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ABSTRACT

We present a study of 15 long-durationray burst (GRB) host galaxies at> 2. The GRBs are selected with
available early-time afterglow spectra in order to compare interstellar medium (ISM) absorption-line properties
with stellar properties of the host galaxies. In addition to ve previously studied hosts, we consider new detections
for the host galaxies of GRB 050820 and GRB 060206, and placepper limits to the luminosities of the
remaining unidenti ed hosts. We examine the nature of the host galaxy population and nd that (1) the UV
luminosity distribution of GRB host galaxies is consistent with expectations from a UV luminosity weighted
random galaxy population with a median luminosity b{UV) = 0.1L , (2) there exists a moderate correlation
between UV luminosity and i 1526 absorption width, which together with the observed large line widths of
W(1526)> 1.5 A for a large fraction of the objects suggests a galactic out ow driven velocity eld in the host
galaxies, (3) there is tentative evidence for a trend of declining ISM metallicity with decreasing galaxy luminosity in
the star-forming galaxy populationat 2-4, (4) the interstellar UV radiation eld is found to be 35-35Bigher

in GRB hosts than the Galactic mean value, and (5) additional galaxies are fouri &tom the GRB host in all

elds with known presence of strong Mgabsorbers, but no additional faint galaxies are found & in elds

without strong Mdi absorbers. Our study con rms that the GRB host galaxies (with known optical afterglows) are
representative of unobscured star-forming galaxies=at2, and demonstrates that high spatial resolution images
are necessary for an accurate identi cation of GRB host galaxies in the presence of strong intervening absorbers.

Key words: gamma rays: bursts — intergalactic medium — ISM: abundances — ISM: kinematics
Online-only materialcolor gures

1. INTRODUCTION numerous absorption features produced by ground-state and
excited-state ions in the interstellar medium (ISM) of the host
Gamma-ray bursts (GRBs) are among the most energeticgalaxies (e.g., Vreeswijk et a004 Prochaska et alR00§
events in the universe. In particular, long-duration GRBs are Vreeswijk et al.2007 D’Elia et al. 2009. Detailed studies
believed to originate in the catastrophic death of massive starsbased on comparisons of absorption-line strengths have yielded
(e.g., Woosleyl 993 Paczyski1998 Bloom et al.2002 Stanek accurate constraints on the host ISM properties, including gas
et al. 2003 Hjorth et al. 2003 see Woosley & Bloom2006 density, temperature, chemical composition, and kinematics of
for a recent review). Since massive stars evolve rapidly, long- the GRB host environment (e.g., Fynbo et2006a Savaglio
duration GRBs should probe instantaneous star formation out to2006 Prochaska et al20073. Speci cally, roughly 50% of
the highest redshifts (e.g., Wijers et B98 with the afterglows known GRBs atz > 2 are found in an ISM of neutral gas
serving as signposts to starburst galaxies in the distant universecolumn densityN (H i) > 10%% cmS2 (Jakobsson et ak00g
Many bursts are followed by optical afterglows thatcanbriey Chen et al20074. In addition, the host ISM generally exhibit
exceed the absolute brightness of any known quasar by ordersnoderate chemical enrichment with a median metallicity of
of magnitude (e.g., Akerlof et all999 Kann et al.2007 > 1/10 solar, although with a substantial scatter over the range
Bloom et al.2008 and serve as bright background sources from 1/100to 1/2 solar values (Fynbo et &006a Savaglio
for probing intervening gas along the line of sight. Early-time, 2006 Prochaska et ak0073. Comparisons of different ionic
high-resolution spectroscopy of GRB afterglows have revealedabundances also show that there exists a large differential
depletion with [ZhFe] > +0.6 dex and/ Fe 0.4 dex,
Based in part on observations made with the NAESA Hubble Space con rm|ng the presence Of a |arge amount Of gas mass and

Telescopgobtained at the Space Telescope Science Institute, which is operated . . . . .
by the Association of Universities for Research in Astronomy, Inc., under a chemical enrichment history dominated by massive stars

NASA contract NAS 5-26555. (Savaglio2006 Prochaska et a0073. Finally, there is a lack

* Observations reported here were obtained in part at the Magellan telescopesof molecular gas despite the presence of a I&id i) (Fynbo

a collaboration between the Observatories of the Carnegie Institution of et al.2006a Tumlinson et al2007).

Washington, University of Arizona, Harvard University, University of . . . .
Michigan, and Massachusetts Institute of Technology. Interpretations of these absorption-line data are not straight-
9 Sloan Research Fellow. forward. In particular, the observed low-metal content in the
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GRB host ISM, as opposed to optically selected luminous star-age and shorter characteristic star-forming time scale. In ad-
burst galaxies (e.g., Shapley et2004), can be explained ifthe  dition, Fruchter et al. 200§ comparedHST images of more
progenitor stars originate in the outskirts of a luminous galaxy or than 40 GRB host galaxies & 1 with the host galaxies of
if the host galaxies are underluminous and have on average lowecore-collapse supernovae (SNe). They found that the majority
metallicities. A local-galaxy analogue of this is seen with the of GRB host galaxies exhibit irregular morphology, unlike the
so-called luminosity—metallicity relation (e.g., Tremonti et al. host galaxies of core-collapse SNe. Recently, independent stud-
2004for nearby galaxies). Recently, Fynbo et 2008 consid- ies by Castro Cém et al. 008 and Savaglio et al2009 show
ered both scenarios and showed that the metallicity distributionthat z 1 GRB host galaxies contain on average lower stellar
of GRB hosts is consistent with the expectation that these hostmass than eld star-forming galaxies. Together, these results
galaxies represent a weighted star-forming galaxy populationshow that GRB host galaxies a 1 represent a relatively
according to the on-going star formation rate (SFR). In addi- young dwarf population that have experienced recent on-going
tion, the large atomic gas column density in contrast to the star-forming episodes.
lack of molecular gas may be due to either an enhanced UV While GRB host galaxies based on the intermediate-redshift
radiation eld in the star-forming regions near the GRB progen- sample appear to be underluminous and low mass systems, it is
itor or a relatively low dust and metal content indicated in the not clear whether the long-duration GRBs originate preferen-
absorption-line data (e.g., Tumlinson et2007 Whalen et al. tially in relatively metal de cient star-forming regions (see Wolf
2008. Recent detections of the 2175 A dust absorption feature & Podsiadlowski2007 Modjaz et al.2008. A low-metallicity
in GRBs 070802 (Kiihler et al.2008 Eliasdottir et al.2009 environment is favored by popular progenitor models so that the
and 080805 (Jakobsson et 2008 offer an important test for ~ progenitor star can preserve high spin and a massive stellar core
this scenario. Regardless, these issues have direct impact on ot produce a GRB (e.g., Hirschi et @005 Yoon & Langer
understanding of both the GRB progenitors and star formation 2005 Woosley & Heger2006. Chemical abundance measure-
physics. Supplemental imaging and spectroscopic observationgnents foz 2 galaxies have been based primarily on emission
of the host galaxies are necessary for accurate interpretations ofine observations of associateditiegions. A subset of the host
the absorption-line measurements. galaxies atz < 1 have been followed up spectroscopically for
The transient nature of optical afterglows allows deep imaging measuring emission-line uxes. A mean metallicity of roughly
and spectroscopic studies of galaxies close to the lines of sight,1/ 4 solar is found but with a large scatter (e.g., Sollerman et al.
including the hosts, when the afterglows disappear (see Mgller2005 Modjaz et al2008 Savaglio et al2009. The accuracy of
et al. 20023 Chen & Lanzetta2003 for searches of damped emission-line-based abundance estimates depends sensitively
Ly absorbing galaxies along quasar sightlines).zAt 2, on the accuracy of the calibrations between different line di-
where accurate ISM abundance measurements are availabl@gnostics (e.g., Kewley & Dopita002 Skillman et al.2003
based on afterglow absorption-line spectroscopy, only four hostKennicutt et al2003. Whether or not there exists a maximum
galaxies have been unambiguously identied (see Savaglio metallicity for forming a GRB remains an open question.
et al. 2009 for a compilation). Comparison studies between  We have carried out an optical and NIR imaging survey of
known ISM properties from afterglow absorption spectroscopy €elds around 15 GRBs ar > 2. The GRBs are selected to
and the observed morphology and luminosity of the host have early-time afterglow spectra in order to compare ISM
galaxies have been published individually for GRB 000926 absorption-line properties with stellar properties. The goal is to
(Castro et al.2003, GRB 011211 (Vreeswijk et al2008), identify the host galaxies and constrain their rest-frame UV and
GRB 021004 (Fynbo et a005, and GRB 030323 (Vreeswijk  optical luminosities. The primary objectives are (1) to quantify
etal.2004. The four GRB host galaxies together show an order- the luminosity distribution of the GRB host galaxy populations
of-magnitude scatter in their rest-frame UV luminosity and ISM and investigate whether or not the GRB host galaxies trace
metallicity. the typical star-forming galaxies at high redshift, and (2) to
At z < 2, where the majority of common ISM absorption €examine whether there exists a correlation between the ISM
features occur at UV wavelengths and spectroscopic observaimetal content and host luminosity. The starburst nature of GRB
tions become challenging on the ground, more than 40 GRB hosts makes this galaxy sample a unique laboratory for studying
host galaxies have been identi ed in late-time imaging follow- star formation physics and stellar feedback at high redshift. We
up. These known host galaxies provide important insights for adopt a CDM cosmology, v = 0.3and = 0.7, with a
understanding the nature of GRB progenitors at intermediatedimensionless Hubble constamt=" Ho/ (100 km §* Mpc>?)
redshifts. First, Chary et al2002 compared the estimated SFR  throughout the paper.
and total stellar mass for 12 GRB host galaxies and found that
the host galaxies have on average higher SFR per unit stel- 2. THE GRB SAMPLE
lar mass than local starburst galaxies. Le Floc’h et200Q We generated a sample of 15 GRBs =g > 2 for
examined the optical and near-IR (NIR)S K colors and rest-  studying the nature of high-redshift GRB host galaxies and for
frame B-band luminosity function of 15 GRB host galaxies at comparing the host properties with those of eld galaxies in deep
z 1. They found that these host galaxies have on aver- surveys. The GRBs were selected to have early-time, moderate-
age bluer colors and fainter luminosityL @ 0.1L ) than to-high resolution afterglow spectra available for measuring
random star-forming galaxies at the same redshift range. Ad-the underlying neutral hydrogen column density. In addition,
ditional mid-IR imaging observations by these authors showed eight of the GRBs have suf ciently high spectral resolution for
that this is not due to dust extinction (Le Floc’h et 2006. constraining the chemical abundances of the host ISM. Only ve
Similarly, Christensen et al2004) studied the optical and NIR  of these elds have late-time images published in the literature.
spectral energy distributions (SEDs) of ten GRB host galaxies To identify the stellar counterpart of the host galaxies, we have
at z = 0.85. They found based on a comparison with000 carried out a NIR imaging survey of these elds using PANIC
galaxies identi ed at a similar redshift range in the Hubble Deep (Martini et al. 2004 and theH Iter on the Magellan Baade
Fields that GRB host galaxies have on average younger stellatelescope on Las Campanas, Chile. In addition, we have obtained
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Figure 1. Left: redshift distribution of the 15 GRBs in our sample (shaded histogram), in comparison to the distributions of all GRBs with known redshifts (open
histogram) and of those found by tBevift Satellite (Gehrels et a004 dashed histogram). Right: neutral hydrogen column density distribution of the GRBs in our
sample in shaded histograms, in comparison to the distribution of knowmNI{bkt) for GRBs found prior to 2007 July (see Chen et24l073.

and analyzed late-time deep optical images available for some  3.1. Optical Images from the Hubble Space Telescope

of these GRB elds from either our own observations using

the Advance Camera for Surveys (ACS; Ford et1898 or High spatial resolution and high sensitivity optical im-
unpublished data found in tHeubble Space TelescoffElST) ages obtained using the Wide Field Channel (WFC) of the
data archivé® A summary of the elds is presented in Taldle ACS on board theHST are available for GRBs 030323,
where we list the GRBs, their coordinates, redshift, and inferred 050820A, and 060206. The eld surrounding GRB 030323

neutral hydrogen column densitiy (Hi), in Columns (1)-  was observed under program ID 9405 (PI: Fruchter) using
(5). The corresponding references for the redshift BifH i) the ACSWFC and the F606W Iter during 2003 July and
measurements are listed in Column (6). 2003 December. The observations were carried out in a se-

This GRB host sample presented here is the largest sampleyjuence of four exposures of between 480 and 522 s each.
of GRBs atzgrg > 2 for which both ISM absorption properties The images were retrieved from théST data archive. The
and constraints on the emission properties of the host galax- eld surrounding GRB 050820A was observed under pro-
ies are available. It offers a unique opportunity to carry out a gram ID 10551 (PI: Kulkarni) using the AC®/FC and the
systematic study to understand the nature of starburst galax+625W, F775W, and F850LP lters during 2005 September
ies hosting GRBs at high redshift. The redshifts of the GRBs and 2006 June. The observations were carried out in a se-
in our sample span a range from= 2.04 toz = 4.05 (the guence of two to four exposures of between 400 and 807 s
left panel of Figurel). The neutral hydrogen column densities each. The images were retrieved from tH8T data archive.
of the GRB host ISM span a range from lbgH i) = 16.9 The eld surrounding GRB 060206 was observed under our
to logN(Hi) = 226 (the right panel of Figurel). The own program (PIB10817; PI: Chen) using the ACB/FC
sample size is restricted by the amount of available observ-and the F814W lter during 2006 November and December.
ing time. In comparison to GRBs with known redshiftd(H i) The observations were carried out in the standard “ACS-WFC-
in the literature, we show in Figure that our sample is rep-  DITHER-BOX” pattern of exposures between 1215 and 1256 s
resentative of the spectroscopically identi ed GRB population each.
in the redshift andN (H i) parameter space. Note that three of Individual exposures were reduced using standard pipeline

the 15 known GRB host absorbers do not contain iNgH i) techniques, corrected for geometric distortion using drizzle,
(log N(Hi) 20.3) that would qualify them as a damped Ly  registered to a common origin, ltered for deviant pixels based
absorber (e.g., Wolfe et a005. The observed lowN (H i) on a 5 rejection criterion, and combined to form a nal

indicates that the ISM in front of these GRBs is mostly ionized. stacked image. A summary of the optical imaging observations
is presented in Columns (7)—(10) of Tallewvhich respectively
3. IMAGING OBSERVATIONS AND DATA ANALYSIS lists for each eld the instrument and Iter used, total exposure
. . . time, and the full width at half maximum (FWHM) of the median
To constrain the star formation araf stellar population ofthe ~ 5int-spread function (PSF) as determined from point sources.
host galaxies, we have carried out an optical and NIR imaging \ve note that in addition to the GRBs listed in Tallewe
survey of nine GRB elds that have not been studied before. iy inciude in the following analysis previouslST imaging
We have also obtained new NIR images of the elds around ,pcervations of GRB 000301Qdzs = 2.04), GRB 000926
GRB 011211 (previously studied by Jakobsson e2@03 and (zere = 2.038) and GRB 021004zfrs = 2.323) published

GRB 030323 (previously studied by Vreeswijk et2004), and bv Fruchter et al. (2006). Castro et &0 and Fvnbo et al
analyzed additionalSTimages of the eld around GRB 030323 (2yOOSu respectivél(y. ) 03, y '

that were not included in Vreeswijk et a2q04. At z < 3, NIR

images offer valuable constraints for the intrinsic luminosity

of the host galaxies at rest-frame optical wavelengths, while

optical images provide constraints for their rest-frame UV 3.2 Optical and Near-Infrared Images from the Magellan and
luminosities. Here we describe relevant imaging observations Keck Telescopes

and data processing.

Opticali images of GRB 050730 were obtained using MagIC

hitp://archive.stsci.edu/hst/ on the Magellan Baade telescope in 2008 June. The observations
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Table 1
Summary of the Optical and NIR Imaging Data
Field R.A. (J2000) Decl. (J2000) zgrs log N(H i) References Instrument Filter EXPTIME (s) FWHM ()
GRB 011211.. 11:15:17.98 S$21:56:56.2  2.140 28+ 0.2 1) HST STIS Clear 19544 0.1
Magellan/PANIC H 12960 0.4
GRB 020124.. 09:32:50.81 $11:31:10.6  3.198 27+ 0.2 ) HST STIS Clear 24798 0.1
Magellan/PANIC H 13860 0.4
0.4GRB 030323.. 11:06:09.38 $21:46:13.3 3.372 290% 0.07 3) HSTACS/WFCE F606W 5928 0.1
Magellan/PANIC H 14400 0.4
GRB 030429.. 12:13:07.50 $20:54:49.7  2.658 26+ 0.2 (@) Magellan/PANIC H 7740 0.4
GRB 050401.. 16:31:28.81 +02:11:14.2 2.899 B 0.3 (5) Magellan/PANIC H 6300 0.6
Keck/LRIS g 2540 11
Keck/LRIS R: 2460 1.0
GRB 050730.. 14:08:17.13 S03:46:16.7 3.968 225+ 0.10 (6) Magellan/MagIC i 2700 0.6
Keck/LRIS g 3900 1.2
Keck/LRIS Re 3900 1.0
GRB 050820A.. 22:29:38.11 +19:33:37.1  2.615 DE 0.1 (@] HSTACS/WFC F625W 2238 0.1
HSTACS/WFC F775W 4404 0.1
HSTACS/WFC F850LP 14280 0.1
Magellan/PANIC H 8460 0.6
Keck/LRIS g 2620 0.7
Keck/LRIS Re 2500 1.9
GRB 050908.. 01:21:50.75 S$12:57:17.2 3.343 1B5% 0.10 8) Magellan/PANIC H 12150 0.5
GRB 050922C.. 21:09:33.08 $08:45:30.2  2.199 25+ 0.1 @) Magellan/PANIC H 12560 0.5
Keck/LRIS g 3870 1.2
Keck/LRIS Re 3660 1.0
GRB 060206. . 13:31:43.42 +35:03:03.6  4.048 3B+ 0.10 9) HSTACS/WFC F814W 9886 0.1
GRB 070721B.. 02:12:32.97 $02:11:40.4 3.626 250+ 0.20 (11) Magellan/PANIC H 10320 0.5
GRB 060607.. 21:58:50.40 $22:29:46.7 3.075 185+ 0.10 (10) Magellan/PANIC H 18540 0.5
Keck/LRIS g 2550 1.0
Keck/LRIS Re 2430 15
GRB 070721B.. 02:12:32.97 $02:11:40.4 3.626 250+ 0.20 (11) Magellan/PANIC H 10320 0.5
Previously Published Fields
GRB 000301C.. 16:20:18.60 +29:26:36.0  2.040 2% 05 (12) HST STIS Clear 16422 0.1
GRB 000926. . 17:04:09.62 +51:47:11.2  2.038 3k 0.3 (13) Castro et al.2003
GRB 021004.. 00:26:54.68 +18:55:41.6  2.329 B* 0.5 (14) Fynbo et al.Z005
Notes.

a (1) Vreeswijk et al. 2006; (2) Hjorth et al. 003; (3) Vreeswijk et al. 2009; (4) Jakobsson et al2004); (5) Watson et al. Z006); (6) Chen et al. Z005;

(7) Prochaska et al. (2007); (8) J. Fynbo, private communication; (9) Fynbo 2086§; (10) Chen et al. (2007), see also Sectohl; (11) Malesani et al.2007);

(12) Jensen et al2001); (13) Fynbo et al.Z002; (14) Fynbo et al.Z005, but see SectioA.13for discussion.

b The imaging data were retrieved from tH&Tdata archive; PIB= 8867. The host galaxy was clearly detected in these images that have been analyzed and published
in Jakobsson et al2003.

¢ The imaging data were retrieved from tHSTdata archive; PIB= 9180. A detailed analysis of these space images is published in Berger28(s. (No emission

from the host galaxy was found.

d The imaging data were retrieved from tH&Tdata archive; PIB: 9405. The host galaxy was found in the rst-epoch images (exptimi®20 s), which have been
analyzed and published by Vreeswijk et &004).

€ The imaging data were retrieved from tH&Tdata archive; PIB= 10551.

f The imaging data were obtained through our own program before ACS faileds RIG817.

9 The imaging data were retrieved from th T data archive; PIB= 8189. The host galaxy was marginally detected in these images that have been analyzed and
published in Fruchter et al2006.

were carried out in one set of three exposures, 900 s in duration.ve SDSS southern standard stars (Smith eR802 observed
Dither offsets of 15 were applied between exposures. The sky during the night.

condition was photometric with a mean seeing.d.0ndividual OpticalR; andgimages of GRBs 050401, 050730, 050820A,
exposures were rst corrected for pixel-to-pixel variation usinga 050922C, and 060607 were obtained using the Low Resolution
at- eld image formed by median Itering sky images obtained Imaging Spectrometer (LRIS; Oke et 4995 on the Keck |
during even twilight. Fringes are not apparent in the MagIC- telescope in 2006 May and July. Integration times varied from
i images. Next, the processed individual images obtained onsource to source and are given in Tahlbut generally consisted
the same night were registered to a common origin, Itered for of dithered exposures of about 600 s each and total integration
deviant pixels based on a Fejection criterion and a bad pixel times of 40—65 minutes per eld. Individual exposures were
mask formed using the at- eld frames, and stacked according reduced and combined using standard technigues. Photometric
to a weighting factor that is proportional to the inverse of the sky calibration was performed using a series of exposures on the
variance. The photometric zero points were determined usingLandolt eld Markarian A at three different elevations during



156 CHEN ET AL. Vol. 691

Table 2
Summary of known ISM and Stellar Properties of GRB Host Galaxiesa@

Field Absorption Properties Galaxy Properties

W(1526} Mag (UV) 1§ Mag (B)' M

zcre  log N(H i) N M IbSM x ICSM AY  S5logh  (photongcm?s/Hz) S5logh  (x10°hS2M )

GRB 000301C.. 2.040 212+ 05 ... $152+05 c
GRB000926.. 2.038 213+ 0.3 240+ 0.14 $0.17+ 0.15 +132+ 0.15 0.15 $19.63+ 0.07 33x 10°6 $20.265%7 2155%
GRBO011211.. 2140 204+ 02 135+019 > S13 ... S192+01 $191+ 03
GRB021004.. 2329 19z 05 <S10 ... $19.83+ 0.07 $2038+ 0.15 21849
GRB 020124.. 3.198 217+ 0.2 ... >8151 c
GRB030323.. 3.372 2190+ 0.07 075+ 0.03 > $126 ... S176% 0.1 88x 10°7 18.8
GRB 030429.. 2.658 216+ 0.2 > §201
GRB050401.. 2.899 226+ 0.3 231+ 026 > S157 ... >8174 > 5196
GRB 050730.. 3.968 2215+ 0.10 037+ 0.05 $2.26% 0.14 +024+ 0.11 0.00 > 5186 e
GRB 050820A.. 2.615 210+ 0.1 165+ 0.05 $0.63+ 0.11 +097+ 0.15 0.08 $1850+ 0.06 56x 10°° $193+ 03 0.9835
GRB 050908.. 3.343 1755+ 0.10 ...~ >8189
GRB 050922C.. 2.199 215+ 0.1 052+ 0.05 $2.03+ 0.15 +060+ 0.10 0.01 > S17.1 e > 5182
GRB 060206.. 4.048 2085+ 0.10 115+ 0.05 $0.85% 0.15 ... 8177+ 01 9.1x 10°°
GRB 060607.. 3.075 1685+ 0.10 ... >8183 > 5183
GRB 070721B.. 3.626 2150+ 0.20 ... >8193
Notes.

@ Rest-frame absorption equivalent width ofiiSi 1526 in the host ISM. The measurements of all but the one for GRB 060206 are adopted from Prochaska et al.
(2008. The measurement for GRB 060206 is determined using public spectra in Subaru Science Data Archive (A208t al.

b All measurements but the one for GRB 000926 are based on the obseivais8rption strength. The measurement for GRB 000926 is based on the observed
Siii absorption strength, becausé 8ansitions are not covered in available moderate resolution spectra of the afterglow. All lower limits are based on the observed
Zn abundance in low-to-moderate resolution afterglow spectra. The upper limit for GRB 021004 marks the maximum Si abundance prior to an iaciization fr
correction.

¢ The relative abundances are measured based on sulfur wherever sulfur is available. For GRB 00096, the reported value is based on silicon.

d The values are derived, assuming the SMC extinction law (Gordon 20@®.

€ ISM far UV radiation eld estimated from resolved host galaxy images 8T data.

f The rest-framé3-band absolute magnitude is derived based on avaitdiiand photometry in the observed frame. For sources>a8 with detected emission, we

infer Mag (B) from the measuret g (UV) and the mean color of starburst galaxieg at 2—3 from Shapley et al20095.

the July run and a single visitto the PG 2213 eld during the May 3.3. Astrometry

run. The observation conditions were photometric. Astrometry ) o )

was performed using a large sample of USNO B1.0 standard AN accurate astrometric solution is necessary for the images

stars in each eld. obtained at late times, in order to correctly identify the host
NIR H images of GRBs 011211, 030323, 050401, 050820A, Jalaxies ofthe GRBs. To obtain an accurate astrometric solution

and 050922¢ were obtained using PANIC on the Magellan Baadefor €ach nal stacked image, we rst calibrate the astrometry

telescope in 2004 February, 2006 May, and 2007 August. Theusing 12 USNO stars with a low-order polynomial t.

observations were carried out in ve or nine sets of three to Next, we re ne the astrometric solution using 2 2MASS

four exposures, 45-60 s in duration. Dither offsets of eight to Stars in the image by adjusting eld offsets and rotation. We

15 arcsec were applied between different sets of exposures in ahd that the nal astrometric solution is accurate to an rms

slanted square pattern. 0
Individual exposures were rst corrected for pixel-to-pixel
variation using a at- eld image formed by median Itering 4. DESCRIPTION OF INDIVIDUAL FIELDS
all the images obtained on the same night. Next, we corrected
for geometric distortion in individual at- eld images using Including previously published images around GRBs

the IRAF geomaptask, according to a two-dimentional distor- 000301C, 000926, and 021004, we have now collected deep
tion map provided by the PANIC instrument team. Next,the optical andor NIR images surrounding 15 GRBsat 2. All
processed individual images obtained on the same night wereof these GRBs have early-time afterglow spectra available that
registered to a common origin, ltered for deviant pixels based allow us to determine both the gas properties of the GRB host
onab rejection criterion and a bad pixel mask formed using galaxies and the line-of-sight properties of absorbers foreground
the at- eld frames, and stacked according to a weighting factor to the hosts. We will show that known line-of-sight properties
that is proportional to the inverse of the sky variance. Images from afterglow spectra are important for accurately identify-
obtained during non-photometric nights were scaled to matching the GRB host galaxies (e.g., GRB 030429, GRB 060206,
the uxes of common objects observed during photometric con- GRB 070721B, and see Pollack et aD08for a rich galaxy
ditions. Individual stacked images from different nights were eld around GRB 060418). Here we describe constraints on
combined to form a nal image of each eld. The photomet- the emission properties of individual host galaxies from avail-
ric zero points were determined using three to ve IR standard able imaging data, together with a brief description of known
stars (Persson et @998 observed under photometric condi- absorption-line properties from afterglow spectroscopy. A sum-
tions. A summary of the NIR imaging observations is presented mary of the emission and absorption properties of tizese2

in Tablel. GRB host galaxies is presented in TaBle
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4.1. GRB 011211 &= 2.142

This burst was detected by BeppoSAX and the optical
transientwas found 10 hrlaterwithR = 19 (Grav et al2001).
Low-resolution (FWHM v 680 km s1) optical spectra
of the afterglow were taken by different groups, which revealed
multiple absorption features indicating a source redshift of
z = 2.142 (Fruchter etaR001 Gladders etakR001). Analyzing
existing afterglow spectra obtained using FORS2 on the VLT
telescopes, Vreeswijk et al2Q06 reported a total neutral
hydrogen column density of loj(Hi) = 204 + 0.2. In
addition, the authors applied a curve-of-growth (COG) analysis

over a series of absorption features found in the afterglow spectra

and derived! [Si/H] = S 0.9825 and [FéH] = S 1.3 + 0.3.
The largeN (H i) indicates that even the weakest absorption
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features detected in the afterglow spectrum may be saturated dugigyre 2. Registered optical (left three panels) and NiRright panel) images

to the low resolution and low/® of the data. Here we consider

of the eld around GRB 011211 aizgrg = 2.142 after the afterglow had faded.

the abundance measurements based on the COG analysis lowéhe epoch during which the images were taken is indicated at the bottom of

limits to the intrinsic ISM metallicity and adopt [@#] > S1.3

forthe ISM of the host galaxy. However, we note that the absence

of relatively weak transitions such asiSi 1808 in the afterglow
spectrum indicates [BH] < S0.7. Finally, this line of sight
exhibits no Mdi absorbers of rest-frame absorption equivalent
width W(2796)> 1 A betweerz = 0.359 andz = 2 (Prochter

et al.20086.

Imaging follow-up of the eld around GRB 011211 was
carried out during four different epochs with the STIS and the
clear lter on board theHST. The imaging data were reduced
and analyzed by Jakobsson et 2DQ3, who reported the host
galaxy has arR-band magnitude oAB(R) = 2515+ 0.11
over a 1 diameter aperture. In addition, Lyemission was

detected in a ground-based narrow-band imaging survey by

Fynbo et al. 20033, who measured a total ux of (Ly ) =
(2.8 + 0.8) x 10°7 erg ! cm™? and derived an SFR of
0.8+ 0.2M yr>1,

We have observed this eld using PANIC on Magellan in
2004 February, and obtained a total integration of 216 minutes.
The mean FWHM of the PSF was found to be0.37 based
on an average of 10 stars across the PANIC eld. The nal
stacked image is presented in Figutetogether withHST
Space Telescope Imaging Spectrograph (STIS) images obtaine
roughly 14, 26, and 32 days after the initial burst. The optical

andH images are registered to acommon origin. The host galaxy

is marked by a circle of 1lradius. The host appears to consist
of three compact (presumably star-forming) regions in the STIS
images, all of which are con rmedto be at the host redshift based
on the presence of Lyemission in the ground-based narrow-
band images presented in Fynbo et @0{33. The GRB is
found to originate in the faintest of the three blobs, southeast of
the center one. Two of the compact regions are detected in th
H-band image, but the region directly associated with the burst
does not exhibit any detectable ux. We measureHxband
magnitude oAB (H) = 25.0+ 0.3 over a 1 diameter aperture
for the host galaxy.

At z = 2.142, the observe®-band magnitude corresponds
to a rest-frame absolute magnitude at 2000 Avbf2000)S
5logh $19.2 + 0.1. The observedH-band magnitude
allows us to derive a rest-frame absolleband magnitude
of Mag(B) S 5 logh =S 19.1+ 0.3 for the GRB host galaxy.

11 Chemical abundances are measured relative to solar values and de ned as
[M/H] log(M/H) S log(M/H) .

[S)

each panel. The host appears to consist of three compact regions, all of which
are con rmed to be at the host redshift based on the presence aiiyssion in
ground-based narrow-band imaging follow-up (Fynbo e28033. The GRB

is found by Jakobsson et aRq03 to originate in the fainter region, southwest

of the center blob, as indicated by the fading optical transient (arrow in the left
panel). The mean FWHM of the PSF in theimage was found to be 0.37
based on an average of 10 stars across the PANIC eld. Two of the compact
regions are detected in thEband image, but the region directly associated with
the burst does not exhibit observable ux. We measurkldrand magnitude of
AB(H) = 25.0+ 0.3 over a 1 diameter aperture for the host galaxy.

(A color version of this gure is available in the online journal.)

4.2. GRB 020124 atcrg = 3.198

This burst was detected by Tigh Energy Treansient Ex-
plorer (HETE) (Ricker et al.2002 and the optical transient
was found to havé&k 185 in an image taken two hours af-
ter the burst (Price et aR002. Low-resolution (v 680
km s°1) optical spectra of the afterglow were obtained us-
ing FORS1 on the VLT Melipal telescope, which revealed
multiple absorption features indicating a source redshift of
z = 3.198 (Hjorth et al.2003. The total neutral hydrogen
column density derived based on the observed B&psorp-
tion line is logN (H i) = 217+ 0.2 (Hjorth et al.2003. The

w resolution and low signal to noise ratid$ ( 3-4)

f the data did not allow an accurate measurement of the
chemical content in the host ISM. No information is avail-
able for the line-of-sight properties of additional intervening
absolrbers.

Imaging follow-up of the eld around GRB 020124 was
carried out roughly 18 and 25 days after the burst with the
STIS and the clear Iter on board tHdST. The imaging data
were reduced and analyzed by Berger et200Q. While the
optical transient (OT) was detected in the rst epoch image, no
detectable ux was found at the OT position in the second epoch
image. Berger et al2002 placed an upper limit for thB-band
magnitude of the host galaxy Bt > 29.5. We have retrieved
the imaging data from thelST archive and determined a 5
limit of the second epoch imageAB (clear)= 29.4 over a 05
diameter aperture. To derive the corresponding detection limit,
we take into account the bandpass difference between/STIS
clear andR and the IGM opacity that reduces most of the light
at ops 4000 A for sources at = 3.198 (Figure3). We apply
a 0.4 mag offset in the photometric zero point and conclude that
the host galaxy is fainter tha#B (R) = 29 at the 5 level of
signi cance.

We have also observed this eld using PANIC on Magellanin
2004 February, and obtained a total integration of 231 minutes.
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Figure 3. Schematic diagram to illustrate the photometric zero point offset

necessary to be included for sourcezat 3.2, from a clear bandpass that
covers a spectral range over= 2000—-10000 A to a typical Johnséh Iter.

The historgram represents a typical starburst spectral template with additional

absorption at ey 1215 A due to the IGM Ly forest and the ISM internal
to the host.

(A color version of this gure is available in the online journal.)

The mean FWHM of the PSF was found to bed.4. The nal
stacked image is presented in Figdrgogether with available
HST STIS images. The optical and images are registered
to a common origin. Théd-band image has been smoothed
using a Gaussian kernel of FWHM 0.4. The position of
the GRB is marked by a circle of.B radius. No detectable
ux is found at the location of the GRB, but some emission
features are observed widB(H) 26.4at = 0.4 angular
distance away. We place a dimit in the observedH-band
magnitude ofAB(H) = 26.1 over a 05 diameter aperture
for the host galaxy. Az = 3.198, the observedd-band
magnitude limit allows us to derive a limiting rest-frame
absolute magnitude dfl o (3960)S 5 log h > S18.8 for the
GRB host galaxy.

4.3. GRB 030323 a&grg = 3.372

This burst was detected IWETE-2 (Graziani et al.2003
and the optical transient was found 7.6 hr later with
R = 187 (Gilmore et al. 20033. Moderate-resolution
(v 150 km $1) optical spectra of the afterglow, covering

= 4560-7310 A, were taken using FORS2 on the VLT Yepun
telescope by Vreeswijk et aRQ04), revealing multiple absorp-
tion features from ions in both ground states and excited states
that are consistent with a source redshifzof 3.372. These
authors estimated the total neutral hydrogen column density of
log N(H i) = 21.90% 0.07 in the host ISM and chemical abun-
dances of [BH] = S 1.26+ 0.2 and [FéH] = S 1.47+ 0.11.
The observed large column densities of various ions suggest that
these reported values represent only lower limits to the intrinsic
abundances of these ions. We therefore adofit[S> S1.26
for the ISM of the host galaxy. This line of sight exhibits no
strong Mgi absorbers az = 0.824-1646 (Prochter et al.
20086.

Imaging follow-up of the eld around GRB 030323 was
carried out during two different epochs with ACS and the F606W
Iter on board the HST. The rst epoch imaging data with
a total exposure time of 1920 s were reduced and analyzed
by Vreeswijk et al. 2004, who identi ed the host galaxy
at = 0.14 from the position of the OT and measured
AB (F606W) = 28.0 = 0.3 over a 03 diameter aperture.
Additional imaging data were obtained ve month later with the
HSTusing the same instrument setup. A stack of all available
imaging data from thélSTdata archive shows a clear detection
of the host galaxy at = 0.22 from the position of the OT.
This position is consistent with the position of Vreeswijk et al.
to within the astrometric uncertainties. After correcting for the
Galactic extinction (B S V) = 0.049 according to Schlegel
etal.1998, we measure atotal ux oAB (F606W)= 27.4+ 0.1
over a 05 diameter aperture.

We have also observed this eld using PANIC on Magellan in
2004 February, and obtained a total integration of 240 minutes.
The mean FWHM of the PSF was found to beéd.4. The nal

Figure 4. Registered optical (left two panels) and NHR(right panel) images of the eld around GRB 020124gkg = 3.198. The epoch during which the images
were taken is indicated at the bottom of each panel.H#and image has been smoothed using a Gaussian kernel of F#/BM, which is roughly the size of the
PSF. While the OT is still visible in the rst-epoch image (left panel), the host is not detected in either of the two late-time images. We pldeeaa@ limiting

magnitude ofAB (H) = 26.1 over a 05 diameter aperture for the host galaxy.
(A color version of this gure is available in the online journal.)
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Figure 5. Registered optical (left panel) and NI-R(rlght panel) images of the eld around GRB 03032%gkg = 3.372. The epoch during which the images were
taken is indicated at the bottom of each panel. The host galaxy is identi ed a 0.22 from the position of the OT withB (F606W)= 27.4+ 0.1 over a 05
diameter aperture. ThHe-band image has been smoothed using a Gaussian kernel of F&/BM, which is roughly the size of the PSF. The host is not detected in
theH image. We place a 2H-band limiting magnitude ofAB (H) = 26.2 over a 05 diameter aperture for the host galaxy.

(A color version of this gure is available in the online journal.)

Figure 6. NIR H image of the eld around GRB 030349 atrg = 2.658. The mean FWHM of the PSF is35. A smooth version of thel-band image is presented
in the right panel. No detectable ux is found at the immediate location of the GRB, but extended emission features (pointed by an arrow in thpdedtgaady
visibleat 1 southwest of the OT, or.B south of the galaxy &= 0.841. We measur&B (H) = 20.57+ 0.05 for the foreground galaxy, akB (H) = 244+ 0.1
for the host candidate.

(A color version of this gure is available in the online journal.)

stacked image is presented in Figbreogether with a stack of ~ 2004). In contrast, the spectrum of the extended source exhibits
available AC$F606W images. The optical aridlimages are  a single emission feature at = 6858 A. Jakobsson et al.
registered to a common origin. The host galaxy is marked by a (2004 identi ed this emission as [@] at z = 0.841, which
circle of 0.5 radius. The host appears to be extended in the ACSis supported by the presence of an absorption feature in the
image, but not detected in the stackedmage. We place a 2 afterglow spectrum if interpreted as a Mgbsorber az =
limit in the observed-band magnitude oAB (H) = 26.2 over 0.841. The GRB host galaxy therefore remains unidenti ed.
a 0.5 diameter aperture for the host galaxy. These authors also reported a total neutral hydrogen column
At z = 3.372, the observed F606W magnitude corresponds density of logN (H i) = 21.6+ 0.2 based on the observed Ly
to Mag (1400)S 5logh = S17.6+ 0.1 for the GRB host  absorption feature. The low resolution of the spectrum did not
galaxy. The observeti-band magnitude limit allows us to  allow an accurate measurement of the chemical content in the
derive a limiting rest-frame absolute magnitudé/ifs (3800)5 host ISM.
5 log h > S18.38 for the GRB host galaxy. We have observed the eld around GRB 030429 using PANIC
on Magellan in 2004 February, and obtained a total integration
4.4. GRB 030429 agrs = 2.658 of 1299minutes. The mean FyWHM of the PSF was fognd to
This burst was detected ByETE-2 (Doty et al.2003 and ~ be  0.35. The nal stacked image is presented in Figére
the optical transient was found 3.5 hr later (Gilmore et al. ~ together with a smoothed version with a Gaussian kernel of
20030 at 1.2 southeast of an extended source of FWHM = 0.4. The position of the GRB is marked by a circle of
R 24 (Fynbo et al2003b. Low-resolution (v 680 km 0.5radius. No detectable uxisfound atthe immediate location
531) optical spectra of the afterglow and the extended source of the GRB, but additional emission features are presentht
were obtained using FORS1 on the VLT Melipal telescope. southwest of the OT, or.B south of the galaxy a = 0.841.
The spectrum of the afterglow exhibits multiple absorption We measuréB (H) = 2057+ 0.05 for the foreground galaxy,
features that are consistent with= 2.658 (Jakobsson et al. andAB(H) = 24.4+ 0.1 for the host candidate.
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Figure 7. Opticalg (left panel) andR; (right panel) images of the eld around GRB 05040%ggg = 2.899. The mean seeing islland 10 in g andR;, respectively.
At the location of the afterglow reported by (McNaught & Pri#05, we detect faint emission in both images at roughlysiyni cance level. The circle indicates a

2 angular radius around the afterglow position.
(A color version of this gure is available in the online journal.)

The emission morphology resembles those found for the magnitude ofAB(H) = 25.1 over a 1 diameter aperture for

hosts of GRB 000926 and GRB 011211, with the OT origi-

the host galaxy. Az = 2.899, the observeti-band magni-

nating in the faintest of the three emission blobs. The close tude limit allows us to derive a limiting rest-frame absolute
proximity to the foreground galaxy suggests that the host may magnitude ofMag(B) S 5 logh > $19.6 for the GRB host
be gravitationally lensed by this foreground object, although galaxy.

the large angular separation implies that the foreground galaxy Optical images of the eld around GRB 050401 have also

would have to be 4x as massive as the Milky Way (see
also Jakobsson et &004). Additional images at optical wave-

been obtained using the LRIS and thand R Iters on the
Keck | telescope in 2006 May. The mean FWHM of the PSF

lengths are necessary to investigate this lensing hypothesisvas found to be 1.1 in the combinedy image and 1.0

further.

in the combinedr; image. The stacked images are presented

If the extended feature is associated with the host galaxy,in Figure7, which have been smoothed with a Gaussian kernel

then the OT would be at a projected distance of 5.4 h>!
kpc from the center of the galaxy. In the following discussion,

of FWHM = 1 . The position of the GRB is marked by a
circle of 2 radius. At the location of the afterglow reported

we consider the observed brightness as an upper limit to theby (McNaught & Price2005, we detect faint emission in both

brightness of the GRB host and derive a rest-fragaeand
magnitude ofMag(B) S 5 logh > S20.1 for the GRB host
galaxy.

4.5. GRB 050401 acrg = 2.899

This burst was detected ywift (Barbier et al.2005 and
prompt localization of the source was reported by Angelini
et al. QOO0 from the X-ray afterglow. The optical transient
was found 1 hr later withR = 20.3 (McNaught & Price
2005. Low-resolution (v 680 km s1) optical spectra
of the afterglow were taken using FORS2 on the VLT Antu
telescope (Watson et @006, revealing multiple absorption

images at roughly 2 signi cance level. We estimate a total
brightness ofAB (g) = 27.5+ 0.5 andAB(R;) = 27.3+ 04
over a 2 diameter aperture for the object. Due to the presence of
a strong absorber at= 2.5, the identi cation of the observed
faint emission is uncertain. We note, however, thatat2.899

the IGM Ly forest is expected to absorb a large fraction of
ux in the g band, resulting iy S R;  0.2-04 mag for a at
spectrum source. AdditionedSTimaging data are necessary to
con rm the host identi cation. Atz = 2.899, the observeR.-
band magnitude would imply a rest-frame absolute magnitude
of Mag (1600)S 5 logh =S 17.4+ 0.4 for the candidate host
galaxy.

features from ions in both ground states and excited states that

are consistent with a source redshifzof 2.899. Watson et al.

(2006 estimated the total neutral hydrogen column density of

logN(Hi) = 226+ 0.3 in the host ISM and metallicity of
[Zn/H] = S 1.0+ 0.4. Similar to the other GRB hosts where

4.6. GRB 050730 atgrg = 3.968

This burst was detected Iiwift (Holland et al.2005. An
optical transient was found promptly using the Ultraviolet-

only low-resolution afterglow spectra are available, the observed Optical Telescope (UVOT) on boarBwift with V = 17.6

large column densities of various ions suggest that these reporte@P0oUt 3 minutes after the burst trigger (Holland et al.
values represent only lower limits to the intrinsic abundances of 2009- We obtained an echelle spectrum of the afterglow, us-

these ions. We therefore adopt [ > $1.0 for the ISM of  ing the MIKE spectrograph (Bernstein et @003 on the
the host galaxy. An additional set of ionic transitions (such as Magellan Clay telescope, 4 hr after the initial trigger. Descrip-

Al ii and Feii) was also reported a = 2.5 by Watson et al.
(2009.

tions of the data were presented in Chen et 200§ and
Prochaska et al.20078H. The spectrum covers a full spec-

We have observed the eld around GRB 050401 using PANIC tral range from 3300 A through 9400 A with a spectral res-

on Magellan in 2006 May, and obtained a total integration olution of v
of 105 minutes. The mean FWHM of the PSF was found to v

be 0.6. No detectable ux is seen at the immediate loca-
tion of the GRB. We place a 2limit in the observedd-band

10 km $! at wavelength = 4500 A and
12kmstat = 8000 A. The host of the GRB exhibits
a strong damped Ly absorption feature with lo§l (Hi) =
2215+ 0.05, and metallicity [H] = S 2.26 + 0.1 and
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Figure 8. A smoothed image of the eld around GRB 050730 atrg =
3.968. No detectable ux is seen at the location of the OT. We place a 2
i -band limiting magnitude ofAB (H) = 26.6 over a 1 diameter aperture for
the host galaxy.

(A color version of this gure is available in the online journal.)

[S/Fe] > +0.24+ 0.11 (see also Starling et &005 D’Elia
et al.2007). The low metallicity and low -element enhance-
ment implies a nearly dust free medium. No trace gfdfound
despite the larghl (H i). The high-resolution, high/$ echelle
data allow us to place a sensitive limit on the molecular frac-
tion of the host ISM afy, 2N (H2)/[N(H i) + 2N (Hp)] <
10571 (Tumlinson et al.2007. Additional strong absorbers
are found atz = 3.56,z = 3.02,z = 2.25, andz = 1.77
(Chen et al2005.

We have observed the eld around GRB 070530 using MagIC
and thei Iter on Magellan in June 2008, and obtained a to-
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Table 3
A Summary of the Observed Isophotal Magnitudes of Objects at 1.5
from GRB 050820A

Objects () AB(F625W) AB(F775W) AB(F850LP) AB(H)
Host 2624+ 0.28 2630+ 0.06 2604+ 0.05 253+ 0.3
A 1.34+ 0.05 2608+ 0.06 2611+ 0.05 2581+ 0.05 >26.0
B 0.44+ 0.05 2635+ 0.23 2621+ 0.05 2625+ 0.05 >26.0

identi ed in data taken shortly after the trigger (Fox & Cenko
2005 Vestrand et al.2006. High-resolution (v 7S
10 km $1) echelle spectra of the afterglow obtained shortly
after the burst are available from both our own observations
using the HIRES (Vogt et alLl994) on the Keck | telescope and
the ESO data archive for UVES (D’Odorico et 2000. These
two spectra together cover a full spectral range from 3300 A
through 10000 A, allowing accurate estimates of chemical
abundances in the ISM of the GRB host galaxy. Based on
multiple absorption features from both ground-state and excited-
state ions, we determine a source redshift ef 2.6147 and a
total neutral hydrogen column density of log(H i) = 210+
0.1 (Prochaska et a@2007h Ledoux et al2009. An absorption-
line analysis of various ions shows that [§ = S 0.63+ 0.11
and [SFe] = +0.97+ 0.09 (Prochaska et ak0078, from
which we derive a dust-to-gas ratio that is comparable to what
is seen in the Small Magellanic Cloud (SMC). Adopting the
SMC dust-to-gas ratio (Gordon et aD03), we estimate a visual
extinction in the host ISM oAy  0.08. Finally, no trace of
H, is found despite the largd (H i) and moderate metallicity.
The high-resolution, high/® echelle data allow us to place
a sensitive limit on the molecular fraction of the host ISM at
fr, 2N(H2)/[N(Hi)+2N(Hp)] < 10°5° (Tumlinson et al.
2007).

Imaging follow-up of the eld around GRB 050820A was
carried out with ACS and the F625W, F775W, F850LP Iters on

tal integration of 45 minutes. The mean FWHM of the PSF board theHSTin two epochs, roughly 37 days, and nine months
was found to be 0.6. The nal stacked image is presented after the burst (PID= 10551). We retrieved the imaging data
in Figure8, which has been smoothed using a Gaussian kernelfrom theHSTdata archive and processed the images following

of FWHM = 0.6. The position of the GRB is marked by a
circle of 1 radius. No detectable ux is seen at the immedi-
ate location of the GRB. We place a 2imit in the observed

i -band magnitude o&B (i ) = 26.6 over a 1 diameter aperture
for the host galaxy. Az = 3.968, observed -band magnitude
limit allows us to derive a limiting rest-frame absolute mag-
nitude of Mg (1500)S 5 logh > $186 for the GRB host
galaxy.

Optical images of the eld around GRB 050730 have also
been obtained using the LRIS and thend R, Iters on the
Keck | telescope in 2006 May. The mean FWHM of the PSF
was foundtobe 1.2inthe combinedimageand 1.0inthe
combinedR; image. No detectable ux is seen at the immediate
location of the GRB. We place 2limits of AB (g) = 26.6 and
AB (R.) = 26.4 over a 2 diameter aperture for the host galaxy.
Taking into account that &= 3.968 the IGM Ly forest and

the descriptions in Sectio. Stacked images from the two
epochs are presented in Fig@d he OT was clearly detected in
the rstepochimage, butfaded inthe second epoch image which
reveals faint extended emission features of the host galaxy. In
addition to the extended low-surface feature seen at the position
of the OT, which is identi ed as the host galaxy, we identify two
compactsourcesat = 1.3 north ofthe OT (Obje®) and 04

south of the OT (Objeds) from the afterglow lines of sight. We
measure isophotal magnitudes of the host and ObjeatsdB.

The isophotal apertures are de ned based on the extent of objects
found in a “white light” image, which is a stack of the F625W,
F775W, and F850LP images. This “white light” image has the
optimal S N for recovering faint emission features and allows us
to determine a common aperture for every object across different
bandpasses. We correct the observed brightness to account for
intrinsic absorption in the Milkky WayH(B S V) = 0.044

the large amount of neutral gas in the host ISM absorb a largealong the line of sight according to Schlegel et¥98. The

fraction of uxin the gandR; bands, we nd that the ux limits
derived from the LRIS images are consistent with the ux limit
seen in the MagIC -band data.

4.7. GRB 050820A &crpg = 2.615
This burst was detected b$wift (Page et al20053. An

photometric measurements are presented in Table

We have also observed this eld using PANIC on Magellan
in 2007 August, and obtained a total integration of 141 minutes.
The mean FWHM of the PSF was found to be0.5. The
nal stacked image is presented in Figur®, together with the
second-epoch AQ$850LP image. The optical artd images
are registered to a common origin, and tédand image has

optical transient, reported less than 1 hr after the GRB, wasbeen smoothed using a Gaussian kernel of FWHNL. 5. The
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Figure 9. Images of the eld around GRB 050820A &trg = 2.6147. The rst-epoch image (left panel), taken37 days after the burst with ACS and the F850LP

Iter, clearly shows the OT (indicated by the arrow). The second-epoch image (right panel), taken nine months later, reveals extended fairsidnuef ¢eisrost
galaxy. The false-color image was formed by combining stacks of F625W, F775W, and F850LP images. The yellow cross and circle mark the positicayof the X-
afterglow and associated error reported by Page e2@05}. In addition to the host galaxy, we also point out two compact sok@slBat = 1.3 and 04,
respectively, from the afterglow lines of sight.

(A color version of this gure is available in the online journal.)

Figure 10. Registered ACS F850LP image (left panel) and MRright panel) image of the eld around GRB 050820Azajrg = 2.6147. TheH-band image has
been smoothed using a Gaussian kernel of FWH . 5, which is roughly the size of the PSF. The host is detected iH iheage withAB (H) = 25.3+ 0.3. Neither
ObjectA or B exhibits faint emission in thel image. We place a 2limit of AB (H) > 26 for the two sources.

(A color version of this gure is available in the online journal.)

position of the GRB is marked by a circle affiradius. Extended  star-forming objects. This suggests that these are likely fore-
emission at the position of the host galaxy is detected in the ground galaxies. Atthese small angular separations{ 1.4),
Himage at 3 level of signi cance. We measure aband objects az < 2.6 have projected distances ok 8 h>! kpc
magnitude oAB (H) = 25.3+ 0.3 within the isophotal aperture  to the afterglow line of sight, and are expected to imprint strong
de ned for the host galaxy in the “white light” image described Mgii 2796 2803 absorption features in the afterglow spec-
above. trum (e.g., Chen & TinkeR008§.

At z = 2.6147, the observed F775W magnitude of the Incidentally, two strong Mg absorbers are found at =
host galaxy corresponds to a rest-frame absolute magnitude a0.692 andz = 1.430 with W(2796) = 2.99+ 0.03 A and
2000 A of M (2000)S 5 logh = S 182+ 0.06. The observed ~ W(2796) = 1.9+ 0.1 A in the rest frame, respectively. The
H-band magnitude allows us to derive a rest-frame absolutez = 0.692 Mgii absorber exhibits a complex kinematic pro le
B-band magnitude di,g(B) S 5 log h =S 19.2+ 0.3 for the with multiple absorption components spreading over a line-
GRB host galaxy. Adopting\, = 0.08 estimated above from  of-sight velocity interval of v 500 km §%, and a non-
absorption-line abundance ratios and the SMC extinction law negligible amount of Caions (see Figure 13 in Prochaska
(Gordon et al2003, we derive extinction corrected rest-frame etal.20078. The complex kinematic pro le of the absorber and
absolute magnitudes Mag (B) S 5 logh =S 19.3+ 0.3 and the presence of Caogether may be explained by a sightline
M (2000)S 5 logh = S 185+ 0.06. passing through an interacting system, simliar to the Milky

Neither ObjectA or B exhibits detectable ux in the  Way and the Magellanic Stream (e.g., Gibson et 240Q
H image. We place a 2limit of AB(H) > 26 for the two Putman et al2003. Attributing both ObjectsA and B to the
sources. Théd-band photometric measurements are also pre- z = 0.692 absorber implies a total absoligéand magnitude
sented in Table3. The observed optical and NIR colors of of Mag(B) S 51logh = S 16.27+ 0.05. Follow-up NIR H
ObjectsA and B are relatively bluer than those of the GRB spectroscopy is necessary to provide conclusive identi cations
host galaxy and inconsistent with the expectationszfor 2 of these two sources.
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= m limiting magnitude ofAB (H) = 26 over a 05 diameter aperture for the host
2 1 1 1 1 1 1 galaxy.

0.05 0.1 05 1 5 10 (A color version of this gure is available in the online journal.)

Minimum Age (Gyr)
Figure 11. Constraints on the galaxy age and star formation history. Top: the
broad-band SED of the host galaxy of GRB 0508204 at 2.6147 (points
with errorbars), in comparison to the best- t template (solid histogram) and
the predicted broad-band photometric points (open squares). The best- t SED
is charaterized by a declining SFR of e-folding time= 300 Myr, ¥ 5 solar
metallicity, and intrinsic dust extinction &(B S V) = 0.05 following the SMC
extinction law. Bottom: the likelihood function of the stellar age for the host
galaxy, suggesting that a recent starburst occurred about 400-700 Myr prior to
the GRB explosion.

(A color version of this gure is available in the online journal.)

Optical images of the eld around GRB 050820A have also
been obtained using the LRIS and theandR. Iters on the
Keck | telescope in 2006 July. The mean FWHM of the PSF
was found to be 0.7 in the combined) image and 1.9 in
the combinedR; image. The effective seeing was signi cantly
compromised in thdR; images due to a focus problem with
the LRIS red-side. Faint emission is clearly detected at the
position of the afterglow, but we are unable to obtain accurate
measurements of the host magnitude due to contaminating

light from galaxiesA and B (Figure 9) in the ground-based Figure 13. A smoothedH image of the eld around GRB 050922C at

Images. ) ) Zere = 2.199. No detectable ux is seen at the location of the OT. We place
For the host galaxy, the optical artd-band photometric a2 H-band limiting magnitude ofB (H) = 26 over a 05 diameter aperture

measurements presented in Tabklow us to examine the star  for the host galaxy.

formation history and constrain the stellar mass based on the(A color version of this gure is available in the online journal.)

observed SED. To constrain the underlying stellar population,

we consider a suite of synthetic stellar population models

generated using the Bruzual & Charl@00Q3 spectral library. for constraining the stellar population based on the 4000 A ux
We adopt a Salpeter initial mass function with a range of decrement. The bottom panel of Figut@shows the likelihood
metallicity from Y5 solar to % solar and a range of star distribution function versus stellar age, indicating that the last
formation history from a single burst to exponentially declining major episode of star formation occurred at400-700 Myr

SFR of e-folding time = 300 Myr or 1 Gyr. We include  ago.

intrinsic dust extinction that follows the SMC extinction law. Adopting the best- t stellar synthetic model, we infer a total
Comparing the observed SED with model predictions allows stellar mass oM = 0.9:3% x 10° h®2M . We argue that

us to constrain the stellar age. The results are presented irour inferred stellar mass is accurate, despite an absence of
Figure 11, where the observed SED of the galaxy is shown rest-frame NIR ux measurements. This is supported by pre-
in the top panel together with the best- t model. It is clear that vious studies, which show that stellar masses determined based
the H-band photometry provides the necessary measuremenbn the observed 4000 A ux decrement are consistent with those
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determined based on rest-frame NIR luminosity to within the
uncertainties (see Chen & MarzR@04and Yan et al2004for

red galaxies identi ed in the Hubble Ultra Deep Field; see also
Shapley et al2005for a detailed comparison based on 72 star-
forming galaxies atz = 2.3). The inferred stellar mass for the
host galaxy of GRB 050820A at= 2.6147 is comparable to
those derived foz 1 GRB host galaxies (e.g., Castro Ger
etal.2006 2008 Savaglio et al2009 but falls in the bottom 2%

of the UV luminous galaxies studied by Shapley et2005.

4.8. GRB 050908 atcrpg = 3.344

This burst was detected §wift (Goad et al2005 and the
optical afterglow was reported by Tor2Q05 14 minutes after
the trigger to hav&k _ 18.8. We obtained moderate-resolution
(v 40S 150 km $1) optical spectra of the afterglow, using
GMOS on the Gemini north telescope (Foley et24105 and
DEIMOS on the Keck Il telescope (Prochaska et 2005.

The two spectra together provides contiguous spectral coverag

over 5070-9000 A (Chen et aR007H. The afterglow
spectra exhibit a suite of absorption features, consistent wit
a source redshift ok = 3.3437. Contrary to the majority
of GRB host galaxies, the line of sight toward GRB 050908

displays only a modest amount of neutral gas in the host galaxy.

Our initial estimate based on the observed lagbsorption line
suggest logN(Hi)  19.2. However, an additional spectrum
obtained by Fugazza et aR{05 and analyzed by Fynbo and
collaborators displays non-negligible ux atps < 4000 A
(corresponding to rest-frame wavelength rangg, < 912 A
atz = 3.34), indicating logN(H i) = 17.55+ 0.1 (J. Fynbo
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spectra were retrieved from the ESO data archive and processed
using our own reduction software.

The combined echelle spectrum covers a spectral range over

= 3300-10000 A, allowing accurate estimates of chemical
abundances in the ISM of the GRB host galaxy. Based on
multiple absorption features from both ground-state and excited-
state ions, we determine atotal neutral hydrogen column density
of logN(Hi) = 21.5% 0.1. An absorption-line analysis of
various ions shows that [8]] = S 2.03+ 0.15, [ZWH] =
S§2.3+ 0.3and [FéH] =S 2.6 + 0.1 (Prochaska et a2007h
Piranomonte et aR008. These measurements together imply
a dust-to-gas ratio roughly/ 20 of what is seen in the SMC.
Adopting the SMC dust-to-gas ratio (Gordon et 2003, we
estimate a visual extinction in the host ISM Af, 0.01
(see also Prochaska et aD07. Searches for Habsorption
features in the echelle spectrum has also yielded null results,
placing a 4 upper limit on the ISM molecular fraction of the
dostat y, < 10°58 (Tumlinson et al2007). Additional strong
absorbers are found at= 2.077,z = 2.01, andz = 1.99
iranomonte et ak009.
We have observed the eld around GRB 050922C using
PANIC on Magellan in 2007 August, and obtained a total in-
tegration of 209 minutes. The mean FWHM of the PSF was
found to be 0.5. The nal stacked image is presented in
Figure 13, which has been smoothed using a Gaussian kernel
of FWHM = 0.5. The position of the GRB is marked by a
circle of 2 radius. No detectable ux is seen at the immedi-
ate location of the GRB. We place a 2imit in the observed
H-band magnitude oAB (H) = 26.0 over a 05 diameter aper-
ture for the host galaxy. At = 2.199, observedi-band mag-

2007, private communication). This source represents one of anjtude limit allows us to derive a limiting rest-frame absolute

few GRB sightlines observed so far that do not pass throughmagnitude ofMag (B) S 5 logh > $18.2 for the GRB host
neutral gas clouds in the host galaxies. Other known sources argya|axy.

GRB 021004 atgrg = 2.329 with logN(H i) = 195+ 0.5,
GRB 060526 argrg = 3.221 with logN (H i) = 20.00+ 0.15
(Jakobsson et ak006, and GRB 060607 atgrg = 3.075
with log N(Hi) = 16.85+ 0.10 (see further discussion in
Sections4.11and4.13. A strong Mgii absorber is found at
z = 1.548 in the afterglow spectrum (Prochter et2006.

We have observed the eld around GRB 050908 using PANIC
on Magellan in 2007 August, and obtained a total integration

Optical images of the eld around GRB 050922c¢ have also
been obtained using LRIS and thendR; Iters on the Keck
| telescope in 2006 July. The mean FWHM of the PSF was
found to be 1.2 in the combinedy image and 1.0 in the
combinedr; image. No detectable ux is seen at the immediate
location of the GRB. We place 2limits of AB(g) = 27.0
and AB(R;) = 26.4 over a 2 diameter aperture for the
host galaxy. Atz = 2.199, observed)-band magnitude limit

of 203 minutes. The mean FWHM of the PSF was found to be gjlows us to derive a limiting rest-frame absolute magnitude of

0.5. The nal stacked image is presented in Figigwhich
has been smoothed using a Gaussian kernel of FWHDI5.
The position of the GRB is marked by a circle of fadius.
No detectable ux is seen at the immediate location of the
GRB. We place a 2 limit in the observedd-band magnitude
of AB(H) = 26.0 over a 05 diameter aperture for the host
galaxy. Atz = 3.344, the observetii-band magnitude limit
allows us to derive a limiting rest-frame absolute magnitude of
Mag (3825)S 5 log h > $18.9 for the GRB host galaxy.

4.9. GRB 050922C &rs = 2.199

This burst was detected bywift (Norris et al.2005 and
the optical afterglow was reported by Rykoff et aR009
10 minutes after the trigger to ha® 16.0 mag. Spectro-
scopic follow-up was carried out roughly 1.5 hr after the trigger
by Jakobsson et al2006, who reportedzgrg = 2.198 based
on a series of absorption features. A foreground damped Ly
absorber (DLA) was also found at= 2.07 along this sightline.
Additional high-resolution (v 7 km s°1) echelle spectra of
the afterglow were obtained roughly 3.5 hr after the trigger using
UVES on the VLT Kueyen telescope (D’Elia et 2005. The

Mag (1500)S 5 log h > $17.2 for the GRB host galaxy. This
is comparable to the ux limitin thél-band imaging data based
on a mean color of U\ B = 1.22 forz = 2-3 star-forming
galaxies (Shapley et &005.

4.10. GRB 060206 &#zrg = 4.048

This burst was detected bywift (Morris et al. 2006. An
optical transient was nearly instantaneously identied with
V  16.7 (Fynbo et al2006h Boyd et al.2006. Spectroscopic
follow-up of the afterglow was carried out by multiple groups
(Fynbo et al.2006a Prochaska et ak006 Aoki et al. 2008
Hao et al.2007). The host galaxy & = 4.048 is found to have
log N(Hi) = 20.85+ 0.10 and [$H] = S 0.85+ 0.10 based
on moderate resolution 40 km $°1) afterglow spectra
(Fynbo etal2006a Thone et al2009. No H, is detectedto a 4
limit of f 1, < 10°%® (see Fynbo et aR006a Tumlinson et al.
2007. In addition to the GRB host, two strong Mgabsorbers
are found along the line of sight at= 1.48 andz = 2.26
with W(2796)= 0.95+ 0.1 A andW(2796)= 1.5+ 0.1 A,
respectively (Aoki et al2008 Hao et al.2007 Thone et al.
2008.
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Figure 14. HST ACS/ F814W image of the eld around GRB 060206 at  Figure 15. A smoothedH image of the eld around GRB 060607 agrs =
ZGre = 4.048. The host is detected wilB (F814W)= 27.6+ 0.1. ObjectA at 3.075. No detectable uxis seen at the location of the OT. We placeld-band

1 southwest of the host h#sB (F814W)= 26.22+ 0.05 and has been limiting magnitude ofAB (H) = 26.5 over a 05 diameter aperture for the host
noted by Tline et al. 2008) as a possible host candidate. Given its offset from  galaxy.

the OT position, we consider galaxy A a foreground galaxy likely associated (A color version of this gure is available in the online journal.)

with one of the Mgi absorbers at = 1.48 orz = 2.26 found in the afterglow

spectra.

(A color version of this gure is available in the online journal.) host atz = 3.082 and noted two probable DLAs at= 2.937
andz = 3.05. We retrieved the echelle spectra from the ESO

. . rchive and pr h in rown r ion
We obtained late-time images of the eld around GRB 060206 gg;t?/vgrg e and processed the data using our o eductio

on 2006 November 25 using ACS and the F814W lter on -
- X The afterglow spectrum of GRB 060607 exhibits a number
board theHST (PID=10817). The images were processed and of unusual features. First, the GRB host appears to arise in a

registered using the standard pipeline technique. A stackedweakl_ _ . ; ; .

. . P -, y absorber ax = 3.075, with associated & and Civ
ACS/F814W image is presented in Figuid. At the position 0 tion feature but no trace of low-ionization species. We
of the OT (marked by a circle of.8 radius), we clearly detect a determine logN (H i) = 16.85+ 0.10 based on a simultaneous

faint source ofAB (F814W) = 27.6+ 0.1. We identily the Voigt pro le analysis of the Lyman absorption series, using

source as the host galaxy of GRB 060206. At 4.048 .

. ’ the VPFIT® software package. This system represents the
the observed F814W magnitude corresponds to a rest-frame : ; ;
absolute magnitude ol 4 (1600)3 5 log h = & 17.7+ 0.1 for only optically thin absorber detected in a GRB host galaxy

the GRB host galaxy (Jakobsson et a006 Chen et al20078. Second, the strong
: = 1 ;
At = 0.96+ 0.02 southwest of the host, we note the Ly absorberar= 3.05, 1840 km S§? blueshifted from the

. _ : host, is a Lyman limit system of lobl (H i) = 19.2+ 0.1 with
g;el;f;(\:;azf glzf)g; ;\::t?nAaBélégémévr)oa n?ijZ;s ili(a)h%sirl-gése weak metal absorption lines detected, implying a metallicity less
published in Tkne et al. 2008. The authors initially identi ed th?]anlt 100 sollar. Jh'rd’ t?e strolng 'Lyabsorbefr at t: 2'937
galaxyA as a candidate for the GRB host gal&put revised exhibits complex kinematic pro les in various ionic transitions,

i 1 i =
the identi cation after analyzing thélST images. Given the igrgidbn% over v 600 km . We measure log (H1) =

: 4 &1
e e g, W e observed the el around GRB 060607 usig
absorbers ih the afterglow spectra, we conclude that galaxy PANIC on Magellan in 2007 August, and obtained a total
is likely a foreground galaxy assoéiated with one of theiMg integration of 309 minutes. The mean FWHM of the PSF was
absorbers found to be  0.5. The nal stacked image is presented in
' Figurel5, which has been smoothed using a Gaussian kernel of
_ FWHM = 0.5. The position of the GRB is marked by a circle of
4.11. GRB 060607 &sre = 3.075 2 radius. Despite the discovery of three strong labsorbers
This burst was detected §wift and the optical afterglow  atz = 2.93-308, no detectable ux is seen at the immediate
was detected 1 minute after the trigger by the UVOT and the location of the GRB. We place a 2imitin the observedH-band
white Iter (1600-6500 A) on board the satellite (Ziaeepour magnitude ofAB (H) = 26.5 over a 05 diameter aperture for
et al.2006. The initial brightness was estimated 15.7 mag the host galaxy. Az = 3.075, observeti-band magnitude limit

(Ziaeepour et al2006. A series of high-resolution ¢ allows us to derive a limiting rest-frame absolute magnitude of
7 km 1) optical spectra of the afterglow was obtained using Mas(B) S 5 logh > S183 for the GRB host galaxy.
UVES on the VLT telescope by Ledoux et a2008), starting Optical images of the eld around GRB 060607 have also

7.5 minutes after the trigger. These authors identi ed the GRB been obtained using the LRIS and th@ndRc Iters on the

12 http://arXiv.org/abs/0708.3448v1 13 http://www.ast.cam.ac.ukffc/vp t.html
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Figure 16. A smoothedH image of the eld around GRB 070721B at
Zgre = 3.626. No detectable ux is seen at the location of the OT (marked
by the cross). An extended source is seen at= 0.9 southeast of the OT
with AB(H) = 237+ 0.1, which has been con rmed to be at= 3.09 and
associated with the foreground DLA along the line of sight (J. Fynbo 2008,

private communication; Milvang-Jensen et al. 2008, in preparation). We place a

2 H-band limiting magnitude oAB (H) = 25.8 over a 05 diameter aperture
for the host galaxy.

(A color version of this gure is available in the online journal.)

Keck I telescope in 2006 July. The mean FWHM of the PSF was

found to be 1.0 in the combinedy image and 1.5 in the
combinedR; image. The effective seeing was compromised in

theR; images due to a focus problem with the LRIS red side. No

detectable ux is found at the immediate location of the GRB.
We place 2 limits of AB (g) = 26.8 andAB (R;) = 26.5 overa

2 diameter aperture for the host galaxy.z&t 3.075, observed
R.-band magnitude limit allows us to derive a limiting rest-frame
absolute magnitude dfl ag (1600)S 5 log h > $18.3 for the
GRB host galaxy.

4.12. GRB 070721B &rg = 3.626
This burst was detected (8wift (Ziaeepour et al2007) and

CHEN ET AL.
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to be atz = 3.09, associated with the foreground DLA
along the line of sight (J. Fynbo 2008, private communication;
B. Milvang-Jensen et al. 2008, in preparation). This represents
by far the most luminous DLA galaxy found at> 2 (e.g.,
Mgller et al. 20023. At z = 3.09, the projected distance
between the foreground DLA and the extended source would
be = 4.8 hS! kpc. We therefore consider the GRB host
galaxy missing in ouH-band image and place a 2limit

of AB(H) = 25.8 over a 05 diameter aperture for the host
galaxy. At z = 3.626, observedH-band magnitude limit
allows us to derive a limiting rest-frame absolute magnitude
of Mg (3600)S 5 log h > $19.3 for the GRB host galaxy.

4.13. GRBs 000301C, 000926, and 021004

Early-time imaging and spectroscopic observations of the
afterglow of GRB 000301C have been presented in Jensen et al.
(2007, who reported based on low-resolution afterglow spectra
that the source is @& = 2.0404. The host ISM in front of the
afterglow was found to have lo§ (Hi) = 212+ 0.5. Multi-
epoch imaging follow-up was carried out using the STIS on
board theHST and the clear Iter under program # 8189 (PI:
Fruchter; also see Fruchter et 20069. We retrieved available
imaging data from theHST data archive and analyzed the
images ourselves. In the left panel of Figuré we present
a stacked image of the eld obtained in April 2000 with a
total exposure time of 9391 s. The optical transient is clearly
visible in this early epoch image. In contrast, the images (total
exposure time of 7031 s) obtained in 2001 February (the right
panel of Figurel?7) exhibit only faint emission at the location
of the GRB. Attributing the faint emission to the host galaxy,
we measure a total ux ofAB(clear) = 289+ 0.5 over a
0.5 diameter aperture. This is consistent with the measurement
reported by Fruchter et aRQ06. Accounting for the bandpass
difference (e.g., Figur8), we deriveAB (R) = 28.8+ 0.5 and
Mag (2200)S 5 logh =S 152+ 0.5.

Both GRB 000926 and GRB 021004 have been studied ex-
tensively by previous authors. Their host galaxies are identi ed
in early effort to carry outimaging follow-up with tHe¢ST. Here
we brie y review known emission and absorption properties of
the two host galaxies to complete the discussion of individual
GRB hosts.

Detailed spectroscopic and imaging studies of GRB 000926

the optical afterglow was detected 1 minute after the trigger are presented in Harrison et aR0Q1), Fynbo et al. 2007),

by the UVOT and the white lter (1600-6500 A) on board
the satellite (Schady et aR007. The initial brightness was
estimated 159 mag (Schady et akR007). Spectroscopic
follow-up was carried out by Malesani et ak007, who
reportedzgrg = 3.626 based on the presence of a strong

and Castro et al.2003. The afterglow spectrum displays
a DLA of logN(Hi) = 213 % 0.3 and a series of metal
absorption features at= 2.0385 with an estimated metallicity
of [Zn/H] = S 0.17+ 0.15 and metal abundance ratio of
[Zn/ Fe]= +1.3+ 0.15 (Castro et aR003. Adopting the dust-

Ly feature and a series of metal absorption lines. The hostto-gas ratio and the SMC extinction law, we derive a visual

galaxy is found to have logy (H i) = 2150+ 0.20 based on
moderate resolution afterglow spectra (Jakobsson 2088 in
preparation). An additional intervening damped Lgbsorber
is found atz = 3.09.

We have observed the eld around GRB 070721B using
PANIC on Magellan in 2007 August, and obtained a total
integration of 172 minutes. The mean FWHM of the PSF
was found to be 0.5. The nal stacked image is presented

extinction ofAy = 0.15andE(B S V) = 0.06.

The host galaxy is identi ed both in Ly emission on the
ground (Fynbo et akR002 and in space images obtained using
HST WFPC2 and the F606W lter (Castro et &003. It
displays a disturbed morphology at rest-frame UV wavelengths
with extended emission over a 15 hS! kpc projected size.
Additional NIR J-band images show that the host Bd&(J) =
24.1£%7 (Christensen et a2004) which, together with available

in Figure 16, which has been smoothed using a Gaussian WFPC2 photometry, constrains its absolute magnitudes at rest-

kernel of FWHM = 0.5. The position of the GRB is marked
by the cross within a circle of 2radius. No detectable ux

frame UV and optical wavelengths. Including the intrinsic
extinction correction estimated from absorption line analysis,

is seen at the immediate location of the GRB. However, an we nd Mag(2000)S 5 log h = S 19.63+ 0.07 andViag (B)S

extended source is seen at = 0.9 sourtheast of the OT
with AB(H) = 237+ 0.1. This source has been con rmed

5logh = S 20.265%/,. Comparing the observed SED with a
suite of stellar synthetic models described in Sectidh we
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Figure 17. Optical images of the eld around GRB 000301Czajrg = 2.0404. The epoch during which the images were taken is indicated at the bottom of each
panel. The late-epoch image (right panel) has been smoothed using a Gaussian kernel oFF/HBJwhich is roughly the size of the PSF. At the location of the
OT, we detect faint emission of the host galaxy in the late-time image and estBdtdear)= 289+ 0.5 over a 05 diameter aperture (consistent with what was
reported in Fruchter et a2006).

(A color version of this gure is available in the online journal.)
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Figure 18. Constraints on the galaxy age and star formation history based on a stellar synthesis model analysis. Left: The broad-band SED of the host galaxy o
GRB 000926 ar = 2.0379 (points with errorbars), in comparison to the best- t template (solid histogram) and the predicted broad-band photometric points (open
squares). The best- t SED is charaterized by a declining SFR of e-folding time300 Myr, solar metallicity, and intrinsic dust extinction {B S V) = 0.025

following the SMC extinction law. The likelihood function of the stellar age for the host galaxy is display in the bottom left panel, suggestirectmatsarburst

occurred about 650 Myr prior to the GRB explosion. Right: A summary of the stellar synthesis model analysis for the host galaxy of GRB 221 QBPR&t

(A color version of this gure is available in the online journal.)

nd the host galaxy is best decribed with a mean stellar age of metal absorption lines at = 2.329. The presence of
of 570 Myr and an exponentially declined SFR of e-folding Ly emission in the afterglow spectrum makes it dif cult to
time 1 Gyr (the left panels of FigurE8). Adopting the best- t determineN (H i) precisely. Based on the absence of Lyman
stellar synthetic model, we can constrain the total underlying limit photons, Fynbo et al.2005 derive logN(H i) = 19.5%
stellar masstob™M = 2.1£1% x 10° h>2M , consistentwith  0.5. This is therefore one of the four GRB Lyman limit absorbers
M = (L6+ 3.1)x 10° h°2 M estimated by Savaglio et al. published so far (including GRB 060526 in Jakobsson et al.

(2009. 2006. We have retrieved available echelle spectra of the OT
Detailed spectroscopic and imaging studies of GRB 021004 from the ESO data archive. Based on the absorption strengths

are presented in Mgller et a2002hy Mirabal et al. 2003 of Siii and Fdi observed in the combined spectrum, we take

Schaefer et al2003 Fiore et al.2005 and Fynbo et al2005 into account necessary corrections for the ionization fraction of

The afterglow spectrum displays a combination of emission the gas and place an upper limit to the metallicity of the gas at
and absorption due to the hydrogen Liyansition and a series  [Si/H] < S1.
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Optical and NIR photometry of the host galaxy of
GRB 021004 are reported and analyzed in Fynbo e2alD9.
The authors estimate a mean stellar age ot2 Myr. Adopt-
ing the optical and NIR photometric measurements of Fynbo
et al. 005, we derive a rest-frame absolute magnitude of
Mag (B)S5 log h = S 20.38+ 0.150rMag (200055 log h =
§$19.83+ 0.07. Comparing the observed SED with a suite of
stellar synthetic models described in Sectibf, we nd the
host galaxy is best decribed by a single starburst episode that
occurred 39 Myr ago, and constrain the total underlying stel-
lar mass to beM = 1.3t3% x 10° h°2 M . This is smaller 2z > 2 GRB host galaxies

thanM = (7.8% 0.7) x 10° h°2 M estimated by Savaglio P R T R
et al. 009. The discrepancy may be understood by the poorly -16 -18 —<0
constrained star formation history, displayed in the right panels M0y (UV) = Blog h

of Figure18. Figure 19. Cumulative distribution of the maximum fraction of GRB host

We note that two strong Mig absorbers are foundat 1.38 galaxies that are fainter than a given UV absolute magnitude (solid histogram),
' based on the seven identi ed host galaxies and eight elds with upper limits in

andz = 1.60 with W(2796) = 1-_6 A ar_1dW(2796) = 14A, our imaging sample. The curves show model expectations based on different
respectively. The large absorption width of these foreground hypothesis for the origin of GRB host galaxies. We consider two scenarios: (1)
absorbers imply possible contaminating lightin the hostimaging GRB host galaxies are representative of the general galaxy population, and (2)
observation (see Pollack et ﬂOO& Indeed. the host ga|axy GRB host galaxies originate preferentially in galaxies of higher star formation

. . ; . rate. Adopting the best-t UV luminosity function of star-forming galaxies
is clearly resolved into two compact clumps in availabi8T atz = 3-4 from Bouwens et al.2007) and Reddy et al.2008, we show

images.(e._g., '_:ynbo et 30.05 Chen etal2007h, but eXtenqed _ the expectations for scenario (1) in dashed curves for two different minimum
Ly emission is detected in ground-based narrow-band imagingluminosity cutoffs L min = 0.01L  (bottom) and_min = 0.005L (top). The
follow-up (Jakobsson et a2003. In the following discussion, expectation for scenario (2) withmin = 0.001L is shown in the solid curve,

. . : 1 and the dotted curves are fbg,i, = 0.01L (lower) andL yin = 0.0001L
we consider the derived absolute magthde as an upper limit tO(upper). The comparisons provide empirical evidence supporting the expectation

the intrinsic luminosity of this host galaxy. that GRB host galaxies form an SFR weighted eld galaxy sample.
(A color version of this gure is available in the online journal.)

max]

Maximum Fraction f[M(UV)>M

5. DISCUSSION

GRB progenitor environment and star-forming physics in distant

We have carried out an optical and NIR imaging survey of starburst galaxies.

the elds around 15 GRBs a > 2. The GRBs are selected
to have early-time afterglow spectra in order to compare ISM

A . . . X 5.1. The Luminosity Distribution of GRB Host Galaxies
absorption-line properties with stellar properties. The redshifts

of the GRBs span a range from= 2.04 toz = 4.05, and the First, we examine the luminosity distribution of GRB host
neutral hydrogen column densities of the GRB host ISM span agalaxies abovez = 2 based on the survey result of our
range fromlogN (H i) = 16.9tologN (H i) = 22.6 (Figurel). sample. The goal is to characterize the nature of GRB host

In addition to the ve previously known GRB host galaxies, galaxies based on comparisons of their luminosity distribution
we report new detections for the host galaxies of GRB 050820 and the luminosity distribution of a randomly selected sample
and GRB 060206. The seven identi ed GRB host galaxies have from the eld galaxy population. We incorporate the non-
rest-frame UV absolute magnitudes spanning fidig (U) S detections in our follow-up imaging survey by evaluating the
5logh = S152 to Mag(UV) S 5logh = S 198 mag. cumulative maximum fractioR nox of GRB host galaxies that
For sources with a known dust-to-gas ratio from afterglow are fainter than a given UV absolute magnitude,s(UV)
absorption-line analysis, we correct the rest-frame UV mag- (solid histogram in Figurd9). For the host of GRB 030429,
nitude for dust extinction assuming an SMC extinction law. The we have a constraint only for the rest-fraBddand magnitude.
inferred SFR spans arange from0.6t0l3°8 M yrl. Weare  We infer its corresponding UV magnitude based on the mean
able to constrain the underlying stellar populations for three hostcolor of UV S B = 1.22 (with an rms scatter of 0.3 mag)
galaxies, GRB 000926, GRB 021004, and GRB 050820, basedobserved for luminous starburst galaxieg at 2-3 in Shapley
on comparisons of the observed optical and NIR broad-bandet al. 005. For the host of GRB 060607, we have estimated
colors and a suite of stellar population synthetic models. We esti-limiting magnitudes both in the rest-frame UV aBdbands.
mate total stellar masses of betwéén= (0.952.1) x 10° h>2 We adopt the more sensitive limit based on the convet$ioh
M for these hosts. We also place Bpper limits for the rest- UV S B = 1.22. The empirical observations of the sample of
frame luminosities of the remaining eight GRB host galaxies 15 GRB elds con rm the previous understanding far 1
based on the depths in available optical and NIR images. Fi- GRB hosts (e.g., Le Floc’h et &003: as much as 70% of long-
nally, high spatial resolution images from thST allow us duration GRBs may originate in galaxies fainter thahlO .
to deblend the GRB host galaxies from foreground absorbers At z = 2-4, the eld galaxy population is now well
and to unveil a range of rest-frame UV morphology between characterized by a Schechter luminosity functidiM) at rest-
compact (e.g., GRB 060206) and extended (e.g., GRB 050820)rame UV wavelengths witMag S 5logh = S 20.2+ 0.1,
emission features of the hosts.

A summary of known absorption-line properties and stellar 14 we note that while there is no apparent trend betviger$ B andMyy in
properties of the 15 GRB host galaxies is presented in TAble the luminous starburst sample of Shapley et2000, it is possible that that
Combining early-time, high-resolution afterglow spectra and (&hier et stamurs gaates may be ler Clen hatony o elte |
the results of late-time imaging survey of the GRB elds allows  {he results presented in this section are not sensitive to the addpt&dB
us to address a number of issues regarding both the nature ofolor.
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= (4% 06) x 10°% h3Mpc®3, and a faint-end slope

= §1.7+ 0.1 (Bouwens et al2007 Reddy et al.2009.
If the GRB host galaxies are representative of the eld galaxy
population, then we expect that the fraction of host galaxies
found in aluminosity interval is proportional to the space density
of galaxies in the luminosity range. The expected cumulative
maximum fraction of the host galaxies versus UV magnitude
can be estimated following

n m

Mmax

(M)d™Mm

Fmax[M >Mmax] (Mi)dM"'

i=1 j=1 Mmin

(1)
where the rstterm extends ovaknown host galaxies that have
Mag (UV) > M nax the second term extends oveunidenti ed
host galaxies that may be as luminous Mgax, and (M)
is the galaxy luminosity function. The luminosity distribution
is expected to resemble the galaxy luminosity function with
a dominant fraction attributed to faint dwarf galaxies (e.g.,
Jakobsson et a2005 Fynbo et al2008.

We test this hypothesis by calculatifg,ax for a sample of
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A similar analysis has been presented in Jakobsson et al.
(2005, who derived constraints for the luminosity function
of GRB host galaxies under the assumption that the ob-
served brightness distribution of the hosts follows a luminos-
ity weighted eld galaxy population. Our study differs from
the approach of Jakobsson et &009 in that our analysis is
based on a uniform set of photometric measurements from our
own imaging survey. Then we adopt the known UV luminosity
function of the eld galaxy population (with a faint-end slope
of = $1.7) and examine different hypotheses for generat-
ing the observed GRB host galaxy sample. We con rm that
the host galaxy population is representative of a UV luminosity
weighted sample. The difference between the host luminosity
function of Jakobsson et al2@05 and the best-t luminos-
ity of star-forming galaxies at > 2 may be due to uncer-
tainties in published photometric data of the host galaxies in
their sample and uncertainties in the line-of-sight absorption
properties.

We note that although the selection criterion of our GRB
sample is based on available afterglow spectra that presumably
includes only GRBs with relatively bright optical afterglows,

15 random galaxies that share the known luminosities of the the broad range in the isotropic energy release of the GRBs (see

seven identi ed GRB host galaxies and the empiricaldpper
limits for the remaining eight GRB host galaxies. We experiment
with different Mp,i, (with corresponding minimum luminosity
Lmin) in Equation (). The results folL i, = 0.01L and for
Lmin = 0.005L are shown as the dashed curves in Figl8e
SmallerLin models predict a larger contributions from fainter
galaxies. The model expections for different adoptegh
clearly deviate from the observed distribution. The hypothesis
that the host galaxies of long-duration GRBs trace random eld

Table 1 in Chen et a0073 indicates that the GRBs in our sam-

ple are not an overly biased portion of the long-duration GRB
population. Thatis, we have selected a representative subsample
of the unobscured GRB host galaxy population. However, the
presence of 20% dark bursts that do not have optical afterglows
found (e.qg., Tanvir & Jakobss@907) suggests that some GRBs
originate in heavily obscured star-forming regions that are not
included in our sample and are likely missed in the UV selected
eld galaxy sample as well. To constrain the fraction of dust

galaxies is rejected at greater than 99% con dence level based®Pscured star-forming galaxies requires an independent study

on a Kolmogorov—Smirnov (K-S) test.

Next, under the assumption that GRBs trace instantaneous
star formation, galaxies with higher on-going SFR are expected

to have higher probability to host a GRB event. Applying the
rest-frame UV luminosity as a measure of the on-going SFR,
we modify Equation ) to include a UV luminosity weighting,

L (L)d(L), for calculating the expecteelax,

n
10°04MSMD (M) dM
i=1

Fmax[M > M max]

m Mmax - -
+ 10°04MSM) (M) dM

j:l Mmin

()

The results are shown as solid and dotted curves in Figjire

The observations are best described under this hypothesis fothe Siii

Lmin = 0.001L (solid curve) based on a K-S test, but we
cannot rule out models with ;, = 0.01L (lower dotted
curve) orL min = 0.0001L (upper dotted curve).

of the elds around dark bursts.

5.2. The Luminosity—Metallicity Relation in GRB Host
Galaxies

We combine known absorption-line properties with estimated
galaxy UV luminosity to investigate the gas kinematics and
chemical enrichment in the ISM of GRB host galaxies. The
goals of this study are (1) to examine the physical processes that
determine the observed absorption-properties in the host ISM,
(2) to investigate whether there is a metallicity cutoff in GRB
host galaxies as favored by various theoretical models (e.g.,
Hirschi et al.2005 Yoon & Langer2005 Woosley & Heger
2006, and (3) to probe the luminosity—metallicity relation
below the magnitude limit of most previous studiexzat 2
(e.g., Erb et al2006 Maiolino et al.2008.

We rst compare rest-frame absorption equivalent widths of
1526 transitionW(1526) observed in the host with
the absolute UV magnitude. For this study, we consider only
host DLAs because the Lyman limit absorbers do not include
neutral ISM in the host galaxies. TheiSi 1526 transition

In summary, the sample of seven known GRB host galaxiesis typically saturated atV(1526) > 0.3 A. The line width

and eight upper limits for unidenti ed hosts allows us to
determine the cumulative maximum fraction of the: 2 host

galaxy population as a function of rest-frame UV magnitude.
Adopting rest-frame UV luminosity as a measure of on-going

provides a measure of the velocity eld of cool clouds along
the line of sight through a galactic halo, rather than the total
gas column density (e.g., Prochaska e@D8. We adopt the
W(1526) measurements published in Prochaska e2@0§g.

SFR, we nd that the empirical sample is best described by a Including additional measurement for GRB 060206 in public

SFR-weighted sample of the eld galaxy population. Models

afterglow spectra from Subaru Science Data Archive (Aoki

that do not include SFR weighting can be ruled out at greater et al. 2009, we have assembled eight GRB hosts galaxies for

than 99% con dence level. Based on the best- t SFR-weighted
model, we estimate a median luminosity for the GRB host
galaxiesat 0.1L .

this study.
Figure20shows that there exists a relatively signi cant trend
with stronger Sii transitions appearing in more luminous hosts.



170 CHEN ET AL. Vol. 691

-20 . of .

: # ; s ;-%*-'““ ;

- - -05 H E . -

-19 - - i N ]

= o B i .&’i }% i

_g” i T i i P ]

- i I o E

0 -18 |- T_ E i »i _i_ ]

| L 4 L i

S - 2] ¥ - -15 ei -

= i ] i ]

—lT e T ] 2 % .
el ] _25 L '16' - '18' - '20' - _22

~0.8 ~0.4 0 0.4 M =8 log

log W yse6 (A) Figure 21. The luminosity—metallicity relation in distant galaxies. Solid points
Figure 20. Absolute UV magnitude of GRB host galaxies vs. rest-frame with errorbars are GRB host galaxies with accurate absorption-line metallicity
absorption equivalent width of the i 1526 transition in the hosts as observed =~ measurements, while open circles are GRB host galaxies with constraint on their
in afterglow spectra. For this study, we consider only host DLAs because the ISM metallicities due to either insuf cient spectral resolution in the afterglow
lyman limit absorbers do not include neutral ISM in the host galaxies. The spectra or unknown ionization fraction of the ISM. Open squares are emission-
Siii 1526 transition is typically saturated at rest-frame absorption equivalent line metallicity measurements for luminous starburst galaxies at2 from
width W(1526)> 0.3 A. The line width, therefore, provides a measure of the Erb et al. g006. The oxygen abundance was evaluated using the observed
velocity eld of cool clouds along the line of sight through a halo (e.g., Prochaska [N Il to H line ratio. We have converted the rest-fraBdand magnitude
etal.2008. We nd a moderate trend with strong@f(1526) appearing in more to UV magnitude according tdV = B + 1.22, which is estimated based on
luminous hosts at nearly 95% con dence level. the meanR S K colors for these galaxies in Shapley et &0Q9. Crosses

represent the predicted luminosity—metallicity relation for starburst galaxies at

. . . z 3 (Fynbo et al2008 based on numerical simulations by Sommer-Larsen
Including upper limits, we nd based on a generalized Kendall ¢ Fynbo (2008,

test that the probability of a positive correlation betwéén,
andW(1526) is nearly 95%. While the positive correlation is
similar to the mass-metallicity relation seen in eld galaxies atz > 2, the two methods have been found to give consistent
(e.g., Erb et al2006 Maiolino et al.2008, we note that half  answers to within a factor of 2 (e.g., PettinR00§.
of the host galaxies haw#/(1526) 1.5 A, corresponding to a Second, absorption-line measurements are for the ISM along
velocity width of 300 km §'. Attributing the large line width  the afterglow line of sight, whereas emission-line observations
to gravitational motion of clouds within the host dark matter are integrated measurements averaged over the entire galaxies.
halos would require a halo mass greater thait 1t M Alarge metallicity gradientis commonly seen in nearby galaxies
comparable to the mass scale found for halos that host luminouswith a slope varying betweeth Z/dr S 0.02 dex kpé! to
starburst galaxies at 2 (e.g., Conroy et a008 but at odds S0.07 dex kpe? (e.q., Zaritsky et all994 van Zee et al1998
with expectations for starburst galaxies of low stellar mass and Kennicutt et al.2003. Therefore, a metallicity measurement
low luminosity. But becaus#lyy serves as a measure of the for individual sightlines may not be representative of the global
on-going SFR, the observédyy versusW(1526) correlation ~ mean value of the entire host galaxy. We note, however, that
implies that the velocity eld observed in GRB host galaxies is z > 2 galaxies are relatively compact with typical half light radii
driven by galactic out ows. of 2 kpc (Bouwens et aR004 Law et al.2007). Previous

Next, we examine whether there exists a correlation betweenobservations (e.g., Bloom et &002 Fruchter et al2006 and
host luminosity and ISM metallicity, in comparison to what current ndings for GRB 050820 and GRB 060206 show that
is known for luminous starburst galaxies published by Erb the GRBs occur within 2 kpc radius of their host galaxies.
et al. 009. We note two apparent caveats in our study. First, This is also consistent with the lardé¢(H i) observed in the
chemical abundances of the GRB host galaxies in our sampleafterglow spectra with the exception of four non-DLAs. Spatial
are determined for the cold neutral medium using absorption- variation of the observed metallicity across distant star-forming
line techniques, whereas the metallicities of eld galaxies are galaxies is therefore not expected to exceed 0.2 dex. We proceed
determined from the integrated emission-line uxes of their with an analysis that compares the ISM metal content of GRB
Hii regions. Although extensive studies have yet to be un- galaxies with those of known starburst galaxieg at 2.
dertaken to examine possible systematic differences between Figure 21 shows the luminosity—metallicity relation repro-
absorption- and emission-line abundance measurements, availduced from Erb et al.2006 for starburst galaxies ar = 2.3
able evidence based on limited studies of nearby starburst galax{open squares). The oxygen abundances are measured using the
ies have yielded consistent metallicity measurements using ei-N 2 index, which is a measure of the ux ratio between the
ther absorption-line or emission-line techniques (see Russell &observed [Ni] 6584 to H lines!® The rest-frameB-band
Dopita 1992 and Welty et al.1997 1999 for the Large and
Small Magellanic Clouds; Lecavelier des Estangs et al. 2004 15 See Erb et al.2006 for a discussion of possible systematic uncertainties
for | Zw 18; and Schulte-Ladbeck et #005and Bowen etal. _ SSSacaledulh b 2index Whie s run hat 12 ndex saurates o,
2005for SBS 1543+593). In the few cases where emission- andost galaxies appear to have mostly subsolar abundances (e.g., Prochaska et al.
absorption-line measurements have been compared in galaxieg0073.

(A color version of this gure is available in the online journal.)
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magnitudes published in Erb et 22006 have been converted
to UV magnitude according tJV = B + 1.22 to facilitate
comparisons with the GRB host galaxy population and with
predictions from numerical simulations (crosses in Figeite
reproduced from Fynbo et &00§. The UV S B color con-
version is estimated based on the m&s K colors for these
galaxies in Shapley et ak(09.

We include in Figure21 measurements for nine GRB host
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observations and predictions from a grid of models that cover a
parameter space spanned by four unknown properties. These
include gas density, metallicity, clouds size, and interstellar
radiation eld. The authors showed that the lack of molecular
gas in the host ISM can be understood by a combination of low
metallicity (low grain production rate) and high interstellar UV
radiation eld in the host ISM. Recently, Whalen et &2008
carried out a set of numerical simulations to examine whether

galaxies for which measurments (solid points) or constraints the absence of molecular gas is due to the afterglow radiation

(open circles) on the ISM metallicity are available. Only

eld or an enhanced interstellar UV radiation eld from a pre-

known host DLAs are considered in the comparison here. Left existing Hii region where the progenitor star resides. Taking into
arrows represent the elds (GRB 050401, GRB 050922c, and account known metallicities from afterglow absorption analysis,

GRB 050730) for which no hosts have been found and@per
limits to the intrinsic luminosity are shown. The lower limits
represent those GRB elds for which only moderate resolution

Whalen et al. 200§ concluded that, similar to what is found
in the Magellanic Clouds, ISM radiation elds of intensities up
to 100 times the Galactic mean are necessary to explain the

afterglow spectra are available and the observed absorption-lineabsence of Klin the host ISM.

strengths represent a lower limit to the intrinsic values (e.g.,

Prochask2006.
Three interesting features are seen in Figate First, the

With the resolved galaxy morphologies seen in th8T
images of GRB 000926, GRB 030323, GRB 050820A, and
GRB 060206, we can measure directly the mean radiation

majority of the GRB host galaxies are fainter than the faintest eld in the ISM of the host galaxies at near UV wavelengths

starburst galaxies studied in magnitude-limited surveys (open(

1500-2000 A). The mean UV radiation intensity is deter-

squares) and offer a promising probe to extend the studies ofmined by averaging the observed UV ux over the extent of each

ISM metal enrichment to fainter luminosity limits than existing
faint galaxy surveys (Djorgovski et ak004. Second, the

host galaxy. For comparison with models, we convert from the
observed mean radiation intensity at near-UV wavelengths to

metallicities found in GRB host galaxies span two orders of the far-UV (FUV) Lyman—Warner band (18-136 eV) based

magnitude fron52.2 dex below solar to S 0.2 below solar,
while the rest-frame UV luminosity of the galaxies extends from
1/2L to fainter than 5L . There is no apparent upper
metallicity cutoff in the sample of GRB host galaxiexzat 2.
Finally, we include predictions from numerical simulations
performed by Sommer-Larsen & FynkigD08 that include SNe
feedback. The crosses are reproduced from Fynbo e2G08(

on the Galactic UV radiation spectrum of Gondhalekar et al.
(1980. The estimated far UV radiation eldk of individual
host galaxies are presented in Tahlddopting a mean Galactic
radiation eld at FUV wavelengths dfy = 2.5x 10> photons
cmP? s°1 HzS1 (Gondhalekar et all980, we nd that, despite a
moderate SFR, the ISM radiation eld in the GRB host galaxies
spans a range over 35-36@he Galactic mean value due to

for comparison with observations. Despite the presence of lowera relatively compact size. The observations provide empirical
limits in the metallicities of three GRB hosts, there is a moderate support for the previous theoretical understanding (e.g., Whalen
trend that suggests a steeper luminosity—metallicity relation thanet al. 2009 that strong UV radiation elds in low-metallicity
what is seen in simulations. We note that this is unlikely due to a ISM environment may be a dominant factor for suppressing the
selection bias against metal enriched faint galaxies based on théormation of molecules and therefore subsequent star formation
study presented in Section 5.1, which shows that the GRB hostin dwarf galaxies.
galaxies are consistent with an SFR selected eld galaxy sample. . . ) )

Different theoretical studies have been carried out to un-  5.4. Properties of Foreground Mg Absorbing Galaxies

derstand the key astrophysical processes that determine the a nyz7ling observation of the absorption properties along
luminosity—metallicity relation found in galaxies from different

epochs (e.g., Dekel & Wo2003 Tassis et aR008 Brooks et al.
2007 Finlator & Dawe2008. The steep decline in ISM metallic-

ity toward fainter magnitudes may be interpreted as a signature

of SNe driven out ows that removes metals more effectively in

lower-mass halos than in more massive ones (e.g., Dekel & Woo

2003, or as a signature of inef cient star formation in low mass
halos due to low gas density (e.g., Tassis e2@D8 Robert-

son & Kravtsov2008. The model expectations presented in
Figure20includes SNe feedback but no ISM radiation eld to

account for subsequent destruction of molecules in star-forming
regions. The observed steeper luminosity—metallicity relation in
faint galaxies and the absence of molecular gas in GRB host

ISM (Tumlinson et al.2007) suggests that an enhanced ISM
radiation eld from young stars may be important to effectively

reduce subsequent star formation and ISM chemical enrichmen

in dwarf galaxies.

5.3. Empirical Constraints for the ISM Radiation Field in GRB
Host Galaxies

To understand the lack of molecular gas in GRB host ISM,
Tumlinson et al. 2007 performed a comparison between

GRB lines of sight is the apparent overdensity of strong (rest-
frame absorption equivalent widiW(2796)> 1 A) Mgii ab-
sorbers (Prochter et #006. Afterglow spectra exhibit on av-
erage 4x more strong Mdi absorbers than random QSO
spectra (Prochter et &2008 Sudilovsky et al2007), although
such over abundance is not seen iivGbsorbers at some-

what higher redshift (Sudilovsky et &007 Tejos et al2007).

Various scenarios have been considered to explain this discrep-
ancy, including dust extinction due to the presence of these
absorbers that biases observations of QSO sightlines, the GRBs
being gravitationally lensed by the foreground absorbers, and
the absorbers being intrinsic to the GRBs (Prochter é1G§
Porciani et al2007). However, none of these scenarios alone
is found suf cient to explain the observed overabundance along

tgfterglow sightlines. A different scenario has been proposed

y Frank et al. 2007, who consider different beam sizes be-
tween QSOs and GRB afterglows as a possible explanation,
but two important consequences are associated with this sce-
nario. First, a partial covering of Mg gas is expected along
QSO sightlines. Second, a skewed frequency distribution of
Mgii absorbers is also expected along GRB sightlines. None
is conrmed in empirical data (e.g., Pontzen et 2D07.



172

6 I I
+ With strong MglIl absorbers
4 + GRB 060418
+ -+ GRB 021004
2 - GRB 050820A
> H 4 GRB 060206
< L ! _
v 0 ——t——t————————
\_,/_ I~
@ F .
Without strong Mg Il absorbers
Z“‘J 4 L g Mg _
2 GRBO11211
0 L 4 GRB 000926
‘ L+ + + + | GRB030323
0 1 2

A 0@ (arcsec)

Figure 22. Cumulative number of galaxies vs. angular distance to the afterglow
line of sight for GRB elds with (top) and without (bottom) intervening
strong Mgii absorbers found in afterglow spectra. All seven elds have high
spatial resolutiorHSTimages available for identifying galaxies brighter than
AB(R) = 28. In all four elds with known intervening strong Mg galaxies,

we nd additional objects at < 2 from the GRB afterglow position. In
contrast, none is seen at this small angular separation in elds without known
Mgii absorbers.

We refer the readers to Porciani et €007 for a detailed
discussion.

Late-time HST images of the elds around known GRBs
offer a detailed view of the galaxy environment around known
foreground Mgi absorbers along the sightlines toward the
GRBs (e.g., Pollack et a2008. Six of the 15 GRBs sightlines
in our sample have known strong M@bsorbers o#V(2796)>
1 Ain the foreground (e.g., Prochter et 2006, three of which
have deepHST images available. Including the eld around
GRB 060418 (Pollack et ak008, we nd that in all four
cases théHST images have uncovered at least one galaxy at
angular separation 1 from the afterglow sightlines. In
contrast, such galaxies at small are clearly absent in elds
with no known strong Mg absorbers (Figurg2). A summary
of the known Mgi absorbers and possible candidate absorbing
galaxies is presented in Table

Although only one of the candidate galaxies in Talle
has been spectroscopically con rmed (the Ma@bsorber at
z 0.84 toward GRB 030429), the nding of additional
faint galaxies along the GRB sightlines strongly disfavors
the absorbers being intrinsic to the GRBs. In addition, these
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candidate galaxies exhibit a broad range of optical-IR colors
(cf. the blue colors of galaxies toward GRB 050820 shown in
Table 3 and Figure9; and those found toward GRB 060418
in Pollack et al2008. Dust extinction does not appear to be a
uniform factor across different GRB sightlines that results in the
higher incidence of strong Mgabsorbers. Comparisons of the
absorbing galaxy properties found along afterglow and QSO
sightlines (O’'Meara et al2006 G. D. Becker et al. 2009, in
preparation) should provide further insights for understanding
the differential incidences of Mig absorbers. The morphology
of additional faint emission near the absorbing galaxy toward
GRB 030429 (Figuret) is suggestive of a lensed event.
Additional optical imaging and spectroscopic data are necessary
to test the lensing hypothesis for this source.

A conclusive answer to the observed overdensity of fore-
ground Mgii absorbers along GRB sightlines requires a larger
sample of imaging and spectroscopic data of the candidate ab-
sorbing galaxies. Based on the current nding, however, we
caution thatthe presence of intervening galaxies at small angular
distances to the GRBs introduces non-negligible contamination
for identifying GRB host galaxies based on imaging data alone.
High spatial resolution images are crucial for resolving the host
galaxies from foreground absorbers. While the properties of the
Mg ii absorbers are beyond the scope of this paper, we empha-
size that in the absence of spectroscopic observations it will
be necessary to take into account line-of-sight absorption-line
properties in afterglow spectra when evaluating the uncertainty
of an imaging identi cation of GRB host galaxies.

6. SUMMARY

We present a study of faint galaxies uncovered along GRB
lines of sight, based on an optical and NIR imaging survey of
the elds around 15 GRBs at> 2. The GRBs are selected with
available early-time afterglow spectra in order to compare ISM
absorption-line properties with stellar properties. The redshifts
of the GRBs span a range from= 2.04 toz = 4.05. The
neutral hydrogen column densities of the GRB host ISM span
a range from logN(Hi) = 169 to logN(H i) = 22.6. Our
analysis differs from previous studies in that we have obtained a
uniform set of photometric data from our own imaging survey,
reducing systematic uncertainties in photometric measurements
of the host galaxies.

In addition to the ve previously studied GRB host galaxies,
we consider new detections for the host galaxies of GRB 050820
and GRB 060206. We also place 2ipper limits for the rest-
frame luminosities of the remaining eight GRB host galaxies
based on the depths in available optical and NIR images.

Table 4
Summary of Candidate Galaxies Associated with ForegraM(@796)> 1 A Mgii Absorbers

Field ZGRB Mgii Properties Galaxy Properties

Zmgii W(2796} AB () Filter
GRB 021004.. 2.329 1.38 1.81 > 244 0.3 F606W

1.60 1.53 > 244 0.3 F606W
GRB 030429.. 2.658 0.84 3.30 267+ 0.05 1.3 H
GRB 050820A. . 2.615 0.69 2.99 280+ 0.05 0.4 F625W

1.43 1.89 260+ 0.05 1.3 F625W
GRB 060206. . 3.548 2.26 1.60 282+ 0.55 1.0 F814wW
GRB 070721B.. 3.626 3.09 237+ 0.1 0.9 H

Note. 2 Measurements of Mij absorbers along GRB 021004, GRB 030429, and
GRB 060206 is identi ed based on our own analysis of available FOCAS spectr
J. Fynbo and collaborators (private communication).

GRB 050820A are adopted from Procht@0&alThe Mgii absorber toward
a. The strong absorber toward GRB 070721B is identi ed based on a DiyA feature
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Combining early-time, high-resolution afterglow spectra and
late-time imaging survey of the GRB elds allows us to
address a number of issues regarding both the nature of GRB
progenitor environment and star-forming physics in distant
starburst galaxies. The line-of-sight properties uncovered in the
afterglow spectra have also proven to be valuable for ltering
potential contaminations due to foreground galaxies. The results
of our study are summarized as the following.

Additional imaging and spectroscopic data of the candidate
absorbing galaxies are necessary to investigate the effect
of dust and gravitational magni cation, but the presence of
intervening galaxies at small angular distances to the GRBs
increases the ambiguity of identifying GRB host galaxies.
It is necessary to combine high spatial resolution images
and early-time afterglow spectra for accurate identi cations
of the host galaxies.
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