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ABSTRACT

In this article, we explore the possibility of using the pediies of gamma ray bursts (GRBS)
to probe the physical conditions in the epochs prior to rieition. The redshift distribution of
GRBs is modelled using the Press-Schechter formalism withsgsumption that they follow
the cosmic star formation history. We reproduce the obskstar formation rate obtained
from galaxies in the redshift rangle< z < 5, as well as the redshift distribution of the GRBs
inferred from the luminosity-variability correlation dfi¢ burst light curve. We show that the
fraction of GRBs at high redshifts, whose afterglows carreobbserved in R and | band due
to HI Gunn Peterson optical depth can, at the most, accoumniothird of the dark GRBs.
The observed redshift distribution of GRBs, with much lesatter than the one available
today, can put stringent constraints on the epoch of redioiz and the nature of gas cooling

in the epochs prior to reionization.
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1 INTRODUCTION

The usefulness of gamma ray bursts (GRBSs) to probe the éwolut
of the universe is realized ever since the redshift measemesrof
GRBs became possible (Kulkarni et al. 1998). A direct cotinac
between the GRBs and star formation rate (SFR) in the hoakgal
is expected in the two popular models for GRB progenitors-(co
lapsar and binary coalescence). There are also growingwabse
tional indications for the association of supernova-likenponents
in several afterglows| (Galama et al. 1999; Bloom et al. 19§9)
indeed the rate of formation of GRBs is related to the SFR sf ho
galaxy, they can be used as an effective probe of the staatayrm
history of the universq (Lamb & Reichart 2000; Porciani & Mad
2001;|Ciardi & Loeb 20d0| Blain & Natarajan 2000; Bromm &
Loeb 2002). Thus the redshift distribution of GRBs can camnpl
ment the studies based on Lyman break galaxies in undenstand
the cosmic star formation history. At present only few tehGBBs
have redshift measurement and the list is, by no meansstatatiy
complete. Recently it has been suggested that the redsshifbd-
tion of the GRBs can be probed using the global correlatiah th
seems to exist between different observables of the afigrdihe
redshift distribution of GRBs, albeit with large scatteainde ob-
tained using the correlation between GRB luminosity andhbér

ity (Fenimore & Ramirez-Ruiz 20p0; Reichart et al. 2001;\lde
Ronning, Fryer, & Ramirez-Ruiz 2002).

The formation of galaxies and cosmic star formation higtri
have been studied extensively through analytical calicuatand
numerical simulations (see, for examgle, Rees & Ostrikéi {),
White & Rees (1978), Katz, Weinberg, & Hernquist (1996), Gine
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& Ostriker (1997),[Chiu & Ostriker (2000)). These studiewvda
been extended to investigate the cosmological implicatiafithe
GRBs. In this work, we take a simple model of the cosmic star
formation history, based on Press-Schechter theory o&jsilhg
haloes (in this work, the term ‘halo’ is used for referringhe dark
matter halo) and elementary ideas on cooling and galaxyétom.
The SFR density at low redshift in the model is constrainethisy
rest-UV luminosity observations of galaxieE (Treyer etJa]Q%;
Cowie, Songaila, & Barger 19p9; Steidel et al. 1999; Sontietvi
Primack, & Faber 2001). However, at high redshifts (say 6)
the nature of reionization (viz. the epoch of reionizatiod aature
of baryonic cooling in haloes) strongly influence the stanfa-
tion history. The main aim of this article is to use obseredshift
distribution of GRBs to probe the physical processes in ttee p
reionization epoch. Indeed, one cannot probe this epodctr
in the optical wave band due to high Gunn-Peterson optigathde
even if the intergalactic medium (IGM) is not completely tral

2 ANALYTICAL FORMALISM AND MODEL
PARAMETERS

We use the Press-Schechter (PS) formalism to obtain the co-
moving number density of collapsed objects having mass én th
range(M, M + dM), which are formed at the redshift interval
(#¢, 2e + dzc) and observed at redshift(Easaki 19§4; Chiu &
Ostriker 2000)

- e \? D(ze)
N(M,z,z.)dMdze = Na(ze) (D(z)U(M)) D(zc)
D(zc) dz.

D(z) Hz)(1 + z)


http://arxiv.org/abs/astro-ph/0205446v2

2 Choudhury & Sianand

where the overdot represents derivative with respect te.tifine
parametetVy (z.)d M is the number of collapsed objects per unit
comoving volume within a mass rang&/, M 4+ dM) at redshift

crease of the SFR comes from the assumption that it is piopaft
to the mass of the cold gas (= total baryonic maasus the mass
already gone into stars) inside the halo (Schmidt’s law). W&

2¢, known as the PS mass functidn (Press & Schechtef 1974), anddata obtained from rest-UV luminosities of galaxies, cdetpand

d. is the critical overdensity for collapse, usually taken ¢odgjual

to 1.69 for a matter dominated flat unive($e,, = 1). This param-
eter is quite insensitive to cosmology and hence the sare zain

be used for all cosmological models (Eke, Cole, & Frenk [1996)
The other parameters arB:(z) is the Hubble parametef)(z) is
the growth factor for linear perturbations am@\/) is the rms mass
fluctuation at a mass scald.

At early epochs, (i.e., redshifts larger than the reiomiwated-
shift, z > z.), the lower mass cutoff for the haloes which can
host star formation will be decided by the cooling efficienfyhe
baryons. Indeed, the absence of heavier elements and loseer f
zout molecular fraction of hydrogerfi, ~ 1075) in the primor-
dial gas favours pure atomic cooling of the gas. This procass
only make the gas cool upto 4. However, if one can some-
how increase Kl (and probably HD) content of the gas, the final

temperature can be reduced which can lead to the formation of

cold gas condensations within the low mass haloes (Tegnalk e
1997). Density enhancement during the collapse of the balas
increase the molecular fraction upt6~— in central parts of the

corrected for extinction by Somerville, Primack, & Fabe®@3),

to normalizessr. Physically, this quantity depends on the metallic-
ity of the gas and the effect of feedback due to outflows andlloc
radiation field. For simplicity, we assume this to be indejsam of
redshift for most of this article. Now we can write the cosi8ER
per unit comoving volume at a redshift

pse(z) = / dz. / dM' Msp(M', z, z.) x N(M', z, z.).(3)
Jz JM
The lower mass cutofi/ at a given epoch is decided by the Jeans
criteria as explained above.
Assuming the formation GRBs is closely related to the for-
mation of stars, we get the birthrate of GRBs at redshjger unit
comoving volume as

d(2) = fpsr(z) 4)

wheref is a efficiency factor which links the formation of stars to
that of GRBs. It is the number of GRBs per unit mass of forming
stars, hence it depends on the fraction of mass containdudgh (

haloes [Haiman, Abel, & Rees 2000). However, the Lyman and Mass) stars which are potential progenitors of the GRBs i

easily destroy these Hmnolecules| Haiman, Abel, & Rees (2000)
have shown that the haloes smaller tffap = 10** K cannot cool

mass function (IMF).
Given the formation rate, it is straightforward to obtaia thte

even in the absence of any Lyman and Werner band flux. In what ©f GRB events per unit redshift range expected over the wélgje

follows we consider models with,;, = 300, 10*> and10* K sepa-
rately, which essentially covers the whole range of poktés.

After the universe has been reionized € z..), the lower
mass cutoff for the haloes which are able to host star foonas
set by the photoionization temperatutg ¢ 10* K). It is known
from simulations that the photoionizing background suppes
galaxy formation within haloes with circular velocitiestethan 35
km s, while the mass of cooled baryons is reduced by 50% for
haloes with circular velocities- 50 km s! (Thoul & Weinberg
1996). However, the exact value will depend on the interesitgt
spectral shape of the ionizing background radiation. Wesicien
this as a free parameter spanning a range of 35 khis75 km s*
for the circular velocity cutoff¢<"*). Note thatvS"® is taken to be
time-independent — hence, it does not correspond to therlihe-
ory Jeans mass (which decreases with ti 20069, Al
in our model, the change from the neutral to reionized phage h
pens abruptly at = z... However, in realistic models one needs
to consider the transition region where considerableifraaif gas
remains in the ionized phase. This will lead to an extra seggion
in the low mass haloes even in the pre-overlapping era.

We assume that the SFR, of a halo of massvhich is formed
at redshiftz., is given by [Eggen, Lynden-Bell, & Sandage 11962;
[Cen & Ostriker 1992t Gnedin 1996)

MSF(M7z,zC) = €sF (;;b M)

X exp {—

whereesr is a efficiency parameter for the conversion of gas into
stars. The function(z) gives the age of the universe at redshift
thus,t(z) — t(z.) is the age of the collapsed halo atWe have
assumed here that the duration of star formation activity given
halo extends over a dynamical time-scalg,. The exponential de-

t(z) — #(ze)

2
tdyn

t(z) — t(zc)}

tdyn

@)

at present:
dNGRE 1 dv(z)
dz (=) 1+2z dz ®)

where the factof1 + z) is due to the time dilation betweenand
the present epoch, ard/(z) is the comoving volume element

diz) o,
H(z)(1+2)*
The parametedir. (z) is the luminosity distance. Note that the dif-
ference between(z) andd N“RE /dz is purely geometrical in na-
ture. The number of GRBs per unit redshift range observed ave
time Atobs IS then given by

dN  dQ dNCRB

& g @

whered()/4r is the mean beaming factor addz) is the weight
factor due to the limited sensitivity of the detector, bessawf
which, only brightest bursts will be observed at higher héifts.

dV (z) = 4mc (6)

3 RESULTSAND DISCUSSION:

The analysis presented here is based on LCDM model with the pa
rametersQ,, = 0.3,Qa = 0.7,h = 0.65, Qh? = 0.02, 08
0.93,n = 1. We consider three epochs of reionizatien.}, three
virial temperaturesi(ir) upto which the gas can cool before reion-
ization (i.ez > z.) and three circular velocity cutoffuf"*) for
epoch after reionization. For a given set of model pararagter
changing the reionization epoch is equivalent to chandiegeis-
cape fraction of Lyman limit photons from the haloes. The SFR
density obtained from our model is plotted as a function of re
shift in Figﬂ. In the panel (a) we plot the results for threeds

of reionization forT,;; = 10" K(solid curves) and 300 K (dashed

curves) considerings"* = 35 km s™!.
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Figure 1. The SFR density as a function of redshift. In the panel (a) loetpe results for three epochs of reionizatien.(= 6, 9 and 12) forTy;, = 10*
K(solid curves) and 300 K (dashed curves) considetifitf = 35 km s~1. In panel (b) the results are plotted fgi"* = 35, 50 and 75 km's! considering
Tyir = 10* Kand zy. = 6. The curves are normalized using the extinction correctad points from Somerville, Primack, & Faber (2001).

Our models consistently reproduce the observed points in-

ferred from rest-UV luminosities of galaxies at< 5 for egr of
0.1. Indeed the maxima in the curve occurs in the pre-redtioia
era. This is mainly due to the substantial contribution fittwe low
mass haloes where the star formation is not suppressed pythe
toionization [Barkana & Loeb 20p0; Bromm & Loeb 2002). How-
ever, as expected, the SFR density depends strongly on tlod ep
of reionization and the nature of the cooling (heriGe,). Inter-
esting point to note is that across the reionization epoehetlis
upto 3 fold increase in the SFR density. This should be censdl
as a strict upper limit as is achieved when the Lyman and Werne
band photons are completely absent (hefige = 300 K). Addi-
tional difference of factor two could be introduced acressby
increasing the)S"* to 75 km s*, thereby suppressing star forma-
tion in more low-mass haloes in the post-recombinationwehéch

is shown in panel (b).

3.1 Dark GRBs:

The optical afterglows are only detected in one third of thedl w
localized GRBs|(Fynbo et al. 2%'01; Lazzati, Covino, & GHigsel
2002;|Reichart & Yost 2001). The GRBs without afterglows are

called dark GRBs. The optical limits obtained in the casearkd
afterglows are fainter than the detected ones. This sugdieat

the dark GRBs can not be accounted for by the failure to image

deeply enough quickly (sde Reichart & Price (4002) and refer
ences therein). The reason for these missing optical #ftesgis
attributed either (i) to the extinction in the host galaxy(if to the
fact that some of the GRBs lie beyond the reionization epaoch a
the neutral IGM absorbs the afterglow. Indeed higSO obser-
vations show complete Gunn-Peterson absorption for6 QSOs
(Fan et al. 20Q1); Djorgovski et al. 2001).

Our model predicts the redshift distribution of GRBs for a
given f. Realistically, time evolution of the mass function of star
(for example triggered by the evolving metallicity) and tieange
in mean properties of the interstellar medium (ISM) wilroduce
time dependency fof. However, here we assunfeo be constant.

To predict theobserved redshift distribution, one needs to take
into account the fact that only the brightest bursts will bserved
at higher redshifts due to limited detector sensitivity. 1ake this
into account by assuming a luminosity function of the form

() ()

and then calculating the fraction of GRBs obsen@(k), at a par-
ticular z using the relation

Jim i YD)
PO =T mar

Here, L is the “isotropic equivalent” intrinsic burst luminositg i
the energy band0 — 2000 keV (as defined by Porciani & Madau
(2001)) andLmin(z) is the corresponding minimum intrinsic lu-
minosity that can be observed with the detector. We conswder
separate casesGase A: ¢(L), and hencel, is independent of,
andCase B: (L) evolves with redshift, with the evolution given
by Lo ~ (1 +2)** as suggested by Lloyd-Ronning, Fryer, &
Ramirez-Ruiz (2002).

For a given detector sensitivity, we can determiiigi, (z)
from the relation

®)

)

2 2000 keV
Lmin(Z) = P4ﬂ—d[’ (Z) J30 keV ES(E)dE (10)
(1 + Z) f((lljzz))EEnr:ix S(E)dE

where P is the minimum observed photon flux (sensitivity) at the
detector in the energy ban®win, Emax] and S(E) is the rest
frame GRB energy spectruns.(E) is taken to be a broken pow-
erlaw with a low-energy spectral index a high-energy spectral

index 3 and a break energy, (Band et al. 1993). In this work,

we takea = —1 and3 = —2.25, which are the mean values
measured bf Preece et al. (EbOO), dnd= 511 keV (Porciani &
Madau 2001).

The minimum intrinsic luminosity at that can be observed by
the detector depends anin two ways: (i) the decrease in the flux
due to distance and (ii) K-correction. For the luminositpdtion,
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1.2 “ ‘ ‘ Table 1. The predicted range in the percentage fraction of dark GRBs d
r ] to Gunn-Peterson effect, taking into account two diffenewidels for the
8 R\ I 7 g luminosity evolution (Case A and B). The lower and upper tinaf 7' are
L= \ ] obtained with detector sensitivities similar to that of BB andSwsi ft
n 3 R respectively.
2 L ]
£ 08 [ -
- r ] Zre vg“t Toir FGRB (R) FGRB (I)
E 06 L b kms—1 K Case A Case B Case A Case B
50
§ L i 6 75 10*  0.8-3.9 155-256 0.2-09 5.6-—114
= ooal b 6 50 10* 08-35 14.1-23.7 0.2-08 5.1-105
5 F 7 6 35 10*  0.7-3.3 13.3-225 0.1-0.7 4.8-10.0
B r © ] 6 35 102 1.1-5.0 20.0-329 03-14 88-17.7
0.2 - \\S:ir‘_\ 6 35 300 1.3—-5.7 22.7-369 04-1.7 10.7—-21.1
C I T
o L ‘ ‘ : Nj‘ ‘ ] 9 35 10*  0.6-2.7 12.3-21.8 0.1-0.7 52-11.1
400 800 800 1000 1200 1400 9 35 103 0.9—-4.1 19.1-33.3 0.3—1.5 10.1—20.7
Observed wavelength (nm) 9 35 300 1.0-4.7 22.1-379 04-1.8 12.4-249
12 35 10* 04-19 87-16.1 0.0-05 3.7-8.4
Figure 2. Powerlaw spectrum of GRB afterglow at different redshifis (12 35 10 05-23 123-240 02-09 7.3-16.7
12 35 300 0.5—2.5 14.3-28.0 0.2—-1.1 9.2-20.9

beled at emission wavelength of the Lymanline) modified by Gunn-

Peterson effect of neutral IGM. The effect of damping wings ot con-
sidered here. We also plot the window function of the R, | abdrids. This
figure illustrates the fact that afterglow will be invisiileR and | band for
z > 6.8 and 8.8 respectively.

we takey = —2.5, Lo = 3.2 x 10°! ergs s'* (which are obtained
by Porciani & Madau (2001) using tHeg N — log P relation for
BATSE bursts) andFEmin, Fmax] = [50, 300] keV. We consider
values of P corresponding to two detectors, namely, = 0.2
photons cm? s™' (BATSE) andP = 0.04 photons cm? s!
(Swift) (Lamb & Reichart 20(0).

A similar analysis needs to be carried out for the afterglows
too. According to the simplest afterglow model of Wijers,eRe
& Meszaros (1997), the spectrum follows a power-law form whe
observed in the optical and X-ray wave-bands about 1 day afte
the burst. A simple analysis shows that the afterglow of &netést
detectable GRB will always be brighter than 23rd magnitudkeiw
1 day after the burst in both | and R band. Hence, if a substanti
fraction of GRB afterglows are not observed in | and R bandkiwi
1 day after the burst, it must be because of radiative trapéfiects
andnot because of cosmological effects.

We can now predict the percentage fraction of detectable
GRBs at redshifts greater than called FF2(z). From FigﬂZ,
itis clear that due to high opacity of the IGM neither the aftews
nor the corresponding host galaxies will be detected in trendR
I-band if the GRBs are located at> 6.8 and 8.8 respectively. The
fraction of R and | band dropout afterglows for a range of nhode
parameters and detector sensitivities are given in theHdarthe
seventh columns of the Tablp FE*E(R) and FERE(1)). The
results clearly indicate that even in the optimistic casigh(fumi-
nosity evolution and high sensitivity of the detectors)lyoB8%
(25%)of the afterglows will not be detected in the R (I) bared b
cause of the extinction due to the IGM opacity. It is interesto
note that even if the Hoptical depth of the ISM in the host galaxy
is as high as 13 cm™2, due to the redshift effect, X-ray absorption
produced by this gas will not affect our visibility of thiswsee in
the soft X-ray band (0.5 to 2 keV) whenever it is detected & th
hard X-rays. However such a gas will produce damped Lyman-
absorption.

3.2 Redshift distribution of GRBs:

We next compare the differential redshift distribution d®Bs with
that obtained using the luminosity - variability. — V') correlation
of GRBs (Lloyd-Ronning, Fryer, & Ramirez-Ruiz 2002; Scheef
Deng, & Band 2001). The variability’ of a GRB gives a mea-
sure of the rms fluctuation of the burst light curve aroundntiean
value. For the GRBs with known redshifts, it was seen thatethe
is a correlation between the luminosity and the variabitifythe
light curve, of the forml o« V¢, witha = 3.35724% (Fenimore &
Ramirez-Ruiz 2000)3.3" -+ (Reichart et al. 2001) antl57-2%
(Lloyd-Ronning, Fryer, & Ramirez-Ruiz 2002). The diffecenbe-
tween various results is because of the precise definitigartdbil-

ity used. Since the number of GRBs with known redshifts islsma
(~ 20), the scatter in théL — V') correlation is very large.

From this observed correlation, one can, in principle, iobta
the the redshift distribution of GRBs. Lloyd-Ronning, Fry&
Ramirez-Ruiz (2002) use a sample of 220 bursts to obtainnthe i
trinsic cumulative redshift distribution of GRBS,bs(< 1 + 2).
Their analysis, that corrects for the truncation effectthim sam-
ple due to limited detector sensitivities, gives thiinsic redshift
distribution of the GRBs. We distributed this data into IGthamic
redshift bins and calculated the slope [which is essentib# dif-
ferential distributiond N5 /dz] for each bin. The error in each bin
is mainly contributed by the scatter in tiie— V' correlation.

The quantity predicted by our mod&lV/dz (given by eq |ZI7),
but without the facto®(z) in the right hand side) contains a nor-
malization factorfAt.nsd$2/4m, which is fixed by fitting to the
data usingy?-minimization technique. In Fiﬂ 3, we show the com-
parison between our predictions and the data obtained bydtlo
Ronning, Fryer, & Ramirez-Ruiz (2002) using tlhe— V' corre-
lation. Most of our models are broadly consistent with théada
mainly because of large error bars. Itis interesting to ttriémod-
els withT,;, < 10% K deviate a lot from the mean observed points;
but large errors, mainly from the large scatter in the- V' re-
lation, do not exclude these models. If the errors in the iask
distribution reduce, one will be in a position to constrdia epoch
of reionization and the contribution of molecular coolirgd other
feedback mechanisms) in the formation of first generatiayatdx-
ies.




1500
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(1+z) dN/dz
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Figure3. The redshift distribution of GRBs for different model pareters.
The data points with error bars are from the obserled V' correlation
(Lloyd-Ronning, Fryer, and Ramirez-Ruiz 2002). The errarstalong the
y-axis represent thedlerror due to the scatter in the obserded- V' cor-
relation, while the error bars along the x-axis show the tza.sThe results
from our model are shown far,e = 6 and 9, and for three different values
of Tyir — namely,10% K (solid curves),10® K (dotted curves) and 300 K
(dashed curves).

3.3 Discussionsand Conclusions

In this article we have modelled the redshift distributidrGRBs
assuming that they follow the cosmic star formation histdiye
main conclusions are summarized below:

(i) A peak in the SFR before reionization is seen because lwf su

stantial contribution from the low mass haloes where thefsta
mation is not suppressed by the photoionization (also edtlay

Barkana & Loeb (2000) and Bromm & Loeb (2(02)). We show that

the redshift distribution of the SFR density depends on dienr
ization epoch and the minimum virial temperatufif) of star
forming haloes. The minimum virial temperature is set byrhe
ture of the cooling — if H cooling is effective, haloes with much
lower virial temperatures can participate in the star fdioma

(i) Our results clearly indicate that even in the optimistase (with
luminosity evolution and high sensitivity of the detec)orsnly
38% (25%)of the afterglows will not be detected in the R (Ihda
because of the extinction due to the IGM opacity. This melaatsa
substantial fraction of optically dark GRBg (66%) originate be-

cause of effects such as dust extinctipn (Waxman & Drainé1200

Ramirez-Ruiz, Trentham, & Blain 200R; Berger et al. 2002).
(iii) Although our predictions vary a lot as we change our mlod
parameters, we cannot constrain the parameter spaceiveffgct

because of large scatter in observations. One needs anvietbro

observed redshift distribution to make real progress ireustand-
ing the physical processes in epochs prior to the reiomizati
(iv) In general, the efficiency parametets: and f depend of red-

shift. The star forming efficiencysr evolves because of its de-

pendence on the metallicity of the collapsing gas and trexetf
feedback due to outflows and local radiation field. SimilaHg pa-

rameterf evolves as the stellar IMF becomes less top-heavy with
decreasing (8). With improved observational data, one

can use our model to constrain the evolution of these pasmet

One would naively expect that the presence of damping wing
of Hi absorption could be useful for probing the neutral IGM. How-
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ever, in a simple picture of GRBs following supernovae, thesp
ence of Hi region and damped Lymamn-absorption because of the
host galaxy will complicate the matter. Thus, we believe tha
redshift distribution with less scatter may be a better veagrobe
the reionization.

We thank N. M. Lloyd-Ronning for providing us with data
on the cumulative redshift distribution of GRBs. We alsonthd.
Padmanabhan for useful comments. T.R.C. is supported hyrthe
versity Grants Commission, India.
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