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ABSTRACT

Gamma-ray burst§GRB9 offer a route to characterizing star-forming galaxies and quantifying zhagar
formation that is distinct from the approach of traditional galaxy surveys: GRB selection is independent of dust and
probes even the faintest galaxies which can evade detectianx-ilimited surveys. However, the exact relation
between the GRB rate and the star formation (&R throughout all redshifts is controversial. The Optically
Unbiased GRB Hos(TOUGH) survey includes observations of all GRB hod8) in an optically unbiased
sample ofSwiftGRBs; we utilize these to constrain the evolution of the UV GRB-host-galaxy luminosity function
(LF) betweenz = 0 andz = 4.5, and compare this with LFs derived from both Lyman-break gdlaR)

surveys and simulation modeling. At all redshifts wael the GRB hosts to be most consistent with an LF derived
from SFR weighted models incorporating GRB production via both metallicity-dependent and independent
channels with a relatively high level of bias toward low metallicity hosts. In the tange 2 an SFR weighted

LBG derived(i.e., non-metallicity bias@d_F is also a reasonabléd to the data. Between 3 andz 6, we
observe an apparent lack of UV bright hosts in comparison with LBGs, though thecaigre of this shortfall is
limited by nine hosts of unknown redshift.

Key words:galaxies: evolutior galaxies: luminosity function, mass functiegalaxies: star formationgamma-
ray burst: general

1. INTRODUCTION These surveys are, however, not suited to assessing the
ontribution of the faintest galaxies to the cosmic star
rmation history. Gamma-ray bur6ERB) selected galaxy
udies provide a complementary approach to constrain galaxy
evolution across the whole mass spect(iarley et al2009
Kruhler et al.2011;, Rossi et al2012 and from very low to
very high redshif({the most distant GRB with a spectroscopic
redshift known to date is GRB 090423zat 8.2, Tanvir et al.
2009 Salvaterra et aR009. The advantage of GRB-selected
galaxy studies is that GRB production requifiesits simplest
form) only a massive stdffor a review see Woosle3011and
references theréinwhich makes their detection independent of
galaxy luminosity.

. . i The exact relation between the GRB rate and the SFR is
et al.1999 Calzetti et al2000. This progress has been driven controversial: while long-duration GRBs are produced by

by multi-band - ux-limited surveys of ever-improving depth ~aqgive stars and sample the entire range of known star-
and coverage permitting the study of galaxies at redsh|ftsf0rmmg galaxies from faint dwarfs up to luminous Lyman-

ranging fromz = 0-10 (e.g., Scoville et al2007 Bouwens  preak galaxie¢LBGs; Steidel et al1996 and sub-millimeter

The past decade in extragalactic astronomy has beerf
characterized by a tremendous increase in the understandin
of the properties of high-galaxieqfor reviews see, e.g., Wolfe
et al.2005 Shapley2011; Carilli & Walter 2013, such as the
diversity and evolution of their star formation rat8FR
histories (Pettini et al. 2002 Hopkins 2004 Hopkins &
Beacom 2006 Bouwens et al.2007, 20103, the relation
between stellar mass and luminosityettini et al. 2007
Magdis et al201Q Schaerer et a013, the relation between
mass and metallicit{e.g., Tremonti et ak004 Savaglio et al.
2005 Erb et al.2006 Lee et al.2006 Foster et al2012 and
the nature of extinction as a function of luminogiiMeurer

et al.2014. galaxies(e.g., Christensen et a2004 Tanvir et al.2004
Fruchter et al.2006 Michaowski et al. 2008 Savaglio
™ Hubble Fellow. et al. 2009 Krihler et al.2011 Rossi et al.2012 Perley
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et al. 2013 Hunt et al. 2014 Schady et al.2014 Kohn Table 1
et al.2015, most of our knowledge is based on heterogeneous Log of GRB Host Observations
samples. Several GRB luminosity functificF) and redshift GRB Telescope Filter Date Exposure
distribution studies(e.g., Kistler et al.2008 Jakobsson Instrument Time(s)
et al. 2012 Robertson & Ellis2012 have found that the
numbers of GRBs produced at high redshift imply that eithergggiggA f;;’g:'ms F7%5W 2%11%'3“9 ig 247’; 42210
the global SFR density is greater at high redshift than that,. oo CrCIOSIRIS g 014 3l 21 6 x 360
found from LBG surveys, or that GRB production &éncy 050803 Keck/LRIS g 2011 Aug 28 4 x 200
increases with redshift. Other authors consider that this resulsggos Keck/LRIS R 2011 Aug 28 4 x 170
can be explained by continuing observational and redshiftgspgos Keck/ESI R 2005 Aug 04 2 x 180
biases in existing GRB surve{s.g., Elliott et al2012). In this 050803 GTC/OSIRIS i 2014 Jul 21 15 x 120
work, we approach this question from the unique standpoint o0fo50803 HSTWFC3 F160W 2011 Sep 03 906
having observations of the properties of the individual hosts 0f050803 SpitzeiRAC 36 m 2013 Jan 31 54 x 100
each burst in an observationally unbiased GRB sample, thu$50803 SpitzeHRAC 45 m 2013 Jan 31 54 x 100
providing a complementary approach to simulation studies. 050824 TNG/LRS B 2010 Oct 13 2 x 900
“The Optically Unbiased GRB Hds(TOUGH) survey by ~~ 0510168 Gemini-S/IGMOS g 2014 Feb 07 4 x 100
Hjorth et al.(2012) is the rst such survey to make use of the 823;318 H%eﬂg"sS/GMOS FBEOLP ;83; ;a” 322 9421%0
strategic advantage 8wiftto realize the production of a GRB 050908 HSTAGS ETISW 2010 o?:[tj a1 7802
host galaxy sample selected solely by accurate X-ray localizaysyg,-5 Keck/LRIS g 2008 Aug 03 2 x 360
tion and VLT observability and unbiased by optical criteria g509008  GcTC/OSIRIS i 2014 Jul 22 20 x 120
such as afterglow detection or brightness. In this paper, weysggoos GTC/OSIRIS 7 2014 Jul 22 30 x 60
compare the evolution of the UV LF of GRB host galaxies to 0509228  SpitzefiRAC 36 m 2013 Aug30 54 x 100
both those derived from LBG samples and those predicted fronp50922B8  SpitzeiRAC 45 m 2013 Aug 30 54 x 100
stellar population synthesis modéRrenti et al.2014 which 060115 HSTACS F814W 2010 Aug 27 7910
include both metallicity dependent and independent channel$60218 SDSS u 2004 Sep 21 L
for GRB production. 060522 HSTACS F110W 2010 Oct 17 8395
Throughout the paper, we assume@DM cosmology with 060526 HSTACS F775W 2009 Aug 09 7844
Ho 71 kms! MpcL .8 027 and 8 0.72 (Larson 060605 HSTACS F775W 2010 Oct 06 7862
et al. 2013). All reported magnitudes are given in the AB C00007A  HSTACS F775W - 2010 Sep 17 7910
’ ) . . . 060729 Gemini-S/GMOS g 2008 Jan 29 15 x 180
system, and uncertainties are given aff&zon dence level, if 060805A Keck/LRIS 9 2008 Feb 12 1080
not stated otherwise. 060912  TNGILRS B 2010 0ct13 2 x 150
060927 HSTWFC3 F110W 2010 Sep 25 13992
2. OBSERVATIONS AND DATA REDUCTION 061021 Keck/LRIS g 2007 Dec 13 560
0611108  Keck/LRIS v 2006 Nov 21 680
2.1. The TOUGH Survey 061110B  HSTACS F775W 2010 Sep 23 7862
The TOUGH survey targeted 69 GRBs in RendKsbands ~ 970721B  HSTACS Fr75w 2010 Nov 13 844
with FORS2 and ISAAC reaching limiting magnitudesPof Note

(AB) 27.3magands(AB) _23.4mag at a 3 con dence

level. About 80% have a detected host galaptyjorth
et al. 2012 see also D. Malesani et al. 2015, in preparation

@ The observation was performed 21 days after the GRB. The afterglow was
very faint so that only the accompanying GRB-SN could contaminate the host
measurement. However, GRB-SNe have a red spectrum and the observed

and thanks to ongoing spectroscopic follow-up observationspandpass probed the rest-frameband, which makes any contamination

87% now have a measured redsHiltakobsson et ak012
Krahler et al2012 2015. In addition, the hosts betweer 2

unlikely.

andz = 4.5 were targets of a moderately deep spectroscopy

campaign to study Ly in emission, and hosts at 1 were

050922B(two GRBs with uncertain redshiftswe succeeded

investigation of several properties such as(khe Kg) color
and the offset distributiofHjorth et al.2012 D. Malesani et al.
2015, in preparatign the redshift distributior{P. Jakobsson
et al. 2012, the Ly recovery rate (Milvang-Jensen
et al. 2012, and the unobscured SFR inferred from radio
observations for the hostsat 1 (Michaowsk et al.2012).

2.2. New Data and Their Reduction

The VLT R-band data build the foundation of this paper. We
complement this data set wittBTobservations via a dedicated
GRB host prograniPl: A. J. Leval, which targeted nearly all
3 z 4hosts. Az 0.9 the TOUGHR-band data probe the

energy distributiofSED) from the rest-frame UV to the near-
IR (NIR). Their Spitzerobservations are described in detail in
Perley et al(2015a, 2015
To secure theeld calibration of GRB 060805A we used the
60 inch Palomar telescope, and for GRB 060729 we used the
Gamma-ray Optical/Near-infrared DetedtGROND; Greiner
et al.2008 mounted at the MPG/ESO 2.2 m telescope.
Furthermore, we incorporated measurements reported in
the literature; spectally we used Perley et a(2009 for
GRB 050416A, Chen et a{2009 for 050820A, Hjorth et al.
(2012 for the Ks band photometry for GRBs 050803 and
050922B, Mangano et a(2007) for 060614, Krihler et al.
(2011 for 070306, and Tanvir et g12012 for GRBs 050904,

rest-frame optical, and for these hosts we obtained data in blue®60522, and 060927.

lters with TNG/LRS, Keck/LRIS, GTC/OSIRIS, and Gemini-

S/IGMOS, or used archival data. A log of the data is shown in (bias subtraction, at

Table 1. In addition, for the elds of GRBs 050803 and

2

The ground-based data were reduced in a standard fashion
elding, co-adding with dedicated
software package@Keck: customized IDL routine, Gemini:
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Gemini IRAF package GROND: customized pipelingor Atz 3, an angular size of & translates to a physical scale
details see Krihler et a008 Yolda et al. 2009, and all of 4 kpc. This diameter is at the lower end of the observed
other data withRAF; Tody 1986. HSTobservations, after  size distribution of LBGgHathi et al.2008. Increasing the
standard‘on-the- y” processing, were subsequently cleaned aperture radius to (B, the average size of an LBGat 3
for bias striping, introduced due to the replacement leads to no signicant increase inux. On the contrary, the
electronics after &vicing Mission 4(2009 May 1124), measurement would have been affected by neighboring objects
and then drizzled with themultidrizzle software if the radius exceeded.@.
(Koekemoer et al.2003 into nal science images. The The analysis of theSpitzerata is described in detail in
reduction of theSpitzedata is described in Perley et al. Perley et al(20150; in brief, after downloading the processed
(2015h. PBCD images from th8pitzer_egacy Archive'® we modeled
and subtracted nearby contaminating sources, and then
measured the ux of the host via aperture photometry and
3. METHODS used the IRAC handbook zeropoints to convert the instru-

mental to apparent magnitudés.
3.1. Photometry

The photometry for the ground-based images was performed 3.2. Host Identication

as described in D. Malesani et 2015, in preparatign if a D. Malesani et al(2015, in preparationdescribe in detail
host was detected at5T con dence level, we chose a how the hosts were identid in the deep VLT images. The
suf ciently large aperture to measure the tota. For hosts  aqditional data obtained with ground-based telescopes have a
detected at a lower codence level, we reduced the radius to gjmjlar spatial resolution and do not exceed the limiting

the stellar FWHM and applied an aperture correction derivedmagnitudes of the VLT images. In contrast tH€Timages

from the brighter hosts in the sample. . _ exceed the VLT images in spatial resolution and dépée
Once an instrumental magnitude was established it wasrigure1). This necessitates repeating the host ideation. In
photometrically calibrated against zeropo{{@RB 0511178, the following we can limit the discussion to the 3-4 hosts,

against the brightness of a photometric standard stafyhereas the host identiation of GRB 050820A is discussed
(GRB 0505254, a number of eld stars measured in a similar ijn Chen et al(2009 and Cher(2012, and of GRBs 050904,
way (GRBs 06072, or tied to the SDSS DR@he rest; Aihara 060522, and 060927 in Tanvir et §2012).

etal.201]). In some cases, we converted the SDSS photometry To identify the most likely host galaxy candidate, we chose
into the Bessel system using Luptohif needed. These the probabilistic approach by Bloom et 2002 (For a
measurements werenally corrected for Galactic extinction detailed discussion, see also Perley 2@09. This method is
using the extinction maps by Schlegel et €998 and based on the observed galaxy density from Hogg €187
transformed into the AB system using Blanton & Roweis and quanties the chance probability,, of nding a galaxy
(2007 and Breeveld et a{2011). These magnitudes are listed with a certain magnitude and a certain distance from the GRBs.

in Table2. This chance probability is given by
TheR-band observation of the host galaxy of GRB 050502B
is affected by Ly absorption in the host galaxy and in the P 1 exp et Qqf) g T

intergalactic mediunflGM). To quantify this attenuation, we . . . . .
compared the observed to the expecRd 1) color of the wherer is the effective radius andi(m) is the galaxy density

afterglow. Afonso et al(201]) reported that the X-ray-to- [Of @ given observed magnitude. The effective radius
optical SED of the afterglow can be described by a Simmedepends on the half-light radiys, the distance from the GRB
power law,For O ¢, with a spectral index of  0.9. For this ro, and the localization accuracy. The localization accuracy is
model, the expecte(R  I)ag color is 0.22 mag, i.e., the de ned by the error of aligning thidubble Space Telescope
emission received in th&® band is dimmed by 0.95mag, (HST) images to images of the optical afterglows, which is
assuming no reddening at the GRB site. Throughout the papebetween 0033 and 0061. The effective radius in Bloom et al.
we assume that the host galaxy has the same attenuation. THR002 can hence be re-written ag 21,5 if rg  ryp and
values reportgd in Tab@include this correction. Foft (roz 4r]§2)1/2 if 1, rys The half-light radii were
For theHSTimages we measured the background-subtractedyaasured  with SExtractor v2.19.5 (Bertin & Am-

ux within an aperture with a radius of 85. To quantify the outs1996. To limit the number of candidates we set an upper

measurement error, we randomly distributed 40 apertures of the . . -
same radius within 3 from the optical afterglow. These fimit of 3 53/: the GRB offset and required a chance probability

apertures had a minimum distance oB(rom any object to of Pep

avoid source contamination. After that, we computed the '€ nal candidates are listed in Taldgnot corrected for
standard deviation as a proxy for the photometric error. To Galactic reddening, whereas the unreddended magnitudes are

; ; in Table®). The host offsets are consistent with the
account for ux losses we applied aperture corrections that were'eported in T > .
calculated from the encircled eneririanni et al.2009. If observed distribution for the TOUGH samiie. Malesani
no host was detected, we measured théirgiting magnitude €t &l- 2015, in preparatipnif no host candidate was detected,
via me 239 A,\E’ 25 Iog(F 3|.( 6)) Where we report the nominalux and the 3 limiting magnitude. The
imit ' or ; _ host identications of GRBs 060115 and 060605 are not
AR, is the aperture correction arfeh is the formal ux

2 < i unique, where alternative candidates for each of these GRBs
density in Jy measured at the position of the optical afterglow
with its 1 error T(Fc)

16 http://sha.ipac.caltech.edu/applications/Spitzer/SHA/

5 e http://irsa.ipac.caltech.edu/data/SPITZER/docsl/irac/
http://www.sdss.org/dr5/algorithms/sdssUBVRITransform.html iracinstrumenthandbook/




Table 2
UV Properties of the TOUGH Sample
m Migoo m M&0o
GRB Redshift Filter (mag Qv (mag GRB Redshift Filter (mag Qv (mag
Hosts with Known Redshifts
050315 1.95 R 24,51+ 0.15 1.54m 0.03 20.08+ 0.14 060707 3.42 R 25.01+ 0.06 1.62m 0.01 20.82+ 0.06
050318 1.444 R 26.95 1.2 17.16 060708 1.92 0.12 R 26.94+ 0.28 1.89m 0.03 17.75+ 0.27
050401 2.898 R 26.19+ 0.31 1.79m 0.04 19.31+ 0.31 060714 2.71 R 26.46+ 0.28 1.82 9% 18.91+ 0.28
050406 27 5% R 26.76+ 0.34 1.86m 0.04 18.60+ 0.34 060719 1.53 R 24.81+ 0.12 1.64m 0.02 19.27+ 0.11
050416A 0.653 g 24.00+ 0.03 1.73m 0.01 18.26+ 0.03 060729 0.54 g 25.30+ 0.16 1.92m 0.02 16.66+ 0.15
0505028 52+ 0.3 R 25.98 1.85 20.61 0608054 0.60 g 24.61+ 0.07 1.83m 0.01 17.53+ 0.06
050525A 0.606 g 25.83 1.95 16.40 0608054 2.36 R 25.26+ 0.14 1.65m 0.02 19.79+ 0.13
050714B 2.438 R 25,51+ 0.20 1.69m 0.03 19.61+ 0.19 060814 1.92 R 22,96+ 0.11 1.19m 0.03 21.46+ 0.10
050730 3.969 F775W 27.50 1.98 18.58 060908 1.88 R 25.66+ 0.18 1.74m 0.03 18.93+ 0.17
050801 1.38 0.07 R 26.74 1.91 17.26 060912A 0.94 B 22.59+ 0.06 1.33 3% 20.39+ 0.06
050819 2.504 R 23.99+ 0.09 1.39m 0.02 21.13+ 0.09 060923A 2.47 §8 R 26.12+ 0.24 1.78m 0.03 19.05+ 0.23
050820A 2.615 F775W 26.30+ 0.06 1.80m 0.01 18.96+ 0.06 0609238 1.51 R 24.15+ 0.16 1.53m 0.03 19.83+ 0.14
050822 1.434 R 24.36+ 0.08 1.59m 0.01 19.54+ 0.07 060927 5.46 F110W 28.23 2.10 18.39
050824 0.828 B 24,11+ 0.16 1.67m 0.03 18.71+ 0.15 061007 1.26 R 2456+ 0.17 1.65m 0.03 19.08+ 0.15
050904 6.295 F850LP 26.27 1.95 20.58 061021 0.35 g 26.40+ 0.16 2.07m0.01 14.65+ 0.15
050908 3.347 F775W 27.55 939 1.96m 0.03 18.22 339 061110A 0.76 v 25.25+ 0.10 1.85m 0.01 17.41+ 0.09
050915A 2.527 R 24,70+ 0.16 1.54m 0.03 20.47+ 0.15 061110B 3.43 F775W 27.02 52 19133 18.79 3%
050922C 2.199 R 26.29 1.81 18.64 061121 1.32 R 22.84+ 0.03 1.31m 0.01 20.67+ 0.03
051001 2.43 R 2453+ 0.13 1.51m 0.03 20.55+ 0.12 070103 2.62 R 2421+ 0.14 1.43m 0.03 21.03 913
051006 1.059 R 23.03+ 0.07 1.43m 0.01 20.03+ 0.06 070110 2.35 R 25.19+ 0.11 1.64m 0.02 19.84+ 0.11
0510168 0.936 g 23.13+ 0.03 1.46m 0.01 19.87+ 0.03 070129 2.34 R 24.23% 0.12 1.45m 0.03 20.75+ 0.11
0511178 0.481 u 22,91+ 0.19 1.65m 0.03 18.67+ 0.18 070224 1.99 R 26.02+ 0.31 1.78m 0.04 18.71 933
060115 3.533 F814W 27.21 8% 1.94m 0.03 18.65+ 0.27 070306 1.50 g 22.90+ 0.09 1.18m 0.03 21.21+ 0.09
060218 0.034 u 20.61+ 0.12 2.02m 0.01 15.20+ 0.11 070318 0.84 R 24.60+ 0.11 1.76m 0.01 18.18+ 0.10
060306 1.559 R 24.21+ 0.08 1.54m 0.02 19.86+ 0.07 070328 2.06 R 2455+ 0.13 1.54m 0.03 20.17+ 0.12
060522 5.11 F110W 27.82 2.05 18.69 0704198 1.96 R 25.20+ 0.20 1.66m 0.03 19.44% 0.19
060526 3.221 F775W 27.52 1.95 18.18 070506 2.31 R 26.21+ 0.22 1.79m 0.03 18.83+ 0.21
060604 2.136 R 25.62+ 0.18 1.71m 0.03 19.23+ 0.17 070611 2.04 R 27.27 1.2 17.55
060605 3.773 F775W 27.48 333 1.97m 0.03 18.50 349 070721B 3.63 F775W 27.69 042 1.99 3% 18.22 342
060607A 3.075 R 28.05 1.99 17.57 070802 2.45 R 25.25+ 0.21 1.64m 0.04 19.88+ 0.20
060614 0.125 u 24.71+ 0.30 2.10m 0.01 14.06+ 0.29
Hosts with Unknown Redshifts
050726 35 R 26.19 1.81 19.68 061004 35 R 25.84 1.76 20.03
050803 35 i 26.29+ 0.50 1.83 398 19.55+ 0.50 070330 35 R 26.19 1.81 19.67
050922B 35 i 25.20+ 0.15 1.67m 0.03 20.63+ 0.15 070621 35 R 25.85+ 0.23 177 3% 20.02+ 0.23
060919 35 R 25.80+ 0.26 1.76m 0.04 20.07+ 0.26 070808 35 R 26.85+ 0.33 1.90% 0.04 19.01+ 0.33
060923C 35 R 25.49+ 0.18 1.71m 0.03 20.38+ 0.18
New Photometric Redshifts
050803 3.5 0.5 i 26.29+ 0.5 1.83 3% 19.55+ 0.50 050922B 45 05 i 25.20+ 0.15 1.69m 0.03 21.13+ 0.15

‘reusnor reaisAydonsy ayl
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Notes.All magnitudes are corrected for Galactic extinction and were converted into the AB system. For the non-detections we relimitititgerBagnitudes. Redshifts were taken from Hjorth et2012, Perley
et al.(2013, and Krihler et al(2015.

@ For hosts with photometric redshifts, we report the values at the nominal redshifts.

® The absolute magnitude was computed throMglyo = m DM(2 2.5( Qv 2)Iog ((1 z)1600 /Mbs) +25 log (1 z)where DM is the distance modulus for the assumed cosmology.

° Luminosity includes a correction for IGM and Lyabsorption.

9The H emission line is double peaked with the centers of the peaks 4t.5585 andz = 1.5597. Without loss of generality we assunwe 1.559.
€ The host identication is not unique.

f The redshift range of 060923A was constructed by combining limits from Jakobsso(2€X1d).and Perley et al(2013.

9 For hosts with redshift limits, we report the UV properties=at3.5. For the hosts of GRBs 060919, 060923C, 070621, and 070808, the luminosities are strictly speaking upper limits. Note, the redshift of 060923C is
betweerz= 0.86 andz= 3.5. For GRBs 05072z 5.5),050803(z 6.1), 050922B(z 6.1),061004(z 10), and 07033@z 5.5) we report their luminosities at= 3.5 to avoid corrections for IGM and Ly

absorption.

M Listed are the two hosts for which new redshift constraints were obtained throughti8teD As discussed in Sectidh3 a broad range of physical galaxy parameters and redsksfthe data within their
uncertainties. The likely redshift of GRB 05080%is 3.5 and of GRB 050922B 4.5.

0z Ainc §ToZ ‘@dsT)e2:808
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050730 Fr175W 050908 F175W 060115A F814W 060526 F175W
060605 F1775W 060607A F1775W 061110B F1775W 070721B F1775W
N

0.5" E_I

Figure 1. Poststamps of theelds recently observed witiSTACS. Each cutout has a size®f §', corresponding to 37.3  37.3kpgatz= 3.5. The blue
crosshairs mark the positions of optical afterglow. Abowgeist of the afterglow of GRB 070721B is a galaxy witftF775W) _ 244 mag(p, _ 2%). In Schulze
et al. (2012, we showed that this galaxy is in fact the galaxy counterpart of the intervening DA 80939 reported in Fynbo et 42009. For presentation
purposes all images were smoothed with a Gaussian kernel with a widtld®f 0

Table 3
Properties of the = 3-4 Host Galaxies Observed WiHiST
GRB , 2 ro Band Fo Brightness Peh
(J2000 () () (nJy) (mag
050730 L L L F775W 7+ 7 276 L
050908 01:21:50.727, 0.05 0.02 F775W 29+ 7 27.60 939 0.002
12:57:17.31
060115 03:36:08.314, 0.09 0.28 F814w 38+ 7 27.27 3% 0.020
+17:20:42.80
03:36:08.351, 0.08 0.44 F814W 26+ 7 27.68 334 0.052
+17:20:42.86
060526 L L L F775W 5+ 7 27.66 L
060605 21:28:37.312, 0.09 0.06 F775W 30+ 9 27.55 5% 0.007
06:03:30.96
21:28:37.321, 0.06 0.47 F775W 28+ 9 27.63 §:42 0.054
06:03:30.56
060607 L L L F775W 13+ 8 27.48 L
0611108 21:35:40.396, 0.12 0.05 F775W 45+ 10 27.10 93¢ 0.008
+06:52:34.30
070721B 02:12:32.935, 0.08 0.20 F775W 25+ 9 27.76 343 0.018
02:11:40.63

Note. For each galaxy we list its half-light radius, its projected distance to the GR its ux densityFg and the apparent magnitude. If no host candidate was
detected, we report the nominaix density at the afterglow position and the corresponding8ting magnitude. All magnitudgdut not the ux densitiesinclude

an aperture correction bob correction for Galactic reddening. The uncertainty in the reported coordinat@sdi§comprising the astrometry error of the optical
afterglow images and the alignment error of the VLT BiSTimage$. See Sectio.2 for details.

& There is in fact a host candidate with a chance probabilipgof 0.04 0. 29 from the afterglow. However, it is only detected in a very small aperture with a radius

of 0.2. The coordinates of the object are R.A., 82000 = 21:58:50.388, 22:29:46.68t 0.4. Its magnitude isn(F775W)  28.28532mag.

have the same magnitudes within. Zor simplicity, we used  multi-band data for GRBs 050803 and 050922B from 4000 to

their weighted means in the further analysis. 42000 A(Tablel) to model their SEDs and obtain photometric
redshifts.
3.3. Photometric Redshifts The eld of GRB 050803 was observed in the sartters

. but with a different telescopg@ able2). We built super-stacks
Although the TOUGH sample has a current redshift for each band by resampling these data to the grid of the Keck/

completeness of 87%, nine hosts remain without precise ) . ) . N
redshift information(Table 2). We succeeded in obtaining RIS images(which has the highest spatial resolujiavhile

6
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Table 4 ! ‘ ' '
Broad-band Photometry of 050803 and 050922B GRB 050803 122
GRB 050803 GRB 050922B - 123
Brightness Brightness 10} 194
Band (mag Band (mag
.
g 27.45 g 27.50+ 0.50 o o= {25
R 26.29+ 0.22 R 26.52+ 0.22 . "
[ 26.45+ 0.50 [ 25.18+ 0.14 e 126
F160W 25.74% 0.18 z 25.01% 0.34 210! 4'# 0
Ks 23.90 Ks 24.00 2 127 2
36 m 24.67 36 m 24.77+ 0.36 N —% o
45 m 25.00 45 m 24.60+ 0.46 £ il ‘ . ‘ 128 §
5 GRB(50922B ' R Ra=
Note. All magnitudes are corrected for Galactic reddening. Non-detections are ™ h:'c
reported at 3 con dence level. Th&-band photometry was taken from Hjorth é 199 aa)
et al.(2012. F
100_
conserving the ux and weighting the images by their limiting I _+_ 124
magnitudes. The nal extinction-corrected magnitudes of the +t i +
two hosts are reported in Table 126
We modeled the SED withe Phare (Arnouts et al1999 1071 -+
llbert et al.2006),8 using a grid of galaxy templates based on +
Bruzual & Charlot(2003 stellar population-synthesis models 128
with the Chabrier IMF and a Calzetti dust attenuation curve A ‘ . .
(Calzetti et al2000. For a description of the galaxy templates, 5000 10* 20-10* 40-10*
physical parameters of the galaxyting, and their error Observed wavelength (A)

estimation, we refer to Krihler et 2011). To account for £ > Spectral distributioNSEDS of GRBS 050803 and 0500228
: : ; : be igure 2. Spectral energy distributio o} s an
zeropoint offsets in the cross calibration and absol . and their ts. The solid line displays & of the SED with Le Phare. The green

scale, a systematic error contribution of 0.05 mag was added iRpen squares are the model predicted magnitudes. Given the sampling and the
guadrature to the uncertainty introduced by photon noise.measurement errors, a broad range of physical galaxy parameters and redshifts
Figure 2 displays the observed host SEDs and their bisst fts the dt?‘ta Withtirll_ kthleir udnchefrttaiptci‘%sé /Sgalégw;n'g tt)h? two galaéiis todbef star-
ConS|der|n_g the brightness of the .t.WO galaxies .26 ((B)I;rgn(%oggzr??;olietlwzgrg ieling 5. See Sectidé%fgrvézgilsén e
mag and their measurement errors, thitihg does not yield a
unique redshift solution for either of the two galaxies. A broad
range of physical galaxy parameters and redshiftbe data dependente.g., Bouwens et aR009 20100. To account for
within their uncertainties. Of particular interest in our case is that we make use of the parameterization by Trenti 2614
the possibility that the galaxies arezat 2. A high redshift that is based on thendings for LBGs by(Bouwens et al2012
does in fact provide a good description of the photometry in and references therginSince the slope depends on the
both cases. The SED of the host of GRB 050922B hasunknown observed UV luminosity, we solve the inverse
signi cantg a r andr a i colors which are reasonably well problem: we compute the expected apparent magnitudes for a
explained by the Ly and Lyman-limit breaks at  4.5. range of UV luminosite 30 mag M 8 may at the
Similarly, the redy a r and bluer a i colors of the galaxy  redshift of each GRB and select the luminosity that minimizes
hosting GRB 050803 is indicative of a redshift of 3.5. the difference between the observed and the expected apparent
Lower redshift solution§&z 1) exist as well in both cases, but magnitudes. In Tabl@ we summarize the best-slopes and
based on the available photometry, it is at least plausible thatuminosities.
both GRBs originated & 3. We note that the UV luminosities in the FUV are highly
sensitive to any reddening correction. In LBG surveys it is a
o common practice to build the LF from the obscured UV
3.4. The Obscured UV Luminosity luminosities, and therefore without any loss of generality or

Although we have at least one measurement of the rest-framémitation in the comparison with LBG surveys, we omit any
UV continuum between 1216 and 4000 A for each host galaxy eddening correction.
in our sample, these data probe different parts of the UX
continuum; on average they probe the rest-frame at 2140 A. .
UV LFs of LBG samples are typically reported at 150700 A 3.5. The Impact of the UV Slope on the K-correction
(e.g., Arnouts et al2005 Reddy & Steidel2009 Oesch The exact shape of the unobscured UV continuum is
et al.201Q Bouwens et al2014). To shift the UV luminosities  determined by the age of the young stellar population and
of the TOUGH sample to the common rest-frame at 1600 A, ametallicity. Savaglio et a(2009 and the update in the GHostS
K-correction was applied assuming the UV continuum to be databaseand Perley et al(2013 showed that the observed
power-law shape@Fyr M ®v). However, LBG surveys have age distribution extends from a few tens of megayears to two
also shown that the spectral slope is luminosity and redshiftbillion years. Though this result is based on heterogeneous
samples, the maximum age is consistent with limits we
18 http://www.cfht.hawaii.eduarnouts/LEPHARE extracted from the TOUGH samp(B. Malesani et al. 2015,
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= 10— Next we drop the redshift dependency and assume a very
= young stellar population with a characteristic spectral slope of
§ Qv 2.5 for all hosts. The luminosity will increase for all

= hosts(Figure3, bottom pangl The largest shift of 0.82 mag is

Z 05} - observed at 1. However, it is very unlikely that the majority

T of GRB hosts have such blue UV continua. Several low-

~ o® o 1 redshift hosts are known to have evolved young stellar

O U populations, e.g., GRB 970222 = 0.699: age= 1.7 Gyr;

= 0.0 ;‘o'o*'-‘ e T GRB 990712(z = 0.433: age 1.1Gyr; and GRB 011121

s ot (z = 0.362: age= 2.3Gyr (Savaglio et al.2009. In

= i . conclusion, though individual hosts may be more or less

E [~ e luminous than inferred from our ansatz, we do not consider our
= 0t UV slope assumptions to have any systematic effect on the

ensemble above 1.

~25)

. ] 4. RESULTS
‘" 4.1. GRB Host Luminosity Distribution
Figure 4 (left pane) plots the absolute magnitudes at

p .% o
Ut ?,. ] 1600 A(detections and upper limjtsf the sample GRB hosts
. °°¢. versus redshift. The absolute magnitudes of the detected hosts
0.0 PN ° o span a wide range in magnitude frod4 to 21.4 mag. The

majority of the upper limits on non-detected hosts are as deep
as, and deeper than, any of the host detections, particularly at
high redshift(z  3). All upper limits, except for one host at
S (T Y R E — z= 6.295, are well below the median magnitude of the detected
0 1 2 3 4 ) 6 7 sample.

Redshift z It is interesting to note that the brightest hosts, i.e., those
Figure 3.Impact of the approximations on the rest-frame UV continuum on the @bove the median absolute magnitude, span a quite limited
observed UV luminosity at 1600 A. The continuum is assumed to be power- redshift range between 1 and z 1 3. Conversely the
law shaped witlFy r M ®V, where the slope can be luminosity and redshift dimmest 50% of host&detections and upper limjtspan the

dependent. Top panel: luminosity- and redshift-dependent slope vs. luminosity-antire redshift range of the sample. This evolution is similar to

independent but redshift-dependent slope. Bottom panel: luminosity- and . . .
redshift-dependent slope vs. uniform slope. Detected hosts are displayed agﬂ'at of the UV-inferred global star formation rate denty.,

lled circles and non-detected hosts as open circles. For clarity, we only shonPaddi et al.2007 Noeske et al2007 Rodighiero et al201Q

the hosts with known redshifts. We omit the host of GRB 050502B because of EIbaz et al.2011, Bouwens et al2014), which also peaks
its uncertain IGM correction. The size of the average error is shown in the topgt 7z = 2-3.

Migoon (Buv (M, 2)) = Mygos (Buv

panel. Above z 3, there is a conspicuous absence of any host
detection above the median magnitude, except for the single
in preparatiopn To check whether the slopes used in our bright Migoo 20.8mag hos{GRB 060707 atz= 3.424,

analysis are consistent with these ages, wethe UV though the host of GRB050922B could have similar luminosity
continuum of single-age stellar population models from (for details see Sectiod.3). At the other end of the redshift
Bruzual & Charlot(2003 between 1350 and 3600 Awith scale, belonz 1, there are once again no hosts above the
power-law models. We nd that the slopes vary between median magnitude. Our unbiased host sample seems to suggest
Qv _ 2.8and 3.5 for ages between 0.005 and 2.5 Gyr, in that GRBs favor lower luminosity hosts throughout the entire
agreement with the values derived in SecBoh redshift range in which they are detected and are only found in
We next assess how the assumption about the luminosity andJV brighter hosts in the range between z 2, though we
redshift dependence affects our results. W& assume the  note(as discussed belgwhat some of the hosts with unknown
slope to be luminosity independent. We constrain the redshiftredshifts may in reality exist in the higher redshift range.
evolution using results from Schiminovich et §R009, Figure 5 plots the rate densitghumber per unit comoving
Finkelstein et al(2012, and Hathi et al(2013. Between  volume per yedrof TOUGH GRBs occurring in hosts above
z= 0 andz= 8, the UV slope could be parameterized as  and below the overall survey median luminogitptted line
left panel Figured) versus redshift. Although the overall
@v(@ (162 0d4) ( 007 0.0 z @) numbers are small, the volume density of the brighter host
L . fraction is lower than that of the fainter fraction at all redshifts
for luminosities between0.1 L yand _1.5 L . Figures3 (top exceptl z 2 where bright hosts reverse this trend to
pane) displays the difference in the observed luminosity for \,o-ome 2.53 times more common than those below the global
the different parameterizations of the UV slope. The medianyedian. We caution that the relatively low numbers in each
difference is 0.01 mag and in most cases negligible. The Iargesﬁarge and somewhat arbitrary redshift bin prevent amyer
differences of 0.26 mag are observed atl where thék-band  statistical conclusion from being drawn from the binned data.
data have the largest distance from the common rest frame aturther analysis of the cumulative distribution funci@DF)
1600 A. of the TOUGH hosts compared to model LFs derived from



The Astrophysical Journal,

—

Mig00 (mag

—23

—29}
21}
20}
—19f
—18}
17}
—16}

—15

808:73(15pp, 2015

July 20

Schulze et al.

]

uncertain z
_v_
—$— GRB050803

GRB050502B |

GRB050922B 4

GRB060805A

6 7

1 2 3 4 7 0 1 2 3 4
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Figure 4. Absolute magnitudes of our GRB host galaxy sample plotted vs. redshift. Left: host with known redshifts of (Rtantbdon-detected hogts). The
horizontal dashed line indicates the median luminosity of detected(bestg 19.2 mag and the dotted line of all including the non-detected hdkts median
value being 18.9 mag. Right: location of the hosts with uncertain redsh(ftsrved liney, GRB 060805A, which does not have a unique host ideation, and
GRB 050502B, which has an uncertain IGM correction. To illustrate the impact of the IGM correction, the parameter space ranging from no IGMocthreection
conservative IGM correction discussed in Secfidhis shown. As in the left panel, the dashed line indicates the median luminosity of detecte(béiosts
19.3 mag and the dotted line of all hos{being 19.1 mag, where we assumed hosts without redshift information to lze=aB.5 according to Tablé. For
GRBs 050803 and 050922B, the likely redshift ranges from the SED modeling are highljghee8ectio.3for detaily. Because of the ambiguity of the redshift
ranges, we also show their tracks if they are at lower redshifts.

—144 1B }
0

(29 2
D
(S 5

et al. 2012, one host identication (GRB 060805A is non-
unique, and the IGM correction for one h¢&RB 0505025

is uncertain. In the right panel of Figuteve plot their possible
positions in theMgoo —z plane (gray lines for hosts of
uncertainz, green data points for the host with uncertain IGM

. correction, and blue data points for the non-unique host
identi catior), where it can be seen that the plausible
. distribution of these uncertain hosts shows no discrepancy
from the rm detections/limits. We discuss further the effects
g of these unknown redshift hosts on our results in Se&itn

w
at

Migop s < —18.91
Migop s > —18.91 ]

w
(e

20

10 ] 4.2. The Evolution of the Median UV Luminosity

As a rst diagnostic to investigate whether GRBs are biased
or unbiased tracers of star formation, we investigate the
evolution of the median obscured UV luminosity of the hosts.
Recently Trenti et a(2014) presented tracks for the evolution

Redshift interval of the median observed UV luminosity of GRB host galaxies
Figure 5. GRB rate densitynormalized to the TOUGH period of 2.5 years; for Varlo_us levels of GRB production bias W'th respect to host
Hjorth et al.2012 in hosts below and above the median UV luminosity of the Metallicity, characterized by a parameieshich represents a
TOUGH sample. For simplicity only hosts with known redshifts are shown. minimum, metal-independent plateau for the ciafncy of
e e e e s S5 s v sonon g [orming a GRB. Thus a low value of characterizes a figh
\kl:losts. Error Harsgrepresent Poisson errors on each bin. For details seleev.el of bias towa_rd low metallicity hostp = 0 represgntlng a
Section4. 1 stringent metallicity cutoff whereagp | d characterizes no

metallicity bias.
Figure6 shows the evolution of the median UV luminosity in

LBG populations in Sectiod.3 investigates these preliminary unit redshift bins of our sample in comparison to these models.
observations in greater detalil. The luminosity depth of our observations is a function of

In the following sections, we investigate how GRB hosts redshift(Figure4), and we hence recalculated the median values
trace the SFR history, in particular whether they follow the given in Trenti et al(2014) for the observed luminosity limits
model proposed by Fynbo et 4002 see also Jakobsson in each redshift bin. The faint limit was setkd 3 T(M)
et al. 2005 of GRBs selecting galaxies from a general in each magnitude bin; specally we compute the median
population according to their SFR or whether an additional UV luminosity between 225 M 132 at z 1,
dependency must be invoked, such as metalli¢Byanek 225 M 16.7at1 z 3, 225 M 172 at
et al. 2006 Modjaz et al.2008 Levesque et aR010. 3 z 4.5 Observed medians and their errors were estimated

We note that the redshifts of nine hosts are uncertainvia a bootstrap metho@0,000 samplgswhere each detected
(Table 2) within de ned limits (for details see Jakobsson host was represented as a Gaussian centered on the measured

Ut

o

4-7

0-1

1-2 2-3 34

TOUGH GRB rate density (10_3 Gpc™® yr‘l)
&

9
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23 ' ' I I " Tventi o al. (2015) with: | Table 5
_l — -] Parameters of LBG Luminosity Functions
_o1| — ] Redshift Luminosity Misoo f Faint-end
Interval
5 =20+ 1 Interval (mag (mag Slope References
2 -9} /% 1 10 z 15 21.50 20.08 1.84 )
= _13] 1 to 17.83 + 0.36 + 0.15
3 19 z 27 22.83 20.70 1.73 (2)
g —17+t 1 to 17.83 + 0.11 + 0.07
_16l ] 30 z 45 22.69 21.07 1.64 (3)
Secure redshifts to 15.94 + 0.08 + 0.04
-
_1'3 B All unknown redshifts at 1 < z < 3.57
4k R Note. Values of LBG LFs in the Schechter parameterization for different redshift
: : : ! ! ! . intervals. The redshift column shows the interval for which the LFs were applied to.
0 1 2 3 4 B 6 7 References(1) Oesch et al(2010, (2) Reddy & Steide(2009 (3) Bouwens
Redshift z et al.(2014.
Figure 6. Evolution of the median obscured UV luminos(ip bins of unit
redshif) with known redshift(black marker)s_ Their errors were a_sse_ssed T —
through bootstrapping. A= 34 the sample is characterized by a sigant | [ : ]
number of non-detections. Overlaid are model tracks for different strengths of a —291 ' ' 4
possible metallicity biaTrenti et al.2014. The hosts with unknown redshift 3 TR 1
werealsoputdt z Zand2 =z 3toassess theirimpact on the median =21 Do , b
value (displayed by lighter blue bdrsThe blue bar shows the median UV _ [ yo g I 1
Iumlnos_lty if GRI_BS 050803 and (_)509228 are putzat 3.5 andz = 4.5, ep | 1l 5 /+/
respectively(Section3.3). See Sectiord.2 for details. 5 —19} S i
= —18F 7 i 1
luminosity with a width given by the measurement uncertainty. 2 Rl s/ ]
Non-detected hosts were drawn from a uniform distribution = I v
between a ducial magnitude cut and the 8miting detection. —16 £ Tyent et al. (2014)
Though we have only four data points with sigrant 15t £ Oesch et al. (2010)
uncertainty, the data appear to favor models of GRB production N L el B )
incorporating signicant levels of bias toward low metallicity “awo . e 00
hosts (as suggested by Vergani et @014 Cucchiara 0 1 2 3 4 5 6 7
et al.2015. In particular, the inclusion of any of the hosts of Redshift z

Unkn_own redshift in i_ndiVidual .redShift bins always lowers the Figure 7. Observed luminosity evolution of GRB host galaxies and the
median magnitude in that bin. Note that these models ofevolution ofMigeo ; of LBGs (light-blue shaded area; Amouts et 2005
metallicity bias for GRB production, which include metallicity- ?eddyd&h_sﬁteidzﬁloog Oesch et al201Q Eoduvt\)/enrs] etLaBléOM- Overlaid are

: H the redshift an um|n03|ty ranges probe yt e surveys In Babte
dk;a.pendent(smg'lte rlsgtaar CollztipS&)rlsand m?je?en?.em (;hggn;ls z 1and the predicted LBG LF far 1 by Trenti et al.(2014), which are
( nary _pmg_en' O 0 not imply a xed fraction O . used to construct the UV GRB-host luminosity function. The color coding is
production via each channel, but rather an evolving fractionidentical to Figuret.
with redshift, with the metallicity-dependeftollapsar type

g?z?r;ecz)llilgl(\)/?)fﬁ”taeel?ag‘]”gd.omlnant at high redsfsie Trenti et al. (20149 found no evidence for a change in the LBG LF

parameters atz 2 down to Misgo 15mag, which
reassures us in extrapolating the LFs in Tabléo lower
4.3. The UV Luminosity Function luminosities.
Figure 8 displays the GRB host galaxy cumulative
stributions for the four redshift intervals. Since GRBs are
produced by the collapse of very massive stars, it has been

z= 0t0z= 4.5 in appropriate redshift and luminosity bins 10 ¢ \44ested that GRBs should select galaxies according to their
compare both with those from LBG surveys and those predictedgrr | the simplest model, Fynbo et 62002 proposed

by the models of Trenti et g2014. We select those hosts from -+ the UV GRB-host LF should be similar to that of

our sam_ple that fall in_ the redshift ranges of the three LBGs| g samples weighted by their SFR, where the SFR is

surveys in Tablé, and in the rangé ~ z 1 proportional to thainobscuredJV luminosity, which can be
Figure7 shows which part of th#,590 —z parameter space expressed a&8FR r 160494 M) |, Following Trenti et al.

is probed by LBG surveys. The evolution i implies that 2
GRB hosts probe the full luminosity range of LBGs between (2014, we useA, 4.43 ~ 0.79 log(10) g, ~ 1.9Buv

z= 1 and 3, whereas at lower and higher redshifts, GRBs ratheihere Tg,,  0.34 The cumulative distributions of the SFR-
probe the faint-end of the observed LBG LF. We note that theweighted LBG LFs from Tabl6 are overlaid in the same plot.

luminosity range of GRB host galaxies extends to much fainter At low and high redshift, the observed distribution differs
galaxies betweem = 1 andz = 3 than probed by the LBG  Signi cantly from the no metallicity big®er equivalently, LBG

surveys in Table5. However, recent observations by Alavi derived model LFs. Inthe z  4.5region, for example,
we can reject the null hypothesis of the data being drawn from

19 Cantiello et al.(2007 argue that the binary channel may prefer low- the SFR weighted LBG LF at a |eVeJ of 0-01.% via a
metallicity environments as well, i.e., being metal dependent. Kolmogorow-Smirnov(KS) test. In the medium redshift ranges

In order to go further than just analyzing the median propertiesdi
of the TOUGH hosts, we construct LFs for GRB hosts from

10
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L/L* of unknov_vn redshift being within these bins as discussed in the
1.00 0.10 0.01 next section.
1.0 o<z2<1
0.8 5. DISCUSSION
06 5.1. The Impact of Hosts with Unknown Redshifts

There are nine hosts in our sample with redshifts unknown
0.4 within certain limits. As discussed in Jakobsson €t24112), a
conservative upper limit f  3.5can be placed on four of the

0.2 bursts associated with these hosts via their measured excess
0.0 (above Galactic X-ray absorption following the method of
—21 =20 1—069 —18 —17 —16 ()_EOK) —14 Grupe et al(2007). The remaining ve bursts can be at higher
' ' redshifts(see Table for detail3.
1.0 10<2<15 In this paper we set a formal redshift limit of 3.5 to
08 avoid corrections for IGM and Ly absorption. These
) unknown redshift hosts can therefore exist anywhere along
0.6 the gray tracks plotted in the right-hand panel of Figuréhe
maximum plausible redshift of = 3.5 is approximately
0.4 coincident with the midpoint of our highest redshift LBG
g 0.2 comparison sample, and in Figi@ae also show the effect of
ug : placing all the unknown hosts at the midpoint of each LBG
= 0.0 comparison range in turfhatched regions As can be seen
B —21 —20 —19 —18 —17 from the bottom panel in this plot, if all unknown redshift
-_% 1.00 0.10 hosts are actually at their higtteplausible redshift, which
o 1.0 19<z2<27 may be a likely scenari@see Figure 11 in Hjorth et &012),
.E and all upper limits are treated as detections, then the
= 08 likelihood (KS probability of the TOUGH cumulative
g 0.6 distribution being consistent with the SFR weighted LBG
= model rises to 1.0%. Note that this value represents our most
o 0.4 conservative limit compared to the morexible simulation
discussed below.
0.2 To quantify how many of the TOUGH hosts with unknown
0.0 redshift would be required to be within the rarjge z 3.5
) —9292 _283 —20 —-19 —18 in order to make the TOUGH host LF consistent with the SFR-
1.00 0.10 weighted LBG LF, we performed a Monte-Carlo simulation as
1.0 30<z<45 follows. One of the nine hosts with unknown redshift was
chosen at random and assigned a random redshift between
0.8 3 z 3.5 The appropriate host luminosity was then drawn
from a normal distribution centered around the observation
0.6 7 value with a width(1 ) of the detection error for detected
0.4 Tronti et an. (2018) with, hosts, and a uniform distribution between the upper limit and
p=o0 the luminosity of the faintest host in the TOUGH z 4.5
0.2 ;::Ji sample for those hosts with an upper limit only. This host is
p=0 added to the TOUGH CDF, and a KS value computed between
0'923 —922 921 —920 —19 —18 the new CDF and the SFR weighted LBG-LF. The process is

: . / i repeated 30,000 times and a mean and median KS value
Absolute magnitude at 1600 A (mag) obtained. We then successively add hosts of unknown redshift
Figure 8. Observed cumulative distributiCDF) of the TOUGH sample at  and repeat the procedure until all nine hosts are included in the

different redshifts. The shaded areas display theurdcertainties in the UV CDF. Figure9 shows how the measured KS value varies with
luminosity of the GRB host galaxies. The hatched regions show the paramete ;

space between the two extreme cases of including/not including all hosts o he number of added hOS_tS of unknown redshift.

unknown redshift in the respective redshift interval. The black curves display the AS €an be seen from Figuge at least 3 unknown hosts are

CDFs of an SFR-weighted LBG luminosity function for the given redshift required for the TOUGH distribution to fall below the 3
interval and their 1 envelopes in gray. In color are shown the luminosity equivalent rejection probability level of0.3% chance of

functions for various levels of metallicity bias predicted by Trenti eall4. ; ; ; e
The limiting magnitudes of the LBG surveys are displayed by the dashed verticalConSIStenCy with being drawn from the SFR-weighted [(BG

lines and the dotted vertical lines indicate the magnitude of the faintest observecﬁneta”iCity. biaj LF .mOdel-. Even_ when all Ur!known redShift.
host in each sample, where the CDFs are formally normalized in each respectivfiosts are included in the simulation, the median KS probability

panel. The parameters of the LBG luminosity functions are listed in Bable of the distributions being consistent is only 0.8%. The gap may
be closed further if some of the unknown hosts are at higher

(@1 z 15andl9 =z 2.9 the data are insu€ient to redshifts still(3.5 z 4.5 since theirR-band observations

distinguish reliably between any of the models, particularly duethen would have been sigmiantly affected by IGM and Ly

to some non-detections and the possibility of some of the hostabsorption. Nevertheless, the metallicity dependent models of
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