PROCEEDINGS

OF SCIENCE

Tracing Cosmic Chemical Evolution with GRBs

Dieter H. Hartmann*

Department of Physics and Astronomy, Clemson UsityeIClemson, SC 29634-0978, USA
E-mail: hdi et er @| enson. edu

Luigi Piro

Instituto Astrofisica Spaziale Fisica Cosmica, Jeama, INAF, Italy

E-mail:l uigi . piro@asf-roma.inaf.it

Jan-Willem den Herder
SRON, Netherlands Institute for Space Researckecttr The Netherlands
E-mail: J. W A. den. Her der @r on. nl

Takaya Ohashi
Tokyo Metropolitan University, Department of Physi&chool of Science, Tokyo 192-0397, Japan
E-mail: ohashi @hys. metro-u.ac.jp

Chryssa Kouveliotou
National Space Science and Technology Center, MilletsAL 35805, USA
E-mail: chryssa. kouvel i ot ou@asa. gov

for the Xenia collaboration

Abundance measurements with bright background lgghirces, such as quasars and GRBs,
probe the large-scale distribution and physicakstd evolving, coupled gas- star - dark matter
structures in the Universe. Not all baryons inférieom BBN and the CMB are accounted for in
the local Universe; a significant fraction residlesvarm-hot tenuous gas filaments tracing the
large-scale distribution of dark matter. Understagdhe chemo-dynamics of these structures
can be advanced with sensitive X-ray studies ofsion from diffuse baryons in the warm-hot
medium residing in clusters and the filamentaryntosweb, and in absorption with bright,
distant sources, in particular GRBs. Supernovaegataies are bright enough to be traced to
high redshifts, but the diffuse gas in their vigjnis not luminous enough to be detectable in
emission at such distances. This diffuse compocamtbe probed with absorption spectroscopy
of bright background sources. GRBs, associated milsive stars, provide beacons that may
trace star formation to the first generations. Thaige brightness allows abundances to be
measured in early, small proto-galaxies, and tetthem to the era of re-ionization, at z > 6.
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1. Introduction

Investigations of the formation and evolution ofseuc structures and the chemical
abundances of stars and the interstellar- and galigetic medium are at the frontier of
observational astrophysics. Absorption studies bé tstructured universe with bright
background light sources, such as quasars and Gdaya&8ursts (GRBs), probes the large-
scale distribution and physical state of coupled- gdar - dark matter underlying the basic
building blocks of the universe. Not all of the y@ms in the local universe are currently
accounted for, some reside in the hard to detenonwt tenuous gas tracing underlying dark
matter. Studies of cosmic chemical evolution wobdshefit significantly from sensitive, high-
resolution, wide FoV imaging X-ray spectroscopyafyons in the Warm-Hot-lonized Medium
(WHIM) located in and between galaxy clusters, anthe amazing structures of the cosmic
web of filaments found in LSS simulations. The meyisius dark components of the universe
and the luminous, baryonic components are coupledravity and feedback processes (star
formation and subsequent seller winds and supeg)owRrobing the links between these
components is required to better understand howrherse transitioned from the dark ages to
the present. Directly tracing cosmic chemical etiotuback to the very first stars is a daunting
task. Much attention is given to near-field cosngglowhere extremely low abundance halo
stars reveal the very early phase of the Galaxy@ugion. But the limiting factor is the
confinement to our own Galaxy. GRBs offer a wayotercome this limitation via rapid
spectroscopy of their afterglows, revealing abucdarin distant proto-galaxies as small as the
Magellanic clouds. Long-soft GRBs are believed ¢oplboduced during the final stages of the
evolution of rotating, metal poor massive starsilevihort-hard GRBs may be associated with
merging compact binary systems (e.g., a neutranbstary). Both classes trace star fomation
with little delay, and thus offer a unique probetlzé high redshift Universe. Their luminosities
allow easy detection, even at large distances,thei afterglows provide a valuable (albeit
rapidly decaying) source of light for spectroscagiiedies of the intervening intergalactic gas.

2. Gamma-Ray Bursts as Beacons

The cosmic GRBs rate is about one per day, to h&asied with a global rate of a few
core-collapse Supernovae (ccSNe) per second. Theyeasily detected above the Earth’'s
atmosphere, and if localized accurately and rapidgir afterglows can be studied from the
ground even with small telescopes. Afterglows cenves as powerful tools to probe properties
of the gas along the line of sight, but spectrogamust be carried out quickly. The need for
rapid response and sustained monitoring requidsdécated global effort, in space and on the
ground. After their discovery in the 60ies [1] witte Vela satellites, the following decades
established their isotropic angular distributionf they remained undetected outside of ythe
ray regime [2]. The lack of accurate and rapid fpmss proved to be the bottleneck. Data from
the Compton Gamma-Ray Observatory (1991-1999) wuefl earlier indications of a bimodal
duration distribution, suggesting multiple clas§&ls X-ray detectors on BeppoSAX (1996-
2002) for the first time provided rapid, accurabedlization, and discovered the first X-ray
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afterglow from GRB970228 [4], which led to the disery of the first optical afterglow [5][6].
Measurements of redshifts and identification ofthgalaxies followed quickly. Their large
fluences and distances imply the release of ctgillgn amounts of energy (~B; where 1 B

= 1 Bethe = 1% ergs), a problem alleviated via beam@d-(degrees) jet emission. The release
of such large amounts of energy leads to a fird¥;bapaque to its own radiation, accelerated
to Lorentz factor§ >> 1. Internal dissipation of energy via shocksalfiding “shells” leads to
the prompt GRB phase, but a fraction remains stimedulk motion. Eventually the ejecta
interact with a circum-burst medium via externayaits, generating afterglow emission that can
be detected for a long time. The dynamics of tHesgs, and assuming synchrotron (jitter-)
radiation as the dominant radiation process, irs@iflux density;fJ t°, where typicallyor ~ 1

and time (t) is measured in days [7,8,9,10]. Thigssion covers a broad spectral range and thus
provides a powerful background source for absonpsitudies. A jet-break in the lightcurve,
yields information on the jet opening angbe,and thus corrects the energy estimated from the
fluence and the luminosity distance,(B). Jet angles of order degrees results in arggrssale

of ~ 1 B, with a relatively narrow distribution [[LIThis scenario of relativistic, jetted outflows
has been confirmed with the observation of achramat breaks in the optical regime, but a
lack of X-ray breaks, or their late appearance,[[E2] some to favor alternative models [13].

GRB afterglow spectroscopy frequently reveals langatral hydrogen column densities
(Nyy > 10° cm?, called DLAs, Damped Lyman Alpha systems). Metaaption lines imply
abundances that are typically less than solar aghibieé a mild trend of cosmic evolution [14].
However, the sample is still small and the quabtyhe spectra often insufficient for accurate
abundance determinations. To utilize GRBs as probessmic chemical evolution (CCE) we
must improve resources (network of telescopes padiographs). Higher rates from new GRB
detectors, e.g., EXIST [15], require enhanced it&sl and human resources. More than 80% of
Swift-detected GRBs were localized with the X-rajescope (XRT), and for ~40% of these
events afterglow observations led to a measureshitdThere is no consensus on the reasons
for the non-detection of so many GRBs. Explanatiordude absorption in the interstellar
medium of the host galaxy, and a significant fiactof high-z GRBs [16,17]. “Dark” GRBs
may represent a very distant population. SBIRBs have <z> ~ 2.7 [18] and the z-distribution
is roughly consistent with models where the GRB tedices the cosmic star formation rate [19].

3. Tracing Cosmic Chemical Evolution with GRBs

Supernovae and galaxies are detected to z ~ 2 and, respectively, but diffuse gas in their
vicinity is not luminous enough to be detectabl@inission at these distances. However, it can
be probed in absorption. GRBs are unique beacarnbiftask. GRBs track star formation with
little delay, and possibly reach the Pop lll epotheir afterglows provide opportunities to
measure abundances in small proto-galaxies, and theeir changes beyond z ~ 6. Afterglows
probe the host and the intervening IGM. Kann e{20] showed that typically only a modest
amount of extinction (< 0.4 mag) is present intedbut see [32]). This is surprising, as the
association with massive stars [21] suggests biegt $hould be affected by extinction by dust in
the star-forming regions in metal poor, sub-lumsomregular host galaxies [22]. One of the

3



Tracing CCE with GRBs Dieter H. Hartmann

highest redshift bursts is GRB 050904 at z = 63, [@riginally identified as a high-z candidate
based on multi-color observations [24]. GRB06092% 6.5) is another example of a GRB near
the end of the re-ionization epoch [25]. Findinghiz GRBs is the goal of dedicated projects,
e.g., GROND [26], and future space missions, likeST [15], CASTER [27], oiXenia[28],
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FIG. 1. Xenia: Many nuclei never make it into stars, but remaim diffuse baryonic component
tracing the evolving dark matter. Winds from massitars and their supernovae affect galaxy formatio
on large scales, inflows into dark matter potentialls encounter SN-driven outflows. X-ray absarpti
yields host abundances, and emission lines frombyedusters probe baryons beyond their virial iradi

which could performe X-ray spectroscopy within mesi Bursts from the earliest stars would
provide a spectacular glimpse into pre-galacticcepo Absorption lines establish abundances
often not available from ground based spectros¢8fy The study of CCE and the GRB-SN
connection (here iron is a key parameter) woulglbeed on firmer ground. Star formation in
the early universe [17] has an Initial Mass Functiased to larger masses, affecting mass-loss
of stars and their subsequent explosive fates [@8kt massive stars today explode as Type I
core collapse supernovae (ccSNe or SNII), but asivead?op Il star more likely dies by pair
instability [29]. The universe was fully re-ionised by z ~ 6g[e 25], but we do not know the
details of this extended, inhomogeneous trans[tdh Many sightlines are needed to explore
this epoch. GRBs provide a powerful tool [30] forsttask, but their transient nature requires
unigue observational capabilities, such as combimielé-FoV monitoring and fast re-pointing
of high-resolution X-ray spectrometers. Probing tosmic baryon history is a new frontier
[31][34], and GRBs are going to play an increaginglportant role in this endeavor.
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