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Abstract

We use a sample of 27 gamma-ray bursts(GRBs) at redshiftz= 2–6 to probe the out� ows in their respective host
galaxies(log(M*/ Me ) � 9–11) and search for possible relations between the out� ow properties and those of the
host galaxies, such asM*, the star formation rate(SFR), and the speci� c SFR(sSFR). First, we consider three
out� ow properties: out� ow column density(Nout), maximum out� ow velocity (Vmax), and normalized maximum
velocity (Vnorm= Vmax/ Vcirc,halo, whereVcirc,halois the halo circular velocity). We observe clear trends ofNout and
Vmax with increasing SFR in high-ion-traced out� ows, with a stronger(> 3� ) Vmax–SFR correlation. We� nd that
the estimated mass out� ow rate and momentum� ux of the high-ion out� ows scale with SFR and can be supported
by the momentum imparted by star formation(supernovae and stellar winds). The kinematic correlations of high-
ion-traced out� ows with SFR are similar to those observed for star-forming galaxies at low redshifts. The
correlations with SFR are weaker in low-ion out� ows. This, along with the lower detection fraction in low-ion
out� ows, indicates that the out� ow is primarily high-ion dominated. We also observe a strong(> 3� ) trend of
normalized velocity(Vnorm) decreasing with halo mass and increasing with sSFR, suggesting that out� ows from
low-mass halos and high-sSFR galaxies are most likely to escape and enrich the outer circumgalactic medium
(CGM) and intergalactic medium with metals. By comparing the CGM–GRB stacks with those of starbursts at
z� 2 andz� 0.1, we� nd that over a broad redshift range, the out� ow strength strongly depends on the main-
sequence offset at the respective redshifts, rather than simply the SFR.

Uni� ed Astronomy Thesaurus concepts:Circumgalactic medium(1879); Galactic winds(572); High-redshift
galaxies(734); Galaxies(573); Galaxy evolution(594); Star formation(1569); Gamma-ray bursts(629);
Intergalactic medium(813)

1. Introduction

Galactic in� ows and out� ows shape the evolution of
galaxies as well as enrich the circumgalactic medium(CGM)
and intergalactic medium(IGM). The gas in� ows fuel star
formation, while stellar winds, supernova(SN) explosions, and
active galactic nuclei(AGNs) inject energy and metal-enriched
matter(as well as entrained cold gas) at large distances into the
interstellar medium (ISM) and CGM (Veilleux et al.
2005, 2020; Benson2010; Booth & Schaye2013; Tumlinson
et al.2017; Rupke2018). The recycling� ows from the CGM
bring back the metal-enriched gas to refuel the star formation
(Christensen et al.2016). At the same time, removal of cold gas
from the ISM can quench the star formation activity. Thus,
galactic out� ows regulate stellar buildup, and are an important
piece of the galactic feedback puzzle. AGN-driven out� ows are
thought to be the dominant feedback process in massive
galaxies (Veilleux et al. 2005; Fabian 2012; Heckman &
Best2014; King & Pounds2015; Nelson et al.2019), whereas

SN-driven out� ows are thought to be more important in low-
mass, star-forming galaxies(Sharma & Nath2012).

SN-driven out� ows at high redshift are important for the
early enrichment of the CGM and IGM(Tumlinson et al.2017;
Veilleux et al.2020). The low-mass, star-forming galaxies are
of particular interest in this context, since their out� ows are
most likely to escape their shallower potential wells. The
relationship between the out� ows and their host galaxies in the
early universe holds the key to tuning the models of galactic
feedback and understanding the history of galaxy growth and
cosmic metal enrichment.

Observations at high redshift(z> 2) using various techniques
have shown the presence of ubiquitous out� ows in star-forming
galaxies. The prominent techniques include down-the-barrel
absorption line studies(Frye et al.2002; Shapley et al.2003;
Sugahara et al.2017; Du et al.2018; Rudie et al.2019), out� ows
at larger radii using background quasar or galaxy sightlines
(Steidel et al.2010; Lehner et al.2014; Turner et al.2014; Rudie
et al. 2019), quasar–quasar pairings(Hennawi et al.2006;
Prochaska et al.2014), observing lensed galaxy spectra(Rigby
et al. 2018), spatially resolved spectroscopy in optical or radio
(Harrison et al.2012; Swinbank et al.2015; Nielsen et al.2020;
Pizzati et al.2020), and gamma-ray burst(GRB) afterglow
sightlines(Fox et al.2008; Gatkine et al.2019). Galactic as well
as cosmological zoom-in simulations provide the framework to
understand the out� ow mechanisms(for instance, Hirschmann
et al.2013; Shen et al.2013; Muratov et al.2015; Nelson et al.
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2019; Mitchell et al.2020). The high-z out� ow–galaxy relation
and its evolution with redshift has recently been studied in
Sugahara et al.(2017, 2019).

However, the out� ow–galaxy relation in low-mass galaxies
in the early universe remains poorly understood due to
observational challenges. Two key challenges are: determining
the redshift of the galaxy(in case of background QSO/ galaxy
sightlines) and obtaining high-quality absorption spectra of
these faint galaxies(for the down-the-barrel technique). Apart
from this, reliably removing the continuum spectrum of the
background object can be a challenge.

The use of GRB sightlines to probe the out� ows and CGM
of its host galaxy offers a promising solution to these problems.
In Gatkine et al.(2019), we described this method in detail. The
main idea here is to use the bright GRB afterglow to probe the
kinematics/ out� ows in the CGM of its host galaxy. GRB hosts
at z> 2 are typically low-mass galaxies(log(M*/ Me ) < 10.5),
which makes them ideally suited for exploring the low-mass
out� ows that are dif� cult to probe using other techniques. The
key advantages include:(1) clear identi� cation of the host
galaxy redshift;(2) high signal-to-noise ratio(S/ N) and high-
resolution spectra due to the bright GRB afterglow; and(3) the
featureless continuum of the GRB afterglow eliminates the
problem of continuum subtraction.

In this paper, we use the CGM–GRB sample compiled in
Gatkine et al.(2019) to explore the correlations between
out� ow and galaxy properties. The CGM–GRB sample
consists of 27 GRBs atz� 2–6 with high-S/ N (median
S/ N � 10) and high-resolution(� v< 50 km sŠ1) spectra.
Multicomponent Voigt pro� les were � t to the absorption
spectra of various high- and low-ion species(including CIV,
Si IV, Si II, FeII, and OVI). The CGM kinematics of this
sample were studied in Gatkine et al.(2019). In this paper, we
report the observations of their host galaxies in the optical and
near-IR to estimate their star formation rate(SFR) and stellar
mass(M*). These observations and their analyses are described
in Section 2. We then discuss the techniques used for
visualizing and inferring correlations in Section3. The key
correlations between out� ow properties and galaxy properties
such asM*, SFR, speci� c star formation rate(sSFR =
SFR/ M*), and halo mass are detailed in Section4. Finally, the
implications of our results are discussed in Section5.

Throughout this paper, we use the following model of
cosmology:H0 = 70 km sŠ1 MpcŠ1, � M = 0.3, � � = 0.7.

2. Observations and Methods

As described earlier, we measure the galaxy properties in the
CGM–GRB sample. The sample is selected strictly on the
criterion of the availability of a high-resolution(� v < 50 km sŠ1)
and high-S/ N (S/ N > 5) afterglow spectrum. No cuts are made to
the sample based on galaxy properties. The redshift distribution of
the sample is shown in the� rst panel of Figure2.

2.1. Optical Photometry

We performed optical photometry of previously unpublished
or unobserved GRB hosts in the CGM–GRB sample. We
observed GRB hosts using the 4.3 m Lowell Discovery
Telescope(LDT). We also obtained deep archival imaging of
two GRB hosts using the FORS instrument on the Very Large
Telescope, and one each using HST(Hubble Space Telescope)
WFC3 (program ID 15644), the Kilo-Degree Survey(KiDS)

(Kuijken et al.2019), and the PanSTARSS survey(Flewelling
et al.2020). We consider a GRB host as detected if the offset of
the potential host and the GRB location is within 1� . The
probability of a chance alignment of a galaxy brighter than the
typical depth in our observations(i-band � 24.7 AB mag)
within 1� is approximately 0.01(see Figure 6 in Beckwith et al.
2006). At z� 3, 1� roughly corresponds to 7.5 kpc. From
previous HST observations of other GRB host samples at
(Bloom et al.2002; Fruchter et al.2006; Lyman et al.2017),
more than 90% of the GRBs occur within this offset from their
host galaxies. All the GRBs are localized with a< 0 5
precision. The resulting magnitudes are further corrected for
Milky Way Galactic extinction using the dust maps of Schla� y
& Finkbeiner(2011) and the extinction law withRV = 3.1 from
Cardelli et al.(1989). The photometry results are presented in
Table1.

The LDT imaging was performed using the Large Mono-
lithic Imager(LMI; Massey et al.2013). The LMI data was
detrended with a custom python-based pipeline(Toy et al.
2016). Individual � elds were astrometrically aligned and
coadded usingSCAMPandSWARP, respectively. The aperture
photometry of the coadded images was performed using
Sextractor with an aperture radius of� 1 5, which is
typical of the average seeing in our observations. The
magnitudes were calibrated against the Sloan Digital Sky
Survey(Alam et al.2015) and GAIA catalogs(Evans et al.
2018). Conversion of GAIA magnitudes to Sloan magnitudes

Table 1
Summary of New Observations

GRB za Tel./ Instr. Filter AB Mag

000926Ab 2.0377 Spitzer/ IRAC 3.6 � m 25.2± 0.15
021004b 2.3281 Spitzer/ IRAC 3.6 � m 24.22± 0.18
071031c 2.6912 Spitzer/ IRAC 3.6 � m > 25.3
080310c 2.4274 Spitzer/ IRAC 3.6 � m 23.74± 0.24
090926A 2.106 Spitzer IRAC

VLT FOR2 R
3.6 m

Special

�N 22.96 0.05
23.9 0.1

�o
�o

111008Ac 4.989 Spitzer IRAC
HST WFC3

3.6 m
F110W

�N 24.73 0.3
25.5 0.07

�o
�o

120327A 2.813 LDT/ LMI SL-r 24.9± 0.2
130606A 5.911 Spitzer/ IRAC 3.6 � m 24.91± 0.25
130610A 2.091 Spitzer IRAC

LDT LMI �
3.6 m
SL r

�N 23.46 0.05
23.7 0.1

�o
�o

141028A 2.333 Spitzer IRAC
LDT LMI �

3.6 m
SL r

�N 25.1
25.8

��
��

141109A 2.993 Spitzer IRAC
LDT LMI �

3.6 m
SL i

�N 23.4 0.1
24.1

�o

151021A 2.329 Spitzer IRAC
KiDSSurvey �

3.6 m
SL r

�N 25.7
24.4 0.2

��
�o

151027B 4.0633 Spitzer IRAC
LDT LMI

�

3.6 m
SL r

SL i

�N
��

22.66
24.3

��
��

24.8± 0.4

160203A 3.518 Spitzer IRAC
PanSTARRS �

3.6 m
PS1 i

�N 21.74 0.02
22.7
�o

��
161023A 2.709 Spitzer IRAC

VLT FORS2 R
3.6 m

Special

�N 25.9
25.7

��
��

170202A 3.645 LDT/ LMI �
�

SL r
SL i

25.4
23.4

��
��

Notes.
a Redshifts taken from Gatkine et al.(2019).
b Spitzer Prog ID 40599, PI: R. Chary.
c Spitzer Prog ID 80054, PI: E. Berger. All other Spitzer observations are taken
from Spitzer Prog IDs 11116, 13104, and 90062; PI: D. Perley.
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was performed using the conversion tables provided in GAIA
data release 2(Brown et al.2018).

The FORS data was� at-� elded using the ESO pipeline
ESOre� ex (Freudling et al.2013), and was further aligned,
coadded, and calibrated as described above. The PanSTARSS
and KiDS surveys provide reduced, stacked, and zero-point
calibrated images, which were used to determine the science
magnitudes/ upper limits. The HST photometry was performed
using archived drizzled and calibrated images, and the AB
magnitude was derived using the provided zero-point. A 1�
aperture was used for HST images given the diffraction-limited
imaging.

2.2. Spitzer IRAC Photometry

We obtained deep archival imaging of GRB hosts using the
Spitzer Infrared Array Camera(IRAC) channel 1(3.6 � m).
Out of a total of 27 GRB hosts, we present new Spitzer IRAC
photometry of 14 hosts in this paper, and 11 were previously
published as a part of the SHOALS survey(Perley et al.2016).
The remaining two GRBs remained unobserved at the end of
Spitzer mission. The newly presented data have been collected
as part of various previous programs, which are summarized in
Table1.

By analyzing the new data the same way as Perley et al.
(2016), we ensure procedural consistency with the previously
published data. The reduction and photometry method is
described in detail in Perley et al.(2016). Here, we brie� y
summarize the key points. We acquired the Level-2 Post-Basic
Calibrated Data from the Spitzer Legacy Archive. We use the
default astrometry provided with the Level-2 products(with an
accuracy of 03). Due to the large point-spread function(PSF)
of Spitzer IRAC(� 1 8 at 3.6� m), source confusion and� ux
contamination from neighboring sources is an important issue.
We compare each IRAC image with deep ground-based optical
images(as described in Section2.1) to identify the primary
source and any neighboring contaminants. We use thegal � t
tool (Peng et al.2002) over several iterations to model the
sources(using the PSF and PRF� les provided in the Spitzer
documentation),8 and subtract the neighboring sources that
may contaminate the host or sky background regions. The
subtracted image is then used for performing aperture
photometry.

We implemented the IRAC handbook recommendations for
aperture photometry using a custom IDL wrapper around the
aper procedure in the Astronomy User’s Library9 (see Perley
et al.2016for details). For aperture photometry, we place a 18
aperture on the host galaxy location(guided by deep optical
imaging) and a sky annulus with an inner radius of 36 and
outer radius of 6� . The source aperture and sky annulus are
marked in red and yellow, respectively, in Figure1. In the case
of optical detection and IR nondetection, we specify a 2� limit.
However, in the case of optical as well as IR nondetection, we
evaluate a 3� upper limit to account for the uncertainty
(typically < 1� ) in the GRB host location.

2.3. Stellar Mass

We use the Spitzer IRAC 3.6� m photometry to infer the
stellar masses of the galaxies in our sample. Atz� 2–6, Spitzer

IRAC measures the rest-frame optical light(beyond the Balmer
break) from long-lived stars in the host galaxies. Here we
follow the methodology used in Perley et al.(2016) to derive
the stellar masses. Spectral energy distribution(SED) � tting is
a more accurate method to estimateM* (by breaking the
degeneracy between age and extinction). However, this
requires extensive, ultradeep optical observations of faint
GRB hosts in multiple� lters, which is resource-intensive.
Instead, we use Spitzer single-band(3.6 � m) photometry,
which can still provide a reasonable estimate of stellar mass,
particularly for galaxies atz> 2.

We calculate the absolute magnitude at� rest= 3.6� m/ (1+ z)
as MAB = mAB,3.6 � m Š DM + 2.5log(1 + z), where DM is
distance modulus. In Perley et al.(2016), a grid of model galaxy
SEDs is constructed for an array of redshifts(z� 0–10) and each
decade inM* (108–1011 Me ) by summing Bruzual & Charlot
(2003) galaxy SED templates(using the Chabrier2003 initial
mass function). The models also incorporate a modest dust
attenuation to validate the single-band stellar mass conversion
function against the more accurate SED-� t (optical + Spitzer
multiband) stellar masses in the MODS(Kajisawa et al.2009)
and UltraVISTA samples(Caputi et al.2015). We then evaluate
the stellar mass by interpolating on theM*, redshift, and AB
magnitude grid(see Perley et al.2016for more details). While
the single-band method suffers from uncertainties associated
with various model assumptions, such as the initial mass
function, dust extinction(AV), and star formation history, this
method is consistent with the masses obtained from SED� tting
at the � 0.3 dex level. Further, by using the same method
throughout our sample, we ensure that the correlations derived
here are on an equal footing. TheM* of our GRB hosts are
summarized in Table2.

2.4. Dust Correction

The ultraviolet(UV) dust extinction of the host galaxies
needs to be estimated to convert the absolute magnitudes into
intrinsic rest-frame UV luminosities. Following Greiner et al.
(2015), we perform the dust correction using empirical
correlations of the spectral index of the UV continuum�
(where f� = � � ), the rest-frame absolute UV magnitude at
� rest= 1600 Å (MUV), and the dust extinction at rest-frame
1600 Å (A1600). Here we assume that GRB hosts at high
redshift follow a power-law SED( f� = � � ) in the UV(redward
of Ly� ) and the same correlations as the extensive high-z
(2.5–6) star-forming galaxy sample of> 4000 galaxies from the
HST HUDF and CANDELS surveys studied in Bouwens et al.
(2009, 2014). They derive the following empirical relation for
star-forming galaxies atz�˜ �§= 3.8:

( ) ( )M1.85 0.11 19.5 . 1UV�C� � � � � � � �

The uncertainties on the numerical coef� cients here are small
(Š1.85± 0.06 andŠ0.11± 0.01). Then, we iteratively solve
for MUV and � . The typical � for the high-z star-forming
sample in Bouwens et al.(2009, 2014) is � � Š 2. In
Equation (1), this corresponds toMUV = Š18.1. Hence, we
use � = Š2 for our weaker upper limits(where
MUV,lim > Š18.1), where the value of� is more uncertain.
For stronger upper limits(i.e., MUV,lim < Š18.1), we use the�
corresponding to the limit. Finally, theA1600 is evaluated using

8 https:// irsa.ipac.caltech.edu/ data/ Spitzer/ docs/ irac/ calibration� les/ psfprf/
9 https:// idlastro.gsfc.nasa.gov/
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Figure 1. Contamination-subtracted images of GRB� elds from Spitzer IRAC in the 3.6� m band. Each thumbnail is 8� × 8� in size. The central red circle is the 18
aperture used to de� ne the source� ux, and the outer annulus is used to de� ne the background� ux. The circle is centered on the best-known position of the GRB or of
the detected host galaxy. References for the GRB positions: 000926(Fynbo et al.2001), 021004(Henden & Levine2002), 071031(Krühler et al.2009), 080310
(Littlejohns et al.2012), 111008A(Bolmer et al.2018), 130606A(Castro-Tirado et al.2013), 141109A(Xu et al.2014), 151021A(McCauley & Melandri2015),
151027B(Greiner et al.2018), and 161023A(de Ugarte Postigo et al.2018).

Table 2
Summary of GRB Host Properties in the CGM–GRB Sample

GRB z log(NH I)
a AV

b M3.6/ (1+ z) log(M*/ Me ) MUV �:( )M
SFR

yr 1�� References

000926 2.0385 21.3± 0.25 0.15 Š19.6 9.3± 0.3 Š19.5 4.0 1.0
1.3

��
�� Castro et al.(2003); Chen et al.(2009)

021004c 2.3281 19.0± 0.2 0.2 Š20.9 9.5± 0.1 Š21.4 11.8 2.8
3.7

��
�� Fiore et al.(2005); Fynbo et al.(2005)

050730 3.9672 2.1± 0.1 0.12 > Š20.5 < 9.46d Š18.1 0.8 0.1
0.2

��
�� D’Elia et al.(2007); Toy et al.(2016)

050820A 2.6137 21.1± 0.1 0.08e Š20.42 9.4± 0.15e Š19.1 2.4 0.9
1.3

��
�� Prochaska et al.(2007); Chen et al.(2009)

050922C 2.1996 21.55± 0.1 0.10 Š19.6 < 9.0e > Š18.3 < 1.0 Prochaska et al.(2008); Covino et al.(2013)
060607A 3.0738 16.95± 0.03 0.08 > Š20.52 < 9.4e > Š17.5 < 0.4 Prochaska et al.(2008); Schady et al.(2012)
071031 2.6912 22.15± 0.05 0.14 > Š20.1 < 9.2 Š 1.4 0.3

0.3
��
�� f Fox et al.(2008); Li et al. (2018)

080310c 2.4274 18.7± 0.1 0.10 Š21.3 9.8± 0.1e Š19.0 2.4 0.9
1.4

��
�� Fox et al.(2008); Perley et al.(2009)

080804 2.205 21.3± 0.1 0.17 Š20.2 9.3± 0.15e L 15.1 7
20

��
�� f Fynbo et al.(2009); Toy et al.(2016)

080810c 3.351 17.5± 0.15 0.40 Š22.15 10.24± 0.1e Š22.9 173 36
45

��
�� Page et al.(2009); Wiseman et al.(2017)

090926A 2.106 21.73± 0.07 < 0.04 Š21.9 9.8± 0.1 Š20.5 11.6 2.8
3.7

��
�� D’Elia et al.(2010); Zafar et al.(2018)

100219A 4.665 21.13± 0.12 0.13 > Š20.4 < 9.4e Š20.0 6.7 3.2
5.5

��
�� Thöne et al.(2012); Toy et al.(2016)

111008A 4.989 22.3± 0.06 0.12 Š20.9 9.5± 0.2 Š20.5 12.3 2.7
3.5

��
�� Sparre et al.(2014); Zafar et al.(2018)

120327A 2.813 22.01± 0.09 < 0.03 Š23.2 10.8± 0.1 Š21.2 28.1 8.7
12.5

��
�� D’elia et al.(2014); Heintz et al.(2019)

120815A 2.358 21.95± 0.1 0.19± 0.04 > Š21.2 < 9.7e L 2.3 1
2

��
�� f Krühler et al.(2015); Zafar et al.(2018)

120909A 3.929 21.20± 0.10 0.16± 0.04 > Š20.2 < 9.5e Š20.8 17.9 4.6
6.2

��
�� Cucchiara et al.(2015); Heintz et al.(2019)

121024Ac 2.298 21.50± 0.10 0.56e Š21.8 10.15± 0.15 Š21.7 37 15
20

��
�� Friis et al.(2015); Toy et al.(2016)

130408A 3.757 21.70± 0.10 0.2 L L > Š21.1 < 13.4 Zafar et al.(2018)
130606A 5.911 19.93± 0.2 < 0.07 Š21.8 10.0± 0.2 Š19.9 6.3 1.7

2.4
��
�� Hartoog et al.(2015); Zafar et al.(2018)

130610A 2.091 L 0.01 Š21.3 9.7± 0.05 Š20.6 13 3.1
4.1

��
�� Smette et al.(2013); Littlejohns et al.(2015)

141028A 2.333 20.60± 0.15 0.13 > Š20.0 < 9.2 > Š19.2 < 2.3 Wiseman et al.(2017)
141109A 2.993 22.10± 0.10 0.11 Š22.1 10.1± 0.1 Š20.9 19.7 8

14
��
�� Heintz et al.(2018); Heintz et al.(2019)

151021A 2.329 22.3± 0.2 0.2 > Š19.4 < 9.0 Š20.3 9.6 3
4.3

��
�� Heintz et al.(2018)

151027B 4.0633 20.5± 0.2 < 0.12 Š23.45 < 10.8 Š21.9 58 24
40

��
�� Heintz et al.(2018); Zafar et al.(2018)

160203A 3.518 21.75± 0.10 < 0.1 Š24.2 11.2± 0.05 > Š22.9 < 71 Heintz et al.(2018)
161023A 2.709 20.96± 0.05 0.09 > Š19.5 < 9.1 > Š19.6 < 3.4 Heintz et al.(2018); de Ugarte Postigo et al.(2018)
170202A 3.645 21.55± 0.10 < 0.12 L L > Š21.0 < 11.5 Selsing et al.(2019); Zafar et al.(2018)

Notes.Column descriptions:M3.6/ (1+ z): AB magnitude in rest-frame optical/ NIR from Spitzer data;MUV: Absolute magnitude at� rest= 1600Å; SFR: in units of
Me yrŠ1.
a Neutral hydrogen column densities(in cmŠ2) measured from the damped Ly� absorption, unless noted otherwise.
b Extragalactic dust extinction in magnitude, derived assuming the SMC extinction law(Gordon et al.2003).
c GRBs with deep VLA observations from Gatkine et al.(2020).
d Derived using the host galaxy SED.
e From Perley et al.(2016).
f 071031: SFR using Ly� Milvang-Jensen et al.(2012); 080804: SFR using H� Krühler et al.(2015); 120815: SFR using H� Krühler et al.(2015).
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the following relation from Meurer et al.(1999):

( )A 4.43 mag 1.99 . 21600 �C� � � �

This dust correction method is described in detail in Greiner
et al. (2015).

2.5. Star Formation Rate

We use single-band photometry in the rest-frame UV to
calculate the UV-based SFR. To compute the SFR from the
dust-corrected UV luminosity(LUV,corr), we follow the
relations described in Savaglio et al.(2009), where they
simultaneously compare the emission line and dust-corrected
UV luminosities of GRB hosts to derive the conversion factor
between the dust-corrected UV luminosity and SFR. We use
theA1600andMUV values calculated in Section2.4 to compute
LUV,corr. The SFR is then calculated as follows:

�:
�

( )M
L

SFR 1.62 yr
10 erg s

. 31500
1 1500,corr

40 1 1
� � � q��

�� ��

As a validation step, we compare theA1600 evaluated using
the � method with that using the afterglow-derivedAV
(assuming an SMC extinction law). The resulting SFRs derived
using the two methods are consistent with each other within a
factor of two, except for GRBs 130408A and 080810, where
the afterglowAV is larger, leading to a higher SFR estimate(for
the afterglowAV method) by a factor of three. Nonetheless, it is
important to note that the afterglow-derived extinction
corresponds to a single sightline, while the extinction derived
using the� method is an average value for the host. The SFRs
of our GRB hosts are summarized in Table2.

For GRBs 071031, 080804, and 120815, photometric
observations are either unavailable or too shallow. In the case
of GRBs 080804 and 120815, we have used H� emission line-
based SFRs from Krühler et al.(2011), since they are more
robust compared to UV luminosity. For GRB 071031, we use
the Ly� -based SFR from Milvang-Jensen et al.(2012). While
less robust, this measurement is consistent with the upper limit
of 3Me yrŠ1 from an archival HST WFC3(F160W � lter)
observation.

Note, however, that our sample naturally has low line-of-
sight dust extinction compared to the general GRB host
population, since we only select the afterglows that are bright
enough for high-resolution rest-frame UV spectroscopy. While
there may be a systematic bias in the dust correction, we have
used the same SFR tracer and analysis procedure for the entire
sample (except GRBs 071031, 080804, and 120815), thus
minimizing any relative bias. Our sample may contain a small
number of heavily dust-enshrouded galaxies, for which we may
underestimate the SFR. However, we have minimized this
possibility by ruling out heavy dust obscuration in four massive
GRB hosts in our sample(where the probability of heavy dust
obscuration is high) by using deep VLA observations(Gatkine
et al. 2020), and hence the typical dust corrections described
here can be used for estimating their SFRs. These GRBs are
marked with asterisks in Table2.

3. Sample Properties and Analysis

3.1. Comparison with Star Formation Main Sequence

Figure 2 shows the distribution ofM*, SFR, andz of the
CGM–GRB sample. We compare the relative position of our
sample with respect to the star-forming main sequence atz = 2

and 4. The star-forming main sequence and its scatter is
computed using Equation(28) in Speagle et al.(2014). The key
characteristics of our sample in terms of galaxy properties are
summarized below.

1. We divide the sample into two groups—z1: 2–2.7 andz2:
2.7–5.9—that have equal numbers of objects and roughly
equal cosmological timescales(1 and 1.4 Gyr). We
highlight that there is no signi� cant difference in the two
groups in terms of SFR distribution. On the other hand,
the host galaxy stellar mass distribution of the high-z
group is biased toward higher masses, as shown in
Figure 2 (panel 3). However, note that this is not an
intrinsic bias in the sample selection, since our sample is
selected based only on the afterglow properties. Regard-
less, from Figure2, we conclude that our sample
primarily traces the low-mass end of the galaxy mass
function at the respective redshifts(by comparing against
the characteristic stellar mass in the Schechter function).

2. While there is a signi� cant spread, the majority of the GRB
hosts in our sample are within 0.5 dex(i.e., 3× ) of the star
formation main sequence at their respective redshifts
(within observational uncertainties). It should also be
noted that the majority of the GRB hosts here are below
the main sequence. Thus, our sample traces a moderately
sub-main-sequence galaxy population atz� 2–6.

3.2. Blue-wing Column Density and Out� ows

To quantify out� ows, we use the multicomponent Voigt
pro� le � ts to the high-resolution GRB afterglow absorption
spectra (in the rest-frame UV) and the resulting column
densities from Gatkine et al.(2019). We then integrate the
apparent column density(derived from the� t) blueward of
Š100 km sŠ1. We de� ne this quantity as the blue-wing column
density(Nout), which is a measure of the galactic out� ow. This
velocity threshold is carefully chosen to minimize any
contamination from the line-of-sight absorption in the ISM.
A detailed justi� cation for this limit is provided in Gatkine
et al.(2019) through kinematic and geometric modeling of the
ISM + CGM of a representative galaxy in this sample(see
Sections 3.1, 5, 7.4, and Appendix B in Gatkine et al.2019).
This is similar to down-the-barrel observations of out� ows,
albeit with random sightlines and using high-resolution and
high-S/ N spectra.

We compare the blue-wing column density as described
above with the host galaxy properties(M* and SFR). In
particular, we focus on four species. These include two high-
ionization potential species(high-ion)—C IV and SiIV—and
two low-ionization potential species(low-ion)—Si II and FeII.
Primarily, we used CIV 1550, SiIV 1402, SiII 1526, and FeII
1608 absorption lines to trace the out� ow–galaxy relations
(summarized in Figures3–10). These species are selected for
three reasons.(1) Their absorption lines fall within the
passbands over a large redshift range atz> 2. (2) These lines
are not too weak(leading to underestimates) or not too strong
(saturated). In most cases, we do not have saturation in the blue
wings. (3) They allow us to compare the differences between
the relations of high-ion and low-ion species with host galaxy
properties.

In particular, for low-ion lines, other alternatives have been
used in the literature, including SiII 1260, OI 1302, and CII
1334. However, we did not use them as the primary focus of
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the correlation investigation to avoid potential blending issues.
Notably, SiII 1260 has the most severe blending issue, due to
SII 1259, which is essentially at a velocity offset ofŠ200
km sŠ1. This can be seen in Figure11, showing the stacks of
the respective lines in the CGM–GRB sample. Therefore, it is
dif� cult to reliably integrate SiII 1260 for measuring the
out� ows. For CII 1334 and OI 1302, the blending issues(due
to CII* 1335 and SiII 1304, respectively) are less severe for the
out� ows. Hence, we used SiII 1526 and FeII 1608, which are
free from such blending issues, for the primary investigation of
the correlations. We further conducted a secondary invest-
igation with OI 1302 and CII 1334 as a consistency check.
Those results are summarized in AppendixC.

3.3. Inferring Correlations and Hypothesis Testing

To investigate the presence of correlations between out� ow
and galaxy properties, we primarily focus on the parameter
space of logarithms ofM*, SFR, out� ow column density, and
maximum out� ow velocity. First, we perform a Kendall-� test

by using the null hypothesis that there is no intrinsic correlation
between the two parameters. The 1Š p-value from the
Kendall-� test gives us the con� dence level at which the null
hypothesis is rejected(i.e., a smallerp-value implies the higher
probability of the existence of a correlation). Second, we
perform a linear regression to infer the best-� t line for each
investigated correlation, using Schmitt’s binned regression
(Schmitt1985). Note that we include all the upper(and lower)
limits in both of these analyses, using the astronomy survival
analysis code called ASURV(Feigelson & Nelson1985; Isobe
et al.1986; Isobe & Feigelson1990). The resulting best-� t and
Kendall-� p-values are shown in the correlation� gures.

Due to multiple upper limits in the stellar masses and/ or
SFRs in the sample, simply using linear regression does not
provide complete information about the underlying correlations
and/ or their spread. Therefore, we also divide the sample into
two equal parts(around the median) based on the galaxy
property under consideration(M* or SFR), and investigate
whether the sample distributions of the out� ow property(e.g.,

Figure 2. Properties of the CGM–GRB sample. Panel 1: the redshift distribution of the sample. Panel 2: the SFR vs.M* of the GRB host galaxies in our sample. The
lines show the main-sequence curves(yellow: z= 1; blue:z= 2; red:z= 4) as described in Speagle et al.(2014). Panel 3: the cumulative distribution of the stellar
mass in the CGM–GRB sample. The spread shows a 95% con� dence interval around the value by incorporating any upper limits. The dotted vertical lines show the
value of characteristic mass,M* in the mass function(written as a Schechter function), at the respective redshifts. The horizontal line shows the median(i.e.,
CDF = 0.5). Panel 4: the same as panel 3, for SFR.

Figure 3.Column density in the out� ows in GRB hosts traced by high-ion(C IV, Si IV) and low-ion(FeII, Si II) species vs. their SFR. The Kendall-� p-value indicates
the strength of correlation(1 Š p is the con� dence level of the correlation). The vertical dotted line splits the sample into two equal groups around the median SFR.
The CDF of each group is shown on the right to compare the distributions of the low-SFR and high-SFR parts of the sample. The log-rank testp-value shown in the
CDF plot measures the extent to which the distributions are similar and hence consistent with no correlation. The median and 68-percentile spread of the median
column density is shown using the blue and orange squares. The best-� t line (including limits in the data) is also shown here. Apart from a weak correlation, there is a
signi� cant increase in the spread of column density at high SFR(particularly for the high-ion lines).
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Nout) in the two bins are consistent with being drawn from the
same population. Therefore, for this hypothesis testing, our null
hypothesis is that there is no correlation between the galaxy

properties and out� ow properties. If the null hypothesis is true,
the two samples of out� ow properties(e.g., column density),
split based on galaxy property(e.g.,M* or SFR), are consistent

Figure 4.The same as Figure3, for the maximum out� ow velocity,Vmaxvs. SFR. The horizontal dashed line in the panels shows the 100 km sŠ1 level, which we treat
as the threshold for out� ow.

Figure 5. The same as Figure3, for the normalized velocity,Vmax/ Vcirc,halovs. Mhalo.

Figure 6. The same as Figure15, for the the scaling relations of normalized maximum velocity(Vmax/ Vcirc,halo) with speci� c SFR(= SFR/ M*).
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