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1. Introduction

Understanding how the formation of the first stars and gatarinded the cosmic dark ages
is one of the key challenges in modern astronomy [2, 9, 28}thiicurrentACDM cosmology,
this moment of first light is predicted to occur at redshifts 20— 30, when the primordial gas
is able to collapse into dark matter minihalos of mass®® M. Primordial stars thus fundamen-
tally transformed the universe through their productiorhpfirogen-ionizing photons, initiating
the process of reionization, and the first heavy chemicahet#s. The character of this transition
is governed by the properties of the first sources of lighthsas the initial mass function (IMF)
of the first, Population Il (Pop Ill) stars [5], their rotat rates [35], as well as the luminosities,
colors, and escape fractions of primordial galaxies [10].

The initial billion years of cosmic evolution constituteetfinal, remaining gap in our long-
standing endeavor to trace the entire history of the urevddpcoming facilities such as tllames
Webb Space Telescope (JWST), and the next generation of extremely-large telescopelsenground
(GMT, TMT, E-ELT) promise to open up a direct window into tfismative period. Despite their
exquisite sensitivity at near-IR wavelenghts, even thdéseivatories may not be able to directly
probe the first stars, unless they formed in massive clustées only opportunity to probe individ-
ual Pop Il stars may be to catch them at the moment of theilosig death. This could involve
extremely energetic supernova (SN) events, such as hywssrar pair-instability SNe [23, 31],
or gamma-ray bursts (GRBs). The latter fate depends on whétbp Il stars could give rise to
suitable collapsar progenitors, involving rapidly ratgtimassive stars [29]. Since Pop lll stars are
predicted to fulfill both requirements (see the discussilow), GRBs are expected to be prevalent
at very high redshifts. Indeed, GRBs may play a key role igidrting primordial star formation,
as well as the properties of the early intergalactic medil@M), given their extreme intrinsic
brigthness, both of the promptray emission, as well as that of the prolonged afterglow.

A number of features render GRBs ideal probes of the epochsoiifiht [28]: (i) Traditional
sources to observe the highiniverse, such as quasars and Lynsaemitting galaxies, severly
suffer from the effects of cosmological dimming, whereasBERerglows, if observed at a fixed
time after the trigger, exhibit nearly-flat infrared fluxest @o very highz. This counter-intuitive
effect arises, because a fixed time interval in the obseraerd translates into an increasingly early
time in the source frame. Such earlier times in turn sam@edhidly decaying GRB lightcurve at
the moment of maximal brightness, thus compensating foctisenological dimming (increasing
luminosity distance)(ii) In the hierarchical setting of cosmic structure formatiearlier times are
dominated by lower-mass host systems. The massive hosisa@dor quasars and bright galaxies
therefore are “dying out” at the highest redshifts. GRBs tloa other hand, mark the death of
individual stars, which can form even in very low-mass systdiii) Finally, Pop IIl GRBs would
provide very clean background sources to probe the early. &g4in reflecting the low masses
of their hosts, any proximity effect should be much reduaejonized bubbles are confined to
the immediate vicinity of the Pop Il system; the IGM wouldighlargely remain unperturbed. In
addition, the featureless, broken power-law nature of GR&glow spectra enables us to easily
discern any signature imprinted by absorption and emissi@nts along a given line of sight
(LOS). The outlook for GRB cosmology thus is bright. Futurissions, such as JANUS, Lobster,
or SVOM, promise to fully unleash its potential.
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Figure 1: Simulating Pop Il star formation (from [34])Left panel: Multiple protostars embedded in an
accretion disk. The colors symbolize the underlying derfe@ld (yellow marks highest density) within the
central 5000 AU. Here, protostars are represented by sirticles, such that the asterisk marks the location
of the most massive sink, the cross that of the second mostiveame, and diamonds represent the other,
smaller sinks. Shown is the situation 5000 yr after initiaksformation. At this point, an ordered, nearly
Keplerian velocity structure has been established withendisk. Right panel: Sink mass vs. time. The
solid line shows the mass of the first sink particle, fitted kyoaver law according td1 0 t%5° (red line).
The dash-dotted line depicts a reference case. The datiedréices the mass growth of the second largest
sink. As can be seen, sinks grow to masgek) M., within a few 1,000 yr.

In the following, we will briefly address some of the key qi@s$ posed by GRB cosmology:
(i) Are Pop lll stars suitable GRB progenitors? More precisgbgs the primordial IMF include a
range where black holes (BHs) are forming at the end of tHejrdnd do (some) Pop Ill stars retain
sufficient angular momentum prior to their deafii’? How common were such Pop Il burst§#)
How can we utilize any GRB at very high redshift to probe tlaesof the early IGM, regarding its
degree of ionization and heavy-element enrichment?

2. First Starsas GRB Progenitors

The longstanding consensus view has been that the corditiothe early universe favored
the formation of predominantly massive stars, such thaPibe Il IMF was top-heavy [1, 4, 5].
This expectation rests on the much less efficient coolinguie pi/He gas, where the only viable
cooling agent is molecular hydrogen. The primordial gastb&m cool to only about- 200 K,
compared to the 10 K reached in dust-cooled molecular cloutte present-day Milky Way. The
correspondingly enhanced thermal pressure is reflectedearms mass that is larger by one to two
orders of magnitude in the Pop Ill case. Another element isf'fftandard model’ of primordial
star formation has been that the first stars formed typidaligolation, one per minihalo.

Recently, beginning with work done in 2009, this traditibparadigm has been refined in
important ways [40, 34, 13, 20, 21]. Supercomputing powewell as algorithmic advances, now
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enable us to follow the protostellar collapse to densitiéene the initial hydrostatic core forms
in the center of the cloudn(~ 10?2cm~2) [41], and, crucially, beyond this stage into the main
accretion phase. These simulations have demonstrateddtition is mediated through a near-
Keplerian disk. The hot conditions in the surrounding cloeslilt in extremely large rates of infall
onto the disk 1 O T3/2); this rapid mass loading drives the disk inevitably toveagdavitational
instability, such that a small multiple of Pop Il protostagmerges, often dominated by a binary
system (see Fig. 1). It is not yet possible to push salehnitio simulations all the way to the
completion of the protostellar assembly process; the firedsrof Pop Il stars and their final
IMF are thus still subject to considerable uncertainty. Idegr, first attempts to carry out the
radiation-hydrodynamical calculations required to tteatlate accretion phase, where protostellar
feedback tends to limit further infall, have confirmed thesibgprediction: the first stars were
typically massive, with masses of a few10 M, although rarely very massive-(100 M), as
previously thought, forming as a member of small multiplsteyns [30, 22, 36].

The first requirement for a collapsar central GRB engine etihhergence of BH remnants, is
thus fulfilled. The binary nature of Pop Ill stars may alsol#edhem, if the binary is sufficiently
close to allow for Roche-lobe overflow and a common-envelamese, to expel the extended hy-
drogen (and helium?) envelope. This may be crucial to ptebenguenching of the relativistic jet,
triggered by the central engine [8, 37]. What about the &midit requirement that the collapsar
progenitor retains enough angular momentum? This quesgsrin with the rate of rotation of
Pop Il stars, where almost nothing is known yet. A first afpeito address this within a fully
cosmological context has recently been carried out [3%]icating that the first stars may have
typically been very fast rotators, with surface rotatioeexts of a few 10% of the break-up value.
Such high rates of rotation would have important conseqgefar Pop Il stellar evolution, pos-
sibly enabling strong mixing currents, and for the fate emtered at death. Thus, it is plausible
that all requirements for a collapsar central engine wengane in the early universe. The next
guestion now is: How common were Pop Il GRBs, and do curreptanned missions have a fair
chance to detect them?

3. High-Redshift GRB Rate

It had long been realized that GRBs provide a powerful prdbghe cosmic star formation
history, extending out to very high redshifts where the fatstrs are expected to form [26, 6].
Indeed, we now have examples of such bursts at very high ifexjshith the spectroscopically
confirmed GRB 090423 &~ 8.2 [32, 38], and a photometrically constrained candidate ~at
9.4 [14]. In addition, the radio afterglow of GRB 090423 hasrbeetected with the VLA [12],
providing useful constraints on the afterglow energetims@eometry, as well as on the circumburst
density. From these observations, we have learned thaftdrglaw properties of the very high-
Z bursts are not significantly different from the more locahgte. It remains, therefore, an open
guestion how to uniquely identify any possible Pop Il buisttempts to use features of the prompt
y-ray emission for this purpose may likely be ambiguous as wel

To explore the likely space of discovery, it is important tmstruct models of the high-redshift
GRB rate. Schematically, this involves the following framoek [8]:
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Figure 2: Predicting the Pop Il GRB rate (from [8]L.eft panel: Cosmic star formation rate density. The
solid line represents the total SFRD, which is decompogediPop I/1l and Pop Il mode, as marked. This
decomposition depends on the strength of the chemical &sdbesponsible for terminating primordial star
formation (see text for further explanation). Here, the tases shown correspond to weak (dotted line) and
strong (dashed line) feedback. In the former case, Popdilfstmation persists to much lower redshifts.
Right panel: The predicted GRB rate vs. redshift, as observed ®ittit. The decomposition into different
modes mirrors that of the left panel. Again, the strengtthef¢chemical feedback sets the level of a Pop IlI
contribution in the sample, introducing considerable utadety into any prediction. The black dot marks the
required degree of massive Pop Il star formation, if rezatipn had occured alreadyat- 17; a scenario
which is disfavoured by the most recaiMAP results.
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= Z ,
dz Gr( )(l+z) dz
wheredNZ%; is the number of GRBs, as observed with a given instrumeoit fvithin a reshift
interval dz, wg*;fB the number of bursts per comoving volume, and the other sigitave their
usual meaning. The connection between the burst numbeitylensl cosmic star formation rate
density (SFRD) can be expressed via:

(3.1)

(o)

p(L)dL , (3.2)

Yeks(2) = r’GRBL.U*(Z)/
Liim (2)

wherey,(2) is the cosmic SFRDycrs the GRB formation efficiencyp(L) the GRB luminosity

function, andLjm (z) the minimum intrinsic luminosity required to detect the diuwith a given

instrument, from a given redshift (for details, see [8]).

Most of the intricacies come in when dealing with the efficiefactor. For simplicity, one
could assign a constant value, possibly calibrating it éodhserved Pop I/1I valuejggg ~ 10°
bursts per unit solar mass [8]. Within such an idealized maate typically estimates that of order
10% of all Swift GRBs should originate from > 5, with of order 0.1 Pop Il bursts per year (see
Fig. 2). Detection of a Pop Il burst may thus lie just outsidé¢he Swift capabilities, unless we are
getting lucky. However, the real situation is likely much m@omplicated. The GRB efficiency
could well depend on redshift, or on environmental factsigsh as the metallicity of the host
system [27]. Since the early modeling of the GRB redshiftritiistion, significant refinements
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Figure 3: Probing pre-galactic metal enrichment (from [42]§ft panel: Metallicity distribution in a region

of clustered Pop Il star formation. The box size is 70 kpafowing), shown az ~ 16.4. A Pop IIl GRB
explodes at the intersection of the two lin&sght panel: Resulting near-IR absorption spectra. We consider
two different cases for the Pop Il SN enrichment, from cartignal core-collapse (Type Il) and from a
very massive star (VMS) progenitor. The situation corresisoto 1 day (in the observer frame) after the
GRB trigger. The lines are imprinted by low-ionization sigswf C, O, Si, and Fe. The sharp cutoff at lower
wavelengthsis due to the complete absorption @f kgdiation in the neutral IGM. The VMS absorption-line
signal should well be within the capabilities of tB\&/ST.

have been added [15, 11, 16, 25, 17]. Itis important, thotayhot lose sight of the inherently very
uncertain nature of this enterprise.

Among the most crucial uncertainties is the physical meigmamesponsible for terminating
the early mode of predominantly massive Pop Il stars. Qurtieinking often posits that this
Pop Il to Il transition is brought about by chemical feedhathe idea is that the cooling ability
of star forming gas is greatly enhanced once it has beenhaedtiwith the first heavy elements
beyond a threshold level, termed the ‘critical metallicftf order Zg,it ~ 104 Z). The underlying
physics is complex. Some models claim that fine-structuresliof neutral oxygen and singly-
ionized carbon may drive this transition [7]; others idBntust cooling as the key agent [33]. If
dust were indeed responsible, predicted valueg@fare typically smaller by one to two orders of
magnitude, compared with the fine-structure scenarios.

4. Probing the Intergalactic Medium

Assuming standard, shocked-synchrotron theory, the piiepeof Pop Il afterglows have
been worked out [18, 24]. Consistently, across a wide rafgeaeelengths, from the near-IR to
radio, as well as in the X-ray bands, flux levels are predititedl bring such Pop Il bursts within
reach of existing and planned instruments. A key uncegtamsuch modeling is what to assume
for the circumburst density [42]. If we can identify thesedia through rapid follow-up in the
near-IR, they will provide us with exquisite background m®s to probe the early IGM. Firstly,
we can place constraints on the ionized fraction of the kitBM, as a function of redshift. This
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would provide a much more discerning picture of the cosmignigation history, compared to
the integral constraint frodMAP. In the latter case, by measuring the optical depth to Thamso
scattering along the travel path of a CMB photon from theamn@fof last scattering to= 0, we
cannot distinguish between models that can be quite diffelmit happen to yield the same LOS
integral. The basic idea is to exploit the absorption stiteimgthe red damping wing of the Lyman-
a resonance, which is very sensitive to any residual IGM méditaction [3]. This idea has been
tested with the exquisite spectrum taken for GRB 0509@4-a6.3 [39]. The problem there proved
to be the strong local column in neutral hydrogen, which cetefy overwhelmed any contribution
from the general IGM. Again, the hope is that if we go to Pogbltsts, such local contamination
would not be a problem, given that the first stars are explectéorm in low-mass host systems.
Any local damping would then be small compared with the cagickl signal.

A second use of a Pop Ill GRB background source is to scretithiz degree and nature of
metal enrichment in the pre-galactic universe (see Figlr'Bg. first stars are predicted to form in a
highly biased region of the Gaussian random field of densitstdilations, such that their formation
sites are strongy clustered. Any Pop Il burst would theeljilexplode in a region that already may
have been enriched by a small number of SNe [19]. The diagnastvided by a high S/N near-IR
spectrum of a Pop Il afterglow may allow us to not only meadtie overall metallicity at a given
redshift. Additionally, we may also be able to distinguisttvieeen the abundance pattern from
different kinds of explosion, such as a pair-instability ,S\nhypernova, or a more conventional
core-collapse (Type II) event [42].
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