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  From the Dark Ages to the Cosmic Renaissance  !

•  First Stars      Transition from Simplicity to Complexity!

                   (Larson & Bromm, Scientific American)!

First Stars (Pop III)!
First Galaxies!

GRBs!



  GRBs Probe the Very High Redshift Universe  !

Number vs. Redshift!

•  Lamb & Reichart 2000 !
          (also: Blain & Natarajan 2000; Bromm & Loeb 2002)!



               Extending the Redshift Barrier  !

•  An ongoing race!  GRBs likely to win!!

(Courtesy: N. Tanvir)!



Q: Are first stars suitable progenitors?  !



 Progenitor: Requirements for Collapsar Engine!
                                                           (for long/soft GRBs)  !

1.  Sufficiently massive to form central BH!

2.  Central core has to retain enough spin!

3.  Loss of H/He envelope possible!
                 (But see: Suwa & Ioka 2011)  !



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!



Pop III Star Formation: Growth by Accretion  !

 - a dominant binary has formed (~ 40 and ~10 MO) 
after ~5,000 yr of accretion!

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

           Stellar mass vs. time                             dM/dt vs. time!

primary!

secondary!



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)!
•  Likely Outcome:     Top-heavy initial mass function (IMF)!

Pop I / II! Pop III!

    ~ 10-100 Mo!

 Mchar!

dN/dlogM!

log M!

IMF ?!



              Rotation of Pop III Stars  !

   Chemical mixing!

-  Poorly constrained!
-  After mass scale, most important parameter!

   GRB collapsar!



              Rotation of Pop III Stars  !

 - Pop III stars may rotate at close to break-up speed!
 - May experience strong mixing and die as collapsar!

(Stacy, Bromm & Loeb 2011, MNRAS, 413, 543)!

Rot. Velocity vs time! J vs radius!

Break-up!

Actual!

KH contr.!



 Progenitor: Requirements for Collapsar Engine!
                                                           (for long/soft GRBs)  !
!
3. Loss of H/He envelope?  !



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

Clump:!
      M~MJ!

M!
.!



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)!



Pop III Star Formation: Disk Fragmentation  !

 !
 - Disk is inevitably driven towards gravitational instability!!

(Clark, Glover, Smith, Greif, Klessen & Bromm 2011, Science, 331, 1040)!

Toomre Q vs. Radius! Mass transfer rate vs. Radius!



    Q: How many bursts from high z?  !



 Critical Metallicity for Low-mass Star Formation:!
                            (Bromm & Loeb 2003, Nature 425, 812)!

•  Abundance pattern:!
 -  HE0107-5240, 1327-2326!
 -  very Fe-poor!
 -  very C/O-rich!
!
•  Pop III      Pop II:!
 - driven by: CII, OI!
    (fine-structure transitions)!
!
•  Minimum abundances:!
 - [C/H] ~  -3.5  !
 - [O/H] ~  -3.1!
 - Identify truly 2nd gen. stars!!
!

Dwarfs!

Giants!



  Chemical Feedback: Enriching Early Universe   !

z=10!

z=5!

•  Tornatore et al. 2007!

-  Metals comprise increasing!
volume fraction à!
 Pop III mode extinguished!!



  Modeling Cosmic SF History at High Redshift  !

•  Pop III mode      Small fraction of total SFRD!

PopulationIII and LGRBs 3
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Figure 1. Star formation rate density,SFR [M! yr"1 Mpc"3], as a func-
tion of redshift for the simulation with comoving side box of 5 Mpc/h

(red-solid line), 10 Mpc/h (green-dashed line) and 100 Mpc/h (blue-dotted-

dashes line) . For each of them, we show the total star formation rate density

(upper lines) and the SFR of particles with Z < Zcrit (PopIII SFRs), i.e.

that will produce a GRB3 (lower lines). Symbols with error bars are a com-

pilation of observational data (Hopkins and Beacon 2006), the black-dotted

line is the best fit for observational data (Li 2008b).

on the details of metal enrichment and chemical feedback. For this

reasons the smaller boxes are better suited to capture the star for-

mation process at high redshift, when, according to the standard

hierarchical scenario of structure formation, the galaxy population

is dominated by objects with masses much smaller than the present

ones.

3 DIFFERENT PROGENITORS FOR GRBS

We divide the possible progenitors in three subsamples: two asso-

ciated with PopII stars (Z > Zcrit), with different upper cuts in

metallicity, and one from PopIII stars (Z ! Zcrit). As mentioned

in Sec. 1, recent studies on the final evolutionary stages of massive

stars suggest that a Wolf-Rayet star can produce a LGRB if itsmass

loss rate is small. This is possible only if the metallicity of the star

is low, and therefore the specific angular momentum of the progen-

itor allows the loss of the hydrogen envelope while preserving the

helium core (Woosley & Heger 2006; Fryer et al. 1999). The loss

of the envelope reduces the material that the jet needs to cross in

order to escape, while the helium core should be massive enough

to collapse and power a GRB.

In order to select possible progenitors for LGRBs, we have ex-

tracted from the simulations the information about the age and

the metallicity of all the star particles. In particular, the metal-

licity is computed as the ratio between the total mass of metals

contained in star particles and the total stellar mass. According

to the collapsar model, we consider young star particles with age

t < tc = 5!107yr (Lapi et al. 2008; Nuza et al. 2007). We follow
an approach similar to Campisi et al. (2009), and we will refer to

our subsample in the following way:

• GRB1, obtained by selecting star particles associated with

PopII/I stars (Z > Zcrit), without upper metallicity cut;

• GRB2, including star particles associated with PopII/I stars

(Z > Zcrit), and with metallicity Z ! 0.5Z!;

• GRB3, defined by selecting star particles with metallicityZ !

Zcrit.

In particular, for the second subsample we adopt a metallic-

ity cut of " 0.5Z! because stronger metallicity cuts seem to be

excluded by the analyses of the properties of observed GRB host

galaxies at z < 1 (Mannucci et al. 2010; Campisi et al. 2011).
In the following, we will briefly describe how we compute the rate

of LGRBs (Sec. 3.1), considering both PopII/I (Sec. 3.2) andPopIII

(Sec. 3.3) progenitors.

3.1 LGRBs rate

The formation rate of LGRBs in the simulations can be computed

by:

!GRB,i(z) = fGRB,i "BH,i !#,i(z) (1)

where i indicates the 3 subsamples previously described, fGRB,i is

the fraction of BHs that will produce a LGRB, "BH,i is the frac-

tion of BHs formed per unit stellar mass, and !#,i(z) is the star
formation rate for the considered subsample, i.
The observed rate (in units of [yr"1 sr"1]) of LGRBs of the i-th
subsample at redshift larger than z is then given by

RGRB,i(> z) = #b

!

z

dz$
dV (z$)
dz$

1
4$

!GRB,i(z
$)

1 + z$

!

!

Lth(z!)

dL$%i(L
$), (2)

where #b is the beaming fraction, dV (z)/dz is the comoving vol-
ume element, and %i is the normalized LGRB luminosity function

(LF). The factor (1 + z)"1 accounts for the cosmological time di-

lation. The last integral gives the fraction of LGRBs with isotropic

equivalent peak luminosities L > Lth, i.e. those LGRBs that can

be actually detected by the satellite. The threshold luminosity Lth

is obtained by imposing a 1-s peak photon flux limit ofP = 0.4 ph
s"1 cm"2 in the 15-150 keV band of Swift/BAT.

There is a general consensus that GRBs are jetted sources (Wax-

man et al. 1998; Rhoads 1997) implying fundamental corrections

to their energy budget and GRB rates. We take into account this

fact by considering that the observed LGRB rates should be cor-

rected by the factor #b that is related to the jet opening angle & by
#b = (1 # cos &) " &2/2 (Sari et al. 1998). Given the average
value of & " 6% (Ghirlanda et al. 2007), < #b >" 5.5 ! 10"3,

which is the value we adopt.

Finally, in order to compute the observed rate we have to specify

the LF of LGRB, %i(L), for the three LGRB subsamples consid-
ered here. Although the number of LGRBs with good redshift de-

termination has been largely increased by Swift, the sample is still

too poor (and bias dominated) to allow a direct measurement of

the LF. However, an estimate of the LGRB LF and of its evolution

through cosmic times can be obtained by fitting the BATSE dif-

ferential number counts and imposing the constraint on the bursts

observed by Swift (e.g. Salvaterra & Chincarini (2007); Salvaterra

et al. (2009); Campisi et al. (2010), but see Butler et al. (2010);

Wanderman & Piran (2010) for different approaches).

In particular, for GRB1-2 subsamples we adopt the LF obtained by

c! 2010 RAS, MNRAS 000, 1–7
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(Bromm & Loeb 2006)! (Campisi et al. 2011)!



             Deriving GRB Redshift Distribution  !

•  e.g.: Bromm & Loeb 2006!

the atomic cooling threshold for the first time. In addition, we
require that the collapse takes place in a region of the IGM that
is not yet enriched with heavy elements from previous episodes
of star formation. Here we adopt the formalism developed in
Furlanetto & Loeb (2005), who derived the redshift-dependent
probability that a newly collapsed halo forms out of pristine gas
(see their Fig. 2). This probability crucially depends on the effi-
ciency with which the newly created metals are dispersed into the
IGM via SN-driven winds. To bracket the range of possibilities,
we consider the cases of weak and strong chemical feedback,
corresponding to winds experiencing large and small radiative
losses, respectively.4

As can be seen in Figure 1, Population III star formation is
limited to the highest redshifts but in each case extends over a
substantial range in redshift:!z ! 10 for strong chemical feed-
back and !15 for weak feedback. The Population III histories
are rather similar for both early and late reionization. The sup-
pression of gas infall for the early reionization case (with vc P
10 km s"1) would have a much more pronounced effect on halos
that cool via H2 because of their shallower potential wells.

3. GRB REDSHIFT DISTRIBUTION

Next we predict the GRB redshift distribution for flux-limited
surveys, distinguishing between the contributions from Popu-
lation I/II and Population III star formation. In particular, we
focus on the existing Swift satellite, which is capable of making
the most detailed determination of the GRB redshift distribu-
tion to date.

3.1. Population I/II Contribution

Assuming that the formation of GRBs closely follows the
cosmic star formation history with no cosmologically significant
time delay (e.g., Conselice et al. 2005), we write for the number
of all GRB events per comoving volume per time, regardless of
whether they are observed or not,  true

GRB(z) # !GRB $(z), where
 $(z) is the cosmic SFR, as calculated in x 2. The efficiency
factor, !GRB, links the formation of stars to that of GRBs and is
in principle a function of redshift, as well as of the properties of
the underlying stellar population. The stellar initial mass func-
tion (IMF) is predicted to differ fundamentally for Population I/II
and Population III (e.g., Bromm & Larson 2004 and references
therein). The GRB efficiency factor will depend on the fraction
of stars able to formBHs and consequently on the IMF (see x 3.2).
Here we assume that !GRB is constant with redshift for Popula-
tion I/II star formation, whereas Population III stars may be
characterized by a different efficiency.

The number of bursts detected by any given instrument de-
pends on the instrument-specific flux sensitivity threshold and
on the poorly determined isotropic luminosity function (LF) of
GRBs (see, e.g., Schmidt 2001; Sethi & Bhargavi 2001; Norris
2002). In order to ascertain what Swift is expected to find, we
modify the true GRB event rate as follows:

 obs
GRB z% &# !GRB $ z% &

Z 1

Llim z% &
p L% & dL: %1&

Here p(L) is the GRB LF, where L is the intrinsic, isotropic-
equivalent photon luminosity (in units of photons per second).
If flim denotes the sensitivity threshold of a given instrument (in

photons per second per square centimeter), then the minimum
luminosity is

Llim z% & # 4"d 2
L flim 1' z% &#"2; %2&

where dL is the luminosity distance to a source at redshift z and
# the intrinsic high-energy spectral index (Band et al. 1993).
For definiteness, we assume # # 2, which gives a reasonable fit
to the observed burst spectra (see Band et al. 1993 for a detailed
discussion). We here use the same lognormal LF and the same
parameters as described in Bromm & Loeb (2002).
In Bromm & Loeb (2002), we predicted that !25% of all

bursts observed by Swiftwould originate at z ( 5. This estimate
was based on a flux threshold of flim # 0:04 photons s"1 cm"2.
Based on the first few months of actual observations by Swift,
the sensitivity limit has recently been revised upward to flim #
0:2 photons s"1 cm"2, comparable to the older Burst and Tran-
sient Source Experiment (BATSE; e.g., Berger et al. 2005).
Using this revised flux limit, we predict that !10% of all Swift
GRBs will originate at z ( 5.
Over a particular time interval !tobs in the observer frame,

the observed number of GRBs originating between redshifts z
and z' dz is

dN obs
GRB

dz
#  obs

GRB z% & !tobs
1' z% &

dV

dz
; %3&

where dV /dz is the comoving volume element per unit redshift
(see Bromm & Loeb 2002). As a final step, we normalize the
GRB formation efficiency per unit mass in Population I/II stars
to !GRB ’ 2 ; 10"9 GRBs per solar mass. This choice results in
a predicted number of !90 GRBs per year detectable by Swift.
In Figure 2, we show the Swift GRB rate, associated with Popu-
lation I/II star formation. For both early and late reionization, the
observed distribution is expected to peak around z ! 2. This dis-
tribution is broadly consistent with the first GRB redshifts, still
limited in number, measured during the first months of the Swift
mission (Berger et al. 2005). We now turn to the possible con-
tribution to the high-redshift GRB rate from Population III stars.

3.2. Population III Contribution

We begin by assuming that Population III star formation gives
rise to GRBs with the same (constant) efficiency as is empiri-
cally derived for Population I/II stars. As is evident from Fig-
ure 2, only for the case of weak chemical feedback is Swift
expected to detect a few bursts deriving from Population III pro-
genitors over the !5 yr lifetime of the mission. Whether reioni-
zation occurred early or late, on the other hand, has only a small
effect on the predicted rates. It is quite possible, therefore, that
Swift will not detect any Population III GRBs at all. Regardless
of the uncertain contribution from Population III stars, however,
the prediction that !10% of all Swift bursts originate at z ( 5 is
rather robust. This fraction is due to Population I/II progenitors
that are known to produce GRBs, and those should exist at z ( 5.
Adopting the same !GRB for Population III as for Popula-

tion I/II, however, could be significantly in error. To examine
the fundamental difference between the stellar populations, we
need to go beyond the phenomenological approach pursued so
far and discuss the properties of plausible GRB progenitors in
greater physical detail.

3.2.1. Collapsar Engine

Existing evidence implies that long-duration bursts are re-
lated to the death of a massive star, leading to the formation of a

4 The weak and strong feedback cases correspond toK1=3
w # 1

3 and 1 in eq. (4)
of Furlanetto & Loeb (2005).
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the atomic cooling threshold for the first time. In addition, we
require that the collapse takes place in a region of the IGM that
is not yet enriched with heavy elements from previous episodes
of star formation. Here we adopt the formalism developed in
Furlanetto & Loeb (2005), who derived the redshift-dependent
probability that a newly collapsed halo forms out of pristine gas
(see their Fig. 2). This probability crucially depends on the effi-
ciency with which the newly created metals are dispersed into the
IGM via SN-driven winds. To bracket the range of possibilities,
we consider the cases of weak and strong chemical feedback,
corresponding to winds experiencing large and small radiative
losses, respectively.4

As can be seen in Figure 1, Population III star formation is
limited to the highest redshifts but in each case extends over a
substantial range in redshift:!z ! 10 for strong chemical feed-
back and !15 for weak feedback. The Population III histories
are rather similar for both early and late reionization. The sup-
pression of gas infall for the early reionization case (with vc P
10 km s"1) would have a much more pronounced effect on halos
that cool via H2 because of their shallower potential wells.

3. GRB REDSHIFT DISTRIBUTION

Next we predict the GRB redshift distribution for flux-limited
surveys, distinguishing between the contributions from Popu-
lation I/II and Population III star formation. In particular, we
focus on the existing Swift satellite, which is capable of making
the most detailed determination of the GRB redshift distribu-
tion to date.

3.1. Population I/II Contribution

Assuming that the formation of GRBs closely follows the
cosmic star formation history with no cosmologically significant
time delay (e.g., Conselice et al. 2005), we write for the number
of all GRB events per comoving volume per time, regardless of
whether they are observed or not,  true

GRB(z) # !GRB $(z), where
 $(z) is the cosmic SFR, as calculated in x 2. The efficiency
factor, !GRB, links the formation of stars to that of GRBs and is
in principle a function of redshift, as well as of the properties of
the underlying stellar population. The stellar initial mass func-
tion (IMF) is predicted to differ fundamentally for Population I/II
and Population III (e.g., Bromm & Larson 2004 and references
therein). The GRB efficiency factor will depend on the fraction
of stars able to formBHs and consequently on the IMF (see x 3.2).
Here we assume that !GRB is constant with redshift for Popula-
tion I/II star formation, whereas Population III stars may be
characterized by a different efficiency.

The number of bursts detected by any given instrument de-
pends on the instrument-specific flux sensitivity threshold and
on the poorly determined isotropic luminosity function (LF) of
GRBs (see, e.g., Schmidt 2001; Sethi & Bhargavi 2001; Norris
2002). In order to ascertain what Swift is expected to find, we
modify the true GRB event rate as follows:

 obs
GRB z% &# !GRB $ z% &

Z 1

Llim z% &
p L% & dL: %1&

Here p(L) is the GRB LF, where L is the intrinsic, isotropic-
equivalent photon luminosity (in units of photons per second).
If flim denotes the sensitivity threshold of a given instrument (in

photons per second per square centimeter), then the minimum
luminosity is

Llim z% & # 4"d 2
L flim 1' z% &#"2; %2&

where dL is the luminosity distance to a source at redshift z and
# the intrinsic high-energy spectral index (Band et al. 1993).
For definiteness, we assume # # 2, which gives a reasonable fit
to the observed burst spectra (see Band et al. 1993 for a detailed
discussion). We here use the same lognormal LF and the same
parameters as described in Bromm & Loeb (2002).
In Bromm & Loeb (2002), we predicted that !25% of all

bursts observed by Swiftwould originate at z ( 5. This estimate
was based on a flux threshold of flim # 0:04 photons s"1 cm"2.
Based on the first few months of actual observations by Swift,
the sensitivity limit has recently been revised upward to flim #
0:2 photons s"1 cm"2, comparable to the older Burst and Tran-
sient Source Experiment (BATSE; e.g., Berger et al. 2005).
Using this revised flux limit, we predict that !10% of all Swift
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the observed number of GRBs originating between redshifts z
and z' dz is

dN obs
GRB

dz
#  obs

GRB z% & !tobs
1' z% &

dV
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where dV /dz is the comoving volume element per unit redshift
(see Bromm & Loeb 2002). As a final step, we normalize the
GRB formation efficiency per unit mass in Population I/II stars
to !GRB ’ 2 ; 10"9 GRBs per solar mass. This choice results in
a predicted number of !90 GRBs per year detectable by Swift.
In Figure 2, we show the Swift GRB rate, associated with Popu-
lation I/II star formation. For both early and late reionization, the
observed distribution is expected to peak around z ! 2. This dis-
tribution is broadly consistent with the first GRB redshifts, still
limited in number, measured during the first months of the Swift
mission (Berger et al. 2005). We now turn to the possible con-
tribution to the high-redshift GRB rate from Population III stars.

3.2. Population III Contribution

We begin by assuming that Population III star formation gives
rise to GRBs with the same (constant) efficiency as is empiri-
cally derived for Population I/II stars. As is evident from Fig-
ure 2, only for the case of weak chemical feedback is Swift
expected to detect a few bursts deriving from Population III pro-
genitors over the !5 yr lifetime of the mission. Whether reioni-
zation occurred early or late, on the other hand, has only a small
effect on the predicted rates. It is quite possible, therefore, that
Swift will not detect any Population III GRBs at all. Regardless
of the uncertain contribution from Population III stars, however,
the prediction that !10% of all Swift bursts originate at z ( 5 is
rather robust. This fraction is due to Population I/II progenitors
that are known to produce GRBs, and those should exist at z ( 5.
Adopting the same !GRB for Population III as for Popula-

tion I/II, however, could be significantly in error. To examine
the fundamental difference between the stellar populations, we
need to go beyond the phenomenological approach pursued so
far and discuss the properties of plausible GRB progenitors in
greater physical detail.

3.2.1. Collapsar Engine

Existing evidence implies that long-duration bursts are re-
lated to the death of a massive star, leading to the formation of a

4 The weak and strong feedback cases correspond toK1=3
w # 1

3 and 1 in eq. (4)
of Furlanetto & Loeb (2005).
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GRB LF!
GRB formation efficiency!
(~10-9 bursts per solar mass)!



                       GRB Redshift Distribution  !

•  ~10% of Swift bursts from z>5!
•  Expect of order 0.1 Pop III bursts per year!

Swift GRB rate vs. z!

(Bromm & Loeb 2006)!

See also:!
 - Daigne et al. 2006!
 - Langer & Norman 2006!
 - de Souza et al. 2011!
 - Campisi et al. 2011!
 - Ishida et al. 2011!
 - Elliott et al. 2012  !



    Q: Pop III circumburst environment?  !



               Primordial HII Regions!
   (Alvarez, Bromm, & Shapiro 2006, ApJ, 639, 621)!

13.6 kpc!
 (proper)!

z = 20! Mvir=106MO!

300 pc!

I-front (D-type)!



                       Pop III circumburst density  !

•  In minihalos (Pop III.1): n < 1 cm-3!

•  In atomic cooling halos (Pop III.2): n > 10 cm-3!

n vs. radius!
(Wang et al. 2012, to be submitted)!

3

a ! ! r!2 density profile, which describes the typical sit-
uation in minihalos outside a nearly flat inner core, one
can reformulate the spherically symmetric continuity and
Euler equations for isothermal gas as follows:

[(v " x)2 " 1]
1

"

d"

dx
=

!

" "
2

x
(x " v)

"

(x " v), (1)

[(v " x)2 " 1]
dv

dx
=

!

(x " v)" "
2

x

"

(x " v), (2)

where x = r/cst is the similarity variable, and !(r, t) =
"(x)/4#Gt2 = mHn(r)/X and u(r, t) = csv(x) introduce
the reduced density and velocity, respectively. cs is the
sound speed of the ionized gas and X = 0.75 the hydro-
gen mass fraction. The density globally decreases with
the time, t, after the ionizing source has turned on. To
derive the immediate pre-explosion value, we will there-
fore set t = t" # 3 $ 106 yr, the typical lifetime of a
massive Pop III star.

Di!erent solutions are obtained depending on the ratio
$ % (cs,i/cs)2, where cs,i and cs are the initial and ionized
isothermal sound speeds. We take T = 3 $ 104 K and
Ti = Tvir, where the virial temperature is defined as

Tvir #
GMvirmH

2RvirkB
# 104 K

#

M

108M#

$2/3 #

1 + z

10

$

.

(3)
The intuition behind the latter identification is that
c2
s,i # kBTvir/mH # v2

vir, the specific gravitational po-
tential energy of the gas inside a halo, is a measure of
how strongly the fluid is bottled up, before a champagne
flow can occur. Using table 1 in Shu et al. (2002), we can
obtain the density profiles at di!erent redshifts as follow.
First, the value of $ can be calculated at the given red-
shift. We then derive the corresponding reduced central
density, "0, via interpolation. For the given "0 we can
numerically solve equations (1) and (2) subject to the
inner boundary conditions:

" = "0 and v = 0, at x = 0. (4)

To avoid the singularity near x = 0, Shu et al. (2002)
provide the series expansion

" = "0 +
"0

6

#

2

3
" "0

$

x2 + . . . , (5)

v =
2

3
x +

1

45

#

2

3
" "0

$

x3 + . . . . (6)

Once the Pop III star has turned on at t = 0, the photo-
heating commences, putting in place a pressurized inner
bubble which leads to an outward-flowing shock at xsh.
The shock obeys the usual isothermal jump conditions,
written in terms of the reduced variables as

(vu " xsh)(vd " xsh) = 1,
"d

"u
= (vu " xsh)2, (7)

where the subscript u(d) indicates the value of the re-
duced velocity and density upstream (downstream) of
the shock.

In Figure 1, we show the resulting density profiles
at the end of the Pop III progenitor’s life, and there-
fore at the completion of the photoionization-heating as

Fig. 1.— Minihalo circumburst environment. Shown is the hy-
drogen number density vs. distance from the central Pop III star
at the moment of its death, 3 Myr after it was born. The density
profiles are given by the Shu solution for di!erent redshifts, as la-
belled. Typical circumburst densities are ! 1 cm!3, with smaller
values at lower redshifts. The redshift trend reflects the shallower
minihalo potential wells at later times.

well. As can be seen, the circumstellar densities have
dropped significantly from the high values, ! 104 cm!3,
present prior to Pop III star formation, and are nearly
uniform at small radii. Such a flat density profile is
markedly di!erent from that created by stellar winds.
The post-photoheating density evolves with redshift, ap-
proximately according to npi ! (1 + z), normalized such
that n # 1 cm!3 at z # 20. This law di!ers from earlier
estimates of the Pop III circumburst evolution, where,
e.g., no z-dependence was assumed, or a scaling with the
density of the background universe, npi ! (1 + z)3 (e.g.,
Gou et al. 2004).

This relation can be understood as follows. Prior to the
onset of protostellar collapse, the density profile in the
minihalo can be described by the Lane-Emden equation
for an isothermal sphere

1

r2

d

dr
(r2 d%

dr
) = 4#G!0e

! !
a2 , (8)

where !0 is the density at which the gravitational po-
tential % is set to zero. A simple analytical solution
to this equation is the well-known profile of a singu-
lar isothermal sphere (SIS): !SIS = a2/(2#Gr2), where
a2 # kBTvir/mH. This law approximately describes the
profile found in realistic simulations of first star forma-
tion (e.g., Yoshida et al. 2003), outside an inner core
of radius rJ & 1 pc, the Jeans mass of the primordial
gas (Bromm et al. 2002). The baryonic mass inside the
shock radius, rsh = cst" # 100pc, is about

Mi =

% rsh

rJ

4#r2!SIS(z, r)dr . (9)

At the end of photoionization-heating, the mass in the
flat inner core is about

Mf =
4#

3
r3
sh!pi =

4#

3
r3
shnpimHX. (10)

4

Fig. 2.— Atomic-cooling-halo circumburst environment. The
density profiles are again calculated from the Shu solution, evalu-
ated at t = 3 ! 106 yr after source turn-on. The collapse redshift
is here indirectly given by the virial temparature, as labelled. We
show the case of photoheating from only a single Pop III star (solid
lines), and that from a stellar cluster (dotted lines). The result-
ing densities again exhibit a nearly uniform inner core, but overall
values are much higher than in the minihalo case (see Fig. 1).

If we neglect any outflows at large radii, we have approx-
imate mass conservation, such that Mi ! Mf , resulting
in npi " Tvir " (1 + z), as before.

Our post-photoheating densities are consistent with
simulation results (Kitayama et al. 2004; Alvarez et
al. 2006; Abel et al. 2007; Greif et al. 2009, 2010).
We also agree with Whalen et al. (2004), if we take
into account that their halo had a somewhat lower mass,
Mvir ! 5 # 105M!. Empirical support is provided
in Chandra et al. (2010) who found that the circum-
burst density of GRB 090423 at z = 8.2 was about
n $ 0.9 cm"3 by fitting the radio, X-ray and infrared
afterglow.

2.2. Atomic cooling halo case

Star formation and radiative feedback inside atomic
cooling halos is significantly less well-understood than
the minihalo case (e.g., Johnson et al. 2009; Safranek-
Shrader et al. 2010), and there are no comparable high-
resolution simulations yet. What is the character of
star formation, in terms of IMF and stellar multiplicity
(Clark et al. 2011a)? Given current uncertainty, we here
again use the formalism of the Shu solution as developed
above. We further assume for simplicity that either a
single Pop III star forms, or a small stellar cluster, with
properties that would again heat the surrounding H II

region to T ! 3 # 104 K. We stress that the numbers
derived here only provide us with rough guesses at best,
and the hope is that simulations will eventually become
available to firm them up.

If a cluster of Pop III stars forms, the time where pho-
toheating stops will be prolonged. We thus need to eval-
uate !(r, t) = "(x)/4#Gt2 at t = tcluster ! t#+tSF, where
tSF is the timescale over which star formation is ongoing,
and t# again is the lifetime of a single Pop III star. We
can estimate tSF $ t#, because disruptive feedback ef-
fects will tend to terminate star formation when the first

(a)

(b)

Fig. 3.— Possible explosion sites for Pop III bursts. Shown are
the hydrogen number density and metallicity contours during the
assembly of a first galaxy, averaged along the line of sight within the
central " 100 kpc (comoving), at two di!erent redshifts. Panel (a):
z " 25, briefly after the first Pop III SN exploded. At this time,
most of the metals reside in the IGM. Panel (b): z " 16.4, closer to
the virialization of the atomic cooling halo. Now, metals are being
re-assembled into the growing potential well of the first galaxy.
The topology of metal enrichment is highly inhomogeneous, with
pockets of highly enriched material embedded in regions with a
largely primordial composition. These plots are derived from the
simulation described in Greif et al. (2010).

member stars die. The resulting densities at the end of
photoheating are shown in Figure 2. Similar to the mini-
halo case, densities are nearly constant at small radii, but
overall values are much higher. The reason is that here
the potential wells are deeper, so that photoheated gas
can more easily be retained. Typical circumburst den-
sities are npi $ 100 cm"3. Because such large densities
would correspond to high afterglow fluxes, Pop III GRBs
originating in atomic cooling halos may be extremely
bright, rendering them visible out to very high redshifts.
For some of the most distant bursts known, such large cir-
cumburst densities have indeed been inferred. E.g., Gou
et al. (2007) have argued that fitting the GRB 050904
afterglow at z = 6.3 requires a circumburst density of
a few 100 cm"3. Similar values have been suggested for
GRB 080913 at z = 6.7 (Greiner et al. 2009; Zhang et
al. 2009).

3. MODELING PRE-GALACTIC ENRICHMENT

In order to predict afterglow spectra from Pop III
GRBs, we consider explosions that are embedded in
a realistic cosmological setting. Specifically, we use
the first galaxy simulation carried out by Greif et al.
(2010), where the assembly of an atomic cooling halo
was tracked, resolving all prior Pop III star formation
in the progenitor minihalos, together with the radiative
feedback from H II regions around those stars. In addi-

n vs. radius!

Minihalo case! First-galaxy case!

~!



                       Pop III GRB Afterglow  !

•  Assume standard shocked synchrotron theory!
•  Pop III bursts very bright, but no unique features!

Fobs (M-Band) vs. tobs!

(Wang et al. 2012, to be submitted;!
                       see also: Gou et al. 2004, Inoue et al. 2007)!

λpeak vs. z!
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Here and in the following expressions for !a, we take
p = 2.5. For !a,2 < !c,2 < !m,2

!a,2 = 6.3!1011(1+z)!1"6/5
B,!1E
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0,12
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(17)
After the RRS crosses the shell (t > t") (t" "

(1 + z)!0/2c = 16.7(1 + z)!0,12 is the reverse shock
crossing time), there will no radiation if !c,3 < !m,3 be-
cause all the previously shocked electrons have cooled
and no newly shocked electrons are in the shell when
t > t". Another frequency !cut should be introduced
here (Kobayashi 2000) to substitute !c for no fresh elec-
trons. The break frequencies and peak flux are

!m,3 = !m,3(t")

!

t

t"

"!3/2

, (18)

!cut = !c,3(t")

!

t

t"

"!3/2

, (19)

F!,max,3 = F!,max,3(t")

!

t

t"

"!1

. (20)

For forward shock, the break frequencies and peak flux
are

!m,2 = !m,2(t")

!

t

t"

"!3/2

, (21)

!c,2 = !c,2(t")

!

t

t"

"!1/2

, (22)

F!,max,2 = F!,max,2(t")

!

t

t"

"0

. (23)

In the fast cooling case ($m > $c),the flux can be cal-
culated from

F! = F!,max
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In the slow cooling case ($m < $c), the flux is

F! = F!,max
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We plot the spectrum at the crossing time for the re-
verse shock and forward shock, respectively, in Figure ??

and Figure ??. The redshift is z = 10 for Figure ?? and
z = 20 for Figure ??. We consider four density profiles:
1cm!3, 10cm!3, 100cm!3 and 1000cm!3 because of two
halo cooling cases. The spectrum is a typical synchrotron

Fig. 5.— Flux density at ! = 6.3!1013Hz(M band) as a function
of observed time. The dashed, dash-dotted and solid lines represent
emission from forward shock, reverse shock and forward+reverse
shock. The parameters are " = 300, E0 = 1053erg, !0 = 1.0 !

1012cm, #e = 0.3, #B = 0.1, z = 10. In minihalo case, the density
is n = 0.5cm!3 at z = 10 from Figure 1.

spectrum for the electron energy distribution with index
of p = 2.5.

In order to calculate the afterglow emission, we should
derive the evolution of $2, $3, $̄3, e2, n2, n3. Combining
equations (A1), (A2) and (A3), we can obtain solutions
of $2, $3, $̄3, e2, n2, n3 numerically using the assumption
of equalities between the Lorentz factors and pressures
beside the surface of the contact discontinuity. Before
the reverse shock crosses the shell, $3 should be solved
from the following equation without approximation,

($3 # 1)(4$3 + 3)=

'

$3$4

(

1 #

)

1 #
1

$2
3

)

1

!

'

4$3$4

(

1 #

)

1 #
1

$2
3

)

1 #
1

$2
4

*

+ 3

+

,

where $3 and $4 are the Lorentz factor of shocked shell
material and unshocked shell material (more details see
Appendix A).The other variables can be derived directly
(Zou et al. 2005).

We take the parameters $ = 300, E0 = 1.0 !
1053 erg, !0 = 1.0 ! 1012 cm, "e = 0.3, "B = 0.1 and
z = 10. The density is calculated from the Shu solution.
We plot the light curve at ! = 6.3 ! 1013Hz(M band) in
Figure 5. The emission is mainly from reverse shock at
first few hours and after from the forward shock.

4.2. Observational Signature

4.2.1. Continuum fluxes

We here briefly summarize the key aspects of after-
glows triggered by Pop III stars. Figure 6 shows the
observed flux at ! = 1.36 ! 1014Hz for Pop III GRBs
with circumburst density n = n0(1 + z) as a function
of redshift. Figure ?? shows the same as Figure 6 but
at ! = 6.3 ! 1013Hz. For each Figure, lines with filled
dots, black triangles and open dots correspond to an ob-
served time of 6 minutes, 1 hour and 1 day respectively.
The straight lines show the sensitivities for Near-Infrared
Spectrograph (NIRSpec) on JWST K and M bands are
estimated for a resolution R = 1000, S/N = 10 and

7

Fig. 6.— The observed flux at ! = 1.36 ! 1014Hz (K band)
as a function of redshift. Solid, dashed and dotted lines indicate
emission at di!erent observer times t = 1day, 1 hour and 6 minutes.
The straight line shows the sensitivity of NIRSpec on JWST in K
band. The cut-o! is due to Ly" absorption. The parameters are
the same as Fig 8.

Fig. 7.— The same as Fig. 6, but at ! = 5GHz.

integration time of 1 hour (Gou et al. 2004). The ob-
served frequencies above the Ly! resonance frequency,
"a(z) = 2.47 ! 1015/(1 + z)Hz, the flux observed from
a high-redshift GRB will be totally absorbed by the in-
tervening intergalactic medium. In K and M bands, the
JWST is able to detect GRBs out to z " 16 and 36 even
after 1 day. The Figure 6 and ?? show that at these fre-
quencies the afterglow flux is only weakly dependent on
redshift. The first reason is that cosmic time dilation
implies that the higher the GRB redshift is the earlier
the emission time is and the brighter the intrinsic after-
glow luminosity is (Ciardi & Loeb 2000; Bromm & Loeb
2007). Second, the circumburst density increases with
redshift.

Figure 7 shows the flux at the observed frequency " = 5
GHz at the observed times t = 6 minutes, 1 hour and 1
day as a function of redshift. The straight line shows the
5# sensitivity of Very Large Array (VLA). We can see
that the radio afterglows can be detected up to z " 40
even by the current VLA. We use the sensitivity (Ioka &

Fig. 8.— The observed maximum flux density as a function of
redshift at di!erent times, t = 1day, 1 hour and 6 minutes from
bottom to top.

Fig. 9.— The observed maximum wavelength as a function of
redshift at di!erent times, t = 1day, 1 hour and 6 minutes from
top to bottom.

Mészáros 2005)

F sen
! =

S/N · 2kTsys

Ae!
#

2tint!"

"23µJy

!

S/N

5

" !

2 ! 106

Ae!/Tsys

" !

1day

tint

"1/2 !

50MHz

!"

"1/2

,(25)

where S/N is the signal-to-noise ratio, the integration
time tint = 1day, the bandwidth !" = 50MHz and
Ae!/Tsys " 2 ! 106cm2K!1.

4.2.2. Peak fluxes and wavelengths

According to the hierarchical model of cosmic struc-
ture formation, the characteristic halo mass varies as a
function of redshift. So the observed peak flux and peak
wavelength of Pop III GRBs are also a function of red-
shift. Clarker & Bromm (2003) calculated the charac-
teristic halo mass by considering the typical gas pres-
sure and temperature in protogalaxies as they collapse
and virialize (Clarker & Bromm 2003). We use the over-
density 2# case of Figure 4 in their paper, which shows
the cold dark matter haloes masses as a function of red-
shift. In the 2# case, the halo mass is less than 105M"
at redshift z > 15. When the halo mass is less than
105M", no stars can form. For 3# or 4# case, haloes

1h! 1day!

FS! RS!

NIR!

 mm!



    Q: How to probe early IGM?  !



           Probing the History of Reionization  !



           Probing the History of Reionization  !

•  Problem: Intrinsic (DLA) absorption may dominate!

- Use absorption in red damping wing of Lyα!
                                       (Barkana & Loeb 2004)!

- GRB 050904 (z=6.3): Totani et al. 2006!



Pre-galactic Metal Enrichment!
           (Greif et al. 2010, ApJ, 716, 510)!

100 kpc!

Gas density! Temperature! Metallicity!

15 Myr!

300 Myr!

The First Galaxies 5

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.



First Star Formation is highly clustered!!
               (Johnson, Greif, & Bromm 2007, ApJ, 665, 85)!



           Probing Pre-galactic Metal Enrichment  !
(Wang et al. 2012, to be submitted)! 9

relative to the resonant wavelength in Doppler units, and
the particle velocity in units of the Doppler parameter,
respectively.

The particular form of the absorption coe!cient (29)
induces a characteristic absorption feature known as
Voigt profile. Hence, the Voigt profile, naturally arise
in the process of absorption-line formation, when one as-
sumes that the physical state of the absorbing medium
is uniquely defined by its density and kinetic tempera-
ture. Generally speaking, it is the physical conditions
what determines the shape of the absorbing features, the
line profiles. Conversely, it is true that line profiles give
information about the physical state of the absorbing
medium.

We can calculate the optical depth of the Ly! from:
"Ly!(#obs) = NHI $![%obs(1+zDLA)], where %obs = c/#obs
is the observed frequency and zLy! is the redshift of the
Ly! system. The damping wing shape is much wider
than the Doppler broadening by a reasonable velocity
dispersion, and hence we ignore it. We use the exact for-
mula of the Ly! absorption cross section for a restframe
frequency %:

$!(%) =
3#2

!f!"cl,!

8&

"!(%/%!)4

4&2(% ! %!)2 + "2
!(%/%!)6/4

,(32)

where f! = 0.4162 and "! = 3(gu/gl)!1f!"cl,! are
the absorption oscillator strength and the damping con-
stant of the Ly! resonance (Peebles 1993), respectively,
and gu and gl (gu/gl = 3 for Ly!) are the statisti-
cal weights for the upper and lower levels, respectively
(Cox 2000). Here, the classical damping constant is
"cl,! = (8&2e2)/(3mec#2

!) = 1.503 " 109 s!1, where e
and me are the electron charge and mass, respectively.

5.2. Observational Signature

The metal polluted regions are distributed along the
line of sight. So we must estimate the metal absorp-
tion lines distribution on the GRB spectrum. The Hub-
ble function is H(t) # 2.5 " 1010(1 + z)!3/2yr. So
dt/dz = 3.75" 1010(1+ z)!5/2yr. The light travel across
the cosmological box in #t = L/c = 3.3"106(1+z)!1yr.
So the redshift di$erence is about #z = #t/(3.75 "
1010(1 + z)!5/2)yr# 0.007. The redshifted wavelength is
#f = 1+zi

1+zf
#i, where zi = 16.37 and zf = 16.37! 0.007 =

16.293. For O I line, #f is 1302.72Å with #i = 1302.2Å.
We extract the optical depths along random lines of

sight for 10 ions, along with density, temperature and
metallicity for each atomic species. We randomly select
100 LOSs through our simulation volume. In Figure 10,
we show two LOSs for example. Along the LOS I, metal
column density is the largest, the hydrogen density is
largest for LOS II. Figures ?? and ?? show the signatures
of the metal absorption lines, spectrum and Ly! absorp-
tion in the VMS IMF case at the reverse shock crossing
time along LOS II. The spectrum of GRB afterglow is
ideal broken power law. The observed equivalent widths
are also presented. The observed equivalent width (EW)
can be calculated from

EW = (1 + z)

!

[1 ! e!"(#)]d#. (33)

The observed EWs are about a few ten Å. The NIR-

Fig. 10.— The late time metallicity contours within the central
! 70 kpc (comoving) at z = 16.37. The point of intersection of the
two lines is the explosion site of GRB. Two lines show the line of
sight(LOS) we choose to generate metal absorption lines. In the
path of Line I, the column density of metals has largest value.

Spec instrument on JWST has the spectral resolution
up to R $ #/## = 1000. The NIRCam instrument on
JWST has sensitivity about 2nJY at 2µm. The metal
lines fluxes are larger than this sensitivity. So the metal
absorption lines should be observed using JWST. Figures
?? and ?? show the signatures of the metal absorption
lines, spectrum and Ly! absorption in the Scola IMF
case at the reverse shock crossing time along LOS II. Be-
cause the metal yields in Scola IMF case are less than
these in VMS IMF case. The observed EWs of metal
absorption lines are about a few Å. The NIRSpec on
JWST can detect O I, C II and C IV lines. The NIRCam
can detect all metal lines through flux density. Figures
11 and 12 show the signatures of the metal absorption
lines, spectrum and Ly! absorption in the VMS IMF case
at the reverse shock crossing time along LOS I. All the
metal absorption lines can be observed using NIRSpec
and NIRCam.

Figures 13 and 14 show the signatures of the metal
absorption lines, spectrum and Ly! absorption in the
Scola IMF case at the reverse shock crossing time along
LOS I. Similar as along LOS II in the Scola IMF case,
The NIRSpec on JWST can detect O I, C II and C IV

lines. The NIRCam can detect all metal lines through
flux density.

Figures 15 and 16 show the signatures of the metal
absorption lines, spectrum and Ly! absorption in the
VMS IMF case at tobs = 1day along LOS I. The EWs are
same as these at the reverse shock crossing time. These
metal lines can be detected using JWST.

¿From these figures, we can see that the fluxes of metal
absorption lines are very di$erent. If the Pop III progen-
itor dies as pair-instability supernovae (PISN), the metal
yields are large. If the Pop III progenitor dies as Type
II supernovae, the metal yields are very small. So the
fluxes of metal absorption lines in the PISN case are more
smaller than these in the Type II supernovae case. After
the launch of JWST, the metal absorption lines in the
GRB spectrum will be observed. We can infer the metal
yields from the metal absorption lines. The high-redshift

GRB!



           Probing Pre-galactic Metal Enrichment  !
(Wang et al. 2012, to be submitted)!
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Fig. 11.— The GRB spectrum with the metal absorption lines at
the reverse shock crossing time (t! = 16.7!(1+16.37)s) along the
line of sight I in Fig 10. We use the metal yields in the very massive
star (VMS) initial mass function(IMF). The observed equivalent
width (EW) is also shown in the figure.

Fig. 12.— The same as Fig 11, but displays other metal absorp-
tion lines (Si II, Si IV, O I).

metal enrichment can be understood from Pop III GRBs
observation. We also calculate the optical depth ra-
tio of ions along di!erent LOSs. We list the ranges of
flux ratio along di!erent LOSs in Table 2. Using these
predicated values, we can compare our model with future
observations. At the reverse shock crossing time, the flux
ratios of O I/X (X donates other ions in Table 1.) in the
Type II supernovae case range from 0.4 to 0.9. But in
the PISN case, the flux ratios is small, typical from 0.01
to 0.1. At the observed time about 1 day, the flux ratios
are very similar in the two cases. The ratios are from
0.01 to 0.1. At the very early observed time, we can dis-
tinguish Pop III progenitor between Type II supernova
and a PISN.

In Figure 17, we show the cumulative distribution of
the equivalent widths of 100 random selected metal lines
at redshift 16.37. We see that high-ionization states ac-
tually provide a slightly stronger signal than the low-
ionization states, this may be caused by larger oscillator
strength. We estimate that ! 20 O I !1302 lines with
equivalent width EW > 5Å should be visible at redshift

Fig. 13.— The GRB spectrum with the metal absorption lines
at the reverse shock crossing time (t! = 16.7! (1 + 16.37)s) along
the line of sight I in Fig 10. We use the metal yields in the Scalo
initial mass function(IMF). The observed equivalent width (EW)
is also shown in the figure.

Fig. 14.— The same as Fig 13, but displays other metal absorp-
tion lines (Si II, Si IV, O I).

Fig. 15.— The GRB spectrum with the metal absorption lines
at tobs = 1day along the line of sight I in Fig 10. We use the metal
yields in the VMS initial mass function(IMF).
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tio of ions along di!erent LOSs. We list the ranges of
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predicated values, we can compare our model with future
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to 0.1. At the observed time about 1 day, the flux ratios
are very similar in the two cases. The ratios are from
0.01 to 0.1. At the very early observed time, we can dis-
tinguish Pop III progenitor between Type II supernova
and a PISN.

In Figure 17, we show the cumulative distribution of
the equivalent widths of 100 random selected metal lines
at redshift 16.37. We see that high-ionization states ac-
tually provide a slightly stronger signal than the low-
ionization states, this may be caused by larger oscillator
strength. We estimate that ! 20 O I !1302 lines with
equivalent width EW > 5Å should be visible at redshift

Fig. 13.— The GRB spectrum with the metal absorption lines
at the reverse shock crossing time (t! = 16.7! (1 + 16.37)s) along
the line of sight I in Fig 10. We use the metal yields in the Scalo
initial mass function(IMF). The observed equivalent width (EW)
is also shown in the figure.

Fig. 14.— The same as Fig 13, but displays other metal absorp-
tion lines (Si II, Si IV, O I).

Fig. 15.— The GRB spectrum with the metal absorption lines
at tobs = 1day along the line of sight I in Fig 10. We use the metal
yields in the VMS initial mass function(IMF).

PISN (VMS) case! Core-collapse case!

•  Even Pop III spectra likely show strong metal lines!
•  Can distinguish between different Pop III SNe!



 The JANUS Mission (Lobster, SVOM, Origin)!

•  GRB locator!
!
•  On-board NIR telescope!
  (+low-res spectroscopy)!

   Hunting down high-z GRBs!



Perspectives:!

• GRB cosmology holds tremendous!
  promise!
!
• Ideal signposts of the first stars and galaxies!
!
• Ideal probes of early IGM!
!
•  Swift successor mission vitally important!
!


