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The brightest gamma-ray bursts (GRBs) can be seen at velyrédshifts, offering a probe of
star-formation and galaxy evolution, into the reionizativa and beyond. Their bright afterglows
pinpoint their host galaxies, however faint, and can givdshéts, metallicity estimates, infor-
mation on the presence of dust and molecules, and HI columsitiies. Statistical samples of
well-observed GRBs at high redshift may therefore tell usualbhe evolution of the global star
formation rate, chemical enrichment, UV escape fractiahtie galaxy luminosity function; all
of which are very difficult to establish by conventional sdeas for galaxies. To date, only a
handful ofz > 6 GRBs have been discovered, but their presenee-a8 begins to realise their
potential as searchlights to illuminate the early Universe
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1. Introduction

By z ~ 6 the reservoir of gas between the nascent galaxies had keealonost completely
ionized [1]. This phase change presumably accompaniedng fsr-ultraviolet and/or X-ray ion-
izing [2, 3] radiation field. It is frequently argued thatghiadiation was likely produced by early
generations of massive stars, and hence that the era ofzaion is intimately connected to the
collapse and turning on of the first galaxies.

Unfortunately, sources at> 7 are very hard to study directly since, in addition to high lu
minosity distance, galaxies and quasars were both smaltefeanter at early times. Only with
the re-observation of the Hubble Ultra-Deep Field HUDF wiita Wide Field Camera-3 infrared
channel, have significant numbers of candidate7 Lyman-break galaxies been identified for the
first time [4—6].

Gamma-ray bursts offer another probe of the early Univdraeis in many respects comple-
mentary to other methods. GRBs pinpoint their host galaai@bsallow us to conduct a census of
the locations and rates of massive star formation througmamhistory. Afterglow spectroscopy
can reveal not only redshifts, but also detailed propedfd¢le hosts such as chemical abundances
[9-12], molecular content [13], dynamics, and dust praeeiftl4 — 16]. Measurements of the red
damping wing of the Ly absorption line may provide both constraints on the nefitaation of
the intergalactic medium at the location of the burst [17}&lf@ the column of neutral ISM . Here
| consider progress to-date in studying high redshift GRR& thosts and afterglows, and consider
prospects for the future.

2. Thesearch for high redshift GRBs

In principle the brightest GRBs and their afterglows can &ected to very extreme redshifts,
as is illustrated by Figure 1 which shows (in this case theTid& GH sample) that some bursts
would be above the effective sensitivity iviftat least taz ~ 10.

The unpredictability and short timescale of the GRB phenmmanakes them challenging to
observe, requiring wide field detectors and rapid respaoigaf-up facilities. Obtaining redshifts
for high-z GRBs can be particularly problematic, usually requiringratial indication of an optical
dropout source, followed by near-IR spectroscopy. GRB 0808as the first identified a > 6,
being identified photometrically [20] and ultimately spestopically confirmed at= 6.30 [21].
This spectrum showed metal absorption lines giving an ateuredshift, and provided a weak
constraint on the neutral fraction of the intergalactic med[22]. Subsequently, GRB 080913 was
found atz= 6.73 [23, 24] and also showed a single metal absorption line.

To date, the record spectroscopic redshift remains thatRB 0423 aiz ~ 8.2 [25, 26].
Unfortunately, in that case the afterglow was not brightugig even at early times, to provide a
high signal-to-noise spectrum, and so the redshift rel@elys on the location of the Ly break.
Nevertheless, this event proved that GRBs were being peatlatsuch early times in the universe,
beyond any spectroscopically measured galaxy or QSO ffedshi

An even more distant event may have been GRB 090429B, whitla hest-fit redshift based
on photometry of its afterglow af ~ 9.4, however it was unfortunately not possible to obtain a
spectrum of this event due to high winds at Mauna Kea whichefdrthe closure of most tele-
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Figure 1. The base 10 logarithm of peak luminosity in units of erg §1-s binning) against redshift for the GRBs in
the TOUGH sample [7]. The grey shaded region shows the exgetensity of GRBs in this plane based on assuming
they follow a metallicity-dependent star-formation ratstbry as described by [8], and with a non-evolving Schecter
luminosity function. The selection function is indicategthe lower cut-off of the shaded region, although note that i
practice theSwiftdetection threshold is not strictly a fixed peak luminosidyie implication of this figure is that the most
luminous GRBs should certainly be detectableSQwyiftto z > 10 (and in fact higher, since the search trigger actually
looks for significant rate enhancements on a variety of toales).

scopes. A lower redshift, down to abaut- 7, would be allowed if there is a modest amount of
rest-frame dust extinction [27] (see Figure 2). It is worthphasising that photometric redshifts
for GRBs tend to be more robust than for galaxies thanks tsithple underlying power-law con-
tinuum of their afterglows. A few other GRBs har¢> 6 based on either photometry or low-S/N
spectroscopy [28], but the numbers remain small. Despige d&ls many authors have pointed out,
the rate ofz > 4 GRBs is considerably in excess of predictions based ongbengption that it
should follow the canonical star-formation rate history ¢wen plausible estimates of the lower-
metallicity star formation rate history) [30, 29, 8]. Thisutd be because we do not understand the
conditions required to produce GRBs from massive stardtennatively it could be indicating that
traditional routes to estimating global star-formation galaxy surveys are producing systematic
underestimates at high-a topic we return to below.

3. Thehosts of high redshift GRBs

A number of authors have recently emphasised that searshkighz GRBs hosts can poten-
tially constrain the faint end of the galaxy luminosity faiea [31 —33]. The hosts af > 5 GRBs
have proven elusive. For example, b&i8Tand Spitzer finding no evidence of significant host
emission in the field of GRB 050904 [34].

The locations of siz > 5 GRBs have deep, late tinSTinfrared imaging (see Fig. 3). Only
for GRB 060522 ar = 5.11 is there marginal detection of flux close to the GRB locgtishereas
the data provide deep limits on any host contribution in ttheiocases. We note that even few orbit
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Figure 2: The photometric redshift estimate for GRB 090429B. [Lefbgld shows likelihood contours in a plane
of redshift versus rest-frame extinction obtained by fiftam intrinsic power-law spectral energy distribution wdilst
attenuation (in this case assumed to follow an SMC dust ldigimwhas commonly been found for lower-redshift GRBS),
to the observed afterglow photometry. The three (greenjocos overlaying the greyscale represent 90%, 99% and
99.9% confidence respectively. The most likely value of #uashift is found to be ~ 9.4. [Right panel:] the bold red
line shows the best fitting model, and the solid vertical lagserror ranges for the photometry. The horizontal bars are
not errors but simply indicate the approximate widths oftihead-band filters used. The best-fit low redshift solution
is shown as a dashed blue curve, and is formally ruled outght $ignificance. (The inset shows the dashed region but
with a logarithmic flux axis).

integrations can provide deep constraints since, unlikexges found in deep field samples which
require relatively high-S/N detections and multiple batwdgerform photometric redshift analysis,
for the GRB hosts we can accept even @etections, for example, as meaningful, given we know
both redshift and position in advance.

The key question is whether the data are consistent withepeteng faint-end slope as indi-
cated by some analyses of the UDF. The likelihood of the GR&shbeing as faint as observed
can be assessed by taking the galaxy UV luminosity functestisnated fronHSTdeep field ob-
servations, weighting these by luminosity (thus providagrobability density function for the
host galaxy luminosities, assuming GRB rate is proportitmatar-formation rate and hence pro-
portional to UV luminosity), and finally convolving with obsvsational errors appropriate to each
dataset. This should provide a prediction for probabilignsity function for theobservediux at
each host location, which can be compared to the resultstliernmages themselves.

Such an analysis indeed agrees with the suggestion thatthefstar formation az > 6 is
occurring in small, faint galaxies below the detection lesfethe HUDF [31]. With the present
sample this is only sufficient to marginally reject a nontewm LF shape (at the- 90% level),
however it does illustrate the key role GRBs may play in thearki study of star formation in the
era of reionization, giving access to the dominant popatatif star-forming galaxies.

4. Future prospects

In principle modelling the red damping wing of the dyabsorption trough can distinguish
absorption due to the IGM from features due to the host galayractice, this will frequently be
difficult due to the large neutral gas columns often found RBGhost galaxies [35, 36], and the
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Figure 3: Mosaic ofHSTinfrared images (corresponding to rest-frame UV) for theatmns of sixz > 5 GRBs [31].
The images were all obtained months or years post-burst thieszontribution from afterglow light should be negligible
Only for GRB 060522 at=5.11 is there marginal evidence for flux at the location of thesb{indicated by cross-hairs)
while in no other case is there a significant Zo) detection. This finding supports the idea that the majaftgtar
formation at high redshifts is occurring in galaxies belaepHSTdetection limits.

possibility that they (and their neighbours) also produbeeffects on the shape of the absorption
profile, in particular by ionizing some region around theagsl It is likely that very high signal-
to-noise spectra will be required to confidently disentarthese components in most cases. Such O
spectra could be acquired with present technology for wadlyshright afterglows, but more likely

will have to await larger future telescopes. In Fig. 4 | shogiraulation of an afterglow spectrum

(in fact based on the parameters of GRB 090423) as it could been seen with a next-generation
ground-based telescope like the proposed European Exyréarge Telescope (E-ELT). The qual-

ity of the spectra is easily sufficient to accurately meashieeneutral fraction of the IGM if the

gas column in the host is small. For larger host columns tiise more difficult (although useful

results may still be obtained with reduced accuracy), babmpensation such systems will allow
abundance measurements from metal absorption featurestdoxery low metallicities.

Even with such observations, as emphasised by [19], thectegb®ariance from sight-line to
sight-line of the neutral fraction at any given redshift/lwinean that many higlz-GRBs would
need to be observed in order to provide a detailed timelimeiohization and an indication of its
topology.

However, the same observations would also provide us witlnates of the neutral hydrogen
column in the ISM of the hosts. This is potentially importaimce the column can be translated into
an optical depth to ionizing radiation [36, 37]. Thus a sagflsuch measures would allow us to

80 (2102 9O )Sod
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Figure 4. Simulated spectra showing the quality of data which wouldli@ined with a~40 m telescope such as the
proposed E-ELT for an afterglow with magnitude approxirhatee same as that obtained for GRB 090423 observed
by the VLT [25]. [Left panel:] is for the situation of very low| column within the host galaxy, and the three curves
show the effect of an IGM neutral fraction of 0%, 50% and 1008 top to bottom. [Right panel:] in the case where
the host itself has a high column density of HlI, it will be hartb measure the IGM neutral fraction but much easier to
measure abundances in the host. The particular simulatisNpost= 10?2 cm2 (offset slightly between models for
clarity), and metallicity ranging through 0.1%, 1% and 10P&olar from top to bottom.

gauge the escape fraction of UV continuum, which is esdgnt@a understanding the contribution
of massive stars to reionization.

5. Conclusions

Thanks to the brightness of the prompt and afterglow emissfdong-duration GRBs, they
offer a powerful probe of star formation and galaxy evolatiothe early universe. They provide us
with a means of studying massive star formation, its ratgtion and environments, in principle
even when it is taking place in galaxies beyond the detediioit of current or planned future
telescopes. If the evolution of the galaxy luminosity flimietis proceeding as rapidly as some
studies suggest, then such, very faint galaxies could datenithe total star formation activity in
the peak era of reionization, and at even earlier times. iShisnsistent with the non-detection by
HST of the highest redshift GRB hosts, and strongly motivatesdévelopment of new missions
which are capable of finding significant numbers of GRBs aeexé redshifts.
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