"HHE'S % & ()t

- Tyt o,
%!
4B 1 HES % & |
0 4+ ( 7*+ 4/6" # 8 5559 +:0;
231(_ 8

# %

*+ %




The Astrophysical Journal, 926:63(22pp, 2022 February 10
© 2022. The Authqp). Published by the American Astronomical Society.

OPEN ACCESS

https!/ doi.org 10.3847 1538-4357ac408e

CrossMark

The CGM-GRB Study. Il. Out ow—Galaxy Connection atz 2-6

Pradip Gatking®’ @, Sylvain Veilleux>®, Daniel Perle§®, Joseph Durbak Simone Dichiara®®, S. Bradley Cenkt®®, and

Eleonora Troja®
1 Division of Physics, Mathematics and Astronomy, California Institute of Technology, Pasadena, CA 9112pgatEiAe@caltech.edu
2 Dept. of Astronomy, University of Maryland, College Park, MD 20742, USA
8 Joint Space Science Institute, University of Maryland, College Park, MD 20742, USA
4Astrophysics Research Institute, Liverpool John Moores University, IC2, Liverpool Science Park, 146 Brownlow Hill, Liverpool, L3 5RF, UK
5Dept. of Physics, University of Maryland, College Park, MD 20742, USA
6Astrophysics Science Division, NASA Goddard Space Flight Center, 8800 Greenbelt Rd, Greenbelt, MD 20771, USA
Received 2020 October 21; revised 2021 November 23; accepted 2021 November 30; published 2022 February 11

Abstract
We use a sample of 27 gamma-ray buGRBS9 at redshifz= 2-6 to probe the oubws in their respective host

galaxies(log(M=/ Mg )

9-11) and search for possible relations between theocsuiproperties and those of the

host galaxies, such &#«, the star formation ratéSFR), and the spect SFR(sSFR. First, we consider three

out ow properties: ouow column densitfNo,), maximum outow velocity (Vmay, and normalized maximum
veloCity (Vnorm= Vmax Veirc,halo WhereVeire naioiS the halo circular velocijy We observe clear trends M§,; and

Vmax With increasing SFR in high-ion-traced ootvs, with a strongef> 3 ) Viha~SFR correlation. Wend that

the estimated mass owtw rate and momenturrux of the high-ion outows scale with SFR and can be supported

by the momentum imparted by star format{sapernovae and stellar wind$he kinematic correlations of high-
ion-traced outows with SFR are similar to those observed for star-forming galaxies at low redshifts. The
correlations with SFR are weaker in low-ion auws. This, along with the lower detection fraction in low-ion
out ows, indicates that the owdw is primarily high-ion dominated. We also observe a streig ) trend of
normalized velocityV,orm) decreasing with halo mass and increasing with sSSFR, suggesting thawvguditom
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 GGRB stacks with those of starbursts at

z 2andz 0.1, we nd that over a broad redshift range, the owt strength strongly depends on the main-
sequence offset at the respective redshifts, rather than simply the SFR.

Uni ed Astronomy Thesaurus concefii&rcumgalactic mediunfl879; Galactic windg572); High-redshift
galaxies(734); Galaxies(573); Galaxy evolution594); Star formation1569; Gamma-ray burst629);

Intergalactic mediuni813)

1. Introduction

Galactic inows and outows shape the evolution of
galaxies as well as enrich the circumgalactic mediG@M)
and intergalactic mediunlGM). The gas inows fuel star
formation, while stellar winds, superno{&i\) explosions, and
active galactic nucldAGNS) inject energy and metal-enriched
matter(as well as entrained cold gas large distances into the
interstellar medium (ISM) and CGM (Veilleux et al.
2005 202Q Benson201Q Booth & Schaye2013 Tumlinson
et al.2017% Rupke2018. The recycling ows from the CGM

SN-driven outows are thought to be more important in low-
mass, star-forming galaxiéSharma & Nat2012.

SN-driven outows at high redshift are important for the
early enrichment of the CGM and IG{#umlinson et al2017
Veilleux et al.2020. The low-mass, star-forming galaxies are
of particular interest in this context, since their awts are
most likely to escape their shallower potential wells. The
relationship between the owtws 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.

bring back the metal-enriched gas to refuel the star formation Observations at high redsh{#t> 2) using various techniques

(Christensen et a2016. At the same time, removal of cold gas

from the ISM can quench the star formation activity. Thus,

have shown the presence of ubiquitous ous in star-forming
galaxies. The prominent techniques include down-the-barrel

galactic outows regulate stellar buildup, and are an important absorption line studief~rye et al.2002 Shapley et al2003

piece of the galactic feedback puzzle. AGN-driven ows are

Sugahara et a017 Du et al.2018 Rudie et al2019, out ows

thought to be the dominant feedback process in massivedl larger radii using background quasar or galaxy sightiines

galaxies (Veilleux et al. 2005 Fabian 2012 Heckman &
Best2014 King & Pounds2015 Nelson et al2019, whereas

7 NASA Hubble Fellow.

Original content from this work may be used under the terms
B of the Creative Commons Attribution 4.0 licendgny further

distribution of this work must maintain attribution to the auf)and the title

of the work, journal citation and DOI.

(Steidel et al201Q Lehner et al2014 Turner et al2014 Rudie

et al. 2019, quasarquasar pairinggHennawi et al.2006
Prochaska et aR014), observing lensed galaxy spectRigby

et al. 2018, spatially resolved spectroscopy in optical or radio
(Harrison et al2012 Swinbank et al2015 Nielsen et al202Q
Pizzati et al.2020, and gamma-ray burglGRB) afterglow
sightlines(Fox et al.2008 Gatkine et al2019. Galactic as well

as cosmological zoom-in simulations provide the framework to
understand the oubw mechanismgfor instance, Hirschmann
et al.2013 Shen et al2013 Muratov et al.2015 Nelson et al.



The Astrophysical Journal, 926:63(22pp, 2022 February 10 Gatkine et al.
2019 Mitchell et al.2020. The highz out ow-galaxy relation Table 1
and its evolution with redshift has recently been studied in Summary of New Observations
Sugahara et (2017 2019. z Tel/ Instr. Filter AB Mag
However, the outow-galaxy relation in low-mass galaxies :
in the early universe remains poorly understood due to000926& 20877  SpizdiRAC 3.6 m 25.2¢ 0.15
observational challenges. Two key challenges are: determining200% ~ 2:3281  SpizélRAC 36 m 2422+ 0.18
the redshift of the galaxin case of background Q%@alaxy 7103§ 26912 SpitzdiRAC 3.6 m >253
sightline3 and obtaining high-quality absorption spectra of 838326 " 2'24%2 ssp’i)t';g"&ﬁ% 3_-2 N 222%24% 062.35
these faint galaxieor the down-the-barrel technigué\part ' VLT FOR2 Repecia 239 0 01
from this, reliably removing the continuum spectrum of the 111008/ 4989  Spitzey IRAC 3.6 Nm 2473 0 0.3
background object can be a challenge. HST/WEC3  F110W 255 o 0.07
The use of GRB sightlines to probe the awws and CGM 120327A 2.813 LD/TLMI SL-r 24.9+ 0.2
of its host galaxy offers a promising solution to these problems.130606A 5911 Spitz6IRAC 3.6 m 24.91+ 0.25
In Gatkine et al(2019, we described this method in detail. The 1306104 2091 Spitzey IRAC 3.6 Nn 23.46 o 0.05
main idea here is to use the bright GRB afterglow to probe the LDT/LMI SLr 237 o 0.1
kinematicéout ows in the CGM of its host galaxy. GRB hosts 141028A 2333  Spitzey IRAC 3.6 Nn 251
atz> 2 are typically low-mass galaxi@eg(M=/ M) < 10.5), LDT/LMI SLr 25.8
which makes them ideally suited for exploring the low-mass 141109A 2993  Spitzey IRAC 3.6 Nn 234 0 01
out ows that are difcult to probe using other techniques. The SLiItsz/VLII’\glAC s 2245‘17
key advantages includg€l) clear identication of the host 151021A 2329 KpiDSS e éLr oa.4 O' 02
galaxy redshift{2) high signal-to-noise rati¢&/ N) and high- 1510278 4.0633 SpitzeyumAyc 3.6 Nm 2266
resolution spectra due to the bright GRB afterglow; @the ' LDT /LMI sL r a3 248204
featureless continuum of the GRB afterglow eliminates the SLi
problem of continuum subtraction. 160203A 3518  Spitzey IRAC 3.6 Nn 2174 o 0.
In this paper, we use the CGIBRB sample compiled in PanSTARRS ~ PSli 22.1
Gatkine gt Fill.(201£a to explore the corr(flations FiJetween 161023A 2709  Spilzef IRAC 3.6 Nn 259
out ow and galaxy properties. The CGHMRB sample VLT /FORS2 RSSPLECr‘a' gg;
consists of 27 GRBs at 2-6 with high-§N (median ~ 170202A 3645 LDTLMI oL oy
SN 10) and high-resolution( v< 50 km $?Y) spectra. ' :
Multicomponent Voigt proles were t to the absorption e

spectra of various high- and low-ion spedgxluding Civ,
Silv, Sil, Fell, and Ovi). The CGM kinematics of this
sample were studied in Gatkine et@019. In this paper, we

& Redshifts taken from Gatkine et £2019.
b Spitzer Prog ID 40599, PI: R. Chary.
¢ Spitzer Prog ID 80054, PI: E. Berger. All other Spitzer observations are taken

report the observations of their host galaxies in the optical androm Spitzer Prog IDs 11116, 13104, and 90062; PI: D. Perley.

near-IR to estimate their star formation rg@€R and stellar

massM=«). These observations and their analyses are described
in Section 2. We then discuss the techniques used for (Kuijken et al.2019, and the PanSTARSS survéylewelling

visualizing and inferring correlations in SectiBn The key
correlations between oww properties and galaxy properties
such asM=, SFR, specic star formation ratqsSFR =
SFR M«), and halo mass are detailed in Sectlofinally, the
implications of our results are discussed in Secion
Throughout this paper, we use the following model of
cosmology:Ho = 70 kms* Mpc®!, =0.3, =0.7.

2. Observations and Methods

et al.2020. We consider a GRB host as detected if the offset of
the potential host and the GRB location is within The
probability of a chance alignment of a galaxy brighter than the
typical depth in our observatior(&band 24.7 AB mag
within 1 is approximately 0.0{see Figure 6 in Beckwith et al.
2009. At z 3, 1 roughly corresponds to 7.5kpc. From
previous HST observations of other GRB host samples at
(Bloom et al.2002 Fruchter et al2006 Lyman et al.2017),
more than 90% of the GRBs occur within this offset from their
host galaxies. All the GRBs are localized with<d0”5

As described earlier, we measure the galaxy properties in theprecision. The resulting magnitudes are further corrected for
CGM-GRB sample. The sample is selected strictly on the Milky Way Galactic extinction using the dust maps of Scila

criterion of the availability of a high-resoluti¢rv < 50 km $*%)
and high-8N (S N > 5) afterglow spectrum. No cuts are made to
the sample based on galaxy propsrtiéhe redshift distribution of
the sample is shown in thest panel of Figure.

2.1. Optical Photometry

& Finkbeiner(2011) and the extinction law witR,= 3.1 from
Cardelli et al.(1989. The photometry results are presented in
Table 1.

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 pipelifiey et al.
2016. Individual elds were astrometrically aligned and

We performed optical photometry of previously unpublished coadded usingCAMPand SWARPrespectively. The aperture

or unobserved GRB hosts in the CGBRB sample. We

observed GRB hosts using the 4.3 m Lowell Discovery Sextractor

TelescopgLDT). We also obtained deep archival imaging of

photometry of the coadded images was performed using
with an aperture radius of 1”5, which is
typical of the average seeing in our observations. The

two GRB hosts using the FORS instrument on the Very Largemagnitudes were calibrated against the Sloan Digital Sky

Telescope, and one each using HElbble Space Telescope
WFC3 (program ID 15644 the Kilo-Degree SurveyKiDS)

Survey (Alam et al.2015 and GAIA cataloggEvans et al.
2018. Conversion of GAIA magnitudes to Sloan magnitudes
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was performed using the conversion tables provided in GAIA IRAC measures the rest-frame optical liigyond the Balmer

data release @Brown et al.2018.
The FORS data wasat- elded using the ESO pipeline
ESOre ex (Freudling et al2013, and was further aligned,

breal from long-lived stars in the host galaxies. Here we
follow the methodology used in Perley et @016 to derive
the stellar masses. Spectral energy distriby&&D) tting is

coadded, and calibrated as described above. The PanSTARSS more accurate method to estim&le (by breaking the
and KiDS surveys provide reduced, stacked, and zero-poinidegeneracy between age and extindtioHowever, this
calibrated images, which were used to determine the sciencgequires extensive, ultradeep optical observations of faint
magnitudeSupper limits. The HST photometry was performed GRB hosts in multiple Iters, which is resource-intensive.
using archived drizzled and calibrated Images, and the AB|nstead’ we use Spitzer Single_ba(BjG m) photometry’
magnitude was derived using the provided zero-point. A 1 \yhich can still provide a reasonable estimate of stellar mass,
aperture was used for HST images given the diffraction-limited particularly for galaxies at> 2.
Imaging. We calculate the absolute magnitude ai= 3.6 m/(1+ 2)
asMag = Mag3e mS DM + 25logl + 2), where DM is
2.2. Spitzer IRAC Photometry distance modulus. In Perley et @016, a grid of model galaxy
. L . . SEDs is constructed for an array of redsl{#ts 0-10) and each
We obtained deep archival imaging of GRB hosts using the yocade invic (16P-10' M, ) by summing Bruzual & Charlot

Spitzer Infrared Array Camei@RAC) channel 1(3.6 m). (2003 . . L
. galaxy SED template§ising the Chabrie2003 initial
Out of a total of 27 GRB hosts, we present new Spitzer IRAC mass function The models also incorporate a modest dust

photometry of 14 hosts in this paper, and 11 were previously : : . )
' attenuation to validate the single-band stellar mass conversion
published as a part of the SHOALS sur(griey et al201§. Ifunction against the more accurate SEQoptical + Spitzer

The remaining two GRBs remained unobserved at the end OEpuItiband stellar masses in the MOD&ajisawa et al2009

Spitzer mission. The newly presented data have been collecte :
as part of various previous programs, which are summarized i nd UltraVISTA sampleéCapuﬂ et al2019. We th'en evaluate
the stellar mass by interpolating on thie, redshift, and AB

Table 1. ! X X .
By analyzing the new data the same way as Perley et a|_magn'|tude gridsee Perley et a016for more dgtaﬂ)s While _

(2016, we ensure procedural consistency with the previouslyth_e smglle-band method suﬁgrs from uncertalnt|e§ .allssomated

published data. The reduction and photometry method isWith various model assumptions, such as the initial mass

described in detail in Perley et 42016. Here, we briey functlon,_ dust gxtlnctlor(AV), and star form_atlon history, this

summarize the key points. We acquired the Level-2 Post-Basidnethod is consistent with the masses obtained from Sy

Calibrated Data from the Spitzer Legacy Archive. We use theat the 0.3 dex level. Further, by using the same method

default astrometry provided with the Level-2 prodiaish an throughout our sample, we ensure that the correlations derived

accuracy of 03). Due to the large point-spread functi®*SH here are on an equal footing. TMx of our GRB hosts are

of Spitzer IRAC( 1”8 at 3.6 m), source confusion andux summarized in Tablg.

contamination from neighboring sources is an important issue.

We compare each IRAC image with deep ground-based optical

images(as described in Sectiohl) to identify the primary

source and any neighboring contaminants. We usgahet

tool (Peng et al.2002 over several iterations to model the

2.4. Dust Correction

The ultraviolet(UV) dust extinction of the host galaxies

sources{using the PSF and PRRes provided in the Spitzer "€€dS 0 be estimated to convert the absolute magnitudes into
intrinsic rest-frame UV luminosities. Following Greiner et al.

documentatioy® and subtract the neighboring sources that 201 : the dust i : rical
may contaminate the host or sky background regions. Thet2019. we perform the dust correction using empirica

subtracted image is then used for performing aperturecorrelatlons of the spectral index of the UV continuum
photometry. (wheref = ), the rest-frame absolupe l_JV magnitude at
We implemented the IRAC handbook recommendations for _rest= 1600 A (Myy), and the dust extinction at rest-frame
aperture photometry using a custom IDL wrapper around thel800 A (Aiod. Here we assume that GRB hosts at high
aper procedure in the Astronomy UseiLibrary’ (see Perley ~ redshift follow a power-law SEDf = ) in the UV (redward
et al.2016for detail3. For aperture photometry, we place’81  Of Ly ) and the same correlations as the extensive high-
aperture on the host galaxy locati(guided by deep optical ~ (2.5-6) star-forming galaxy sample 8f4000 galaxies from the
imaging and a Sky annulus with an inner radius d63and HST HUDF and CANDELS surveys studied in Bouwens et al.
outer radius of 6 The source aperture and sky annulus are (2009 2014. They derive the following empirical relation for
marked in red and yellow, respectively, in Figlirén the case  star-forming galaxies &k & 3.8:
of optical detection and IR nondetection, we specify &rfit.
However, in the case of optical as well as IR nondetection, we C
evaluate a 3 upper limit to account for the uncertainty
(typically <1 ) in the GRB host location.

1.85 0.11Myy 195. (1L
The uncertainties on the numerical ca#énts here are small
(51.85+ 0.06 andS0.11+ 0.01). Then, we iteratively solve
for Myy and . The typical for the highz star-forming
sample in Bouwens et al(2009 2014 is S 2. In
Equation (1), this corresponds td,y = S18.1. Hence, we
use = S2 for our weaker upper limits(where
Muv.im > $18.1), where the value of is more uncertain.
For stronger upper limit§.e., Myy im < S18.1), we use the

corresponding to the limit. Finally, thgqois evaluated using

2.3. Stellar Mass

We use the Spitzer IRAC 3.6n photometry to infer the
stellar masses of the galaxies in our sample. AP—6, Spitzer

8 httpst/ irsa.ipac.caltech.etidata Spitzef docg irad calibration led psfprf

® httpst/ idlastro.gsfc.nasa.gbv



The Astrophysical Journal, 926:63(22pp, 2022 February 10 Gatkine et al.

GRB000926 GRB021004 GRB071031 GRB080310 GRB090926A GRB111008A GRB130606A

GRB130610A GRB141028A GRB141109A GRB151021A GRB151027B GRB160203A GRB161023A

Figure 1. Contamination-subtracted images of GR&ds from Spitzer IRAC in the 3.6m band. Each thumbnail is & 8 in size. The central red circle is thé&
aperture used to dae the sourceux, and the outer annulus is used to e the backgroundux. The circle is centered on the best-known position of the GRB or of
the detected host galaxy. References for the GRB positions: 0Qbg2i6o et al.2001), 021004(Henden & Levine2002), 071031 (Kruhler et al.2009, 080310
(Littlejohns et al2012, 111008A(Bolmer et al.2018, 130606A(Castro-Tirado et aRk013, 141109A(Xu et al.2014), 151021A(McCauley & Melandri2015,
151027B(Greiner et al2018, and 161023Ade Ugarte Postigo et &2018.

Table 2
Summary of GRB Host Properties in the C&&RB Sample
SFR
GRB z log(Ny )2 AP Msg@+y  10g(M=/ M) Muv (M. yr § References
000926 2.0385 21.8 0.25 0.15 $19.6 9.3+ 0.3 §$19.5 40 8 cCastro et al(2003; Chen et al(2009
021004 2.3281  19.: 0.2 0.2 $20.9 9.5+ 0.1 §21.4 11.83f  Fiore et al.(2009; Fynbo et al(2005
050730 3.9672 2% 0.1 0.12 >$20.5 <9.46' S18.1 0.8 32  D'Elia et al.(2007); Toy et al.(201§
050820A 2.6137 2112 0.1 0.08 $20.42 9.4t 0.15 $19.1 2433 Prochaska et a(2007); Chen et al(2009
050922C 21996 21.550.1 0.10 $19.6 <9.0° >518.3 <1.0 Prochaska et a2008; Covino et al.(2013
060607A  3.0738 16.95 0.03 0.08 >$20.52 <9.£ >$517.5 <04 Prochaska et a]2009; Schady et al(2012
071031 2.6912 22.15 0.05 0.14 >$20.1 <9.2 ] 14 3§ Fox et al.(2008; Li et al. (2019
080316 24274 1872 0.1 0.10 $21.3 9.8+ 0.1° $19.0 24 1% Fox et al.(2008; Perley et al(2009
080804 2.205 21.3 0.1 0.17 $20.2 9.3+ 0.15° L 15.1 2% Fynbo et al(2009; Toy et al.(201§
080816 3351 17.5 0.15 0.40 §22.15  10.24 0.1° $22.9 173 42 Page et al(2009; Wiseman et al(2017)
090926A  2.106  21.7& 0.07 <0.04 $21.9 9.8+ 0.1 §205 11.6 3] D’Elia et al.(2010; Zafar et al (2019
100219A  4.665 21.1% 0.12 0.13 >3520.4 <9.£ $20.0 6.735  Thone et al(2012; Toy et al.(2016
111008A  4.989  22.3 0.06 0.12 $20.9 9.5+ 0.2 §20.5 12.332  Sparre et al(2014; Zafar et al(2018
120327A  2.813  22.0% 0.09 <0.03 $23.2 10.8+ 0.1 §21.2 28.13%° Delia et al.(2014; Heintz et al(2019
120815A  2.358 21.9% 0.1 0.19+ 0.04 >S21.2 <9.7 L 23 % Krihler et al.(2015; Zafar et al (2018
120909A  3.929 21.28 0.10 0.16+ 0.04 >S20.2 <95 §20.8 17.9§2  Cucchiara et a2015; Heintz et al.(2019
121024 2.298  21.5G 0.10 0.56 $21.8 10.15 0.15 8217 37 2 Friis et al.(2019; Toy et al.(2016
130408A  3.757 21.7& 0.10 0.2 L L >521.1 <134 Zafar et al(2018
130606A  5.911  19.93 0.2 <0.07 $21.8 10.0+ 0.2 $19.9 6.3 24  Hartoog et al(2019; Zafar et al (2018
130610A  2.091 L 0.01 $21.3 9.7+ 0.05 $20.6 13 41 Smette et al(2013; Littlejohns et al (2015
141028A  2.333  20.68 0.15 0.13 >$20.0 <9.2 >519.2 <23 Wiseman et a(2017
141109A  2.993  22.14 0.10 0.11 §22.1 10.1+ 0.1 $20.9 19.7 ¥  Heintz et al.(2018; Heintz et al(2019
151021A  2.329 22.3 0.2 0.2 >519.4 <9.0 $20.3 9.6 43 Heintz et al (2019
1510278  4.0633  20.5 0.2 <0.12 $23.45 <10.8 $§21.9 58 29 Heintz et al.(2018; Zafar et al(2018
160203A  3.518 21.7% 0.10 <0.1 $24.2 11.2+ 0.05 >85229 <71 Heintz et al(2018
161023A 2.709  20.96 0.05 0.09 >519.5 <9.1 >519.6 <34 Heintz et al(2018; de Ugarte Postigo et 2018
170202A  3.645 21.5% 0.10 <0.12 L L >$21.0 <115 Selsing et a(2019; Zafar et al(2018

Notes.Column descriptionsMs ¢ 1+ »: AB magnitude in rest-frame opti¢&lIR from Spitzer dataMyy: Absolute magnitude atres;= 1600A; SFR: in units of
Me yr51. )

& Neutral hydrogen column densitiés cm2) measured from the damped Lybsorption, unless noted otherwise.

b Extragalactic dust extinction in magnitude, derived assuming the SMC extincti¢Gtadon et al2003.

© GRBs with deep VLA observations from Gatkine et(aD20.

9 Derived using the host galaxy SED.

® From Perley et ak2016.

f071031: SFR using Ly Milvang-Jensen et a{2012); 080804: SFR using HKrihler et al.(2019; 120815: SFR using H Kruhler et al.(2015.
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the following relation from Meurer et g11999: and 4. The star-forming main sequence and its scatter is
computed using Equatiq@8) in Speagle et a(2014). The key

Agoo  4.43mag  1.9C. (R characteristics of our sample in terms of galaxy properties are
This dust correction method is described in detail in Greiner summarized below.
etal.(2019. 1. We divide the sample into two groupgl: 2-2.7 andz2:
; 2.7-5.9—that have equal numbers of objects and roughly
2:5. Star Formation Rate equal cosmological timescaldd and 1.4 Gy We
We use single-band photometry in the rest-frame UV to highlight that there is no signiant difference in the two
calculate the UV-based SFR. To compute the SFR from the groups in terms of SFR distribution. On the other hand,
dust-corrected UV luminosity(Lyy cor), We follow the the host galaxy stellar mass distribution of the high-
relations described in Savaglio et #2009, where they group is biased toward higher masses, as shown in
simultaneously compare the emission line and dust-corrected Figure 2 (panel 3. However, note that this is not an
UV luminosities of GRB hosts to derive the conversion factor intrinsic bias in the sample selection, since our sample is
between the dust-corrected UV luminosity and SFR. We use selected based only on the afterglow properties. Regard-
the AjggoandMyy values calculated in Secti@» to compute less, from Figure2, we conclude that our sample
Luv.cor- The SFR is then calculated as follows: primarily traces the low-mass end of the galaxy mass
L function at the respective redshiftsy comparing against
SFRseo 1.62M. yrl %. 3y the characteristic stellar mass in the Schechter fufction
10 ergs? 2. While there is a signcant spread, the majority of the GRB

hosts in our sample are within 0.5 dge., 3x) of the star

As a validation step, we compare g evaluated usin X ; \ ) .
P P £00 g formation main sequence at their respective redshifts

the method with that using the afterglow-derivel, S . .
(assuming an SMC extinction IawThe resulting SFRs derived (within observational uncertainjesit should also be
using the two methods are consistent with each other within a ~ noted that the majority of the GRB hosts here are below
factor of two, except for GRBs 130408A and 080810, where the main sequence. Thus, our sample traces a moderately
the afterglowAy is larger, leading to a higher SFR estime sub-main-sequence galaxy populatioz at2-6.
the afterglowA, 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 To quantify outows, we use the multicomponent Voigt
of our GRB hosts are summarized in Table pro le ts to the high-resolution GRB afterglow absorption
For GRBs 071031, 080804, and 120815, photometric spectra(in the rest-frame U) and the resulting column
observations are either unavailable or too shallow. In the caselensities from Gatkine et a{2019. We then integrate the
of GRBs 080804 and 120815, we have useddthission line- apparent column densitfderived from the t) blueward of
based SFRs from Kriihler et 2011), since they are more  $100 km $1. We de ne this guantity as the blue-wing column
robust compared to UV luminosity. For GRB 071031, we use density(No.), Which is a measure of the galactic auw. This
the Ly -based SFR from Milvang -Jensen et(@aD12. While velocity threshold is carefully chosen to minimize any
less robust, this measurement is consistent with the upper limitontamination from the line-of- 5|ght absorption in the ISM.
of 3Me yrSl from an archival HST WFC3F160W lter) A detailed justication for this limit is provided in Gatkine
observation. et al. (2019 through kinematic and geometric modeling of the
Note, however, that our sample naturally has low line-of- ISM + CGM of a representative galaxy in this sam(dee
sight dust extinction compared to the general GRB hostSections 3.1, 5, 7.4, and Appendix B in Gatkine e2all9.
population, since we only select the afterglows that are brightThis is similar to down-the-barrel observations of outs,
enough for high-resolution rest-frame UV spectroscopy. While albeit with random sightlines and using high-resolution and
there may be a systematic bias in the dust correction, we havaigh-S N spectra.
used the same SFR tracer and analysis procedure for the entire We compare the blue-wing column density as described
sample (except GRBs 071031, 080804, and 12031thus above with the host galaxy properti¢sl> and SFR. In
minimizing any relative bias. Our sample may contain a small particular, we focus on four species. These include two high-
number of heavily dust-enshrouded galaxies, for which we mayionization potential speciefhigh-ion—CIv and Siv—and
underestimate the SFR. However, we have minimized thistwo low-ionization potential speci¢ew-ion)}—Siil and Fal.
possibility by ruling out heavy dust obscuration in four massive Primarily, we used @/ 1550, Siv 1402, Sii 1526, and Fé
GRB hosts in our samplgvhere the probability of heavy dust 1608 absorption lines to trace the amt~galaxy relations
obscuration is highby using deep VLA observatiori{&atkine (summarized in Figure3-10). These species are selected for
et al. 2020, and hence the typical dust corrections describedthree reasons(l) Their absorption lines fall within the
here can be used for estimating their SFRs. These GRBs arpassbands over a large redshift range>a®. (2) These lines

3.2. Blue-wing Column Density and Oatvs

marked with asterisks in Tabk are not too weakleading to underestimajesr not too strong
(saturatel In most cases, we do not have saturation in the blue
3. Sample Properties and Analysis wings. (3_) They a_llow_ us to compare the c_Jiffere:'nces between
3.1. Comparison with Star Formation Main Sequence Lﬁﬁgg:ﬁggns of high-ion and low-ion species with host galaxy
Figure 2 shows the distribution o=, SFR, andz of the In particular, for low-ion lines, other alternatives have been
CGM-GRB sample. We compare the relative position of our used in the literature, including 1811260, OI 1302, and I
sample with respect to the star-forming main sequerce & 1334. However, we did not use them as the primary focus of
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Figure 2. Properties of the CGMGRB sample. Panel 1: the redshift distribution of the sample. Panel 2: the SR afsthe GRB host galaxies in our sample. The
lines show the main-sequence cur@yeslow: z= 1; blue:z= 2; red:z= 4) as described in Speagle et@014. Panel 3: the cumulative distribution of the stellar
mass in the CGMGRB sample. The spread shows a 95% cimce interval around the value by incorporating any upper limits. The dotted vertical lines show the
value of characteristic maddl” in the mass functiorfwritten as a Schechter functjprat the respective redshifts. The horizontal line shows the médan

CDF = 0.5). Panel 4: the same as panel 3, for SFR.
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Figure 3. Column density in the oubws in GRB hosts traced by high-i¢@ Iv, SiIv) and low-ion(Feli, Sill) species vs. their SFR. The Kendafp-value indicates

the strength of correlatiql S p is the condence level of the correlatipriThe 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 |pgvedné skstwn in the

CDF plot measures the extent to which the distributions are similar and hence consistent with no correlation. The median and 68-percentiie speelsahof t
column density is shown using the blue and orange squares. The bestfincluding limits in the dafeis also shown here. Apart from a weak correlation, there is a
signi cant increase in the spread of column density at high @BRicularly for the high-ion lings

the correlation investigation to avoid potential blending issues.by using the null hypothesis that there is no intrinsic correlation
Notably, Sill 1260 has the most severe blending issue, due tobetween the two parameters. TheS f-value from the

Si 1259, which is essentially at a velocity offset $200 Kendall- test gives us the codence level at which the null
km %, This can be seen in Figufel, showing the stacks of  hypothesis is rejectede., a smallep-value implies the higher
the respective lines in the CGKBRB sample. Therefore, itis  probability of the existence of a correlafiorBecond, we

dif cult to reliably integrate 3i 1260 for measuring the perform a linear regression to infer the bestine for each

out ows. For Qi 1334 and Q 1302, the blending issu¢due  investigated correlation, using Schrsittbinned regression
to Cii 1335 and Sil 1304, respective)yare less severe for the  (Schmitt1985. Note that we include all the upp@nd lowey
out ows. Hence, we used $i1526 and F& 1608, which are  |imits in both of these analyses, using the astronomy survival

free from such blending issues, for the primary investigation of gnaiysis code called ASUREFeigelson & Nelsorl985 Isobe
Fhe_corre_latlons. We further conducted a sgcondary investt a1.1986 Isobe & Feigelsor990. The resulting bestt and
igation with O 1302 and QI 1334 as a consistency check. kendall- p-values are shown in the correlatiogures.
Those results are summarized in Apperfix Due to multiple upper limits in the stellar masses/and
SFRs in the sample, simply using linear regression does not
provide complete information about the underlying correlations
To investigate the presence of correlations betweeroaut  and or their spread. Therefore, we also divide the sample into
and galaxy properties, we primarily focus on the parametertwo equal parts(around the medignbased on the galaxy
space of logarithms d¥l=, SFR, outow column density, and  property under consideratiofM= or SFR, and investigate
maximum outow velocity. First, we perform a Kendalltest whether the sample distributions of the aw property(e.g.,

3.3. Inferring Correlations and Hypothesis Testing



The Astrophysical Journal, 926:63(22pp, 2022 February 10 Gatkine et al.

Outflow V,ax Vs SFR

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 1.8 2.0 2.2 2.4 2.6 -1.0 -0.5 00 05 10 15 2.0 1.8 2.0 2.2 2.4 2.6
e e R Lo ey e e R ARy Lo T

z26f ) T : ] gaef il B : — i

§ [ z=27-6 <@ .5'. ® 08k g SFR >= 1. g [ 2-27-6 ‘_’& ok og SFR >= 1.

g 2.4F Kt p-value: 0.05.4 . r p-value = 0.33 g 2.4F Kt p-value: 0.001 .’t o0 F p-vallie = 0.0001

s ' BT F g [ o . oile [

E=| C r's - ~ i * . 0.6~ o~ [ r'y I 0.6

> 22 - ! a r 2 2.2F pe .. ® a

o [ ° P 4 : O oal n [ & ’ ok

AXZO__ _________ S r "?;20; _______________ o _9___‘__5 ___________ r

g20r i 8201 - "

2 C 0.2~ > [ 0.2~

>1.8F 3 F | B ° : .

o S WP PPN I I LS Py T A A R B [ I W N B L B ool vty
-1.0 -05 0.0 05 10 15 20 : 1.8 2.0 2.2 2.4 2.6 -1.0 -0.5 0.0 05 1.0 15 20 . 1.8 2.0 2.2 2.4 2.6

log(SFR (Meyr™1)) log(Vimax CIV) Outflow log(SFR (Meyr~1)) log(Vmax SilV) Outflow

-1.0 -0.5 0.0 0.5 1.0 15 2.0 1.0 1.8 2.0 2.2 2.4 2.6 -1.0 -0.5 00 05 1.0 15 2.0 1.0 1.8 2.0 2.2 2.4 2.6

EZAG:,.Z‘;‘Z‘_HZ;_H“HH‘_HH“H‘, S L B B s s 26 T, LT R B B s

é ° e L log SFR >= 1.1 ) L4 : PS [ log SFR >= 1.1

T [ z=27-6 oo 0.8k g [ z=27-6 - 0.8E

g 2.4 Kt p-value: 0.614 ; 3 . ’:—| p-value = 0.66 g 2.4 KTt p-value: 0.069 B . p-value = 0.82

s [ ; E [ ° F

& r o Oe 0.6F g 0 2] P 0.6

S22 e BT =22 =

L o -° 8. f 2 e e 8.

oI i g *° 0.4f oL | : 0.41

% 2.0 S [ PR S ommmeeen [

g+or r E [

> r & : 0.2 L > r ‘. . 0.2~

1.8 : F |_1 2181 e F

S I I T NN D O B oY) I P A RS R I o B WU PN PN I LA N ool b 1
-1.0 -0.5 0.0 05 10 15 20 : 1.8 2.0 2.2 2.4 2.6 -1.0 -0.5 0.0 05 1.0 1.5 20 . 1.8 2.0 2.2 24 2.6

log(SFR (Meyr~1)) log(Vmax Fell) Outflow log(SFR (Meyr~1)) log(Vmax Sill) Outflow

Figure 4. The same as Figuf® for the maximum outow velocity,VihaxvS. SFR. The horizontal dashed line in the panels shows the 10%1Hevel, which we treat
as the threshold for oubw.
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Figure 5. The same as Figui® for the normalized velocit\may Veirc halo VS Mhal
a circ,halo alo
Outflow Viax/Vcirc, halo VS SSFR
-10 -9 -8 -10 — -8 -10 -9 -8 -10 -9 -8
E 04'_' ZV=‘2V_2V LI EL I B B B E 04__! ZV={2V_2V7V LA I B B B B B g 04__! ZV={2V_2V7V LA I B B B B I % 04__V ZV={2V_2V7V LA L B B B B B
=) E z=27-6 T e L ® =1 E z=27-6 Py = F z=27-6 * ® = E z=27-6 * ®
Z 0.2F Krpvalue:0.003 4 _g¢ 2 0.2F Krp-value: 0.0002, - o ‘.0 2 0.2f Krp-value: 0.506 ¢ i 2 0.2 Krp-value: 0.01 PP
g L & 6.0 g r e o ¢ o 5 o = 5 ° 00
; 0.0F S At | k4 S 0.0F 2 = 0.0F ° o® = 0.0 S
) s LD ! ® = £ S oq i ® ) r ® ) = 5
© _o0.2f s A4 @ —0.2F 3 L3 B —0.21 L ‘ 9 _o02F ’'e ®
A E 6.0 A s ° ~ E ° i 3 ®
S-04f E_04F | o-o E_04f 5-04f & &
> £ = £ = £ © [ S > £ *
& —0.6 % 0.6 5 —0.6[ ® ® & —0.6 &
2 Bl 1o [ L, S Eey | L [ k=t N ol N S 2 N B [
-10 -9 -8 -10 -9 -8 -10 -9 -8 -10 -9 -8
log(sSFR (yr1)) log(sSFR (yr1)) log(sSFR (yr™1)) log(sSFR (yr1))

Figure 6. The same as Figurks, for the the scaling relations of normalized maximum veladityay Veirc.haid With speci ¢ SFR(= SFR Mx).

Noug in the two bins are consistent with being drawn from the properties and oubw properties. If the null hypothesis is true,
same population. Therefore, for this hypothesis testing, our nulithe two samples of oubw propertiege.g., column densijy
hypothesis is that there is no correlation between the galaxysplit based on galaxy propei®.g.,M+ or SFR, are consistent
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