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Abstract

Ten years of operations of tHawift satellite have allow us to collect a small sample of long GasiRay Bursts
(GRBs) at redshift larger than six. | will review here the et status of this research field and discuss the possible
use of GRBs as a fundamental new tool to explore the earlyddsiy complementary to quasar and galaxy surveys.
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Universe and the detection of Poplll stars one of the
main challenges of the next generation of space and
ground facilities (see Bromm & Yoshida, 2011, forare-
view). The cosmic reionization of the IGM has been ex-
tensively studied in the last years both from a theoretical
and observational point of view (see Loeb & Furlanetto,
2013, for a recent review). While many steps towards
our understanding of reionization process have been
done, still many fundamental details are missed: In
which way does it proceed? How gradual and how pro-
longed was the process? Was radiation from early stars
suficient to sustain this phase transition? Do Poplll
stars or quasars have a major role in driving the process?
Is some other more exotic process at work? etc.

1. Introduction

In the standard\CDM scenario, the first stars, the
so-called Population Il (Poplll) stars, are predicted to
form in dark matter minihalos of typical massl0® M,
atz ~ 20— 30 out of a gas of pristine composition
(see_Ciardi & Ferrara, 2005; Bromm & Yoshida, 2011,
for recent reviews). Thanks to their peculiar chemical
composition, they are expected to be more massive than
the subsequent stellar populations with typical mass of
~ 40 M, (Hosokawa et all, 2011), possibly extending
up to hundred solar masses (Hirano etlal., 2014). The
formation of these stars mark the fundamental transi-
tion from a simple, very homogeneous Universe to the
complex and structured one we see already in place a
billion years after the Big Bang. During this period of Historically, the exploration of the distant Universe
time two fundamental transitions are expected to occur: has been carried out following two main pathways: the
(i) a change in the SFR mode, i.e. from massive Poplll observations of bright quasars detected in wide shal-
to solar-size Popll stars and (ii) the cosmic reioniza- low surveys|(Fan, 2012), and of distant galaxies iden-
tion, i.e. the change of the inter-galactic medium (IGM) tified through the drop-out technique in small fields
from a neutral to a fully ionized state. There is a general (Bouwens et all, 2014). Thanks to their extreme bright-
consensus that the first transition is driven by the so- ness Gamma-Ray Bursts (GRBs) represent an alterna-
called chemical feedback (Schneider etlal., 2002), i.e. tive way to access those early epochs. As demonstrated
the enrichment of star forming clouds by the first su- by GRB 090423 atz = 8.2 (Salvaterra et all, 2009;
pernova explosions above a critical thresholdZgf = Tanvir et al.,[ 2009), they can be detected even at dis-
10°+1 Z, (Schneider et al., 2003). As the chemical feed- tances much larger than any other cosmic object. In
back is essentially a locaffect, on cosmological scale principle, their afterglow emission can be observed up

the two populations should be coeval for a long period
of time (Schneider et al., 2006; Tornatore etlal., 2007;
Maio et al.,. 2010). Understanding how and when the
change in the SFR mode happened is one of the main
goals for current studies of galaxy formation in the early
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to z ~ 20 (Ciardi & Loeb, 2000; Gou et al., 2004) pro-
viding useful information about the ionization and metal
enrichment history of the early Universe. Here, | will
review the present observational status of this research
field and discuss the possible role of GRBs in the explo-
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ration of the Universe during and before the reionization
epoch.

This paper is organized as follows. In Section 2, a
brief summary of the observations of the GRBg at6
and of their host galaxies is given. Section 3 presents
the expected rate of highGRBs both from Popll and
Poplll stars and the expected properties of the relative
host galaxies. In Section 4, the use of GRBs as a probe
of the early Universe is reviewed. Finally in Section 5 |
present some ideas for the future of this research field.
The conclusions are drawn in Section 6.

2. Observations

2.1. The Swift high-z GRB sample

In ten years of operatiorSwifthas detected a hand-
ful of bursts with spectroscopically confirmed redshift
larger than 6. In addition, other three GRBs have well
constrained photometric redshift above this limit. The
observed higle sample represents 1% of all Swift
bursts,~ 2.5% of those with knowrz. The main prop-
erties of thez > 6 GRB sample are given in Table 1.

o GRB 050904at z=6.3 Kawai et al.|(2006)

This burst was firstly imagined by the 25-cm tele-
scope TAROT [(Klotz et all, 2005). Its highna-
ture was recognized by multi-wavelength photo-
metric datal(Haislip et al., 2005; Tagliaferri et al.,
2005) and firmly confirmed spectrocopically three
days after theSwift trigger by the Subaru tele-
scope [(Kawai et all, 2006). The afterglow spec-
trum provided a upper limit on the neutral hydro-
gen fraction at the GRB redshift ofy < 0.17

at 1o confidencel(Totani et al., 2006) and a mea-
sure of the metallicity at the level of 0.1 Z,
(Kawai et al.| 2006). Recently, Thone et al. (2013)
revised this value, inferring a slightly lower metal-
licity from the S 1111243 equivalent width, result-
inginlog(Z/Z,) = —-1.6+0.3. The afterglow spec-
tral energy distribution (SED) requires the pres-
ence of SMC or supernova (SN) type dust at a
level of Ay = 0.15+ 0.07 (Stratta et al. 2011 but
see Zafar et al. 2011b). The modeling of afterglow
data from X-ray to radio suggests GRB 050904
to be an energetic burst blowing up in a dense
medium withn ~ 680 cnt® (Frail et al.,| 2006;
Laskar et all, 2014).

e GRB 080913atz = 6.7 (Greiner et al., 2009)

The highz nature of this burst was recognized via
the detection of a spectral break between the i
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and Z bands of the GROND instrument and then
confirmed spectroscopically by VLT observations.
The analysis of the red damping wing constrained
xq < 0.73 at 90% confidence level (Patel et al.,
2010). In spite of the rapid follow-up campaign,
the faintness of the afterglow prevented the detec-
tion of any metal absorption line, but thg 5Si

at 2.9 level (Patel et al!, 2010). Dust absorption
of Ay = 0.12 + 0.03 is found from SED fitting
(zafar et al., 2011a).

GRB 090423at z = 8.2 (Salvaterra et al., 2009;
Tanvir et al.| 2009)

The spectroscopic redshift of this burst was se-
cured by TNGI|(Salvaterra etlal., 2009) and by VLT
(Tanvir et al.,. 2009), and still represents the dis-
tance record for a cosmic object. Radio obser-
vations by VLA were reported by Chandra et al.
(2010). The analysis of the multi-wavelength
dataset show that the afterglow is reminiscent of
many other lower redshift bursts, suggesting that
in spite of its extreme redshift, its progenitor and
the medium in which it blowed up were not pe-
culiar. Indeed, its detection is consistent with
the highz tail of Popll/l GRB redshift distribu-
tion (Salvaterra et all, 2009). From the X-ray to
optical SED no absorption by dust is evident with
Ay < 0.1 (Salvaterra et &l. 2009; Tanvir etlal. 2009,
but see Laskar et al. 2014).

GRB 130606Aatz = 5.9 (Chornock et al!, 2013;
Castro-Tirado et al.,| _2013! Totani el al., 2014;
Hartoog et al., 2014)

The redshift of this burst was obtained by
Gemini-North  |(Chornock et al.,l 2013), GTC
(Castro-Tirado et all, 2013), Subaru (Totani et al.,
2014) and VLT |(Hartoog et all, 2014). In par-
ticular, the superior resolution and wavelength
coverage of the VLIX-shooter instrument showed
the potentiality of GRBs as tool to study in great
details the metal enrichment of star forming region
inside high-z galaxies |(Hartoog et al.l 2014).
Precise column densities of H, Al, Si and Fe are
reported together with limit on C, O, S and Ni.
The host metallicity is constrained to be in the
range of 0.03-0.06 solar and the high/[] in
the host suggests the presence of dust depletion
(thoughAy < 0.05 from SED fitting). The best
fit of the Lya absorption line is obtained for
log(Nn) = 1994 + 0.01 and negligible neutral
hydrogen in the external medium, wity, < 0.03

at 3r significance.



GRB z Eiso log(Nui) l0g(N,x) z Ay Muv host SFRhost
[erg] [erg] [cn?]  [10%'cm ] [Zo] [AB]  [Moyr]
050904 6.3 3178 .24x10*% 21.6 6332 -1.6+03 015+ 0.07 > -1995 <41
080913 6.7 1008 % 10°2 19.84 95’_§§ - 0.12+0.03 > -19.00 <13
090423 8.2 746 B8x10°® - 102t‘513 - <01 >-1695 <0.38
130606A 5.9 2028 Zx10°% 19.93 <30 -1.35+0.15 < 0.05 - -
140515A 6.3 376 g x 10°2 18.62 < 226 <-08 011+0.02 - -
090429B 9.4 437 &81x 10°%? - 140+ 10 - 010+ 0.02 > -1965 <24
120521C 6.0 - Dx 108 - <60 - < 0.05 - -
120923A 85 376 g x 10°2 - <720 - - - -

Table 1: List of the GRBs at > 6 detected byswiftand of their observed properties: peak enelgp)isotropic equivalent energy in the 1-10000
keV range Eiso), hydrogen column density in the hoty), X-ray equivalent hydrogen column density(x), host metallicity Z) and dust
extinction (Av). The last two columns report the limits on the host galaxgihosity Muyy host) and SFR. See text for references.

e GRB  140515A
Melandri et al., 2015)

The redshift of this burst has been secured
by Gemini-North [(Chornock et all, 2014), GTC
and VLT (Melandriet al., 2015)._Chornock et al.
(2014) analysed the Gemini-North spectra finding
no evidence of narrow absorption lines, indicat-
ing a host metallicityZ < 0.15 Z,. However,
Melandri et al. [(2015) by modeling the X-ray to
optical SED found evidence for dust absorption to
the level ofAy ~ 0.1 indicating some metal enrich-
ment. The red damping wing of Lyman<€an be
fitted equally well by a single host galaxy absorber
with log(Ny;) = 18.62 + 0.08 or a pure IGM ab-
sorption with neutral hydrogen fractiog, ~ 0.06
(Chornock et all, 2014).

(Chornock et al., | 2014,

well fitted assuming constant-density medium with
no ~ 0.05 cnT3 and no dust extinctiory < 0.05.

The radio observations revealed the existence of a
jet break corresponding to an jet angig ~ 3 de-
grees. An isotropic energ¥iso = 1.9 + 0.8 x 10°®

erg is obtained by extrapolating the BAT fluence.

e GRB 120923Aatz ~ 8.5 (Tanvir,201B)

The optical-NIR afterglow of this burst was imag-
ined by Gemini-North telescope 1.4 hours af-
ter theSwifttrigger. The blue IR color, H-K 0.1
mag together with the break between the Y- and
J-band is suggestive of a strong higleandidate
(Levan et al, 2012). The fit to all photometric data
givesz ~ 8.5 (Tanvir, 2018). No radio or mm de-
tection is reported.

Other three GRBs have accurate photometric redshift 2.2. General properties of high-z GRBs

measurement that place in the 6 sample:

e GRB 090429Batz ~ 9.4 (Cucchiara et al., 2011)

In spite of the burst to burst flerences and of the
small size of the sample, some interesting clues about
the nature of higlebursts can be gathered by comparing

Cucchiara et all (2011) collected the afterglow data them with bursts at lower redshifts. Thus, in the follow-

obtained with Gemini-North, VLT and GROND. In

ing, | will compare the properties af > 6 bursts with

the best fit model these data are all consistent with those of a well selected, complete sample of brighift

a photometric redshift af = 9.4 and low extinc-
tion Ay = 0.10+0.02. A secondary solution at very
low redshift is still allowed by the SED fitting, but
it seems unlikely due to the lack of any detection
of the GRB host galaxy (see next Section).

e GRB 120521Catz ~ 6 (Laskar et al., 2014)

The large multi-wavelength dataset of the after-
glows lead t ~ 6.0 also supported by the analysis
of the very low signal-to-noise Gemini-North spec-
trum. All afterglow data after 0.25 days can be
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bursts (BAT6/ Salvaterra etlal., 2012). The BAT6 sam-
ple has been selected only on the basis ofthay peak
flux as seen bBwiffBAT and is characterized by a very
high completeness in redshift (95%, Salvaterraet al.,
2012; Covino et all, 2013). Thus, it represents a perfect
sub-sample to compare the results of the highirst
population with.

The top-left panel of Fig. 1 shows the position of
z > 6 bursts in theE, — Eiso plane. The black points
represents the BAT6 sample (Nava €etlal., 2012) and the
shaded area shows the 3catter around thg, — Eiso



correlation. Highz bursts nicely follow the Amati cor-  lution at early times. Moreover, little or no dust ab-
relation suggesting that their prompt emission proper- sorption is found in highe bursts, calling for unusual

ties do not difer significantly from bright lowerbursts. metal-to-dust ratios. In recent years, a well defined
This consistency calls for a common central engine (and trend of increasindNy x with redshift has been found
progenitor star). using both GRBs and AGNs _(Campanaetal., 2010;

In the top-right panel of Fig. 1 | have then compared Behar et all, 2011; Starling et al., 2013; Campanalet al.,
the rest-frame 2-10 keV light curves normalized for the 12015). Highz GRBs extend this relation to higher red-
correspondindgiso of z > 6 bursts with those obtained  shifts quite nicely with nd\Ny x value or limit below the
from the BAT6 sample (D’Avanzo et al., 2012). Indeed, observed lower envelope. Campana etlal. (2015) have
the X-ray light curves of lonz GRBs tend to cluster  shown, by means of dedicated numerical simulations,
when such a normalization is performed and strong cor- that this éfect can be naturally explained by the absorp-
relation betweerLx and Ejs, is found at early times.  tion of intervening metals along the line-of-sight (LOS),
This dfect is seen also in high-GRBs and their X- being the observed lower envelope due to metals present
ray light curves can not be distinguish from those of in the IGM. An additional contribution in most of the
low- and intermediate-bursts. This conclusion is also LOSs comes from metals in thefilise gas in galaxy
supported by more extensive, although model depen-groups az ~ 0 - 2.
dent, analysis of afterglow emission. It has been shown In conclusion, highe GRBs do not show any pe-
(Chandra et all, 2010; Laskar et al., 2014) that the total culiar feature with respect to low- and intermediate-
energy, microphysical parameters and medium proper- events. Both the energetics and the afterglow properties
ties of the highz GRBs are in line with those derived are found to be very similar. The medium in which they
for lower redshift bursts. blow up does not dier too much in terms of density,

In the bottom-left panel of Fig. 1, the available metallicity and dust content. Finally, also the duration
host dust extinction estimates far > 6 bursts are  of their prompt emission is consistent with those of the
plotted against those obtained for the BAT6 sample low-z sample taking into account cosmological and in-
(Covino et al.| 2013). Being selected only on the basis strumental fects (Littlejohns et al.,, 2013). All these
of the GRBy-ray peak flux, the BAT6 sample is repre- findings support the idea that the GRBs detected so far
sentative of the extinction distribution in GRB selected atz > 6 represent the high redshift tail of the Pgpll
galaxies: 50% of bursts fiier less than 0.3-0.4 mag GRB redshift distribution.
extinction and only 13% of GRBs haws, > 2 mag.

The highz sample is characterized by little or no ab- 2.3. High-z GRB host galaxies

sorptio?ﬁ], suggesting a decrease in dust content in star- In the last few years, deep searches with both
forming environments at high redshifts_(Zafar €t al., ground- and space-based facilities (Tanvir et al., 2012;
2011a). Similarly, the metallicities inferred far~ 6 Basa et al.,| 2012] Walter etlal., 2012; Berger et al.,
bursts are in line, though at the lower end, with the dis- [2014) have been carried out searching for the host
tribution of Z measured in lower redshift GRB after- galaxy of highz GRBs. Indeed, the a-priori, precise
glows (Savaglio et all, 2009; Sparre et al., 2014). The knowledge of the position and distance of the galaxy
observed andAy values (or limits) are indeed in agree-  provided by the GRB detection allows to optimize the
ment with those expected for highgalaxies populat-  telescope setup, pushing the instruments to their limit.
ing the faint end of the luminosity function (see e.g. Tanvir et al. (2012) reported the observation of the
Salvaterra et al., 2011). field of four GRBs atz > 6 with HST with filters

At variance with lower redshift bursts, all high- choosen to cover the rest-frame wavelength range 1200-
GRBs have measured (or limit consistent with) very 15004, i.e. above the Lymam- In spite of the very
high X-ray equivalent hydrogen column densitillg,x deep limits reached (see Table 1), none of the targets
(bottom-right panel of Fig. 1). At lower redshift, a have been identified. Similar results were obtained by
high N x is usually connected to highly extincted af- [Basa et al.[(2012) using slightly shallower VLT obser-
terglows (Campana etial., 2012; Covino et al., 2013). vations. More recently, Berger et al. (2014) imagined
However, at higher redshifts this interpretation seems the field of GRB 090423 witlSpitzerat 3.6 um and
to be unrealistic given our knowledge of galaxy evo- ALMA at 222 GHz, but, also in this case, no detection

is reported. These results imply that all the hosts lie be-

IHowever, the lack of highly extincted bursts may reflect a fiia |9W the CharaCt.enStlc Iumlnoglty value at their re_slpec-
the sample as even a small amount of absorptia-ab will prevent tive redshifts, with star formation rates SER Mg, yr
the detection of the optical afterglow and thus of the reftlsteasure. in all cases. In particular, GRB 090423 was possible to
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derive a strong limit on the unobscured SFR.38 M,
yr~! (Tanvir et al.| 2012), while the ALMA non detec-
tion required the obscured SFR to ke5 Mg yr?t
(Berger et all, 2014).

Tanvir et al. (2012) also stacked all images deriving
a limit on the mean SFR per galaxy ef 0.17 M,
yr~1, consistent with the idea that the bulk of star for-
mation activity is missed in current deep HST surveys
(Salvaterra et al., 2011). Moreover, these findinfjero
independent evidence that the galaxy luminosity func-
tion is evolving rapidly with redshift with a steeper
faint-end slope or with a decreasing characteristic lu-
minosity at high redshift (Tanvir et al., 2012).

3. Theory

3.1. The high-z GRB population

As described in previous SectioBwifthas detected
almost one GRB ar > 6 per year. Considering the
1.4 sr field of view of the BAT instrument, this cor-
responds to a rdfeof ~ 0.6 bursts yr® srl. It is

z2>6

0.01

Nz>6( >P)/Ntol

0.001

1 10
Pl 160 kev [Ph 571 cm=?]

0.0001 :

Figure 2: Peak flux distribution of bursts at> 6 as measured
in the 15-150 keVSwiffBAT band. The solid (dotted) histogram
shows the distribution of bursts with spectroscopic (spscbpic and
photometric) redshift. The shaded regions report modaligtiens
(Salvaterra et all, 2012), taking into account the unaafes in the
determination of the GRB luminosity function and evolutioDark

worth to ask whether such a rate is expected on the (light) color refers to the density (luminosity) evolutiomodels. The

basis of our knowledge of the intrinsic GRB redshift
distribution and luminosity function_(Bromm & Loeb,
2002; |Daigne et al.,| 2006| Salvaterra & Chincarini,
2007; [Salvaterraetal.| 2009b; Butler et al., 2010;
Wanderman & Piran! _2010; Robertson & Ellis, 2012;
Salvaterra et al., 2012; Ghirlanda et al., 2015).

Figure 2 shows the distribution of peak fluxes of
bursts az > 6 as measured in the 15-150 k&WiffBAT

dashed line is obtained assuming no evolution and cleadenasti-
mates the number of higheetections at all peak fluxes.

By extrapolating model results to fainter fluxes
(Salvaterra et al., 2008; Ghirlanda etal., 2015), it can be
shown that burstg > 6 represent 10% of the whole
population, suggesting that GRBs are quifiecéent in
selecting highz objects. The detection of these events

under diterent assumptions on the evolution of the GRB
luminosity function|(Salvaterra etlal., 2012). The mod-
els have been calibrated by jointly fitting thefdren-

tial peak flux distribution of BATSE long GRBs and the
redshift distribution of the BAT6 sample. The models
reproduce the rate and peak flux distributionza$ 6
burst remarkably wéllwith a small excess in the pre-
dicted population at the faintest fluxes. However, since,
in general, to fainty-ray fluxes correspond faint opti-
cal afterglows (e.g._Melandri etlal., 2014), some high-
faint bursts can be missed being the detection of its af-
terglow dificult even with 8-m class telescopes.

2While this represents a lower limit, given the fact that sdrigiaz
burst can be among GRBs without redshift measurement, itidte
noted that there is a possible positive bias at work hereedddmost
of the observational programs at large ground- and spadéiés
have as their primary goal the detection of higbvents.

3Since the BAT6 sample is limited < 5.4 there is no assump-
tion in the model about the peak flux distributionzof 6 GRBs

3.2. GRBs from Poplll stars

Different  authors | (Mészéaros & Rees,  2010;
Komissarov & Barkov, 2010; Suwa & loka,
2011; |Tomaetal., | 2011;| Nagakuraetal., 2012;

Nakauchi et &l., 2012; Piro etlal., 2014) have proposed
that the conditions for jet breakout could be met also
during the final phases of the collapse of a Poplll
massive star. Although underfilirent frameworks, all
models consistently predict Poplll GRBs to be very en-
ergetic events, with total energies exceeding by orders
of magnitude those expected in Popll events. In par-
ticular| Toma et al.|(2011) suggested that Poplll bursts
could have an equivalent isotropic energy 10°6-57

erg making their detection possible even at the highest
redshifts. A much longer prompt emission, with typical
duration of 10 s, is also foreseen in most of the
models. However, all these characteristics are shared
observationally with the population of ultra-long GRBs



recently detected at much lower redshift (Levan et al.,
2014) and likely associated with Popll blue supergiant
stars [(Nakauchi et al., 2013). Thus, they do not repre-
sent a unique feature to firmly indentify a Poplll event.
Strong evidence could be provided by the absence
of metal absorption lines in the afterglow spectrum
down to a level of the critical metallicity. However, the
measure of such low metallicity (or a limit consistent
with it) requires extremely high signal-to-noise spectra
that can be even beyond the capabilities of 30-m class

telescopes. In the absence of any other observational

tool to identify Poplll events, radio observations can
provide an important clue. Indeed extremely powerful
radio afterglows [(Ciardi & Loeb| 2000; Toma et al.,
2011;|Ghirlanda et all, 2013b) are expected given the
peculiar energetics of Poplll events. Ghirlanda et al.
(2013b) showed that Poplll radio afterglows should
reside in a very distinct position in observed peak
time-peak flux plane, reaching much larger peak fluxes
at later times than any Popll GRBs.

We have seen in Sectioh 2.2 that it is un-
likely that the observedz > 6 bursts are asso-
ciated with Poplll progenitors. This piece of in-
formation has been used to put a limit on the ex-
pected rate of Poplll events (Bromm & Loeb, 2006;
Campisi et al. |, 2011; Toma etlal., 2011; de Souzalet al.,
2011; Maio & Barkov/ 2014, Mesler etlal., 2014). By
means of dedicated numerical simulations including the
effect of the chemical feedback, Campisi et al. (2011)
computed the expected redshift distribution of Poplll
GRBs. The Poplll GRB rate is found to increase from
z = 20toz = 8 - 10 and then it decreases rapidly be-
coming negligible az ~ 5. Under the assumption that
all Poplll GRBs can be detected I8wifl, the maxi-
mum allowed rate is- 0.03 Gpc® yr-!. Assuming a
typical jet angle of 7 degree and a typical Poplll mass
of ~ 100 M, this corresponds te 1 Poplll GRB ev-
ery 500 Poplll stars, comparable with the PgpN type
Ib/c ratio (Ghirlanda et al., 2013a).

In conclusion, even if GRBs can really result from
the collapse of a massive Poplll star, they will be ex-
tremely rare withc 0.05 event yrt srt atz > 6. Poplll
GRBs become the dominant observed population only
atz > 10-15 (Campisi et al.[, 2011). On the other hand,
even a single detection of a GRB powered by Poplll
stars, i.e. a extremely highvery energetic, long event
with a bright radio afterglow peaking a late times, would

4This may be not the case since tSaift trigger algorithm
(Lien et al.| 2014) is not very sensitive to extremely longE3R
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Figure 3: Properties of simulated GRB hosts in the redshifige

z = 6 —10. Panels from top to bottom show the distribution of UV
absolute magnitude, of the SFR (in,Mr~1), and of gas phase metal-
licities (in solar units). The dotted line shows the normedi cumula-
tive distributions (see right y-axis). The arrows in thetftvgo panels
report the limits orMyy and SFR of GRB hosts (Tanvir et al., 2012).
The shaded areas in the bottom panel correspond to the icistall
measured in the GRB 050904 (Thone et al., 2013) and GRB 53060
(Hartoog et all. 2014) afterglow spectrum. The arrow shdwedimit
inferred for GRB 140515A (Chornock et al., 2014).

represent a breakthrough in the study of the first gener-
ation of stars.

3.3. High-z GRB host galaxies

In absence of any detection (see Secfiod 2.3), the
relation of GRB selected galaxies with the typical
high-z galaxy population has been studied by means
of dedicated semi-analytical models_(Trenti €t al.,
2012) or numerical simulations (Salvaterra et al., 2013;
Elliott et all, 2015).

Salvaterra et all (2013) derived the expected proper-
ties of the GRB hosts & = 6 — 10 by means of cos-
mological numerical simulations including all relevant
feedback #ects at these redshifts. GRBs are found
to explode in bursty galaxies with typical star forma-
tion rates SFR 0.03 — 0.3 M, yr !, stellar masses
M, 10° — 10 M., specific star formation rates

~



SSFR: 3 - 10 Gyr'. The distribution of their UV lu- use GRBs as SFR probe in the early Universe. This can
minosities (see top panel of Fig. 3) places them in the be achieved by measuring the GRB LF and its evolu-
faint end of the galaxy luminosity function, below the tion at low and intermediate redshifts (Salvaterra et al.,
capabilities of current instruments. This is consistent [2012;| Wanderman & Piran, 2010; Pescalli etlal., 2015)
with the lack of detection and suggests that deep obser-and by studying well selected sample of leewGRB
vations with the James Webb Space Telescope (JWST)host galaxies (Boissier etlal., 2013; Perley et al., 2013;
are required to pinpoint them. Finally, the bulk of Huntetal.,|2014; Trentietal., 2014; Verganietal.,
the GRBs are found to explode in galaxies already en-[2014). In particular, Vergani et al. (2014) have shown
riched with metal taZ ~ 0.03- 0.1 Z, (bottom panel that the stellar mass distribution of a small, but com-
of Fig. 3), consistently with the metallicity inferred in  plete, sample of GRB selected galaxieg at1 is con-
z ~ 6 GRB afterglow spectra (Salvaterra et al. 2013, but sistent with the existence of a mild metallicity bias in the
see Cen & Kimm 2014). GRB hosts, with bursts forming mordfieiently in en-
The same simulations allow to predict the properties vironments withz < 0.3-0.5 Z, (Vergani et al., 2014).
of host galaxies of Poplll GRB events (Campisi et al. , Ifthese findings are confirmed by larger samples, GRBs
2011). These bursts are found to reside typically in ob- can be considered good tracers of the SFR at least at
jects at the lower end of the stellar mass wiith, < z>3-4.
10’ M, as they have the higher probability of having
still a pristine composition. While a metallicity below 4.2. The reionization history
Zit Is obviously required in the star forming cloud from Similar to quasars, GRBs have been used to mea-
which the Poplll GRB arises, some of the Poplll GRB sure the neutral hydrogen fraction in the IGM by fit-
hosts are found in galaxies with ~ 1073 Z,. This ting the red damping wing of the kyand therefore
may reflect the fact that some Poplll event can be asso-to place strong constraints on the reionization redshift
ciated with pockets of metal-free gas in the outskirt of a (Totani et al., 2006; Chornock etlal., 2013; Totani et al.,
enriched galaxy (Tornatore et al., 2007). 2014; |Hartoog et al.| 2014; Chornock et al., 2014).
With respect to quasars, GRBs have many advantages:
(i) they are already detected at much larger redshift than
guasars; (ii) they reside in average cosmic regions, less
affected by local ionizationféects or clustering, and
(iii) their spectrum follows a power-law making con-
Itis well established that long GRBs are associated to tinuum determination much easier. The main limita-
the death of massive stars (see Hjorth & Bloom, 2012, tion of this method is represented by the presence of
and references therein). Therefore, they should trace tothe host galaxy absorption (McQuinn et al., 2008), al-
some extent the star formation activity through cosmic though this can be in principle separated being less ex-
times and they can be use to measure in an independentended.| Chen et al. (2007) found that20 — 30% of
way the global SFRL (Kistler et al., 2009; Ishida et al., GRBs have small enough hydrogen column density to
2011; Robertson & Ellis, 2012). In this respect, GRBs allow a direct measure of absorption from a partially
have many advantages compared with usual probes: (i)neutral IGM. Moreover, the typically value for GRB
they are detected at higher redshifts; (ii) they are inde- hosts is expected to decrease with increasing redshift
pendent on the galaxy brightness; (iii) they do ndfeu (Nagamine et all, 2008). This idea is now supported by
of usual biasesfiecting opticalNIR surveys. Indeed, the fact that three out of the foar- 6 GRBs for which
although hampered by small statistics, the detection of the intrinsic HI column density has been measured,
the few highz GRBs already suggests that the global showedNy < 10°° cm™ (see Table 1). In particular,
SFR atz ~ 8 — 9 is 3-5 times higher than deduced from a very lowNy, is found in the case of GRB 140515A
high-z galaxy searches through the drop-out technique (Chornock et all, 2014) suggesting that a statistical sam-
(Ishida et al., 2011). An important caveat to be mention ple of bursts with low intrinsic column densities can be
here is that GRBs may be not perfect tracers of the SFR. gathered in future allowing to firmly constrain the reion-
Indeed, in order to reproduce the redshift distribution of ization process.
bursts detected bgwift (e.g. Salvaterra & Chincarini, Another dfective method to constrain the reioniza-
2007; | Wanderman & Pirarl, 2010; Robertson & Ellis, tion history is based on the statistics of pegkps
2012;| Salvaterra et al., 2012), some kind of evolution in the afterglow spectrum between dyand L3, i.e.
with redshift is required. Thus, a precise knowledge of corresponding to transmissi@sorption regions along
the nature and the value of this bias is needed to properlythe LOS [(Paschos & Normah, 2005). Gallerani et al.
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(2008) have shown that the distribution of the dimen- to search for peculiar nucleo-synthesis pattern (see next

sion of the largest dark gap is sensitive to the assumedSection).

reionization history provided that a statistical sample of  Metal absorption lines over-imposed to the afterglow

~ 20 LOSs is gathered. radiation have been already detected exeré showing
Finally, the study of the HI forest over-imposed on the that highz galaxies are already enriched to a few per-

GRB radio afterglow with SKA of a very high redshift cent solar. In particular, the spectrum of GRB 130606A

burst could &er, in principle, a powerful tool to study obtained with VLTX-shooter |(Hartoog et al., 2014)

the reionization process (Xu etal., 2011; Ciardi et al.,
2015). However, it requires the detection of an ex-
tremely bright radio afterglow at the level f10 mJy
atz > 7 - 8, that may be possible in the case of Poplll
GRBs.

Beside constraining the reionization history and its
variance along dierent LOSs, GRBs can provide an
estimate of the typical escape fraction of UV photons
from early galaxies. The measure of this crucial quan-
tity from the observation of the ecaping Lyman con-
tinuum radiation is already very fliicult atz ~ 3
(Vanzella et al., 2012), and may be impossible for the
small, faint galaxies responsible for the bulk of star for-
mation atz > 6. A statistical sample of GRBs provide
an alternative way to infer it from the distribution Nf;,

shows a great variety of metal elements allowing ac-
curate abundance and gas kinematic studies of the in-
ner region of az ~ 6 galaxy. Even better and richer
datasets will be gathered when the 30-m class tele-
scope like E-ELT will become operative. These stud-
ies can be complemented by X-ray spectroscopic ob-
servations of bright GRBs with the next generation of
X-ray instruments|(Campanaef al., 2011). In partic-
ular, with the Athena satellite (Nandra et al., 2013) it
will become possible to directly measure the abundance
patterns in X-ray afterglows allowing, in principle, to
discriminate between fferent nucleo-synthesis sources
(Jonker et &ll, 2013).

Beside metal absorption lines, the observation gf H
molecular absorption and of the local dust law can pro-

over many LOSs. Useful constrains have so far obtained vide further details about the host enrichment. As dis-

atz = 2 — 4 with fesc < 7.5% (Eynbo et all, 2009), be-

ing higher redshift studies prevented by the small statis-

cussed in Sectidn 2.2, evidence of dust extinction in four
z > 6 GRBs has been derived by studying the X-ray-to-

tic of the sample. The measure of the escape fraction optical SED. Furthermore, in the case of GRB 140515A

from typically star-forming galaxies during the epoch of
reionization will provide the missing piece of the puzzle
in our understanding of how galaxies reionize the IGM.

dust deplition is suggested by the peculiar metal abun-
dance ratiol(Hartoog et al., 2014). These observations
show that GRBs can provide fundamental clues about

the presence of dust in highgalaxies. Moreover, they

4.3. Studying high-z galaxies can be use to constrain the dust formation channels at

Theoretical models and observational evidence sug- work at those early epoch. It is interesting to note
gests that most of the UV photons that reionize the Uni- that for GRB 071025 at ~ 5 (Perley et al., 2010) and
verse are emitted by low mass, faint galaxies missed tentatively for GRB 050904 at = 6.3 (Stratta et all.,
even in the deepest observations by HST. The detec-2011) evidences for SN synthesized dust has been re-
tion of these objects is one of the main scientific goal of ported. Tracking the dust enrichment history of first
the next generation of space telescopes. However, lit- galaxies is also very important for better understand the
tle or no information about the physical properties (e.g. Poplll/Popll transition. Indeed, it has been shown that
metal and dust content) of these objects will be acces- even a little amount of dust in the medium will induce
sible even with JWST. Higlz-GRBs can provide a use-  the formation of low mass stars (Schneider et al., 2003,
ful, complementary tool to investigate the building up 2012).
of metals at these early stages of galaxy formation and,
in particular, in those objects that provide the bulk of 4.4. Indirect search for Poplll stars
the ionizing photons (Salvaterra et al., 2013). Indeed, Poplll GRBs (if any) are expected to be extremely
GRB events are produce by the same massive stars thatare and diicult to distinguish from other GRB pop-
emit the FUV photons able to ionize hydrogen. Metal ulations (see Section_3.2). An indirect, but fruitful,
absorption line observations of a large sample of good way to search for the elusive Poplll stars is repre-
signal-to-noise GRB spectra will allow to recover the sented by the study of the metal and dust compo-
cosmic metal enrichment history, to extend the mass- sition of the ISM of distant galaxies enlightened by
metallicity and FMR to higher redshift (Salvaterra et al., Popll GRBs. Indeed, peculiar metal abundance ra-
2013;|Laskar et al., 2011), to perform stellar popula- tios (Heger & Woosley, 2002) and dust composition
tion studies|(Grieco et al., 2014; Ma ef al., 2015), and (Schneider et al., 2004) are foreseen as the result of the

9



enrichment of first massive SN explosions. The detec-
tion of such a signature in the optical-NIR afterglow of
a very highz GRBs will provide a strong evidence for
the existence of very massive (00 M,) Poplll stars.
Wang et al. [(2012) found that Poplll enriched gas
will result in much larger equivalent widths of metal ab-
sorption lines than typical Popll enrichment. Moreover,
Ma et al. (2015) showed that in principle the/@} and
[Si/Q] alone could be enough to distinguish a Poplll en-
riched envirorment, although, in practice, the detection
of more elements (such as S and Fe) is needed. Popll
GRBs exploding in a Poplll enrichment medium are ex-
pected to be rare & = 6 (< 1% of the GRB popu-
lation at that redshift) but the probability to find them
increases witte being~ 10% atz = 10 (Maetal.,
2015). They should reside in small host galaxies with
M, ~ 10°-% My, andZ < 10728 7. Thus, the detection
of az > 10 burst with a metallicity below this threshold
will be a strong candidate to be either a Poplll event or
a Popll GRBs blowing up in a Poplll enriched medium.

4.5. Others

For the sake of completeness (see McQuinnletal.,
2009;| Amati et al.; 2013, for a more complete list) |
would like to briefly mention here some other possible
uses of GRBs in the study of early Universe:

- constrain the dark matter particlMesinger et al.,
2005; de Souza et al., 2013). The redshift distribution
of GRBs can set limits on the dark matter particle mass,
my. Using a sub-sample af> 4 GRBs m > 1.6 - 1.8
keV at 95% confidence level is found.

- non-Gaussianity(Maio et al.,| 2012). Deviations
from Gaussianity of the primordial density field will
translate in dierent rates of GRBg > 6. A single
GRB detection az > 15 will favor non-Gaussian sce-
narios with a positive non-linear parameter.

- radiation field (Inoue et al.| 2010; Kakuwa etlal.,
2012). The ultraviolet intergalactic radiation field be-
low the Lyman edge energy can cause attenuation in the
v-ray spectra of GRBs. This may be observable at high-
z by the Cherenkov Telescope Array (CTA).

- magnetic field¢Takahashi et al., 2011). Pair echoes
from luminous highz GRBs may be detectable with
CTA providing a unique probe of weak intergalactic
magnetic fields at early stages of structure formation.

5. Present and future of the fields

The detection of higle- GRBs is one of the main

AE=2-5 keV
[
N
>0.1 -
5 r
= [
0.01 | e, AN T R
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Figure 4: Required sensitivity, in terms of minimum peak ffxe
that can be detected in the given energy bakdand field-of-view to
detect 10 GRB yr* atz > 8. Different lines correspond toftirent
energy bands as labeled in the plot, i.e. tletent mission concept.
See Ghirlanda et al. (2015) for the details of the calcufatio

very dfective in selecting higlz-objects and dfticiently
bright to be detectable up to beginning of the star for-
mation activity. While the forthcoming SVOM satel-
lite (Godet et al., 2012) or the proposed LOFT mission
(Amati et al., 2015) will surely increase tize- 6 GRB
sample, it is also clear that in order to full exploit the
potentiality of GRBs as a probe of the early Univese,
a much larger sample of well studied, hightGRBs
should be collected.

Due to redshift scaling, in the observer frame the
prompt emission of higlz-GRBs is expected to peak
at softer energies than lower redshift bursts. However,
as the sensitivity of current GRB satellites allow us to
detect only the bright-end of the GRB LF at highthe
mean observed peak energy<sEpops >~ 150 keV
similar to low=z bursts. Therefore, while a facility oper-
ating in the soft X-rays will be, in general, morgieient
in selecting highe GRBs, a much better sensitivity than
current instruments should also be foreseen.

The scientific goals outlined in the previous section
call for a large statistical sample of well studied high-
GRBs. To be competitive with other probes, at least a
hundred of GRBs a > 6 with several tens of them ly-
ing atz > 8 should be detected. Ghirlanda et al. (2015)
computed the expected detection rate of higARBs
by a generic detector with defined energy band and sen-

goals driving the design of the next GRB missions sitivity by means of a observational tested population
(Amati et al.,[2013). As already discussed, GRBs are synthesis model of long GRBs. Following the results of

10



this work, Figure 4 shows the sensitivity and field-of-
view of a mission able to detect 10 GRBs¥yatz > 8
and operating in dierent energy bands. For instance, by
adopting theSwift sensitivity of~ 0.4 ph s cm™ and
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also detect thousands of bursts at lower redshifts (plus References

other transients). In order tofectively select high-

z candidates, the presence of a 0.5-1 m infrared tele-
scope on-board should be foreseen (together with fast

repointing capabilities). This instrument will allow not
only to promptly measure the redshift but also to per-
form low-resolution (R 1000) spectroscopic studies
(e.g. to identify metal absorption lines) when the after-
glow is at the maximum of its brightness. A rapid dis-
semination of best higheandidates is also fundamental
in order to trigger follow-up observations by future fa-
cilities operating at dferent wavelengths: optical-NIR
(E-ELT, JWST if still operating), radio (SKA), X-ray
(ATHENA), TeV (CTA).

In conclusion, the study of the hightniverse with
GRBs requires a X-ray detector with unprecedented
combination of sensitivy and FOV coupled with an in-
frared telescope to select reliable higbandidates. The
THESEUS mission recently proposed for the M4 ESA
call matches all these characteristics.

6. Conclusions

In this paper, | have briefly reviewed the status and
the prospect for the exploration of the high redshift Uni-
verse with GRBs. A few solid considerations can be
drawn:

(i) GRBs do exist at very high redshift and can be
detected and studied with present-day facilities;

(ii) high-z GRBs are very similar to low- and
intermediatezones;

(i) GRBs are an fficient way to select higla-ob-
jects;

(iv) high-z GRBs are hosted in faint galaxies that are
missed even in the deepest surveys;

(v) high-z GRBs have proved to be an independent
and powerful tool to study the early Universe.

Although the current sample is limited to a few
bursts, future dedicated missions can provide fi-su
ciently large number of GRBs at> 6 to study the first
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