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ABSTRACT

Context. Long gamma-ray bursts (GRBs) offer a promising tool for tracing the cosmic history of star formation, especially at high
redshift, where conventional methods are known to suffer from intrinsic biases. Previous studies of GRB host galaxies at low redshift
showed that high surface density of stellar mass and high surface density of star formation rate (SFR) can potentially enhance the
GRB production. Evaluating the effect of such stellar densities at high redshift is therefore crucial to fully control the ability of long
GRBs for probing the activity of star formation in the distant Universe.

Aims. We assess how the size, stellar mass, and star formation rate surface densities of distant galaxies affect the probability of their
hosting a long GRB, using a sample of GRB hosts at z > 1 and a control sample of star-forming sources from the field.

Methods. We gathered a sample of 45 GRB host galaxies at 1 < z < 3.1 observed with the Hubble Space Telescope WFC3 camera
in the near-infrared. Our subsample at 1 < z < 2 has cumulative distributions of redshift and stellar mass consistent with the host
galaxies of known unbiased GRB samples, while our GRB host selection at 2 < z < 3.1 has lower statistics and is probably biased
toward the high end of the stellar mass function. Using the GALFIT parametric approach, we modeled the GRB host light profile with
a Sérsic component and derived the half-light radius for 35 GRB hosts, which we used to estimate the star formation rate and stellar
mass surface densities of each object. We compared the distribution of these physical quantities to the SFR-weighted properties of a
complete sample of star-forming galaxies from the 3D-HST deep survey at a comparable redshift and stellar mass.

Results. We show that similarly to z < 1, GRB hosts are smaller in size and they have higher stellar mass and star formation rate
surface densities than field galaxies at 1 < z < 2. Interestingly, this result is robust even when separately considering the hosts of GRBs
with optically bright afterglows and the hosts of dark GRBs, as the two subsamples share similar size distributions. At z > 2, however,
GRB hosts appear to have sizes and stellar mass surface densities more consistent with those characterizing the field galaxies. This
may reveal an evolution with redshift of the bias between GRB hosts and the overall population of star-forming sources, although we
cannot exclude that our result at z > 2 is also affected by the prevalence of dark GRBs in our selection.

Conclusions. In addition to a possible trend toward a low-metallicity environment, other environmental properties such as stellar
density appear to play a role in the formation of long GRBs, at least up to z ~ 2. This might suggest that GRBs require special

environments to enhance their production.
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1. Introduction

Long-duration gamma-ray bursts (GRBs) are extremely lumi-
nous (~10°3ergs™) and powerful explosions with a typical
prompt emission duration longer than 2 s. Two types of progen-
itors have been proposed to explain these extreme phenomena:
a single massive star (Woosley 1993; Woosley & Heger 2006;
Yoon et al. 2006) known as the collapsar model or a binary
system of massive stars (Fryer & Heger 2005; Cantiello et al.
2007; Chrimes et al. 2020). In both cases, they connect long
GRBs to the death of massive (>40 M) and fast-rotating stars.
The strongest support for this association lies in multiple obser-
vations of the spatial and temporal coincidence between a
type Ic-BL supernova (SN) and a GRB (Hjorth et al. 2003;
Stanek et al. 2003; Xu et al. 2013). Observations of their host
galaxies also support this connection by identifying that actively
star-forming galaxies favor GRBs production (Sokolov et al.
2001; Bloom et al. 2002; Le Floc’h et al. 2003; Perley & Perley

2013; Hunt et al. 2014; Greiner et al. 2015; Palmerio et al. 2019)
and that GRBs mostly occur in the UV-bright regions of their
hosts (Fruchter et al. 2006; Blanchard et al. 2016; Lyman et al.
2017). Due to the short lifetime of massive stars (<50 Myr),
long GRBs are linked to recent star formation activity in their
host environment. The rate of GRBs could thus offer a unique
opportunity to constrain the cosmic star formation rate history
(CSFRH), especially at high redshifts (z > 5), where GRBs
are still detectable (Salvaterra et al. 2009; Tanvir et al. 2009)
and where the uncertainties affecting the estimates from UV-
selected galaxies become predominant. The comparison of the
two approaches reveals that at high redshifts the GRB rate pre-
dicts a substantially higher star formation rate (SFR) density
than the one inferred from UV-selected galaxies (Kistler et al.
2008; Robertson & Ellis 2012; Ghirlanda & Salvaterra 2022).
Recent discovery of massive dusty star-forming galaxies at z > 3
(Wang et al. 2019) points out that UV-selected galaxy samples
miss these galaxies and may indeed underestimate the CSFRH
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at high-z. On the other hand, long GRBs might require specific
conditions to form, depending on, for instance, metallicity or
local density, which could also introduce biases in the CSFRH
determination.

At the end-life of the progenitor, a high angular momen-
tum is needed to launch the GRB jet. In order to have this
critical requirement, the collapsar model requires a low metal-
licity (Z < 0.3 Zg, Yoon et al. 2006). Indeed, stars with higher
metallicity produce stronger stellar winds that remove angu-
lar momentum and inhibit GRB production. For binary sys-
tem models, tidal interaction and mass transfer in binaries can
spin up the system (Petrovic et al. 2005) to produce the rela-
tivistic jet and thus require a lower constraint on the metallicity
(Chrimes et al. 2020). Because GRB progenitors are not directly
observable, the characterization of GRB host (GRBH) galaxies
offer an indirect but precious tool to explore the GRB environ-
ment and further constrain the physical conditions which favor
their formation. Studies based on GRB host galaxies showed
that GRBs tend to avoid high metallicity galaxies (Vergani et al.
2015; Perley et al. 2016b; Palmerio et al. 2019) and support the
hypothesis of a bias toward a low-metallicity environment. For
instance, Palmerio et al. (2019) found that GRB production is
significantly reduced for galaxies with Z > 0.7Z,. Spatially
resolved spectroscopic studies of nearby GRB host galaxies
(Levesque et al. 2011; Kriihler et al. 2017) show that the inte-
grated host metallicity may differ from the GRB site metallicity
by about 0.1-0.3 dex, which could reconcile the apparent dis-
crepancies between the theoretical predictions of the collapsar
model and the current observational constraints. On the other
hand, several studies reported GRB host galaxies with super-
solar metallicity (Levesque et al. 2010b; Savaglio et al. 2012;
Heintz et al. 2018), which sets into question the existence of a
hard metallicity cap. Although there is a consensus that metal-
licity plays a role, the precise way it affects the GRB occurrence
rate remains unclear.

In a cosmological context, such a metallicity condition
would not affect the relation between GRB and cosmic star
formation rate at z > 3, because sub-solar metallicities are
typical of galaxies in the early universe. Hence, long GRBs
may trace the star formation rate in an unbiased way assuming
that no other biases are involved. However, the discrepancies
on the metallicity constraints reported above may also sug-
gest other possible influences, as discussed in several studies
of GRB hosts. For instance, Perley et al. (2015) suggested that
GRB explosions are enhanced in intense starburst galaxies (see
also Arabsalmani et al. 2020) in addition to a trend toward low
metallicity environment. Michatowski et al. (2016) focused on
GRB 980425 and observed clues of a possible recent atomic
gas inflow toward its host that may have triggered the forma-
tion of massive stars able to produce a GRB. Arabsalmani et al.
(2015, 2019) also reported evidences of a companion dwarf
galaxy interacting with the host of GRB 980425. They sug-
gested that the interaction of galaxies can favor GRB formation.
Moreover, GRB hosts show a higher specific star formation rate
(star formation rate per unit mass) compared to field galaxies
(Salvaterra et al. 2009; Schulze et al. 2018). Finally, GRB hosts
are found to be more compact and smaller than field galax-
ies (Conselice et al. 2005; Fruchter et al. 2006; Wainwright et al.
2007). In particular, Kelly et al. (2014) showed that at z < 1
GRBs tend to occur in compact and dense environments, that
is, in galaxies with star formation and stellar mass surface densi-
ties higher than observed in field galaxies at comparable stellar
mass and redshift. However, the existence of this trend toward
more compact environments and its link to metallicity, if any,
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has not been explored at z > 1. This remains a crucial aspect to
establish the link between the long GRB rate and the SFR in the
distant Universe. Furthermore, determining the influence of stel-
lar density on the GRB occurrence rate could also shed indirect
lights into our understanding of the main drivers or the relative
importance of progenitor models in the formation of long GRBs.

In this work, we quantify the stellar mass surface density
(ZMm) and the star formation surface density (Zspgr) in GRB host
galaxies up to z ~ 3 and assess how these physical properties
compare with those observed in field galaxies at similar red-
shift. We present results based on a sample of long GRB host
galaxies observed with the Hubble Space Telescope (HST) and
more particularly with the Wide Field Camera 3 (WFC3) instru-
ment in the infrared (IR) band. The high-resolution images of
the HST provide a possibility of precisely measuring the galaxy
size, avoiding contamination by nearby galaxies. Our analy-
sis is mostly based on images obtained with the F160W filter
(Amean ~ 1.54 um), where the observed emission is more sensi-
tive to the bulk of the galaxy stellar mass compared to data at
shorter wavelengths, which also minimizes the effect from dust
obscuration. This paper is organized as follows. In Sect. 2, we
introduce the GRB host galaxy sample, the control star-forming
galaxy sample and the limit of completeness of both samples.
In Sect. 3, we describe the methods for deriving the structural
and physical parameters for the GRB hosts galaxies. Section 4
presents our results and their comparison with the field galax-
ies. Section 5 presents a discussion of our results more broadly
and their implications. Finally, the conclusions are presented
in Sect. 6. Throughout the paper, we use the ACDM cosmol-
ogy from Planck Collaboration VI (2020) with Q,; = 0.315,
Q= 0.685, and Hy = 67.4kms~! Mpc™'. Stellar masses (M.,
and SFRs are reported assuming a Chabrier (2003) initial mass
function (IMF).

2. Data
2.1. Sample selection

We consider all long GRBs with a redshift measurement (spec-
troscopic or photometric) in 1 < z < 4 from J. Greiner’s
database!. This page gathers all GRBs detected and localized
since 1996 by high-energy space observatories such as HETE,
INTEGRAL, Fermi, and Swift. For each GRB, the page pro-
vides a collection of information (localization, error box, Ty,
and redshift, if available) collected from Gamma-ray Coordi-
nates Network (GCN) messages and referenced publications. We
find a total of 317 GRBs in the range of redshift considered.
We query these objects in the Mikulski Archive for Space Tele-
scopes (MAST) database and select the ones performed with
the WFC3/IR instrument of the HST. We extract the enhanced
data products available in the Hubble Legacy Archive (HLA)
database®. These products are generated with the standard HST
pipeline (AstroDrizzle software) which corrects geometric
distortion, removes cosmic rays, and combines multiple expo-
sures. The images are north up aligned and have a final pixel
scale of 0.09 arcsec. Most of the sample is located at z < 3.1,
with one single source lying at z = 3.5. For this reason, we
restrained our study at 1 < z < 3.1.

To verify that all HST observations have been included in
the HLA database, we cross-checked standard products avail-
able in the HST archive with the enhanced HLA products. Two
additional observations have been found in the HST archive

' https://www.mpe.mpg.de/~jcg/grbgen.html
2 https://hla.stsci.edu
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(GRB 060512 and GRB 100414A). However, HST observations
of GRB 060512 have poor quality with visible star trails and the
data of GRB 100414A correspond to another object (NGC 4698)
because no observations were performed for this GRB field. We
excluded these two objects from our analysis.

Our sample is composed of 42 long GRB host galaxies
observed in the F160W filter. At 1 < z < 3.1, we addition-
ally find in the HLA database a total of two GRB hosts solely
observed in the F110W filter (GRB 070125 and GRB 080207).
We include them in the final sample because the wavelength
probed by this filter (Ayean ~ 1.18 wm) is close to that of F160W
filter (Amean ~ 1.54 um). Therefore, we do not expect significantly
different size measurements between these filters. We also include
the peculiar GRB 090426, classified as a short GRB based on its
Too < 2 s (Levesque et al. 2010a) but as a long one regarding
the properties of the host galaxy (Thone et al. 2011). Finally, we
excluded the unsecured case of GRB 140331A due to multiple
candidate hosts and a photometric redshift value close to 1.

All HST observations (except for GRB 160509A) were
taken at a late time after the GRB detection, when the after-
glow had faded significantly. For GRB 160509A, two HST
observations were performed after 35.3 and 422.1 days in the
F160W. In the HLA database, only products for the observa-
tions at 35.3 days are available. Because of the short delay
between the detection and the observations, a possible contami-
nation of the afterglow cannot be excluded. Kangas et al. (2020)
showed that the remaining afterglow at 35.3 days is very weak
(Hpi6ow = 26.07 mag) compared to the host galaxy. We con-
clude (for this object) that the HST observations considered are
not strongly affected by the GRB afterglow and that the host
galaxy is assumed dominant.

The final GRB host sample is shown in Table 1. It is com-
posed of 44 bursts mainly (~90%) detected by Swift. Among
them, only two (GRB 090404 and GRB 111215A) have a pho-
tometric redshift estimated from the spectral energy distribu-
tion (SED) of the host galaxy. These redshifts are less reliable
than spectroscopic determinations, but since they represent only
a small fraction (<5%) of the full sample, we do not expect a
significant impact on our results. In our analysis, we divided the
sample into two bins of redshift, | < z < 2and 2 < z < 3.1
to enclose the cosmic noon at z ~ 2 (Madau & Dickinson 2014,
Forster Schreiber & Wuyts 2020), where the cosmic star forma-
tion rate volume density has reached its maximum.

2.2. Host assignment

Since the launch of Swift in 2004, GRB positions are often deter-
mined with an accuracy of ~1”. Because long GRBs are asso-
ciated with the death of massive stars (Hjorth et al. 2003), the
GRB site is expected to be close to the center or the brightest
region of its host galaxy (Fruchter et al. 2006; Blanchard et al.
2016; Lyman et al. 2017). An unambiguous way to assign a host
galaxy to a GRB is to match the redshift measured from the fine-
structure lines of the GRB afterglow with the redshift obtained
from the emission lines of the host candidate. Unfortunately,
this is not always possible, especially for dark GRBs, where
faint or no optical counterpart is detected. In this case, to assign
the burst to its host galaxy, a standard approach is to use the
probability of chance coincidence (P..). The P, can be esti-
mated from the Poisson probability of finding a galaxy in a given
radius around the transient event localization (see Bloom et al.
2002). Another possible approach relies on a Bayesian inference
framework (Aggarwal et al. 2021). The majority of our GRBs
have already been well studied in the literature. Blanchard et al.

(2016) and Lyman et al. (2017) assigned host galaxies using Py,
on HST images but the coordinates of the identified hosts are not
reported.

As a starting point, we extracted the best GRB coordi-
nates available in the literature (e.g., Perley et al. 2016b). We
then let SExtractor (Bertin & Arnouts 1996) find the closest
object to the best GRB position. We cross-checked the objects
found by SExtractor with images provided in Blanchard et al.
(2016) and Lyman et al. (2017). We successfully identified the
host galaxies for the majority of our sample. Only the hosts
of GRB 150314A and GRB 160509A have not yet been
reported in the literature. For these two cases, we considered
the Bayesian formalism of Aggarwal et al. (2021) and use the
provided PYTHON package astropath. For each GRB, we first
extracted the best afterglow position and errors from the liter-
ature. Then, all objects within or crossing the error circle of
the afterglow position were considered as possible host galaxies.
Following the recommendations of Aggarwal et al. (2021), we
estimated the galaxy centroids, magnitudes, and angular sizes
of objects with a nonparametric approach (i.e., SExtractor).
It is common to consider that the host is undetected when
HST observations reveal either a blank region with no obvi-
ous source or if the detected object has a larger projected
offset than typically observed for previous GRBs (>10kpc,
Bloom et al. 2002; Blanchard et al. 2016; Lyman et al. 2017).
For GRB 150314A and GRB 160509A, one or more extended
objects with Hrjow < 24 mag can be seen within the 1.5” Swift
error box region. Based on Hubble’s Ultra Deep Field (UDF),
the number of sources with a limiting H-band magnitude of
24 within 1.5” was estimated to be about 0.075 (Rafelski et al.
2015). We therefore assumed a probability of zero (P(U) = 0)
that the host galaxy is not detected. It means that the GRB host
is necessarily one of the objects detected by the HST near the
afterglow position. This hypothesis is supported by the F160W
magnitudes (Table 1) determined by GALFIT (Peng et al. 2002,
2010), which are consistent with the other magnitudes of GRB
hosts at similar redshift and stellar mass. For the prior proba-
bility that the object, i, is the host galaxy, P(O;), we consid-
ered the “inverse” prior. This formalism is inspired from the
P.. calculation and gives higher prior probability to brighter
candidates. In addition, the angular distance of the object from
the GRB position was taken into account by the p(w|O;) prior
and set to the “exponential” model. We assigned as the host
galaxy the object with the highest posterior probability. We
found for GRB 150314A and GRB 160509A a probability
of 0.92 and 0.54, respectively. Finally, a total of six GRBs
were rejected because no host galaxies were detected on the
HST observations. The 30 F160W magnitude limits found by
Blanchard et al. (2016), Lyman et al. (2017) reveal extremely
faint hosts (>26.7 mag). These galaxies would lie below the stel-
lar mass completeness limit of the 3D-HST survey that we fur-
ther use for our control sample.

Finally, we note that Kriihler et al. (2015) quantified the pos-
sible number of misidentifications in their sample of 96 targets.
They found a probability of ~30% for having 2 over 96 sources
with an erroneous association. Our sample is similarly composed
of well-localized GRBs from Swift, we therefore did not expect
a larger number of misidentified objects nor a great impact on
our results.

2.3. Control sample

To compare the properties of GRB host galaxies with those of
field galaxies, we used a population of star-forming galaxies
from the Cosmic Assembly Near-infrared Deep Extragalactic
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Legacy Survey (CANDELS) and 3D-HST surveys. CANDELS?
(Grogin et al. 2011; Koekemoer et al. 2011) is a deep near-
infrared imaging survey carried out with the near-infrared WFC3
and optical Advanced Camera for Surveys (ACS) instruments
on board the HST. The survey targets five well-known extra-
galactic fields (AEGIS, COSMOS, GOODS-N, GOODS-S, and
UDS) and represents a total area of ~0.25 degree? with more
than 250000 galaxies. The 3D-HST* survey is a near-infrared
spectroscopic survey with the WFC3 and ACS grisms on board
the HST (Brammer et al. 2012; Momcheva et al. 2016). The sur-
vey provides a third dimension (i.e., redshift) for approximately
70% of the CANDELS survey. The photometric analysis of
the resulting CANDELS + 3D-HST mosaic plus other wave-
lengths from ground- and space-based observatories is presented
in Skelton et al. (2014).

Within the 3D-HST catalog, we selected the star-forming
galaxies with the rest-frame U — V and V — J colors method
(Wuyts et al. 2007; Williams et al. 2009). For the resulting
objects, the stellar masses and star formation rates considered
are described in Appendix A. We found consistent values with
the well-established main sequence of star-forming galaxies
(e.g., Whitaker et al. 2014). The structural parameters used were
extracted from van der Wel et al. (2014). The light profile mod-
eling is based on a single Sérsic model (Sérsic 1963; Sersic
1968) fit by GALFIT (Peng et al. 2002, 2010) and GALAPAGOS
(Barden et al. 2012). Details of the methodology are presented
in van der Wel et al. (2012). This paper uses the data products
released in the version 4.1.5, available through the 3D-HST web-
site and described in Momcheva et al. (2016).

2.4. Completeness of the samples

In deep imaging surveys, the number of sources detected is
limited by the depth of images and instrument performances.
At a given redshift, the resulting sample is only a subsample
of all existing galaxies at that age of the Universe. The stel-
lar mass completeness of the 3D-HST/CANDELS survey is dis-
cussed in Tal et al. (2014). In our analysis, for the star-forming
galaxies, we combined several physical quantities such as stellar
mass, SFR, and half-light radius extracted from various studies
(Momcheva et al. 2016; Whitaker et al. 2014; van der Wel et al.
2014). Consequently, each object does not necessarily have an
estimate for all its properties (e.g., the size when GALFIT has
not successfully converged) and it would not be fair to consider
the same mass-completeness limits as determined by Tal et al.
(2014). We combined the SFR estimates obtained by adding
the UV and IR light (SFRyy.r) with the UV-SFR corrected
from dust extinction (SFRyv corr) to have at least one SFR value
for objects having a stellar mass (see Appendix A for more
details) and thus we preserved the mass-completeness limits
determined by Tal et al. (2014). Hence, the most limiting factor
lies in the galaxy size measurements. van der Wel et al. (2012)
showed that accurate and precise measurements of galaxy sizes
can be obtained down to a magnitude of Hpigow = 24.5 mag,
corresponding to a 95% magnitude completeness (Skelton et al.
2014). On this basis, van der Wel et al. (2014) provided the
equivalent stellar mass completeness limits per bin of 0.5 red-
shift. We considered the mean value of their mass-completeness
limits included in our redshift bins. For 1 < z < 2 and
2 <z < 3.1, we obtained a completeness limit of 10° M and
10%3 M, respectively.

3 http://arcoiris.ucolick.org/candels/index.html
4 https://archive.stsci.edu/prepds/3d-hst/

Al4, page 4 of 23

T T T T T T T T T T T

1.0 1<2<2
| —— BAT6 rlll i
—— SHOALS
0.8 = This work T
=
S L i
I3t
£ 06F .
(0]
2 i |
=
= 041+ -
g | i
=
O
02K -
0.0 -
| 1 | 1 | 1 | 1 | 1 |
1.0 1.2 1.4 1.6 1.8 2.0
Redshift z
T T T T T T T T T T T T
1O 2<2<31
| —— BAT6 j i
—— SHOALS
0.8 - =—— This work .
g | _ ]
131
£ 06F .
(]
Z i l—' T
<
= 0.4 7]
g | i
=
@]
02F -
0.0 -
| ! | ! | ! | ! | ! | !
2.0 2.2 2.4 2.6 2.8 3.0

Redshift z

Fig. 1. Redshift cumulative distributions of our GRB host sample, com-
pared to the host galaxies of unbiased GRB samples (SHOALS and
BAT®6). Objects are divided into two bins of redshifts. Top panel with
GRB hosts at 1 < z < 2. Bottom panel with GRB hosts at 2 < z < 3.1.

Regarding the GRB samples, their host galaxies, observed
thus far with HST/WFC3 at z > 1, represent only a small frac-
tion of all GRBs currently identified at these redshifts. In addi-
tion, these observations result from different HST programs with
distinct objectives, with a clear trend toward dark GRB host
galaxies. For this reason, the selection function is not simple to
model. To get an insight into the effect that our selection method
introduces, we compared the redshift and stellar mass cumula-
tive distribution functions (CDF) of our GRB host sample to
the host galaxies of complete unbiased GRB samples of BAT6
(Salvaterra et al. 2012) and SHOALS (Perley et al. 2016a). The
CDFs were computed at | < z <2 and 2 < z < 3.1 based on a
method that is similar to the one developed by Palmerio et al.
(2019) and described further in Sect. 3.4. We extracted stel-
lar masses from Perley et al. (2016b) for the SHOALS sample
and from Palmerio et al. (2019) and Perley et al. (2016b) for the
BAT6 sample. We note that for the BAT6 sample all objects at
2 < z < 3.1 are included in the SHOALS sample. The choice
of stellar masses used for our GRB host sample is discussed in
Sect. 3.2. In the subsequent analysis, we only considered GRB
hosts with a stellar mass above the mass-completeness limit of
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the 3D-HST sample described earlier. We therefore perform a
comparison between the different GRB host samples using a
similar constraint.

The distributions of redshifts and stellar masses at 1 < z < 2
and 2 < z < 3.1 are shown in Figs. 1 and 2. In the liter-
ature, the stellar masses of the SHOALS sample are provided
without uncertainties. The uncertainties associated with the CDF,
red shaded area in Fig. 2, are only produced by the upper mass
limit present in the sample. At 1 < z < 2, the results show
good agreement between the hosts associated with the two unbi-
ased GRB samples and ours. We note however a small offset
between the BAT6 sample and the two other samples. At this red-
shift bin, the majority of GRB hosts (8/10) in the BAT6 sample
are also included in SHOALS. For these sources, the stellar
masses reported by Perley et al. (2016b) are, on average, higher
than the ones derived by Palmerio et al. (2019) (see the compar-
ison between stellar masses in Sect. 3.2.2). However, only three
(over 22) stellar masses from Perley et al. (2016b) are used in our
own sample. This might suggest that the small offset observed
at 1 < z < 2 between our sample and BAT6 has a different
origin than the one observed between SHOALS and BAT6. At
2 < z < 3.1, our sample appears to be biased toward more mas-
sive GRB host galaxies. We note that our samples are composed of
~60% and 100% of dark GRBs (B,x < 0.5, Jakobsson et al. 2004)
atl <z < 2and2 < z < 3.1, respectively. The estimated frac-
tion of dark GRBs in the overall GRB population is not well con-
strained but it seems that approximately 25 — 40% of Swift GRBs
are dark (Fynbo et al. 2009; Greiner et al. 2011) and that fraction
likely increases with the host stellar mass (Perley et al. 2016a).
In our sample, the large number of dark bursts is probably due to
an important part of HST programs (proposals ID: 11840, 12949,
13949) dedicated to dark GRB host galaxies. This population
appears to be more massive, more luminous, redder, and dustier
than the hosts of optically bright GRBs (e.g., Kriihler et al. 2011;
Svensson et al. 2012; Perley et al. 2013, 2016b; Chrimes et al.
2019). This likely explains why GRB hosts at the high-mass end
are over-represented in our sample at 2 < z < 3.1, compared to
the mass distribution of host galaxies drawn from unbiased GRB
samples. To summarize, we conclude that our two subsamples are
globally consistent with unbiased populations of GRBs studied
previously, although we note a trend for GRB hosts with larger
stellar masses in our highest redshift bin.

3. Methods and measurements
3.1. GALFIT modeling of GRB hosts
3.1.1. Profile fitting

We determined the structural parameters of the GRB host galax-
ies using a parametric approach based on GALFIT (Peng et al.
2002, 2010). GALFIT is a software using a 2D fitting algo-
rithm to model the surface brightness of galaxies. It allows
for the fitting of commonly used astronomical brightness pro-
files including exponential, Sérsic, Nuker, Gaussian, King,
Moffat, and PSF. We fit the GRB host galaxies using a unique
single Sésic profile to have a similar approach to the 3D-
HST sample (van der Wel et al. 2012, 2014). Because we have
more than a few galaxies to analyze, we automated the fol-
lowing process in PYTHON. First, we created a cutout of
200 x 200 pixels around the host galaxy position. We then
ran SExtractor (Bertin & Arnouts 1996) on the resulting
cutout to detect all objects present in the image. We used
the segmentation map returned by SExtractor to mask all
unnecessary sources. Close, large, or bright sources to the
target object are fit simultaneously to reduce their possible
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Fig. 2. Stellar mass cumulative distributions of our GRB host sample,
compared to the host galaxies of unbiased GRB samples (SHOALS
and BAT6). Two bins of redshift are distinguished: with GRB hosts at
1 <z <2 (top panel) and with objects at 2 < z < 3.1 (bottom panel).
Upper limits are represented as arrows at the top of the plots. The 1o
uncertainty on the cumulative distribution is given by the shaded region
around the curve. The p-value returned by the two-sided K-S test is pro-
vided in the right bottom part of both panels and color-coded according to
the unbiased sample selected to compute the test. The vertical dashed line
symbolizes the stellar mass completeness limit of the 3D-HST survey.

contamination. However, fitting many objects increases the
number of free parameters and can make GALFIT converge
to a local minimum. To choose the neighboring objects to
be included in the analysis, we used similar conditions, as
described in Vikram et al. (2010). We observe that their con-
ditions based on the isophotal surface and semi-major axis of
objects give good results. For the remaining unmasked objects,
we modeled them using single Sérsic profile. We initialized
the parameters of each component to the values returned by
SExtractor through MAG_AUTO, FLUX_RADIUS, ELON-
GATION, and THETA_IMAGE. We note that the empiri-
cal formula, R.= 0.162 x FLUX_RADIUS'®  determined by
Haussler et al. (2007) can help to converge in some cases.
Finally, we started the Sérsic index at an exponential profile
(n = 1). If GALFIT was not shown to converge, we progressively
increased the value.
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SExtractor tends to overestimate the sky level
(H&ussler et al. 2007). For this reason, we set the input
sky level at the SExtractor value and let GALFIT optimize
simultaneously the sky value and the other components. We
also let GALFIT internally determine its own sigma image (noise
map). The calculation is described in the GALFIT user’s manual
(Eq. (33)). It takes into account the Poisson source noise in addi-
tion to the uncertainty on the sky estimation. HLA products are
given in electrons/s and have to be converted in electrons before
computing the noise map (GALFIT requirement). We multiplied
the image by the EXPTIME keyword from the fits header to
go back in e~ unit. GALFIT considers two additional keywords
from the fits header: GAIN (detector gain) and NCOMBINE
(number of combined images). As we were already working in
electrons unit (not in counts), we set the GAIN keyword to 1.
For HLA products, the EXPTIME value already includes the
total exposure time from each individual frame. We thus set the
NCOMBINE keyword to 1.

GALFIT needs the instrumental response, also known as the
point spread function (PSF), to convolve its models and improve
the fitting process. To create a PSF model for the HST, three
methods are possible: using an empirical model by stacking iso-
lated and bright point-like sources from observations, using a
synthetic model from TinyTim modeling software, or using a
combination of the two. Models created by TinyTim (Krist et al.
2011) are often not adapted for data analysis due to instru-
mental effects such as spacecraft jitter or instrument breathing.
They need to be corrected for a better matching. Moreover, it
is not feasible to derive an empirical PSF model for each GRB
host image. Some GRB host fields are very poor in stars (e.g.,
GRB 060719). The resulting PSF models would have a low sig-
nal to noise ratio (S/N) and may introduce artifact in the GALFIT
model. To obtain a PSF model with a high S/N, we extracted
and combined the stars from all GRB host fields. We isolated
a total of 35 stars that we provide to PSFEx (Bertin et al. 2011)
to generate a PSF. Then we investigated the possible effects of
the PSF modeling. To do so, we applied our wrapper with dif-
ferent PSF models on all GRB hosts at 1 < z < 2. We used
two PSFs derived in a rich-stars and poor-stars fields in addition
to the one combining stars from all fields. The three PSFs have
a similar radius profile but the S/N is progressively degraded
as the number of stars used to generate the PSF decreases. We
find a good agreement for all parameters, only the Sérsic index
varies with the PSF used, as it tends to increase as the S/N of the
PSF decreases. Since our study is mainly focused on the half-
light radius of GRB host galaxies, we conclude that using the
PSF combining stars from multiple fields would not significantly
affect our results.

We investigated whether our values determined by GALFIT
are consistent with those inferred by van der Wel et al. (2014).
Our measurements on the randomly selected objects from the
3D-HST catalog show a good agreement with their estimates
(see Appendix B for details). The half-light radii are recov-
ered within 10% at a magnitude of 21.5 (bottom panel of
Fig. B.1). We tended to progressively overestimate the R,
as the magnitude increases until reaching 50% at a F160W
magnitude of 26. Given that our GRB hosts above the 3D-
HST mass-completeness limit have magnitudes below 25, we
conclude that our fitting procedure is consistent with that
of van der Wel et al. (2014) and that the comparison between
GRB hosts and 3D-HST objects does not suffer from a strong
systematic bias.
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3.1.2. Uncertainties

It is widely known that GALFIT tends to underestimate the uncer-
tainties associated with the model parameters (Hiussler et al.
2007). To improve the uncertainty estimates for GRB host mod-
els, we use a Monte Carlo (MC) approach. First, we consider
the best-fitting models returned by GALFIT to create artificial
sources. We then inject these sources into randomly selected
50-pixels® empty regions of the science image. For all objects,
the box size is maintained constant to probe environments with
similar neighboring objects. We perform one hundred realiza-
tions for each object. Finally, the uncertainties are given by the
standard deviation between the realizations and the best model.
This method mainly captures the uncertainty from the sky esti-
mation. For most of the objects, we find a higher uncertainties
than those of GALFIT, especially for the magnitudes and half-
light radii. In some cases when the S/N becomes small or the
neighbor contamination is dominant, our MC method determines
an error lower than the one derived by GALFIT. For this reason,
we consider in our analysis the largest uncertainty returned by
GALFIT or the MC approach.

3.1.3. Alternative approach

If GALFIT does not converge, we use an alternative procedure
to obtain an equivalent GALFIT model. First, we run GALFIT
with R, fixed at the SExtractor value. If GALFIT successfully
converges to a realistic model (no parameters between ‘*’ and
n < 8), we re-run GALFIT with all parameters except R, fixed at
the new model values. Using this method, we can estimate for
each object (which has not converged with the standard proce-
dure) a GALFIT model and its uncertainties. The models are thus
consistent with the standard approach, except that they are con-
strained by the SExtractor input value. We used this method
for two objects of the full sample (see Sect. 3.2).

3.2. GRB hosts properties
3.2.1. Structural parameters

The structural parameters and their uncertainties are presented
in Table 1. We provide, for each host galaxy, the F160W AB
magnitude, the half-light radius, the Sérsic index, and the axis
ratio returned by GALFIT. A total of 35/37 GRB host galaxies
converge successfully to realistic parameters. The models and
the residuals maps are visible in Figs. C.1.

We used a specific treatment for the host galaxy of
GRB 080319C. Perley et al. (2009) and Lyman et al. (2017)
reported that a bright foreground galaxy is probably superim-
posed on the true host galaxy. The redshift of this object was
determined from absorption lines in the GRB afterglow. No
spectroscopic observations were performed to confirm the asso-
ciation with the host galaxy. The results of GALFIT using a single
Sérsic model show a residual source located to the south-east of
the main object. This source is consistent with the GRB position
and supports the hypothesis that an object is overlapping the true
host. We use two Sérsic components to model and mitigate the
contamination of the superimposed object. We then add a single
Sérsic component to the overall GALFIT model to fit the residual
source near the GRB location. The host galaxies of GRB 070802
and GRB 090404 do not converge to realistic parameters (n > 8)
with the standard approach. We note that bright sources are close

5 We cut all models when the flux goes below 0.5% of the maximum
and note that ~80% objects have a final size lower than 50 x 50 pixels.
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Table 1. Physical and structural properties of GRB hosts at 1 < z < 3.1.

GRB z log(M./My) SFR (My/yr) AB Mag R. (arcsec) n q Ref.
050315 1.95 9.77 >7.57 23.67+0.08 020+0.02 1.86+0.52 037+004 9,1
050408 1.24 9.37+02} 2348 £0.07 030+0.03 1.01+041 0.19+006 1
060502A © 1.51

060719 1.53 9.84 70089 2324£008 021+£003 412+099 037+0.06 9,10
060814 1.92 10.43*012 56.0%5 23.04£0.03 029+001 1.61+0.18 036+002 2,2
061007 1.26 8.9704 4.4%52 2370 +£0.05 036+0.02 060+0.10 050+004 4,7
070125 @ 1.55

070208 1.17 9.87+03¢ 2235+£0.01 026+001 036+0.03 060+001 1
070306 1.50 10.48+0:06 38.0*2 21.71+£0.04 0.14+£001 450+073 035+0.01 2,10
071122 1.14 9.75%03¢ 2256 £0.06 048+0.04 145+0.17 047+002 1
080319C 1.95 8.82%0-37 2535+0.09 0.09+0.03 024111 064+028 1
080325 1.78 10755007 66.097243  22.50+0.02 050+0.01 031+0.03 061+002 5,11
080520 1.55 9.2+927 2406 £0.12 0.14+0.02 214+085 072+0.12 1
080603A 1.69 10.04%033 2275+0.04 0.15+001 1.69+026 075£005 1
080605 1.64 10.0970:13 44929 2234+0.04 0.07+001 448+151 033+007 5,10
080707 1.23 9.68927 22.87+0.05 025+001 204+024 037+002 1
080805 1.51 9.53%022 20.6*12  23.09+0.04 030+£002 177+023 031+0.04 5,10
080928 *) 1.69

081008 ®) 1.97

090113 1.75 9.89 1797141 2287+0.02 027+0.01 1.11£0.08 0.74+0.02 8,10
090407 1.45 10027011 14.067487  2292+0.04 039+0.02 1.16+0.15 031+002 5,10
090418A 1.61 9.61 2358 £0.04 0.17+001 127+026 043£004 9
091208B 1.06

100615A 1.40 8.6702 8.6  2390+0.04 006+001 350+1.65 036+0.12 4,10
120119A 1.73 9.58+0-14 2551141 23.24£0.12 0.14+0.02 528+2.15 049+006 5,10
1403314 1.00 @ *01 11.22%01) 5.3 . . - . 6,6
150314A 1.76 10.017043 23.00 £0.07 027+0.03 3.05+048 073+0.04 1
160509A 1.17 9.8+92¢ 22.53+0.03 026+001 198+0.13 036+0.03 1
050401 2.90 9.61 >3.17 2503+0.09 0.10+0.02 245+193 030+020 09,1
050406X © 2.44 . >1.69 . . . . 1
060124 2.30 87704 25.83+021 0.12£005 039+099 099+043 1
070521 2.09 10.657021,  49.85*7233 2293 +0.18 022+0.06 592+208 051+006 3,3
070802 245 9.57*019 322478 2374028 041+0.14 376148 063+0.09 5,10
071021 245 11.08+0:93 90.0*3 2320005 030+002 1.68+026 040+003 2,2
071031 @ 2.69

080207 2.09 11.37092 2500713 23.38+0.84 0.67+002 033+0.05 076+003 2,2
080603B 2.69

080607 3.04 10.44+013 3527135 24.01£0.19 0.62+0.11 1.99+037 056+005 5,5
081121 2.51 9.24 2470+0.09 020£0.02 1.63+060 026+007 9
081221 2.26 10.58+0:2 35.0% 23.23+£0.03 046+001 029+0.05 037+002 2,2
090404 3.00 @ 083 11.1 381.0 23.74£0.06 0.66+0.03 0.68+0.08 0.33+0.02 13,13
0904268 2.61 9.0*946 14473 2553 £0.14 0.05+0.03 225+4.08 0.14+057 1,14
110709B 2.09 9.2 2458 £021 024+007 387+185 060+0.13 9
1112154 2,06 @ #0310 10.5%0] 34.0%3 2241005 039+0.03 1.92+023 053+0.02 12,12

Notes. “Photometric redshift; ®No host detected; ’GALFIT has not converged. Names in bold are dark GRBs.

References. (1) This work; (2) Hsiao et al. (2020); (3) Hashimoto et al. (2019); (4) Palmerio et al. (2019); (5) Corre et al. (2018); (6) Chrimes et al.
(2018); (7) Vergani et al. (2017); (8) Kriihler & Schady (2017); (9) Perley et al. (2016b); (10) Kriihler et al. (2015); (11) Hashimoto et al. (2015);
(12) van der Horst et al. (2015); (13) Hunt et al. (2014); (14) Levesque et al. (2010a).
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Fig. 3. Half-light radius of GRB hosts estimated by GALFIT in this work
(x axis) compared to estimates based on SExtractor extracted from
the literature (y axis). The FWHM of the PSF is visible as a gray dashed
line.

to the host galaxy and likely contaminate it. For these objects, we
used the procedure described in Sect. 3.1, where the R, is main-
tained at the SExtractor value. Finally, the host galaxies of
GRB 060502A and 050406X do not converge even when keep-
ing the R, fixed at the first guess of SExtractor. These objects
are very faint sources with a low S/N and might diverge numeri-
cally easily due to contamination by neighboring objects.

Blanchard et al.  (2016), Lymanetal. (2017), and
Chrimes et al. (2019) reported the measurement of half-
light radii using SExtractor for GRB hosts mainly observed
by the WFC3 in the F160W filter. A fraction of our GRB
hosts matches their objects. The comparison between their
SExtractor and our GALFIT values is shown in Fig. 3. We
find good agreement for objects with a R. greater than the full
width at half maximum (FWHM) of the PSF. For objects with
a half-light radius derived by SExtractor and close to the
FWHM, we find that GALFIT returns smaller R.. We expect
this behavior because GALFIT convolves its models with the
PSF function. It can therefore capture smaller structures of the
galaxy.

3.2.2. Stellar mass

The stellar masses of GRB host galaxies used in this work
were mostly gathered from the literature. For some objects, we
find multiple estimates where most of them were obtained with
SED fitting using several photometric points. Only stellar masses
from Perley et al. (2016b) were derived using a single photo-
metric point (Spitzer/IRAC 3.6 um band) and a method based
on a mass-redshift grid of galaxy SED models. We compare
all these estimates in Fig. 4 (top panel) and we note a signifi-
cant discrepancy in many cases (up to ~0.9 dex). The SED fit-
ting codes based on an energy balance principle (e.g., CIGALE,
Noll et al. 2009; Boquien et al. 2019) can model the stellar lumi-
nosity absorbed by dust and its re-emitted luminosity in the IR.
If a far-infrared (FIR) band is used to constrain the models,
a more realistic attenuation value can be derived and thus we
expect a more accurate stellar mass. For this reason, we selected
(preferentially) the estimates in the following order: (1) SED fit-
ting with optical/near-IR (NIR) and FIR measurements using an
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energy balance code; (2) SED fitting with optical/NIR measure-
ments; and (3) a mass-to-light ratio.

For GRB hosts with no stellar mass reported in the litera-
ture and not enough photometric points to determine a stellar
mass from a SED fitting, we derived our own estimate based
on a mass-to-light (M/L) ratio (Bell & de Jong 2001) applied
to the F'160W magnitude determined by GALFIT. We used the
COSMOS2015 (Laigle et al. 2016) catalog to find a relation
between stellar mass and NIR luminosity at a given redshift.
The COSMOS2015 survey covers a larger area (~2 degree?)
than the 3D-HST/CANDELS survey and gives access to a larger
number of galaxies (>500000 objects). The catalog provides
a total of 16 photometric bands from the ultraviolet to the
mid-infrared, including the H band (dpean ~ 1.64um) of the
VISTA infrared camera. Given that magnitudes of GRB hosts
are obtained with WFC3/F160W filter (Apean ~ 1.54 um), we
applied a color correction on each GRB host magnitude. To
estimate this value, we matched the objects that were observed
in the 3D-HST/COSMOS field and the COSMOS2015 cata-
log. We measured a mean difference of 0.08 mag between the
two filters. Finally, we corrected the GRB host galaxy magni-
tudes for the Galactic extinction using the measurements from
Schlafly & Finkbeiner (2011).

To determine the M/L ratio, we first selected all the star-
forming galaxies (CLASS=1) from the COSMOS2015 catalog
at Zyarger = 0.1. We then fit a linear relation between Hysta mag-
nitudes and stellar masses of the identified objects. We finally
used the linear model and the GRB host magnitudes earlier cor-
rected for color excess and Galactic extinction to obtain the
stellar mass. We note that our M/L ratio is based on mag-
nitude in COSMOS2015 determined from aperture photome-
try using SExtractor, while our magnitude is determined by
GALFIT. Skelton et al. (2014) showed that for the 3D-HST cat-
alog the median difference is lower than 0.04 mag in the range
21 < Hpi6ow < 24 between SExtractor and GALFIT measure-
ments. We did not correct for this effect, which would have only
a minimal consequence on the estimated stellar mass. In addi-
tion, we compared the stellar masses derived using the COS-
MOS2015 catalog with those calculated from the M/L ratios
of the 3D-HST catalog. We find a good agreement between
the two estimates for the entire sample of GRB hosts. In our
analysis, we used the estimates from the COSMOS2015 cata-
log, which are based on a larger statistic. The uncertainties are
derived by propagating the uncertainty of the GALFIT magni-
tude models®. We select all galaxies inside Zareer 0.1 and with a
MAZ(, oo £ OMAL - We then computed the 1o error by taking
the 16th percentile and 84th percentile of the resulting galaxy
distribution.

As a sanity check, we also applied this M/L procedure to the
hosts with stellar masses determined in the literature and selected
according to the requirements described above. The compari-
son between the two is visible in Fig. 5, where we color-code
the GRB hosts according to their redshift. We find an overall
agreement between the two estimates, but we also note a lin-
ear trend evolving with stellar mass, where low (high) stellar
mass galaxies tend to be overestimated (underestimated). In par-
ticular, two GRB hosts have mass estimates differing by more
than 0.8 dex (GRB 071021 and GRB 090404). These sources
are located at z > 2.4 where the WFC3/F160W filter probes
bluer wavelengths, more subject to dust extinction. As GRB
host magnitudes are not corrected for galaxy attenuation, they

® More particularly, we use the largest uncertainty values returned by
GALFIT or the MC approach, as described in the Sect. 3.1.2.
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Fig. 4. Compilation of stellar mass (top panel) and SFR (bottom panel)
estimates for GRB hosts at 1 < z < 2. Each circle corresponds to an
estimate from the literature or determined as described in Sect. 3.2. The
circles marked with a star represent the estimates used in our analysis.

might lead to underestimate the stellar mass derived from a M/L
ratio. In addition, we use a single Sérsic profile to model each
GRB host galaxy. This enabled us to catch most of the flux for
the majority of objects, but in some cases (e.g., GRB 080207,
GRB 111215A), more components would have been required to
improve the fit and the magnitude estimate. This might have con-
tributed to underestimate their total flux and therefore their stel-
lar mass. With this caution in mind, we note however that the few
GRB hosts with mass estimates relying on this M/L approach
(see Table 1) have redshifts and stellar masses in the range where
Fig. 5 reveals consistent results with the more conventional SED
fitting method. This supports therefore the reliability of our mea-
surements, which should not introduce any additional systemat-
ics given their otherwise large statistical uncertainties.

3.2.3. Star formation rate

The star formation rates of GRB host galaxies are also gathered
from the literature. In a similar way to stellar masses, we show
in Fig. 4 (bottom panel), the dispersion of SFR measurements
obtained for a same sources. We yet observe a better agreement
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Fig. 5. Stellar mass of GRB hosts estimated from mass-to-light ratios,
compared with the best estimates selected from the literature (Sect. 3.2).
The residuals are shown in the bottom panel. Each GRB host is color-
coded according to its redshift. The inset represents their associated
F160W magnitude distribution (orange histogram) and the distribution
of the GRB hosts for which no stellar mass measurement exists in the
literature (red histogram).

between SFRs than previously found for M.. We note in several
cases that the SED fitting solution used to estimate these star for-
mation rates (e.g., Corre et al. 2018; Palmerio et al. 2019) was
constrained using SFR measurements determined from emis-
sion lines fluxes published in other works (e.g., Kriihler et al.
2015). This contributes to reduce the dispersion between esti-
mates observed in Fig. 4. In general, it is expected that esti-
mates including observations in the FIR give a more reliable SFR
because the thermal emission of cold dust heated by O/B stars
is more accurately modeled. We therefore preferentially select
the SFR estimated by (1) SED fitting with optical/NIR and FIR
measurements using energy balance code, (2) Dust corrected H,
luminosity (3) SED fitting with optical/NIR measurements. Only
for GRB 070306, we consider the SFR based on H, luminos-
ity instead of the SED fitting with FIR observations. Indeed, the
SED of the galaxy in Hsiao et al. (2020) does not match correctly
the Herschel/PACS observations. The model seems to underes-
timate the IR luminosity and thus the total SFR of the galaxy,
as also suggested by the higher SFR estimate obtained from H,,.
At 1 < z < 2 we have a majority (10/11) of SFRs from H,
and one estimate based on SED fitting including a FIR mea-
surement (ALMA detection). The tracers are more diversified at
2 < z < 3.1 with 5 over 9 objects from SED fitting with ALMA
detection, one from H,, two from SED fitting with optical/NIR
measurements and one from the rest-frame UV continuum
emission.

If no SFR is found in the literature, we derived a lower limit
value based on the R-band magnitude of Hjorth et al. (2012).
This filter probes the UV rest-frame of the galaxy at z > 1. The
UV light is mainly radiated by young and short-lived stars. It
is another indicator of recent SFR in the galaxy. However, the
UV radiation is subject to dust reddening caused by the Galactic
center or the galaxy itself. We corrected UV magnitudes from
the Galactic extinction using Schlafly & Finkbeiner (2011) mea-
surements. We then derived a SFRyy using the relation from
Kennicutt (1998). Nevertheless, we only considered these values
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as lower limits of the SFR since the UV luminosities are not cor-
rected for the dust attenuation in the host itself.

3.3. Stellar mass and star formation surface densities

For GRB hosts and star-forming galaxies, the stellar mass den-
sity is given by

M/2
2 b

(<]

M = log( (D)

where M is the stellar mass in M, and the star formation surface
density by

@)

SFR/2
ZSFR = lOg( ) .

R?

The M. and SFR are divided by the galaxy projected area defined
by the half-light radius. As it contains half of the total light of the
galaxy, a correction factor of 1/2 is applied to the M, and SFR
while assuming that the matter is uniformly distributed inside
the galaxy. We derived the Xy and Xggr errors by propagating
the uncertainties of the stellar masses, the star formation rates,
and the half-light radii.

3.4. Statistical tests

We applied the Kolmogorov-Smirnov (K-S) test to compare the
CDFs of GRB hosts and field galaxies. We considered a simi-
lar Bayesian inference framework as described by Palmerio et al.
(2019). This approach considers that each parameter value (R.,
M, Zspr) 18 described by an asymmetric Gaussian. The center of
the distribution is given by the value in Table 1 and the asymmet-
rical standard deviation is given by errors associated with that
value. We sampled each Gaussian probability density function
(PDF) with 10000 (Nea) MC realizations. We then built Ny
different CDFs for the GRB hosts and 3D-HST samples. Finally,
we computed Ny MC realizations of the two sided K-S test
from the previous samples of CDFs. We thus obtained a distribu-
tion function of D-statistic and p-values that provide confidence
bounds on the K-S test.

4. Results
4.1. Re—M., relation

In Fig. 6 (top panel), we show the half-light radii (R.) against
stellar masses for the GRB hosts and 3D-HST star-forming
galaxies. As mentioned previously, it is commonly accepted that
long GRBs are related to recent star formation activity in their
host. If GRB hosts trace the star-forming sources with no bias,
then galaxies with higher SFR should have a higher probabil-
ity of producing a GRB. Based on this assumption, we weighted
the control sample by its SFR to mimic a population of galaxies
that should host GRBs with no environmental dependence. The
resulting SFR-weighted R.—M., relation (cyan curve) is close to
the median relation characterizing the field galaxies (gray curve).
This is expected because for a given stellar mass, the radius does
not depend much on the SFR, as can be seen from the sizes of
the gray circles in Fig. 6. The 1o uncertainty associated with the
SFR-weighted R.—M., relation (cyan region) was derived using
the median absolute deviation (MAD) estimator.

Figure 6 (top left panel) clearly shows that GRB hosts are
markedly different from the general population. Indeed, we
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note a larger number of GRB hosts below the SFR-weighted
relation at 1 < z < 2. If GRB hosts were truly represen-
tative of the overall population of star-forming sources, we
would expect approximately equal numbers above and below
the SFR-weighted relation. For GRB hosts at 2 < z < 3.1,
we observe however a more uniform distribution of sizes with
respect to field galaxies, and a better agreement with the
SFR-weighted relation. The predominance of dark GRB hosts in
the samples and how these results are representative of the whole
GRB host population will be further discussed in Sect. 4.3.

Because GRB hosts commonly occur in faint and low stel-
lar mass galaxies (Fruchter et al. 2006) and given the positive
trend of the R.—M, relation (massive galaxies are also larger),
a straight comparison between the distribution of their sizes and
that of the overall population of star-forming sources, irrespec-
tive of their stellar mass, would necessarily be biased. To quan-
tify if GRB host galaxies are not smaller only because they
explode in faint galaxies, we measure for each GRB host the
distance between its position in Fig. 6 (top panel) and the SFR-
weighted R.—M, relation at the same stellar mass, denoted as
A(R.—M.,) hereafter, such that

A(R.—M.,) = 10g (Re, GRBH)_IOg (Re, 3D-HST SFR-weighted, median)- (3)

If GRB hosts are representative of field star-forming sources, we
should expect that the CDF of A(R.—M..) to be distributed around
zero. To test this assumption, we applied a K-S test, as described
in Sect. 3.4, only considering GRB hosts and field galaxies above
the 3D-HST mass-completeness limits quoted earlier. We com-
pared the A(R.—M.) CDF to a Gaussian CDF centered on zero
and with a standard deviation given by the median value of the
1o uncertainties associated with the SFR-weighted relation at
each GRB host position. The CDFs and their associated uncer-
tainties are shown in Fig. 6 (bottom panel). For GRB hosts at
1 < z < 2, the two sided K-S test returns a probability of
Pxs = 0.006. We can rule out the null hypothesis that the two
samples are drawn from the same underlying population. At
2 < z < 3.1, we obtain a K-S probability of Pxs = 0.47. In this
case, the null hypothesis of the K-S test cannot be rejected and
we cannot rule out the possibility that both samples are drawn
from the same distribution.

4.2. ¥y—M., and Zsgr-M., relations

Figures 7 and 8 (top panels) show stellar mass and star forma-
tion surface densities against stellar mass for GRB hosts and field
galaxies. At 1 < z < 2, we note for the Xy—M. and Xgpr—M.
planes (top left panels) that the GRB sample is clearly different
from the general population, with GRB hosts being placed in
a region with higher density values. Regarding the stellar mass
densities, we find indeed a larger number of GRB hosts above the
SFR-weighted Zy— M., relation at 1 < z < 2, while a more homo-
geneous distribution of host galaxies is found at 2 < z < 3.1 with
respect to the field. This is probably a direct consequence of the
trend discussed earlier regarding the size distribution of GRB
host galaxies, as the hosts at 1 < z < 2 appear to be smaller
(and therefore denser) than typical star-forming sources at com-
parable stellar masses (see Fig. 6). Similarly, we see that GRB
hosts at 1 < z < 2 exhibit star formation surface densities often
higher than typically measured in the field, as a larger number
of GRB hosts lie above the SFR-weighted Xy—M.. relation. At
2 < z < 3.1, our results are nonetheless more intriguing, as we
observe an opposite trend where the majority of GRB hosts are
below the SFR-weighted Zgpr— M. relation.
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Fig. 6. Size-mass relations and size deviations of GRB hosts from star-forming galaxies. Top panels: half-light radius against stellar mass for GRB
hosts and star-forming galaxies at 1 < z < 2 (left panel) and 2 < z < 3.1 (right panel). The GRB host galaxies are displayed as red circles and
the 3D-HST star-forming galaxies are shown as gray circles with an area proportional to their SFR. The median of the star-forming population is
shown as a dashed gray line. The dashed cyan line represents the expected median of a GRB hosts population that does not suffer from bias to
trace the SFR (gray circles weighted by their SFR). The 10 uncertainty of the cyan median is given as a shaded cyan region. The vertical dashed
black line is the mass-completeness limit of the 3D-HST survey. Bottom panels: cumulative distribution of A(R.—M,.) at 1 < z < 2 (left panel)
and 2 < z < 3.1 (right panel). The A(R.—M.) represents the distance between GRB hosts and the SFR-weighted R.—M, relation of the top panels.
The blue curve is a Gaussian CDF with a mean of 0 and a standard deviation defined by the 1o errors of the shaded cyan area at the GRB hosts
positions. The p-value returned by the two-sided K-S test is provided in the right bottom part of panels.

In a similar way to the approach we followed to compare
the size distribution, we then measured the distance between the
GRB hosts and the SFR-weighted X\—M. relation, denoted as
A(Zp—M.,), and expressed as

“

and the distance between the GRB hosts and the SFR-weighted
Xser— M, relation, denoted as A(Xggr—M.,), such that

A(ZM—M.) = £M,GRBH — XM, 3D-HST SFR-weighted, median»

&)

We then computed their CDFs using the prescriptions given in
Sect. 3.4. The CDFs are shown in the bottom panels of Figs. 7
and 8. We compare these CDFs to a CDF centered on zero
defined in a similar manner as for the A(R.—M,) parameter. At
1 < z < 2, for both parameters we observe a fraction >70%
of GRB hosts with a distance >0 to their SFR-weighted rela-
tion. We obtain a p-value of Pxs = 0.007 and Pxs = 0.011
for the A(Xy—M.) and A(Zspr—M.,), respectively. We can rule
out the null hypothesis in both cases. In other words, the K-S
test suggests that the GRB host sample is a distinct population
from the general star-forming galaxy population. At2 < z < 3.1,

A(Zspr—M..) = ZsFR,GRBH — ZSFR, 3D-HST SFR-weighted, median-

the median of K-S realizations for A(Xspr—M.) rejects the null
hypothesis at the 3% significance level but can also be recon-
ciled with the null hypothesis given the K-S uncertainty. Finally
at 2 < z < 3.1 for A(Cy—M,), the K-S test confirms that GRB
host galaxies have stellar mass surface densities consistent with
those typically found among star-forming sources with similar
stellar mass.

4.3. Hosts of GRBs with dark versus optically bright
afterglows

We further investigate whether the deviations found may be due
to a predominance of dark GRB hosts in the sample and how
these results may be extended to the whole GRB host population.
Previous studies on the nature of dark bursts and the properties
of their host galaxy found a population of galaxies more mas-
sive, with a typical stellar mass of about 10'° M, more lumi-
nous and with redder colors than optically bright GRB hosts
(Kriihler et al. 2011; Rossietal. 2012; Svensson et al. 2012;
Perley et al. 2013, 2016b; Hunt et al. 2014). Only a few cases
of dark GRBs with low-mass host galaxies have been reported
(e.g., GRB 080605 and GRB 100621A, Kriihler et al. 2011).
The apparent relation between dark GRBs and massive galaxies
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Fig. 7. Stellar mass surface density (X)) against stellar mass for GRB hosts and star-forming galaxies (fop panels) and cumulative distribution of

A(Zy—M,) (bottom panels). The symbols are identical to those of Fig. 6.

suggests that the GRB obscuration is mainly due to the dust
within the host rather than a dense local environment (clumps)
surrounding the GRB. Although a more complex situation with a
combination of the two is more likely to be realistic, Corre et al.
(2018), for instance, showed that for half of their sample, a
very clumpy local dust distribution near the burst is neces-
sary to reproduce the galaxy attenuation curves. Furthermore,
Chrimes et al. (2019) analyzed a sample of 21 dark GRBs
observed with the HST in F606W and F160W filters. They
found that dark GRB host galaxies are physically larger but have
a morphology (i.e., spirals or irregulars) similar to those of opti-
cally bright GRB hosts. They reported no particular evidence of
differences in concentration, asymmetry, or ellipticity between
the two populations. These findings support the view that dark
and optically bright GRB hosts share common morphological
properties, except, not surprisingly, for the galaxy size (galaxies
with higher stellar mass are also larger, van der Wel et al. 2014).

At1l < z < 2 and for 9 < log(M./My) < 10.2, the two
host subpopulations of dark and optically bright GRB afterglows
exhibit properties that overlap each other (as seen in the top
left panel of Fig. 6). For these sources, we first investigated the
distributions of dark versus optically bright GRB hosts in the
R.—M., plane. To prevent the effect of the positive mass-size
trend, we used the A(R.—M,) and calculate a median value for
each population. We found a median offset of —0.113, —0.105,
and —0.109 dex (i.e., ~22% smaller) for dark hosts, optically
bright hosts, and the whole subsample, respectively. This indi-
cates that at this redshift range, the size distributions of the two
population are consistent with each other, and that the tendency
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for GRB host galaxies to be smaller than the field is not driven
by the large number of dark GRBs within our initial selection.
In addition, we note that the median Sérsic index and axis ratio
are also similar for both populations, which supports that the
dark and optically bright GRB hosts share similar morphologi-
cal properties, at least for this stellar mass range. As suggested
by the R.—M. plane, we also find that the two populations are
consistent in terms of A(Zy—M..). In the case of A(Zspr—M.),
the lower statistic makes the comparison more challenging. We
note, however, that the two remaining optically bright hosts are
in favor of a consistent trend between the two populations.

At 2 < z < 3.1, our sample is mainly composed of dark
GRB hosts with log(M./My) > 10.5. Therefore, it is not pos-
sible to extend the comparison between the two subpopulations
of host galaxies as discussed above and additional HST obser-
vations of the hosts of bright afterglows would be needed to
draw a firm conclusion about the properties of the whole GRB
host population in this redshift range. Because the radii of dark
GRB hosts appear more consistent with the size of field galax-
ies at 2 < z < 3.1, we argue that a different behavior for
the size of the hosts of optically bright GRB afterglows would
be difficult to interpret. In this case, indeed, we would have
to explain either why the latter remain more compact than the
host of dark GRBs despite their lower obscuration or why they
become on the other hand much larger than field sources. How-
ever, in the absence of clear observational constraints on their
physical size, we acknowledge that caution should be consid-
ered regarding the interpretation of our results for this redshift
range.
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4.4. Evolution across z

The results previously described in Sects. 4.1 and 4.2 reveal that
a deviation between GRB hosts and field star-forming galaxies
on the R.—M.,, 2py—M, and Zgpr—M.. planes exists at 1 < z < 2.
We further investigate how this deviation compares with the
trend previously discussed in the literature for GRB hosts
atz < 1.

At 0.3 < z < 1.1, we use a GRB host sample extracted
jointly from Kelly et al. (2014) and Blanchard et al. (2016).
Their respective selections are not drawn from unbiased GRB
samples. We use a similar method to the one described in
Sect. 2.4 and evaluate how the CDFs in redshift and stellar mass
are distributed compared to the hosts of unbiased GRB samples
(BAT6 and SHOALYS). The results are presented in Fig. 9. We
find that the CDFs are consistent with each other for both param-
eters. This confirms that our sample at 0.3 < z < 1.1 probes a
similar range of stellar masses as the host galaxies of unbiased
GRB samples and that our sample does not suffer from an impor-
tant bias toward low- or high-mass galaxies.

In addition, to enable a comparison as fair as possible with
our previous work at z > 1 and limit the potential system-
atic bias between the different studies, we only considered the
size measurements reported by these authors. We then recom-
puted the Xy and Xgpr using M, and SFR extracted from lit-
erature in a way similar to the one described in Sect. 3.1.
From Kelly et al. (2014), we selected the r5y determined from
the SDSS photo pipeline. A part of their sample matches the

sample of Wainwright et al. (2007) who used GALFIT and a
single Sérsic profile to measure galaxy sizes. The comparison
of estimates shows good agreement between the two meth-
ods. This confirms that using sizes from the SDSS photo
pipeline should not introduce a significant bias compared to our
method. From Blanchard et al. (2016), we select R, determined
by SExtractor. In Fig. 3, we show that the majority of size
measurements are consistent between GALFIT and SExtractor,
except when the galaxy size becomes close to the PSF size.
Given that only 2/18 objects at z < 1 are smaller than the
PSF size, this effect should not significantly affect the results.
Finally, the majority of the objects (13/18) were observed with
the F160W filter of the WFC3/IR camera. The others were tar-
geted with a filter close to the R-band, which also mostly probes
the bulk of the stellar component for these sources at low red-
shift. Hence, it should not introduce any additional bias to our
study.

In Kelly et al. (2014), GRB hosts are compared to a sam-
ple of star-forming galaxies from the Sloan Digital Sky Survey
(SDSS) DR10 catalog at z < 0.2. Because a non-negligible frac-
tion of our combined GRB host low-redshift sample is located at
z > 0.2, we were able to perform a new comparison by consider-
ing a control sample from the 3D-HST survey at similar redshift,
applying the same analysis method as performed at 1 < z < 2
and 2 < z < 3.1. Although 3D-HST may be more suited to
galaxies at larger distances (i.e., z > 1), we note that this sur-
vey remains the most appropriate when combining estimates of
redshift, size, stellar mass, and star formation rates for sources
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Fig. 9. Cumulative distributions as in Fig. 1 (top panel) and Fig. 2
(bottom panel) but showing the GRB host sample combined from
Kelly et al. (2014) and Blanchard et al. (2016) at 0.3 <z < 1.1.

at low to intermediate redshifts. It represents therefore the best
available control sample to study the densities of GRB hosts
at 0.3 < z < 1.1. Our combined sample of GRB host galax-
ies at 0.3 < z < 1.1 yields similar results to those obtained by
Kelly et al. (2014). We indeed found that the majority of GRB
hosts are located above the SFR-weighted Zy—M., and Xgpr—M.,
relations of field galaxies, while they fall below the R.—M. rela-
tion driven by the control sample of star-forming sources. How-
ever, the apparent deviations that we measure are much less pro-
nounced than those derived by Kelly et al. (2014), which may
be due to the different control sample used in their analysis. We
computed the CDFs for each parameter and perform K-S tests.
The results reveal that we can reject the null hypothesis with
a significance level of <5% for all parameters (Pxs = 0.01,
Pxs = 0.04 and Pgxs = 0.006 for A(R.—M.), AEm—M,) and
AZEMm—M.,), respectively).

In Fig. 10, we show the evolution of A(R.—M.) at
0.3 < z<3.1. We divided the redshift range in five bins and
determine the corresponding median value for each redshift bin.
At z < 2, we observe that the median A(R.—M.) is systemati-
cally negative, with an offset that appears statistically significant
despite the relatively large scatter of the individual estimates.
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This shows again that the overall population of GRB host galax-
ies at z < 2 tend to exhibit smaller sizes than typical star-forming
sources with comparable stellar masses. As already noticed in
Sect. 4.1 from our sample at 2 < z < 3.1, the median value
at z » 2 is, however, closer to a null deviation, meaning that
GRB hosts at higher redshifts tend to be more homogeneously
spread around the SFR-weighted R.—M. relation. Similarly, we
find an opposite behavior for A(Xy—M.,.) (Fig. 11), which reveals
a statistically significant positive deviation up to z ~ 2, and a
median value consistent with zero at higher redshift. Finally, the
A(Zspr—M..) is shown in Fig. 12. We reduce the number of red-
shift bins due to the smaller number of GRB hosts with a SFR
value. We find that GRB host galaxies may show a slight pref-
erence toward high star formation density at low to intermediate
redshifts, but all median values are also consistent with a null
deviation given the large associated uncertainties.

5. Discussion

The non-negligible scatter observed in Figs. 10—12 unfortunately
prevents us from deriving an unambiguous interpretation of the
data. However, our analysis strongly suggests that GRB host
galaxies up to z ~ 2 tend to exhibit smaller sizes and larger
densities of stellar mass and star formation than what we could
expect for a SFR-weighted population of star-forming galaxies.
It thus confirms and extends to higher redshifts the trend already
observed for GRB hosts at low z, even though the offset that we
find between the two populations is not as prominent as previ-
ously measured (e.g., Kelly et al. 2014). We stress again that our
comparison was performed by properly matching the GRB host
sample and the population of field sources in redshift and stellar
mass. This indicates that our results cannot be explained by the
combination of the more frequent occurrence of long GRBs in
low-mass sources (at least up to z ~ 2) with the general mass-
size relationship and its evolution with cosmic time. Similarly,
we showed that it cannot be due to systematic uncertainties in the
determination of physical parameters (e.g., mass, size) between
field galaxies and GRB hosts. Finally, we believe that this effect
cannot be simply due to the GRB host sample selection and in
particular the larger number of GRBs with a dark afterglow com-
pared to the overall population of long GRBs. A higher number
of dark GRBs may indeed bias the host sample toward larger and
more massive sources (Perley et al. 2013; Chrimes et al. 2020),
but this should not affect the comparison with field galaxies at
fixed stellar mass. In addition, we do not observe any appar-
ent difference between dark and optically bright GRB hosts at
1 < z < 2, when quantifying their size, stellar mass, and SFR
density offset with the field (Figs. 6-8). This is also what we
find with the sample at 0.3 < z < 1.1, which is composed of a
majority of optically bright GRBs and that shows a similar trend
toward compact and dense environments.

5.1. Effects of the size-metallicity relation on GRB hosts

Previous works have pointed to the conclusion that the pro-
duction efficiency of long GRBs is mostly ruled by metallic-
ity, with GRB formation being switched off in galaxies with
metallicity higher than a threshold that is still currently debated
in the literature (Modjaz et al. 2008; Graham & Fruchter 2013;
Kriihler et al. 2015; Vergani et al. 2015; Perley et al. 2016b;
Palmerio et al. 2019). Given the additional bias toward compact
galaxies found in our analysis for GRB hosts, we further investi-
gate the possible link between the size and metallicity of galax-
ies. Ellison et al. (2008a) used a sample of star-forming sources
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Fig. 10. A(R.—M.,) as a function of the redshift for GRB host galaxies.
The orange and red circles are GRB hosts at z < 1 from Kelly et al.
(2014) and Blanchard et al. (2016), respectively. The blue circles are
the GRB hosts considered in this study. Dark GRBs are highlighted by
a thick black circle. The gray squares are the median of the A(R.—M..)
for each redshift bin. The associated error bars are the standard devia-
tion using the MAD estimator. The black line at y = 0 represents the
expected median values for a GRB hosts population that do not suffer
from environment bias.
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Fig. 11. A(Zy—M..) against redshift for GRB host galaxies. The symbols
are identical to those of Fig. 10.

from the SDSS to study the possible influence of the galaxy
size on the mass-metallicity (MZ) relation (Tremonti et al. 2004;
Mannucci et al. 2010; Wuyts et al. 2014; Zahid et al. 2014).
They observed an anti-correlation between size and metallicity
at a given stellar mass. This means that for the same stellar mass,
galaxies with a smaller size are also richer in metallicity, (i.e., the
metallicity increases by 0.1 dex when the size is divided by a fac-
tor of 2). This result has been corroborated by Brisbin & Harwit
(2012), Harwit & Brisbin (2015) and it was also observed at
higher redshifts by Yabe et al. (2012, 2014) using a sample of
star-forming galaxies up to z ~ 1.4. The tendency for GRB
hosts to occur in denser environments could thus appear intrigu-
ing at first sight. In fact, GRB-selected galaxies appear to track
the mass—metallicity relation of star-forming sources but with an
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Fig. 12. A(Zspr—M..) against redshift for GRB host galaxies. Lower lim-
its are represented as arrows and other symbols are identical to those of
Fig. 10.

offset of 0.15 dex toward lower metallicities (Arabsalmani et al.
2018). If this offset is due to the intrinsic nature of GRB hosts
and not to systematic effects, the possibility that GRB hosts are
more compact (and not larger) than field galaxies may indicate
that the physical conditions and the environments in which long
GRBs form are more complex than what has been assumed so
far. Our results could also imply that the impact of metallicity
and compactness separately considered is even stronger than has
actually been seen, and their inter-correlation at a given stellar
mass mitigates the global trends that we can observe among
GRB hosts. Interestingly, based on the EAGLE cosmolog-
ical numerical simulations, Sanchez Almeida & Dalla Vecchia
(2018) found a similar size-metallicity anti-correlation up to
z ~ 8 and explored its possible physical origin. It is worth not-
ing that their simulation reproduced well-known observed scale
relations such as the MZ relation at z < 5 (De Rossi et al. 2017)
but was not designed to reproduce the relation between size
and metallicity. They explored three potential explanations of
this relation: (1) a recent metal-poor gas inflows that increased
the size and reduced the metallicity of the galaxy; (2) a more
efficient star formation process in compact galaxies, whereby
the denser gas transforming more efficiently into stars, result-
ing in a faster enrichment of the gas; and (3) an effectiveness
of metal-rich gas outflows reduced in compact galaxies due to
a deeper gravitational potential. The EAGLE simulation sup-
ports cause (1) and discards causes (2) and (3). In this scenario,
we may infer that long GRBs cannot be linked to young star
formation triggered by recent inflow of gas at low metallicity,
which would have otherwise increased the size of their hosting
environment.

To investigate this possible relationship between metallicity
and stellar density in greater detail in our GRB host sample, we
turned to previous studies (Hashimoto et al. 2015; Kriihler et al.
2015) to extract the gas-phase metallicity measurement deter-
mined from strong emission lines (Z.pniss). We only consider
GRB hosts in 1 < z < 2, where the trend toward compact
galaxies is more clearly observed. We find only a small frac-
tion of GRB hosts (10/22) with a metallicity measurement. We
also find an additional GRB host with gas-phase metallicity
measurement determined using the GRB afterglow absorption
lines (Z,ns) in Arabsalmani et al. (2018). However, due to the
insecure relation between Zey;ss and Zy,s especially at high-z

Al4, page 15 of 23



A&A 666, Al4 (2022)

(Metha & Trenti 2020; Metha et al. 2021), we omit this mea-
surement. Unfortunately, our data do not reveal any obvious
trend between the metallicity of GRB hosts and the deviation
of their size from field galaxies at comparable stellar mass.
This may be explained by the poor statistics of the sample and,
therefore, we cannot confirm or rule out a different relation for
GRB hosts compared to field galaxies regarding these physical
parameters.

To further complicate the picture, we finally point out that
minor interactions could also play a role in shaping the inter-
dependency of size and metallicity in these different populations.
Using a local sample of star-forming galaxies from the SDSS,
Ellison et al. (2008b) observed that galaxies with a companion
have indeed a lower metallicity for a given stellar mass and size.
Detailed studies of individual GRB host revealed that GRBs
can be found in interacting environments (Thone et al. 2011;
Arabsalmani et al. 2019). It is also supported by previous work
(Wainwright et al. 2007; @rum et al. 2020) reporting that GRB
hosts are often found in interacting systems with major com-
panions (~30%). This may suggest that a recent interaction
of the host galaxy could also affect the conditions required
to produce a long GRB, in addition to metallicity and stellar
density.

5.2. A possible redshift-dependent bias

At z > 2, the picture arising from our sample is different than the
one observed at lower redshifts. The apparent deviation that we
found at z < 2 between GRB hosts and field galaxies seems
to disappear. Admittedly, the large uncertainties measured at
2 < z < 3.1 and the much lower statistics characterizing our
GRB host sample at such redshifts do not allow us to draw a firm
conclusion that this evolution is real and statistically robust, as
suggested by the significance of our K-S tests as well. The SFR
density of GRB hosts at 2 < z < 3.1 may even be lower than
expected from the field according to our analysis (see Fig. 8),
although we believe this reversal is probably due to the small
number of sources in our sample. However, the data do sug-
gest that the size and stellar mass density of GRB hosts at these
higher redshifts are globally more representative of the overall
population of star-forming galaxies in the field. From a qualita-
tive point of view, we could argue that this evolution of the size
and density of GRB hosts compared to the field is consistent
with the idea that the bias, which is clearly established between
the overall population of star-forming galaxies and the hosts of
long GRBs at low redshifts, which is progressively reduced as
the redshift increases. This may thus support the hypothesis that
long GRBs represent a more accurate tracer of star formation in
the distant Universe than they actually do at lower redshifts. On
the other hand, we note that the stellar mass range probed by
our sample in this redshift range (M, > 10'%%) is substantially
larger than the one probed at 1 < z < 2 (M, < 10'%3), and
our GRB host selection at z > 2 is also exclusively drawn from
dark GRBs. While we found no apparent difference in the size
and stellar densities between the hosts of optically bright and
dark GRBs at lower stellar mass and redshift, we cannot firmly
exclude a possible dependence of the size deviation with stellar
mass. This means that the offset observed at z < 2 could plausi-
bly remain at 2 < z < 3.1, if we had also included GRB hosts
with lower stellar mass (M, < 10'%%) or more massive hosts
selected with optically bright GRBs.
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5.3. Stellar density and GRB progenitor models

Considering the proposed progenitor models, GRB production
may be expected to depend on the density environment in addi-
tion to any metallicity bias. Several observational and theoretical
studies reported that the fraction of star formation happening in
young bound star clusters (I') may depend on the environmen-
tal properties of the host galaxy. In particular, they found that
the Xgpr correlates with I' (Goddard et al. 2010; Adamo et al.
2011, 2015; Kruijssen 2012; Silva-Villa et al. 2013). Owing to
a greater amount of stars, these clusters may more frequently
produce binary systems of massive stars which are one of the
candidates to form GRBs. However, this has to be set against
the results of Chandar et al. (2017; see also Chandar et al. 2015;
Kruijssen & Bastian 2016), which showed that the relation
between Xgpr and I presents no particular trend. The previously
reported correlation would be due to a bias in the selection of
galaxies leading to an estimation of I' mixing young and old
clusters. As a consequence, young (old) clusters were systemat-
ically associated with high (low) Zsgr creating an apparent cor-
relation between I' and Xspr. On the other hand, several studies
suggest that the IMF can evolve to top-heavy (overabundance of
high mass stars) when the density of the environment increases
(Marks et al. 2012; Haghi et al. 2020). If the number of massive
stars increases, the probability to produce a GRB also increases.
This provides a plausible explanation for the reported trend that
associates GRBs with compact and dense environments.

6. Summary and conclusions

In this work, we study a sample of long GRB host galaxies
observed with the HST/WFC3 in the IR band at 1 < z < 3.1.
We compared their sizes, stellar masses, and star formation rate
surface densities to the measurements of typical star-forming
galaxies of the 3D-HST survey. Prior to the comparison, we
minimized the systematics and biases that measurement meth-
ods may introduce between samples observed under different
conditions. We also verified that no systematic offset is present
between the GRB hosts and the star-forming galaxies in the
determination of their physical properties. In addition, we con-
fronted our GRB host sample to the host galaxies of unbiased
GRB samples (BAT6 and SHOALS). At 1 < z < 2, we found
that they are consistent with each other in terms of stellar mass
and redshift distributions while at 2 < z < 3.1 we noted an off-
set toward more massive galaxies. We performed a fair compari-
son between the GRB hosts and the field galaxies by fixing their
redshift range and stellar mass to remove any dependency that
the measured properties may have on these two parameters. At
1 < z < 2, the results clearly showed that GRB hosts are smaller
in size and have higher stellar mass and star formation rate sur-
face densities than expected if they had truly been representative
of the overall population of star-forming galaxies. We also noted
that the galaxy size and stellar density are consistent for the dark
and optically bright GRB host populations. At 2 < z < 3.1, the
trend appears to evolve and GRB hosts seem to be more consis-
tent with star-forming galaxies of the field. We even found an
inversion of the tendency for the Xgpg parameter, where GRB
hosts have a lower star formation rate surface density than field
sources. However, because of the small sample size at this red-
shift, we cannot rule out the possibility of a purely statistical
effect. Furthermore, we cannot exclude a possible bias in our
results at z > 2 due to the predominance of galaxies selected
from dark GRBs. We inserted our results into a broader context
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and considered at 0.3 < z < 1.1 the size measurements from
Kelly et al. (2014) and Blanchard et al. (2016). We performed a
similar analysis to the one at 1 < z < 3.1 and found that up to
z ~ 2, GRB hosts have a smaller size and a higher stellar mass
and star formation surface densities than field galaxies. Finally,
we investigated the possible relation between the size and metal-
licity bias found in the GRB host population. However, due to
the limited number of metallicity measurements available in the
literature for the GRB hosts in our sample, we cannot confirm
or refute the anti-correlation reported for star-forming galaxies
in the literature between size and metallicity at a given stellar
mass.

These results are part of the effort to better understand long
GRB formation and the ability to trace the CSFRH, especially at
high-redshift where the trend is still poorly constrained by obser-
vations. Future works will be focused on expanding the GRB
host sample to confirm the trend observed at z < 3 and extend
the analysis at higher redshifts. The forthcoming SVOM mission
(Wei et al. 2016; Atteia et al. 2022) and its dedicated follow-up
network will allow us to rapidly identify high-z bursts candi-
date and will contribute to a better controlled and homogeneous
GRB host sample. Its synergy with the upcoming James Webb
Space Telescope (Gardner et al. 2006) offers a promising oppor-
tunity to detect and characterize GRB host galaxies at very high
redshift.
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Appendix A: Stellar mass and star formation rate of
GRB hosts and field galaxies

't 1 1 T 1 1 [ T T T T [ T T T T T ]
30F 1<z<2 -
[ —— Whitaker+14: z~1.25 ]
[ mm= Whitaker+14: z ~ 1.75 ]
2.5 T @ GRB hosts 7]
N T O Dark GRBs ]
— - =
W 20 o ]
?} C 080805 ]
EQ 15E 120119 ]
2 1of ]
1.0 ]
= C ]
n L i
N— L a
¥ 05k .
0.0F .
- 4
- ]
_0~5 T N T T TN SN NN TN A Y S NN SR MUY S S
8 9 10 11 12
log(M, /M)
— T T T [ T T T T [ T T T T T T T T T ]
30 2<2<3.1
= Whitaker+14: z ~ 2.25
@ GRB hosts 090404
25F O Dark GRBs po7

2.0

1.5

log(SFR) [M,, - yr~!]
=

LIS L L L I B

8 9 10 11 12
log(M. /M)

Fig. A.1. Star formation rate against stellar mass for GRB hosts and
star-forming galaxies of the 3D-HST survey. Two redshift bins are con-
sidered, at 1 < z < 2 (top panel) and 2 < z < 3.1 (bottom panel).
The star-forming galaxies selected in the analysis combining SFRyv.r
and SFRyy o Values are plotted in background as a 2D gray histogram.
The blue and dark blue curves are the main sequence relations derived
by Whitaker et al. (2014) at 1 <z < 2.5.

For star-forming galaxies of the 3D-HST survey, we use the
star formation rates (SFR) determined by Whitaker et al. (2014)
and stellar masses derived from the SED fitting code FAST
(Kriek et al. 2009). The SFRyy,r of Whitaker et al. (2014) is
determined by adding the rest-frame UV light (unobscured light
produced by young stars) and the IR light (obscured and remit-
ted light by dust). The total IR luminosity is estimated from the
Spitzer/MIPS 24 um flux density and the total UV luminosity is
based on the 2800 A luminosity obtained from best stellar pop-
ulation models (see Whitaker et al. 2014, for additional details).

For objects with no Spitzer/MIPS detection (S/N < 1), we
derive a UV-SFR corrected from dust extinction (SFRyvy corr). We
extract for each object the observed UV luminosity at 1600 A
available in the 3D-HST catalog. We then correct it from extinc-
tion by applying an attenuation factor (A;g0) derived from the
rest-frame UV continuum slope 8 and the Meurer et al. (1999)
relation. Finally, we use the relation from Kennicutt (1998) to
convert the UV-corrected luminosity to a SFR.

Because the GRB host properties used in this work were
determined by SED fitting procedures differing from FAST, the
impact of possible systematics arising from the different codes
available in the literature should be properly considered. Fortu-
nately, all these codes (including FAST) assume standard star
formation histories (e.g., exponential declining, delayed star for-
mation) and similar dust extinction laws, which should strongly
limits the risk of large systematics. For instance, typical offsets
of only 0.2 — 0.3 dex for the stellar mass estimates were found
from one code to another (Pforretal. 2012; Mobasher et al.
2015). For SFR determinations, it is generally acknowledged
that larger scatter can be seen when relying on SED fitting at
optical and NIR wavelengths (Pacifici et al. 2015; Carnall et al.
2019). However, we favored as much as possible the use of more
accurate SFR estimates, relying on determinations either based
on mid-infrared photometry for the 3D-HST catalog or using Ha
and submillimeter fluxes for the majority of GRB host galaxies.
We thus believe that our comparisons between GRB hosts and
field galaxies should not be hardly affected by these effects. In
addition, the slight slope of the galaxy mass-size relation should
strongly limit the impact of a systematic offset between stellar
mass values on our main conclusions.

In Fig. A.1, we show the sample of star-forming galaxies
used in the analysis as a gray-scale density plot and the GRB
host galaxies as red circles at 1 < z < 2and 2 < z < 3.1
We also overlay the main sequence (MS) of star-forming galax-
ies at z ~ 1.25, z ~ 1.75 and z ~ 2.25 from Whitaker et al.
(2014). We find a good agreement between the 2D background
histogram and the MS relations. This confirms that the sample
of star-forming galaxies considered, combining SFRyvyr and
SFRyy corr follows the trend of the MS. Finally, we note that the
majority of the GRB hosts are in the typical ~ 0.3 dex scatter of
the MS and follow its trend at both redshifts.

Appendix B: Comparison between methods to
estimate the structural parameters

We sought to verify that our method of measuring GRB
hosts structural parameters is consistent with the one of
van der Wel et al. (2014) used for the reference sample. This
ensures that no systematic bias is present when compar-
ing GRB hosts and 3D-HST field galaxies. From the cata-
log of van der Wel et al. (2014), we considered all objects in
the 3D-HST/GOODS-S field with a good fit (flag = 0).
Among them, we randomly select ~ 4 000 objects with
21 < Hpi6ow < 28. We then ran our pipeline in a similar man-
ner as described in Sect. 3.1.1. The pipeline failed for about 100
objects. The majority (75%) of them are not detected by our
SExtractor configuration. The source extraction method used
by van der Wel et al. (2014) is based on the "hot" and "cold"
modes developed in GALAPAGOS. It is optimized to extract faint
sources and properly deblended bright sources in mosaics. The
undetected object are probably faint galaxies captured with the
optimized source extraction algorithm of GALAPAGOS.
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Fig. B.1. Comparison between F'160W magnitudes (top panel) and half-
light radii (bottom panel) derived by van der Wel et al. (2014) and our
GALFIT modeling as a function of van der Wel et al. (2014) magnitudes.
Each gray point represents an object of the 3D-HST/GOODS-S field.
The gray curve is the median of the points and symbolizes the system-
atic offset for each parameter between the two methods. The vertical
dashed blue line represents the maximum magnitude reached by GRB
hosts above the 3D-HST mass-completeness limit, while our median
H-band magnitude reaches ~ 23.1 mag.

In Fig. B.1, we show the results for the half-light radius and
the magnitude. We find a systematic offset of only ~ 0.1 mag
between the two magnitude estimates, and note that we also tend
to systematically overestimate the half-light radius with our own
procedure. At Hrjgow = 21.5 mag, we recover R, values within
10%, and the median offset then increases progressively with
the magnitude until reaching 50% at Hrpigow = 26 mag. This
behavior is not surprising since the accuracy of the fitting process
depends to first order on the S/N and that the uncertainty in the
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background estimate becomes dominant at Hpgo > 25.5 mag
(van der Wel et al. 2012). However, the large majority (90%) of
our GRB host sample is brighter than Hrjgop = 24 mag, i.e.,
where our fitting method reveals consistent results with the one
used to estimate the R. in the 3D-HST catalog. We have only
four objects with a magnitude higher than 25 that are excluded
once the 3D-HST mass-completeness limit is applied. We thus
conclude that these small offsets should have a negligible impact
on our results. Finally, in Sect. 4, we emphasize that the sizes
of GRB hosts measured with our code are globally smaller than
the size of field sources from the 3D-HST catalog. Removing
the systematic effect observed in Fig. B.1 would thus make this
difference between the two populations even more significant,
since our size determination tends to overestimate the sizes con-
strained by van der Wel et al. (2014).

Appendix C: GALFIT models of GRB hosts

In Figs. C.1, we show the best-fitting Sérsic profile derived by
GALFIT for the sample of GRB hosts. In several cases (e.g.,
GRB 060814), multiple objects are fit simultaneously to reduce
their contamination and improve the fitting process. Masked
objects from the SExtractor segmentation map are visible as
black areas. For the majority of cases, the residual maps show
that we managed to remove the flux of the target object. To get
a more quantitative indication of the fit goodness, a common
method is to use the reduced y? returned by GALFIT. However, it
can easily be misleading if the fitting process of nearby objects
or the masking process is not properly performed. In order to
have a better estimate of the remaining signal for each target
object, we determined the fraction of pixels within 2 X R, that
have a residual greater than three times the sigma map in the
same area. The majority of the objects (33/35) have a residual
fraction of < 5% confirming the quality of the models consid-
ered. Only two objects (GRB 070306 and GRB 080605) have
a residual fraction of ~ 30%. Regarding GRB 080605, a plau-
sible explanation is that the two nearby and bright stars prob-
ably contaminate the target object and thus interfere with the
fitting process. For GRB 070306, the HST observations were
performed several years after the GRB detection, thus exclud-
ing a possible contamination of the GRB afterglow that could
affect the fitting process. We note that adding a PSF model in
addition to the Sérsic model improves the fitting process and
reduces the residuals to ~ 10%. The resulting size determined
by GALFIT evolves by a factor of 2 (from 0.14" to 0.28"). This
may indicate an obscured active galactic nucleus or a recent
burst of star formation in the host galaxy. Because these two
objects represent only a small fraction of the total sample and
the models appear realistic despite the large residual fraction, we
decided to include them in our analysis. Finally, several objects
(e.g., GRB 080207, GRB 111215A) would require more com-
ponents to improve the residual maps. However, due to the con-
straint of using a single Sérsic component to model the objects,
we did not add additional components to improve the residual
maps.
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Fig. C.1. GRB hosts images from WFC3/F160W observations (left), their best GALFIT models (middle) and the residual maps (right). Images are
centered on the best positions of the host galaxies determined by GALFIT and corresponds to a square region of 9 arcsec, where north is up and
east is to the left. The red marks emphasize the objects considered as the GRB host galaxies. The black regions are the objects masked during the
fitting processes based on the SExtractor segmentation map. The fraction of pixels with a residual greater than three times their noise within
2 X R, of the target object is visible in the lower part of the residual map.
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