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Recent space- and ground-based studies of the circumgalactic medium (CGM)
around nearby galaxies have revealed the dynamic interplay between the galaxy
ecosystem and surrounding CGM using bright background quasars. In this thesis,
we extend this investigation to higher redshifts by using the bright afterglows of
gamma-ray bursts (GRBs) as background sources probing the CGM of their own
host galaxies. We compiled a sample of 27 high-resolution (R > 6000) rest-frame
UV spectra of GRB afterglows in a redshift range (2 < z < 6); we call this the
‘CGM-GRB sample’. We find stronger blue wings in high-ionization species (Si
IV, C 1IV) compared to the low-ionization species (Si II, Fe II), indicative of the
presence of ubiquitous warm outflows in the GRB hosts at high redshifts. Using
kinematic models, we estimated typical values of CGM properties (for the sample)
such as CGM mass (10%® M) and outflow launch velocity (300 km s™!). Further,

by comparing our results with previous C IV absorption studies, we find a possible



CGM-galaxy co-evolution. Over the course of evolution of present-day galaxies with
M, > 10'° M, the ratio of C IV mass in the CGM to the stellar mass remains fairly
uniform, such that log(Mcrv/M,.) [=4.5 within #0.5 dex from z [dto z [QJ)
suggesting CGM-galaxy co-evolution.

Next, we embarked on a search for possible relations between the outflow
properties and those of the host galaxies such as M,, star formation rate (SFR), and
specific SFR (= SFR/M.,). To estimate the total SFR, we first investigated the de-
gree of dust obscuration in the massive GRB hosts in our sample by comparing radio-
and UV-based star-formation rates. We inferred that the GRB hosts in our sam-
ple are not heavily dust obscured, and hence, their SFRs can be estimated reliably
using the established dust-correction methods. For the outflow-galaxy correlations,
we focused on three outflow properties — outflow column density (Nyy¢), maximum
outflow velocity (Viax), and normalized maximum velocity (Viorm = Vimax/ Veirc halos
where Veirenalo 1S the halo circular velocity). We observe clear trends of N, and
Vimax With increasing SFR in high-ion-traced outflows. These correlations indicate
that these high-ion outflows are driven by star formation at these redshifts (in the
mass range log(M,/Mg) [C9F 11). We also, for the first time, observe a strong
(> 30) trend of normalized velocity decreasing with halo mass and increasing with
sSFR at high redshifts, suggesting that outflows from low-mass halos and high sSFR
galaxies are most likely to escape and enrich the outer CGM and IGM with metals.

Thus, we demonstrate GRB afterglows as a method to uncover CGM-galaxy
co-evolution and outflow-galaxy correlations at high redshifts, which constitute an

important piece of the galaxy growth puzzle and cosmic metal enrichment.



Next, we set out to develop a new tool — an on-chip photonic spectrograph —
which will eventually expand our investigation to the first galaxies in the universe
(z > 6). Astrophotonics is the application of versatile photonic technologies to
channel, manipulate, and disperse guided light to efficiently achieve various scientific
objectives in astronomy in a miniaturized form factor. We used the concept of
arrayed waveguide gratings (AWG) to develop an on-chip photonic spectrograph in
the H band (1.45 — 1.65 pm) with a moderate resolving power of [I500, a peak
throughput of [23¥, and a size of only 1.5 cm % 1.5 cm. Various practical aspects
of implementing AWGs as astronomical spectrographs are also discussed, including
a) the coupling of the light between the fibers and AWGs, b) cleaving at the output
focal plane of the AWG to provide continuous wavelength coverage, and c) a multi-
input AWG design to receive light from multiple single-mode fibers at a time and
produce a combined spectrum.

Finally, we built a cross-dispersion setup which will orthogonally separate the
overlapping spectral orders in the AWG and thus image the full spectrum on the
detector. The AWG will be incorporated with this setup in the near future to get
the spectrograph ready for our first on-sky test. The work conducted in this thesis
is a crucial stepping stone towards building a high-throughput, miniaturized spec-
trograph for the next generation of ground-, balloon-, and space-based telescopes.

With the nano-scale fabrication on a chip, we are poised to unravel the mys-
teries of galaxies billions of light years away, making this thesis a truly ‘Nanometers

to Light Years’ journey.
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Preface

This thesis has two clear focal points — exploring the galaxies in the early
universe using Gamma-ray Bursts and development of a photonic spectrograph for
augmenting and expanding these astronomical investigations in the future. Large
parts of this thesis have been published in peer-reviewed journals and conference pro-
ceedings and presented at several international conferences. While chronologically,
the instrumentation results come first, the thought process was always to develop
the next-generation instrumentation and conduct the science investigation with ex-
isting instruments in tandem. Therefore, we present the scientific exploration first
and then go on to describe our technological efforts to build new instrumentation
as the next step to expand our scientific horizon.
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ical Journal, 884 66, 2019 [Chapter 2]

2. P. Gatkine, S. Vogel, S. Veilleux, New Radio constraints on the obscured star

formation rates of massive GRB hosts at z 2} 3.5, The Astrophysical Journal,
897 9, 2020 [Chapter 3]

3. P. Gatkine et al. The CGM-GRB Study II: Outflow-Galaxy Relations at

z [2F 6, Submitted to ApJ [Chapter 4]
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Photonic Instrumentation
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9912, Article ID 991271, (2016) Link

5. P. Gatkine et al. Arrayed waveguide grating spectrometers for astronomical

applications: New results, Optics Express, 25(15):17918—17935 (2017) [Chapter 5]

6. P. Gatkine et al. Towards a multi-input astrophotonic AWG spectrograph,

Proceedings of SPIE Volume 10706, Article ID 1070656, (2018) Link [Chapter 6]
7. P. Gatkine, S. Veilleux, M. Dagenais, Astrophotonic Spectrographs, Applied
Sciences, 9(2):290-307 (2019)

8. P. Gatkine et al. Astro2020: Astrophotonics White Paper, Bulletin of Ameri-
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using Bragg gratings, IEEE Journal of Selected Topics in Quantum Electronics,
24(4):1-8 (2018) Link

10. T. Zhu, Y. Hu, P Gatkine et al. Arbitrary on-chip optical filter using complex
waveguide Bragg gratings, Applied Physics Letters, 108 (101104):1-5 (2016) Link

11. T. Zhu, Y. Hu, P. Gatkine et al. Ultrabroadband high-coupling-e Lciehcy

fiber-to-waveguide coupler using SisN,/SiO, waveguides on Silicon, IEEE Photon-

ics Journal, 8(5):1-12 (2016) Link

1ii


https://arxiv.org/abs/1606.02730
https://arxiv.org/abs/1905.13241
https://arxiv.org/abs/1907.05904
https://ieeexplore.ieee.org/document/8338360
https://aip.scitation.org/doi/10.1063/1.4943551
https://ieeexplore.ieee.org/document/7544563

Dedication

To my late grandfather and my parents

whose blessings are with me eternally :)

v



Acknowledgments

I look at the sky and wonder about how things conspired

to make us and make us wonder about things!

And in the same way, I wonder about how so many different individuals came
together to make the journey of this thesis possible and in fact, cherishable.

First and foremost I'd like to thank my advisor, Professor Sylvain Veilleux.
Coming from a mechanical engineering background, I was back to square one when
I started graduate school in astronomy. Sylvain introduced me to the exciting world
of astrophotonics and kick-started my journey. He always encourages and helps
me to come up with new ideas, brings my attention to new research, and cautions
me with the pitfalls. Thanks to him, I have been able to participate in numerous
conferences around the world and gain valuable insights on many fronts. I want
to thank him for giving me the freedom to work at my own pace, introducing me
to new researchers, and supporting me every step of the way, often on very tight
timelines. At times I have wondered how he manages to go through my drafts and
make detailed comments so quickly.

I also want to offer my gratitude to Professor Mario Dagenais for assimilating
me into his group at the Electrical and Computer Engineering (ECE) Department,
guiding me through the projects in photonics, planting interesting questions in my
mind, and helping learn valuable lab skills. With the collaborative work, challenging

problems, and innovative approaches, I had a very enriching experience at the ECE



department. I am very thankful to my friends and colleagues in the ECE, who
are always around to help, teach, and discuss as we tread our paths. I want to
particularly thank Yiwen Hu, Tiecheng Zhu, Shengjie Xie, Jiahao Zhan, Yang Meng,
and Yang Zhang. I also want to thank Meghna Sitaram who has been an excellent
undergraduate collaborator in this work.

I thank my collaborators Nino Cucchiara and Dan Perley for providing me
with research data, teaching me reduction techniques, and hosting me at their home
institutions. I particularly thank Nino for helping me evacuate from the US Virgin
Islands just before hurricane Irma. I also want to thank Chris Betters, Sergio
Leon-Saval, and Joss Bland-Hawthorn for hosting me at the University of Sydney
and helping me learn new photonic techniques that have been of great use in this
research.

I am grateful to so many amazing people in the Astronomy department who
made me feel welcome and were always ready to help with a smile. I thank Stuart
who has been an excellent collaborator and teacher, and a kind mentor to me. I also
extend my gratitude to Brad Cenko for his advice and support in my research and
career. He taught me how to plan and observe at the Lowell Discovery Telescope.
I highly appreciate his kindness and patience with me. I am thankful to Richard
Mushotzky for the very enriching discussions as well as collaboration on the X-ray
astronomy projects. Interactions with him — and many on an urgent basis — have
always been a great help.

I had a very pleasant and enjoyable experience at the UMD Astronomy depart-

ment, thanks to my wonderful friends. I thank my classmates, Dana, Amy, Zeeve,

vi



Thomas, and Jonathan for keeping me company through this journey and helping
me adjust to a new country. I appreciate Dana and Amy for their acts of kindness
and arranging social gatherings to wind down every now and then. I am grateful
to Krista, Vicki, Taro, John Capone, Arnab, Mahmuda, and Ashlee for their words
of advice and frequent support which made my path much easier. Many thanks to
Laura, Becca, Ginny, Sara, Ramsey, Tomas, Milena, Charlotte, and Vicente for the
many fun times we shared at UMD.

In the end, I would like to send my heartfelt thanks to my parents, my late
grandfather, and my siblings for always being there, through thick and thin. Thanks
to their blessings, kindness, and sacrifices, I have been able to follow my dreams.
This journey would not have been possible without the unconditional love and sup-

port that I received from my family.

vii



Table of Contents

Preface ii
Dedication \Y
Acknowledgements v
Table of Contents viii
List of Tables Xii
List of Figures Xiii
1 Introduction 1
1.1 Introduction . . . . . . . . . e 1

1.1.1 Cosmic Metal Enrichment . . . . .. .. ... ... ...... 1

1.1.2 MissingMetals . . .. ... ... ... ... ... .. ... 2

1.1.3 Importance of the Circumgalactic Medium . . . . .. ... .. 3

1.1.4 A historical perspective onthe CGM . . ... ... ... ... 4

1.1.5 DierentprobesoftheCGM. ... ... ... ... ...... 5

116 UseofGRBs ... .. ... .. .. ... .. .. .. ... 6

1.1.7 Keyscienticquestions . . . . .. .. ... ... .. .. ... 8

1.2 Astrophotonics: A new tool in our toolkit . . . .. ... ....... 9

1.2.1 Arrayed Waveguide Gratings . . . . . . . .. ... ... .... 11

1.2.2 AWG: Newdirections. . . . . . . . ... ... 12

1.3 Thesisoutline . . . .. . .. . .. . 14

1.4 A summary of facilities . . . . .. ... ... .. .. L 15

2 Uncovering The Circumgalactic Medium around GRB hosts at redshifts 2 17

2.1 Introduction . . . . . . . . . e 17
2.1.1 Methodsto Probethe CGM . ... ... ... ......... 19
2.1.2 The CGM-GRB Project . . . .. .. ... ... ........ 20

22 TheGRBSample . . . . ... . . . . .. . . . . 22
2.2.1 Sample Properties . . . ... ... .. ... .. 22
2.2.2 SelectonEects. . . ... .. . ... 24

2.3 Methods . . . . . . . . .. 25
2.3.1 Redshift Determination. . . . . . ... ... ... ....... 25
2.3.2 Spectroscopic Analysis . . . . . ... o 26

viii



2.4 Inferring Kinematics . . . . .. ... ... . . ... .. oo 31

24.1 MedianPlots . . . .. ... . . ... 31
2.4.2 Integrated LineProles. . ... ... ... ........... 32
2.4.3 Detection Fractions . . . . . ... ... o o oo 35
2.4.4 Kinematic Asymmetry . . . . . . ... 36
245 LineRatios .. ... ... . .. ... . e 38
25 ToyModel . . ... .. . . . . 40
2.5.1 Line-of-sight Simulations: Setup . . . . ... ... ....... 40
2.5.2 Line-of-sight Simulations: Results . . . . ... .. ... .. .. 46
26 CGMMass Estimate . . . .. ... ... .. ... ... .. 48
2.6.1 Converting Column DensitiesintoMass. . . . ... ... ... 49
26.1.1 Method . ... ... ... ... ... 49
26.1.2 Results .. ... ... ... 52
26.1.3 Caveats . .. ... ... ... 54
2.6.2 CGM Mass Evolution with Redshift. . . .. ... ... .... 55
2.6.3 Comparison with Carbon Mass inthe ISM . . . . . ... ... 60
2.7 Implications . . . . . . . . ... 62
2.7.1 Outows and Metal Enrichment . . . . ... ... ....... 62
2711 OutowMass . ... ... ... ... ... 63
2712 MassOutowRate . . ... ... ... ........ 64
2.7.1.3 Mass Loading Factor and Energetics . . . . ... .. 67
2.7.2 CGM-Galaxy Co-Evolution . . . ... ... ... ....... 70
2.7.3 Existenceof Inows? . ... ... .. ... . L. 73
2.7.4 Origin of O VI and N V: CGM vs Circumburst? . . . . . . .. 76
2.8 Summary and Conclusions . . . . . ... .. ... ... 79

New radio constraints on the obscured star formation rates of massive GRB

hosts at redshifts2 3.5 85
3.1 Introduction . . . . . . . . ... 85
3.2 Sample and observations . . . ... ... ... .. ... .. 89
3.2.1 Sample Selection . . ... ... ... ... .. ... . .. 89
3.2.2 VLAODbservations . .. ... ... .. .. .. ... 90
3.3 Radio-and UV-based SFR . . . . .. ... ... ... ......... 92
3.3.1 Radio-based SFR . . ... .. .. ... .. .. .. ... ... 92
3.3.2 Late-time afterglow emission . . . .. .. ... ... ...... 94
3.33 SFRineachGRBhost . ... .................. 96
3.33.1 GRBO021004 . .. ... ... ... 96
3.3.32 GRBO080310 . ... .. ... ... ..., 99
3.333 GRBO080810 ... ... .... ... uuiu..o... 99
3.3.3.4 GRB 121024A . . . . . . . . ... 101
3.4 DISCUSSION . . . . . o e e e e e e 103
3.5 Summary ... e e e e 105



4 Outow-Galaxy Relationsatz 2 6 108

4.1 Introduction . . . . . . . 108
4.2 Observations and Methods . . . . . ... .. .. ... .. ....... 111
4.2.1 Optical Photometry . . . . . . .. .. ... . . ... .. 111
4.2.2 Spitzer IRAC Photometry . . . . . .. ... ... ... ..., 113
423 StellarMass . . . . . . . . . . . e 115
4.2.4 Dust Correction . . . ... .. ... 117
425 Starformationrate . . . . .. ... L o oo 118
4.3 Sample properties and analysis . . . .. . ... ... .. 0. 120
4.3.1 Comparison with star formation main sequence . .. ... .. 120
4.3.2 Blue-wing column density and outows . . . . ... ... ... 122
4.3.3 Inferring correlations and hypothesis testing . . . . ... ... 123
4.4 Outow correlations . . . . . . . ... 125
4.4.1 Outow column density vs galaxy properties . . . . ... ... 125
4.4.1.1 Blue-wing detection fraction . . . . . ... ... ... 125
4412 NowVSSFR. .. . ... . ... ... . .. ... ... 126
4413 Now VSM . . o L 127
4414 NoywVSSSFR . . . . . ... .. 127
4.4.2 Outow kinematics and galaxy properties . . ... .. .. .. 130
4421 Outow Ve VSSFR . . . . . ..o 130
4422 OutowVpax VSM . . o 0o 131
4.4.2.3 Outow kinematicsvsHalomass . .. ........ 132
4424 Outow Vax VSSSFR . . . . . . . . oo oL 133
443 Outow Viyom VSSpecicSFR . . . . ... .. ... ...... 134
4.4.4 Relation of O VI absorption with galaxy properties . . . . .. 135
45 DISCUSSION . . . . . . o e e e 139
451 SFR-drivenoutow . . . ... ... ... ... ... .. .... 139
4.5.2 Evidence for High-ion traced outows . . . . . .. .. ... .. 142
453 Outow Geometry . . . . . . . e 143
45.4 Evolution withredshift . . . .. ... ... ... .. ...... 144
4.6 SUMMANY . . . . o o e e e e e e e 145
5 Arrayed waveguide grating spectrometers for astronomical applications 149
5.1 Introduction . . . . . . . . . ... 149
5.2 Arrayed waveguide gratings . . . . . . . .. ... 150
53 Methods . . . . . . . e 153
5.3.1 Design . . ... e e 153
5.3.2 Fabrication . . ... ... .. ... 157
5.3.3 Characterization . . . .. .. .. ... ... ... 159
54 Results. . . . . . . . . e 160
5.4.1 AWG #1: ber-couplingtaper. ... ... ........... 162
542 AWG#l.annealing ... .................... 165
5.4.3 AWG #2: cleaving at the output FPR . . . . . . .. .. ... 167
5.5 Polarization insensitivity . . . . . .. ..o 173
5.6 Conclusions . . . . . . . . ... e e 177



6 Towards an Integrated Photonic Spectrograph 179

6.1 An Integrated Photonic Spectrograph . . . . ... ... ... ..... 179
6.2 AFew-input AWG . . . . . . . . . . e 181
6.2.1 Design . . . . ... e 182
6.2.2 Simulation . . . .. .. ... 183
6.2.3 SimulationResults . . .. ... ... ... ... ... ..., 185
6.2.4 Experimental Verication . .. ................. 186
6.3 Cross-dispersionsetup . . . . . . . . .. 186
6.3.1 Detector Characterization . . .. ... ... .......... 187
6.3.2 Cross-dispersionoptics . . . . . ... ... . 188
6.3.3 Future work: Integration with the AWG . . . ... ... ... 192
7 Summary and Future Work 194
7.1 GRB afterglows as probes ofthe CGM . . ... ... ......... 194
7.1.1 Summary ... e e e e e 194
7.1.2 Future Work. . . . .. . . . . .. 196
7.2 Development of photonic spectrographs . . . . . .. ... ... .... 198
7.21 Summary ... e e 198
722 Future Work. . . . . . . . . ... 199
A Methods for CGM-GRB Paper | 203
A.1 Voigt prole ttingusing MCMC . . .. .. ... ... ........ 203
A.2 Line-of-sight simulation with toy model . . . . . . ... ... ..... 207
Bibliography 228

Xi



11

2.1
2.2
2.3
2.4

3.1
3.2

4.1
4.2

5.1
5.2

6.1
6.2

Al

List of Tables

Metal distribution in galaxy ecosystem . . . .. .. ... ....... 3
Detection fractions in various kinematic regions . . . .. ... .. .. 36
Kinematic asymmetry in highand lowions . . . . ... .. ... ... 38
Fit parameters of the spectra . . . . . . .. ... ... ... ..... 84
Listof GRBsinthesample . .. .. .. .. ... ........... 84
Summary of the VLA observations . . . .. .. ... ......... 89
Summary of GRB host properties . . . . .. ... ... ... 102
Summary of new observations of GRB hosts . . . ... ... .. ... 113
Summary of GRB host properties in the CGM-GRB sample . . . . . 121
Summary of the characteristics of the two AWGs. . . . . .. .. ... 154
Waveguide geometry for polarization independent design . . . . . . . 175
Summary of the AWG design . . . . . ... ... .. ... ...... 183
Summary of the AWG simulations . . . . . ... ... ......... 185
Typical values of the toy model parameters . . . . . ... ... .. .. 210

Xii



11
1.2

2.1
2.2
2.3
2.4
2.5
2.6
2.7

2.8

2.9

2.10
2.11
2.12
2.13

3.1
3.2
3.3
3.4
3.5

4.1

4.2
4.3
4.4
4.5

List of Figures

Importance of the CGM . . . . . . . . ... ... ... . .. 2
Various Probes of the CGM . . . . . .. ... ............. 7
CGM-GRB sample properties . . . . .. ... ... ... . ...... 20
The median absorption line pro les of of the individual spectra. . . . 28
Comparison of estimated total column densities with the literature . . 30
The integrated column density pro les for the high- and low-ion species 33
The high- to low-ion line ratios as a function of velocity . . . . . . .. 34
A schematic of the CGM toy model . . . . ... ... ... ..... 41
Integrated C IV column density from the toy model assuminiyl cgm

= 13M . 43
Integrated C IV column density from the toy model assuminiyl cgm

= 1P8M . e 44
Integrated C IV column density from the toy model assuminiyl cgm

= 10'93M 45
CGM column densities and mass estimates far 2 2.7 . .. ... 58
CGM column densities and mass estimates for 2.7 5.0 ... .. 59
Estimates of the minimum carbon mass in the CGM of the GRB hosts 62
The evolution ofM¢y =M as a function of redshift . . ... ... .. 71
Contour maps of radio ux density of GRB hosts . . . . ... .. .. 91
SFR limits as a function of observed radio ux density limits . . .. 92
Temporal evolution of GRB radio ux density . . ... ........ 96
The GRB hosts in the context of SFR M-, relation . ... ... .. 98
The comparison of radio-derived SFR with UV-derived SFR of GRB

hOoStS . . . . . 106
Contamination-subtracted images of GRB elds fronSpitzerIRAC
iN3.6m band. . . . . ... ... 114
Properties of the CGM-GRB sample host galaxies.. . . . .. ... .. 117
Out ow column density vs Host-galaxy SFR . . . . . ... ... ... 128
outow columndensity vsM . . . . ... oo 129
Outow column density vsspecic SFR. . . . .. .. .. .. ... .. 129

Xiii



4.6 Same as Figure 4.3, for the maximum out ow velocityy nax VS SFR.
The horizontal dashed line in the panels shows the 100 km!slevel,

which we treat as the threshold for outow. . ... ... ... .. .. 136
4.7 Maximum out ow velocity, Viax VSM . . . . . ..o oL 136
4.8 Normalized Veloclty,Vmax:VC"C’hak) VS Mha|0 .............. 137

4.9 Maximum out ow velocity (Vmax) wWith specic SFR (= SFR/ M) . 138
4.10 Normalized maximum velocity ¥ max=Vcirc:halo) With speci ¢ SFR (=

SFR/ M ). . e 138
4.11 correlations of the O VI-traced out ow with galaxy properties . . . . 138
4.12 A schematic showing a biconical out ow as sampled by a GRB sightline.145

5.1 Mode proles of the waveguide . . . . . . . .. .. ... .. ...... 156
52 CADOfAWG #1 . . . . . . . e 158
5.3 Fabrication process . . . . . . . . ... ... e 159
5.4 Characterization setup . . . . . . . . . ... 161
55 Tapereciency . . . . . . . . . e e 162
5.6 AWG throughputresults . . . . .. ... ... ... ... ....... 164
5.7 E ect of annealing on AWG throughput . . . .. ... ... ..... 167
5.8 CAD of AWG #2 without output waveguides . . . . . ... ... .. 169
59 Cleaved AWG results . . . . . . . . . . .. . . 171
5.10 Achieving braodband polarization insensitivity . . . . . ... ... .. 177
6.1 Full setup of an integrated photonic spectrograph . . . . . . ... .. 180
6.2 CAD of the multi-input AWG . . . . . . .. .. ... ... ...... 182
6.3 Simulationresults . . . . .. ... L 184
6.4 Experimental Veri cation of Multi-input AWG . . . . . ... ... .. 187
6.5 Saturation characteristics . . . . . . . . . ... L o 0o 189
6.6 Grating Disperser . . . . . . . .. 190
6.7 Blazed grating calculations . . . . . ... ... ... .......... 191
6.8 Simulationresults . . . . .. ... L 191
6.9 Simulation of chip to air illumination . . . .. ... .. ........ 192
6.10 AWG-cross-dispersion schematic . . . . . .. .. ... ... ... ... 193
7.1 Photonic lantern and improvements in propagation loss . .. .. .. 200

A.1 A sample plot to show the parameter estimation using the MCMC-

based method . . . . . . ... ... . ... 208
A.2 A sample plot to show the parameter estimation with an R 8000

spectrum (X-shooter) . . . . . . . . ... o 209
A.3 Overall simulation CIV kinematics with logMcew=M )=9.8 . . . . 210
A4 Voigtprole tfor GRB000926 . . . . ... ... .. ... ...... 214
A.5 Voigt prole tfor GRB 021004 . . . . ... .. .. .. .. ...... 214
A.6 Voigt prole tfor GRB 050730 . . . ... .. ... ... ....... 215
A.7 Voigtprole tfor GRBO50820A . . . .. . .. ... .. ... .... 215
A.8 Voigtprole tfor GRB 050922C . . . ... .. ... ... ...... 216
A.9 Voigt prole tfor GRB 060607A . . . . . . . . ... ... ...... 216

Xiv



A.10 Voigt pro le
A.11 Voigt pro le
A.12 Voigt pro le
A.13 Voigt pro le
A.14 Voigt pro le
A.15 Voigt pro le
A.16 Voigt pro le
A.17 Voigt pro le
A.18 Voigt pro le
A.19 Voigt pro le
A.20 Voigt pro le
A.21 Voigt pro le
A.22 Voigt pro le
A.23 Voigt pro le
A.24 Voigt pro le
A.25 Voigt pro le
A.26 Voigt pro le
A.27 Voigt pro le
A.28 Voigt pro le
A.29 Voigt pro le
A.30 Voigt pro le

t for GRB 071031
t for GRB 080310
t for GRB 080804
t for GRB 080810
t for GRB 090926
t for GRB 100219
t for GRB 111008
t for GRB 120327
t for GRB 120815
t for GRB 120909
t for GRB 121024
t for GRB 130408
t for GRB 130606
t for GRB 130610
t for GRB 141028
t for GRB 141109
t for GRB 151021
t for GRB 151027
t for GRB 160203
t for GRB 161023
t for GRB 170202

A
A
A
A
A
A
A
A
A
A
A
A
A
B
A
A
A

XV



Chapter 1: Introduction

In this chapter, | will summarize the motivation and the background for my

PhD thesis.

1.1 Introduction

1.1.1 Cosmic Metal Enrichment

The basic elements of life (Carbon, Oxygen, Nitrogen, Sulfur, etc) are formed in
stars and their explosive deaths as supernovae. These elements (or metals) are
dispersed across the whole universe since the formation of the rst galaxies. Met-
als drive the cooling of clouds which eventually form stars, which further produce
metals. The synthesis and distribution of metals among various components of
the universe: stars, interstellar medium (ISM) of galaxies, circumgalactic medium
(CGM) and intergalactic medium (IGM), is known as metal enrichment [Schindler
and Diaferio, 2008, Hirschmann et al., 2013, Tumlinson et al., 2017]. The cosmic
metal enrichment is a result of a complex interplay between gas coming into the
galaxy (accretion ows), star formation in the galaxy and gas out owing from the

galaxy (out ows) in a cosmological context (Fig. 1.1). Metal enrichment plays a



Figure 1.1: Left: A depiction of the galaxy ecosystem with its out ows, accretion
ows and the CGM, which resides at the nexus of these processes. It shows how
a GRB sightline samples the galaxy, CGM and various gas ows simultaneously.
Right: Distribution of baryons in di erent components of the galaxy ecosystem at

z =0 in GADGET-2 simulations [Ford et al., 2014]. These results highlight the role
of the CGM as a reservoir of metals and baryons. Both gures are adopted from
[Tumlinson et al., 2017].

key role in shaping the galaxy evolution and is therefore, vital for our understanding

of the cosmic origins

1.1.2 Missing Metals

However, the history and mechanisms of metal enrichment of the universe remain
poorly understood, primarily due to limited probes of galaxies, CGM and IGM (also
called the galaxy ecosystem, as shown in Fig. 1.1) at high redshifts. The metal con-
tent of the universe as a function of cosmic time can be estimated, given the cosmic
star formation history and the models of stellar nucleosynthesis. Even with liberal
estimates, current observations have only accounted for50% of the metals cre-
ated in stellar processes [Peeples et al., 2014, Campana et al., 2015]. Resolving this

discrepancy requires a comprehensive study of the metal content in galaxy ecosys-



Table 1.1: Metal distribution in galaxy ecosystem as % of total metals produced by
star formation

Redshift ! z=0 z =23
Metals in galaxies
(1M + Sgtars) 20-25 % 10-15 %
Metals in CGM 25 % 19-34% (in highly ionized CGM
Metals in IGM 15 % 15-30%
Metals in Ly-alpha absorbers <5% 5-20%
Method used QSO sightlines QSO sightlines

[Peeples et al.,
References 2014],
[Shull et al., 2014]

[Lehner et al., 2014],
[Bouché et al., 2006]

tems, extending to the dawn of galaxy formation 9). Direct observations and
spectroscopy of galaxies at high redshiftz (> 5) is extremely di cult and time-
expensive, due to their large distances [Shapley, 2011], howewgamma-ray bursts

0 er an attractive solution in this di cult quest .

1.1.3 Importance of the Circumgalactic Medium

The CGM is loosely de ned as diuse gas surrounding the galaxies within dark
matter halos (out to 100 300 kpc). Figure 1.1 shows the vibrant ecosystem of a
galaxy with its winds/out ows, accretion ows, and neutral hydrogen (H 1) clouds.
The CGM resides at the nexus of these interactions. The competition between these
processes is thought to shape galaxies and drive their evolution.

Promising theoretical and observational studies about the missing metals prob-
lem suggest that the majority of the metals are stored in the CGM reservoirs around
galaxies and/or expelled into the IGM [Oppenheimer and Davé, 2006, Shull et al.,

2014]. As summarized in Table 1.1, it is evident thathe CGM is a major reservoir




of metals in the universeand its contribution to cosmic metal budget evolves as
a function of redshift. Therefore, probing the CGM is critical to test the theories
of galaxy evolution and metal enrichment. Hence, we focus on measuring (a) the
properties of the CGM as a function of redshift (b) CGM-galaxy relations and the
governing feedback processes, and nally, (c) the mass of metals in CGM and its

evolution with redshift.

1.1.4 A historical perspective on the CGM

One of the rst propositions of the existence of a galactic corona” (i.e. hot
gas surrounding the Milky Way) was by [Spitzer Jr, 1956] to provide pressure con-
nement for observed cool interstellar clouds at high galactic latitudes. Soon after
the discovery of quasars [Schmidt, 1963], their spectra, taken by state-of-the-art
telescopes back then, revealed a wealth of information about the existence of such
an extended reservoir of gas around other galaxies falling in the quasar sightlines.
The number of intervening absorbers in the quasar spectra could not be accounted
for with the visible size and number of galaxies in optical or radio wavelengths. This
discrepancy prompted a new idea of the presence of tenuous gas extending several
times the visible size of the galaxy itself. In a one-sentence abstract, [Bahcall and
Wolf, 1968] wrote, We propose that most of the absorption lines observed in quasi-
stellar sources with multiple absorption redshifts are caused by gas in extended halos
of normal galaxies'

In the modern times, with the advent of telescopes such as the Keck tele-

scopes and Hubble Space Telescope and the sensitive spectrographs thereon, the



observational studies of the CGM have grown exponentially. This has led to several
important milestones, for instance, uncovering ubiquitous out ows in high-redshift
galaxies [Shapley et al., 2003] or the discovery of systematic di erences in the CGM
of ‘red-and-dead' galaxies versus the main-sequence galaxies at low redshifts (eg:

[Tumlinson et al., 2011]).

1.1.5 Dierent probes of the CGM

As summarized in Fig. 1.2, there are multiple methods of studying the CGM
depending on the redshift range and the mass of the galaxy of interest. The most
widely used QSO sightline method uses a bright background QSO as a backlight
to study the CGM composition and kinematics in absorption spectra. However,
due to the small impact parameters € 300 kpc) that are required to study the
CGM, this method is most useful at low redshifts (see [Tumlinson et al., 2011, Werk
et al., 2013, Borthakur et al., 2013, Bordoloi et al., 2014b] for example). A similar
method is to use the star light of the galaxy itself as the background, hence, called
“down-the-barrel' observation. In this method, the impact parameter is unknown,
but a much larger sample of galaxies can be constructed over a wide redshift range
using this method (see [Martin, 2005, Kornei et al., 2012] for example). The galaxy
star light can also be used as a backlight for studying a foreground galaxy's CGM
[Steidel et al., 2010]. Strongly lensed galaxies can be used to study the CGM using
multiple sightlines, thanks to the extended bright arcs resulting from gravitational

magni cation (eg: [Rigby et al.,, 2018]). All of these studies, however, are only



possible for galaxies that are UV-bright, and thereby, have high star formation
rates. In addition, there is a signi cant challenge of subtracting the background
galaxy's continuum itself, which can contaminate the results.

The emission-based observations o er the most direct probes of the CGM. For
instance, X-ray maps allow direct imaging of the hot phase of the CGM (% 1(f
K) for nearby massive galaxies and their intra-cluster medium (see [Li, 2020] for a
full discussion). On the other hand, emission maps of lines such as LymanH- ,
and C IV allow the study of low- and high-redshift ¢ > 2) CGM in emission using
integral eld units such as the Keck Cosmic Web Imager (see [O'Sullivan et al.,
2020], for example). However, given the low surface brightness of the CGM, these
methods are only suitable for the most massive galaxies (such as QSO hosts) or
galaxies undergoing intense starbursts. Thus, the CGM of low-mass galaxies at
high redshifts, which may signi cantly contribute to the cosmic meta enrichment,

remains sparsely studied.

1.1.6 Use of GRBs

Long-duration gamma-ray bursts (GRBSs) are bright ashes peaking in gamma rays
and are thought to be associated with explosions of certain massive stars. The dura-
tion of prompt gamma-ray emission is measured in seconds but it is often accompa-
nied by a bright and rapidly fading ( 1-2 days) afterglow in X-ray, ultra-violet, and
optical wavelengths. GRB afterglows have been detected from low redshif0.01

out to redshift of 8.2 [Tanvir et al., 2009], thus probing all the way back to the rst



Figure 1.2: Left: A summary of most prominent methods of probing the CGM in
the redshift-M parameter space. Our GRB probe method is shown for comparison.
The color in the boxes is to suggest the band in which the rest-frame UV gets
redshifted (with purple = UV and red = optical R-band). Right: Example of a
GRB afterglow (z = 5:91) spectrum probing a variety of intervening absorption
systems shown in di erent colors as well as absorption corresponding to the host
galaxy's ecosystem (shown in red). This gure is from [Chornock et al., 2013].

billion years of the universe (the era of formation of the rst galaxies).

Since GRB afterglows are bright background sources, their spectra have ab-
sorption features produced by the intervening material along the line-of-sight (host
galaxy ISM, CGM, and IGM). This presents an excellent opportunity to probe the
metal content and physical conditions of the entire galaxy ecosystem. Thanks to
the bright afterglow, it is also easy to localize the host galaxy and get its redshift.
GRBs fade rapidly, making it possible to study the host galaxy component sepa-
rately, in the absence of GRB. Hence, GRB sightlines o er the best chance to probe

the metal-enrichment history of the universe.

Past observational e orts to trace the missing metals used quasar (QSO) sight-
line spectra to probe intervening CGM and IGM (see Table 1.1). In contrast to QSO

sightlines, GRB sightlines have certain striking advantages: 1) GRBs happen within



their host galaxy. Hence GRB spectra contain signatures from the host galaxy as
well as the associated CGM, which is crucial to draw inferences about the host
galaxy ecosystem. 2) GRB discovery is based on gamma- and X-ray detection and
hence, the GRB sample is largely unbiased with respect to host galaxy properties
such as extinction. 3) The afterglow fades in 1-2 days, clearing the path for future
deep observations of the host galaxy to study its global properties (imaging the
whole galaxy and not just probing along the GRB sightline). 4) GRB hosts at > 2
typically trace low-mass star-forming galaxies. These galaxies may play an impor-
tant role in metal enrichment in the early universe due to their shallow potential
wells. However, it is di cult to probe the CGM and out ows in this population by

other methods described above.

1.1.7 Key scienti ¢ questions

In this thesis, we set out to use GRB afterglows and their low-mass, star-
forming host galaxies over a broad redshiftrange( 2 6) to probe the production
(through star formation) and distribution of metals in the host galaxy and its CGM
(through out ows) and thereby, infer the mechanisms of cosmic metal enrichment.

More speci cally, we investigate the following key questions:

1. Can we measure galactic out ows in the GRB hosts? What is the nature of
these out ows and the CGM in terms of their kinematics, composition, and

ionization state?

2. What is the mass of metals in the CGM? Does it evolve with redshift? Can

we estimate a timeline of the enrichment of the CGM?
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3. How do the properties of the host galaxies such as stellar madg |, star
formation rate, and halo mass Mya0) impact the out ows, and thereby, the

transport of metals from the galaxy to the circum- and inter-galactic medium?

While the current instrumentation allows us to reach as far ag 6 (1 billion
years after Big Bang), the next-generation extremely large telescopes (ELTs) are
required to understand the very rst galaxies in the universe (az 10, or the rst
billion years of the universe). Astrophotonics is a new technique that will augment

this scienti ¢ pursuit.

1.2 Astrophotonics: A new tool in our toolkit

Astrophotonics is the application of versatile photonic technologies to chan-
nel, manipulate, and disperse guided light from one or more telescopes to achieve
scienti ¢ objectives in astronomy in an e cient way and a compact form factor.
The developments and demands from the telecommunication industry have driven
a major boost in photonic technology and vice-versa in the last40 years.

The eld of astrophotonics spans a wide range of technologies including: col-
lecting astronomical light into guided channels ( bers/waveguides), manipulating
the transport and recon guration of the light, and Itering/dispersing/combining
the guided light. A combination of one or more of these functionalities has led to a
wide spectrum of astrophotonic instruments. Just as radio astronomy nds its roots
in radio communication, astrophotonics nds its roots in photonic / ber-optic com-

munication industry. The ongoing growth of photonics industry and astrophotonics



displays a strong parallel with the development of radio communication and radio
astronomy, where each positively in uenced the other.

The photonic platform of guided light in bers and waveguides has opened the
doors to next-generation instrumentation for both ground- and space-based tele-
scopes in optical and near/mid-IR bands, particularly for the upcoming extremely
large telescopes (ELTs). The key idea here is to leverage the ability of guiding the
light in waveguides (using total internal re ection) to collapse the conventional op-
tical setups into 2D optical circuits". The large telescopes are pushing the limits of
adaptive optics to reach close to a near-di raction-limited performance. Photonic
devices o er many advantages, thanks to the following key characteristics of pho-
tonic circuits:

1) With photonic lanterns, light can be coupled into single-mode waveguides/ bers
giving a di raction-limited performance. This means the most coherent slit width,
which gives the minimal spectrograph con guration needed for a desired spectral
resolution.

2) The light path can be controlled on a chip to a precision smaller the wavelength
of the light (for UV, optical, IR).

3) Unlike conventional optics, there is no divergence of light with distance once it is
guided in waveguides/ bers, thus eliminating the need for large optical elements to
capture the light.

4) With the high-con nement-factor of on-chip waveguides, light path can be bent
to create a photonic circuit with a very small form factor.

These advantages reduce the size of spectroscopic instrumentation and help

10



ameliorate several challenges such as thermal and mechanical stability, spiralling
costs, and mass (in case of space-based instruments). This is particularly useful
for large telescopes. The photonic devices are ideally suited for capturing the AO-
corrected light and enabling exciting science cases such as characterizing exoplanet
atmospheres and measuring the cosmological redshift, energetics, and chemistry of

the earliest galaxies.

1.2.1 Arrayed Waveguide Gratings

The astronomical light guided in the single mode bers can be dispersed in
many ways, most of which are inherited from the telecommunication technique wave-
length division multiplexing (WDM). This technique emerged from the need to in-
crease the data density of the existing ber-optic networks by using multiple wave-
lengths to carry multiple data packets simultaneously. Thus, a variety of photonic
platforms were developed to combine di erent wavelengths (multiplex) and disperse
them (de-multiplex).

Some of the photonic technologies particularly relevant for spectroscopy ap-
plications include: Arrayed Waveguide Gratings (AWG), Photonic Echelle Gratings
(PEG), Photonic Fourier Transform Spectrographs (FTS). For each technique, we
briey discussed their relevance to astronomy, their underlying concept, fabrica-
tion methods, challenges, and their upcoming solutions in the context of astro-
nomical spectroscopy in [Gatkine et al., 2019b]. Given the current paradigm of

well-established design and fabrication techniques and the stringent throughput re-
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quirements in astronomy, Arrayed Waveguide Grating technique is the best-suited

option for low-/moderate-resolution astronomical spectroscopy.

1.2.2 AWG: New directions

AWG uses an on-chip phased array-like structure of waveguides to introduce
progressive path lengths similar to a grating. The on-chip implementations are
compact and easily stackable to create an IFU or multi-object spectrograph [Cve-
tojevic et al., 2012a, Harris and Allington-Smith, 2012, Gatkine et al., 2017]. The
idea of the use of AWG for astronomical spectroscopy was rst proposed by [Bland-
Hawthorn and Horton, 2006] and an on-sky demonstration was conducted at the
Anglo-Australian Telescope [Cvetojevic et al., 2012a]. This implementation used a
commercial AWG based on Si@ platform.

Over the past few years, silicon nitride (SiN) platform has emerged as a new
alternative to the conventional Si/SiO, platforms with its low loss in visible, near-
and mid-IR wavelengths [Mufioz et al., 2017]. It is possible to achieve90% on-
chip throughput in photonic devices on SiN platform provided a tight process control
is exercised in fabrication [Blumenthal et al., 2018]. Such control with nanoscale
precision can be achieved using stable electron-beam / extreme-UV lithography.

We explored this direction of SiN platform with precision electron-beam lithog-
raphy to build a high-throughput AWG for astronomical spectroscopy. Apart from
improving the throughput on the chip itself, we also engineered waveguide tapers

to achieve high-e ciency coupling between the bers (carrying the light from tele-

12



scope to the chip) and the on-chip waveguides (feeding the light to the AWG). These
developments are crucial to attain high end-to-end throughput for the spectrograph.

It is important to make certain adaptations to the conventional AWG designs
due to requirements unique to spectroscopy (particularly, in astronomy). We ex-
plored various such adaptations including: 1) cleaving at the focal plane of the
AWG to access continuous spectrum (instead of discretized sampling in a conven-
tional AWG), 2) new ways of attaining polarization insensitivity, and 3) multi-input
AWGS to receive the light from multiple single-mode bers emanating from the
photonic lanterns. Finally, to acquire the full spectrum on a detector, we built a
cross-dispersion setup which will be used in the near future for integrating all of
these elements a photonic lantern, multi-input AWG, cross-dispersion setup, and
the detector to make the AWG spectrograph ready for an on-sky test.

For this thesis, we focused on astronomical H band (1.45 1.661 ) for two
reasons: 1) The UV/optical light from the stars in the earliest galaxiesz( > 6)
is redshifted to this waveband. 2) This waveband is widely used in telecommuni-
cation applications and hence, the material properties are well-known and various
peripherals (eg: bers, lasers, spectrum analyzers) are readily available.

Apart from my key work on AWGS, | also contributed to 1) development of
waveguide tapers for an e cient coupling of light from a ber to a SIN waveguide
[Zhu et al., 2016b], 2) development of on-chip waveguide Bragg gratings for sup-
pression of OH-emission lines [Zhu et al., 2016a], and 3) characterization of the

propagation loss of a waveguide on a chip [Hu et al., 2018].
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1.3 Thesis outline

This thesis has two focal points: 1) exploring the circumgalactic medium and
out ows in the early universe ¢ 2 6) using GRB afterlows, and 2) development
of photonic spectrographs to enable the observations of GRB afterglows even beyond
z 6 and other astronomical pursuits.

The key questions that we will be addressing in this thesis are summarized
in Sections 1.1.7 and 1.2.2. In chapter 2, we discuss the kinematics of the CGM
around high-z star-forming galaxies derived using GRB afterglow spectra (in the
CGM-GRB sample) and investigate any redshift evolution. Next, we set out to
estimate the host galaxy propertiesNl , SFR) and explore their correlations with
the CGM/out ow properties. Along that path, we rst estimate the total SFR (ob-
scured+ unobscured) of massive GRB hosts in our sample using radio observations.
This part is covered in chapter 3. Finally, we examine the correlations between the
kinematic properties of the out ow and the host galaxy properties in chapter 4 to
learn about the mechanisms of cosmic metal enrichment.

Next, we discuss our e orts on the development of photonic spectrographs
using the promising technique of Arrayed Waveguide Gratings in chapter 5. In
chapter 6, we summarize our work on two key aspects to make the spectrograph
ready for deployment multi-input AWG and cross-dispersion system. We conclude
and outline the path for future work for both the science and instrumentation parts

in chapter 7.
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1.4 A summary of facilities

The work presented in this thesis is based on new as well as archival data
obtained from several observatories. Each chapter discusses the relevant facilities in
greater detail. Here we highlight the most important facilities that made this thesis
possible.

First, we used the high-resolution GRB afterglow spectra from the Keck and
Very Large Telescopes in Chapter 2. Most of these GRBs have been discovered
and localized by NASA'sNeil Gehrels Swift Observatory Second, we used the
photometry of the host galaxies of these GRBs obtained from th8pitzer Space
Telescope 4.3-meter Lowell Discovery Telescope, Keck Telescope, and Very Large
Telescopes. We note that new optical observations of the GRB hosts reported in
Chapter 4 were performed at the Lowell Discovery Telescope in campaigns 2018A,
2019A, 2019B, and 2020A (PI: Gatkine). Both the afterglow spectroscopy and host
photometry datasets mark the culmination of two decades of observations. Third,
we used the fully upgraded Karl G. Jansky Very Large array (JVLA) to obtain
deep radio observations of a selected group of GRB hosts as a part of VLA 18B-312
program (PIl: Gatkine). These data are used in Chapter 3.

Apart from observational facilities, we used the Nano Fabrication Lab at the
Maryland Nanocenter to fabricate various photonic chips that are presented in this
thesis (Chapters 5 and 6). We also used the Maryland Astrophotonics Laboratory
(MAPL) for testing, characterization, and integration of the astrophotonic chips and

devices.
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A summary of software/codes used in this work

1. CASA [Emonts et al., 2019]

2. astropy [Robitaille et al., 2013]

3. emcee [Foreman-Mackey et al., 2013]
4. esore ex [Freudling et al., 2013]

5. galt [Peng, 2003]

6. lifelines [Davidson-Pilon et al., 2020]

7. ASURV [Feigelson and Nelson, 1985, Isobe et al., 1986, Isobe and Feigelson,

1990]
8. FIMMWAVE 1
9. Rsoft/BeamPROP?

10. DCAM-CL (Hamamatsu)?

Ihttps://www.photond.com
Zhttps://optics.synopsys.com
3https://dcam-api.com/
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Chapter 2: Uncovering The Circumgalactic Medium around GRB

hosts at redshifts 2 6

In this chapter, we will explore the kinematics of CGM around GRB hosts at

high redshifts.

2.1 Introduction

The circum-galactic medium (CGM) is loosely de ned as the multiphase ma-
terial surrounding galaxies out to the virial radius (typically spanning 10 to 300 kpc,
depending on the mass and redshift of the galaxy [Tumlinson et al., 2017]). The
CGM resides at the interface between the interstellar medium (ISM) of the galaxy
and the intergalactic medium (IGM), and thus harbors galactic out ows, accretion
ows, and recycling ows. The gas in ows fuel star formation while stellar winds
and supernova explosions inject energy and metal-enriched matter at large distances
into the ISM and CGM. Studying the CGM and its evolution in the early universe
is key to understanding the feedback mechanisms in galaxies. The synergy between
these processes is thought to shape galaxies and drive their evolution over cosmic
timescales [Tumlinson et al., 2011, Schaye et al., 2014, Hopkins et al., 2014, Voit

et al., 2015, Anglés-Alcazar et al., 2017, Nelson et al., 2019].
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The history and mechanisms of metal enrichment of the universe remain poorly
understood, primarily due to limited probes of galaxies, CGM, and IGM, at high
redshifts (z2). The metal content of the universe as a function of cosmic time can be
estimated, given the cosmic star formation history and the models of stellar nucle-
osynthesis. Even with liberal estimates, current observations have only accounted
for 50-70% of the metals created in stellar processes [Campana et al., 2015, Bouché
et al., 2006]. As an example, the recent COS-Halos studies have inferred that at
z 0O,only 20-25% of the metals produced by the stars remain in the galaxy (ISM,
stars, and dust), while 40% of the metals reside in the CGM [Peeples et al., 2014].

At higher redshifts, the distribution of metals among the galaxy (ISM, stars,
and dust), CGM, and IGM is even more uncertain due to limited observations.
Simulations and observations atz > 2 suggest that the CGM could account for

30%of the cosmic metal budget at that epoch ([Schaye et al., 2014, Lehner et al.,
2014]). The transport of metals from their formation sites (i.e. galaxies) to the
CGM and IGM is driven by galactic-scale out ows. The distribution of metals and
baryons in the galaxy ecosystem provides critical constraints for galaxy evolution
models and mechanisms of gas and metal transport [Rahmati et al., 2016, Muratov
et al., 2017]. Therefore, probing the CGM at high redshifts is essential to develop

and test theories of galaxy evolution and metal enrichment.
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2.1.1 Methods to Probe the CGM

Various methods have been employed in past and ongoing observations to
extract the diagnostic features of the multi-phased CGM. The most popular tech-
nique involves using a bright background quasar (QSO) to trace the CGM around
an intervening galaxy. Various local CGM surveysZ < 0:5) including COS-Halos
[Tumlinson et al., 2013, Werk et al., 2016, Prochaska et al., 2017], COS-Dwarfs
[Bordoloi et al., 2014b], COS-GASS [Borthakur et al., 2015], and others [Stocke
et al., 2013, Zhu and Ménard, 2013] utilize UV/optical absorption spectra to study
CGM kinematics and physical properties through high ionization potential species
(high-ion) such as O VI, NV, C IV, Si IV and low ionization potential species (low-
ion) such as Fe Il, Si ll, C I, Ca Il in the CGM. These observations allow matching
the absorbers to their respective impact parameters from the galaxy with a precision
of tens of kpc. The higher redshift surveys of QSO-galaxy pairings (eg: [Fox et al.,
2007, Lehner et al., 2014, Turner et al., 2014, Rudie et al., 2019]), QSO-QSO pair-
ings (QPQ; [Hennawi et al., 2006, Prochaska et al., 2014, Lan and Mo, 2018]), and
galaxy-galaxy pairings [Steidel et al., 2010, Lopez et al., 2018] use rest-frame UV
spectra for similar analysis with limited information about the associated galaxies
and/or impact parameters.

In down-the-barrel" spectroscopy, a star-forming galaxy's own starlight is
used as a background illumination to detect absorption from the intervening ISM
and CGM [Martin, 2005, Steidel et al., 2010, Bordoloi et al., 2011, Rubin et al.,

2012, Kornei et al., 2012, Heckman et al., 2015, Rubin et al., 2014, Rigby et al.,
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Figure 2.1: Upper panel: Distribution of redshifts in the GRB sample. The median
redshift is 2.71. Lower panel: Distribution of the signal-to-noise ratios of the spectra
used for this study. The median ratio is 10.

2018]. This technique has been successful in tracing the galactic in ows and out ows
in the CGM of star-forming galaxies with a caveat that the radial coordinate of the

absorbing component remains unconstrained.

2.1.2 The CGM-GRB Project

Our approach utilizes the spectra of bright afterglows of long Gamma-ray
Bursts (GRBs) to derive the kinematic properties of the CGM around their host
galaxies and use a simple toy model to further constrain the physical properties
of the CGM gas. This technique will further enable the investigation of possible
relations between the CGM and the galaxy properties that may govern feedback
processes and their evolution with redshift. Thanks to the nature of GRBs and the

extensive follow-up e ort over the past ten years, we were able to collect enough
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data to study the CGM of GRB hosts in the redshift range2. z. 6.

Long-duration GRBs are the most powerful explosions in the universe, being
several orders of magnitude more luminous than typical supernovae. The prompt
emission is followed by a rapidly fading (1 2 days) X-ray, UV, and optical after-
glow. GRB afterglows have been detected from low redshift0.01 out to a redshift
of 8.2 [Tanvir et al., 2009, Salvaterra et al., 2009, Cucchiara et al., 2011], thus prob-
ing the rst few billion years of the Universe, an era characterized by the formation
and early evolution of galaxies that may have had a critical role in enriching the
universe with metals.

Since GRB afterglows are bright background sources, their spectra harbor
absorption features produced by the material along the line-of-sight including the
host galaxy ISM as well as the CGM and intergalactic medium [Prochaska et al.,
2007, Fox et al., 2008, Prochaska et al., 2008b, Cucchiara et al., 2015]. Thus it
provides an excellent opportunity to probe the chemical composition and physical
conditions of the entire galaxy ecosystem. The GRBs also fade rapidly, making it
possible to study the host galaxy component separately, in the absence of the bright
GRB.

Compared to QSO sightlines, GRB sightlines have key advantages: 1) GRBs
happen within their host galaxy, thus probing the host galaxy ISM as well as the
associated CGM, the main components of the galaxy ecosystem; 2) GRB discovery is
based on gamma- and X-ray detection and hence, is largely independent with respect
to host galaxy properties (further discussed in Y2.2.2); 3) The optical afterglow fades
in 1-2 days, clearing the path for future deep observations of the host galaxy to study
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its global properties and surroundings.

However, at the same time, the number of GRBs suitable for CGM investiga-
tion is small, despite the detection rate of 100 yr* by dedicated space-based mission
like the Neil Gehrels Swift Observatory Swift). Similarly, the fast-decaying nature
of their afterglows requires opportune follow-up strategies in order to obtain high-
SNR spectra. And nally, it requires separating the CGM and ISM contributions in
the absorption spectra, which can be challenging. Our approach tackles this problem
by using the kinematic information derived by absorption line spectroscopic data.

In this paper, we present the analysis of a dataset of 27 high-z & 2) GRBs,
out of which 6 are at z& 4 (Y2.2, Y2.3). We use column density line pro les to
study the kinematics and line ratios of the absorbing gas to distinguish between
the CGM and ISM (Y2.4). We designed a simple toy model (Y2.5) to obtain an
estimate of the out ow properties in the CGM. We estimate the CGM mass for a
typical GRB host in this sample and summarize its possible evolution with redshift
inY2.6. In Y2.7, we discuss various implications our ndings may have on our current
understanding of the CGM kinematics, out ow rates, metal enrichment, and CGM-

galaxy co-evolution. The key conclusions of this study are summarized in Y8.

2.2 The GRB Sample

2.2.1 Sample Properties

Obtaining a good estimate of ionic column density as a function of velocity

requires high signal-to-noise spectra (SNR 5) of medium resolution R & 800Q
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50 km s 1). The cut-0 in resolution is selected to clearly distinguish the absorption
systems at di erent velocities and minimize the errors in column density estimation
due to saturation e ects and blending (see [Prochaska et al., 2006, Cucchiara et al.,
2013]). Our CGM-GRB sample consists of 27 long GRBs that satisfy these stringent
criteria. The sample properties are summarized in Fig. 2.1. The median redshift of
the sample is 2.71 and median SNR is 10. Notably, six of the GRBs are atz4.
Table 2.4 lists the GRBs in this sample along with the observational details.

As mentioned earlier, the transient nature of GRBs requires rapid-response
facilities capable of observing their afterglow within a few minutes of their discovery.
Our dataset comprises primarily of archival data acquired by the X-Shooter and
UVES spectrographs on the Very Large Telescope (VLT). These spectra provide
a wide wavelength coverage (from optical to NIR) and su ciently high spectral
resolution (R  8;000 55;000. In addition, we retrieve spectra from the archival
dataset of the Keck telescope's HIRES and ESI spectrographs.

The majority of these spectra were re-analyzed and normalized using the data
analysis pipelines in [Cucchiara et al., 2013, Cucchiara et al., 2015]. More recent
data (from 2014) were acquired from the PHASE 3 VLT archivé?, which provides
fully reduced, research-ready one- and two-dimensional spectra. We utilized the ux-
calibtrated one-dimensional spectra and normalized the GRB afterglow continuum
using a spline function. Every spectrum is manually inspected and the overall

continuum is determined using the python-basedinetool package®. The error

Ihttps:/lwww.eso.org/sci/observing/phase3.html
2http://archive.eso.org/wdb/wdb/adp/phase3_main/form
3https://github.com/linetools/linetools
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from the continuum t is propagated into the ux error spectrum.

2.2.2 Selection E ects

Due to the high SNR and resolution requirement, this sample is biased towards
the brighter end of GRB afterglows distribution. The afterglow magnitudes at the
time of taking the spectra are listed in Table 2.4, clearly indicating a limit atmag

21.0 (with an exception of GRB 100219). This selection e ect is complex since
the magnitude at the time of observation depends on the intrinsic brightness and
distance of the afterglow as well as the time elapsed since the prompt gamma-ray
emission. Regardless, it can be said that this sample selectively avoids intrinsically
faint afterglows. However, considering that the apparent brightness of the afterglow
also depends on the host galaxy dust extinction, it can be said that this sample
selectively avoids heavily dust-obscuredA(, > 0.5) sightlines [Perley et al., 2009,
Krahler et al., 2011, Zafar et al., 2018].

In general, long GRBs trace cosmic star formation [Greiner et al., 2015, Schady,
2017]. Atz 2.5, the typical star formation rate of GRB hosts is 10M yr 1!
[Krihler et al., 2015], the typical GRB host stellar mass is 10°3 M [Perley et al.,
2016b] and the typical gas phase metallicity is 0:05 0:5 solar [Trenti et al.,
2015, Arabsalmani et al., 2018]. Thus, from a CGM perspective, this sample traces

star-forming, low-mass galaxies at > 2.

24



2.3 Methods

2.3.1 Redshift Determination

In order to infer the kinematics of di erent chemical species, the redshifts of the
GRB host galaxies in the sample need to be determined in a precise and uniform
manner. Commonly, the galaxy redshifts are obtained using nebular emission lines
(e.g. H ) but this method is not viable for faint GRB hosts at high redshifts.
Therefore, we use the local GRB environment (within few 100 pc of the GRB) as

a proxy for the systemic redshift of the GRB host galaxy.

The ne structure transitions of the species such as such as Ni lI*, Fe II*, Si lI*,
and C II* in the rest-frame UV [Bahcall and Wolf, 1968] trace the ISM clouds in the
vicinity of the GRB ( few 100 pc 1 kpc) due to UV pumping. This is further
corroborated by temporal variations found in the strength of these lines in multi-
epoch spectra of a few GRBs [Vreeswijk et al., 2007, Hartoog et al., 2013Ex
et al., 2014]. The strongest absorption components (i.e. velocity components) of
these ne-structure transitions are therefore good proxies for the rest-frame velocity
of the burst environment within a few hundred parsecs [Chen et al., 2005, Dessauges-
Zavadsky et al., 2006, Prochaska et al., 2006]. Therefore, we choose the redshift by
visual inspection such that the strongest absorption components in the ne-structure
transitions occur at 0 km s 1, i.e. rest frame. We primarily use Si II* and C II*
transitions for estimating the redshift. In case of saturation or confusion between

Si lI* and C II*, we use Ni II* lines due to their lower oscillator strength.
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In addition, we visually check for the presence of other low-ionization lines
such as Fe Il 1608, Si Il 1526, and Al Il 1670 (especially the weak transitions of Si
Il and Zn 1) which are reliable tracers of the host galaxy ISM [Prochaska et al.,
2006, Cucchiara et al., 2013], to visually con rm the redshift determination. With
the use of the strongest components of ne-structure transitions to estimate the zero

point, the GRB redshift is accurate to within 50 km s 1.

2.3.2 Spectroscopic Analysis

GRB spectra show a plethora of signatures, ranging from the circumburst and inter-
stellar media to the galactic winds and circumgalactic medium. Prior studies have
extracted the intervening systems along the GRB sightlines (at € zgrg ) to trace
cosmic chemical evolution. These studies have used the doublets from Mg II, C IV,
and Si IV, to determine the chemical enrichment of the universe similar to the anal-
ysis of quasars intervening systems [Prochaska et al., 2008b, Fox et al., 2008, Fynbo
et al., 2009, Simcoe et al., 2011, Thone et al., 2012, Sparre et al., 2014, Cucchiara
et al., 2015, Vergani et al., 2017]. In this paper, we focus on the contrast between
the high and low ion kinematics. The GRB spectra were normalized, binned, and
tted to extract the column density, Doppler parameter, and the line center (in
velocity space) for each absorbing component within a velocity window of400km

s 1 for key high- and low-ion species. The parameters of these species were then
used to study the kinematics of the absorbing gas and estimate the likely origin of

the absorbing component(s).
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Filtering: Various intervening systems previously reported in the literature (refer-
ences in Table 2.4) were identi ed and the regions where the absorption lines from
the intervening system blend with rest-frame GRB absorption were agged. In ad-
dition, the regions containing telluric absorption from the atmosphere were agged.
For lines with strong neighboring transitions (eg: Si Il 1260 and S Il 1259, etc),
the velocity windows considered for tting were carefully adjusted to minimize the
confusion.

Voigt pro le tting: Thanks to the medium resolution spectra in this sample, it is
possible to resolve the kinematics of absorbing systems residing in the ISM and CGM
into individual components in the velocity space. The GRB spectra were analyzed
by tting individual components, where the optical depth of each component is
modeled as a Voigt pro le. Given the complex nature of GRB sightlines, typically
more than 5 absorption components are observed in these spectra. While there
are other 2 grid-search-based codes (eg: VPFfTand MPFIT [Markwardt, 2009])

for tting the Voigt pro les, there are fundamental limitations of these methods
for solving this particular problem. Obtaining useful results with a grid-search in
such a large parameter space of a non-linear model is computationally expensive.
Further, it is dicult to capture the degeneracy between various parameters in

a guantitative manner, for instance, the degeneracy between Doppler parameter
and column density for saturated components. The Bayesian approach provides
a rigorous way to visualize the degeneracy and estimate the errors around the t

parameters in a systematic way for multi-component Voigt pro les.

4Available at https://www.ast.cam.ac.uk/~rfc/vp t.html
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Figure 2.2: The median absorption line pro les (in green) of the individual spectra
(in blue) in the CGM-GRB sample. The red line shows the rms noise (shifted
vertically by 1.5).

For these reasons, we developed a Bayesian-inference-based, multi-component
Voigt pro le tting code in Python to determine the best- t values of the parameters

for each componeni(), i.e. the column density (\;), Doppler parameter @a), and
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line center (/). To sample the posterior probability distributions, the Markov Chain
Monte Carlo (MCMC) method was used. The MCMC sampling was implemented
usingemcedibrary in Python [Foreman-Mackey et al., 2013]. A detailed summary of
the Bayesian Voigt-pro le tting method and error estimation is given in Appendix
A.1. This code provides a robust and novel approach to t the complex multi-
component absorption systems such as GRB or QSO sightlines and obtain reliable
estimates of the optimal parameters and the associated errors.

To t multi-component Voigt pro les to a given transition, a velocity win-
dow spanning 400 km s ! around the GRB rest-frame is extracted. This velocity
window enables fair comparisons with the simulations of CGM as well as previous
observations of high- and low-redshift CGM. The spectra are binned by a factor
of 2 to 4 depending on the noise level for easier visual inspection. The number of
components to be tted is determined through manual inspection of doublets (eg:
C IV 1548 and 1550) and lines with similar ionization potential (eg: C IV, Si V).
The line spread function of the spectrometer is modelled as a Gaussian function
and convolved with the synthesized multi-component Voigt pro le to obtain the
comparison spectrum for evaluating the residuals. The initial guesses of the param-
eters are manually provided to the MCMC routine (as priors) to nd the optimal
line-parameters and associated uncertainties corresponding to all the components
(Ni, b, v;). Also, doublets are tted simultaneously. Our optimal parameters are
consistent with the results from other references in Table 2.4 as shown in Fig. 2.3.
The Voigt-pro le ts are shown in gures A.4 A.30 and the line pro le parameters

are listed in Table 2.3.
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Figure 2.3: Comparison of total column densities partially compiled from the
literature (references in Table 2.4) with the total column densities derived in this
paper. The dotted line represents the line of equality.

Caveats: The kinematic resolution of the analysis is linked to the spectral resolution
of each observation, leading to a variance in the precision of the parameter estimation
throughout the sample due to di erent spectral resolutions. For warm CGM (T

10 © K), the thermal Doppler parameter is expected to be in the rangé 20
km s ! for C and Si with further broadening expected due to turbulence [Lehner
et al.,, 2014]. For spectra with R 10000, we can marginally resolve b 15 km

s 1. In saturated regions, the determination of optimal parameters has a higher
uncertainty due to degeneracy between the Doppler parameter and column density.
In such cases, lines with similar ionization potential and weaker oscillator strength
help provide an estimate without breaking the degeneracy. While the Voigt pro le
tting works well in case of mildly saturated lines, it does not fully alleviate the
uncertainty for strongly saturated lines (such as saturation spanning 100 km

s 1). In Table 2.3, a quality ag of O indicates unsaturated or mildly saturated
components while a quality ag of 1 indicates strongly saturated components. The

tabulated pro le parameters for strongly saturated components denote a likely but
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non-unique solution.

2.4 Inferring Kinematics

2.4.1 Median Plots

In order to understand the overall kinematics of the sample, the normalized
rest-frame spectra were plotted in velocity space. In Fig. 2.2, various high- and
low-ion transitions of the individual GRBs are shown in blue, while the median
kinematic pro les are shown in green. The key qualitative results from the median
plots are:

a) There is a signi cant blueward absorption excess at velocities. 100km s 1,
which is a clear signature of out owing gas.

b) This blueward asymmetry is stronger in the high-ion transitions than in the low-
ion transitions. The median pro le for the ne structure transition of Si II* is, not
surprisingly, more symmetric.

¢) The median absorption for the low-ion transitions is fairly limited to within 100
km s ! unlike the high-ion lines, which extend much further (especially blueward).

These qualitative observations may indicate out owing gas predominantly
traced by the high-ion transitions. Thus, we expect at least two di erent phases
that are kinematically distinct. In order to test this hypothesis in greater details we

use a toy model to reproduce the observed kinematic behavior (Secti2).
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2.4.2 Integrated Line Pro les

The absorption lines in the afterglow spectra from various high- and low-
ion species were tted with multi-component Voigt pro les as described in Section
2.3.2. In order to quantitatively measure and compare the kinematics of high-
and low-ion species as well as compare the observations with models (as described
in Section 2.5), the tted continuous line pro les were converted into integrated
column density pro les. The tted Voigt pro les pro les (with Nj, b, and v;) were
converted to apparent optical depth proles as a function of velocity ((v)) such
that ,(v) = In[F(v)=F(v)], where F¢(v) is the normalized continuum ux level
(i,e. 1) and F(v) is the normalized ux from the tted pro le at velocity v [Savage
and Sembach, 1991]. The apparent column density is then evaluated Mg(v) =
3768 10 ,(v)=f , wheref is the oscillator strength and is the rest-frame
wavelength of the line in A. The integrated column density is the integral ol (V)
over bins of 100 km st.

The integrated column density pro les are shown in blue in Figures 2.4, 2.10,
and 2.11. The strongly saturated components are treated as lower limits evaluated
by imposing a maximum cap on ,(v) of 4.5 (equivalent to a lower cap of 0.01
on the normalized ux) and they are marked as open circles. The saturation issue
does not signi cantly a ect the velocity bins beyond 100 km s *. The downward
triangles show integrated column density for a bin with no detected absorption and is
evaluated using (v) = 0.05 which denotes the typical detection limit of the sample.

The error bars on the integrated column density are evaluated by calculating the
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Figure 2.4: The integrated column density pro les for the high- and low-ion species
of the CGM-GRB sample. The blue line and labels refer to the median values while
the central 50 and 80 percentiles are shown in darker and lighter shades. The green
line and labels indicate the estimated mass of the species in the CGM.
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Figure 2.5: The high- to low-ion line ratios as a function of velocity. The line
ratios are evaluated as the ratio of integrated column densities for the two lines as
a function of velocity. The solid red symbols indicate that at least one of the two
absorption lines is detected in that velocity bin. The empty symbols indicate that
one of the two lines is saturated, while the green circles show the cases where both the
lines are saturated in that velocity bin (double saturation points). A circle denotes
detection of both lines, an upwards (downwards) triangle denotes lower (upper)
limits. A cross symbol indicates points where both the lines have non-detections
(double non-detection points). The blue line traces the median of the line ratios
including double non-detection points at each velocity bin with the purple shades
spanning the 50- and 75-percentile zones. The cyan line traces the median excluding
the double non-detection points (i.e. requiring the detection of at least one of the
two lines in the given velocity bin).
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di erence between the Voigt pro les generated using the optimal parameters and the
pro les generated using the 1- deviation parameters (as shown in Fig. A.1). This
captures both the tting uncertainty as well as the noise spectrum. The median
integrated column density pro le for each line is shown in blue. The inner and
outer purple-shaded regions show the central 50 and 80 percentiles of the integrated

column density distribution for each bin, respectively.

2.4.3 Detection Fractions

The integrated column density pro les help visualize the fraction of sightlines
where various species are detected as a function of velocity. Broadly speaking, the
detection fractions can be categorized in three kinematic regions: centrgvj(<
100 km s?), blue wing (v < 100 km s?), and red wing (v > +100 km s?1).
The detection fractions of various high- and low-ion species are calculated as the
number of detected sightlines divided by the number of sightlines with the spectral
coverage for that ion and are reported in Table 2.1. The O VI and N V absorption
lines are redshifted to the low-sensitivity (blue) regions of the spectrographs for
z 2, which leads to a poor signal-to-noise ratio. In addition, the vicinity to
the Lyman-alpha forest and possible doublets contamination can prevent reliable
detection of these species. Therefore, we only consider the detections where both
doublets show absorption lines that can be reasonably tted. The uncertainty on
the detection fractions for these ions re ects the small number of cases where these

lines are within the spectral coverage and are not a ected by low SNR, saturation,
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Table 2.1: Detection fractions in various kinematic regions

Species Blue wing . Central Red wing
(v<-100kms?) (jvj< 100kms?') (v> 100kms?)

o VI 0:65'%:2 0:8"%2 0:6'%2

NV 0:52"9;3° 0:76"93° 0:56"%,3°

Si IV 0:92'9:5¢ 0:96'%:0% 0:69'%:0%
CIv 0.96 1.00 0.63

Al Il 0.67 1.00 0.62

Sill 0.73 0.96 0.61

Fe Il 0.67 0.92 0.55

or mismatch between the doublets.

The central region within 100 km s ! shows the highest detection fraction
for all the ions. The blue wings have a higher detection fraction compared to the
red wings for all the ions except N V, as expected from the stacked spectra (Fig.
2:2). We compare the detection fractions in this sample with KODIAQ sample
a QSO-based survey of CGM absorbers at 2 3.5 [Lehner et al., 2014]. The
overall detection fractions in the KODIAQ survey for O VI (75%), NV (55 20%),

Si IV (95%), C IV (90%), and Fe Il (78%) are consistent with the detection fractions

in blue wing region of the CGM-GRB sample within 10%

2.4.4 Kinematic Asymmetry

It is evident from the stacked spectra in Fig. 2.2 that there is a clear excess
of absorption in the blue wing ¥ < 100 km s?) relative to the red wing (v >
100 km s 1). The excess also appears to be stronger for the high-ionization species
such as Si IV and C IV relative to the low-ionization species such as Si Il and Fe Il.

We quantify this kinematic asymmetry using the median integrated column density
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pro les shown in Fig. 2.4. The median of the total integrated column densities
are tabulated in three distinct kinematic regions in Table 2.2: centralj¢j < 100
km s 1), blue wing (v < 100 km s?), and red wing (v > 100 km s?!). The
reported uncertainties are evaluated as 2-intervals of the distribution of medians
of total integrated column densities derived via a simple resample-with-replacement
bootstrap technique. The degree of asymmetry is calculated as the ratio of blue- to
red-wing column densities. The median asymmetry in the high ions C IV and Si IV
are 0.36 and 0.52 dex, respectively, in contrast to 0.17 and 0.19 dex for the low
ions Si Il and Fe Il, respectively.

The blue absorption excess (or asymmetry) has been interpreted as a galactic
out ow signature in previous GRB-afterglow sightline studies (eg: with 7 high-z
GRBs in [Fox et al., 2008] and GRB 080810 in [Wiseman et al., 2017a]). From the
kinematic distribution in the blue wing, the typical out ow velocity is 150 250
km's 1. Another important aspect is the higher degree of asymmetry in Si IV and C
IV relative to Si Il and Fe Il. These high ionization species are more asymmetric by
roughly a factor of 1.5 2 than the low ionization species. This key observation
implies that not only there is an excess of out owing gas compared to infalling gas,
but also the out owing gas is more highly ionized than the infalling gas. Unlike all
the other ions presented here, N V has no signi cant asymmetry and therefore, could
be tracing a phase (or a combination of phases) that is kinematically distinct from
the gas phase (or a combination of phases) traced by the other high- and low-ion

lines. We return to this point in section 2.7.
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Table 2.2: Kinematic asymmetry in high and low ions

Integrated col. density in cm 2
Blue wing Central Red wing Asymmetry

Species
i log(Ns) ~ log(Nc)  log(Ng)  (dex)
oVl 143991 14989% 13803 0.59
NV  1372°930 1436938 138039 -0.08
Silv 1346918 14491 1310113 0.36
cIv 1387993 1499%11T 133577 0.52
Al 1248918 137098 1232705 0.16
sin 1375%32 1482%1 13587C% 0.17
Fell 1397%715 1489911 137899 0.19

2.4.5 Line Ratios

The ratio of column densities of various high- and low-ion species provides
another perspective to learn about the physical conditions of the intervening gas in
di erent kinematic regions. We select Si IV, C IV, Si Il, and Fe Il for this analysis
since they have excellent spectral coverage in the sample and are t reasonably well
due to high signal-to-noise ratio in the corresponding observed wavebands. Si Il
1526 and Fe Il 1608 are taken as representative low-ion lines since a) they have a
moderate line strength, thus preventing saturation, and b) there are no adjacent
strong lines in the rest frame that could potentially blend/contaminate the 400
km s ! region.

Figure 2.5 shows the high- to low-ion line ratios as a function of velocity. The
line ratios are evaluated as the ratio of the integrated column densities for the two
lines as a function of velocity. The solid red symbols indicate that at least one
of the two absorption lines is detected in that velocity bin. The empty symbols

indicate that one of the two lines is saturated, while the green circles show the cases
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where both the lines are saturated in that velocity bin (double saturation points).
The double saturation ratios are evaluated by taking the ratios of integrated column
densities by putting a lower limit on the observed ux (as described in section 2.4.2).
A circle denotes detection of both lines, an upwards (downwards) triangle denotes
lower (upper) limits. A cross symbol indicates points where both the lines have non-
detections (double non-detection points). In such cases, the ratio is taken as the
ratio of their typical detection thresholds evaluated using (v) = 0.05 (see section
2.4.2). The blue line traces the median of the line ratios including the double non-
detection points with the purple shades spanning the 50- and 75-percentile zones.
The cyan line traces the median excluding the double non-detection points (i.e.
requiring the detection of at least one of the two lines in the given velocity bin).

To avoid large number of double non-detection points, we focus on velocity
bins from 250to 150km s !, where the double non-detection cases are limited
to less than 40%. In this region, the high- to low-ion ratio is higher in the blue
wing relative to the red wing. This is more clearly noticeable in the Si IV / Fe
Il and C IV / Fe Il ratios. The actual ratios in the blue wing are likely to be
higher due to a large number of lower limits in the blue wings (i.e. detection of
high ions and non-detection of low ions). This can also be seen by comparing the
high- and low-ion lines in Table 2.2. The line ratios in the central region are more
uncertain due to high occurrence of double saturation cases, but they appear to
be commensurate with the blue wing ratios. Qualitatively, the line ratios highlight
the distinct physical characteristics of the three kinematic zones and hint towards

a general presence of high-ion rich out owing gas at a projected speed ofLl50
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250 km s 1.

2.5 Toy Model

In order to explain these observations, we simulate the sightlines through the
ISM and CGM of the GRB hosts using the known characteristics of the GRB hosts
at these redshifts. This modeling will help us disentangle the relative contributions
of the host ISM and CGM to the observed column densities as a function of velocity.

Unlike the detailed models that are available for the local multi-phase CGM
(eg: [Stern et al., 2016]), the CGM models for high-redshift galaxies are few and
limited, especially for galaxies withM < 10'°M . Therefore, we constructed a
simple toy model to extract typical estimates of the physical properties of the CGM
and thus help us interpret the observed kinematics. We adopt simple assumptions
to derive CGM kinematics in terms of a few model parameters and compare the
resulting column densities with the observations. Ultimately, we aim to obtain a
coarse estimate of typical kinematic properties of the CGM of GRB hosts at high
redshifts. We will focus on the C IV kinematics since this feature is ubiquitously
detected in all the sightlines, and the out ow component is prominent in the C IV

kinematics.

2.5.1 Line-of-sight Simulations: Setup

To simulate how the GRB sightlines sample the kinemaics of the CGM-galaxy

system, we constructed a simple geometrical model of the system as shown in Figure
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Figure 2.6: A schematic of the toy model used for simulating a sightline that probes
the kinematics of the ISM and CGM in a GRB host.

2.6. The galaxy ISM is modeled as a disk with an exponential gas density distribu-
tion in the radial direction. The ISM parameters of the galaxy are chosen to re ect
a typical, representative galaxy from the known population of GRB hosts in the
redshift rangez 2 3 [Wainwright et al., 2007, Perley et al., 2016b, Blanchard
et al., 2016, Arabsalmani et al., 2018]. The CGM is modeled as an isothermal sphere
populated by clouds where the density of the cloud is inversely proportional to the
square of the radial coordinate of the cloud (see Equation A.5). This distribution as-
sumes the clouds have originated from a mass-conserving out ow [Chisholm et al.,
2017, Steidel et al., 2010]. In addition to the isothermal velocity distribution, a
certain fraction of clouds €,.) are randomly selected to have an additional radial
outward velocity component to simulate the out ows. The value of the additional
radial velocity depends on the radial coordinate of the cloud and follows a ballistic
velocity pro le with radial launch velocity of vy, at an out ow launching radius

Riaunch Of 2 kpc. The entire simulation setup is described in detail in Appendix A.2.
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To create a complete sample of sightlines for each of these models, 200 GRB
sightlines were synthesized by randomly sampling uniform distributions of a) GRB
positions within the galactic disk and b) the 3D direction vectors of the sight line.
The projected velocity of the intervening gas (from the ISM and CGM) along the
GRB sightline was calculated with respect to the projected velocity of the gas in
the immediate vicinity of the GRB. Setting this velocity reference is important to
maintain consistency with the observations, where = 0 is assigned to the strongest
ne structure line absorption, a tracer of gas in the vicinity of the GRB as evident
from the UV-pumping argument ([Prochaska et al., 2006] and [Vreeswijk et al.,
2007]).

The most important model parameters a ecting the observed CGM-ISM kine-
matics are listed in Table A.1. We approximate the typical stellar mass of GRB
hostsatz>2as 2 1(°M [Perley et al., 2016b], thereby constraining the halo
mass [Hopkins et al., 2014, Wechsler and Tinker, 2018] and thus the typical rotation
and dispersion velocities. The volume lling fraction is approximated as 0.1 from
prior CGM studies at lower redshifts [Werk et al., 2016, Stocke et al., 2013]. With
these assumptions, the free parameters of the model are: the CGM mass (traced by
C IV), Mcem , the launching velocity of the out ow, vy, and the out ow fraction,
fout. Hence, we synthesize a matrix of 27 models with three distinct values of each
of these model parameters, as stated in Table A.1.

The C IV kinematics are evaluated by making certain assumptions about the

CGM and ISM metallicities and the ionization fraction for C IV, fc,v . The C IV
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Figure 2.7: Integrated C IV column density from the toy model assuminiyl cgm
= 10°3M . The panels show the results using an out ow launch velocity of 150 km
s 1,220 km s?, and 300 km s? (at 2 kpc) and an out ow fraction of 0.25, 0.5, and

0.75.
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Figure 2.8: Integrated C IV column density from the toy model assuminiyl cgm
= 10°8M . The panels show the results using an out ow launch velocity of 200 km
s 1,250 km s?, and 300 km s? (at 2 kpc) and an out ow fraction of 0.25, 0.5, and

0.75.
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Figure 2.9: Integrated C IV column density from the toy model assuminiyl cgm
= 10'“3M . The panels show the results using an out ow launch velocity of 200
kms 1, 250 km s, and 300 km s? (at 2 kpc) and an out ow fraction of 0.25, 0.5,

and 0.75.

45



column density is evaluated as:

f Z
Nciv = Niotal (C)Ié/ 7 (nc=n) (2.1)

We conservatively assuméc)y = 0.3 as a maximal ionization fraction similar
to [Bordoloi et al., 2014b] and as derived in [Oppenheimer and Schaye, 2013] for
z > 2. The CGM and ISM metallicities are assumed to be 0.25 and 0.15 solar,
respectively [Trenti et al., 2015, Arabsalmani et al., 2018, Shen et al., 2013]. The

solar ratio of carbon number density to total number density is 3.26 10 *.

2.5.2 Line-of-sight Simulations: Results

The kinematic separation of the CGM and ISM has been used in various
previous studies (eg: to study the CGM of Andromeda galaxy) to distinguish the
CGM and ISM contributions in the velocity pro les [Fox et al., 2014, Fox et al.,
2015, Lehner et al., 2015]. In this paper, we performed kinematic simulations to
infer the relative contributions of the CGM and ISM as a function of velocity using
the characteristic parameters of GRB host galaxies of our sample.

Figure 15 in Appendix A.2 shows the breakdown of the total column density
into ISM and CGM components, with (left) and without an out ow (right). Two
key inferences can be drawn from this illustration: a) an out ow component is
necessary to explain the observed kinematic asymmetry, and b) the ISM component
kinematically dominates the central region j/j < 100 km s 1), while the CGM

component is the main contributor of column density in the red and blue wings
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(v>100kms *andv < 100km s !, respectively). With this insight, we use the
kinematic separation to further estimate the physical properties of the CGM.

Figures 2.7 2.9 show the integrated CGM+ ISM column density for C IV as a
function of velocity bins of width 100 km s in a fashion similar to the observations.
The results are shown for 27 synthesized models with di erent combinations of
CGM mass (as traced by C 1V), out ow launch velocity (o), and out ow fraction
(fout).- The red dots indicate the integrated column density for each simulated GRB
sightline. The blue line shows the median pro le and the purple shades indicate the
central 50 and 80 percentiles. The vertical dotted lines separate the central region
dominated by the ISM from the blue and red wings dominated by the CGM.

We compare the blue and red wings with the observations since the central
region is often saturated in the observations. As clearly seen in these gures, a higher
out ow fraction increases the kinematic asymmetry while a higher out ow velocity
shifts the asymmetry blueward, as expected. A higher CGM mass proportionally
increases the median column densities in the red and blue wings, while the increment
in the central region is slower since it is dominated by the ISM.

Despite its simplicity, this kinematic model does an excellent job at reproduc-
ing the median kinematics pro le as well as typical detection fractions and column
density distribution as a function of velocity. These simulations rule out an out-
ow fraction of & 0:5 and a CGM mass of& 10'“*M by simple comparisons of
the median pro les and the percentile distributions. However, it should be noted
that a lower metallicity for the CGM would favor a higher CGM mass to explain

the observations while a higher ionization fraction would favor a lower CGM mass.
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Nonetheless, the current assumptions are reasonable within a factor of 2. The model
that best explains the observed kinematics i cgy = 18M |, Vot =300 km s 1,
fout = 0.25. Note that v, is the launch velocity at 2 kpc for a ballistic out ow.

In section 2.6, we use these kinematic simulations to estimate the contribution of
CGM in the central 100 km s ! velocity region, which is crucial in estimating the
typical CGM mass in our sample.

No extra in ow component has been added in these kinematic simulations.
Various feedback simulations suggest that at  2:5, cold in ows are hardly de-
tectable in metal lines due their low metallicity and low covering factors [Fumagalli
et al., 2011, Goerdt et al., 2012]. Given the observational challenges in detecting
the in ows, we do not include an in ow component in our toy model. However, a

plausible in ow scenario is explored in section 2.7.3.

2.6 CGM Mass Estimate

Estimating the mass of the CGM at high redshifts is a key step in determining the
cosmic baryonic budget as well as the distribution of metals throughout the universe
and the various mechanisms at play [Bouché et al., 2006, Bouché et al., 2007, Peeples
et al., 2014, Muratov et al., 2017]. In this section, we will estimate the typical mass
of the CGM for high-z GRB hosts, explore its evolution with redshift, and compare
the carbon mass in the CGM and ISM. The length scales considered here are proper

distances.
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2.6.1 Converting Column Densities into Mass

Our kinematic toy models provide a reasonable handle on the CGM mass
(Mcew  10°8M ). In this section we provide further insights on the CGM mass
from the observed column densities, adopting realistic geometrical assumptions, and
compare the results with the toy models. For this, we assume the CGM-GRB sample
as a set of random GRB sightlines probing the typical ISM and CGM of a GRB

hostatz 2 5.

2.6.1.1 Method

A key uncertainty in this formulation is the contribution of the CGM to the
column density in the central region jvj < 100km s 1). To resolve the CGM-ISM
degeneracy in this region, we make certain assumptions based on the insights we
gained from the toy models. Since the central region also su ers from saturation
issue leading to the measurement of only the lower limit of the column density, we
avoid making a direct use of the CGM to ISM ratio in this region. Instead, we use
the column density in the 150 km s! bin (i.,e. 200<v < 100km s 1) to
extrapolate the central column density since the column density in the 150 km s ?
velocity bin is measured more accurately. This ratio is in the range of 2 to 4 for the
models that were found viable in the previous section. Hence, we use a factor of 3 to
estimate the CGM-contributed column density in the observed spectra. To calculate
the CGM mass, we will make use of C IV column density since it is ubiquitous and

a good tracer of the out ow component.
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To convert the integrated CGM column density of C IV, as approximated
above, into the mass of C IV in the CGM, we assume that the CGM density pro le
is a power law given by:

r
Ncem (1) = N F\To (2.2)

For convenience, we select the reference radiRg as the starting point of the CGM,
equivalent to twice the half-light radius (Re) of the galaxy. We assume a typical
Re of 2 kpc for GRB hosts atz > 2, following previous observations of GRB hosts
[Wainwright et al., 2007, Blanchard et al., 2016], and thu®ky = 4 kpc. Both the
detailed simulations and our toy model indicate that the gas which leads to the
observed absorption in C IV is spread out to about 2 R,;;. Beyond that, the
gas density is too low to give rise to a detectable absorption component (assuming
n(r) / r 2). Given a constant volume lling fraction of f,, the mass of the CGM

(for 6 3) can be stated as:

Z Rcem 5
Mcev = 4 m yfyg . n(r) redr (2.3)
0
1 h 3 3 i

We further de ne the line covering fractionf,e as the typical fraction of a
sightline that passes through a CGM cloud. The typical line fraction does not

strongly vary with radius if the volume lling fraction is constant. Given a constant
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fine , the typical column density (for 6 1) can be expressed as:

ZRCGM
Nobs = Ffiine R n(r)dr (2-5)

0

= fline noRo Ré R(:L:GM (26)

1
Combining the two equations, we get:

! " 3 3 #

1:Iine 3 R% R%:GM

Mcem = 4 m yNops

In the following, we take = 2, i.e. we consider the case where a signi cant
fraction of the metal-rich CGM takes part in a mass-conserving out ow [Chisholm
et al., 2017, Pallottini et al., 2014, Steidel et al., 2010]. Sindgg Rcowm » the
expressions can be simplied. Further, we evaluate the typical value &fq =fne
by simulating various volume lling fractions in a spherical shell and measuring the
distribution of line covering fraction for random sightlines. For small lling fractions
( 0.05 0.25, eg: as derived in [Werk et al., 2014]), the typical value &fq=fjine
ratio is found to be 1.2. Using this value, we estimate the mass of C IV in the CGM

(in solar mass units) as:

Mcemeciv =1:2 mcNew RoReew 10 L (2.7)

where m¢ is the atomic mass number of carbonRy and Rcgym are in kpc, and

Mcem IS in solar masses.
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2.6.1.2 Results

As stated earlier, we estimateRy as 4 kpc andRcgm as 2 Ry 100 kpc.

We choose the geometric mean of all the sightlines in the sample as a representative
value ofN¢)y since it best captures the large range in column density as a function of
velocity whereas an arithmetic mean tends to be skewed to high values by the small
number of large column densities. Similar mass estimates were performed for other
species. The CGM mass estimates for various species as a function of velocity are
shown in Fig. 2:4. For evaluating carbon mass in the CGM, the fraction of carbon

in C IV phase (fc)v ) needs to be constrained which depends on the temperature,
density, and ionization process. We assume a conservative maxirhgl, of 0.3 (see

Fig. 7 in [Bordoloi et al., 2014b]), which gives:

N
Mcom.c & 48 10'M clv

, 104¢m 2
RoRcem . 0:3 .
2.
100 kpé fCIV ( 8)

Based on this formulation, the conservative lower limit on the carbon mass
in the CGM of GRB hosts in our sample is 1.5 10°M . The carbon mass
in the CGM can be further extrapolated to derive the total mass of the CGM in
the phase traced by C IV (T 45 55 10 K). For this, we assume that
the metallicity in the CGM is roughly 0.25 solar. This assumption is informed by
the detailed simulations of CGM atz > 2 [Shen et al., 2013] and the low-z CGM

metallicity estimates (eg: [Prochaska et al., 2017]). This is further supported by the
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observed gas-phase metallicity of 0.1 0.2 solar for the ISM of the GRB hosts
[Krihler et al., 2015, Arabsalmani et al., 2018]. Due to the metal-enriched out ows,
the typical CGM metallicity tends to be 1.5 times the ISM metallicity [Muratov

et al., 2017]. Thus, the total mass of the CGM gas traced by C IV can be expressed

as:
]

M CGM:C . 0:25

M cam. 10°M
CGM:total 10°M Zcam

(2.9)

Thus, the typical mass of the CGM gas traced by C IV in this sample is
10°2 M , which is comparable to the typical stellar mass of the GRB hosts at these
redshifts z 2 4). This implies that the CGM is a very signi cant reservoir of
baryons and metals in the galactic ecosystem at high redshifts. Thus, from a galaxy
evolution standpoint, the CGM appears to be already in place & 2 4. Despite
various uncertainties in the assumed parameters, we can say with high signi cance
that the mass of the CGM in GRB hosts is at least as much as the mass that
resides in the stars, and it can be higher by as much a€.3 dex if the conservative
assumptions are relaxed.

The CGM mass estimates from the toy models (Y 2.5.2) and column density
pro les are complementary in nature, strengthening our CGM mass estimate of

10°2 98M . It should be noted that the di erence between the CGM mass of
the optimal toy model (1®*8M ) and the CGM mass estimated here ( 10°2M )
arises for two key reasons: a) the conservative estimate of the CGM contribution to
the central 100 km s ! and b) the use of geometrical mean of column densities in

the CGM mass measurement instead of arithmetic mean.
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2.6.1.3 Caveats

In this analysis, various simplifying assumptions have been made based on
previous observations or simulation e orts. Here, we brie y discuss the sensitivity
of the results to the assumed parameters. We assumed a CGM density pro le of
the CGM that follows n(R) / R 2. A more compact pro le, for instanceR 23,
can reduce the CGM mass by 0.4 dex, whereas a more di use prole, e 7,
increases the CGM mass estimate by 0.4 dex. The prodiRtRcem , Which can be
written as 4Rc.R,;, , marks the bounds we have de ned for the CGM. We ascribe an
uncertainty of 0:3 dex (reducing theMcgy estimate) to this product due to the
gap in our knowledge associated with the faint nature and inherent variety of GRB
hosts.

On the other hand,f¢)y = 0.3 is a conservative upper limit on the ionization
fraction for the warm phase [Bordoloi et al., 2014b]. This factor can be lower by a
factorof 2 4inthe range of temperatures and densities traced by C IV absorption
in the CGM. Despite the evolution in the extragalactic background UV (ionizing)
ux between z 0 (COS-Dwarfs, [Bordoloi et al., 2014b]) an& 2.7 (this sample
and [Gilmore et al., 2009)), the ionization fractiorf ¢c;y does not exceed 0.3 for both
collisional and photoionization models for a range of temperaturd@°  10°®),
number density 10 2 10 ° cm 3), and metallicity (0:1 1 solar, [Oppenheimer
and Schaye, 2013]). The typical value expected in the warm phase traced by C IV
is 01 0:2. Thus, we attribute an uncertainty of +0:3 dex to f¢y (raising the

Mcem estimate).
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We have also assumed a constant typical metallicity for the CGM. While
constraining the radial gradient of metallicity is an observational challenge, it is
unlikely that the average metallicity of the CGM is signi cantly larger than 0.25
solar at these redshifts (based on the observed metallicities of the DLAs asssociated
with the GRB hosts atz > 2 [Cucchiara et al., 2015, Toy et al., 2016]). As a limiting
case, if the typical metallicity of the CGM gas traced by C IV is assumed to be the
same as the typical ISM metallicity of these GRB hosts ( 0:1 solar), then we can
expect an increment of 0:4 dex in the CGM mass (from equation 2.9).

Despite the simplifying assumptions and uncertainties stated here, it can be
seen that the overall uncertainty in the CGM mass is small and would likely favor a
higher warm CGM mass than calculated here. Thus, the robust mass estimates from
our sample and the kinematic inferences drawn with the help of our toy model clearly
indicate that the CGM is already a signi cant component of the GRB host galaxies
at high redshifts, comparable to the mass of the host ISM. This has important
implications on the evolution of the CGM and the distribution of metals and baryons

throughout the galactic ecosystem as a function of time.

2.6.2 CGM Mass Evolution with Redshift

To study the evolution of the CGM mass with redshift, we divide the CGM-
GRB sample into two roughly equal time bins of 1 Gyr group 1 (z1 2 27,
midpoint: z = 2:3) and group 2 2 27 5, midpoint: z = 3:6). The number

of GRBs in these two bins are also nearly equal. The integrated column density as
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a function of velocity for high- and low-ion species are plotted in Figures 2.10 and
2.11 in the same way as Figure 2.4.

It can be seen in these gures that the high-ion kinematics in both redshift
groups are quite similar with respect to the blue asymmetry. In the case of Si Il,
the blue asymmetry is weaker in the lower redshift bin (Fig. 2.10). There are two
possible reasons for this lack of asymmetry in Si Il: a) The ionization level of the
out ows is dierent in at low z leading to a higher [Si IV / Si Il] ratio relative to
the high-z bin, or b) there is more in owing gas in the low-z bin compared to the
high-z bin which produces a relatively stronger Si Il red wing. From the high-z
simulations in [Shen et al., 2013], it is clear that Si Il is a much stronger tracer of
the in ows compared to out ows by almost an order of magnitude. However, a more
rigorous treatment using ionization modeling is required to distinguish between the
two scenarios and constrain the physical state of the out ows and in ows.

We follow the same procedure as the one described in section 2.6.1 for estimat-
ing the mass of the CGM in these two redshift bins. The key changes in the assumed
parameters are: a) the typical value oR,;; and b) the typical value of R, in these
two redshift bins. The other parameters are not expected to change signi cantly.
The virial radius is calculated as the radius within which the normalized density,
= cosmic > 200, using the NFW pro le for dark matter distribution and standard
cosmological parameters (, = 0.3, 4 =0, = 0.7). Thus, the typical virial
radii for the z1 and z2 redshift bins are 53 and 39 kpc, respectively. Therefore,
Rcewm for the two bins are 106 and 78 kpc. The typical half-light radius for the two

bins are assumed to be 2 and 1.5 kpc, respectively, following the previous population
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study of the GRB hosts at these redshifts [Wainwright et al., 2007, Blanchard et al.,
2016]. Hence, the typicaR, for the two bins are taken as 4 and 3 kpc, respectively.
With this setup, the masses of various species were calculated in the two redshift
bins and are shown in Figures 2.10 and 2.11. The C IV in the CGM was estimated
to be log(Mcy .2=M ) = 5:6'%3 and log(Mcy 2=M ) = 5:1'%2. The total CGM
masses in the two redshift bins (following the same procedure as described in section
2.6.1) are estimated aMcgm .22 = 10%2M  and Mcgw 22 = 1087'M .

The C IV mass in the CGM, as shown in Figures 2.10 and 2.11, is higher
in the lower redshift bin by almost 0.5 dex. However, it is quite likely due to the
combined e ect of redshift evolution and the di erence in typical stellar mass and
star formation rate between the two redshifts. This will be explored in more depth
by associating the CGM properties with the host properties in an upcoming paper
on this sample.

To convert the C IV mass to carbon mass, we make a conservative assumption
for fc)v . Despite the extragalactic ionizing UV background ux evolution (within
a factor of 2) between the two redshift binsfcy does not exceed 0.3 for both
photo- and collisional ionization models [Oppenheimer and Schaye, 2013]. Hence,
we consider the maximaf ¢, as 0.3 for both the redshift bins (same as in section
2.6.1). The Mcem.c Is thus estimated using Eqn. 2.8 for both redshift bins and
plotted in Fig. 2.12 to compare with theM cgu.c estimates from COS-dwarfs study
(at z 0). The typical GRB host stellar masses in the redshift bins shown in
the gure are median values from the SHOALS (Swift GRB Host Galaxy Legacy

Survey) sample which is the largest systematic survey of long GRB hosts [Perley
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Figure 2.10: CGM column densities and mass estimates for high- and low-ion
species in the redshift group #1 (z 2 2.7).
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Figure 2.11: CGM column densities and mass estimates for high- and low-ion
species in the redshift group #2 (z 2.7 5.0).
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et al., 2016b]. The stellar mass uncertainties are the bootstrappin intervals
from the SHOALS survey. As described in 2.6.1, our estimates fMcou.c are
evaluated within 2 virial radii. Hence, for a better picture of redshift evolution, the
COS-dwarfs estimates within 1 virial radius are shown in green and the estimates
within 2 virial radii in light green.

From Fig. 2.12, it can be seen that the CGM carbon mass (or by extension,
metal mass) increased by only a factor of 2 (comparing with the 2R,;; estimates)
fromz > 2to z O for dwarf galaxies. Despite the fact thatf ¢, is assumed to
be a conservative upper limit for all of these calculations, it can be clearly observed
that most of the metal mass in the CGM of the low-mass galaxies represented by
GRB hosts is already in place byz  2:5. While the COS-dwarf galaxies are not
the descendents of galaxies represented by GRB hostszat- 2, this comparison
has signi cant implications on the distribution of metals throughout the galaxy

ecosystem as a function of redshift, as discussed in section 2.7.2.

2.6.3 Comparison with Carbon Mass in the ISM

By comparing the carbon mass in the ISM with that in the CGM, we can
infer the level of CGM enrichment for GRB hosts at high redshifts. We estimate
the gas phase carbon mass in the ISM of the GRB hosts by assuming a modest
gas-phase metallicity of 0.15 solar [Arabsalmani et al., 2018, Davé et al., 2017] with
solar-like relative abundance pattern. Here, we assume a metallicity slightly lower

than the median value reported in [Arabsalmani et al., 2018] since the UV/optical
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absorption- and emission-based metallicity estimates do not account for potentially
lower metallicity gas in the ISM. The total ISM gas mass is estimated as 2 M
based on various molecular and neutral hydrogen measurements and simulations of
high redshift main-sequence galaxies, whefg,s = Mgas=M is reported to be

2 for10® <M =M < 10% ([Daddi et al., 2010, Carilli and Walter, 2013, Lagos
et al., 2014, Davé et al., 2017, Tacconi et al., 2018]). We estimate an uncertainty of
roughly 0.3 dex in the product of metallicity and the gas fraction (y.s) to account

for the uncertainty associated with the mass-metallicity relation for GRB hosts at

z > 2 and the variation of f y,s with redshift. Note that here we are considering
total gas mass of the ISM to estimate the carbon mass in the ISM (and not just the
warm phase of the ISM). With these reasonable assumptions, we plot the ISM mass
of carbon in Figure 2.12.

The carbon mass in the ISM is higher than the minimum carbon mass in the
CGM by a factor of 3 5. It should be noted again that the carbon mass in the
CGM is a lower limit and considers only the warm phase traced C IV. In principle,
the actual value of total carbon in the CGM can be higher by a factor of as much
as 2 3 (see section 2.6.1). This observation indicates that the carbon (metal)
content of the CGM is 20 50% of the carbon (metal) content of the ISM,
indicating that a signi cant fraction of metals synthesized in the galaxy are able
to escape into the CGM due to the galactic out ows. In [Bordoloi et al., 2014b],
this fraction is 50 80%for z 0 galaxies of similar stellar mass. This nding
hints towards a modest evolution in the carbon (metal) content, or in other words,

a modest enrichment of the CGM over 11 Gyr span.
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Figure 2.12: Estimates of the minimum carbon mass in the CGM of the GRB
hosts in this sample. The typical minimum carbon mass in the CGM in the two
redshift regions described in Figures 2.10 and 2.11 are compared with the 20
dwarf-galaxy CGM from the COS-Dwarfs survey [Bordoloi et al., 2014b]. The COS-
dwarfs estimates within one virial radius are shown in dark green, while the estimates
within two virial radii are shown in light green for easier comparison with the high-z
values also derived within two virial radii.

2.7 Implications

Using a sample of high SNR and medium resolution spectra of GRB afterglows at
z 2 6, we estimated various properties of the CGM for a typical GRB host
at these redshifts. The observed blue asymmetry indicates a clear signature of an
out owing component predominantly traced by the high-ions (C 1V, Si IV). Using
the toy models and observed column density pro les, the typical mass of the host
galaxy's CGM is estimated to be 10°2 *8M (Y 5.2 and Y 6.1). In this section, we

discuss the implications of our analysis on various important aspects of the CGM.

2.7.1 Outows and Metal Enrichment

In Y2.6.2, the CGM-GRB sample is divided into two redshift bins each spanning

1Gyr(binl:z 2 27,bin2:z 27 5). Outows are clearly detected in both
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redshift bins as shown in gures 2.10 and 2.11. As described in Y2.4.4, the out ows
are inferred from the blue asymmetry that is observed in both the high- and low-ion
lines, but they are primarily traced by the high-ions (C IV and Si IV). Using the
kinematic information from the observations and further clarity from the toy models,
we can estimate various aspects of the out ows. From the toy models, the optimal
model for explaining the observed kinematics has a typical out ow launch speed of
300km s ! (at 2 kpc), and  25% of the CGM clouds in the model contribute
to out ows in excess of the virial motion in the CGM of a typical dark matter halo
massM,  10'2M . With this insight, we estimate the key properties of the
out owing material in this section. We assume an NFW pro le for the dark matter
distribution with a concentration parameter of 4.5 (derived by forcingR,00 = Ryir

and de ning the mass enclosed within a virial radius as the halo mass).

2.7.1.1 Outow Mass

The optimal toy model hasf o = 0:25, i.e. the out ow mass is 25% the CGM
mass within Recgm . Thus, the estimates for the out ow masses in the two redshift
bins areMyyz1  10F®M  and Moy,  10FIM |, where (z1:z 2 27 and z2:
z 27 5). Assuming a halo mass ot0'*?M , a radial launch velocity of 250 km
s ! (at 2 kpc) is just high enough for the out owing gas to escape the CGM (i.e. 2

Ruir )-
The fraction of out owing gas with a radial velocity Viagiw > 250km s ! at

launch can be estimated using the velocity distribution of out owing clouds in the
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toy model (see Appendix A.2). The velocity distribution is reasonably assumed to
be an isotropic Gaussian with a standard deviation (.cem ) of 100 km st given
by the virial velocity of the halo. The radially outward component of the isotropic
standard deviation is 100:Io 3 (=57:7) km s . For the out ows, an extra radiallly
outward component ofv,, is added to this distribution at launch, thus centering
the Gaussian atvy, (= 300 km s ! at launch for the optimal toy model). From
this distribution, the fraction of clouds with a launch velocity V,agia > 250km s !

is 80% of the total out owing gas (for the optimal toy model). Thus, the mass of
out owing gas in the CGM with su cient initial kinetic energy to escape into the
IGM is Mgsen  10P°M  and Moyz2 1M . It should be noted that the time

to traverse 2 R in this dark matter halo is 0.5 Gyr.

2.7.1.2 Mass Out ow Rate

We can now evaluate the mass out ow rate in these two redhsift bins. The

out ow rate out of a spherical shell is given as:
Mout = MN(Rshen) 4R Zhen Vour(Rshen)  fvar  fou (2.10)

where the average mass per atom or ion | = 1.15 my. We considerRgne =
4 kpc (3 kpc) for the redshift bin z1 (z2) to estimate the out ows coming out of
the galaxy disk. Note that we assume 4 kpc (3 kpc) as the boundary of the galaxy
disk, Ry, in section 2.6.2. Consideringlcey = 10°°M  (18'M ), we getn(Rshen)

= 0.028 (0.02) cm 2 (following equation 3.1). The out ow launch velocity in the
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2-4 kpc range is approximated as 300 km s?! from the optimal toy model and
the observed kinematics for both redshift bins. Following the optimal toy model,
we assume a volume lling fractionf,, = 0.1 and an out ow fraction o, = 0.25.

Within this framework, we estimate the mass out ow rates (in the gas phase traced

by C IV) as:
(R) |
- A 1 n(R
Moy = 0:27M yr' 102cm 3 3',
R2 . Vout(R) .

10kp@ 300 kms?® ’ (2.11)

whereR is the radius of the shellRghe . INserting the appropriate values for the two
redshift bins, we getMqy,1 =1.2 M yr *and Mgyz2 = 0.5 M yr 1. This warm-
phase mass out ow rate is comparable to the latest TNG simulation for galaxies with
M 10° M atz =2 (area under the curve for warm phase in Fig. 10 of [Nelson
et al., 2019]) . Note that the gas out ow rate in [Nelson et al., 2019] is measured
at 20 kpc, however. In our density pro le assumptionn(R) R? is independent of
R and the cloud velocities at 20 kpc reduce to 70% of their launch velocities for
Viaunch = 200 300km s . Hence, for comparisonMoyt20pc~ 0-™outiaunch iN
our framework.

As a corollary of the escaping masdMesc) calculation, we can now estimate
the mass escape rate by modifying equation 2.10. For this, we consider the boundary
of the CGM asRcgm = 2Ry;r . At this radius, a ballistic out ow launched at 2 kpc
with a velocity of 250 km s ! decelerates to 50 km s (from the NFW dark matter

pro le). Due to our assumption of mass conserving out ow (i.,en(R) / R 2), the
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product n(R) R? is invariant. The modi ed equation for the mass escape rate

becomes:

M—esc = mn(Resc) 4R gsc Vout(Resc) fvolf outf esc (2-12)

Using 50 km s for vy (Rese) and 80% forf o5 (the fraction of out owing gas
with a launch velocity > 250 km s ! from Sec. 7.1.1), we geMes.  0:14  Myy.
Thus, the estimates for the mass escape rate into the IGM for the two redshift bins
are: Mesc.1 =0.17M  yr *andMesc..o =0.07M yr 1. These estimates are robust
within a factor of 2 over 30 km s ! variations in the launch velocity (o) in the
optimal toy model.

The calculations described in this section suggest that 80% (f .sc) Of the mass
ejected from a GRB host galaxy of median halo mas#1;, 10'*2M ) escapes to
enrich the IGM while only 20% eain ) Stays within the CGM of a typical GRB
host in this sample atz > 2. Combining this result with the 0.5 Gyr timescale to
traverse 2 R,;;, one can say that 20% (..« 80%) of the total CGM mass of a
typical GRB hostat z 2 5escapes out to the IGM over 0.5 Gyr. Conversely, the
CGM mass in warm phase grows by 5% (., 20%) every 0.5 Gyr if we assume
that the non-escaping gas becomes a part of the virialized CGM. Such a growth
rate, if steady, is su cient to signi cantly grow the warm-phase CGM over a 5 Gyr

period.
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2.7.1.3 Mass Loading Factor and Energetics

The mass loading factor is de ned as = M,,;=SFR and serves as an impor-
tant indicator of the mechanism driving the out ow. We consider a median SFR
of 10M yr ! for GRB hosts from [Krihler et al., 2015] atz > 2 (typical range
5 50M yr 1). The mass loading factors at the launch radii can then be estimated
as. ,1=1:2=210=0:12and ,, = 0:5=10 = 0:05. Several simulations calculate the
mass loading factors at some intermediate radius such as 20 kpc. The mass loading
factors at 20 kpc can be evaluated by using decelerated velocities as (see section
2.7.1.2): z100kpc = 0:7 0:12 =0:084and ,2.50kpc = 0:7 0:05 =0:035

While the out ow velocities in comparable mass ranges to our sample are
always in the range of200 400km s !, there is at least an order of magnitude
variation in the mass-loading factors reported in various observational studies at high
redshifts due to the diversity in probes, underlying assumptions, and the phases
traced in the out ow. Therefore only an order-of-magnitude comparison can be
done.

[Crighton et al., 2014] use a QSO sightline probe at=2:5foraM 1M
galaxy and infer a mass-loading factor of order 1. [Weiner et al., 2009] also infer
an of order unity at launch for cold phase out ow (tracer: Mg Il) in star-forming
galaxies atz  1:4 using rest-frame UV spectra of the galaxies. Along similar lines,
[Martin et al., 2012] report an of order 1 for Fe ll-traced out ows in a redshift
range z 0:4 1:4 for star-forming galaxies over a wide range of stellar mass

(105 115M ). With a similar method, [Rubin et al., 2014] conservatively estimate
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a cold gas mass loading factors ypc & 0:02 0:6 for galaxies withM & 10°°M

and SFR& 2M yr ! in the redshift rangez 0:3 1:4. [Davies et al., 2018]
use IFU spectra of star-forming galaxies wite 2 2:6 and M 10°° 115\

to estimate the mass loading factor 0:05 05 at launch. This sampling of
the literature shows that overall, for galaxies of comparable mass with our sample,
the mass-loading factor estimates range frox05 5. It is likely that the higher
mass loading in the down-the-barrel observations is due to the line-of-sight e ects
(down-the-barrel versus random sightlines of GRBs). This highlights the need for a
multi-probe approach to trace the out ow process in various phases and for various
orientations of a galaxy to capture the full picture of the CGM out ows.

The mass loading factors estimated here are smaller than the estimates from
various galaxy evolution and zoom-in simulations by 1-2 orders of magnitude. For
example, cosmological zoom simulations such as [Anglés-Alcazar et al., 2014] and
[Shen et al., 2012] suggest an 1 at z > 2 to reproduce the morphological and
dynamical properties of galaxies wittM, 10" M atz 2. However, it should
be noted that these mass-loading factors encompass all the phases, and not just the
warm phase traced by C IV or Si IV. The latest TNG simulations appear to resolve
this issue by separating the phases in the out ows [Nelson et al., 2019]. The total
(all-phase) mass loading factor . 20pc 4 (Fig. 5 in [Nelson et al., 2019]) for a
main-sequence galaxy dfl 10°3M at z = 2 whereas the loading factor for the
warm phase is wam: 200pc ~ 0:15(Fig. 10 in [Nelson et al., 2019]). This warm phase
mass loading factor is within a factor of 2 of the mass loading factor evaluated here.

This also implies that a signi cant fraction of the out owing mass is in other phases.
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It will be of further interest to carry out such comparisons at higher redshifts to
synthesize a complete picture of the impact of out ows on galaxy evolution and vice
versa.

It should be noted that here we have assumed a ballistic out ow driven by
star formation and no halo drag or out ow acceleration (eg: by cosmic rays, ram
pressure, or radiation pressure) is considered ([Murray et al., 2011, Hayward and
Hopkins, 2016, Girichidis et al., 2016]). The comparative e ects of the two can be
non-trivial and need to be explored in the future. At the same time, the obser-
vational mass-loading factors have several uncertainties that need to be considered
while comparing them to numerical simulations. The current analysis has been
conducted for an ensemble, so only typical values are considered here. We will do
this for individual hosts in an upcoming paper by connecting the CGM and galaxy
properties. While comparing the out ow characteristics with simulations and other
surveys, the ionization fraction, out ow fraction in various phases, and the dynamics
of an out ow (various accelerations and drags) need to be treated more carefully.
In addition, the relative fraction of the re-accretion of the enriched gas versus its
virialization in the CGM needs to be explored in the simulations.

The modest mass out ow rates estimated here can be entirely supernova-
driven. The kinetic energy of the out ow can be estimated a§Moy V2ot 57 10%
ergs/s. Following the formalism described in [Murray et al., 2005] (see equations
34 and 35), we assume a Salpeter IMF and that 10% of the supernova energy
(Esn 10 ergs) is e ciently thermalized in the ISM and thus, driving the dis-

placement of the gas. With a supernova ratef gy ) of 10 2 perM  of star formation,
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the energy deposition from supernovae becomes:

SFR
f sNE FR 00—~ 2.1
Esn snEsn S 3 10 011IM yr 18rgss (2.13)

Thus, SFR 2M yr lis energetically su cient to drive the observed warm
out ows. While a comparable mass out ow rate may be hidden in other gas phases
(not traced by C V), given the typical SFR 10M yr ! for z > 2 GRB hosts,
it is very likely that the out ows are predominantly driven by supernova energy

injection.

2.7.2 CGM-Galaxy Co-Evolution

From the standpoint of galaxy evolution, it is interesting to compare the evolu-
tion of the CGM with the evolution of the host galaxy. We have combined published
data from the literature ([Steidel et al., 2010]; [Borthakur et al., 2013]; COS-Dwarfs:
[Bordoloi et al., 2014b]; KODIAQ: [Lehner et al., 2015]; [Burchett et al., 2016]; COS-
burst: [Heckman et al., 2017]; [Rudie et al., 2019]) with our new observations to
investigate the evolution of C IV mass in the CGM relative to the stellar mass
('\"Mﬂ), as a function of redshift. For uniformity, we have only considered C IV col-
umn density within respectiveR,;; (estimated usingM Mhaio relation; [Wechsler
and Tinker, 2018]) and converted that into a C IV mass estimate using equation 4
in [Bordoloi et al., 2014b]. The results are summarized in Figure 2.13.

It can be seen that logM ¢y =M ) 4:5 throughout the evolution of current-

day galaxies withM > 10°M . This relatively uniform ratio within 0.5 dex
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Figure 2.13: The evolution ofM ¢y =M as a function of redshift. The background
colored regions (from [Wiklind et al., 2019]) track the history of galaxies with current
stellar masslog(M =M ) = 10.0, 10.5, 11.0 and 11.2 (red, green, blue, magenta
and purple) using the MEAM (multi-epoch abundance matching) selection method
([Moster et al., 2012]; [Behroozi et al., 2013]). The spread of the selection slices
represents the 1 uncertainty as de ned in [Behroozi et al., 2013]. The foreground
points show the ratio of C IV mass withinR;; to the stellar mass of the galaxy. The
color of a point indicates the ratio, scaled according to the colorbar on the right.
For convenience, the log of the ratio is also written next to the points. The ratios
have typical error bars of 0.5 dex due to uncertainties in the hosts stellar masses
(thereby, virial radii) and C IV column density.
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indicates that typically the CGM co-evolves with the stellar mass of the galaxy all
the way fromz 4toz 0. Itis possible to explain this co-evolution with the
cosmic star formation history. The star formation builds the stellar mass of the
galaxy as well as the warm, ionized CGM traced by C IV. This important aspect
of the CGM-galaxy co-evolution needs to be explored further in large-scale galaxy
evolution simulations.

Another possible explanation for the co-evolution of warm ionized CGM and
the galaxy stellar mass can be the scaling of the virial radius with redshift and galaxy
mass. This is especially important since the virial radius is an arbitrary choice to
de ne the CGM. [Chen, 2012] studied the radial distribution ofL galaxies from
z 2toz 0 with similar halo mass M,  10M ) in that redshift range.
An alternative de nition of the extent of the CGM was used in this case to reveal
that the radial distribution of column density (normalized to the "CGM radius')
did not evolve substantially fromz 2to z 0. So it is very likely that the
radial distribution of column density (normalized to the corresponding virial radius)
remains fairly constant and the evolution of the CGM mass is observed due to the
scaling of virial radius with redshift. From Figure 2.13, it could also be inferred
that any major mergers leading to an increased halo and stellar mass grow the
CGM metal mass in the same proportion a8/ . Further theoretical investigation
of the CGM-galaxy co-evolution is necessary to corroborate these growth pathways.

For current-day low-mass galaxiesM < 10'°M ), there is a seemingly larger
scatter in the logM¢iv =M ) at z =0, going from 3:7to 5:0. The COS-Dwarfs
sample ([Bordoloi et al., 2014b]; primarily made of star-forming dwarf galaxies) has
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a systematically higher ratio suggesting that the CGM of low-mass galaxies could be
relatively more enriched in terms of either the metallicity or baryons. On the other
hand, the low-mass sample (predominantly star-forming dwarfs) in a blind survey
for C IV absorbers in QSO spectra [Burchett et al., 2016] shows a systematically
lower ratio. However, one should note that the C IV column densities reported in
[Burchett et al., 2016] refer only to high impact parametersX 0:3R,;; ), which may
substantially underestimate the total C IV mass. Therefore, further observations
at a range of imapct parameters would be required to asses whether tie,, =M

ratio is indeed higher for these low-mass galaxies.

2.7.3 Existence of In ows?

The cold (T < 10* K) phase is almost exclusively traced by low-ions [Tumlinson
et al., 2017]. If the relative proportions of warm (traced by C IV, Si IV) and cold
(traced by Fe Il, Si ll) phases were the same for red and blue wings, we would expect
to see a blue asymmetry in the low ions that resembles that of the high ions 0.45
dex, see Table 2.2), but instead the asymmetry is only 0.18 dex. We interpreted
this relatively stronger blue asymmetry in the high ions to be due to the out ows
being more enriched in high ions. While this is our favorite explanation, another
plausible explanation is the existence of cold in ows which make the red wings of
low ions stronger compared to the red wings of high ions, thus leading to a lower
“blue asymmetry' in low ions. In this section, we brie y explore this possibility.

Under the aforementioned scenario, the in ow contribution of low ions can be
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evaluated as the fraction of red-wing column density of low ions that is leading to
their relatively stronger red wings compared to the high-ions. From Table 2.2, we
can estimate thatNg;, 102 cm 2 and Nge; 1084 cm 2 are contributed by
the in ows moving at v 150 km s . This column density is consistent with the
feedback simulations in [Shen et al., 2013] at 3.

Since the characteristics of in ows at high-z are not well understood obser-
vationally, we rely on existing in ow models to infer a rough estimate of the in-
ow mass. Assuming a pristine in ow of 0.03 solar metallicity ([Fumagalli et al.,
2011, Glidden et al., 2016]) and an ionization fraction for Si Il of 50% for the cold
phase (see Fig. 5 in [Shen et al., 2013]), we deriMg;infow ~ 10'%8 cm 2. We get
a similar estimate with Fe Il. However, we note a caveat that, although we have
considered a pristine metallicity of 0.03 solar, it is not clear how the circulation
of metals enrich the in ows by the time they reach the galactic disk. In addition,
the metal-enriched recycling ows also manifest itself as in owing gas and could
dominate the observational signature due to their high metal content.

Assuming a constant average density in the accretion stream and a typical area
covering fraction of the in ow of 5% (mostly concentrated along the direction of
rotation of the galaxy; [Fumagalli et al., 2011, Goerdt et al., 2012]), we can estimate

the in owing mass as:

! ! !
Rvir ? NH;in farea 0:03

Mi, = 10°M
" 50kpc  10%8cm 2 0:.05 Z=Z

(2.14)

Note that we have consideredR,; as the extent of the in ow instead of2
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Ryir since we are assuming a constant average density for the in ow stream. Thus,
we get an inowing mass of 1M within Ry, which amounts to  60% of
the diuse warm CGM traced by C IV that we calculated in section 2.6.2. Note
that this is a lower limit since we have only considered the high-velocity in ows
(Vies > 100km s ). This is an order-of-magnitude estimate owing to uncertainties
in metallicity and covering fraction.

The mass accretion ow rate can be approximated by considering the in ow
motion as a free fall in the halo. Various theoretical models predict large radial
streams for in ows until the inner few percents of the virial radius (eg: [Fumagalli
et al., 2011]). Thus, the in ow timescale can be well approximated as free-fall
timescale of the halo. From the typical stellar masses of GRBs at> 2 we estimated
a halo mass ofLl0'*?> M (section 2.7.1 and Appendix A.2). The free-fall timescale
for such a halo is 500 Myr. This gives an overall in ow rate estimate dfl;, =
Min=ty =2M yr .

How can this modest gas in ow rate drive a typical high-z GRB host SFR of
the order of 10 M yr ' ? It should be noted that the rate evaluated above is over
a 500 Myr (free-fall) timescale, while the UV-derived star formation rates are fairly
instantaneous in comparison{ 100 Myr). GRBs typically take place in a transient
(age 10 100 Myr, see [Erb et al., 2006] and [Levesque et al., 2010]) high-SFR
phase of its host. Therefore, a lower and steady cold gas accretion may be su cient
to support the typical long-term SFR history of a GRB host galaxy. In addition,
large reservoirs of cold gas (from prior accretion) seem to be already present in these

low-mass galaxies due to an order of magnitude lower star formation e ciency at
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z > 4 compared toz < 3 owing to the low metallicity [Reddy et al., 2012].

While this is not a direct observational evidence of cold in ows, these calcu-
lations provide an order-of-magnitude insight into the in ow rates of the low-mass
galaxies atz > 2. Constraining the weak in ows will require high-quality spectra

over a much larger sample.

2.7.4 Origin of O VI and N V: CGM vs Circumburst?

The cases of O VI and N V in the CGM-GRB sample are interesting because of
two key reasons: they trace similar regions in the temperature-density phase space
(T 10°K,n 10 *%cm 2 from [Tumlinson et al., 2017]), but their kinematics
appear to be distinct from each other. While O VI, like C IV and Si IV, shows
a strong blue asymmetry of 0.6 dex, there is no such asymmetry in N V. The
overall N V kinematics more closely resemble the low-ion kinematics. Despite the
small number of sightlines (13) with O VI in the bandpass and often lower SNR in
O VI due to lower sensitivity and Lyman-alpha forest, the kinematic di erences are
signi cant. It is important to understand the origin of N V and its distinct nature
compared to O VI, in order to study the warm-hot CGM phase (T 10°°K), as
well the nature of photo- or collisional-ionized gas harboring N V.

In various lowz CGM surveys using QSO sightlines such as COS-Halos [Werk
et al., 2016], N V is rare. In a similar survey at highe (KODIAQ; [Lehner et al.,
2014]), N V is more prevalent, but still with a detection rate of only 50% and

with a typical column density log(N(N V)/cm 2) 13.6 (itis 14.0 in the CGM-
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GRB sample). On the other hand, O VI is ubiquitous in both high- and low-z
surveys. Several sightlines through the Milky Way galactic halo and disk show N V
absorption ([Savage et al., 1997, Fox et al., 2015, Karim et al., 2018]), but only
10% show column densities N(N V& 10'* cm 2.

The nature of the excess N V absorption in the GRB spectra is not well
understood. Possible explanations for the N V absorption in the GRB spectra
include: 1. photoionization of the circumburst medium withinr 10 pc ([Prochaska
et al., 2008c, Fox et al., 2008]), 2. recombination of the promptly ionized nitrogen
(all electrons stripped) to N V within 10 pc [Heintz et al., 2018], and 3. N V in
the CGM ([Heintz et al., 2018, Fox et al., 2008]). The kinematic similarity of N V
absorption with the UV-pumped ne-structure lines (such as C II*, Si II*), which are
associated with absorbers within a few hundreds of parsecs from the GRB [Vreeswijk
et al., 2013], is considered an indicator for the circumburst origin of N V.

For the GRB spectra presented here, the N V absorption within 400 km s*
typically comes from an ensemble of kinematically distinct absorbing components.
Therefore, it is di cult to imagine that the absorption is produced solely by the
circumburst medium. While most of the absorption components of N V (especially
the strongest components) have a counterpart that is kinematically associated with
ne-structure transitions (C II*, Si lI*, as also seen in [Prochaska et al., 2008b]),
there are also weaker components that are not associated with an excited transition
within 30 km s ! (Fig. A.4 A.30). Therefore, we suggest that the lovivj N V
absorption seen in the GRB spectra comes primarily from the highly ionized / re-
combining gas associated with the circumburst medium while the weaker absorption
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at higher jvj comes primarily from the warm gas associated with the CGM. This
would explain the relatively higher N V detection rate and column density along
GRB sightlines.

The typical O VI column densities derived in this survey are comparable to
the typical O VI column densities in the high-z QSO sightline surveys [Lehner et al.,
2014] and the CGM of local star-forming galaxies [Tumlinson et al., 2011]. While
O VI absorption could also have a circumburst component since the recombination
rates of N V and O VI are similar [Heintz et al., 2018], the kinematics of N V are
distinct. In fact, the O VI kinematics resemble the kinematics of C IV and Si IV
more than those of N V. This strongly suggests that the ISM and CGM are the
dominant contributors to the O VI column density, although a minor contribution
from the circumburst medium cannot be ruled out. Detailed photoionization models
addressing the circumburst O VI absorption are required to quantitatively ascertain
this.

As shown in [Prochaska et al., 2006] and [Chen et al., 2007], C IV and Si IV
absorption have no association with the circumburst medium up to several tens of
parsecs. The ionizing photon ux from the GRB strips electrons from these species
(with ionization potentials of 64.5 and 45.1 eV, respectively) and their recombination
timescales are of the order of 1 year for a typical H Il region [Chen et al., 2007].
Therefore, the C IV and Si IV lines primarily trace the typical ISM and CGM of
the GRB host and not the circumburst medium.

High-resolution rest-frame UV spectra of the afterglows at multiple epochs are

required to probe their explosion sites and environments, constrain the ionization
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models, and thus understand the origin of peculiar N V absorption in the GRB

afterglow spectra.

2.8 Summary and Conclusions

In this paper, we collected a large sample of medium resolutiorv(< 50 km
s 1) and high SNR (typical 10) spectra of 27 GRB afterglows in the redshift range
z 2 6to systematically probe the kinematics and physical properties of the CGM
at high redshifts using the absorption features of high- and low-ion species in the
spectra. A simple toy model was constructed to aid this analysis through geometric
and kinematic modeling of the CGM and the out ows. We further estimated the
CGM mass and mass out ow rates in two di erent redshift regimes4l : 2 2.7
and z2 : 27 5). Finally, combining the results of past studies and this work,
we investigated the CGM-galaxy co-evolution as a function of redshift. The key
conclusions of this study are summarized as follows:
1. Detection fractions: By inspecting the median plots of the rest-frame spectra for
each species, three clear kinematic regions were identi ed: central regign & 100
kms 1), bluewing (v < 100km s 1), and red wing (v > 100km s 1). The high-ion
species (C IV and Si V) were found to have substantially higher detection fractions
in the blue wings compared to the red wings (di erence 30%). On the other hand,
the low-ion species (Fe Il, Si Il, Al lll) had a marginal excess in detection fraction
in the blue wings (dierence 10%). This shows that the blue wing component

is substantially dominated by the high-ions compared to the red wings (Table 2.1).
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We interpret this as an evidence for warm phase (T 10*° >°K) out ows.

2. Kinematic asymmetry: By stacking the spectra of individual absorption lines
(Fig. 2.2), a signi cant absorption excess was observed in the blue wings compared
to the red wings, especially for the high-ions (C IV, Si IV). We further quanti ed
this using multi-component Voigt-pro le tting and converting the Voigt pro les to
integrated column densities in 100 km & windows (from 400 km s ! to +400 km

s 1). The blue-red kinematic asymmetry was stronger in high-ion species compared
to the low-ion species by 0.2-0,3 dex in column density (Table 2.2). This key di er-
ence was further highlighted in the high- to low-ion line ratios (Fig. 2.5). This is a
strong signature of warm out ows in the GRB hosts.

3. Kinematic simulations: To resolve the relative contributions of the CGM and
ISM in terms of absorption line kinematics, we modeled a typical GRB host galaxy
and the CGM around it using a simple toy model. The results from the toy model
showed that the absorption produced by the host ISM is typically found within
the central region ( 100 km s ! in terms of line-of-sight velocity), while the CGM
absorption dominates the absorption in the blue and red wings beyondl00km s 1.
An out ow component was further added to the virialized CGM to simulate star-
formation driven out ows. We made various simplifying assumptions for the halo
mass (M, 10'%2M ), the CGM density pro le (r ?), the CGM/ISM metallicity,
and the out ow itself (ballistic, no halo drag). By comparing the predictions of
the toy models with the observed column density pro les, we estimated the physical
properties of the CGM, including the out ow launch speed (300 km $), the fraction

of CGM clouds that are out owing (25%), and the CGM mass ( 10°8M ).
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4. CGM mass estimates: In Y 2.6.1, we used the geometric mean of the integrated
column density and a conservative extrapolation to estimate the CGM contribution
in the central 100 km s . From this, we deduced the mass of the warm-phase
CGM traced by C IV (Mcom  10°2M ). The CGM mass estimates from the toy
models (Y 2.5.2) and column density pro les (Y 2.6.1) are complementary in nature,
strengthening a CGM mass estimate of 10°2 98M . These estimates show that
a) the mass contained in the CGM (2 R, ) is comparable to the typical stellar
mass of GRB hosts atz > 2 (M 1¢° M ) and b) the CGM is already a
signi cant component of the galaxy ecosystem for GRB host galaxies at> 2.

5. Evolution of the CGM mass: The CGM-GRB sample was divided into two
redshift bins each spanning 1Gyr(z1:2 27andz2:27 5). Their CGM C IV
masses were estimated to blcy .2 = 10M  and M¢yy .2 = 105!M  (Figs. 2.10
and 2.11). A comparison with the COS-Dwarfs survey for similar low-mass galaxies
at low redshifts (z < 0:3) shows that the low-z galaxies are slightly more enriched
by a factor of 2 relative to galaxies of similar masses at high z. This shows that
the dwarf galaxies had metal-enriched environments as earlyas 3 5 and thus,
most likely played a major role in the metal enrichment of the universe due to their
shallow potential wells.

6. Outow mass: The optimal toy model indicates that the fraction of out owing
clouds in out ow state is f,; = 25% and the out ow launch velocity at 2 kpc is
Viaunch = 300 km s 1. The (warm) out ow mass in the two redshift ranges was
estimated to beMqgy,12 1M  and Myy,2  105IM . Assuming no halo drag
or out ow acceleration mechanisms, as much as 80% of this out owing gas has
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V > Ve at launch. Given a typical halo mass oM, 10'¥2M , the crossing time
for2 Rcem IS  0:5 Gyr. This in turn implies that the CGM mass in the warm
gas phase grows by 5% (foir 20% in 0.5 Gyr by retaining the slower out ows

in the CGM.

7. Mass loading factor: We further estimated that the warm-phase mass out ow
rates at a radius of 20 kpc radius iMoy,1 0:8M yr and Myy,2 0:35M
yr 1. The median SFR of GRB hosts atz : 2 5is 10M yr . Therefore,
the warm-phase mass loading factors in the two redshift bins are estimated to be

21:20kpc = 0:084and ;.00 = 0:035 These mass-loading factors suggest that the
out ows and thereby, the CGM metal enrichment, for these low-mass galaxies are
exclusively driven by star formation. While these mass-loading factors are low, it is
important to note that this only includes warm-phase out ows and thus highlights
the need for a multi-probe approach to trace the outows in various phases to
produce a complete picture of the CGM out ows.

8. CGM-galaxy co-evolution: We compared the evolution of C IV mass in the CGM
with the stellar mass evolution as a function of redshift (Fig. 2.13). We nd that
log(Mciy =M ) 4:5 within  0:5 dex throughout the evolution history of current-
day galaxies withM > 10'°™M . This relatively uniform ratio indicates that the
CGM metal mass co-evolves with the stellar mass of the galaxy all the way from
z 4toz O, for the progenitors of local galaxies wittl > 10'°M . Therefore,
the CGM-galaxy co-evolution is an important piece of the galaxy growth puzzle
which needs to be explored further in large-scale galaxy simulations.

In this paper, we systematically probed the CGM of high-z, low-mass, star-
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forming galaxies for the rst time using a GRB host sample. We used typical stellar
and dark matter halo masses to derive the CGM masses and out ow rates. However,
the GRB host population is quite diverse and spans two order of magnitudes in
stellar mass and SFR atz > 2. In a future paper, we plan to examine the properties
of individual GRB hosts and compare them with the properties of their CGM to help
re ne the CGM-galaxy connection. Detailed ionization modelling will be a crucial

next step to derive better constraints on the physical properties of the CGM.
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Table 2.3: Fit parameters of the spectra

GRB  Zgre line Component No.  10g(N) oy b(kms ) , center(kms ')  cener Flag?
000926 2.0385 C IV 1548 1 13.28 0.18 7 4 -368 4 0
000926 2.0385 C IV 1548 2 14.08 0.05 29 6 -332 19 0
000926 2.0385 C IV 1548 3 14.07 0.07 29 5 -239 5 0
000926 2.0385 C IV 1548 4 14.35 0.21 20 5 -181 19 0
000926 2.0385 C IV 1548 5 14.55 0.21 18 5 -136 19 0

a8 A ag of 0 indicates convergent t, ag of 1 indicates saturated/degenerate t.
This table is published in its entirety in machine-readable format. Only a small portion is shown

here.
Table 2.4: List of GRBs in the sample
GRB ZGRB Instrument Resolution MAcq. SN.R a _Iog NHZ References
agas  per pixel in cm
000926  2.0385 Keck/ESI 20,000 20.5 10 21.30.25 [Castro et al., 2003]
021004  2.3281 UVES 40,000 18.8 6 19.00.2 [Fiore et al., 2005}
050730 3.9672 UVES 40,000 18.0 10 22.10.1 [D'Elia et al., 2007P
050820A 2.6137 UVES 40,000 21.0 12 21.10.1 [Prochaska et al., 2007
050922C 2.1996 UVES 45,000 19.5 10 21.550.1 [Prochaska et al., 2008€]
060607A 3.0738 UVES 55,000 16.5 30 16.950.03 [Prochaska et al., 2008€]
071031  2.6912 UVES 55,000 185 10 22.150.05 [Fox et al., 2008]
080310 2.4274 UVES 55,000 175 30 18.70.1 [Fox et al., 2008]
080804 2.205 UVES 55,000 195 10 21.30.1 [Fynbo et al., 2009]
080810 3.351 Keck/HIRES 50,000 17.0 30 17.5 0.15 [Page et al., 2009]
090926A 2.106 X-shooter(UVB) 6000 17.9 20 21.73 0.07 [D'Elia et al., 2010]
100219A 4.665 X-shooter(VIS) 10,000 22.2 4 21.130.12 [Théne et al., 2012]
111008A 4.989 X-shooter(UVB) 6500 21.0 10 22.3 0.06 [Sparre et al., 2014]
120327A 2.813 X-shooter(UVB) 6250 18.8 30 22.01 0.09 [D’Elia et al., 2014]
X-shooter(VIS) 10000
120815A 2.358 X-shooter(UVB) 6000 18.9 12 21.95 0.1 [Kriihler et al., 2013]
X-shooter(VIS) 11000
120909A 3.929 X-shooter(VIS) 10000 21.0 9 21.20 0.10  [Cucchiara et al., 2015]
121024A 2.298 X-shooter(UVB) 6000 20.0 15 21.50 0.10 [Friis et al., 2015]
X-shooter(VIS) 12000
130408A  3.757 X-shooter(UVB) 6000 20.0 20 21.70 0.10 [Cucchiara et al., 2015]
X-shooter(VIS) 12000
130606A 5.911 X-shooter(VIS) 8000 19.0 10 19.93 0.2 [Hartoog et al., 2015]
X-shooter(NIR) 6500
130610A  2.091 UVES 40000 20.9 6 [Smette et al., 2013]
141028A 2.333 X-shooter(UVB) 5600 20.0 8 20.60 0.15 [Wiseman et al., 2017b]
X-shooter(VIS) 9600
141109A 2.998 X-shooter(UVB) 6000 19.2 5 22.10 0.10 [Heintz et al., 2018]
X-shooter(VIS) 10000
151021A 2.329 X-shooter(UVB) 6000 18.2 5 223 0.2 [Heintz et al., 2018]
X-shooter(VIS) 10000
151027B 4.0633 X-shooter(VIS) 9000 20.5 5 20.50.2 [Heintz et al., 2018]
160203A 3.518 X-shooter(VIS) 12000 18.0 5 21.750.10 [Heintz et al., 2018]
161023A  2.709 X-shooter(UVB) 6000 175 40 20.96 0.05 [Heintz et al., 2018]
X-shooter(VIS) 10000
170202A  3.645 X-shooter(UVB) 6300 20.8 8 2155 0.10 [Selsing et al., 2018]
X-shooter(VIS) 10500

a Typical SNR in the bandpass.

b Also previously analyzed in [Fox et al., 2008]

¢Ni II* transition has been used in addition to Si II* and C II* for de ning the redshift.
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Chapter 3: New radio constraints on the obscured star formation

rates of massive GRB hosts at redshift8 3.5

In this chapter, we will explore whether GRB hosts in our sample are likely to

be heavily obscured by dust.

3.1 Introduction

Long gamma-ray bursts (GRBs) are bright bursts of gamma-rays followed
by extremely luminous multi-wavelength afterglow, from the X-rays to the radio
wavelengths. They have been shown to be associated with the collapse of massive
stars [Hjorth et al., 2003, Stanek et al., 2003]. GRBs have been observed across
the cosmic history, fromz 0:01to z 8:2 [Tanvir et al., 2009, Salvaterra et al.,
2009, Fynbo et al., 2000]. These attributes make them a viable probe for tracing
the star-formation history of the universe, especially az > 2 where other probes
are scarce.

However, the exact relation between GRB rates and cosmic star formation rate
(SFR) is still an unsolved problem [Greiner et al., 2015, Schulze et al., 2015, Perley
et al., 2016a, Perley et al., 2016b]. Various observations ok 1:5 GRB hosts have

raised questions on whether GRBs can be used as unbiased tracers of star formation
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[Boissier et al., 2013, Perley et al., 2013, Vergani et al., 2015, Schulze et al., 2015,
Perley et al., 2016b]. Particularly, GRB hosts atz < 1 show a strong bias towards
faint, low-mass M < 10'° M ), star-forming galaxies and lower metallicities (below
solar metallicity) compared to other star-formation tracers, even after taking into
account GRBs with high line-of-sight dust obscuration [Graham and Fruchter, 2013,
Perley et al.,, 2013, Kelly et al., 2014, Vergani et al., 2015, Japelj et al., 2016,
Perley et al., 2016b]. However, this bias appears to subside at> 2 [Greiner
et al., 2015] since the mean metallicity of typical star-forming galaxies is below
solar. A signi cant amount of star formation at these redshifts is contributed by
dusty massive starbursts (submme-bright; see [Casey et al., 2014] for a review). Thus,
high-mass, (relatively) metal-rich, dusty galaxies with high star formation rates may
form a signi cant fraction of the GRB host population at z > 2 [Perley et al.,
2013, Greiner et al., 2016, Perley et al., 2016b]. On the other hand, some previous
studies indicate that GRB explosions may have a bias against dusty host galaxies
based on the relatively stronger Ly- emission of the hosts [Fynbo et al.,, 2003]
and the higher incidence of GRBs in the brightest regions in the galaxy compared
to core-collapse supernovae [Fruchter et al., 2006]. To understand whether GRBs
truly trace star formation at z > 2, it is important to measure the total SFR (i.e.
dust-obscured + dust-unobscured).

Radio observations provide a probe of recent total star formation rate. In
star-forming galaxies, the radio luminosity at frequencies below a few 10 GHz
is dominated by the synchrotron emission from relativistic electrons, previously

accelerated by supernova remnants, propagating in the interstellar magnetic eld
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[Condon, 1992]. The relativistic electrons probably have lifetimes 100 Myr, thus
this component traces recent{ 100 Myr) star formation.

There are about 100 GRB host observations at radio frequencies down to limits
between3 500 Jy (see [Greiner et al., 2016] for details). So far, there have been
19 cm-wave observations of GRB hosts at > 2, out of which two were detections:
GRB 080207A and GRB 090404 [Greiner et al., 2016, Perley et al., 2013, Perley
et al., 2015, Perley et al., 2016d]. However, none of these high-z GRBs have high-
resolution, high-SNR optical afterglow spectra.

GRBs with high-resolution afterglow spectra can be excellent test cases for
examining the biases in GRB host population at high-z since a measure of the
host metallicity may be derived from these spectra to help characterize the galaxy
population traced by GRBs atz > 2. The availability of a high-resolution rest-
frame UV spectrum of the GRB afterglow implies that the rest-frame UV is largely
unobscured Ayy . 2 3 mag). The radio observations of these GRB hosts may be
used to nd out whether this lack of obscuration is simply due to a clear line-of-sight
or due to an overall lack of dust obscuration in the host galaxy. Dusty sightlines
do not necessarily imply dusty host galaxies. This needs to be tested, especially
in light of past cm-wave observations of [Hatsukade et al., 2012] and [Perley et al.,
2013], where the deep upper limits on the radio ux from the galaxy hosts of so-
called "dark GRBs' (i.e. UV-dark afterglow due to high line-of-sight extinction)
imply that the dark GRBs do not always occur in galaxies enshrouded by dust or
in galaxies exhibiting extreme star formation rates (few 100 1000M yr 1).

New radio-based SFR constraints are particularly needed for massité (& 10'°°M )
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GRB hosts atz > 2 since the massive star-forming galaxies at high-z are likely to be
signi cantly dusty [Casey et al., 2014, Shapley, 2011]. One of our objectives is there-
fore to understand whether massive GRB hosts & > 2 share this characteristic of
typical massive star-forming galaxies az > 2.

This pre-selection ofz > 2 GRB hosts based on high-resolution afterglow
spectra is also useful to inform the total SFR of the GRB hosts in the CGM-GRB
sample [Gatkine et al., 2019a], particularly for the massive GRB hosts which are
likely to have a substantial dust-obscured star formation component. The high-
resolution spectra quantitatively trace the kinematics of the circumgalactic and
interstellar media of the host. The total star formation (obscured+ unobscured)
is a major driver of galactic out ows that feed the circumgalactic medium (CGM).
Therefore, constraining the total SFR is necessary for studying the CGM-galaxy
connection.

In this paper, we report deep, late-time radio observations of fowr > 2 GRB
hosts with existing high-resolution afterglow spectra. The sample includes GRB
080810 which is the highest-redshift GRB host yetz(= 3:35) with deep radio obser-
vations. These results were obtained using Karl Jansky Very Large Array (VLA) in
C-band 4 8 GHz). Section 3.2 describes the target selection, VLA observations,
and analysis. In section 3.3, we derive the constraints on the radio-based SFRs and
discuss the obscured fraction of the SFR in each GRB host individually. The impli-
cations of these results for dust obscuration in GRB hosts are discussed in Section

3.4 and the key conclusions are summarized in Section 3.5.
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Table 3.1: Summary of the VLA observations

Total t; 3 Limit Beam size Flux/ Complex

a int

GRB z RA. Dec. (min) ( Jy) 9 bandpass gain
021004 2.323 00:26:54.68 +18:55:41.6 270.5 3.0 3. 4.5 3C48 J0010+1724
080310 2.427 14:40:13.80 00:10:30.7 402 6 3.2 4.0 3C286 J1445+0958
080810 3.35 23:47:10.49 +00:19:11.5 343 3.8 3.7 49 3C48 J2323-0317
121024A 2.298 04:41:53.30 12:17:26.6 123 12 39 56 3C138 J0437-1844

aAll the observations were performed in the C-band @ 8 GHz) in C array con guration of the
VLA.

3.2 Sample and observations

3.2.1 Sample Selection

The CGM-GRB sample is a sample of 22 > 2 GRBs with high-resolution
(resolving powerR > 6000) and high signal-to-noise ratio (median SNR 10) after-
glow spectra [Gatkine et al., 2019a]. None of these GRBs have previously reported
late-time radio observations. A subset of these objects is selected by imposing var-
ious criteria. Only GRBs that occurred at least six years ago are considered to
ensure that the radio ux contribution from the afterglow is minimal [Perley et al.,
2015]. From the remaining 17, only GRB hosts with existinyl, measurements and
M, > 10°° M are selected since their UV-based SFR is expected to be most af-
fected by dust obscuration. This resulted in a set of four GRB hosts: GRB 021004,
GRB 080310, GRB 080810, and GRB 121024A. Further, the VLA observations of
GRB 080810 reported here (az = 3:35) make it the the highest-redshift GRB with
a late-time radio observation of the host. Table 3.1 summarizes the sample and its

key properties.
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3.2.2 VLA Observations

We performed the radio observations using the fully upgraded Karl G. Jansky
Very Large array (VLA) using C-band receivers spanning 4 8 GHz and with a
central frequency of 6 GHz. We used 3-bit samplers to utilize the entire 4096 MHz
bandwidth of the C band to maximize the continuum sensitivity. The dual polariza-
tion setup was used. The observations were conducted in the C array con guration
during the months of December 2018 to January 2019 (program VLA 18B-312, PI:
Gatkine). The integration time for each GRB host is listed in Table 3.1 (typical
4.5 hours). A nearby complex gain (amplitude and phase) calibrator was observed
every 30 40 minutes during any scheduling block and a standard ux calibrator
was observed every hour. The 3-rms and the synthesized beam size for each source
are listed in Table 3.1.

The data reduction was carried out using the Common Astronomy Software
Applications package (CASA) version 5.5.0 [Emonts et al., 2019]. The standard
CASApipeline was used to ag and calibrate the observations. Imaging and de-
convolution was performed using théclean function in CASA Natural weighting
was employed while cleaning the measurement sets to maximize the continuum sen-
sitivity. In the case of GRB 121024A, additional agging was performed to clip
the outlier visibilities and channels heavily a ected with radio frequency interfer-
ence. Further, self-calibration was performed to clean the image around a bright
source at a separation of % a robust weighting was employed, and a multi-term

multi-frequency synthesis (mtmfs, with 2 terms) deconvolver was used to account
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Figure 3.1: Contour maps of the radio ux density in3000 3000elds centered

on the four GRBs of our sample. The location of the GRB and @&rror circle are
marked as red crosses and black circles, respectively. The synthesized beam is shown
in the bottom left corner. The contours are marked as -12, -6, -3, -1.5, 1.5, 3, 6,
12 with negative values marked as dotted contours. None of the GRB hosts are
detected at the 3 level.

for spectral index gradient in the much brighter contaminating source.

The synthesized beam size for C-con guration observations is signi cantly

coarser (beam size 40Pthan the angular extent of the galaxy (1 kpc translates to

0.10&t z 2:5). Therefore, the host galaxies are unresolved and can be treated
as point sources here. The 1 ux-density level was derived by sampling a blank
region spanning 100 synthesized beam area around the target.

The maps for GRB 021004 and GRB 080810 have rms sensitivities close to that
predicted by the VLA noise calculator. However, GRB 121024A and GRB 080310
had particularly bright sources near the half-power response of the primary beam.
At this location in the primary beam, the amplitude response is variable owing
to antenna pointing errors, which result in amplitude gain errors in the visibilities
that are a function of eld position in addition to antenna, frequency, and time.
Standard self-calibration does not work well if there are position-dependent errors;
antenna pointing errors limited the dynamic range of the maps for GRB 080310 and

especially GRB 121024A, and consequently our sensitivity for these objects.
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Figure 3.2: Curves showing the radio ux density averaged ovet 8 GHz for

various star formation rates M =yr) over a redshiftrangez 0 4 using a spectral
index of =0:7. The 3 upper limits of various GRBs are shown with downward
triangles. The horizontal dotted lines are drawn to guide the eye.

3.3 Radio- and UV-based SFR

3.3.1 Radio-based SFR

As described in Section 4.1, the radio continuum at frequencies below a few
10 GHz traces the total (i.e. dust-obscured dust-unobscured) star formation ac-
tivity in the last 100 Myr [Condon, 1992]. The radio-far-IR relation for star-forming
galaxies which quanti es the radio-SFR relation is shown to hold true at interme-
diate and high redshifts [Sargent et al., 2010]. On the other hand, the UV/optical
light (including the emission lines) primarily probes the portion of the SFR that is
not signi cantly obscured by dust (i.e. dust-unobscured SFR) even with dust at-
tenuation included in the modeling (see the example of GRB 100621A in [Stanway

et al., 2014]). Thus, a signi cant discrepancy between the UV-based and radio-based
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SFR measures would imply the presence of substantial dust obscuration within the

galaxy. In the discussion below, we use the following naming system:

SFRta : Radio-based total SFR

SFRynobscured: UV-based unobscured SFR (without dust correction),

SFRobscured: the portion of SFR that is obscured due to the dust (=SFRyta;  SFRunobscured)-
Here, we observe the GRB hosts in C-bandl( 8 GHz) atz 2 3.5, thus we

are sensitive to .t =25 10GHz. The rest-frame radio luminosity is produced by

three mechanisms: non-thermal synchrotron emission,, free-free emission ¢),

and thermal emission from dust (3), as shown in [Yun and Carilli, 2002]. The

thermal dust component is insigni cant (< 1%) at the frequencies of interest. The

radio-SFR relation for star-forming galaxies [Yun and Carilli, 2002] is thus given by:

(1+ z)SFR

b2 (3.1)

where,
1=25Fhh o
2=0:71,%

3 ( 9=2000)
-1 6 oll e ‘o |
3= 1:3 10 0 0048 =Tgq 1

Here, the symbols ;, ,, and 3 represent the contributions from non-thermal

synchrotron, free-free, and dust thermal emission respectivelyD, is luminosity
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distance in Mpc, SFR is star formation rate inM yr !,  is rest-frame frequency
in GHz, f 4, Is the scaling factor, is the synchrotron spectral index,Ty is the dust
temperature in K, and is the dust emissivity. For the typical values ofT4 (60 K)
and (1.35), the dust emission is insigni cant for .y 25GHz. hence, we neglect
this term. The non-thermal synchrotron emission is the most dominant contributor
in the given frequency range. Since we do not have a robust measurement of the
actual spectral index for any of our objects, we assume a canonical average value of

= 0:7. Past literature has used values ranging from 0:6 to 0:75 [Hatsukade
et al., 2012, Perley et al., 2013, Perley et al., 2015, Stanway et al., 2014, Greiner
et al., 2016]. This range of a ects the radio luminosity by 25%. This equation
assumes a Salpeter initial mass function (IMF). Due to various assumptions in the
calibration of radio-based SFRs, it is subject to a systematic uncertainty of about
a factor of 2 [Yun and Carilli, 2002, Bell, 2003, Murphy et al., 2011].

Figure 3.2 shows the observed ux densities averaged over 8 GHz for various

star formation rates as a function of redshift and the respective upper limits of
our targets. The UV- and radio-derived SFRs for our four targets are summarized
in Table 3.2 along with the stellar masses and ratios of radio-based (total) and

UV-based (dust-unobscured) SFRs.

3.3.2 Late-time afterglow emission

The GRBs have long-lived radio afterglows. Therefore, any estimates of SFR

using the radio emission can only be made after the afterglow has faded considerably
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to ensure minimal/no contamination due to the afterglow. We compiled the past
early-time radio observations of the afterglows of our target GRBs available in the
literature and extrapolated the afterglow decay using a canonical long GRB radio
light curve model (forward shock model) with & ! decay [Chandra and Frail, 2012]

as follows:

8
SFmty 212 ift<tp:

f(t)=
® " Fotmt 1 ift>t,:

(3.2)

Here, F, is the peak ux density at a given frequency and,, is the time of
the peak in that frequency. For this extrapolation, we used a conservative approach.
We use the latest ux density measurement in C-band (if available) as the peak ux
density. If it is not available (eg: GRB 121024A), we extrapolate the ux density
using the standard GRB radio afterglow model described in [Chandra and Frall,
2012]. The typical values oft;,, range between rest-frame 3 and 6 days at a rest-
frame frequency of 25 GHz (which we probe since our targets are at 2 3:5).
We translate thist,, to the observer frame for each GRB and plot the radio afterglow
evolution in Figure 3.3. The three lines show the decay with, = 3, 4.5, and 6 days
(in the rest frame). No early-time radio observations are available for GRB 080310.
The conservative approach used here gives the upper limit of radio ux density due to
the afterglow and further shows that the late-time radio uxes for our observations
are dominated by the host galaxy and are not likely to be contaminated by the

afterglow.
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Figure 3.3: Radio evolution of the afterglows of GRB 021004, GRB 080810, and
GRB 121024A, extrapolated using the canonical afterglow evolution model described
in Section 3.3.1.

3.3.3 SFR in each GRB host

We summarize the UV-derived and radio-derived SFRs for the four GRBs in
the following subsections. Note that theSFRnopscured Signi €s the uncorrected, UV-
based SFR derived from the rest-frame UV luminosity. Using the VLA observations,
we obtain an estimate of the total SFR §FRyy ), independent of assumptions on
the dust extinction (in the line of sight or otherwise).

We also compare the observed rati8FRita =SFRunobscured fOr our GRB hosts with
the same ratio for star-forming galaxies with a similar stellar mass at a redshift
rangez 2 25, as derived from the CANDELS survey [Whitaker et al., 2017]

and summarize this in Figure 3.4.

3.3.3.1 GRB 021004

GRB 021004 is one of the best studied GRBs from the gamma-rays to radio
wavelengths. The optical afterglow was detected 3.2 minutes after the prompt high-

energy emission and was followed up extensively [Fynbo et al., 2005]. The extremely
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blue host galaxy of GRB 021004 was identi ed and studied through late-time imag-
ing in the rest-frame UV and optical bands. HST ACS imaging in the F606W band
revealed that the host galaxy has a very compact core with a half-light radius of
only 0.4 kpc (atz = 2.323). Based on HST ACS imaging in F606W lIter (rest-frame
UV), the impact parameter of the afterglow position is only 0.0180corresponding
to a distance of 119 pc, which is one of the smallest for long GRBs [Fynbo et al.,
2005, Fruchter et al., 2006, Blanchard et al., 2016]. While this could be a chance
projection, it is likely that the GRB progenitor could be associated with a circumnu-
clear starburst. We note a caveat here that given the typical irregular morphologies
of low-mass high-z galaxies, we cannot rule out the small o set being due to the
presence of a bright star-forming knot in the rest-frame UV. The line-of-sight ex-
tinction Ay is 0.20 0.02 mag (using the SMC extinction law) as derived after 1
week of afterglow decay [Fynbo et al., 2005]. The Lyderived neutral hydrogen
column density (Ny;) along the line of sight is modest ( 10*° cm 2; [Prochaska
et al., 2008c)).

[Castro-Tirado et al., 2010] derived the host SFR of 4B yr ! (without any
dust correction) by attributing all of the H emission to star formation. Given the
small Ay, the dust correction was assumed to be minimal from the afterglow SED.
On the other hand, [Jakobsson et al., 2005] have estimated a lower limit of SFR as
10.6M yr ! by converting the Ly ux to SFR [Kennicutt, 1998] and assuming a
100% Ly escape fraction.

We derive a 3 upper limit on the C-band ux density of 3.0 Jy, corresponding
to aradio SFR limitof 85M yr Yatz 2:323 This result is consistent with the low
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Figure 3.4: The SFR M, relation decomposed into total (black star), obscured
(red circle), and unobscured components (blue triangle) of the star formation rate
for the galaxies in the CANDELS survey atz 2 25 [Whitaker et al., 2017].
The gray band corresponds to the typical 0.3 dex width of the observed relation.
Individual GRBs in our sample are shown in various colors with their UV-derived
SFR (tracing the dust-unobscured SFR) and the radio-derived SFR (tracing the
total SFR).

Ay derived from the optical-NIR SED and therefore suggests that the host galaxy
as a whole is not signi cantly a ected by dust. This observation identi es a galaxy
that is able to sustain a SFR of 40M yr *atz 2:3 without signi cant dust
obscuration. Using the non-extinction-corrected H emission, we geSFRnobscured =
40M yr 1, so the ratio SFRya =SFRunobscured 1S < 2:1 for this M > 10'°°M galaxy.
In contrast, the corresponding ratio derived for the main sequence of star-forming
galaxies atz 2.5 from [Whitaker et al., 2017] is 6.

Given the small impact parameter of the afterglowX19pc) from the centroid
of the bright star-forming region, the apparent lack of signi cant dust extinction
along the line of sight to the GRB, and in the host galaxy as a whole from the radio

observations, is puzzling.
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3.3.3.2 GRB 080310

The afterglow of GRB 080310 was detected 1.5 minutes after the prompt high-
energy emission and was followed up extensively (see [Littlejohns et al., 2012] for a
full discussion). The redshift of this GRB is 2.427 [Prochaska et al., 2008a, Vreeswijk
et al., 2008]. [Perley et al., 2008] estimated a low line-of-sight extinctigk, of 0.10

0.05 mag. using an SMC-like extinction law (at an average time of + 1750 s).
The line-of-sight Ny, is modest ( 10'%8 cm 2).

The late-time host galaxy imaging using the Low Resolution Imaging Spec-
trometer (LRIS) on the Keck-I telescope yielded a non-detection with a g-band
limiting magnitude of 27.0 [Perley et al., 2009]. We estimate a SFR upper limit of
45M yr ! using the UV luminosity-SFR relation for GRB host galaxies described
in [Savaglio et al., 2009]. [Perley et al., 2016b] estimated Idg(=M ) =9.8 0.1
using Spitzer 3.6 m imaging. However, we caution the reader of the possibility
that the Spitzer3.6 m ux is contaminated by the di raction spike from a nearby
star despite careful modeling and subtraction of the spike [Perley et al., 2016b].

The VLA observations constrain the SFR to less than 1801 yr ! (3- upper
limit). However, this limit is not su ciently deep to constrain the dust obscuration

in the host galaxy of GRB 080310.

3.3.3.3 GRB 080810

This is the highest-redshift GRB in our sample atz = 3:35. The afterglow

of GRB 080810 was detected 80 seconds after the prompt emission by the X-ray
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telescope (XRT; [Burrows et al., 2005]) and UV-optical telescope (UVOT; [Roming
et al., 2005]) on board the Neil Gehrels Swift Observatory [Gehrels et al., 2004].
[Prochaska et al., 2008a] obtained the optical spectra of the afterglow using the Keck
HIRES spectrograph starting 37 minutes after the trigger and derived a redshift of
3.35. The Ly -derived line-of-sight Ny, is small ( 10'> cm 2). We refer the
readers to [Page et al.,, 2009] for a discussion of the extensive multi-wavelength
follow-up of this GRB.

Extensive late-time ground-based photometry and spectroscopy of the host
galaxy of GRB 080810 revealed an extended structure with a bright compact re-
gion (see [Wiseman et al., 2017a] for more details). Further, a strong detection of
redshifted Ly emission at a redshift of 3.36 con rmed the association of the GRB
and the detected host galaxy [Wiseman et al.,, 2017a]. They estimate a modest
host extinction of Ay 0.4 mag. from SED tting. [Greiner et al., 2015] convert
the extinction-corrected UV luminosity to SFR (using theLyy SFR relation in
[Duncan et al., 2014] andA1600 1.3 mag.) to obtain SFR  100M yr !, which is
further corroborated by SED tting [Wiseman et al., 2017a]. The uncorrected SFR
is  30M yr 1. The stellar mass, derived from theSpitzer 3.6 m photometry, is
logM =M ) =10.2 0.1 [Perley et al., 2016c].

Here we report the rst ever deep late-time radio observation of a GRB with
a spectroscopic redshifz > 3:1. We derive a 3- upper limit on the C-band ux
density of 3.8 Jy, corresponding to a radio-based SFR upper limit of 238 yr !
at z 3:35 The dust-corrected SFR from the UV SED is therefore consistent with

the total SFR limit derived from the radio observations. This further implies that
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the modestAy estimated from the UV SED tting reasonably takes into account
the dust correction.

Using the uncorrected UV SFR, we derive a ratic®SFRyta =SFRunobscured <
7 for this M > 10 M galaxy. This is consistent with the corresponding ratio
derived for the main sequence of star-forming galaxiesat 2 2:5from [Whitaker
et al., 2017], which givesSFRta) =SFRunobscureds 6. Here, we extrapolate the non-
evolution of this ratio from z  2:5 to 3.3 for the star-forming galaxies on the main

sequence at a giveM , as presented in [Whitaker et al., 2017].

3.3.3.4 GRB 121024A

The afterglow of GRB 121024A was followed up 93 seconds after the prompt
emission by the X-ray telescope (XRT; [Burrows et al., 2005]) on board the Neil
Gehrels Swift Observatory [Gehrels et al., 2004]. [Tanvir et al., 2012] obtained the
optical/NIR spectra of the afterglow using the X-shooter spectrograph on the Very
Large Telescope (VLT) and determined a redshift of 2.298. The line-of-sigN;, of
10?*° cm ? indicates that this is a damped Ly system. We refer the readers to [Friis
et al., 2015] for a detailed summary of the extensive multi-wavelength follow-up of
this GRB.

Various emission lines including H, H , [O Il] 3727, 3729 doublet, [N ]

6583, and [O 1lIl] 4959, 5007 were detected in the X-shooter NIR spectrum of the
afterglow. Extensive optical and NIR photometry of the host galaxy was obtained

using VLT/HAWK-I, NOT, and GTC (for details, see [Friis et al., 2015]). The
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Table 3.2: Summary of GRB host properties

GRB2 . log(Npy) @ M SFRyy SFRRadio °  SFRuw
(cm?) (M) M yr 1) (M yrt) SRuw

021004 2.323 19.00 0.2°¢ 10.2 0.189 40 10 < 85 <21

080310 2.427 18.80 0.1¢ 978 0.2" <5 < 180

080810 3.35 17.5 0.15° 10.24 0.1" 30 15 < 235 <78

121024A 2.298 215 0.1f 9.992 " 40 4 < 330 <83

aLy -derived Ny °3 upper limit, °[Prochaska et al., 2008c]%[Fox et al., 2008],¢[Page et al.,
2009]," [Friis et al., 2015], 9[Savaglio et al., 2009] " [Perley et al., 2016b]

stellar population synthesis modelling of the host yielded a modest extinctioiy
of 0.15 0.15 mag. andog(M =M ) = 9.9"%32.

[Friis et al., 2015] estimate the SFR from the extinction-corrected Hand [O
Il] uxesas42 1land53 15M yr ! using conversion factors from [Kennicutt,
1998]. However, note that the extinction correction to the SFR is small ( 15%.
They further corroborate this SFR by stellar population synthesis modelling.

The 3- upper limit on the C-band ux density of GRB 121024A is 18 Jy.
The relatively higher background is due to a bright source at’@&ngular separation.
Using the VLA observations, we obtain a 3- upper limit of the total SFR as 500
M yr 1. However, this limit is not su ciently deep to constrain the dust obscuration
in the host galaxy of GRB 121024A. The limitingSFRyta =SFRynobscured < 125 is
consistent with the corresponding expected ratio ( 5) from [Whitaker et al., 2017]

for a star-forming galaxy of this stellar mass on the main sequenceat 2 25.
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3.4 Discussion

Our observations have targeted massivé{ > 1°* M ) high-zGRBs (z 2 3:5)
with high-resolution and high SNR rest-frame UV afterglow spectra (i.e. a rest-frame
UV-bright afterglow). Previous studies have observed the host galaxies of so-called
“dark' GRBs (rest-frame UV/optically dark afterglows) in radio [Perley and Perley,
2013, Perley et al., 2015, Greiner et al., 2016]. These observations are summarized
in Figure 3.5. However, we caution the readers that in Figure 3.5, the UV-based
SFR from the literature are dust-corrected. In the future, a combined sample of the
radio observations for the hosts of GRBs with UV-bright afterglows and UV-dark
afterglows can help address the question as to whether GRB hosts are biased against
the highly dust-obscured starburst population at high redshifts. This question has
strong implications for the use of GRBs as SFR tracers at high redshift. Deeper
radio limits (comparable to this paper) for the dark GRB hosts will be needed to
address this question in the future.

The radio ux limits in our observations are a least 3 times deeper than the
previous limits on the SFR atz > 2 [Perley et al., 2015], and thus provide tighter
constraints on whether GRB hosts at these redshifts are more likely to be dusty
starburst galaxies or not. Out of the four GRBs in this sample, we have well-
de ned upper limits of the SFR =SFRyy for three of them (see Table 3.2). We
compare these limits with the observed distribution of the dust-obscuration ratios
at high redshifts from the CANDELS survey in [Whitaker et al., 2017] (hereafter

W17; see Figure 2 therein; we compare against the inverselof fopscured)-

103



The upper limits of SFRyy =SFRyy for the host galaxies of GRB 080810
(< 7.8) and 121024A £ 8:3) are consistent with this distribution. We note here
that the upper limits are derived using 3- radio ux limits. On the other hand,
for GRB 021004, theSFRyy =SFRyy . 2. Only 1% of the W17 sample with the
corresponding stellar mass lopg(M =M ) =10:2 0:2) falls in the SFRyuta =SFRyy

2 regime. Hence, GRB 021004 is inconsistent with being drawn from the W17
distribution. The ratio for GRB 080310 is unconstrained due to UV non-detection.

Given that 50% of our sample limits are consistent with the results of W17
(using 3- limits), 25% of the sample is inconsistent with W17, and 25% is uncon-
strained, we can only draw a coarse conclusion. The deep radio limits suggest that
the overall star formation activity in these GRB hosts is not heavily obscured by
dust (i.e. SFRoa =SFRyy < 10, unlike LIRGs; [Bouwens et al., 2009, Howell et al.,
2010, Casey et al., 2014]), and possibly slightly less obscured than the star-forming
main sequence population az 2.5 [Speagle et al., 2014].

Particularly, GRB 021004 provides a striking example of lack of signi cant
dust obscuration in the central region of a star-forming galaxy at > 2, given that
the separation of the GRB from the galaxy centroid is only 119 pc [Fynbo et al.,
2005, Fruchter et al., 2006]. The sightline extinction, derived from the afterglow
is also small Ay = 0:2 0:02 mag.). Two possible scenarios can explain these
results: a) the GRB occurred in a locally dusty cloud but globally, the host galaxy
lacks signi cant amount of dust. The low sightline extinction would then imply
that the burst occurred along a clear sightline within its star-forming cloud. b) the

GRB occurred in a star-forming region which has cleared the dust from past star
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formation and the overall galaxy also lacks signi cant amount of dust. The GRB
sightline would then be a representative sightline.

The results from our limited sample suggest that the GRBs with UV-bright
afterglows (i.e. optically thin sighltines in UV) atz 2 3.5 are likely to be star-
forming galaxies with SFRs moderately higher<{ 5 ) than the star-forming main
sequence [Speagle et al., 2014], but without signi cant dust obscuration in their
star-forming regions.

However, it is likely that this result only applies to the GRBs with UV-bright
afterglows due to our selection criteria. At the same time, the dust extinction along
a sightline may not necessarily represent the dust obscuration on a galaxy scale, for
optically thin as well as optically thick sightlines (in UV). More radio observations
of GRB hosts atz > 2 with a depth at least2 SFRyy are necessary to con rm this
hypothesis. This is required for GRBs with UV-bright afterglows as well as with
UV/optically dark afterglows to rule out any selection bias based on the line-of-sight

extinction.

3.5 Summary

If the GRBs are unbiased tracers of star formation at high redshiftsz(> 2),
then we should expect that a large fraction of GRB hosts are highly dust-obscured
starbursting galaxies, since these are well known to be major contributors to the cos-
mic star formation at high redshifts. The goal of our study was to investigate the

galaxy-scale dust obscuration in the GRB hosts with optically thin sightlines in the
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Figure 3.5: The comparison of the radio-derived SFR (tracing the total SFR) and

UV-derived SFR (tracing the dust-unobscured SFR) as a function of redshift for

the four GRBs presented here (in the foreground), and GRBs in the literature in

the background. P13: [Perley et al., 2013] and one data point (GRB 060814) from
[Greiner et al., 2016].

UV. We conducted deep radio observations of a subset of four massi (> 10°°
M ) GRB hosts at z > 2 for which high signal-to-noise (typical SNR 10) and
high-resolution ( v < 50 km s 1) rest-frame UV spectra of the afterglow are avail-
able. The selected targets are GRB 021004, GRB 080310, GRB 080810, and GRB
121024A. We measured the total SFR (= obscuretl unobscured SFR) of the hosts
using VLA C-band observations and compared them against the unobscured com-
ponent of the SFR, measured from the rest-frame UV luminosity. The depth of the
radio observations in this study has allowed us to put tight constraints on the ratio
of the total-to-unobscured SFRS $FRiotai =SFRynobscured)-

We nd that the radio-based star formation rates are in general not substan-
tially higher than those obtained from the optical/lUV measurements. Thus, the

fraction of total star formation that is obscured by dust SFRypscured=SFRiotal ) IN
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most of the GRB hosts, even atz > 2, is less than 90%, unlike LIRGs or dusty
starburst galaxies. Particularly, for the well-constrained case of GRB 021002 €
2:323, we nd that the upper limit of the radio-based "total SFR' is less than twice
the UV-based "unobscured SFR' of the GRB hosts (thusSFRypscured=SFRiotar <
50%. Our results suggest that the dust obscuration in the star-forming regions
of these galaxies is small, and sometimes (e.g. for GRB 021004) even smaller than
the dust obscuration seen in typical main-sequence star-forming galaxies at these
redshifts. We reiterate that the results obtained here may only apply to GRBs with
UV-bright afterglows.

The present upper limits on the radio-based SFRs prevent us from determining
where the GRB host population lies with respect to the main sequence of star-
forming galaxies atz > 2. Deeper radio observations to a depth 02 SFRyy
are required to answer this question. Currently, we are limited by the sensitivity
of the radio instrumentation (eg: JVLA) to reach these deep limits. They will be
achievable with the higher sensitivity of upcoming radio telescope arrays such as

ng-VLA and SKA1-MID.
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Chapter 4: Out ow-Galaxy Relationsatz 2 6

In this chapter, we will explore how the out ows seen in the GRB hosts in

Chapter 2 at high redshifts relate to the properties of those GRB hosts.

4.1 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 inject energy and metal-enriched matter (as well as entrained cold
gas) at large distances into the interstellar medium (ISM) and CGM. The recycling
ows from the CGM bring back the metal-enriched gas to refuel the star forma-
tion [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 in massive galaxies [Veilleux et al.,
2005, Fabian, 2012, Heckman and Best, 2014, King and Pounds, 2015, Nelson et al.,
2019] whereas SN-driven out ows are thought to be more important in low-mass,

star-forming galaxies [Sharma and Nath, 2012].
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Supernova-driven out ows at high-redshift are important for the early enrich-
ment 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
tune the models of galactic feedback and understand the history of galaxy growth
and cosmic metal enrichment.

Observations at high redshift ¢ > 2) using various technigues 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 GRB afterglow sightlines
[Fox et al., 2008, Gatkine et al., 2019a]. 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., 2019, Mitchell et al., 2020]). The highe out ow-galaxy relation and its
evolution with redshift has recently been studied in [Sugahara et al., 2017, Sugahara
et al., 2019].

However, the out ow-galaxy relation in low-mass galaxies in the early universe
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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 down-the-
barrel technique). Apart from this, reliably removing the continuum spectrum of
the background object can be a challenge.

Use of GRB sightlines to probe the out ows and CGM of its host galaxy o ers
a promising solution to these problems. In [Gatkine et al., 2019a], 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 (lod] =M ) < 10.5), which makes them
ideally suited for exploring the low-mass out ows which are di 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 (SNR) 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., 2019a]
to explore the correlations between out ow and galaxy properties. The CGM-GRB
sample consists of 27 GRBs a& 2 6 with high SNR (median SNR  10) and
high-resolution (v < 50 km s 1) spectra. Multi-component Voigt-pro les were t
to the absorption spectra of various high- and low-ion species (including C IV, Si IV,
Sill, Fe ll, and O VI). The CGM kinematics of this sample were studied in [Gatkine
et al., 2019a]. 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
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(M ). These observations and their analyses are described in Section 4.2. We then
discuss the techniques used for visualizing and inferring correlations in Section 4.3.
The key correlations between out ow properties and galaxy properties such &%,
SFR, speci ¢ star formation rate (sSFR = SFR/M ), and halo mass are detailed in
Section 4.4. Finally, the implications of our results are discussed in Section 4.5.
Throughout this paper, we use the following model of cosmology, = 70

kms *Mpc %, u =0:3 =0:7

4.2 Observations and Methods

As described earlier, we measure the galaxy properties in the CGM-GRB sam-
ple. The sample is selected strictly on the criterion of availability of a high-resolution
(v < 50 km s 1) and high-SNR (SNR> 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 Fig. 4.2.

4.2.1 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-meter
Lowell Discovery Telescope (LDT). We also obtained deep archival imaging of two
GRB hosts using the FORS instrument on the Very Large Telescope (VLT) and
one each using HST WFC3 (program ID 15644), the Kilo-Degree Survey (KiDS)

[Kuijken et al., 2019], and PanSTARSS survey [Flewelling et al., 2016]. We consider
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a GRB host as detected if the o set of the potential host and the GRB location
is within 100 At z 3, 10Qoughly corresponds to 7.5 kpc. From previous HST
observations of other GRB host samples at [Bloom et al., 2002, Lyman et al., 2017],
more than 90%of the GRBs occur within this o set from their host galaxies. All the
GRBs are localized with a< 0:50(recision. The resulting magnitudes are further
corrected for Milky Way Galactic extinction using the dust maps of [Schlay and
Finkbeiner, 2011] and the extinction law withR,, = 3.1 from [Cardelli et al., 1989].
The photometry results are presented in Table 4.1.

The LDT imaging was performed using the Large Monolithic Imager (LMI,
[Massey et al., 2013]). The LMI data was detrended with a custom pythom-based
pipeline!. Individual elds were astrometrically aligned and co-added using CAMP
and SWARPespectively. The aperture photometry of the co-added images was
performed usingSextractor . The magnitudes were calibrated against the SDSS
[Alam et al., 2015] and GAIA catalogs [Evans et al., 2018]. Conversion of GAIA
magnitudes to Sloan magnitudes 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 pipelineEsoreflex  [Freudling
et al., 2013] and was further aligned, co-added, and calibrated as described above.
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 QGperture was

Ihttps://github.com/joedurbak/photometrypipeline
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Table 4.1: Summary of new observations

GRB? zP Tel./Instr. Filter AB Mag

000926A 2.0377 SpitzerIRAC 3.6 m 252 0.15
021004  2.3281 Spitze/IRAC 3.6 m 2422 0.18
071031 2.6912 Spitze/IRAC 3.6 m > 253

080310 2.4274 SpitzeIRAC 3.6 m 23.74 0.24
Spitze/IRAC 3.6 m 2296 0.05
VLT/FOR2 Rspecial 239 0.1
Spitze/IRAC 3.6 m 2473 0.3

111008A  4.989 HST/WFC3 F1iow 255 0.07

120327A 2.813 DCT/LMI SL-r 249 0.2
130606A 5.911 Spitze/IRAC 3.6 m 2491 0.25

Spitzer/IRAC 3.6 m  23.46 0.05

090926A 2.106

130610A 2.091

DCTILMI SLt 237 01
141028A 2333 SPZOMRAC 36 mo > 254
141100a 2993 SPZEMIRAC 35m 234 04
151021A  2.329 iﬁ’géeglicgy ol A,

3.6 m > 22.66

SpitzerIRAC

1510278 4.0633 ~ 0 L o 2“ 2;824.34
1610238 2700 IEEORCT Rgws - 257
170202A 3.645  DCT/LMI gtf Z;g:i

a Spitzer Prog ID 40599, PI : R. Chary. All others are taken from Spitzer Prog ID 13104, PI: D. Perley.
b Taken from [Gatkine et al., 2019a]

used for HST images given the di raction-limited imaging.

4.2.2 Spitzer IRAC Photometry

We obtained deep archival imaging of GRB hosts usingpitzerInfrared Array
Camera (IRAC) channel 1 8:6 m ). Out of a total of 27 GRB hosts, we present new
SpitzerIRAC photometry of 13 hosts in this paper and 12 were previously published

as a part of the SHOALS survey [Perley et al., 2016b]. The remaining two GRBs
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Figure 4.1: Contamination-subtracted images of GRB elds fronSpitzerIRAC

in 3.6 m band. Each thumbnail is 8" 8" in size. The central red circle is the
1.808perture 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 GRB positions: 000926 [Fynbo et al.,
2001], 021004 [Henden and Levine, 2002], 071031 [Kruhler 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 and Melandri, 2015],
151027B [Greiner et al., 2018], 161023A [de Ugarte Postigo et al., 2018].

remained unobserved by the end @pitzer mission. The newly presented data have
been collected as a part of various previous programs which are summarized in Table
4.1.

By analyzing the new data the same way as [Perley et al., 2016b], we ensure
procedural consistency with the previously published data. The reduction and pho-
tometry method is described in detail in [Perley et al.,, 2016b]. Here, we briey
summarize the key points. We acquired the Level-2 PBCD (Post-Basic Calibrated
Data) from the Spitzer Legacy Archive. We use the default astrometry provided
with the Level-2 products (with an accuracy of 0.89) Due to the large PSF of
Spitzer IRAC ( 1.80Cat 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 Section 4.2.1) to identify the primary
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source and any neighboring contaminants. We used thlgalfit  tool [Peng, 2003]
over several iterations to model the sources (using the PSF and PRF les provided
in Spitzer documentatior?) and subtract the neighboring sources which may con-
taminate the host or sky background regions. The subtracted image is then used
for performing aperture photometry.

We implemented the IRAC handbook recommendations for aperture photom-
etry using a custom IDL wrapper around theaper procedure in the Astronomy
User's Library® (see [Perley et al., 2016b] for details). For aperture photometry, we
place a 1.8@&perture on the host galaxy location (guided by deep optical imaging)
and a sky annulus with an inner radius of 3.8&nd outer radius of 0 The source
aperture and sky annulus are marked in red and yellow respectively in Fig. 4.1. In
the case of optical detection and IR non-detection, we specify a 2imit. However,
in the case of optical as well as IR non-detection, we evaluate a 3ipper limit to

account for the uncertainty (typically < 10Pin the GRB host location.

4.2.3 Stellar Mass

We use theSpitzerIRAC 3.6 m photometry to infer the stellar mass of galax-
ies 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., 2016b] to derive the stellar masses.

SED tting is a more accurate method to estimateM (by breaking the degeneracy

2https:/firsa.ipac.caltech.edu/data/ Spitzer/docs/irac/calibration les/psfprf/
3https://idlastro.gsfc.nasa.gov/
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between age and extinction). However, this requires extensive, ultra-deep optical
observations of faint GRB hosts in multiple lIters, which is resource intensive. In-
stead, we useSpitzer single-band (3.6 m ) photometry, which can still provide a
reasonable estimate of stellar mass, particularly for galaxies at> 2.

We calculate the absolute magnitude at (et = 3:6m=(1+ z) as Mpg =
Mag:36 m DM + 2.5log(1+ z), where DM is distance modulus. In [Perley et al.,
2016b], a grid of model galaxy SEDs is constructed for an array of redshifts ( O
10) and each decade it (10° to 10'*M ) by summing [Bruzual and Charlot, 2003]
galaxy SED templates (using [Chabrier, 2003] 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 Spitzermultiband)
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 thd , redshift,
and AB magnitude grid (see [Perley et al., 2016b] for more details). While the single-
band method su ers from uncertainties associated with various model assumptions
such as the IMF, dust extinction Ay), and star formation history, this method is
consistent with the masses obtained from SED tting atthe 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. Th®1 of our GRB hosts are summarized in

Table 4.2.
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Figure 4.2: Properties of the CGM-GRB sample. Panel 1: The redshift distribution
of the sample. Panel 2: The SFR's M of the GRB host galaxies in our sample.
The lines show the main sequence curves (yellow:= 1, blue: z = 2, red: z = 4)

as described in [Speagle et al., 2014]. Panel 3: The cumulative distriution of the
stellar mass in the CGM-GRB sample. The spread shows 95% con dence interval
around the value by incorporating any upper limits. The dotted vertical lines show
the value of characteristic massM 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. Same as panel 3, for SFR.

4.2.4 Dust Correction

UV dust extinction of the host galaxy needs to be estimated to convert the
absolute magnitudes into intrinsic rest-frame UV luminosity. Following [Greiner
et al., 2015], we perform the dust correction using empirical correlations of the
spectral index of the UV continuum (wheref = ), rest-frame absolute UV
magnitude at e = 1600 A (Myy), and the dust extinction at rest-frame 1600A
(A1600)- Here we assume that GRB hosts at high redshift follow a power law SED
(f = )inthe UV (redward of Ly ) and the same correlations as the extensive
high-z (25 6) star forming galaxy sample o& 4000galaxies from HST HUDF and
CANDELS surveys studied in [Bouwens et al., 2002)]. They derive the following

empirical relation for star forming galaxies atei = 3.8:

= 1:85 0:11(Myy +19:5) (4.1)
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The uncertainties on the numerical coe cients here are small (1:85 0:06
and 0:11 0:.01). Then, we iteratively solve forMyy and . The typical for
the high-z star forming sample in [Bouwens et al., 2009] is 2. In equation
4.2, this corresponds taMyy = 181. Hence, we use = 2 for our weaker upper
limits (where Myy > 181). For stronger upper limits (i.e. Myy < 181, we use
the corresponding to the limit. Finally, the A0 IS evaluated using the following

relation from [Meurer et al., 1999]:

A1ieo0 = 4:43 mag + 199 (42)

This dust-correction method is described in detail in [Greiner et al., 2015].

4.2.5 Star formation rate

We use single-band photometry in the rest-frame UV to calculate UV-based
SFR. To compute the SFR from dust-corrected UV luminosity I yy-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 dust-corrected UV luminosity and SFR. We use tBggq
and Myy values calculated in Section 4.2.4 to computeyy.corr- The SFR is then

calculated as follows:

L 1500
—_1. 1 1500;corr
SFRy500= 1:62 M yr [P ergsi A (4.3)

As a validation step, we compare theA 500 evaluated using the method
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with that using the afterglow-derived Ay (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 aftergléw is
larger, leading to a higher SFR estimate (for the afterglow, method) by a factor
of 3. The star formation rates of our GRB hosts are summarized in Table 4.2.

For GRBs 071031, 080804, and 120815, photometric observations are either
unavailable or too shallow. In the cases of GRBs 080804 and 120815, we have used
H emission-based SFRs from [Kruhler et al., 2011] since they are more robust
compared to UV-luminosity. For GRB 071031, we use the Lybased SFR from
[Milvang-Jensen et al., 2012]. While less robust, this measurement is consistent
with the upper limit of 3 M yr ! 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
4 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 star formation rates.
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These GRBs are marked with asterisk in Table 4.2.

4.3 Sample properties and analysis

4.3.1 Comparison with star formation main sequence

Figure 4.2 shows the distribution oM , SFR, andz of the CGM-GRB sample.
We compare the relative position of our sample with respect to the star forming main
sequence ar = 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 in two groups zl1: 2-2.7 andz2: 2.7-5.9 which have
equal number of objects and roughly equal cosmological timescale (1 and 1.4 Gyrs).
We highlight that there is no signi cant di erence in the two groups in terms of
SFR distribution. On the other hand, the mass distribution of the highz group is
skewed towards higher masses. However, note that this is not an intrinsic bias in the
sample selection since our sample is selected based only on the afterglow properties.
Regardless, from Fig. 4.2, 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. 3x) of the star formation main sequence at their respective
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Table 4.2: Summary of GRB host properties in the CGM-GRB sample

GRB z log(N; )2 Ay P Mae=1+zy logM =M )  Myy (MS;R 1 References
000926 2.0385 213 0.25 0.15 196 9.3 03 195 4073 [[%%Zt;oeﬁta?l,"z%%%?]
021004 23281 19.0 0.2 0.2 209 95 0.1 214 11.83%7 [,[:';'r?gg aab gggg{
050730 3.9672 2.1 0.1 012 > 205 < 946 181 08932 [F}Eﬁf;ﬁ'-éggg]ﬂ
050820A 26137 211 0.1 0.08 2042 9.4 015 191 2.4%3 [P[gf]'gsgf‘;ffg6ozg‘i°7]
050922C  2.1996 21.55 0.1 0.10 196 <90 > 183 <10 [FRoIaSK@cral Fonac]
060607A 3.0738 1695 003 008 > 2052 <94 > 175 <04 [P[g)gﬁ:i‘fite;ﬁ"égfg]sc]
071031 26912 22.15 0.05 014 > 201 <92 1403 [[T_?zf;ﬁ"”zggglsl
080310 24274 187 0.1 0.10 213 9.8 0.1 190 2.4 [P[gﬁéye;tagi.’zggggl
080804 2205 21.3 0.1 017 202 9.3 018 15.1%¢ [Fﬁ’g)?‘éte;f'-égf&g]
080810 3351 17.5 0.15 0.40 2215 10.24 0.1 229 173% [Wigiﬁgneéta;f.,zggf%b]
090926A 2.106 2173 0.07 < 0.04 21:9 9.8 0.1 205 11637 [[EaEfg?g;‘l' 228118%1
100219A 4.665 2113 012 013 > 204 < 9.4 200 6.7%3 [Trrrg/ngte;fléozl%%z]
111008A 4.989 22.3 0.06 0.12 209 95 0.2 205 12.33% [ég?;[eete;ﬁ"-'zgcl%]‘”
120327A  2.813 2201 009 < 0.03 232 108 0.1 212 28.1%25 [ﬁg'ti? Sa 228%311
120815A 2.358 2195 0.1 019 004 > 212 <97 232 e ['fz“,i‘i?;%?taﬁ',"zﬁ%fl
1209090A 3.929 2120 0.10 0.16 004 > 202 < 9.5 208 17.9%2 [C[ﬁgfﬁ{jggﬁa'zoig]ﬂ’]
121024A 2298 2150 0.10  0.56 218 1015 015 217  37'% [r'ngi/seettaaH:'zzoollss]’]
130408A 3.757 21.70 0.10 0.2 > 211 <134 [Zafar et al., 2018]
130606A 5911 19.93 0.2 < 0.07 21:8 10.0 0.2 199 6324 ['E'Za;}g‘r’%te;f"z'gfsll5]
130610A  2.001 0.01 21:3 9.7 0.05 206 131 [Ligﬁé?grﬁlﬁseétazj{ﬁ,22()&13%]
141028A 2.333 2060 015 013 > 200 <92 > 192 <23  [Wiseman etal, 2017b]
141100A 2993 2210 010 0.1 221 101 0.1 200 10.7°% [[ﬂeeiwg s 228115]]
151021A 2.320 223 0.2 0.2 > 194 <90 203 96432 [Heintz et al., 2018]
151027B  4.0633 205 02 < 0.12 2345 <108 219 58" [[';gifgtrzef‘a‘@l‘.'y"z%f’l%?]
160203A 3518 21.75 010 < 0.1 242 112 005 > 229 <71 [Heintz et al., 2018]
161023A 2709 2096 005 009 > 195 <91 > 196 <34 [Heintz et al., 2018]
170202A  3.645 2155 010  <0.12 > 210 <115 [[Szgf;?gete;ﬁ"égfés]

M3.6=(1+7) - AB mag in rest-frame optical/NIR from Spitzer data; Myy : Absolute magnitude at
ost = 1600A

2 Neutral hydrogen column densities (in cm 2) measured from the damped Ly- absorption

b Extragalactic dust extinction in magnitude, derived assuming SMC extinction law [Gordon
et al., 2003]

¢ Derived Using host galaxy SED

4 From [Perley et al., 2016b]

€ 071031: SFR using Ly [Milvang-Jensen et al., 2012], 080804: SFR using H[Krihler et al.,
2015], 120815: SFR using H [Krihler et al., 2015].
GRBs with deep VLA observations from [Gatkine et al., 2020]
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redshifts (within observational uncertainties). It should also be noted that their
spread is skewed downwards of the main sequence function. Thus, our sample traces

a moderately sub-main sequence galaxy population at 2 6.

4.3.2 Blue-wing column density and out ows

To quantify out ows, we use the multi-component 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., 2019a]. We then integrate the ap-
parent column density (derived from the t) bluewards of 100km s . We de ne
this quantity as blue wing column density o), 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 interstellar medium. A detailed justi cation
for this limit is provided in [Gatkine et al., 2019a] through kinematic and geometric
modeling of the ISM+ CGM of a representative galaxy in this sample. This is
similar to down-the-barrel observations of out ows, albeit with random sightlines
and using high-resolution and high signal-to-noise spectra.

We compare the blue wing column density as described above with 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 Si IV and two low ionization
potential species (low-ion) Si Il and Fe Il. 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
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too strong (saturated). In most cases, we do not have saturation in the blue wings.
3) They allow us to compare the di erences between the relations of high-ion and

low-ion species with host galaxy properties.

4.3.3 Inferring correlations and hypothesis testing

To investigate the presence of correlations between out ow and galaxy proper-
ties, we primarily focus on the parameter space ™ , SFR, out ow column density,
and maximum out ow velocity. First, we perform Kendall- test by using a null
hypothesis that the data is consistent with no correlation. Thel p-value from
Kendall- test gives us the con dence level at which the null hypothesis is rejected
(i.e. a smaller p-value implies a stronger correlation). Second, we perform a linear
regression to infer the best- t line for each investigated correlation using Schmitt's
binned regression [Schmitt, 1985]. Note that we include all the upper (and lower)
limits in both of these analyses using the astronomy survival analysis code called
ASURYV [Feigelson and Nelson, 1985, Isobe et al., 1986, Isobe and Feigelson, 1990].
The resulting best-t and Kendall- p-value are shown in the correlation gures.

Due to multiple upper limits in the stellar mass and/or star formation rates in
the sample, simply using linear regression does not provide complete information on
the underlying correlations and/or their spread. Therefore, we also divide the sample
in two equal parts based on the galaxy property under consideratio®M( or SFR)
and investigate whether the sample distribution of the out ow property (eg:Nout)

in the two bins is consistent with being drawn from the same population. Therefore,
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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 (eg: column density) split based on galaxy property
(eg: M or SFR) are consistent with being drawn from the same population, which
would imply an absence of correlation between the given out ow property and the
galaxy property.

We plot the cumulative densities of both the samples, which further visually
shows the distinction or similarity between the two sample distributions. To accom-
modate the upper limits in our observations, we calculate the cumulative distribu-
tion function (CDF) and its spread are evaluated using a survival analysis method
called Kaplan-Meier estimatof ([Isobe et al., 1986, Feigelson and Nelson, 1985]).
The resulting p-values describe the probability of the two samples being drawn from
the same distribution (and hence, no correlation). With a stronger correlation, the
p-value would be smaller. In gures 4.3 4.8, the split in samples is shown with a
vertical dotted line. The median of the sample on either side and its 68-percentile
spread are shown in large square points for comparison (on X-axis, it is 68-percentile

spread in the sample, on Y-axis, it is 68-percentile spread in the inferred median).

“We use a python package calledifelines to calculate the CDF and its 1- spread using
Kaplan-Meier method. For a two-sample hypothesis testing, we use the log-rank test idife-
lines
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4.4 QOut ow correlations

4.4.1 Out ow column density vs galaxy properties

In Figures 4.3 and 4.4, we plot the blue wing column densities of C IV, Si IV,
Fe Il, and Si Il with SFR and M , respectively. The key ndings are summarized in

the following subsections.

4.4.1.1 Blue-wing detection fraction

We de ne the detection fraction as the number of objects with detected blue-
wing absorption (Noy) divided by the total number of objects in each sample. The
detection fractions in the left and right samples in Fig. 4.3Noy Vs SFR) are: C IV
(1 and 0.92), SilV (0.92 and 1), Fe Il (0.62 and 0.71), and Si Il (0.66 and 0.77). The
relative di erence in the left and right samples is insigni cant (i.e. contributed by
an excess of one non-detection in one of the samples). We nd the same result Fig.
4.4 (Noyt VS M ). Thus, we conclude that the detection fractions in the out ow do
not strongly depend on the galaxy's stellar mass or star formation rate. However, we
note that the blue-wing detection fraction is signi cantly higher in high-ion species
(C 1V, Si IV) compared to the low-ion species, hinting at a prevalence of out ows
primarily traced by the warm phase (0*°> 10(P° K, [Tumlinson et al., 2017, Gatkine

et al., 2019a)).
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4.4.1.2 Ny vs SFR

From visual inspection ofNy, vs SFR panels in Fig. 4.3, we note that there is
a greater prevalence of higiN,, in the high-SFR sample compared to the low-SFR
sample. The CDF plots provide a quantitative measure of any such relation. First,
we focus on the high-ion species (C IV and Si IV). The low-SFR and high-SFR
samples are most distinct (i.e. smalp-value) in high-ion species. We can reject the
hypothesis of absence of correlation (betweé,; vs SFR) for C IV and Si IV with
87% and 98% condencel p) respectively. Thus, a higher star formation rate
is correlated with a higher column density of C IV and Si IV in the outows. In
addition, we note that the spread ol (as evident from the 68-percentile errorbars
on the median points) is considerably higher in the high-SFR sample compared to
the low-SFR sample (by 0.3-0.5 dex). This e ect is discussed in more detail in
section 4.5.3.

Unlike the case of high-ion species, thevalue is high, indicating a weak (for
Si 1l) or no correlation (for Fe 1I) of low-ion Ngy: with SFR. The fact that we see a
stronger high-ion out ow with star formation but only a weak change in the low-ion
species indicates that a higher SFR leads to a stronger warm-gas out ow (traced by
C IV, Si IV) but does not signi cantly a ect the cool gas out ow (traced by Si II,
Fe I1). In other words, a higher SFR selectively enriches the out ow with high-ions

(i.e. warm ionized gas).
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From visual inspection of theN,,; vs M panels in Fig. 4.4, there is a minor
rise in Ny Of high-ions with stellar mass (better seen in C IV and Si 1V), albeit
with weak statistical signi cance (i.e. a high value of Kendall- p-value). More
guantitatively, the correlation exists with a con dence level of 80% and 74% in C
IV and Si IV respectively. Si IV plot also shows a signi cantly larger spread in
column density at a higher stellar mass. On the other hand, the low-ions do not
show any di erence between the low-mass and high-mass samples (as evident from
the CDF plots and high p-values). Thus, the overall column density of the low-ion
out ow remains independent of the stellar mass and shows a weak correlation for
the column density of high-ion out ow. This nding implies that the prevalence of
low-ion traced out ows is largely independent of the stellar mass and for high-ion
out ows (particularly Si 1V), it is only moderately boosted at high M . Given the
large spread ( 2 dex) in the column densities at any mass (for both high- and
low-ions), it is clear that the relation between out ow column density and stellar
mass, if any, is complex with multiple contributing factors such as halo mass, SFR,

and ionization state.

4.4.1.4 Noy Vs sSSFR

We explored the correlations, if any, between out ow column density and spe-
cic SFR (sSFR = SFR/M ) in Fig. 4.5. We do not see any statistically signi cant

correlation of sSSFR withNg;. Previous studies at lower redshifts have shown only a
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Figure 4.3: Column density in the out ows in GRB hosts traced by high-ion (C 1V,
Si V) and low-ion (Fe I, Si ll) species vs their SFR. The Kendall-p-value indicates
the strength of correlation (L 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 low-
SFR and high-SFR parts of the sample. The log-rank-tegtvalue 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).

weak or no correlation between out ow column density and sSFR for either low-ion
or high-ion out ows. For instance, [Du et al., 2016] see only a weak correlation for
C IV-traced outows at z  1:25 while [Bradshaw et al., 2013] see no correlation
for Mg ll-traced outows at z 0:7 1.63 Thus, the lack of N,y SFR relations
for both high and low ions atz 2 6 in our data, are consistent with previous

results at lower redshifts.
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Figure 4.4. Same as Figure 4.3, for the out ow column density Vg

Figure 4.5: Same as Figure 4.3, for out ow column density vs speci ¢ SFR. The
objects where both SFR andV are not detected are shown in a lighter shade.
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4.4.2 Outow kinematics and galaxy properties

We study the relationship between out ow kinematics and galaxy properties
using the maximum velocity of the outow (i.e. maximum velocity in the blue
wing), Vmax. We de ne Vax as the velocity of the most blue-shifted absorption
component+ the half-power width of that component. The maximal velocity is
a key determinant of the out ow energy and mass out ow rate and hence, the
enrichment of the CGM (and IGM). Therefore, in this paper, we usé&/h.x as a

proxy for out ow kinematics to investigate the e ect of galaxy properties.

4421 Outow Vmax VS SFR

From Fig. 4.6, a strong correlation is observed betweewi,,,x and SFR for
high-ion species (2- for C IV and 3- for Si V). The best- t relations are given by
Vimax /  SFR%!2 and SFRY?° for C IV and Si IV, respectively. This correlation is
much tighter than the SFR  column density relation. The smaller variation would
mean the velocity gain due to higher SFR is mostly independent of the sightline
being probed. By combining this with previous results from Section 4.4.1.2, it can
be said that star formation uniformly drives up the high-ion out ow velocity, but
also imparts a large variance in the overall amount of out owing material (column
density) that is being driven. We discuss this aspect in more detail in Section 4.5.3.

On the other hand, for low-ion species, the correlation is weaker (39% and
93% con dence for Fe Il and Si Il respectively), primarily due to a larger spread in

the Vhax compared to high-ion species (which can be easily seen by comparing their
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