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Abstract

Gamma-ray bursts, particularly the long-duration class, provide multiple insights into processes of
galaxy evolution over a wide range of redshifts, up to and potentially beyond the era of reionization. The
localisation of GRBs allows subsequent characterisation of the emission properties of their hosts, which
allow us to sample galaxies down to the faint end of the luminosity function. Their afterglows form bright
back-lights, spectroscopy of which can be used to determine interstellar medium abundances, the column
of neutral hydrogen in the host galaxy and intergalactic medium proximate to the host, and signatures of
molecules and dust. Recent work has highlighted that the large majority of GRBs show signatures of large
neutral hydrogen columns, suggesting that ionizing radiation should generally not escape along the typical
sight-lines to massive stars, at least at redshifts 2 < z < 5. This presents a problem for the favoured
hypothesis that extreme ultraviolet radiation from massive stars was largely responsible for causing and
sustaining reionization. We outline this range of techniques, and look forward to their application using
the next generation of instrumentation.
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1. Introduction

The reionization of the intergalactic medium (IGM) rep-
resents the last major phase change in the history of the
universe, and the best available evidence suggests that it
took place around redshifts 7–8 (Planck Collaboration et
al. 2018), although the detailed time-line and topology
remain only weakly constrained. Widely thought to be
driven by radiation from early stellar populations, it is
therefore potentially directly related to the processes of
primordial structure formation. However, whether ex-
treme ultra-violet (EUV) star-light was sufficient in this
era to bring about and sustain a reionized IGM is yet
to be proven, and requires an understanding of the spec-
tra of those stars, the density of star formation, and the
extent to which the EUV light escapes the galaxies in
which it is produced.

Long-duration gamma-ray bursts represent the end-
points in the lives of some massive stars and their bright
panchromatic afterglows make ideal back-lights for ab-
sorption studies. Thus they provide multiple windows
on the galaxy and stellar populations, and the state of
the IGM, at high redshifts, during the era of reionization,
and potentially beyond. To date, GRBs have been found
with spectrographic redshifts up to z ∼ 8 (Tanvir et al.
2009; Tanvir et al. 2018) and photometric redshifts up
to z ∼ 9 (Cucchiara et al. 2011), although high signal-

to-noise spectroscopy has so far been limited to z ∼ 6. I
review the current state of our knowledge and consider
prospects for future progress.

2. GRB selection of early galaxies

Gamma-ray bursts, since they trace massive star forma-
tion, allow us to select samples of star forming galaxies
independently of the luminosities of the galaxies them-
selves. Searches for GRB hosts at z > 5 have found that
the majority are undetected even in deep HST imag-
ing (Tanvir et al. 2012), confirming that at z > 6 the
total star formation is increasingly dominated by that
occurring in small galaxies. More recently, three z ∼ 6
GRB hosts have been successfully detected using HST,
showing that their properties are consistent with those
of Lyman-break galaxies at similar redshift (McGuire et
al. 2016).

3. Gas columns and the ionizing escape fraction

Near-infrared spectra of high redshift GRB after-
glows sample the rest-frame far-ultraviolet (FUV) and
extreme-ultraviolet (EUV). They show Lyman-α in ab-
sorption, the red wing of which can be fitted to esti-
mate the neutral hydrogen column on the line of sight
(the blue wing is increasingly affected at high redshift
due to the rising density of Lyman-α forest lines, and



ultimately the Gunn-Peterson trough). Remarkably, in
nearly all cases to date where the signal-to-noise is suffi-
ciently high, the neutral column is found to be high, typ-
ically NHI ∼ 1021.5 cm−2 (Jakobsson et al. 2006). Such
high columns are opaque to the passage of EUV radia-
tion, so this suggests that very few sight-lines to massive
stars would allow any escape into the IGM. An analysis
of a large sample of GRB spectra shows that the average
escape fraction is only ∼ 0.5%, which is well below that
generally thought to be required (∼ 10%) during the era
of reionization (Tanvir et al. 2019). These measurements
are mostly for systems in the range 2 < z < 5, but if
there is not considerable evolution up to z ∼ 7, then it is
hard to see how stellar radiation could have driven reion-
ization unless GRB progenitors are not representative of
the majority of UV-producing massive stars.

An updated version of this analysis is shown in Fig-
ure 1, where we plot neutral hydrogen column density
against redshift for a sample of 143 bursts. This in-
cludes the provisional result for GRB191004B, the first
GRB detected with a non-negligible escape fraction in
over a decade. The sample indicates an upper limit to
the ionizing escape fraction of ∼ 2%, and although there
are potential systematics due to selection biases, these
are unlikely to affect the result at a level of more than a
factor ∼ 2, as discussed in detail by Tanvir et al. (2019).
Thus to avoid this problem at z > 5, it seems that ei-
ther the GRB hosts must evolve rapidly with redshift
towards much lower typical column densities, or there
must be a significant emission of EUV radiation at times
not sample by the majority of GRB explosions. For ex-
ample, if a much greater amount of EUV is emitted by
binary systems than has been estimated hitherto, occur-
ring sufficiently long after a burst of star formation that
feedback from core-collapse supernovae has cleared out
most of the gas from the host (Gotberg et al. 2019), then
that could lead to both a higher escape fraction and a
higher total EUV production.

4. Metallicities and cosmic chemical evolution

The same afterglow spectra reveal absorption lines due
to various common metal species. Typically these reveal
average metallicities in the range −2 <[Fe/H]< 0 at z >

2 (Friis et al. 2015), with considerable scatter and only
a mild evolution to higher redshift (Hartoog et al. 2015).
In principle, this absorption spectroscopy provides much
greater insight into chemical enrichment and the state of
the interstellar medium than emission line studies. For
example, showing ranges of ionization, dust depletion
etc., and allowing in some cases the distance between the
GRB location and the majority of the absorbing gas to be
estimated (Hartoog et al. 2013). Vergani (this volume)
reviews GRB studies of abundances and host galaxies in
more detail.

5. The neutral fraction of the IGM

Lyman-α absorption may also arise due to neutral hy-
drogen in the intergalactic medium as well as the host
galaxy. Usually the latter will dominate, but during the
era of reionization, when the IGM has a high neutral frac-
tion, and plausibly more hosts were small systems with
low gas reservoirs, then this may switch around. Contri-
butions from IGM and host can be distinguished obser-
vationally by slightly different shaped damping wings,
due to the IGM absorption being spread over a small
range of redshift (Barkana & Loeb 2004). Thus in prin-
ciple GRBs offer a route to estimating the IGM neutral
fraction close to the GRB, and hence with many such
sightlines, a way of characterising the timeline and spa-
tial variations of the reionization process.

Unlike quasars which have a significant effect on their
local IGM (and likely also to be found in high density en-
vironments within the large-scale structure), GRB hosts
will typically sample much more average locations and
have much less proximity effect, although it still may not
be completely negligible (McQuinn et al. 2008).

This approach has only been applied in a handful of
cases (Totani et al. 2006; Chornock et al. 2013; Hartoog
et al. 2015), but the advent of 30m class telescopes holds
great promise for greatly extending such studies.

6. Molecules and dust

Finally, afterglow spectra also imprint the absorbing ef-
fects of dust and molecules. This provides a powerful
and rather unique way of probing the evolution in the
colder denser phases of the interstellar medium over a
wide range of redshift. Examples are, characterising dust
laws (Bolmer et al. 2018; Zafar et al. 2018a; Zafar et al.
2018b), and the direct detection of molecular hydrogen
(Heintz et al. 2019). This aspect of GRB science is fur-
ther elaborated by Heintz in this volume.

7. Conclusions and future prospects

I have summarised a range of ways that observations
of GRBs and their afterglows can probe star formation
activity and gas phase properties in early galaxies, which
are very complementary to other probes of this era. In
particular, these give insights into the era of reionization
and the fundamental question of whether stellar EUV
was its driving mechanism.

Although progress in the Swift era has been slow, due
to the rate of discovery of z > 6 GRBs, and difficulties
of obtaining sufficiently high S/N spectroscopy, in the
future the advent of new GRB missions, such as SVOM

(Wei et al. 2016) and the proposed THESEUS mission
(Amati et al. 2018), combined with much more powerful
follow-up facilities, promises a key role for these tech-
niques.



Fig. 1. The values of neutral hydrogen column-density in the host plotted against redshift for a sample of GRBs with suitable afterglow

spectroscopy. The corresponding optical depth at the Lyman limit is shown on the right-hand axis. This plot is an update of that shown

in Tanvir et al. (2019), including provisional analyses for several new bursts, notably GRB 191004B (D’Elia et al. 2019), the first very

low column density system detected in over a decade. The running median (thick line) and interquartile range (shaded range) of 20

points shows little evidence for significant variation with redshift, although there is a hint of a decline at z > 5, where numbers become

unfortunately sparse.
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