

the fluctuations in the H I 21 cm brightness distribution may be enhanced (for details,

see Maio et al 2011). We illustrate this e!ect in Figure 2.

3. Formation Physics: The Standard Model

3.1. Basic Processes: Chemistry, Thermodynamics, and Opacity

(VB)

3.2. Initial Collapse

(CM)

3.3. Accretion and Disk Formation

(VB)

3.4. Multiplicity

(VB)

3.5. Lower Mass Limit

(VB)

3.6. Upper Mass Limit

(CM)

�Effective velocity�:!

•  Streaming delays collapse (and onset of Pop III SF)!
•  Similar Studies:!
       - Maio et al. 2011, 412, L40!
        - Greif et al. 2011, ApJ, 736, 147!

Pop III SF with Baryon-DM Streaming!
(Stacy, Bromm & Loeb 2011, ApJ, 730, L1)!

T vs. n!

•  no streaming!
•  with streaming!
(vs~10 km s-1)!

•  Thermodynamic evolution quickly converges!!
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         The First Galaxies!

•  Definition:!
      Can survive stellar feedback?!
       Self-regulated SF         establish multi-phase ISM?!
       Formation of low-mass stars?!
       SF does not rely on H2        atomic H cooling?!
       !
!
  !
      !
•  Tentative definition used here:!

   - First Galaxies = ``Atomic cooling halos��!
!
     ! Mvir~108 Mo , zvir ~ 10 -15 (~2σ peaks)!
      ! Tvir ~ 104 K             atomic H cooling enabled!!
   !
!
  !
      !

       Assembly of the First Galaxies !

tim
e!

first stars!

first galaxy!z~10!

z~20!

Dark matter halos!

~106 Mo!

~108 Mo!
2nd gen. stars!
!
1st low-M stars?!

feedback!
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The Death of the First Stars:!
(Heger et al. 2003)!

Initial Stellar Mass!

Z!

Pop III!

Pop I!

PISN!

BH Feedback and Early Galaxy Formation  !

 - Input of heat, pervasive (partial) ionization!
 - Feedback: positive or negative?!

Di Matteo et al. 2005!

- Vigourosly explored, e.g.:!
  - Ricotti & Ostriker 2004; Kuhlen & Madau 2005;!
     Zaroubi et al. 2007; Alvarez et al. 2009; !
     Mirabel et al. 2011; Park & Ricotti 2011!
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First Galaxies: Assembly with BH Feedback  !
(Jeon, Pawlik, Greif, Glover, Bromm, Milosavljevic & Klessen 2012,!
                                                                                                ApJ, 754, 34)!

2 JEON ET AL.

2004; Madau et al. 2004; Kuhlen & Madau 2005), which
will ionize the surrounding neutral medium and heat the
pre-galactic gas.
Recent simulations have shown that, even in the ab-

sence of metal-line and dust cooling, the primordial gas
is able to fragment, leading to a broad IMF including also
primordial stars of relatively low mass (Turk et al. 2009;
Stacy et al. 2010, 2011; Clark et al. 2011a, b; Greif et al.
2011; Smith et al. 2011; Prieto et al. 2011). Such a sce-
nario raises the possibility of the presence of high-mass
X-ray binaries (HMXB) at z � 10, i.e., binary systems
composed of a black hole accreting gas from the surface of
its stellar companion (Mirabel et al. 2011, Haiman et al.
2011). HMXBs may provide a much stronger feedback
on the formation of the first galaxies than isolated BHs,
which have X-ray luminosities that depend crucially on
the densities and temperatures of the surrounding gas
(Kuhlen & Madau 2005; Alvarez et al. 2009; Park &
Ricotti 2011a).
In this paper, we investigate the feedback e�ects from

such accreting stellar-mass BHs by focusing on the ques-
tion: “How does a stellar black hole, a remnant of a
Pop III star, influence the subsequent star formation and
in turn the assembly process of the first galaxies?” Our
cosmological simulations start from the same initial con-
ditions as used in Greif et al. (2010). Our work is com-
plementary to that of Greif et al. (2010) in that we
include the feedback from accreting BHs while Greif et
al. (2010) assumed that Pop III stars die as PISN and
leave no remnant BH behind. We can thus investigate
how the assembly process of the first galaxies di�ers in
response to di�erent assumptions regarding the fate of
the first stars and the accompanying feedback. In addi-
tion, we can constrain the resulting gas properties inside
the centers of such primordial galaxies, thus providing
us with the initial conditions for second-generation star
formation.
It is challenging to unambiguously define the first

galaxies (e.g., Bromm & Yoshida 2011). A plausible ap-
proach is to posit that the first galaxies should be massive
enough to exhibit a su⇥ciently deep potential well to re-
tain gas that is photoheated by stars or BHs. Another
criterion is that a galaxy should sustain a self-regulated
star formation mode. Recent cosmological simulations
suggest that the first galaxies resided in so-called atomic
cooling halos (Oh & Haiman 2002) with typical masses
⇥ 108 M� at z ⇥ 10 (Wise & Abel 2007, 2008; Greif
et al. 2008, 2010). Whether the presence of an X-ray
radiation field such as produced by accreting BHs will
result in positive or negative feedback on the formation
of these galaxies remains an open key question (Oh 2001;
Glover & Brand 2003; Machacek et al. 2003; Ricotti &
Ostriker 2004; Kuhlen & Madau 2005; Zaroubi et al.
2007; Ripamonti et al. 2008; Thomas & Zaroubi 2008).
A positive feedback would arise if H2 molecule formation
were promoted due to the elevated fraction of free elec-
trons from X-ray photoionization, facilitating the cooling
and collapse of gas and thus star formation inside mini-
halos. Alternatively, X-ray heating may have suppressed
star formation by increasing the entropy floor in the pre-
galactic medium, implying a negative feedback.
Miniquasar feedback may also be expected to have im-

portant e�ects on BH growth. One outstanding question

TABLE 1
Simulation Parameters

Simulation BH feedback BH multiplicity
BHN No -
BHS Yes single BH
BHB Yes binary BH

is how the supermassive black holes (SMBHs), observed
by the Sloan Digital Sky Survey (SDSS) at z ⇥ 6 with
supposed masses of ⇥ 109 M� (Fan et al. 2006), were
able to grow within such a short period of time after
the Big Bang (Haiman & Loeb 2001). To answer this
question, some possible scenarios have been suggested,
depending on the initial seed mass (Bromm & Yoshida
2011). One of the main ideas is that the SMBH is born
as a stellar-mass BH, the remnant of a Pop III star with
a mass close to that of its progenitor, and grows through
the accretion of surrounding gas and mergers with BHs
that form in neighboring halos (Madau & Rees 2001; Li
et al. 2007; Volonteri & Rees 2006; Tanaka & Haiman
2009). However, the photoheating and photoionization
from a massive Pop III star is strong enough to signifi-
cantly suppress further supply of cold gas onto the BH,
creating a serious early bottleneck to growth (Johnson
& Bromm 2007a; Pelupessy et al. 2007; Alvarez et al.
2009; Park & Ricotti 2011a).
A competing scenario suggests the direct collapse of

primordial gas into an atomic cooling halo in the absence
of low-temperature coolants such as H2, or metals and
dust. Due to the lack of low-temperature coolants, the
fragmentation of the gas will be avoided, and the ensuing
isothermal collapse may result in the direct formation of
a BH without Pop III stellar progenitor. As a result, the
mass of the seed BH is on the order of 104 � 105 M�,
allowing subsequent growth from a more massive foun-
dation (Bromm & Loeb 2003; Koushiappas et al. 2004;
Wise et al. 2008; Regan & Haehnelt 2009; Schleicher et
al. 2010; Shang et al. 2010; Johnson et al. 2011; Latif et
al. 2011). In this scenario, negative feedback due to pho-
toheating and radiation pressure may still oppose growth
(Johnson et al. 2011). A second goal of this study is to
provide an improved understanding of whether a stellar
BH can grow to become a SMBH in the presence of stel-
lar and BH feedback.
Here we present the results of cosmological simulations,

starting from the point where Pop III stars are first ex-
pected to form, up to the virialization of a primordial
galaxy, taking into account both the ionizing radiation
emitted by Pop III stars and by miniquasars. We as-
sume that all Pop III stars end their lives as massive
BHs, allowing us to investigate solely the feedback from
miniquasars and to compare our results with the case
where Pop III stars die as PISNe. The outline of this pa-
per is as follows. In Section 2, we describe the numerical
methodology for the initial setup, the stellar radiative
feedback, and the feedback from miniquasars. In Section
3, we show how the primordial galaxy is assembled with
and without BH feedback. Then, in Section 4 we discuss
the properties of the gas as it is falling into the center of
the galaxy. We present our conclusions in Section 5.
In the following, all lengths are expressed in physical

(i.e., not comoving) units unless explicitly stated other-
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Fig. 7.— Gas properties in the vicinity of the accreting BH in simulation BHS. Shown are the density-weighted temperature (top row)
and the projected hydrogen number density (bottom row) of the gas within cubical slices of linear size 100 kpc (comoving). The small
insets provide zooms into the central 10 kpc (comoving). The situation is depicted at three di⇥erent times, �t= 0, 100, and 300 Myr after
the BH has been formed at the center of the minihalo, corresponding to z = 27.9, 17.7, and 11.0, respectively. The location of the BH is
marked by a black circle at the center of each plot.

the host halo, resulting in a compact H II region (Ki-
tayama et al. 2004; Yoshida et al. 2007a).
At the end of the Pop III star’s ⇥2.7 Myr life, when

it leaves a massive BH remnant behind, the surround-
ing gas has been evacuated from the minihalo, thus pre-
venting the relic BH from accreting any cold gas for an
extended period of time. After the radiation from the
central star shuts down, the relic H II region starts cool-
ing partly due to adiabatic expansion cooling, and partly
due to atomic hydrogen line cooling, facilitated by colli-
sional excitations from the enhanced abundance of free
electrons. The elevated electron fraction catalyzes the
formation of H2 and HD molecules in the relic H II re-
gion, thus providing additional molecular cooling (Ri-
cotti 2001; Johnson et al. 2007b). Roughly 10Myr af-
ter the radiation from the Pop III star turns o�, the
temperature decreases from 104 K to 103 K and the H2
abundance increases from 10�8 to 10�4. While H2 and
HD molecules are susceptible to photo-dissociation from
Lyman-Werner (LW) radiation produced in neighboring
star-forming halos, the relatively short time required for
the re-formation of H2 and HD, compared to the average
time between the formation of Pop III stars, allows their
abundances to remain high.

3.2. Star Formation

For simulation BHS, Figure 4 shows the distance be-
tween newly formed Pop III stars and the central BH in
the range of redshifts z = 10� 20. A total of 53 Pop III
stars have been formed, accompanied by individual H II
regions, according to our criterion that stellar radiative

feedback is taken into account only for those stars formed
within a 10 kpc radius from the center of the emerging
protogalaxy. We find that for over 250Myr after the
seed BH formed there has been no further star forma-
tion within the host halo. This is because it takes time
for the gas expelled by the BH progenitor star to be rein-
corporated into the halo, and the modest feedback from
the BH prevents the gas from cooling. Note the intense
burst of star formation taking place within the virial ra-
dius of the protogalactic halo at z = 11.5 � 10.5. This
starburst is fueled by the massive infall of gas which is
able to cool via atomic hydrogen line cooling. A fraction
of the gas mass moving toward the central BH is thus
consumed by star formation rather than being accreted
onto the BH.
In Figure 5, we show the evolution of the stellar mass

density and the star formation rate density (SFRD). The
comoving stellar mass density is calculated using the stel-
lar masses that have been formed within the 10 kpc ra-
dius from the center of the emerging protogalaxy at a
given redshift. For the SFRD, we take the time deriva-
tive of the stellar mass density at the redshift when
the Pop III stars formed. For comparison, we over-
plot SFRDs using analytic fitting formulae (Hernquist &
Springel 2003), for higher-mass halos where atomic hy-
drogen cooling is dominant, and for minihalos, assuming
that one 100M⇥ Pop III star forms per system via H2
cooling (Yoshida et al. 2003).
The estimated star formation rate densities from our

simulations lie between the two analytical fits. Evidently,
at z = 20 the SFRD in the BHB run is higher than in the
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Fig. 8.— BH growth with and without feedback. Shown is the
redshift evolution of the BH accretion rate, the temperature and
density of the gas in the immediate vicinity of the BH, as well as the
resulting BH masses for simulations BHN (black) and BHS (red).
In the top panel, we also indicate the corresponding Eddington-
limited accretion rates for the two cases (dashed lines).

BHN and BHS cases, by a factor of about 3. This is a
consequence of the positive feedback, where gas collapse
into distant minihalos is facilitated via H2 cooling pro-
moted by the strong X-ray emission from the HMXB. As
density fluctuations grow, however, and hence star for-
mation is enhanced, the local negative radiative feedback
from Pop III stars begins to dominate, thus mitigating
the positive HMXB feedback e�ect. We have not con-
sidered cooling due to metals and dust, both produced
in SN explosions. At low densities, n < 500 cm�3, and
at low metallicities, Z < 10�3 Z⇥, however, H2 cooling
is expected to dominate over metal-line cooling (Jappsen
et al. 2007, 2009a, b).

3.3. Mass Growth

The characteristic property to distinguish the first
galaxies from lower mass minihalos is their ability to cool
through atomic hydrogen line emission, depending on the

virial temperature of the hosting halo with a virial mass
Mvir:

Tvir ⇥ 104 K

�
Mvir

5� 107

⇥2/3 �1 + z

10

⇥
. (18)

Above Tvir � 104 K, the gas within the halos is able to
cool mainly via atomic hydrogen. In Figure 6, we show
the evolution of the virial mass for the most massive halo,
which will host the first galaxy at z ⇥ 10, as well as of
the total and cold gas masses for the three simulations
presented in this work. The virial mass of the DM halo is
estimated as the mass within a radius where the average
DM density is � ⇥ 200 �0(z), where �0 is the mean cosmic
density at a given redshift. Cold gas is identified by the
condition that the gas temperature is less than half of
the halo virial temperature, T < 0.5 Tvir(z). We also
indicate the critical mass required for the onset of atomic
hydrogen cooling at a given redshift.
We find that at z � 18, the halo is dominated by hot

gas, exceeding the amount of cold gas by an order of
magnitude. As time passes on, the cold gas mass in-
creases, eventually accounting for � 80% of the total gas
mass in simulations BHN and BHS. This trend can be
understood by the vulnerability of the halo gas to stellar
radiative feedback. The corresponding evacuation of gas
from the halo is very strong at high redshifts, z � 18, be-
cause the halo potential wells were not yet deep enough
to retain photo-heated gas. We note that the sharp dips
in the amount of cold gas are due to star formation in-
side the halo itself (at z ⇥ 12), as well as in neighboring
halos that are su⇥ciently close, within ⇥ 5 kpc. The ion-
izing feedback from the accreting BH starts operating at
z < 18, above which the e�ect is too weak as a result of
the initially very low BH accretion rates.
While the total amount of gas is not sensitive to the

BH feedback, the reduction in cold gas mass by a fac-
tor of 5 indicates that the additional heating from this
feedback, on top of the stellar feedback, has a significant
impact on the gas in the center of the forming galaxy. As
the halo grows further via smooth accretion and mergers
with minihalos, however, at z ⇥ 13, both the total gas
mass and mass of cold gas are no longer sensitive to the
BH radiative feedback. At z ⇥ 11.5, the condition for an
atomic cooling halo is satisfied.
For simulation BHB, the heating from the HMXB is so

strong that the mean temperature of the gas inside the
halo T > 0.5 Tvir(z), over the entire range of simulated
redshifts z � 15, and the total gas mass is reduced by an
order of magnitude by photo-evaporation, as is clearly
evident in the dot-dashed lines Figure 6. This result
would imply that if a HMXB existed within a minihalo
at high redshifts, it would take significantly longer for the
halo to reassemble the lost gas, and to eventually evolve
into a primordial galaxy.
In Figure 7, we show the evolving conditions of the gas

in the vicinity of the accreting BH in simulation BHS,
while the first galaxy is assembled. Initially, the BH
is located at the center of the H II region produced by
the progenitor star. As filamentary structure develops,
gas infall and mergers with minihalos frequently occur
along the filaments (see the middle panel of Fig. 7). Cold
accretion along the filaments, which are dense enough to
allow molecule re-formation, in turn leading to enhanced
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The Death of the First Stars:!
(Heger et al. 2003)!

Initial Stellar Mass!

Z!

Pop III!

Pop I!

PISN!

CCSN!

Pop III SN Feedback: PISN case!
           (Greif et al. 2010, ApJ, 716, 510)!
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Fig. 1.— From left to right: the density-squared weighted average of the hydrogen density, temperature and metallicity along the line
of sight in the central 100 kpc (comoving) of Sim A. From top to bottom: a time series showing the simulation 15, 100 and 300 Myr after
the SN explosion. The inlays show the central 10 kpc (comoving) of the nascent galaxy. The metals are initially distributed by the bulk
motion of the SN remnant, and later by turbulent motions induced by photoheating from other stars and the virialization of the galaxy.
As can be seen in the inlays, the gas within the newly formed galaxy is highly enriched.
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Pop III SN Feedback: PISN case!
           (Greif et al. 2010, ApJ, 716, 510)!
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Fig. 3.— The mass-weighted phase space distribution of gas in
the high resolution region at z ! 10, excluding gas accreted onto
sink particles. The mass concentration is color-coded and increases
from white to blue, green, red and yellow. Most of the gas is shock-
heated to the virial temperature and cools once the density exceeds
" 1 cm!3, but a significant fraction of the gas in Sim A is also relic
H ii region gas that has cooled to T ! 1000 K and resides in the
low-density IGM at nH ! 10!3 – 10!4 cm!3. The lack of high-
density gas in Sim B is only apparent, since more gas is locked up
in sink particles.

2003; Schneider et al. 2006), and we expect that a stellar
cluster with a normal IMF will form (e.g., Omukai et al.
2005; Schneider et al. 2006; Clark et al. 2008, 2009). It
therefore appears that a single PISN is su!cient to trig-
ger a transition from Pop III to Pop II star formation.
Finally, we note that the additional photoheating in

Sim A has an interesting e"ect on the distribution of met-
als. As is evident from Figs. 1 and 2, the enriched region
is generally larger and better mixed in Sim A. In some
cases, the photoheating even ejects significant amounts
of enriched gas out of the potential well of the galaxy,
which can be seen in the case of the metal bubble extend-
ing to the lower left of the simulation box. This behavior
is intriguing in light of claims that the IGM is substan-
tially enriched at high redshifts (Songaila & Cowie 1996;
Schaye et al. 2003), although this is generally attributed
to SN feedback instead of photoheating, which acts on
objects with small circular velocities (Thoul & Weinberg
1996; Dijkstra et al. 2004). Comparing Figs. 5 and 6,
we also find more quantitative evidence of this e"ect.
From top left to bottom right, an increasing amount of
enriched gas accumulates at low densities, which then
accretes onto the nascent galaxy.

Fig. 4.— The mass-weighted, average metallicity as a function
of gas density within the high resolution region, shown! 15 (solid
line), 100 (dotted line), and 300 Myr (dashed line) after the SN
explosion (Sim A). At early times, a distinct correlation is evident:
underdense region are highly enriched, while overdense region re-
main largely pristine. Once the potential well of the galaxy assem-
bles, metal-rich gas becomes dense and the relation flattens (see
also Figs. 5 and 6).

3.3. Metal Cooling

In both simulations, we have included fine-structure
cooling for C, O and Si at low temperatures and colli-
sional excitation and recombination cooling at high tem-
peratures. Depending on metallicity, the latter can dom-
inate over H and He cooling at very early times. Such a
phase exists during the first few million years after the
SN explosion, when the temperature of the SN remnant
exceeds 105 K and the metallicity within the remnant
is well above solar. By performing test runs with and
without metal line cooling in a smaller simulation box,
we have found that metals temporarily enhance the net
cooling rate by a factor of a few. However, even for the
case of a PISN, the influence on the dynamical evolution
of the SN remnant remains small.
At temperatures below 104 K, fine-structure cooling

provided by heavy elements takes over. However, we
find that once the gas has cooled to the regime where
fine-structure cooling becomes important, the metallic-
ity has dropped such that cooling is instead dominated
by H2. This was already found by Jappsen et al. (2007,
2009a), who argued that dust is responsible for chang-
ing the cooling and fragmentation properties of the gas.
Since cooling via dust grains kicks in at densities much
higher than we can resolve here, a detailed treatment is
beyond the scope of this work, although we expect that
it will play a crucial role for the further evolution of the
gas (e.g., Omukai et al. 2005). We note that the relative
importance of the di"erent cooling channels could be al-
tered in the presence of a strong Lyman-Werner (LW)
radiation background, which may lead to the dissocia-
tion of H2 (e.g., Haiman et al. 1997; Johnson et al. 2007;
Ahn et al. 2009).

4. SECOND-GENERATION STAR FORMATION

To elucidate the pathway to the first galaxies, an es-
sential ingredient is to characterise the conditions in the
gas clouds out of which the second generation of stars
form (e.g., Bromm et al. 2009). We in particular need to
quantify the metal content in such clouds. This applies
to the first galaxy itself, but also to neighboring mini-
halos which collapse during the assembly process. It is
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Inside the first galaxies: Z > 10-3 Z"!

   Pop III SN Feedback: Core-collapse  !
(Ritter, Safranek-Shrader, Gnat, Milosavljevic, Bromm 2012, ApJ, 761, 56)!
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Figure 4. Baryon mass-weighted projection of hydrogen density, temperature, and fluid-based metallicity in units of the solar metallicity
8.5Myr after the explosion. The circle shows the virial radius of the halo, which is here 180 pc (physical).

projection in Figure 4) reveals that the prompt reversal
can only in part be attributed to a fallback of the mass
that the blastwave has swept up and to which it has
transferred momentum. Instead, the filamentary inflow
of dense, cold, molecular gas from the nearby cosmic web
directly into the center of the minihalo contributes a large
fraction of the mass inflow rate. The baryonic filaments
are seen diagonally from top left to bottom right in Fig-
ure 5, which shows a slice of the density field. Because
the filaments survive photoionization and the explosion
largely intact, they can sustain a net inflow into the cen-
ter of the halo even when a majority of the ejecta and
the swept up mass are moving outward.
The Lagrangian radii for the supernova ejecta in Fig-

ure 3, right panel, show first signs of interaction of the
ejecta with the circumstellar medium around 1 � 10 kyr
after the explosion. What follows is a similar picture
of expansion eventually reversing into fallback. Frac-
tions of (3.125%, 6.25%, 12.5%, 25%, 50%) of the ejecta
mass turn around and start falling back at around
(0.2, 1.0, 4.0, 8.0, 3.0)Myr after the explosion. The cor-
responding turnaround radii are (3, 8, 30, 60, 200) pc.
The outer somewhat less than ⇥ 50% of the ejecta passes
the virial radius and continues to travel outward until
the end of the simulation. The net outflow of ejecta at
r � R200 can be contrasted with the net inflow of baryons
at the same radii, underscoring the three-dimensional na-
ture of the flow and an inadequacy of one-dimensional
integrations in treating the long-term dynamics of su-
pernova remnants in cosmic minihalos. The spherical
symmetry implicit in one-dimensional integrations forces
the ejecta and the swept up circumstellar medium into a
spherical thin shell at late times. It does not allow for the
presence of the dense, low-entropy clouds that enter the
halo by infall from the filaments of the cosmic web. The
expanding shell may pass and leave behind such clouds.
The spherical symmetry also does not allow radial seg-
regation of the ejecta as a result of the instability of the
decelerating thin shell.
Rayleigh-Taylor fingering is evident in Figure 4 at

8.5Myr after the explosion. The long term evolution

of the fragmented shell is seen in Figure 5, left panel,
which shows the ejecta tracer particles in projection, su-
perimposed on a slice of the density field through the
center of the halo. It is also clear in these figures that
the blastwave has expanded biconically perpendicular to
the sheet-like baryonic overdensity deriving from the cos-
mic web; this pristine gas, unpolluted by the ejecta, is
still able to stream into the halo center. In the right
panel of Figure 5, showing the central 360 pc, pristine
baryonic streams arrive diagonally into the central few
tens of parsecs, where they form a two-armed spiral and
join a self-gravitating central core. At this point in the
simulation, the spatial resolution is insu�cient to resolve
the internal structure of the core.
Strikingly, we observe filamentary accretion of ejecta-

enriched gas perpendicular to the pristine sheet. This
is the return of the ejecta from the supernova remnant
back into the center of the halo. A closer examination of
the time evolution of the ejecta kinematics shows that
in the snowplow phase, the ejecta are compressed into
a thin shell, as expected. The thickness of the shell is
itself not well resolved, thus we are not in the position to
explore its susceptibility to direct gravitational fragmen-
tation (e.g., Salvaterra et al. 2004; Machida et al. 2005;
Chiaki et al. 2012). The Rayleigh-Taylor instability
buckles and redistributes momentum in the shell. The
highest momentum fragments continue semi-ballistically
outward, consistent with the observation by Whalen
et al. (2008) that the blastwave of even a moderate
1051 ergs explosion has enough momentum to escape
a standard minihalo. The low-momentum fragments,
however, do not have su�cient momentum to escape;
they turn around, fall back, and eventually join the
central unresolved core. The falling ejecta make thin
multiply-folded streams and filaments, indicating what
seems to be a certain lack of mixing with the halo gas.
The pristine gas accreting through the filaments of
the cosmic web, and the ejecta-enriched gas accreting
from the supernova remnant, meet in the central core.
If the core is turbulent—poor resolution at this stage
of the simulation would not allow us to detect such
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   Pop III SN Feedback: Core-collapse  !
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Figure 6. Metal (lower curve; ṀZ) and total baryon (upper
curve; Ṁb) net mass flow rate through a sphere of radius 20 pc
centered on the gravitational potential minimum. Dashed lines in-
dicate outflows and solid lines inflows. The total mass of ejecta
in the simulation is MSN = 40M� and the metal mass is MZ =
ZSNMSN = 4M�. Net outflow reverses into an inflow earlier in
the baryons because of the presence of cold filaments delivering
metal-free gas from the cosmic web into the halo center.

the metal mass inside the cell (again, as in the second
method, computed by adding up tracer particle mass in-
side the cell and multiplying by ZSN), and dividing this
by the sum of the metal mass and the fluid hydrogen
and helium masses in the cell. Since the combined abun-
dance of hydrogen and helium is near unity, the third
method completely ignores the fluid metallicity as de-
fined by the passive scalar advected on the computational
grid. Ejecta particles as tracers of metallicity obviously
do not su�er from the same spurious di�usion as the
fluid metallicity, but they are a�ected by systematic is-
sues of their own. In convergent flows such as near the
insu⇥ciently well resolved snowplow shell, metal parti-
cles can get trapped in discontinuous flow structures,
which can produce a spurious increase of local metal-
licity as computed by the third method. Thus, while
the fluid metallicity is bounded from above by its max-
imum value, ZSN = 0.1, at the point of injection, the
particle-based metallicity can exceed this value and even
approach unity.
In Figure 7, we show the metal-mass-weighted metal-

licity PDF at four di�erent times: first, in the Sedov-
Taylor phase, and, then at approximately 1, 13, and
40Myr after the explosion. It is immediately clear that
already at early times, the metallicity PDF exhibits a
tail dMZ/d lnZ ⌃ Z extending toward very low metal-
licities, where di�erences between the PDFs computed
with the three methods became more severe. Spurious
di�usion across compositional discontinuities in the fluid-
based methods, and cloud-in-cell smearing in particle-
based methods, both contribute to the tail. We also
notice that the particle-particle method has developed
a tail extending into the forbidden region, Z > ZSN, a
clear signature of spurious particle trapping.

As the supernova remnant ages, metal mixing in the
complex interior flow, which is numerical in the simula-
tion but can be facilitated by turbulence in nature (e.g.,
Pan et al. 2011), broadens the metallicity peak from its
initial location at Z ⇧ ZSN to an approximate range
10�5 ⇥ Z ⇥ Zmax(t), where Zmax(t) is a time- and PDF-
extraction-method-dependent maximum absolute metal-
licity. For fluid-based metallicity PDFs, we find that
Zmax ⇧ (0.07, 0.02, 0.002) at t � tSN ⇧ (1, 13, 40)Myr.
We also notice a prominent narrow metallicity peak, built
from cells belonging to the central, unresolved core that
is accreting both from the pristine filaments of the cosmic
web and from the ejecta-enriched supernova remnant fall-
back. The peak is migrating slowly toward lower metal-
licities, covering Zcore ⇧ (2, 0.7, 0.3)⇥ 10�4 in the same
three epochs. The metallicity of the unresolved core is
consistent with the average metallicity of the accreting
fluid given in equation (4).
Finally, we turn to the energetics of the metal-enriched

material. In Figure 8, we show the evolution of the total
kinetic and internal (thermal) energy of fluid elements
having absolute metallicity Z ⇤ 10�6. At 1 kyr after the
explosion, the kinetic energy decreases below its initial
value when the ejecta start interacting with the ambient
medium and the well-resolved reverse shock facilitates
kinetic-to-internal conversion. Adiabatic and radiative
cooling both contribute to the rapid decrease of inter-
nal energy at 0.01 � 1.0Myr after the explosion. The
renewed rise of both energies in the old remnant reflect
the fallback of ejecta-enriched fluid in the halo center.

4. DISCUSSION

4.1. Metal-Enriched Star Formation: Continuous,
Bursty, or Self-Limiting?

The prompt resumption of baryonic infall into the
center of the cosmic minihalo suggests that star for-
mation could resume on similarly short, ⌅ 1 � 5Myr
time scales. In the simulation presented here, the met-
als that the supernova has synthesized begin returning
to the halo center ⌅ 4Myr after the explosion. The
mean metallicity of the inflow, averaged over the pri-
mordial streams and the metal-enriched collapsing su-
pernova remnant streams converging in the center of the
halo, is ⌅ 0.005Z⇥ assuming a net supernova metal
yield of 4M⇥. If the metal-rich gas successfully mixes
with the primordial gas, then, according to a prevailing
belief, the metallicity of the combined streams is well
su⇥cient to ensure that new star formation in this gas
should be producing normal, low-metallicity Population
II stars. The Population III to II transition cannot be
ascertained in the present simulation because the simula-
tion does not adequately resolve the cold gas at densities
nH � 100 cm�3. This gas belongs to the central core and
is colder than primordial gas at the same densities pre-
ceding the insertion of the first star. It is at unresolved
densities that the metallicity of the gas strongly a�ects
the thermodynamic evolution and thus governs the out-
come of fragmentation (e.g., Omukai et al. 2005; Santoro
& Shull 2006; Schneider et al. 2006; Smith et al. 2009;
Safranek-Shrader et al. 2010, assuming low metallicities,
Z ⇥ 0.01Z⇥).
The gaseous core in the center of the minihalo that is

fed by metal-enriched streams can be compared to the
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   Threshold for Vigorous Fragmentation  !

 - Critical metallicity !
   for vigorous fragmentation:!
             !  Zcrit =10-3.5 Z" 

     !  metal-line cooling 
      

 

!

(Safranek-Shrader et al. 2013, MNRAS, submitted; arXiv:1307.1982)!
Core mass vs time!

10 C. Safranek-Shrader et al.

Figure 8. Timescales averaged in logarithmically spaced density
bins for the 10�4 simulation (top), 10�3 (middle), and 10�2 Z�
simulation (bottom). Shown is the free-fall time (solid black line),
the sound crossing time (red dashed line - see text), the compres-
sion time (green dot-dashed line - see text) and the cooling time
tcool = 1.5kBT/⇤ (blue solid line enclosed by a thicker line).
The color of the thicker line enclosing the cooling time denotes
the most e↵ective coolant in the density bin. Light blue refers
to metal line cooling, light red is H2 and HD, and green is Ly↵
cooling.

the gas metallicity was assigned a non-zero value and corre-
sponds to one free-fall time when evaluated at the maximum
density of the Ly↵ driven isothermal collapse, n = 102 cm�3.

The morphology of the cold, dense gas changes substan-
tially over the course of the next ⇠ 4Myr as can be seen
in the remaining panels of Figure 4. The compact, ordered
morphology of the gas at the onset of sink particle formation
becomes more rarified and disordered with time as a result of
being over pressured with respect to the ambient medium.
Only the densest regions, n > 104 cm�3 survive this sub-
sequent hydrodynamic bounce. Over the next 3.8Myr, ap-

Figure 9. Masses of individual sink particles (black lines) and
total mass in sink particles (blue dashed line) in the Z/Z� = 10�4

(top), 10�3 (middle), and the 10�2 (bottom) runs. Even though
the 10�2 and 10�3 Z� simulations formed similar number and
total mass of sink particles, new sink particle formation in the
10�3 Z� run was e↵ectively terminated after ⇠ 2 Myr.

proximately 1700 M� of gas becomes incorporated into a
total of 11 sink particles, a value that can also be consid-
ered a firm upper-limit to the mass in stars that would have
resulted. Most of this mass, ⇠ 1000 M�, exists in the two
most massive sink particles (the first and third to form),
with masses of 460 and 510 M�, respectively. The average
sink particle mass is ⇡ 145 M�, though this does include two
sink particles whose masses are 0.2 and 0.4 M�. Most of the
gas fragmentation, and thus sink particle formation, was the
result of filamentary structures forming and collapsing into
individual ’beads’ (best seen in movies). The average accre-
tion rate onto sink particles was ⇡ 10�4 M� yr�1, consistent
with a few times the typical c3

s/G accretion rate (e.g., Shu
1977; Larson 2003) evaluated at T = 50 K. The sink particles
are distributed in a region of approximately 1 pc in size. We
cease the simulation ⇡ 4Myr after the formation of the first
sink particle due to our computational resources and given
this is roughly the timescale where we would expect stel-
lar radiative feedback to significantly a↵ect the subsequent
evolution. In Figure 5 we show slices of gas temperature on

c� 0000 RAS, MNRAS 000, 000–000
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Hunting for the First (PI-) Supernovae  !

 - Sources are very bright, but rare! !

(Hummel, Pawlik, Milosavljevic, Bromm 2012, ApJ, 755, 72)!

SN lightcurve! SN rate vs. z!THE FIRST SUPERNOVAE 5

Fig. 2.— a) ṅpisn in the upper limit of no feedback (blue), with
chemical feedback (green), LW feedback (red) and the resulting
PISN rate for the conservative feedback case (black). b) Same as
(a), but for the enhanced star formation case.

no PISNe. Chemical feedback can thus be represented
as the fraction of halos forming from pristine gas at a
given redshift. Realistic three-dimensional simulations of
this process starting from cosmological initial conditions
have become possible in the past decade, showing that
enrichment by Pop III SNe, if they are highly energetic,
proceeds very inhomogeneously, enriching the IGM be-
fore penetrating into denser regions (Scannapieco et al.
2005; Greif et al. 2007; Tornatore et al. 2007; Wise &
Abel 2008; Maio et al. 2010).
In modeling �chem, we use the results of Furlanetto &

Loeb (2005). Their semi-analytic treatment of SN winds
utilizes the Sedov (1959) solution for an explosion ex-
panding into a uniform medium and yields a probability
function Ppristine(z) that the gas in a newly formed halo
is pristine. This is plotted in Figure 2 of their paper for
various strengths of chemical feedback. We identify this
quantity as the fraction of newly collapsed halos that
have been polluted with metals, �chem. Given the re-
cent detection of pristine gas at z = 3 by Fumagalli
et al. (2011), we choose the weakest feedback scenario
presented by Furlanetto & Loeb (2005) among the sce-
narios that incorporate a clustering of sources. The re-
sulting PISN rate is given by the green line in Figure 2.

2.3. Enhanced
��������
Massive Star Formation

Gas cooling and subsequent star formation in halos af-
fected by LW feedback can be delayed until nearly an or-
der of magnitude more gas is available for star formation
(Figure 1). This increases the likelihood that multiple
massive stars form per halo, o⇥seting the negative e⇥ects
of LW radiation considered above. We quantify this by
positing that the number of PISNe produced per halo
at redshift z is given by the ratio of the critical mass in
the presence of LW feedback Mcrit,lw to the critical mass
in the no-feedback case Mcrit. For example, at z = 17,
Mcrit,lw/Mcrit � 1.4, so for every 10 pristine halos that
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Fig. 3.— The observable PISN rates in number per year per
JWST field of view above a given redshift in the upper limit of no
feedback (blue line), in the conservative feedback case (solid red
line), and the enhanced star formation case (dashed red line). The
rates calculated by Miralda-Escudé & Rees (1997), Mackey et al.
(2003), Weinmann & Lilly (2005) and Wise & Abel (2005) are also
shown for reference. Red points account for feedback; blue points
do not.

form, 14 PISNe are produced. In this case the PISN rate
is modified such that

ṅpisn(z) =
Mcrit,lw(z)

Mcrit(z)
�chem(z) �rad(z) ṅ+(z). (10)

The resulting enhanced PISN rate can be seen in
Figure 2b. In contrast to the conservative feedback case,
the net e⇥ect of LW feedback is much less significant here,
with chemical feedback controlling the final PISN rate.

2.4. The Observable Rate

The observed PISN rate per unit time per unit redshift
per unit solid angle is given by

dN

dtobs dz d�
=

dN

dtobs dV

dV

dzd�

=
1

(1 + z)

dN

dtem dV
r2

dr

dz
.

(11)

Cosmological time dilation between tobs and tem is ac-
counted for by the (1 + z) in the denominator; dV is
the comoving volume element and r(z) is the comoving
distance to redshift z given by

r(z) =
c

H0

� z

0

dz�⇥
�m(1 + z�)3 + ��

, (12)

where c/H0 is the Hubble distance. With the assump-
tions outlined above, we estimate the PISN rate in events
per year per comoving Mpc3 in the source rest frame:

dN

dtem dV
= ṅpisn(z), (13)

such that

dN

dtobs dz d�
=

ṅpisn(z)

(1 + z)
r2

dr

dz
. (14)
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Fig. 5.— Left: Lightcurves for the Kasen et al. (2011) R250 (top) and B200 (bottom) models as they would be observed by JWST’s
F444W NIRCam filter at z = 5, 10, 15, 20, 25 and 30. The flux limits for a 106 s (dashed line) and 104 s (dotted line) exposure are shown
for reference. Right: The visibility time �tvis in years for R250 (top) and B200 (bottom) as a function of redshift for each of the NIRcam
wide filters. Note that axes are scaled di⇥erently. Similar plots for models He100 and R175 are included in the appendix.

function ⌅x(⇥) yields the observable flux in filter
�
X:

Fobs,x =

� ⇥

0
⌅x(⇥)F�,obs(T,Rsn, z)d⇥. (17)

3.2. Visibility

The NIRCam instrument on the JWST will observe
the early universe through a number of narrow, medium-
width, and wide filters5. The widest, longest-wavelength
filter, F444W, will observe from 3.3 to 5.6 µm with a
sensitivity limit of 24.5 nJy required for a 10⇤ detection
in 104 seconds (Gardner et al. 2006). Shown in the left-
hand column of Figure 5 is the observable flux as it would
appear in the F444W NIRCam filter at various redshifts
for the most and least easily observable models, R250
and B200, respectively. See Figure 7 for why these two
were chosen; models He100 and R175 can be found in the
appendix. The flux limits for the filter of 4.4� 10�19 erg
s�1 cm�2 for a 106 s exposure and 4.4 � 10�18 erg s�1

cm�2 for a 104 s exposure are also shown for reference.
We see that the brightest explosions (R250) would be
visible to beyond z ⇥ 25, but are never so bright as to
be detectable with current generation telescopes. This is

5 http://www.stsci.edu/jwst/instruments/nircam/instrument-
design/filters

consistent with the non-detection by Frost et al. (2009)
in a search of the Spitzer/IRAC Dark Field for possible
Pop III PISN candidates.
To account for absorption of flux by neutral hydrogen

along the line of sight we implement a simple model of
instant reionization at z = 10. For sources above this
redshift, we assume no flux is observed shortward of the
rest frame Ly� line. This is not relevant for the F444W
NIRcam filter as Ly� does not redshift into the filter until
z ⇥ 40, when the lightcurve is already far below even the
106 s sensitivity limit. It does however have an e⇥ect,
albeit a small one, on the F115W and F090W filters.
At low redshifts the duration of the lightcurve pre-

sented in Kasen et al. (2011) is not quite long enough for
the observed flux to reach the sensitivity limit; we ex-
tend it to the limit by extrapolating assuming a power-
law scaling. The visible time �tvis is then simply given
by the time the lightcurve is above the filter sensitivity
limit. Shown in Figure 5 are the visibility times as a
function of redshift for each of the NIRcam filters.

3.3. The Observable Number

With this estimate for �tvis, we may finally calculate
the observable number of PISNe on the sky, given by the
product of the observed PISN rate at z and the time a
PISN at z is visible, �tvis. This yields an estimate for

 ! see also: Pan, Kasen & Loeb 2012; Whalen et al. 2012, 2013 !
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•   Modestly-deep, wide-field survey optimal!!
               ! ideal for WFIRST? !

(Hummel, Pawlik, Milosavljevic, Bromm 2012, ApJ, 755, 72)!
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Fig. 7.— The observability of the R250, He100, B200, and R175 models (clockwise from upper left) from Kasen et al. (2011) using the
JWST’s NIRcam F444W filter. Shown is the possible range for the number of JWST FoVs required to detect 10 sources as a function of
exposure time. The blue range is for all PISNe, and the red for PISNe from z > 15. The lower boundaries correspond to the no-feedback
upper limit to the PISN rate and the upper boundaries to the conservative feedback rate. From left to right, the black lines represent the
number of pointings possible in a total of 106, 107, and 108 s for a given exposure time.

to ⇥2.5�10�4 per FoV, or one PISN per 4000 JWST
fields of view.
The long duration of PISN lightcurves imply that spec-

troscopic follow-up of PISNe will likely be of great im-
portance. PISN lightcurves can last for decades when
combined with the cosmological time dilation factors at
high redshifts, making the detection of PISNe by looking
for transients untenable. However, a multi-year cam-
paign could identify candidates photometrically, and the
lack of metal lines in the spectrum at early times could
provide a spectroscopic signature for identification.
We find that the main obstacle to observing PISNe is

the paucity of sources. Beyond a moderate exposure time
of a few times 104 s, the observability of bright PISNe is
not a strong function of exposure time and is instead
controlled by the source density; this is evident from
Figure 7, where we have shown the number of JWST
FoVs required to detect 10 PISNe (blue) as a function
of exposure time for each of our PISN models. The up-
per boundaries correspond to our conservative estimate
for the PISN rate in the presence of feedback, and the
lower limits

�����������
boundaries

�
to the estimated rate without

feedback. We can see that the decrease in the required
number of JWST pointings slows considerably beyond
⇥105 s, hence a deep pencil-beam survey would not be

advisable in searching for PISNe. Even for only high-
redshift sources (z > 15; red) the dependence on expo-
sure time is still minimal, being controlled by the lack of
sources once the required imaging depth is reached.
Of particular interest in Figure 7 are the black lines

representing the total number of pointings possible in
106, 107, and 108 s for a given exposure time and their
location relative to the observability ranges in blue and
red. 106 s is approximately the limit of what would be
possible with a dedicated deep-field campaign; 107 s is
the limit of the observations the JWST could make in a
year assuming NIRCam is in use one third of the time;
108 s (⇥10 years) is the projected mission lifetime.
While the detection of a PISN from a ‘first’ star at very

high redshifts would be exciting and is in fact possible
given the detection limits of the JWST, the scarcity of
sources at these redshifts means that such a detection
would be highly contingent on serendipity. Even in the
most optimistic case, with all available minihalos pro-
ducing an R250-type PISN, the observability range for
such events lies well above what is possible even in a
full year of observations, though a few may be detected
over the lifetime of the telescope. The detection of a
PISN at lower redshifts appears to be more realistic. As
the faintest PISNe (R175 and B200) are e�ectively un-
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Fig. 7.— The observability of the R250, He100, B200, and R175 models (clockwise from upper left) from Kasen et al. (2011) using the
JWST’s NIRcam F444W filter. Shown is the possible range for the number of JWST FoVs required to detect 10 sources as a function of
exposure time. The blue range is for all PISNe, and the red for PISNe from z > 15. The lower boundaries correspond to the no-feedback
upper limit to the PISN rate and the upper boundaries to the conservative feedback rate. From left to right, the black lines represent the
number of pointings possible in a total of 106, 107, and 108 s for a given exposure time.

to ⇥2.5�10�4 per FoV, or one PISN per 4000 JWST
fields of view.
The long duration of PISN lightcurves imply that spec-

troscopic follow-up of PISNe will likely be of great im-
portance. PISN lightcurves can last for decades when
combined with the cosmological time dilation factors at
high redshifts, making the detection of PISNe by looking
for transients untenable. However, a multi-year cam-
paign could identify candidates photometrically, and the
lack of metal lines in the spectrum at early times could
provide a spectroscopic signature for identification.
We find that the main obstacle to observing PISNe is

the paucity of sources. Beyond a moderate exposure time
of a few times 104 s, the observability of bright PISNe is
not a strong function of exposure time and is instead
controlled by the source density; this is evident from
Figure 7, where we have shown the number of JWST
FoVs required to detect 10 PISNe (blue) as a function
of exposure time for each of our PISN models. The up-
per boundaries correspond to our conservative estimate
for the PISN rate in the presence of feedback, and the
lower limits

�����������
boundaries

�
to the estimated rate without

feedback. We can see that the decrease in the required
number of JWST pointings slows considerably beyond
⇥105 s, hence a deep pencil-beam survey would not be

advisable in searching for PISNe. Even for only high-
redshift sources (z > 15; red) the dependence on expo-
sure time is still minimal, being controlled by the lack of
sources once the required imaging depth is reached.
Of particular interest in Figure 7 are the black lines

representing the total number of pointings possible in
106, 107, and 108 s for a given exposure time and their
location relative to the observability ranges in blue and
red. 106 s is approximately the limit of what would be
possible with a dedicated deep-field campaign; 107 s is
the limit of the observations the JWST could make in a
year assuming NIRCam is in use one third of the time;
108 s (⇥10 years) is the projected mission lifetime.
While the detection of a PISN from a ‘first’ star at very

high redshifts would be exciting and is in fact possible
given the detection limits of the JWST, the scarcity of
sources at these redshifts means that such a detection
would be highly contingent on serendipity. Even in the
most optimistic case, with all available minihalos pro-
ducing an R250-type PISN, the observability range for
such events lies well above what is possible even in a
full year of observations, though a few may be detected
over the lifetime of the telescope. The detection of a
PISN at lower redshifts appears to be more realistic. As
the faintest PISNe (R175 and B200) are e�ectively un-
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Perspectives:!

• Very dynamic, rapidly developing!
field!
!
• Closing the final gap in our worldview!
!
• Driven by supercomputers and our best telescopes!
!
•  The high-redshift frontier: How did it all begin?!
!


