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Many stages of the stellar life cycle release energy and momentum into the
surrounding interstellar medium within a galaxy. This feedback can have profound
effects on the host galaxy. This thesis investigates the role of stellar feedback in
star-forming galaxies in the local Universe through multiwavelength observations of
gas kinematics.

First, I study extraplanar diffuse ionized gas (eDIG) which is thought to be
produced by gas ejected from the midplane by repeated supernova explosions. By
comparing molecular and ionized gas rotation curves derived from a sub-sample of
intermediate inclination star-forming galaxies from the EDGE-CALIFA Survey, I
find that ~75% of my sample galaxies have smaller ionized gas rotation velocities
than the molecular gas. I suggest and show that the lower ionized gas rotation
velocity can be attributed to a significant contribution from eDIG in a thick disk
which rotates more slowly than gas in the midplane. As a direct follow up to this

study, I use a sample of edge-on galaxies selected from the CALIFA survey to directly



investigate the prevalence, properties, and kinematics of eDIG. I find that 60% of
these galaxies show a decrease in the ionized gas rotation velocity as a function of
height above the midplane. The ionization of the eDIG is dominated by star-forming
complexes. These studies reveal the pervasiveness and importance of this phase in
local star-forming galaxies.

Next, I study stellar feedback in the extreme environment of the nuclear star-
burst in the nearby galaxy NGC 253. Using ALMA observations with 0.5 pc res-
olution, I detect blueshifted absorption and redshifted emission (P-Cygni profiles)
in multiple spectral lines towards three of the super star clusters (SSCs). This is
direct evidence for outflows of dense molecular gas from these SSCs. Through a
comparison of the outflow properties with predictions from simulations, I find that
the outflows are most likely powered by dust-reprocessed radiation pressure or O-
star stellar winds. The observed outflows will have very substantial effects on the
clusters’ evolution. Finally, I find that the arrangement of the SSCs may be morpho-
kinematically consistent with a ring or crossing streams from the larger-scale gas

flows which fuel the starburst.
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Preface

The research presented in Chapters 2, 3, and 4 of this dissertation has been
previously published. Chapter 2 is presented with minimal changes since appearing
in the Astrophysical Journal (ApJ) as "The EDGE-CALIFA Survey: Molecular
and lonized Gas Kinematics in Nearby Galaxies™ (Levy et al., 2018). Chapter 3 is
presented with minimal changes since appearing in ApJ as "The EDGE-CALIFA
Survey: Evidence for Pervasive Extraplanar Di[use lonized Gas in Nearby Edge-on
Galaxies™ (Levy et al., 2019). Chapter 4 is presented with minimal changes since
appearing in ApJ as "Outflows from Super Star Clusters in the Central Starburst of
NGC 253" (Levy et al., 2021).

The material presented in Appendix D is a paper led by a high school student
under my supervision that is currently under review at the Monthly Notices of the
Royal Astronomical Society (MNRAS) as "Cuspy Dark Matter Density Profiles in
Massive Dwarf Galaxies" (Cooke, Levy, et al., 2021). Though the student is the first
author of this paper, I led the data processing, analysis, and presentation, wrote the
vast majority of the text, and am the corresponding author of this submission.
Therefore, I feel it merits a place in this thesis as the presentation of the research I
led during my PhD. Aside from incorporating the appendix material into the main
body, this work is presented with minimal changes from the version under review

at MNRAS.
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""Somewhere, something incredible is waiting to be known."

— Sharon Begley, Seeking Other Worlds, Newsweek

il



Acknowledgments

I see this PhD thesis as not so much about this physical document, but rather
about the forward-looking journey on which it has taken me. I am extraordinarily
grateful to a number of people for enabling me to be the scientist and person I am
today and for supporting me in the scientist and person I will become.

This PhD thesis would not have been possible without my advisor, Alberto
Bolatto. Thank you for taking a chance on me and for all of the opportunities you
have given me along the way. It’s hard for me to fathom just how much you’ve
taught me these past six years. Thank you for being a phenomenal advisor, mentor,
advocate, colleague, and friend. I hope someday to be half the mentor you have
been to me. I ardently look forward to our continued collaboration in the future!

I want to thank the rest of my thesis committee and research group — Stuart
Vogel, Peter Teuben, Adam Leroy, Sylvain Veilleux, Kara Hoffman, Andy Harris,
Laura Lenki¢, Liz Tarantino, Vicente Villanueva, Rye Volpert, Jialu Li, and the
LMA group — for their time and collaboration throughout my time at UMD. I also
want to thank the members of the EDGE-CALIFA and "Starbursts" collaborations
for all of the research guidance over the years. I also want to acknowledge my first
research advisor, Dan Marrone, for setting me on this path as an undergraduate at

the University of Arizona and for supporting me all along the way.

v



I want to thank all of the UMD Astronomy Department Staff, especially those
with whom I worked most closely — John Cullinan, Olivia Dent, Barbara Hansbor-
ough, Dorinda Kimbrell, Susan Lehr, Eric McKenzie, Adrienne Newman, Mary Ann
Phillips, and Mona Susanto — for making the administration end of things so easy
for us. The work you do is of paramount importance, and I'm so grateful for your
support and expertise. Thanks to Carrie Holt and Ginny Cunningham for being
the best office mates ever. Finally, I want to thank all of the graduate students
and everyone else in the UMD Department of Astronomy for your collaboration and
friendship. I could not have asked for a better place and better people with whom
to have spent the past six years.

It’s hard to put into words the gratitude I have for my parents, Michele Chyba
and Henry Levy, who instilled in me from a young age that education is of paramount
importance. I am extremely privileged to have had a woman scientist role model
from day one. Mom, you showed me that it could be done. I thank my dad for
his curiosity and constant interest in science. I don’t think it’s an exaggeration
that watching science and astronomy TV shows with you is a large reason why I'm
writing this thesis today and pursuing my career in astronomy. Thank you doesn’t
seem enough for your lifelong support.

Next, I thank my partner, Will Roddy. Your love and support throughout
this journey mean more to me than I can possibly put into words. Thank you for
supporting me in big and small ways. Thanks for listening to me rant about my
data cleaning problems and drone on about the intricacies of some random physical

process. Thank you for moving across the country to be with me on this journey.



Thank you for reassuring me and believing in me at every step of the way. | love
you to the greatest observable redshifts and back.

| also want to thank my brother and sister-in-law, Aaron and Kira Levy, and
my niece Brynja Levy. The fall of 2020 was one of the hardest times of my life.
Between the fear and isolation of a global pandemic, the underscored scourge of
systemic racism, the uncertainty and insecurity of applying for postdoc positions,
submitting a mammoth paper, and the most important and intensive observing
proposal | had ever worked on, | was running a marathon on fumes. But, through it
all, Brynja kept me going. The hope that your birth gave me and the promise that,
soon, | would get to meet you was my motivation to push through. So, Aaron and
Kira, in addition to your unwavering support and love, thank you for all the pictures
and videos you send of Brynja and for having the most perfect little human.

| would also like to thank the Chyba, Levy, Roddy, and Mangas families for
their love and support. | am very lucky to have you all in my life.

Finally, | gratefully acknowledge the Native and Indigenous Peoples across the

globe on whose ancestral homelands we conduct research and gather.

Vi



Table of Contents

Preface ii
Acknowledgements v
Table of Contents Vii
List of Tables Xi
List of Figures Xil
List of Abbreviations XV
Chapter 1.  Introduction 1
1.1 The Multiphase ISM and its Tracers . . . . . .. ... ... ..... 5
1.1.1 The Molecular Medium . . . . .. ... ... ... ....... 5
1.1.2 The lonized Medium . . . . . ... .. ... ... ... ... 10
1.2 Stellar Feedback . . . . . . . . . ... 12
1.3 Interferometersand IFUs . . . . . . . . . . . ... . ... ... ... 16
1.3.1 Interferometers at Radio and Submillimeter Wavelengths . . . 17
1.3.2 Integral Field Spectroscopy . . . . ... ... .. .. ..... 24
1.3.3 3D Data Cubes and 2D Representations . . . ... ... ... 26
Chapter 2:  Extraplanar Di use lonized Gas in Intermediate Inclination Galax-
ies 30
2.1 Introduction . . . . . . . .. 30
2.2 Observations and Data Reduction . . . . .. ... ... ........ 33
2.2.1 The EDGE-CALIFASurvey . . ... ... .. ... ... ... 33
2.2.2 The CALIFASurvey . . . . . .. . . ... 34
2.2.3 Convolving to a Common Spatial Resolution . . . . . ... .. 39
224 GBTH Data ... ....... .. .. ..., 39
2.3 DataAnalysis . . . . . . . . . e 42
2.3.1 Fitting CO Rotation Curves . . . . . .. . .. ... ... ... 42
2.3.2 Fitting lonized Gas Rotation Curves . . . .. . ... ..... 47
2.3.3 The Kinematic Sub-Sample . .. ... ... .......... 47
24 Results . . . . . . . 49
2.5 DISCUSSION . . . . .. e 56
2.5.1 Previous Detections of Extraplanar Di use lonized Gas . . . . 56

Vil



2.5.2 Comparison with Stellar Dynamical Modeling . . . . ... .. 59

253 AninclinedDisk . .. ... ... ... ... . . 59
2.5.4 Star Formation Rate Surface Density Threshold . . . . . . .. 61
2.5.5 lonized Gas Velocity Dispersion . . . . .. .. ... ...... 63
256 [JI/H and[NII]J/H Ratios .. ................ 69
2.5.7 Kinematic Simulations . . . ... ... ... .......... 71
2.5.8 Other Possible Explanations . . . . .. ... .......... 77
2.6 SUMMANY . . . . e e e e e 79
Chapter 3:  Extraplanar Di use lonized Gas in Edge-on Galaxies 83
3.1 Introduction . . . . . . .. 83
3.2 Observations and Data Reduction . . . . . .. ... ... ....... 86
3.21 The CALIFASurvey . . . . . . . . . .. 86
3.22 The EDGE-CALIFASurvey . . . . . ... ... . . ... ... 87
3.2.3 Selecting Edge-on Galaxies . . . . . ... .. .. ........ 89
3.3 lonized Gas Scale Height Measurements . . . . .. ... ... .... 92
3.3.1 Previous eDIG Scale Height Measurements . . . . . ... ... 97
3.4 lonized Gas Kinematics. . . . . . . . . . . ... . 98
3.4.1 Position-Velocity Diagrams .. . . . . . . . ... ... 98
3.4.2 \Vertical Gradients in lonized Gas Rotation Velocity . . . . . . 99
3.5 The Origin of Extraplanar Gas . . . . ... ... ... ........ 107
3.5.1 Radial VariationsinthelLag . . .. ... ... ... ...... 107
3.5.2 Trends with Galaxy Properties . . ... ... .. ... .... 116
3.53 Synthesis . . ... .. .. .. 121
3.6 The lonization and Source of the Lagging lonized Gas . . . . ... .. 121
3.6.1 Is the lonized Gas Related to a Stellar Thick Disk? . . . . .. 125
3.6.2 Contamination fromaBulge? ... ... ... ......... 126
3.6.3 Contamination from lonized Gas Outows? . ... ... ... 127
3.6.4 The Lagging lonized Gas is WIM-like . . . . ... ... .... 128
3.6.5 Synthesis . ... .. ... .. ... .. .. .. . 131
3.7 SUMMANY . . . o e e e e e e e e e e 132
Chapter 4. Feedback from Super Star Clusters in the Nuclear Starburst of
NGC253 136
4.1 Introduction . . . . . . . ... 136
4.2 Observations, Data Processing, and Out ow Identi cation . . . . .. 139
4.2.1 Imaging the Continuum . . . . . .. .. ... ... ...... 140
42.2 Imagingthelines. .. ... ... ... ... .......... 144
4.2.3 Full-Band Spectra and Detected Lines . . . ... ... .... 145
4.2.4 Correcting for Foreground Gas . . . . . .. .. ... ...... 148
4.2.5 Cluster Systemic Velocities . . . . . . .. ... ... ... ... 153
4.2.6 Other Cluster Properties . . . . . ... ... ... ...... 154
427 OutowCandidates. . . ... ... .. ... ... .. ..... 157
4.2.8 Internal Cluster Kinematics . . . ... ... .. ........ 160
43 Results. . . . . . . . 161



4.3.1 Outow Properties from Absorption Line Fits . . . . . . . .. 162

4.3.2 Outow Properties from Line Prole Modeling . . . . .. ... 169
4.3.3 Comparing the Two Methods . . . . .. .. ... .. ... .. 176
434 Recommended Values. ... ... ................ 179
4.4 DISCUSSION . . . v v v e e e e e e 180
4.4.1 Timescales, Ages, and Evolutionary Stages . . . . . ... ... 180
442 Outow Mechanics . . .. ... ... .. . ... . . ... 186
443 SSCb5aanddST NIRClusters . . . . ... ... ....... 207
4.5 Summary . ... e e e e e e e 209
Chapter 5:  The Morpho-Kinematic Architecture of Super Star Clusters in
the Center of NGC 253 213
5.1 Introduction . . . . . . . . . . . e e e e e 213
5.2 Observations and Data Processing . . . . . . ... .. ... ...... 216
5.2.1 Imaging the Multi-Con guration Data Sets . . . . .. .. ... 217
5.2.2 SW Streamer Seen in Dust Continuum Emission . . . . . . .. 222
5.2.3 Identifying the Continuum Sources . . ... ... .. ... .. 223
5.3 Cluster Size and Flux Measurements . . . .. ... ... ....... 224
5.3.1 2D Gaussian Fits and Flux Measurements . . . .. ... ... 224
5.3.2 RadialProles . ... ... .. . .. . . ... . . ... ..., 229
5.4 The Cluster Mass Function. . . . . . ... ... .. ... . . ..... 236
5.5 The Morpho-Kinematic Architecture of the SSCs . . . . .. ... .. 242
5.5.1 SSCs as a Circumnuclear Ring with Closed Orbits . . . . . . . 247
5.5.2 SSCs as Crossing Streams with Open Orbits . . . . . ... .. 251
5.6 Summary . .. ... e e e 254
Chapter 6:  Future Work 258
6.1 Measurements of lonized Gas Velocity Dispersions in eDIG . . . . . . 258
6.2 lonized Gas toward the Super Star Clusters in NGC253. . . ... .. 259
6.3 Ages and Radiation Fields of the Super Star Cluster Populations in
NGC253and M82 . . . . . . . . . . . . . e 261
Appendix A: Appendices for Chapter 2 263
A.l Velocity Conventions . . . . . . . . . . ... 263
A.2 Beam Smearing Correction . . . . . . . . .. ... ... ... 265
A.3 Galaxy-by-Galaxy Data, Figures, and Descriptions. . . . . . ... .. 270
Appendix B: Appendices for Chapter 3 286
B.1 Extinction Eects . . . . . . ... . .. ... . e 286
B.2 Inclination Eects. . . . . . . . . . .. ... 289
B.3 Vertical Gradients in Other Galaxy Properties . . . . . ... ... .. 290
B.4 Analytic Derivation of the Lag and Radial Variation in the Lag . . . 292
Appendix C: Appendices for Chapter 4 294

C.1 Measuring Out ow Properties from Fitting the Absorption Features . 294



C.2 Outow Modeling Details . . . ... ... ... ... ... ...... 298
Appendix D: Cuspy Dark Matter Density Pro les in Massive Dwarf Galaxies 306
D.1 Introduction . . . . . . . . . . e 306
D.2 Observations and Data Reduction . . . . .. ... ... ........ 309
D.3 Derivation of CO Rotation Curves . . . . . . . ... ... ... .... 315
D.3.1 Notes on Individual Galaxies . . . . . ... ... ........ 319
D.4 Determining the Dark Matter Density Proles . . . . ... ... ... 321
D.4.1 Stellar Mass and Velocity Proles . . . . .. ... ....... 322
D.4.2 Atomic and Molecular Gas Components . . . . ... .. ... 326
D.4.3 Decomposing the Dark Matter Component . . . . . ... ... 326
D5 Results. . . . . . . e 333
D.5.1 Checks on the Method and Assumptions . . . . .. ... ... 337
D.6 DISCUSSION . . . . . . . o 342
D.6.1 Comparison to Previous Observational Studies . . . . . . . .. 342
D.6.2 Comparison to Simulations . . . . . ... ... ......... 346
D.7 Summary . . . . . . . e 351
Appendix E: Facilities and Software used in this Thesis 354
E.1 Facilities . . . . . . . . . e 354
E.2 Software . . . .. .. . . .. . 354
Bibliography 356



2.1

3.1
3.2
3.3

4.1

4.2
4.3
4.4

5.1
5.2

Al
A.2
A3

B.1

D.1
D.2
D.3
D.4

List of Tables

Parameters forthe KSS . . . . . . . .. ... ... .. .. ... 46
Parameters for the Edge-On CALIFA Galaxies . . . . .. ... .. .. 93
COLags . . . . o o e 105
H Radial Lag Deviations from the Literature . .. ... ... . ... 114
Primary Cluster Positions and Sizes Measured from the 350 GHz
Continuum iImage . . . . . . . . . 143
Cluster and Out ow Properties from Absorption Line Fits . . . . . . 164
Line Pro le Modeling Input Parameters and Calculated Values . . . 171
A comparison of relevant cluster timescalesandages . .. ... ... 181
SSC Parameters from the 2D Gaussian Fitting . . . . . . ... .. .. 227
SSC Parameters from the Radial Prole Fitting . . . . .. ... ... 232
Parameters for the Persic Prole Fits . . . . . ... ... ... .... 267
Geometric Parameters for the EDGE Data . . . . . ... ... .. .. 283
Geometric Parameters for the CALIFAData . . . . ... .. ... .. 285
Measured Gradients for Other Galaxy Properties . .. ... ... .. 291
CO Data Cube Parameters . . . . . . ... ... ... .. ... .... 310
Parameters from Rotation Curve Fitting . . . . . ... .. ... ... 314
Fitted Stellar and Dark Matter Density Parameters . . . . . . .. .. 328
Fitted Dark Matter Density Parameters . . . . . . .. ... ... .. 330

Xi



11
1.2
1.3
1.4
15
1.6
1.7

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
2.14

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

3.11

List of Figures

The SFMS of local galaxies from Sanchez (2020) . . . . ... ... .. 2
SchematicofaGMCand PDR . . ... ... .. ........... 8
Fraction of lonizing Photons as a Function of Stellar Temperature . . 11
Observable manifestations of stellar feedback . . . . . . ... ... .. 13
A schematic of a two element radio interferometer . . . . . . ... .. 19
Exampleuv coverage as a function of integrationtime . . . . . .. .. 22
A schematic illustrationofanIFU . . . . . .. .. ... ........ 26
CO and H velocity elds for NGC2347 . ... ... ......... 40
H spectrum of NGC2347 . . . . . . . . . ... . ... . ... .... 41
NGC2347 Rotation Curves . . . . . . . . . v v v it e e 44
Comparison of CO and H rotation curves for UGC 9067 and NGC 2347 50
Distributionof 'V . . . . . . ... . 51
Comparison of ionized gas rotation curves for NGC2347 . . ... .. 53
lonized gas equivalent widths as a functionofVv . . ... ... ... 55
The lack of a trend between inclinatonand V . . . ... ... ... 60

V as a function of star formation rate surface density . . . . .. .. 63
Two estimates of the ionized gas velocity dispersion as a function of

N e 64
A comparison of the two velocity dispersion estimates . . . . . . . .. 68
Diagnostic ionized gas line ratios as a function ofV . . . . ... .. 70
Results of the kinematic simulations of disks . . . . . ... ... ... 73

V as a function of the bulge-to-disk ratio or bulge e ective radius . 78
Three color images for the edge-on galaxy sample . . . .. ... ... 91
The exponential scale height tfor1C480 . . ... .......... 95
The distribution of scale height measurements . . . . .. ... .. .. 96
The position-velocity diagram as a function of height for IC480 . .. 99
The measured vertical velocity gradient in IC480 . .. ... .. ... 100
The distribution of measuredlags . . . . . .. .. .. ... ...... 101
A schematic showing the various eDIG formation mechanisms . . . . 108
The distribution of radial variations inthelag . .. ... ... .. .. 111
The analytically derived lag and radial lag gradients . . . . . . . . .. 113
The trends (or lack thereof) between the lag and other integrated
galaxy properties . . . . ... 117
Diagnostic line ratio diagrams showing the ionization . . . .. .. .. 123

Xii



3.12
3.13

4.1
4.2
4.3
4.4
4.5
4.6

4.7
4.8
4.9
4.10

411
412

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13

Al
A.2

A.3
A4

B.1
B.2
B.3

C1l
C.2

The lack of trends between the lag and bulge classi cation . . . . . . 126
lonized gas lineratios. . . .. .. ... .. ... .. ... ... .... 129
Dust continuum map and out ows from SSCs in the center of NGC 253141
CS7 6and H®CN 4 3peakintensity maps . ........... 146
Full band spectra towards SSCs 4a, 5a, 14,and8a . . . . . . .. . .. 147
Channel maps of CY 6 towards SSCs 4a, 5a,and 14 . . . . . . .. 149
Foreground gasremoval . . .. ... ... ... ... ... .. ..., 150
CS7 6and H'®CN 4 3 spectra towards SSCs 4a, 5a, and 14 with
absorptionand model ts . . ... .. .. ... .. ... ... ..., 163
2D out ow model schematic . . . ... ... .. .. ... ....... 170
3D outow model schematic . . . .. .. ... ... ... ....... 170
Model parameter degeneracies . . . . . . . . . ... 0L 175
Comparison of common quantities from the absorption line ts and

line prole modeling . . . ... ... .. ... ... ... .. ... 177
Cluster mass-radius diagram with feedback mechanisms . . . . . . .. 187
HST images of SSC5a .. ... ... ... ... .. ... ....... 206
350 GHz dust continuum images of the central 29340 pc) of NGC 253219
350 GHz dust continuum images of the central 19170 pc) of NGC 253221
Cluster sizes from 2D Gaussian tting . .. ... .. ... ...... 226
SSCsizes . . . . . 228
SSC ux comparison with Leroy et al. (2018) . . . . ... ... .. .. 229
Continuum radial proleof SSC14 . .. .. ... .. .. ... .... 230
A comparison of the di erent radii measurements for the SSCs . . . . 231
Distribution of cluster intrinsicradii . . . . . . .. ... ... ..... 235
Cluster Mass Function . . . . . . .. .. . ... .. . ... 237
Bar orientation and velocities in NGC253 . . . . . ... ... .. ... 243
SSC systemic and peculiar velocities . . . .. .. ... ... ..... 245
Possible ring-like arrangements of the SSCs . . . . . .. .. ... ... 248
Possible stream-like arrangements ofthe SSCs . . . . . .. ... ... 252
The simulated beam smearing and correction. . . . ... ... .. .. 269
A comparison of the beam-smearing corrected Hand CO velocity
dispersions . . . . . . .. e e 269
Lack of trends between V and other integrated galaxy properties . . 271

Summary plots showing the CO and H velocity elds and rotation

curves for all galaxies inthissample . . . . . .. ... ... ...... 280
Simulated e ects of extinction on the rotation curves . . . . .. ... 287
Trends with extinction measurements . . . . .. ... ... ...... 288
Simulated lag induced by a non-edge-on inclination . . . .. .. ... 289
Out ow orientation parameter denitions . . . . . . .. .. ... ... 300
Out ow modeling parameter radial proles . . . . ... ... ... .. 301

Xiii



D.1 NIR, optical, and CO maps of the six galaxies studied here . . . . .. 312

D.2 CO rotation curves for the six galaxies studied here . . . . .. .. .. 317
D.3 The stellar rotation curves derived here compared to those derived
by Relatores etal. (2019b) . . . . . . . . .. . ... oL 323
D.4 Results of the rotation curve decomposition. . . . . . ... ... ... 327
D.5 Posterior gNFW parameter distributions for the rotation curve de-
COMPOSILION . . . . . . e e e e 331
D.6 A KDE showing the distribution of measured wvalues . ... .. .. 334

D.7 A comparison of the values derived for di erent sets of assumptions335
D.8 A comparison of measured assuming a gNFW or power-law dark

matter density proles . . . .. .. ... ... L oo 341
D.9 The inner dark matter density slope as a function of stellar mass and

the ratio of stellar masstohalomass . . . .. ... ... .. ..... 343
D.10 A comparison of the inner dark matter density slopes calculated over

a xed radial range or from 1-2% of the virial radius . . . . . . . . .. 349

Xiv



List of Abbreviations

Acronyms:

2MASS 2 Micron All Sky Survey

ACA Atacama Compact Array (part of the Atacama Large Mil-
limeter/submillimeter Array)

ADC Asymmetric drift correction

AGB Asymptotic giant branch

AGN Active galactic nucleus

ALMA Atacama Large Millimeter/submillimeter Array

B/D ratio Bulge-to-disk ratio

CALIFA survey Calar Alto Legacy Integral Field Area survey

CARMA Combined Array for Millimeter Wave Astronomy

CASA Common Astronomy Software Application

CDF Cumulative distribution function

CDM Cold dark matter

CIMF Cluster initial mass function

CMF Cluster mass function

CmMz Central Molecular Zone

CNM Cold neutral medium

DGDM survey Dwarf Galaxy Dark Matter survey

DGR Dust-to-gas ratio

DIG Di use ionized gas

DR Data release

EDGE survey Extragalactic Database for Galaxy Evolution survey

eDIG Extraplanar di use ionized gas

ETG Early-type galaxy

EW Equivalent width

FIR Far infrared

FOV Field of view

FWHM Full-width-half-maximum

GBT Green Bank Telescope

GC Globular cluster

GMC Giant molecular cloud

gNFW pro le Generalized Navarro-Frenk-White pro le

HOLMES Hot, old, low-mass evolved stars

XV



HST
HWHM
IC
IGM
IFS
IFU
IILR
ILR
IMF
IR
IRAC

IRS

JWST

KDE

KSS

LEGUS

LINER

LMC

LSRK

LTE

MaNGA survey

MAST
MCMC
MGC

MW

NEMO
NFW pro le
NGC
ngVLA
NICMOS

NIR
OILR
PA
PAH
PDR

Hubble Space Telescope

Half-width-half-maximum

Index catalogue

Intergalactic medium

Integral eld spectroscopy

Integral eld unit

Inner inner Lindblad resonance

Inner Lindblad resonance

Initial mass function

Infrared

Infrared ARray Camera (onboard the Spitzer Space Tele-
scope)

InfraRed Spectrograph (onboard the Spitzer Space Tele-
scope)

James Webb Space Telescope

Kernel density estimator

Kinematic Sub-Sample

Legacy Extragalactic Ultraviolet Survey

Low-ionization nuclear emission-line region

Large Magellanic Cloud

Kinematic local standard of rest

Local thermodynamic equilibrium

Mapping Nearby Galaxies at Apache Point Observatory
survey

Mikulski Archive for Space Telescopes

Markov Chain Monte Carlo

Morphological Galaxy Catalogue

Milky Way

Not Everybody Must Observe, a stellar dynamics toolbox
Navarro-Frenk-White pro le

New general catalogue

Next Generation Very Large Array

Near Infrared Camera and Multi-Object Spectrometer (on-
board the Hubble Space Telescope)

Near infrared

Outer inner Lindblad resonance

Position angle

Polycyclic aromatic hydrocarbon

Photodissociation region (also sometimes called a photon-
dominated region)

XVi



PPAK

PSF

PV

rms

RRL

SAMI survey

SB
SDSS
SED
SFE
SFH
SFMS
SFR
SIDM
SN(e)
S/IN
SNR
SOFIA
SSC
SSFR
SSP
TIR
UGC
UpGREAT

uv
VLA
WIM
WISE
WIYN

WNM
WR
ZAMS

Potsdam multi-aperture spectrophotometer ber PAcK (at
the Calar Alto 3.5 m Telescope)

Point spread function

Position-velocity

root-mean-square

Radio recombination line

Sydney-Australian Astronomical Observatory Multi-object
Integral eld spectrograph survey

Surface brightness

Sloan Digital Sky Survey

Spectral energy distribution

Star formation e ciency

Star formation history

Star formation main sequence

Star formation rate

Self-interacting dark matter

Supernova(e)

Signal-to-noise ratio

Signal-to-noise ratio

Stratospheric Observatory for Infrared Astronomy

Super star cluster

Speci ¢ star formation rate

Simple stellar population
Total infrared

Uppsala General Catalogue

Upgraded German REceiver for Astronomy at Terahertz
frequencies (onboard the Stratospheric Observatory for In-
frared Astronomy)

Ultraviolet
Very Large Array
Warm ionized medium

Wide- eld Infrared Survey Explorer
Wisconsin-Indiana-Yale-National Optical Astronomy Ob-
servatory telescope

Warm neutral medium

Wolf-Rayet

Zero-age main sequence

Molecules, atoms, ions, and line transitions:

[CIl]

CO
CS

Singly-ionized carbon emitting via a ne-structure transi-
tion at 1.9 THz (158 m)

Carbon monoxide

Carbon monosul de

XVii



[NII]
[O1]

[Ol1]
Pa-

S
s
[Sit]

Hydrogen

The n=3 2 electronic transition of hydrogen at 6562.68 A
The n=4 2 electronic transition of hydrogen at 4861.35 A
The n=5 2 electronic transition of hydrogen at 4340.47 A
The n=6 2 electronic transition of hydrogen at 4101.73 A
Neutral atomic hydrogen emitting via a spin- ip transition
at 1420.41 MHz (21 cm)

Singly-ionized hydrogen

Molecular hydrogen

Hydrogen cyanide

Formyl cation (formylium)

Helium

lonized helium

Nitrogen

lonized nitrogen

The singly-ionized nitrogen emission line doublet at 6548
and 6583 A

Neutral oxygen emitting via ne-structure transition at
6300 A

The doubly-ionized oxygen emission line at 5007 A

The n=4 3 electronic transition of hydrogen at
1.87561 m

Sulfur

lonized sulfur

The singly-ionized sulfur emission line doublet at 6717 and
6731 A

XVili



Chapter 1: Introduction

"Don't shoot for the stars, we already know what's there.
Shoot for the space in between because that's where the real mystery lies."

Dr. Vera Rubin

We live in a galaxy a vast collection of stars, gas, dust, dark matter, planets,
and beings. Our understanding of our place in our Galaxy and our Galaxy's place
among the myriad of galaxies in the Universe has evolved dramatically over the
millennia.

A complication of living in our Galaxy, the Milky Way (MW), is that we study
it from within. To understand galaxies more broadly and the processes that shape
and transform them, we must increase our sample size. The focus of this dissertation
research is on nearby galaxies, those beyond our Local Group but withirl00 Mpc
( 330 million light-years,z . 0:025. Galaxies in this vicinity span more than four
orders-of-magnitude in stellar massM ), more than seven orders-of-magnitude in
star formation rate (SFR), and include examples of every morphological type. Figure
1.1 shows the SFMS for a sample of local galaxies from a review by Sanchez (2020),
and we refer the reader to that paper for details on how the quantities shown in this

gure were calculated.



Figure 1.1: A plot of SFR versusM for local galaxies from Sanchez (2020). The
rst panel shows all of the galaxies in their sample. The next three panels show
the samples split by morphological type. The galaxies are color coded by EW(H
an indicator of the ionization source. Star-forming galaxies whether classi ed by
their morphology or a high EW(H ) form a line in this plot called the SFMS (e.qg.,
last panel).

There are several populations of galaxies shown in Figure 1.1. Galaxies are
not static in this diagram, and instead move around this parameter space as they
grow, evolve, and interact. Galaxies which are still forming stars tend to form a line
in this diagram, called the star forming main sequence (SFMS; e.g., Brinchmann
et al., 2004; Whitaker et al., 2012; Renzini & Peng, 2015; Saintonge et al., 2017).
The SFMS is most clearly seen in the right-most panel of Figure 1.1 which highlights
the star-forming galaxies in the sample considered by Sanchez (2020). Star-forming
galaxies tend to have blue optical colors, spiral-type morphologies, high cold gas
fractions, and H equivalent widths (EW(H )) > 6A, meaning that the ionization
is dominated by young OB-type stars with short lifetimes (e.g., Pozzetti et al.,
2010; Sanchez et al., 2014; Lacerda et al., 2018). Galaxies well below this sequence
are no longer forming stars and are referred to as "retired." These galaxies tend
to have red optical colors, elliptical-type morphologies, low cold gas fractions, and

EW(H )< 6A, meaning that the ionization is dominated by old stars (e.g., Faber



et al., 2007; Stasi«ska et al., 2008; Cid Fernandes et al., 2010; Lacerda et al., 2018).
Between these galaxies is a transition region known as the "green valley" (e.g., Salim
et al., 2007). Galaxies in this region are in the process of quenching, or shutting
down their star formation activity, though precisely how this quenching proceeds
is not de nitively known and is the topic of current research (e.g., Colombo et al.,
2020). There is also a population of galaxies that live above the SFMS, meaning
they form more stars given their stellar masses than galaxies on the SFMS; these
galaxies are know as "starbursts” (e.g., Weedman et al., 1981; Kennicutt & Evans,
2012). In many cases, the sites of the most intense star formation in these starburst
galaxies are con ned to the nucleus or circumnuclear rings.

The focus of this thesis will be on galaxies that are undergoing active star
formation, and hence these galaxies will reside primarily along or above the SFMS
at z 0. Moreover, the galaxies considered here have metallicities consistent with
solar metallicity.

The process of forming stars and the stellar life cycle impart energy and mo-
mentum into the surrounding galactic material called the interstellar medium (ISM).
This so-called "feedback” can have important e ects on the evolution of galaxies and
helps regulate their growth over cosmic time. In these more distant galaxies, it is
impossible to spatially resolve individual stars and di cult or impossible to resolve
star clusters or supernova (SN) bubbles to determine the feedback they impart di-
rectly. Their e ects, however, can be seen on the surrounding ISM, particularly by
measuring how the kinematics of the ISM material are a ected by this feedback.

This thesis investigates star formation feedback through measuring its e ects
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on the multiphase gas kinematics in the ISM of nearby galaxies. As a result, we
have learned that stellar feedback has measurable and important e ects in nearly
all star forming galaxies in the local Universe.

In the remainder of this introductory section, | will briey summarize the
components and properties of the multiphase ISM relevant to this thesis (Section
1.1) and various modes and manifestations of stellar feedback (Section 1.2) as a
function of environment. Finally, | will brie y review relevant technical aspects of
radio interferometers and optical integral eld spectroscopy (IFS) as they pertain
to the data used in this thesis (Section 1.3).

Chapters 2 and 3 present the results of two published studies of a population of
star-forming galaxies in the nearby Universe (Levy et al., 2018, 2019). By comparing
the spatially-resolved kinematics of the molecular and ionized gas, | kinematically
detect extraplanar di use ionized gas (eDIG) in the majority of the galaxies studied.
This includes the rst study of eDIG in a population of non-edge-on galaxies. eDIG
is thought the be produced by repeated SN explosions. These studies show that
eDIG and SN feedback are ubiquitous in star-forming galaxies.

In Chapter 4, | switch the focus to a single, starburst galaxy: NGC 253. This
chapter presents a published study of the star star clusters (SSCs) powering the
central starburst (Levy et al., 2021). | report the detection and characterization of
stellar feedback-driven out ows from these SSCs seen in dense molecular gas tracers.

In Chapter 5, | investigate how the SSCs in the center of NGC 253 are related
to the larger-scale gas ows fueling the nuclear starburst region. | nd that the
clusters may be morpho-kinematically consistent either with a nuclear ring or with
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gas streams from the bar.
In Chapter 6, | brie y introduce future research directions building o of the

work presented in this thesis.

1.1 The Multiphase ISM and its Tracers

The ISM is inherently multiphase (e.g., Field et al., 1969; McKee, 1995; Wol re
et al., 1995; Tielens, 2005; Draine, 2011; Tacconi et al., 2020). The gas exists in
several phaseswhich are in pressure equilibrium with one another (e.g., Tielens,
2005). The dierent phases of the ISM can be traced by spectral observations
of various ions, atoms, and molecules. These tracer particles are essential to our
understanding of the ISM. The ability of a particle to trace a specic phase of
the ISM is fundamentally related to its critical density (h.it) and radiative and
collisional excitation properties. In the following background, I will focus on galaxies
and the ISM at roughly solar metallicity, noting that the scenarios described here
will dier at low metallicity (e.g., Bolatto et al., 2013b). In this section, | briey
summarize the properties and tracers of various phases of the ISM most relevant
to this thesis, though | refer the reader to Draine (2011) for a review of all of the

phases of the ISM.

1.1.1 The Molecular Medium

Stars form from cold T < 50K), dense iy > 10° cm 2) molecular gas (e.g.,

McKee & Ostriker, 2007; Draine, 2011, and references therein). Observations of

"The phase is described primarily by the temperature and density of the gas.
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this phase are, therefore, crucial to understanding how stars form and a ect their
surroundings. The most abundant molecule in the Universe is molecular hydrogen
(H2). Because this molecule is symmetric, however, it does not have a permanent
dipole and hence does not emit photons via dipolar rotational transitions (see e.g.,
Kennicutt & Evans, 2012; Bolatto et al., 2013b, for a brief review). The quadrupo-
lar rotional transitions are weak and emit in the far-infrared (FIR), making them
di cult to observe with current instruments. Moreover, the lowest quadrpolar tran-
sition has an energy oE=k 500K and is, therefore, only excited in relatively
warm conditions (e.g., Dabrowski, 1984; Bolatto et al., 2013b). The lowest vi-
brational transition of H, occurs at = 2:2 m with a corresponding energy of
E=k 6500K. Thus the vibrational transitions of H, trace warm molecular gas,
not the cold dense phrase from which stars form. The bulk component of the cold
molecular gas is, therefore, almost completely invisible.

The second most abundant molecule is carbon monoxid& 0O hereafter
CO). With a ground rotational transition of E=k 5:53 K and a critical density of

2200cm 3, the ground state rotational @ =1  0) transition is easily excited in

the conditions within molecular clouds (e.g., Draine, 2011; Bolatto et al., 2013b).
Moreover, several of the low} transitions of CO occur at submillimeter wavelengths,
making them relatively easy to observe from the ground. Since the rst observation
of CO in the Galaxy by Wilson et al. (1970), it has become the main tracer of the
molecular ISM. In Chapter 2, | will use COJ =1 0 as the primary tracer of the
bulk molecular gas in nearby galaxies.

The CO does not, however, perfectly trace the H There are regions, par-
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ticularly near the edges of molecular clouds or in photodisscoiation regions (PDRs;
Hollenbach & Tielens 1997), where the carbon is primarily atomic or singly-ionized
rather than in the CO molecule (e.g., van Dishoeck & Black, 1988). These regions
still contain H, because it can self-shield (e.g., Draine, 2011; Bolatto et al., 2013b).
This gas is often referred to as "CO-dark" molecular gas and is di cult to measure
(e.g., Grenier et al., 2005; Bolatto et al., 2013b).

The molecular gas in a galaxy exists in several structures (in increasing order
of density): diuse molecular gas, (giant) molecular clouds, clumps, and cores.
A few of these structures are illustrated in Figure 1.2. Clouds and laments of
neutral, atomic hydrogen (H-) permeate the disks of star forming galaxies (e.g.,
Walter et al., 2008; Catinella et al., 2010; Peek et al., 2011). IHs found in two
phases: a warm di use phase called the warm neutral medium (WNM; . 8000K,

n 05 cm 3) and a colder denser phase called the cold neutral medium (CNM;
T 70K, n 50cm 3) (e.g., Dickey & Lockman, 1990; Wol re et al., 1995; Heiles
& Troland, 2003; Kalberla & Kerp, 2009). The CNM, however, is not su ciently
dense for stars to form directly from it, and observational trends between the surface
densities of H and the SFR show only very weak trends (e.g., Kennicutt, 1998).
Instead, regions of WNM clouds collapse and cool, allowing CNM and molecular
clouds to form (e.g., Vazquez-Semadeni et al., 2006).

Giant molecular clouds (GMCs) are hierarchical, self-gravitating objects con-

»The standard nomenclature of using roman numerals to specify the ionization state of an atom
is used throughout this thesis. An atom followed by | is neutral (not ionized), whereas Il refers to
an atom which is singly-ionized, Il refers to doubly-ionized, et cetera Alternatively, an element
symbol followed by ° can also indicate that the atom is neutral (i.e., Hi is the same as ). An
atom (or molecule) followed by * indicates the atom is singly-ionized,** means doubly-ionized,
et cetera In this thesis, | will primarily use the roman numeral notation.



Figure 1.2: A schematic of a GMC and a PDR. The yellow regions show the cool
neutral atomic gas (CNM), traced by H and [CII], with temperatures of a few
hundred K. Embedded within these atomic gas clouds are clouds of molecular gas
(pink). As shown in the molecular cloud on the left, these clouds of molecular
gas collapse under self-gravity and turbulence and fragment, such that the densest
regions get denser. The densest regions form clumps and then cores (purple) where
stars will eventually form. The right shows a cloud in which a massive star has
formed. An Hil region of ionized gas surround the massive star. lonizing photons
can leak out of the HI region, resulting in di use ionized gas (DIG) which permeates
the galaxy. The HI region also impacts the natal molecular cloud, forming a PDR.
Based in part on Pabst et al. (2019, Figure 3) and Draine (2011, Figure 31.2).



taining more than 10* M of gas (e.g., McKee & Ostriker, 2007). The surrounding
layers of atomic gas (and dust) shield the molecules from being dissociated by the
interstellar UV radiation eld (e.g., McKee & Ostriker, 2007). Guided by grav-

ity, turbulence, and magnetic elds, high density regions within molecular clouds
continue to fragment and collapse, forming even denser clumps (e.g., McKee & Os-
triker, 2007). The densest regions of these clumps where the stars actually form are
sometimes called cores. Because CO is easily excited, it is almost always optically
thick (e.g., Bolatto et al., 2013b), and hence observations of CO cannot probe the
very densest regions where stars are formed. Other molecules with higher critical
densities, which therefore remain more optically thin, are necessary to trace these
densest regions of molecular clouds. Low- to mitltransitions of hydrogen cyanide
(HCN), formylium (HCO *), and carbon monosul de (CS) are commonly used trac-
ers of dense molecular gas. In their seminal paper, Gao & Solomon (2004) showed a
strong correlation between the dense molecular gas (traced by HCN) and the SFR
(see also Gallagher et al., 2018a,b). In addition, rarer molecular isotopologuase
usually (but not always) optically thin; commonly used isotopologues includ€CO,
C'0, and H3CN, for example. Because they are less abundant than the main
molecule, however, their emission is weak. For example, the abundances (which are
directly related to the column density and hence the intensity of the observed emis-
sion) of 12CO/*3CO and HCN/H*CN depend primarily on the abundance ratio of

12C/13C, whichis 45 70(e.g., van Dishoeck & Black, 1988; Bolatto et al., 2013b).

~An isotopologue is where at least one of the elements in the molecule is an isotope, meaning
that element has a di erent number of neutrons than the most common version of that element.
Some common astrophysical examples of isotopes atgC instead of 12C, 1N instead of **N, and
180 instead of 160.



C180 is even less abundant, with €0/C80 500 (van Dishoeck & Black, 1988).
In Chapter 4, | will primarily use observations of the CSJ = 7 6 and H'3CN
J =4 3lines to trace the very dense molecular gas towards the still-forming sites

of very massive "super" star clusters.

1.1.2 The lonized Medium

Once a star is formed, it emits photons across the electromagnetic spectrum.
Photons with energy above 13.6 eV (= 912 A) can ionize H, creating Hil. Assum-
ing a perfect blackbody,> 10% of the emitted photons will have energies 136 eV
for stars with temperatures> 24; 000K corresponding to to a B-type star (Figure
1.3). Even hotter O-type stars will fully ionize all of the H in the region. Other
atoms, such as He, & N, O, and S, may be singly- or more highly ionized (e.g.,
Osterbrock, 1989; Draine, 2011). Thus a massive star will rapidly ionized the re-
gion surrounding it within some radius, which is called an H region. Because H
regions are photoionized by massive OB stars, which have very short lifetimes, they
are tracers of recent{ 3 10 Myr) star formation activity (e.g., Hao et al., 2011,
Murphy et al., 2011; Kennicutt & Evans, 2012; Flores Velazquez et al., 2021).

Some of the main tracers of H regions come from electronic transitions of
hydrogen. Many transitions in the Balmer series (transitions to then = 2 level),
in particular, are used because they are bright and emit at optical wavelengths.

The workhorse transition is H (n =3  2) with a rest wavelength of 6562.68 A.

Yl note that singly-ionized carbon ([C1]) is a special case, since C can be singly-ionized in
conditions present in the molecular, atomic, and ionized media (e.g., Madden et al., 1993; Heiles,
1994; Pineda et al., 2013).
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Figure 1.3: The fraction of ionizing E > 136 eV) versus total emission from stars
as a function of temperature assuming perfect Blackbody radiation.

Transitions in the Paschen series, such as Pa (n =4 3) at 1.87 m, are also
frequently used. At longer wavelengths, radio recombination lines (RRLs) of hydro-
gen emitting at at frequencies above 10 GHz are used to trace ionized gas inIH
regions and PDRs (e.g., Emig, 2021, and references therein).

In reality, HIl regions leak. lonizing photons to escape and permeate the
galaxy up to kpc distances from the leaking H region by taking advantage of
chimneys and lines-of-sight with little neutral gas created by past feedback (e.g.,
Reynolds et al., 2001; Madsen et al., 2006; Ha ner et al., 2009). This produces a
background of diuse (0 0:1 cm 3) ionized gas (DIG), which is also called the
warm ionized medium (WIM), as illustrated in Figure 1.2 (see e.g., Haner et al.,
2009, for a review). This component is a non-negligible fraction of the ionized gas

in a galaxy, with a volume lling fraction of 0.25 and contributes&50% of the H
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luminosity (e.g., Reynolds, 1993; Veilleux et al., 1995; Zurita et al., 2000; Ha ner
et al., 2009; Poetrodjojo et al., 2019). The DIG is primarily traced by H, [NIl],
and [S1], as well as RRLs emitting from 0:3 10 GHz (e.g., Ha ner et al., 2009;
Emig, 2021). It has elevated [B]/H and [NII]/H ratios compared to HI regions,
hinting at an additional ionization source beyond photons leaking from IH regions
(e.g., Haner et al., 2009, and references therein).

As discussed in the following section, DIG can also travel out of the disk
midplane through channels along the minor axis cleared by SN explosions. This
extraplanar DIG (eDIG) can exist in a quasi-steady state, forming a thick disk
of ionized gas (e.g. Shapiro & Field, 1976; Bregman, 1980). eDIG at larger heights
from the midplane rotates more slowly and is observed to "lag behind" the disk (e.g.,
Miller & Veilleux, 2003b; Barnabe et al., 2006; Heald et al., 2006a,b, 2007; Ha ner
et al., 2009; Marinacci et al., 2010, 2011; Bizyaev et al., 2017; Levy et al., 2019).
This "lag" is a key characteristic of eDIG. In Chapters 2 and 3, | use observations of
H and other ionized gas lines to kinematically identify and measure the properties
of eDIG in a sample of nearby galaxies. The properties, observations, and modeling

of (e)DIG will be discussed further in those chapters.

1.2 Stellar Feedback

Feedback describes the energy and momentum input into a system as a result
of some physical process. In the context of this thesis, the process of forming stars

and the stellar life cycle feeds back into the surrounding ISM and environment.
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Figure 1.4: A schematic showing examples of observable manifestations of stellar
feedback, relatively ordered by the physical scale over which they operate on the x-
axis and the relative necessary star formation rate density on the y-axis. Examples
are (a) protostellar out ows (image from Plunkett et al., 2015), (b) out ows from
star clusters (image from Corradi et al., 2014), (c) SN-driven galactic chimneys and
fountains (image from Zwaan, 2000), (d) extraplanar di use ionized gas (image from
Rossa & Dettmar, 2003a), (e) central starburst-driven winds (image from Bolatto
et al., 2013a), and (f) galaxy-scale starburst-driven out ows (image from Veilleux
et al., 2005).

Active galactic nuclei (AGN) can also inject energy and momentum into the ISM,
but this thesis focuses on stellar (or star formation) feedback.

Figure 1.4 shows several observable manifestations of stellar feedback, includ-
ing protostellar out ows, out ows from clusters of stars, SN driven galactic foun-
tains, central starburst-driven winds, extraplanar di use ionized gas, and galaxy-
scale starburst-driven out ows. These examples are ordered along the abscissa by
the relative physical scale over which each process operates or over which its e ects
are apparent. The ordinate shows the relative star formation rate density necessary

for stellar feedback to result in the given manifestation.
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On the smallest scales, bipolar out ows from the formation of protostars can
disrupt their parent molecular clouds with jets spanningup to 10pc in (projected)
length (e.g., Bally, 2016, and panel (a) of Figure 1.4). At higher densities of star
formation, a larger fraction of stars are formed in clusters (e.g., Lada & Lada, 2003;
Kruijssen, 2012). Outows from many protostars can combine to produce more
massive, conglomerate out ows (e.g., Corradi et al., 2014, and panel (b) of Figure
1.4). In addition to (and more energetically important than) the combined e ects of
protostellar out ows, several processes during and after the main-sequence lifetimes
of massive stars can also drive out ows from clusters. As we will discuss in Chapter
4, these mechanisms (such as stellar winds, radiation pressure, and SNe) can drive
very massive out ows from "super" star clusters which can contai& 1000 O-type
stars.

At the end of their stellar lifetimes, massive stars may explode as SNe, releas-
ing huge amounts of energy and momentum into the surrounding material (e.g., Kim
& Ostriker, 2015). If these SNe are clustered (in space and time), they may be able
to punch holes in the disk midplane (e.g., Shapiro & Field, 1976; Bregman, 1980;
Zwaan, 2000). This provides a low density channel (a "chimney") for gas and ioniz-
ing radiation to escape from the disk midplane into the halo. If the escape velocity
of this material is relatively low or if other drag forces are important, it can "rain”
back down on the disk as a galactic fountain (e.g., Shapiro & Field, 1976; Bregman,
1980; Zwaan, 2000, and panel (c) of Figure 1.4). Enough material is continually
owing into the galactic halo to support a thick extraplanar disk if the average sur-
face density of star formation over the disk exceeds 1.4 103 M vyr ! kpc 2
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(Rossa & Dettmar, 2003a), where this limit is calculated within Bs, the diameter of
the 23" mag arcsec? isophote. Such extraplanar thick disks have been observed in
HI (e.g. Swaters et al., 1997; Fraternali et al., 2002, 2005; Zschaechner et al., 2015;
Zschaechner & Rand, 2015), di use ionized gas (e.g., Dettmar, 1990; Rand et al.,
1990; Rossa & Dettmar, 2003a,b; Miller & Veilleux, 2003a,b; Bizyaev et al., 2017;
Levy et al., 2018, 2019, and panel (e) of Figure 1.4), and dust (e.g., Howk & Savage,
1997, 1999; Howk, 1999). The properties, kinematics, scale heights, ionization, and
origin of eDIG will be discussed further in Chapters 2 and 3.

In galaxies undergoing a starburst, the sheer number and clustering of SNe can
drive massive, multiphase winds and out ows perpendicular to the disk midplane
(e.g., Veilleux et al., 2005, 2020). In Figure 1.4, we show two examples. Panel (e)
shows the multiphase wind from the center of NGC 253 (e.g., Bolatto et al., 2013a)
whereas panel (f) shows the larger galaxy-scale wind from M 82 (e.g., Veilleux et al.,
2005). Whether the material in these winds escapes into the circumgalatic medium
or rains back down in to the galaxy in a galactic fountain depends on the velocity
of the out ow relative to the escape velocity of the galaxy and other drag forces
(e.g., Veilleux et al., 2005, 2020; Matrtini et al., 2018). While these massive out ows
rid the central regions of the galaxies of gas (negative feedback), material that rains
back down onto the disk may fuel a future generation of star formation (positive
feedback).

In this thesis, | will focus on eDIG (Chapters 2 and 3) and out ows from
(super) star clusters (Chapter 4). | also explore how the star formation contained in

the super stars clusters in the center of NGC 253 may be fueled by gas in ows from
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the bar (Chapter 5). Future work related to starburst-driven winds and out ows

are briey described in Chapter 6. The relevant physical processes that can lead
to each of these observable phenomena are described in the analysis presented in
the aforementioned chapters. We refer the reader to reviews by Veilleux et al.
(2005, 2020) and Zhang (2018) for a summaries of many of the possible mechanisms

responsible for injecting energy and momentum from star formation into the ISM.

1.3 Interferometers and IFUs

Spectroscopy Yields information about the intensity, velocity, and velocity
dispersion of the tracer particle. By observing spectral lines with known rest-
frequencies, the Doppler e ect allows us to measure the velocity of the medium
from which those spectral lines are emitted. The measured width of the spectral
line is related to the dispersion of the velocity within the resolution element (modulo
the intrinsic line shape set by the Heisenberg uncertainty principle and instrumental
e ects).

The key data presented in this thesis come from two categories of instrumenta-
tion. The submillimeter data come from two interferometers: the Combined Array
for Millimeter wave Astronomy (CARMA; Chapters 2 and 3) and the Atacama Large
Millimeter/submillimeter Array (ALMA; Chapters 4 and 5). The optical data used
in Chapters 2 and 3 come from the PPaK integral eld unit (IFU) on the Calar
Alto Observatory 3.5 m telescope. Here | will brie y describe how these types of

instruments work and the data products they generate.
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1.3.1 Interferometers at Radio and Submillimeter Wavelengths

This section presents a top-level description of radio interferometers and imag-
ing. For more detailed information, | point interested readers to excellent resources
by Condon & Ransom (2016), Thompson et al. (2017), and the National Radio As-
tronomy Observatory Synthesis Imaging Workshofdsupon which the information

in this section is heavily based.

1.3.1.1 Basics of Interferometry

The angular resolution of any telescope, is related to the wavelength of the
observation ( ) and the diameter of the aperture D): =D . This means that at
long wavelengths, larger apertures are needed to obtain the same angular resolution
as at shorter wavelengths. The 100 m Green Bank Telescope (GBT), for example,
is the largest fully-steerable single-dish radio telescope in the world. The GBT is so
large that the dish surface distorts under its own weight and must be modeled and
corrected while observations are being taken. Although the GBT is an impressive
feat of engineering, it can only reach angular resolutions of5%at the highest
frequencies it can observe Other single-dish radio telescopes such as the Arecibo
Observatory and the Five-hundred-meter Aperture Spherical Telescope are larger
(with diameters of 300 m and 500 m respectively), but the eld of view (FOV) over

which they can observe is limited because they are not fully movable. Aside from the

Thttps://science.nrao.edu/science/meetings/2016/15th-synthesis-imaging-workshop/
TThis is used as a motivating example, as the precise angular resolution also depends on the
aperture e ciency and other factors.
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technical challenges of building larger single-dish telescopes (fully-steerable or not),
the cost in building and maintaining these facilities is immense and intractable. To
push to sub-arcsecond angular resolution at radio and submillimeter wavelengths,
another method must be used.

One solution to achieve higher angular resolution is to use an interferome-
ter. The simplest interferometer consists of two receivers separated by a baseline
length B. The angular resolution of an interferometer is set by the baseline length:

=B . An interferometer, therefore, approximates a single-dish telescope with
diameter B, but with many "holes" in the dish. In this way, an interferometer can
achieve much higher angular resolutions than a standard single-dish telescope be-
cause the antennas can be moved far apart without needing to Il in the gaps. The
sacri ce of these gaps, however, is reduced surface brightness sensitivity and other
artifacts, which will be discussed later in this section.

A schematic of a two-element, quasi-monochromatic interferometer is shown
in Figure 1.5, which is adapted from Condon & Ransom (2016). It is convenient
to de ne a coordinate system relative to the antenna positions. The basis vectors
of this coordinate system are typically calledy; ¢; and W, where 0 points east, ¢
points north, and W is normal to the plane formed byd and ¢ (called the uv-plane).
The baseline between the antennas is a vector is this coordinate systeih Where
B =jn.

The separation between the antennas introduces a geometric time delay)(
in the time-dependent signal received at each antenna. For a plane-parallel wave

arriving at the antennas along a line of sight to the sourcé, 4 = T’TS‘. For an
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Figure 1.5: A schematic of a two-element quasi-monochromatic multiplying interfer-
ometer (adapted from Figure 3.41 of Condon & Ransom, 2016). The two antennas
are separated by a baseline vectdr This vector is a vector in(u; v;w) coordinates,
which are illustrated above antenna 2 for the case @f k 8, where$ is the line of sight
to the source. A plane parallel wave arrives at the antennas alodgvith an angle
with respect tot. The geometric time delay between the antennas ig = st_ The
output voltage of the antennas is time-dependent (as given By; and V,), though
the amplitudes V are the same. The correlator multiplies () and time-averages
(h i) the signal from the antennas, yielding an output responde that only depends
on the source ux density ( V?), the time delay ( 4), and the angular frequency
at which the observation is taken [ =2 ).
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interferometer operating over a narrow range of frequencies (quasi-monochromatic),
the output voltage from each antenna will be the same but o set in phase by.

The correlator combines the signal from the antennas. The output from the
correlator is called the responseR. Because there is a time delay between the
antennas,R is an interference pattern ("fringe") described by an amplitude and a
phase, as illustrated in Figure 1.5. MoreoverR only depends on the time delay
( g), the angular frequency of the observation!( =2 ), and the intrinsic source
ux density (1 / V?2).

In practice, there are a few ways for the correlator to combine the signal from
the antennas. For a simple multiplying (cosine) correlator, such as the schematic in
Figure 1.5, the signal from the antennas is multiplied and time-averaged. A cosine
correlator works for point sources. For extended sources, which have both symmetric
(even) and asymmetric (odd) components of their brightness distributions, a sine
correlator must be added into the network following a 90phase delay to recover
the asymmetric components. It is convenient to treat sums of sines and cosines as
a complex exponential, and hence a combined cosine and sine correlator is called a
complex correlator. The complex correlator response is called a visibiliy,

The visibilities produced from an interferometer with a complex correlator
are measured in theg(u; v; w) coordinate frame. The source brightness distribution
as a function of frequency| , that we are trying to measure, however, is in the
"image"” plane (x;y). If Wk & (as in Figure 1.5), then the visibilities in theuv-plane

can be transformed into a brightness distribution in the image plane via a Fourier
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transform:
Z Z

| (x;y) = V(u;v)e? (" Widudy (1.1)
(e.g. Condon & Ransom, 2016). By virtue of this relationship between the visibility
and image planes, interferometers are spatial Iters. Long baselines are sensitive to
high spatial frequencies (high pass lters) and so only pick up on sharp structures
in the source; short baselines, on the other hand, are sensitive to low spatial fre-
quencies (low pass lIter) and pick up smooth, more di use features in the source
An extended astrophysical object such as a galaxy or molecular cloud contains
information and signal on many spatial scales. Therefore, to properly sample and
recover the source with an interferometer, antennas must be distributed such that
the baseline pairs recover as many spatial scales as possible. For an interferometer
with N antennas, there will beN (N 1)=2 antenna pairs and therefore&N (N 1)
baselines or individual points in theuv-plane per integration time. Long observa-
tions also help populate theuv-plane, as shown in Figure 1.6, since thev-plane
rotates relative to the image plane with the Earth's rotation. The minimum spatial
scale (the so-called zero-spacing) is always missing from an interferometric image
since there is a minimum distance by which the antennas can be physically separated
(roughly the dish diameter). This can be seen in Figure 1.6 as the hole in the center
of the uv coverage. Therefore, interferometers always miss some of the large scale
emission, and the ux in an interferometric image is always less than the intrinsic

source ux (e.g., Bajaja & van Albada, 1979; Stanimirovic, 2002). In addition, the

™ In the aphorismatic words of Professor Andy Harris, "Small is big, and big is small."

21



Figure 1.6: An example of theuv coverage for a 10-element interferometer, adapted
from Avison & George (2013). Each blue point shows thaev location of one of
the baselines. The panels show how the pattern rotates with the Earth's rotation
over time, thus lling in the uv-plane. Better uv coverage results in better surface
brightness sensitivity. This also illustrates the central hole in thaiv coverage due
to the missing short- and zero-spacings.

mean of an interferometric image is zero.

For interferometers with more than two elements, the signal from each pair
of antennas must be multiplied and averaged with the correct relative time delay.
Moreover, observations are rarely taken at a single frequency but over some wide
bandwidth. For this reason, correlators for modern interferometers such as ALMA
which consists of 66 antennas and has an instantaneous bandwidth of 8 GHz are
supercomputers. The ALMA correlator can perform up tal:7 10'® correlations

per second (Esco er et al., 2007).

1.3.1.2 Imaging and Deconvolution

When an interferometer measures the source brightness distribution, the source
signal is convolved with the point spread function (PSF) of the interferometer
(s(x; y)! F S(u; V), wherd F denotes a Fourier transform). Therefore, when the

visibilities are Fourier transformed to obtain the source image, the PSF pattern
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is imprinted in the image. In other words, the "dirty image" (I°(x;y)) produced
by Equation 1.1 is the true image convolved with the PSF (often called the "dirty
beam"): V(u;Vv)S(u;v)! F IP(x;y) = 1(x;y) s(x;y)”. To accurately measure the
intrinsic source brightness distributionl (x;y), this PSF pattern should be removed.
This deconvolution process to remove the PSF from the dirty image is a non-
linear and iterative process. For point sources and other simple, symmetric struc-
tures, this deconvolution can be performed in the visibility domain. For the compli-
cated sources in this thesis, however, the deconvolution is done in the image plane.
The classic deconvolution algorithm iglean (e.g., Hogbom, 1974). The basic
idea of this algorithm which remains the basis for many more modern algorithms
is to assume thatl (x;y) is a collection of point sources. This process is iterative
and consists of an outer major cycle and an inner minor cycle. During the minor
cycle, the algorithm nds the maximum pixel in the image. The value of this pixel
is multiplied by s(x;y) (with some gain 1) and subtracted from the image. This
version of the image with the "cleaned" components removed is the residual image.
The amplitude and location of the cleaned component are stored in a (point source)
model representation of the source. During the major cycle, the model image is
Fourier transformed, and the model visibilties are subtracted fronV(u;v). The
residual visibilties are Fourier transformed back to form a new residual image. These
major and minor cycles are repeated until some threshold is reached in the residual

image, ensuring thatl (x;y) is recovered above some ux density level. The "clean

= All of these quantities are, in principle, a function of frequency , though here | have dropped
that subscript for clarity.
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beam" is an elliptical Gaussian t to the main lobe of the PSF. The reported beam
size usually refers to the major and minor axis full-width-half-maximum (FWHM)

of this Gaussian (msj and min), where the beam area = -Z2". The nal
"restored” image is made by convolving the model image containing the cleaned
components with the clean beam and adding the residual image (which contains
noise and structure below the speci ed threshold). For spectral datd (x;y)) this
process is repeated for each spectral channel along the frequency axis. In general, the
PSF also changes as a function of frequenty (x;y)). The nal result of "cleaning”

is an image ofl (x;y) (with noise) where the structure of the PSF is removed per
frequency channel.

Other deconvolution and imaging methods exist besides the classic Hogbom
clean algorithm. One such extension of the classic algorithm is "multiscale" clean
(Cornwell, 2008), which is especially e cient for extended sources (e.g., Rich et al.,
2008). While the classic Hogbom algorithm will work for extended sources, it can
be slow as modeling an extended object as a collection of point sources is ine cient.
In multiscale clean, multiple scalings of the PSF are removed from at the locations

of the clean components. Thesgcales are speci ed by the user. In this way, more

extended emission is removed at each iteration owing to the (larger) scaled PSF.

1.3.2 Integral Field Spectroscopy

This section gives a top-level overview of integral eld spectroscopy (IFS) and

integral eld units (IFU). For more detailed information, | point interested readers
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to a review by Bershady (2009). For specics of IFS galaxy studies, | point the
reader to Appendix A of Sanchez (2020). Much of the information presented in this
section is based on these references.

Integral eld spectroscopy is a subset of "3D spectroscopy” in which spectral
information is obtained simultaneously within some FOV visible to the telescope.
This is in contrast to more classical slit spectroscopy, for example, where a spectrum
is produced only over the region of the sky that lies within the slit. There are
several types of IFS, but | will focus here on ber-bundle IFS, since the CALIFA
data used in this thesis are obtained with this method (e.g., Sanchez et al., 2012).
In this method, which is illustrated schematically in Figure 1.7, a collection of
spectroscopic bers are used to link the telescope FOV to the spectrograph. First
an array of microlenes guides the light from the telescope into each ber and then
onto the spectrograph's slit. The bers are usually packed in a hexagonal pattern
which allows for optimal dense packing of the round bers. There will still be gaps
between the bers, however, which will result in gaps in the IFU's coverage of the
FOV. A dither pattern can be used to Il in the gaps and completely sample the
FOV. In the case of CALIFA, a three-point dither is used, meaning the same FOV is
observed three times with a small pointing o set to |l the gaps between the bers
(Sanchez et al., 2012).

Once the spectra are observed with the IFU, there are a number of calibration
steps which are described in detail by Sanchez et al. (2016b). These include the
wavelength calibration (necessary to determine the correct scale of the spectral axis),

correcting for ber-to- ber transmission, removing the sky spectrum, performing the
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Figure 1.7: A schematic illustration of a ber-bundle IFU. Image credit: European
Southern Observatory.

ux calibration, and gridding the spectra such that the pixels are regularly sampled.
The wavelength calibration for CALIFA will be described in more detail in Section
2.2.2. The post-calibration result from IFS is a 3D image with regular spatial and
wavelength sampling, where each spatial pixel contains a spectrum at that location

within the source.

1.3.3 3D Data Cubes and 2D Representations

The resulting data format from either IFS or a deconvolved interferometric

image is a three-dimensional image called a "data cube,” which has two spatial

~Please see Appendix A.1 for conversions from frequency (or wavelength) to various velocity
conventions. | note in particular that radio and optical astronomers use di erent velocity conven-
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mension (e.g., Oosterloo, 1995). One way of thinking about a data cube is that
it contains a 2D image of the source at every spectral channel. Another way is
that a data cube contains a spectrum at every pixel. Sometimes, 2D spatial pixels
are called "spaxels;" each spaxel in a data cube contains a spectrum. Individual
volume elements within the data cube are called sometimes called "voxels." Each
voxel in a data cube is usually a measure of the ux density . Radio data cubes
often have data units of Jy beam?, whereas optical data cubes often have units of
ergstcm 2A Tsrl

Two-dimensional representations of the data can be derived by taking "mo-
ments" of the data cube around each spectral line of interest, where th& moment

at each spaxel is de ned as

X

Ma(Xy) = LoGysi) 1(xy) " (1.2)

L
N

i=1

P
wherel (x;y) = Ni iNzl I (x;y;1) is the mean ux density andN is the number of

channels along the spectral axis. Thé'Omoment is the velocity-integrated intensity:

P
Mo(X;y) = Vv iN=1 [ (x;y;i). The 1%t moment is the intensity-weighted (mean)
velocity: M (x;y) = = "I'((XX_';yy_i;i)). The spectral line width can be calculated from
i=1 '

P No(v M1)21(xy;i)

nd . . —
the 2" moment: M 5(x;y) = P o)

The equivalent width (EW) of a spectral line is a normalized version of the
line prole and is the width (usually in A) of a boxcar line pro le that has the

R
same integrated ux and the true line pro le: EW(x;y) = (1 | (X;y)=lo(x;y))d

tions.
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where | is the continuum level. For emission lines, the EW is formally negative,
though the absolute value is used in practice.

For highly inclined systems, the spectral line proles may become skewed,
meaning that the mean velocity may underestimate the true velocity centroid. In
this case, the "peak velocity" may be a better measure of the true velocity, where
the peak velocity is the velocity of the channel corresponding to the peak intensity.
The peak intensity is|ea(X;y) = max; [l (x;y;1)]. The spectral resolution of the
peak velocity is limited by the channel width.

An alternate method to determine the 2D intensity, velocity, and linewidth is
to t the spectrum at each spaxel with a Gaussian line prole. This is especially
useful when velocities of the atoms, ions, or molecules are due to thermal motions,
in which case the Doppler broadened line pro le shape is approximately Gaussian
(e.g., Draine, 2011) and when there is only a single velocity component of the gas
captured in the resolution element (PSF or beam). In this case, at each pixel, we

can t a Gaussian of the form:

G(v) = Ipeake 22 (1.3)

wherel peax IS the peak intensity, vy is the velocity centroid of the line, and is the
Gaussian line width. Because a Gaussian is t at every pixel, this results in 2D maps
of the intensity | peak(X;y), velocity vo(X;y), and linewidth (x;y). Sometimes line
widths from Gaussian ts are expressed in terms of the FWHM, where FWHM

2:355 . The integrated intensity can also be obtained from the Gaussian t as
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p
I peak 2

2.

For the CALIFA IFS data, a few additional analysis steps are required to
produce 2D images of the emission lines, as described by Sanchez et al. (2016b,c).
First, the stellar contribution is removed from the spectra using models of a simple
stellar population. This includes the stellar continuum as well as stellar emission
and absorption lines. The spectral line intensity, velocity, and linewidth are then
extracted using an optimal extraction method that is similar to the moment analysis

described above but which is optimized for weak lines. This method will be described

in more detail in Section 2.2.2.
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Chapter 2: Extraplanar Diuse lonized Gas in Intermediate Inclina-

tion Galaxies

2.1 Introduction

Studying the molecular and ionized gas components of a galaxy gives powerful
insights into various stages of star formation. The gas kinematics can reveal feedback
mechanisms, such as in ows and out ows, and merger events which alter the star
formation history (SFH) of the galaxy. The measurement of molecular kinematics of
galaxies, as traced by2CO, has vastly improved in recent years due to the advent of
interferometers which allow for high spatial and spectral resolution measurements.
Similar advances have been made in the optical regime through the use of integral
eld units (IFUs). Studying the multiwavelength kinematic properties of nearby
galaxies provides information about their formation, SFH, and evolution.

The multi-wavelength kinematics of disk galaxies have been compared in a
number of case studies. Wong et al. (2004), Yim et al. (2014), and Frank et al.
(2016) compare H and CO kinematics and generally nd good agreement between
the rotation velocities of the atomic and molecular components. However, compar-

isons with the ionized gas often lead to di erent results. Most notably is NGC 891,
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which shows vertical gradients in the rotation velocity (lags) in H of -10 -20
kms tkpc ! (Swaters et al., 1997; Fraternali et al., 2005) and in ionized gas of -15
kms lkpc (Heald et al., 2006a). Similar lags in H and HI are seen in NGC 5775
(Lee et al., 2001), where the CO and H rotation velocities agree in the midplane
(Heald et al., 2006b). However, lags between theltdnd H do not always agree
(Fraternali et al., 2004, 2005; Zschaechner et al., 2015; Zschaechner & Rand, 2015).
de Blok et al. (2016) study the CO, H, and [CII] kinematics in ten nearby galaxies
and nd that the [C II] velocity is systematically larger than that of the CO or H,
although they attribute this is systematics in the data reduction and the low veloc-
ity resolution of the [CII] data. Simon et al. (2005) compare CO and H rotation
curves in two disk galaxies: in NGC 5963, the CO and Hvelocities agree to within

1 kms 1, but the H in NGC 4605 shows systematically slower rotation than the
CO by 4.8 kms *. Clearly, comparisons among tracers of the di erent phases of the
interstellar medium (ISM) are complicated. Large, homogeneous samples of galaxies
in multiple tracers are needed to make headway towards understanding the causes
and ubiquity of the kinematic di erences between ISM phases.

Davis et al. (2013) studied the properties of 24 gas-rich early type galaxies from
the ATLAS3P survey by comparing the ionized, atomic, and molecular gas kinemat-
icsoutto 0.5R.. They nd that 80% of their sample show faster molecular gas
rotation velocities than the ionized gas. The other 20% have the same molecular and
ionized gas rotation velocities. They attribute these rotation velocity di erences to
the velocity dispersion of the ionized gas. Therefore, the dynamically cold molecular
gas is a better tracer of the circular velocity than the ionized gas. Such a study has

31



yet to be carried out in a similar sample of star-forming disk galaxies.

One way to study the kinematics of a galaxy is through its rotation curve,
the rotation velocity as a function of galactocentric radius. The velocity can be
decomposed into rotational, radial, and higher order terms (e.g. Begeman, 1989;
Schoenmakers, 1999; van de Ven & Fathi, 2010). High spatial resolution data are
needed to construct robust rotation curves using this method. This high resolution
data on a large sample of galaxies has been lacking, particularly for the molecular gas
tracers. The CALIFA IFU survey (Sanchez et al., 2012) measured optical spectra of
667 nearby galaxies, providing spatially and spectrally resolved Hrelocities, as well
as intensities, velocities, and velocity dispersions for many other ionized gas lines.
The EDGE-CALIFA survey (EDGE, Bolatto et al., 2017), selected 126 galaxies
from CALIFA and observed them in*?CO(J =1 0) with the Combined Array
for Millimeter Wave Astronomy (CARMA) at  4.5" resolution. Together, these
surveys allow for the molecular and ionized gas kinematics of a statistical sample
of nearby, star-forming galaxies to be analyzed. Using a sub-sample of 17 EDGE-
CALIFA galaxies, this work constitutes the largest spatially resolved combined CO
and H kinematic analysis to date for late-type galaxies.

Section 2.2 presents the EDGE, CALIFA, and ancillary data used for this
study. The rotation curve tting routine, procedure to determine the kinematic
parameters from the EDGE CO data, and the sub-sample of galaxies used in this
work are discussed in Section 2.3. Section 2.4 presents comparisons of the CO and
H rotation curves. Potential explanations and interpretations of the results are

presented in Section 2.5, including the results of the kinematic simulations, velocity

32



dispersions, and ionized gas line ratios. We present our conclusions and summary

in Section 2.6. Throughout this paper, CO refers td°C%0(J =1  0).

2.2 Observations and Data Reduction

2.2.1 The EDGE-CALIFA Survey

The EDGE-CALIFA survey (Bolatto et al., 2017) measured CO in 126 nearby
galaxies with CARMA in the D and E con gurations. Full details of the survey, data
reduction, and masking techniques are discussed in Bolatto et al. (2017), and we
present a brief overview here. The EDGE galaxies were selected from the CALIFA
sample (discussed in the following section) based on their infrared (IR) brightness
and are biased toward higher star formation rates (SFRs) (see Figure 6 of Bolatto
et al.,, 2017). A pilot study of 177 galaxies was observed with the CARMA E-
array. From this sample, 126 galaxies selected for CO brightness were re-observed
in the D-array. These 126 galaxies with combined D and E array data constitute
the main EDGE samplé. The EDGE sample is the largest sample of galaxies
with spatially resolved CO, with typical angular resolution of 4.8°(corresponding
to 1.5kpc at the mean distance of the sample). Data cubes were produced with
20 kms ! velocity channels. At each pixel in the cube, a Gaussian is t to the CO
line. Velocity-integrated intensity, mean velocity, velocity dispersion, and associated
error maps are created from the Gaussian ts. Pixels with velocities that di er from

their nearest (non-blanked) neighbors by more than 40 km§, generally caused

"The EDGE CO data cubes and moment maps for the main sample are publicly available and
can be downloaded fromwww.astro.umd.edu/EDGE
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by tting failures in low signal-to-noise data, are replaced with the median value
of the neighbors. This replacement is rare and occurs for0.5% of pixels in a
given galaxy. Additional masking was applied to the CO maps where the Gaussian
tting introduced artifacts. This masking was based on signal to noise ratio (SNR)
cut using the integrated intensity and associated error map. Pixels with SNR 1
were blanked in the velocity eld. Average CO velocity dispersions are derived and
are listed in Table 2.1. A beam smearing correction is applied and is discussed in

Appendix A.2.

2.2.2 The CALIFA Survey

The CALIFA survey (Sanchez et al., 2012) observed 667 nearby (z = 0.005
0.03) galaxies. Full details of the CALIFA observations are presented in Walcher
et al. (2014) and other CALIFA papers, but we present a brief overview for com-
pleteness. CALIFA used the PPAK IFU on the 3.5m Calar Alto observatory with
two spectral gratings. The low resolution grating (V500) covered wavelengths from
3745 7500 A with 6.0 A (FWHM) spectral resolution, corresponding a FWHM veloc-
ity resolution of 275kms ! at H . The moderate resolution grating (V1200) covered
wavelengths from 3650 4840 A with 2.3 A (FWHM) spectral resolution, correspond-
ing to a FWHM velocity resolution of 160kms! at H (Sanchez et al., 2016a).
The V500 grating includes many bright emission lines, includingHH ,H ,H ,
the [NII] doublet, and the [31] doublet. The V1200 grating contains many stellar

absorption features used to derive the stellar kinematics as well as a few ionized gas
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emission lines, such as Hand H . The typical spatial resolution of the CALIFA
data are 2.5", corresponding to 0.8 kpc at the mean distance of the galaxies. The
CALIFA galaxies were selected from the Sloan Digital Sky Survey (SDSS) DR7 to
have angular isophotal diameters between 45" and 79.2" to make the best use of the
PPAK eld of view. The upper redshift limit was set so that all targeted emission
lines were observable for all galaxies in both spectral set ups; the lower redshift limit
was set so that the sample would not be dominated by dwarf galaxies. The data
used for this study come from the nal data release(Sanchez et al., 2016a) and
data products come fromPipe3D version 2.2 (Sanchez et al., 2016c,b) provided in
the nal form by the CALIFA Collaboration.

The wavelength calibration of the data is detailed in Sanchez et al. (2012)
and Appendix A.5 of Husemann et al. (2013) and is crucial to extract accurate line
velocities. The wavelength calibration data are used to resample the spectra to a
linear wavelength grid and to homogenize the spectral resolution across the band
(6.0 A FWHM for V500 and 2.3 A FWHM for V1200). The calibration is done using
HeHgCd lamp exposures before and after each pointing using 16 lines for the V500
data and 11 lines for the V1200 data. The resulting accuracy of the wavelength
calibration is 0.2 0.3A for the V500 data and 0.10.2A for the V1200 data.
However, in our analysis of the V1200 data, we found errors in the wavelength
calibration resulting from a bad line choice used to anchor the wavelength scale.
This has been remedied in the current version of the data used here.

Once the data are calibrated Pipe3D ts and removes the stellar continuum,

»The CALIFA data cubes are publicly available at http://califa.caha.es
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measures emission line uxes, and produces two-dimensional data products for each
emission line. Full details ofPipe3D and its application to the CALIFA data can

be found in Sanchez et al. (2016c,b), and important details are reproduced here for
completeness. The underlying stellar continuum is t and subtracted to produce a
continuum-subtracted or emission line only spectrum (Section 2 of Sanchez et al.,
2016c¢). A Monte Carlo method is used to rst determine the non-linear stellar kine-
matic properties and dust attenuation at each pixel in the cube. Next, the results
of this non-linear tting are xed and the properties of the underlying stellar popu-
lation are determined from a linear combination of simple stellar population (SSP)
templates (see also Section 3.2 of Sdnchez et al., 2016b). This model stellar spectrum
is then subtracted from the CALIFA cube at each pixel to produce a continuum-
subtracted cube. To determine the properties of the emission lineBjpe3D uses

a nonparametric tting routine optimized for weaker emission lines ( ux_elines")
which extracts only the line ux intensity, velocity, velocity dispersion, and equiva-
lent width (see Section 3.6 of Sanchez et al. (2016b) for full details). Each emission
line of interest is t using a moment analysis similar to optimal extraction. The line
centroid is rst guessed based on the rest-wavelength of the line, and a wavelength
range is de ned based on the input guess for the line FWHM. A set of 50 spectra in
this range are generated using a Monte Carlo method and each is t by a Gaussian.
At each step in the Monte Carlo loop, the integrated ux of the line is determined
by a weighted average, where the weights follow a Gaussian distribution centered on
the observed line centroid and the input line FWHM. With the integrated ux xed,

the velocity of the line centroid is determined. The line uxes are not corrected for
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extinction within Pipe3D so the desired extinction correction can be applied in the
analysis. We do not apply an extinction correction since this would have a minimal
e ect on the line centroid used here. Additional masking was also applied to the
CALIFA velocity elds using a SNR cut based on the integrated ux and error maps.
Pixels with SNR < 3.5 were blanked.

The linewidths of the V500 data (which covers H) are dominated by the in-
strumental linewidth (6.0A 275kms!at (H )=6562:68A), and hence reliable
velocity dispersions are not available for the V500 data. The instrumental linewidth
can be removed from the V1200 data (2.3A 160kms?! at (H ) = 4340:47A).
To determine the H linewidth, we start with the continuum-subtracted cube and
isolate the H line. We tthe H line at each spaxel using a Gaussian, where the
linewidth is given by the width of the Gaussian t. Pixels with SNR< 3 are blanked.
We convert the resulting maps from wavelength to velocity using the relativistic con-
vention, producing maps of the velocity dispersions for each galaxy. Independently,
Pipe3D does provide velocity dispersion maps derived from non-parametric tting.
The values in these maps, however, are frequently lower than the instrumental ve-
locity dispersion over extended regions (a problem we do not nd in our Gaussian
tting), and it is known that the pipeline systematically nds dispersions lower than
obtained from Gaussian tting (section 3.6 of Sanchez et al., 2016b).

We compare the velocity dispersions extracted fromipe3D and our Gaussian
tting to non-parametric tting done with NEMO (Teuben, 1995). In this tting
we nd the linewidth at each spaxel using theccdmom mom=&&k. This nds the

peak, locates the minima on either side of the peak, and takes a second moment over
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those channels. Velocity dispersions from this method agree much better with the
Gaussian tting results than with the Pipe3D values, hence we adopt the Gaussian
tting results to determine the H velocity dispersion.

Before using these velocity dispersion maps in our analysis (Section 2.5.5.1), we
remove the instrumental velocity dispersion, and and model and remove the beam
smearing e ects (the latter is a small e ect in the regions were we are interested
in measuring the gas velocity dispersion). This procedure is discussed in Appendix
A.2, and caveats are discussed further in Section 2.5.5.1. We regrid all CALIFA
maps to the same grid as the corresponding EDGE map using tiMiriad task
regrid (Sault et al., 1995).

CALIFA also derived e ective radius (R.) measurements for all EDGE galaxies
as described in Sanchez et al. (2014). These values are listed in Table A.3.

When comparing the velocity elds from the EDGE and CALIFA surveys, it is
important to note that the velocities are derived using di erent velocity conventions:
EDGE follows the radio convention, and CALIFA follows the optical convention. Be-
cause velocities in both surveys are referenced to zero, all velocities are converted to
the relativistic velocity convention. In both the optical and radio conventions, the
velocity scale is increasingly compressed at larger redshifts; typical systemic veloc-
ities in the EDGE-CALIFA sample are 4500 kms?!. The relativistic convention
does not su er from this compression e ect. Di erences between these velocity con-
ventions and conversions among them can be found in Appendix A.1. All velocities

presented here are in the relativistic convention, unless otherwise noted.
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2.2.3 Convolving to a Common Spatial Resolution

In order to accurately compare the CO and ionized gas velocity elds, the
EDGE and CALIFA data cubes were convolved to the same angular resolution. The
convolution was done using theonvol task in Miriad (Sault et al., 1995), which
uses a Gaussian kernel. The EDGE beam was rst circularized by convolving to a
value 5% larger than the beam major axis. The CALIFA point spread functions are
circular (Sanchez et al., 2016a). The EDGE and CALIFA cubes were convolved to
a nal 6" resolution, corresponding to 2kpc at the mean distance of the galaxies.
Data products were reproduced as outlined in Sections 2.2.1 and 2.2.2. The CO
and H velocity elds for NGC 2347 are shown in Figure 2.1. The rotation curves
were derived as described in Section 2.3.1. There is excellent agreement between the
native and convolved rotation curves for both CO and H, suggesting that while
it is best to match physical resolution the convolution does not a ect the results

presented here.

2.2.4 GBT H Data

The EDGE collaboration obtained H spectra for 112 EDGE galaxies from
the Robert C. Byrd Green Bank Telescope (GBT) in the 2015B semester as part
of GBT/15B-287 (PI: D. Utomo). We defer detailed discussion of these data for a
future paper (Wong et al. 2021, in preparation) and present a brief overview. Obser-
vations were taken using the VEGAS spectrometer with a 100 MHz bandwidth, 3.1

kHz (0.65 kms 1) spectral resolution, and a 3- sensitivity of 0.51 mJy. On-source
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Figure 2.1: EDGE CO and CALIFA H velocity elds convolved to a 6" beam
size for NGC 2347. Isovelocity contours are shown in 50 kmtsincrements out to

250kms ! from the systemic velocity. The circularized 6" beams are shown as
the black circles.

integration time was 15 minutes for each galaxy. The GBT primary beam FWHM
was 9' compared to the average EDGP ;5 = 1:6', so the galaxies are spatially un-
resolved. Data were reduced using standard parameters in the observatory-provided
GBTIDL package. A rst or second order baseline was t to a range of line-free
channels spanning 300 500 km $ on either side of the signal range. The spectra
were calibrated to a ux density scale assuming a gain of 2 K/Jy and a negligible
coupling of the source size to the telescope beam. The widths containing 50% and
90% of the ux (W50 and W90 respectively) were derived from a Hanning smoothed
spectrum to use as proxies for the maximum rotation velocity of the neutral atomic
gas in these galaxies. These values are listed in Table 2.1, if available. The H

spectrum for NGC 2347 is shown in Figure 2.2, with the inclination corrected W50
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Figure 2.2: The H spectrum from the GBT is shown for NGC 2347. The spectrum
has been clipped to 500kms ! from the CO systemic velocity. The velocities here
have been converted to the relativistic convention. Inclination corrected W50 and
W90 values are indicated by the dashed and solid blue lines. For this work, the H
data are used as a comparison to the molecular and ionized gas rotation velocities.

and W90 values marked.

If HI data from GBT are not available, W50 values only were taken from
Springob et al. (2005). Speci cally, we use their W values which are W50 corrected
for the instrumental and redshift e ects. For this work, these data are used for only
three galaxies and come from either the Green Bank 300 ft telescope (NGC 5480 and
NGC 5633) or Arecibo (line feed system, UGC 9067). These values are also listed in
Table 2.1.

In this work, we use the H rotation velocities as point of comparison to the
CO and H rotation velocities. We convert the W50 and W90 values to rotation
velocities where V=W =(2sini), wherei is the galaxy's inclination as listed in

Table A.3.
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2.3 Data Analysis

2.3.1 Fitting CO Rotation Curves

Rotation curves were determined for each galaxy using a tilted ring method
(Rogstad et al., 1974; Begeman, 1989), which has previously been applied talbta
(e.g Begeman, 1989; Schoenmakers, 1999; Fraternali et al., 2002; de Blok et al., 2008;
lorio et al., 2017), ionized gas data (e.g van de Ven & Fathi, 2010; Di Teodoro et al.,
2016), CO data (e.g Wong et al., 2004; Frank et al., 2016), and recenf@l]158 m
data in high redshift galaxies (Jones et al., 2017). Galaxies were deprojected (posi-
tion angles and inclinations are listed in Table A.3) and divided into circular annuli.
The radius of each annulus was determined such that the width was at least half a
beam. The center position, inclination i), and position angle (PA) are assumed the
same for all annuli. The PA takes values between 0 and 360 degrees and increases
counterclockwise, wherd®A = 0 indicates that the approaching side is oriented due
north. The rotation (V ), radial (Vaq¢), and systemic {sys) velocity components

were determined in each ring using a rst order harmonic decomposition of the form

V(r) = Viet(r)cos sini + Vigg(r)sin  sini +  Vsys(r) (2.1)

wherer is the galactocentric radius and is the azimuthal angle in the plane of

the disk (Begeman, 1989; Schoenmakers, 1999). Before tting, the central systemic

“We note that a python implementation of this rotation curve tting routine has now been
published by Cooke, Levy, et al, (2021) and is available athttps://github.com/rclevy/
RotationCurveTiltedRings
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velocity (Vgz') was subtracted from the entire map, so that the tted systemic
component is  Veys(r) = Veys(r)  Vge'

The initial values for the PAs and inclinations were chosen from photometric
ts to outer optical isophotes (Falcon-Barroso et al., 2017). If values were not
available from this method, they were taken from the HyperLeda database (Makarov
et al., 2014). Initial central systemic velocity values (") and center coordinates
(RA and Dec) were taken from HyperLeda. The kinematic PAs were determined
from the results of the ring tting by minimizing V., at radii larger than twice
the CO beam; an incorrect PA will produce a non-zero radial componentVgy'
values were re ned by minimizing Vs at radii larger than twice the CO beam.
The inclination is not as easily determined from kinematics; however, examining
ts to individual annuli (rather than the rotation curve) can indicate whether the
inclination is incorrect. Center o sets in RA and Dec (% , Y, ) were determined
using a grid search method. At each point in the grid of X and Y, values, a
rotation curve was t using that center. A constant was tto the Vs, component,
and the combination of X, and Y, resulting in the best t was selected as the
center. The value ofVi" was then adjusted as necessary to again minimizeVsys.
The sign of the o set is such that the correct center iSXgen, Yeen) = (RAX o ,
Dec Y, ). If a rotation curve could not be t, either because there is little or no
detected CO or because the velocity eld is very disturbed, the parameter values
were unchanged from the initial values. The nal values of the geometric parameters
can be found in Table A.3, including whether the PA, inclination, and/g¢" values are

derived from kinematics (this work), photometrically (Falcon-Barroso et al., 2017),
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Figure 2.3: (Left) The CO rotation curve for NGC 2347, where ) is shown in blue,
Viad In red, and Vs in green. The colored shaded regions are the errors on the
rotation curve from the Monte Carlo method. The gray shaded region shows the
inner 2 beams where beam smearing can a ect the rotation curve substantially.
The black dashed line show®, (Table A.3). (Right) The H rotation curve for
NGC 2347, where the colors of the curves are the same as in the left panel. In both
cases, theV,,g and Vs components are small and consistent with zero within the
error ranges. The V,;components atten at larger radii. Interestingly, Vit (H ) is
noticeably smaller than Vo (CO).

or from HyperLeda.

Errors on the rotation curve were determined using a Monte Carlo method in
which the geometrical parameters were drawn randomly from a uniform distribution.
The center position was allowed to vary by 1" in either direction, since over the
whole EDGE sample, the average change in the CO (or Kl center position from
the original value is 0.7". The inclination is varied by 2, which is the average
di erence between the nal and initial inclinations over the whole EDGE sample.
The PA was also allowed to vary by 2 which is the median di erence between the
nal and initial PAs over the whole EDGE sample. This allows typical uncertainties
in the kinematic parameters to be re ected in the rotation curves. The shaded error

regions shows the standard deviation of 1000 such rotation curves. The CO rotation
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curve showing Vo, Viad; and Vs for one galaxy is shown in Figure 2.3 (left).

We note this method to determine errors on the rotation curve diers from
methods which use the di erences between the approaching and receding sides of
the galaxy, assuming that those di erences are at the 2-level (e.g. Swaters, 1999;
de Blok et al., 2008). Typical uncertainties on the CO rotation velocity are 3
10kms ! (1- ). For the uncertainties stemming from the dierence in rotation
velocity between the approaching and receding sides to exceed the typical imn-
certainties we nd in our Monte Carlo method, rotation velocities of the approaching
and receding sides would have to dier by 12 40km <. This seems unlikely, espe-
cially given that uncertainties on the rotation velocities derived from the di erences
between the approaching and receding sides presented by de Blok et al. (2008) are
generally 10kms!. Therefore, we conclude that the major source of uncertainty
in deriving our rotation curves are uncertainties in the geometric parameters.

Due to the beam size of the EDGE data, the observed velocities are a ected
by beam smearing, especially in the centers of the galaxies (Bosma, 1978; Begeman,
1987). Leung et al. (2018) analyzed the e ect of beam smearing in the EDGE sample
and found that it is only signi cant in the inner portions of the galaxy (. 0.5Rg)
where the velocity gradient is steep. For this study, we do not correct for beam
smearing but rather exclude from the analysis points in the rotation curve within 2
beams from the center. The radius corresponding to twice the CO beam is referred
to as Rapeam throughout. The excluded central region is shown in gray in Figure
2.3. Excluding the center of the galaxy also minimizes any e ects from a bulge or

an active galactic nucleus (AGN).
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2.3.2 Fitting lonized Gas Rotation Curves

The CALIFA data were t using the methods described in in previous section
and the same PA and inclination as the CO listed in Table A.3. In some cases, the
H velocity contours are noticeably o set from the CO contours. CALIFA provides
re nements to their astrometry in the headers of the data; however, these re ne-
ments are not large enough to account for some observed o sets. The CALIFA
pipeline registers the RA and Dec for the center of the PPAK IFU to the corre-
sponding center of the SDSS DR7 image (Garcia-Benito et al., 2015). In DR2, 7%
of the galaxies have registration o sets from SDSS$3%(Garcia-Benito et al., 2015).
However, this registration process is known to fail in some cases. Indeed, in many of
the galaxies for which we nd o sets, this registration process has failed. Therefore,
CALIFA centers were re-t in the same way as the EDGE data, as described in
Section 2.3.1. Because the V500 and V1200 data were taken on di erent days, the
centers of the V500 and V1200 data were re-t independently. For both the V500
and V1200 data, the average magnitude of the center o set is 0.9". The center
o sets and V" values for the CALIFA data are presented in Table A.3. The H

rotation curve for NGC 2347 is shown in Figure 2.3 (right).

2.3.3 The Kinematic Sub-Sample

Of the 126 EDGE galaxies, 100 have peak brightness temperatures 5
(Bolatto et al., 2017). Reliable CO and H rotation curves could not, however, be

derived for every detected EDGE galaxy. To best compare the CO and Hotation
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curves, a sub-sample of galaxies for which reliable CO and Hotation curves could
be derived is used for the remainder of the analysis (the Kinematic Sub-Sample
or KSS). A reliable rotation curve has smallV,,g and Vsys components at radii
larger than Ropeam (@s in Figure 2.3). In the centers of galaxies, there may be radial
motions due to bars and other e ects, but these should not a ect the larger radii
we consider here. Ensuring that both the CO and H have smallV,,¢ components
validates our assumptions that the CO and H have the same PA and inclination
and that the PA and inclination do not change much over the disk (i.e. there
are no twists or warps). In addition to the criteria on the rotation curves, there
are four galaxies (NGC4676A, NGC 6314, UGC 3973, and UGC 10205) for which
the observed CO velocity width may not be fully contained in the band (Bolatto
et al., 2017). One galaxy (UGC 10043) has a known Hout ow (L6pez-Coba et al.,
2017). These galaxies are also excluded from the subsample. Finally, we exclude
galaxies with inclinations larger than 75. At large inclinations, the line pro les can
become skewed and a Gaussian t to the line pro les is not appropriate and can
lead to systematic biases in the mean velocities. We will analyze the highly inclined
galaxies in the following chapter (Chapter 3; Levy et al. 2019). Under these criteria,
our sample size is reduced to 17 galaxies. Figure A.4 shows CO and ¥¢locity
elds and rotation curves for all galaxies in the KSS. Speci ¢ notes on each galaxy
in the KSS can be found in Appendix A.3. Table 2.1 lists global quantities for the

KSS not listed in Tables A.3 or A.3.
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2.4 Results

Previous comparisons of molecular and ionized gas rotation velocities for in-
dividual galaxies show variations in agreement (e.g. Wong et al., 2004; Simon et al.,
2005; Heald et al., 2006a; de Blok et al., 2016). Davis et al. (2013), for example,
found that for 80% of their sample of 24 gas-rich early-type galaxies (ETGS) the
ionized gas rotation velocities were lower than for the molecular gas. For a few of
the star-forming disk galaxies in our KSS, the molecular and ionized gas rotation
velocities agree within the errors, such as UGC 9067 shown in Figure 2.4 (left). The
majority of our galaxies, however, have CO rotation velocities which are measur-
ably higher than the H rotation velocities (such as for NGC 2347, shown in Figure
2.4 right). In no case is the H rotation velocity measurably higher than the CO.
To quantify the di erences between the CO and H rotation curves, the rotational
component of the H rotation curve was linearly interpolated and resampled at the
same radii as the CO rotation curve. V¥ (CO) and V. (H ) are compared at radii
larger than twice the convolved beamRpeam) t0 €nsure that beam smearing is not
a ecting the results; the gray shaded regions in Figure 2.4 show the radii over which
the rotation curves are compared. The di erences between,y(CO) and V,q(H )
are shown in Figure 2.4 (purple points). The median of these di erences {) was
taken to determine an average velocity di erence between the CO and Hotational
velocities. The standard deviation of the di erence at each radius ( v) is quoted
as an error on V. Galaxies have measurably di erent CO and H rotation veloc-

ities if j Vj >  and are consistent ifj Vj v. Of the 17 galaxies in the
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Figure 2.4. CO and H rotation curve comparisons for two galaxies. In both plots,
V0t (CO) is in blue and V,ot(H ) is in red. The purple curves show the di erence
between the rotation curves at radii greater tharR,peam to the furthest CO extent.
The median di erence between Y (CO) and V,«(H ) ( V) is quoted and the
error is the standard deviation. The solid gray and black lines show the inclination
corrected Vo (H1) values from W50 and W90 for comparison. The black dashed
lines showR, (Table A.3). (Left) UGC 9067 has CO and H rotation curves which
are consistent within the error bars. (Right) NGC 2347 shows a di erence of 24
kms ! between the CO and H rotation curves. The H rotation velocities tend to
agree better with the CO rotation curve. Many galaxies in the KSS showV which
are larger than the errors on the rotation curves.

KSS, 77%6%,° (13"%) show measurably higher CO rotation velocities than H, and
the other 23%%%,. (4™%) show consistent CO and H rotation velocities. This is
remarkably similar to the ETG results of Davis et al. (2013).

To better understand the distribution of V in the KSS, a kernel density
estimator (KDE) was formed, where each galaxy is represented as a Gaussian with
centrod = V, =, andunit area. These Gaussians were summed and re-
normalized to unit area. The resulting distribution is shown in Figure 2.5, showing
that all galaxies in the KSS have V > 0. The median V of the sample is 14
kms 1.

We nd no strong radial trends in 'V, likely because the range of radii probed

is relatively small. Over the 17 KSS galaxies, the median gradient inV with radius
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Figure 2.5: Kernel density estimator showing the distribution of V (the median
Vet (CO)-V ot (H )) in the KSS. Each galaxy is represented as a Gaussian with
centroid = V, =y, andunitarea. A minimum  of 2kms ! is imposed.
The Gaussians are summed to produce a histogram and normalized to unit area.
The circles indicate the peak of the Gaussian for each galaxy. All galaxies in the
KSS have V > 0. The median V is 14kms 1.
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is 0.2 6:4kms tkpc i

In addition to H , rotation curves were derived for other ionized lines avail-
able from CALIFA using the same method and parameters described in Section
2.3.2. These lines include H, [OllI] 5007, [NI] 6548, [NI] 6583, [$1] 6717, and
[SII] 6731 from the V500 grating and H from the V1200 grating. Rotation curves
from these lines (as well as CO and H are shown for NGC 2347 in Figure 2.6,
where the colored shading indicates the errors on the rotation curves. Within these
errors, the ionized gas rotation curves are consistent with one another, and below
the CO rotation curve. Also shown are the W50 and W90 measurements from the
HI data. These values straddle the CO rotation curve and both are larger than the
ionized gas rotation velocities.

The low end of the V values measured by Davis et al. (2013) are comparable
to those we measure (Figure 2.7). Davis et al. (2013) also measure the luminos-
ity weighted mean equivalent width (EW) of H (a measure of the dominance of
star formation). CALIFA provides maps of the EW(H ), and we nd the median
EW(H ) in the same region as where V is calculated (excluding the inner 12" out
to the furtherest CO extent). The error is the standard deviation of EWs divided
by the square root of the number of beams over the region. As shown in Figure 2.7,
there is a trend between the EW and V. The EW(H ) values we measure are
larger than those measured by Davis et al. (2013). EWs 14 A trace star-forming
complexes, and galaxies where the ionization is dominated byilHegions in the
midplane tend to have larger EWs (Lacerda et al., 2018). This implies that the bulk

of the ionized gas emission in our objects comes from thel Hegions in midplane,
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Figure 2.6: Rotation curves in several ionized gas lines are consistent with each
other (using xed geometric parameters listed in Table A.3). The gure shows an
example for NGC 2347. For CO, the shaded region shows the error on the rotation
curves from variations in the kinematic parameters using the Monte Carlo method
described in Section 2.3.1. For all other curves, the shaded regions indicate the
formal errors from the rotation curve tting. The rotation curves from the ionized
gas are consistent with one another and are all below the CO rotation curve. lonized
rotation curves other than H are truncated at the same radius as CO. The tan and
brown horizontal lines show VY, (H1) from W50 and W90 measurements, which tend
to agree with the CO rotation velocity. Note that variations among the rotation
curves are enhanced as the y-axis does not extend down to zero.
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which naturally rotate at the same velocity as the molecular gas (since they repre-
sent recent episodes of star formation). Lacerda et al. (2018) also nd that EWs
< 3A trace regions of diuse gas ionized by low-mass, evolved stars. These are
prevalent in elliptical galaxies and bulges and can also be present above or below
the midplane in spirals. EWs between these values are likely produced by a mixture
of ionization processes.

This suggests a scenario where ionized gas caused by recent star formation
(such as gas associated withIHregions), which is close to the galaxy midplane and
has a small scale height, shares the rotation of the molecular gas from which the star
formation arose. lonized gas associated with older stellar populations or produced
by cosmic rays (which typically have much larger scale heights), or possibly gas that
has been shock-ionized (experiencing an injection of momentum that may drive it to
large scale heights) or otherwise vertically transported may rotate at lower speeds.

This scenario is in agreement with the trend seen in Figure 2.7, in which the
ETGs have lower EW(H ) and higher V than the star-forming spirals studied
here. It also agrees with studies that nd vertical gradients in the rotation velocity
of the ionized gas in some galaxies (e.g., Rand, 1997, 2000). As pointed out by a
number of authors, however, the steady-state solution for a homogeneous barotropic
uid immersed in an axisymmetric potential does not allow for such vertical rota-
tion velocity gradients (e.g., Barnabe et al., 2006; Marinacci et al., 2010). Having
the ionized disks in equilibrium while maintaining such gradients may require an
anisotropic velocity dispersion, similar to what may be expected for a galactic foun-
tain (Marinacci et al., 2010).
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Figure 2.7: Equivalent width of the H or H emission versus rotation velocity
di erence between the molecular and ionized gas,V. The blue points are the
KSS galaxies and use EW(H), and the black points are ETGs from Dauvis et al.
(2013) who use the luminosity weighted mean EW(H), excluding those which are
counter-rotating. Error bars are not provided for the EW(H ) data. Our points
are consistent with the low V end of the ETGs. EWs> 14 A (vertical dashed
line) trace star formation (Lacerda et al., 2018), so it is not surprising that the
star-forming disk galaxies used in this study have larger EWs than the ETGs use
by Davis et al. (2013).
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2.5 Discussion

The ubiquity and magnitude of the di erences between the CO and H rota-
tion velocities are striking. We propose that these di erences could be due to the
presence of signi cant extraplanar di use ionized gas (eDIG) in our KSS galaxies.
In the following subsections, we give some background on previous eDIG detections,
rule out scenarios other than eDIG that could produce this e ect, and give support
for eDIG in these systems from velocity dispersions and ionized gas line ratios. We
also suggest that this thick, pressure supported disk would have a vertical gradient
in the rotation velocity, with gas at higher latitudes rotating more slowly than gas

in the midplane.

2.5.1 Previous Detections of Extraplanar Di use lonized Gas

eDIG has been observed and discussed in the literature, and we highlight some
results here for context. The importance of the warm ionized medium (WIM) as a
signi cant fraction of the ISM in the Milky Way (MW) has been known for over four
decades (e.g. Reynolds, 1971; Reynolds et al., 1973; Kulkarni & Heiles, 1987; Cox,
1989; McKee, 1990) and for over two decades in other galaxies (e.g. Dettmar, 1990;
Rand et al., 1990; Rand, 1996; Hoopes et al., 1999; Rossa & Dettmar, 2003a,b). In
particular, diuse H can contribute >50% of the total H luminosity with large
variations (Ha ner et al., 2009, and references therein). In the MW, half of the H
is found more than 600 pc from the midplane (Reynolds, 1993). How such a large

fraction of di use gas can be ionized at these large scale heights is debated, but it is
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widely believed that leaky HI regions containing O-star clusters can produce WIM-
like conditions out to large distances from the cluster and the midplane (by taking
advantage of chimneys and lines-of-sight with little neutral gas created by past
feedback, Reynolds et al., 2001; Madsen et al., 2006), although ionization sources
with large penetration depths (such as cosmic rays) or re-accretion from the halo
may also play a role.

Extraplanar HI exhibiting di erential rotation has been detected in the MW
(e.g. Levine et al., 2008) and in studies of individual galaxies (e.g. Swaters et al.,
1997; Schaap et al., 2000; Chaves & Irwin, 2001; Fraternali et al., 2002, 2005;
Zschaechner et al.,, 2015; Zschaechner & Rand, 2015; Vargas et al.,, 2017). Ve-
locity gradients between the high latitude gas and the dynamically cold midplane
are generally -10 -30kms!kpc ! extending out to a few kpc, but there are large
variations among and within individual galaxies.

Extraplanar H (i.e. eDIG) has also been found and studied in galaxies, pri-
marily from photometry. In a recent study tracing the WIM in the spiral arms of
the MW, Krishnarao et al. (2017) nd an o set between the CO and H velocity
centroids, although they do not interpret this o set as eDIG. Outside the MW,
NGC 891 is the prototypical galaxy with bright eDIG extending up to 5.5 kpc from
the midplane (Rand et al.,, 1990; Rand, 1997) and a vertical velocity gradient of
-15kms kpc ! (Heald et al., 2006a), in agreement with measurements of its extra-
planar HI (Swaters et al., 1997; Fraternali et al., 2005). Boettcher et al. (2016) nd
that the thermal and turbulent velocity dispersions (11 kms?! and 25kms ! respec-

tively) are insu cient to support eDIG in hydrostatic equilibrium with a 1 kpc scale
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height. NGC5775 has observed IHoops and laments with their rotation lagging
the midplane (Lee et al., 2001) as well as Hlags of -8kms!kpc ! detected up to

6 9kpc from the midplane (Heald et al., 2006a; Rand, 2000). NGC 2403 has eDIG
which lags the midplane by 80 km s extending a few kpc above the midplane (Fra-
ternali et al., 2004), in rough agreement with the lags observed inl kvhich extend

1 3 kpc from the midplane (Fraternali et al., 2002). Finally, eDIG has been observed
in the face-on galaxy M 83 with a lag relative to the midplane of 70km$ with a
vertical scale height of 1kpc (Boettcher et al., 2017). There is a range of eDIG
velocity gradients and scale heights, and, moreover,l Fhnd H vertical velocity
gradients are not always similar or present (e.g. Zschaechner et al., 2015).

Apart from these case studies, there are several large photometric studies of
eDIG independent of HI. Following the work of Rand (1996), Miller & Veilleux
(2003a) and Rossa & Dettmar (2003a,b) performed larger photometric surveys of
nearby edge-on spiral galaxies. Rossa & Dettmar (2003a,b) had a sample of 74 edge-
on disks and found that 40.5% of the sample had eDIG extending 1 2kpc from the
midplane. In their sample of 17 galaxies, Miller & Veilleux (2003a) observe eDIG
in all but one galaxy. Miller & Veilleux (2003b) did a spectroscopic follow up study
of nine edge-on galaxies with observed eDIG and found vertical velocity gradients

ranging from 30to 70kms lkpc 1.
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2.5.2 Comparison with Stellar Dynamical Modeling

The stellar circular velocity curve, which accounts for stellar velocity disper-
sion, should agree with the CO rotation curve if CO is a dynamically cold tracer.
Leung et al. (2018) test three di erent dynamical models of the galaxy's potential to
determine stellar circular velocity curves and compare these to CO rotation curves
of 54 EDGE galaxies. Overall, they nd agreement between the CO rotation curves
and the three models to within 10% at 1R.. We defer to Leung et al. (2018) for a
complete discussion of the details of the stellar modeling. The agreement between
the stellar dynamical modeling and the CO rotation curves veri es that CO is indeed
a dynamically cold tracer, indicating that the H is exhibiting anomalous behavior
rather than the CO. Moreover, our measured CO velocity dispersions (Table 2.1)

are small ( 10kms 1), further indicating that the CO is dynamically cold.

2.5.3 An Inclined Disk

It is possible that the observed di erence between the CO and ionized gas
rotation velocities could be produced by the inclination of the disk; however, we nd
no correlation between V and inclination, as shown in Figure 2.8. To determine
a correlation, we calculate the Spearman rank correlation coe cientr{), which
guanti es how well the relationship between the variables can be described by any
monotonic function. Variables which are perfectly monotonically correlated will
havers = 1, assuming that there are no repeated values of either variable. The

Spearman rank correlation coe cient does not, however, take the errors on the data
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Figure 2.8: Lack of a trend between galaxy inclination and V. The cause of the
observed rotation velocity di erence V cannot be purely an inclination e ect. The
Spearman rank correlation coe cient () is consistent with O.

into consideration. The errors on V are especially important here. Therefore, we
use a Monte Carlo method to determine the correlation coe cient over 1000 samples
drawn from a uniform random distribution within the error ranges on each point.
The error reported onrg is the standard deviation of all 10005 values. As shown in
Figure 2.8, the di erence between the CO and H rotation velocities is not a result
of the inclination of the galaxy s = 0:01 0:11).

We note that if the molecular and ionized gas disks had di erent inclinations,
our assumption that they are the same could produce aV. However, to produce
only V > 0 would require that all ionized gas disks are less highly inclined (with
respect to us) than the molecular gas disks, which for a sample of 17 galaxies is
extremely unlikely. We can, therefore, rule out that the inclination a ects the
results in this way.

V was also plotted against other global parameters of the galaxies, such
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as stellar mass (M), SFR, specic SFR (sSFR SFR/M ), morphology, physical
resolution, and CO V. There are no trends with any of these global parameters,
and they are shown for completeness in Figure A.3 in Appendix A.3. As mentioned
in Section 2.2.3, the lack of trend with physical resolution (Figure A.3 bottom left)
justi es our choice to convolve to a common angular resolution rather than to a
common physical resolution. These values and their sources are listed in Table 2.1.
The lack of trends with these parameters agrees with Rossa & Dettmar (2003b),

who also found no trends in the presence of eDIG with such global parameters.

2.5.4 Star Formation Rate Surface Density Threshold

In previous studies of eDIG, Rand (1996) and (Rossa & Dettmar, 2003a) nd
a possible trend in the amount of eDIG with the SFR per unit area (sgr) as traced
by the far infrared (FIR) luminosity (Lrr). The physical picture is that a minimum
level of widespread star formation is needed to sustain a thick disk that covers the
entire plane of the galaxy. Rossa & Dettmar (2003a) determine a thresholdsgr
above which they claim that an eDIG will be ubiquitous. This does not guarantee,
however, that galaxies above this threshold will always have an eDIG or that galaxies

below it cannot have eDIG. Rossa & Dettmar (2003a) de ne this threshold sgr as
L
—FAR =32 05) 10®ergstkpc 2 (2.2)

where D5 is diameter of the 25th magnitude isophote. Catalan-Torrecilla et al.

(2015) measure total IR (TIR, 8 1000 m) luminosities (Ltr) for 272 CALIFA
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galaxies, andLtr measurements are available for 15/17 KSS galaxies. The thresh-
old de ned by Rossa & Dettmar (2003a) can be converted to TIR by multiplying
by 1.6 (Sanders & Mirabel, 1996) so

IbT'ZR =(5:1 08) 10°ergs'kpc ? (2.3)
25

For the two galaxies without Ltjg measurements, we can estimaterg from the
SFR measured by CALIFA from extinction corrected H where

16 N sEr |

1
45 104 M yr i o9° (2.4)

Lr =

(Kennicutt, 1998) and the factor of 1.6 comes from converting frohgr to L1r
(Sanders & Mirabel, 1996). Using measurements 8f,5 from HyperLeda (values
are listed in Table 2.1), we compare the values &frr =D3; for all KSS galaxies to
the eDIG threshold (Equation 2.3) in Figure 2.9. We nd that 94%% of galaxies in
the KSS havelL 1r =D%; greater than this threshold and should have eDIG based on
this criterion.

If many galaxies have a thick ionized disk, this could underestimate the dy-
namical mass of the galaxy derived from the ionized gas rotation velocity. Because
we nd that the ionized gas rotates more slowly than the molecular gas in galaxies
with large sgr, this e ect could be signi cant in local star-forming galaxies and
even more so at higher redshifts where there is more star formation occurring on

average.
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Figure 2.9: Lgr =D3; versus V for the KSS. The vertical dashed line shows the
eDIG threshold from Rossa & Dettmar (2003a) of g =D3; = 5:1 10 ergs?
(Equation 2.3). We nd that > 90% of our sample exceed this threshold, indicating
the likely presence of eDIG in these systems. There is not, however, a trend between
Ltr :D§5 and V.

2.5.5 lonized Gas Velocity Dispersion

The trends between the eDIG and the star-formation rate surface density dis-
cussed in Section 2.5.4 (e.g. Rand, 1996; Rossa & Dettmar, 2003a) are suggestive of
star-formation feedback playing an important role in forming the eDIG. In order for
ionized gas to remain above or below the disk midplane in a long-lived con guration,
it must have su cient velocity dispersion (or at least a vertical bulk motion). This
e ectively acts as as additional pressure term, allowing the gas to remain at larger
scale heights. Therefore, we expect that galaxies with larger ionized gas velocity dis-
persions should have larger eDIG scale heights. Measuring the ionized gas velocity

dispersion is, therefore, an important way to test these ideas.
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Figure 2.10: The left panel shows the trend between the velocity dispersion measured
from the H linewidth ( ) and V. Error bars re ect the propagated error. The
red line is a linear t to the data points. The lower panel shows the perpendicular
distance of each point from the line in units of standard deviations plotted against
V. Points are color-coded by apc . The solid and gray dashed lines show 1- and
3- . 35% of the galaxies are within 1- of the best-t line and 71% are within 3- .
If there is an underlying correlation between ; and V, it is weak. The right
shows the same as the left but using the velocity dispersions inferred from the ADC
( apc). The trend results from the form of the ADC used here (Equation 2.6). 71%
of the galaxies are consistent with the best- t line within 1- and 88% are consistent
within 3- . In both bottom panels, the galaxy many away from the best- t line
is NGC 2347.

2.5.5.1 H Velocity Dispersion Measurements

CALIFA data cannot, unfortunately, be used to accurately measure the H
linewidth due to the low spectral resolution of the V500 grating employed (6.0 A
FWHM  275kms ! at H ). CALIFA observes H with the moderate-resolution
V1200 grating (2.3A FWHM 160kms ! at H ), however, and those data can

be used in principle to establish ionized gas velocity dispersions. Starting with the
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continuum-subtracted cubes, we t the H line with a Gaussian at each spaxel
where the width of the Gaussian corresponds to the velocity dispersion, as discussed
in Section 2.2.2. The measured linewidth is the convolution of the instrumental
response with the actual gas velocity dispersion, and has a small contribution from
rotation smearing caused by the nite angular resolution. We apply a beam smear-
ing correction which also accounts for the instrumental velocity dispersion. This
method is described in detail in Appendix A.2. The accuracy of the resulting ion-
ized gas velocity dispersion depends critically on the exact knowledge of the spectral
resolution and response of the grating, because the instrumental velocity dispersion
( inst 68kms 1) is of the same order as the observed; before removal: in other
words, the spectral resolution of the V1200 observation is marginal for the purposes
of measuring the velocity dispersion in these galaxies, and our results should be
considered tentative. Inspection of the maps suggests that it is likely that the beam
smearing-corrected y values reported here are lower limits to the real ionized gas
velocity dispersion, and we caution against over-interpretation of these values. We
do not correct our y for inclination and hence assume that the velocity dispersion
is isotropic. As discussed in Section 2.4, anisotropic velocity dispersions may be
required to maintain ionized gas disks with vertical gradients in the rotation veloc-
ity (Marinacci et al., 2010). With these caveats in mind, we calculate the average
beam smearing-corrected Hvelocity dispersion over the same region whereV is
calculated. Velocity dispersions range from 25 45kms ! (Figure 2.10 left). The

scale height of the disk i) corresponding to a given isotropic velocity dispersion {
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2

h= 0] (2.5)

(van der Kruit, 1988; Burkert et al., 2010). We use azimuthally averaged radial
pro les of the stellar surface density () from Utomo et al. (2017)to nd  over the
same range of radii where V is calculated (listed in Table 2.1). The scale heights
corresponding to the observed; are 0.11.3kpc. Previous measurements of
eDIG scale heights range from 1 2 kpc (Rossa & Dettmar, 2003a; Miller & Veilleux,
2003b; Fraternali et al., 2004) up to a few kpc above the disk (Rand, 2000, 1997,
Miller & Veilleux, 2003a). Because our ; are likely lower limits, the scale heights

may indeed be larger than we report here.

2.5.5.2 Velocity Dispersion Estimates from an Asymmetric Drift Cor-
rection

It is possible to infer the velocity dispersion needed to produce the observed
V using an asymmetric drift correction (ADC). Generally, an ADC is used to
nd Ve given Vi, , and (r); however, since VW (CO) traces V.. (Section
2.5.2), we can invert the ADC to nd instead, with V,ot=V ot (H ). If we assume
that the velocity dispersion is isotropic (, = , = ), (r) = constant, and

(r)=2 (r;2)h(z) (Binney & Tremaine, 2008), then

\VA&s V2
2 — circ rot . 26
din =dinr (2.6)
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We use azimuthally averaged radial pro les for (r) from Utomo et al. (2017) to nd
din  =dInr. Ve, Viot, @and  (r) are averaged over the same radii as wheréV is
calculated; this excludes the central two beams (124 kpc) where beam smearing
or a bulge can a ect the rotation curve. Velocity dispersions from the ADC method

( apc, Equation 2.6) range from 1585kms ! in the KSS (Figure 2.10 right).
There is an apparent trend with V resulting from Equation 2.6. Using Equation
2.5, we nd scale heights ranging from 0.1 2.0kpc, again in rough agreement
with previous measurements. For individual galaxies, the velocity dispersions and
scale heights predicted from the ADC tend to be larger than those measured in
the H (Figure 2.11), but given the di culty in the measurement the agreement is

reasonable.

2.5.5.3 Trends betweenV and the Velocity Dispersion

To explain the di erence in rotation velocities observed between the molecular
and ionized gas as resulting from the presence of eDIG, we would expect that galaxies
with a larger V should have larger velocity dispersions as well. There is a trend
between V and apc (Figure 2.10 right) stemming directly from the form of the
ADC used (Equation 2.6). There is not, however, an immediately apparent relation
between V and  (Figure 2.10 left). Because the errors on both V and 4
are large, however, there could be an underlying correlation. To assess whether
an underlying correlation could exist, we t a line to the data points (top panels

of Figure 2.10). We then calculate the perpendicular distance of each point from
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Figure 2.11: The velocity dispersions inferred from the ADC compared to those
measured for the H emission in each galaxy. The error bars re ect the statistical
errors, measured from the standard deviation of the measurements in the annulus.
The dashed line is one-to-one. The velocity dispersion is roughly comparable
to those inferred from the apc; although  tends to be smaller than apc this
should not be over-interpreted given the di culty of the measurement discussed in
Section 2.5.5.1.
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the line as well as the error on that distance accounting for the error bars on both
guantities. From this, we determine the distance from the best-t line in standard
deviations (bottom panels of Figure 2.10). For the ADC, 71% of the galaxies are
consistent with the best- t line within 1- and 88% are consistent within 3- (Figure
2.10 left). This tight correlation again stems from the form of the ADC used, since

q
aoc depends explicitly on Vi (CO)2 Vi (H )2 whichis © Vi V (Equation

2.6). For 4 , however, only 35% of the galaxies are within 1-of the best-t line
and 71% are within 3- (Figure 2.10 left), so any underlying correlation between

n and V is weak. Nonetheless, most of our galaxies have high enough velocity
dispersions to support a thick ionized gas disk, and nearly all of our subsample have

sucient ser (Figure 2.9).

2.5.6 [9]/H and[NiI]/H Ratios

The velocity dispersion is not the only tracer of eDIG. The ratios of [N] 6583/H
(INH/H ) and [S1] 6717/H ([SII]/H ) increase with distance from the midplane
and are used to probe the ionization conditions of the WIM (e.g Miller & Veilleux,
2003a,b; Fraternali et al., 2004; Ha ner et al., 2009). [§/H varies only slightly
with temperature, whereas [M]/H is used to trace variations in the excitation tem-
perature of the gas (Ha ner et al., 2009). From observations of the MW and a few
other galaxies, [8]/H =0:11 0:03and [Nil]/H 0:25in the midplane (Madsen,
2004; Madsen et al., 2006), whereasI[BH =0:34 0:13and [NII]/H & 0:5in

the eDIG (Blanc et al., 2009; Madsen, 2004). Observations of these ratios indicate
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Figure 2.12: (Left) There is no trend between V and [S1]/H , although the errors
bars are large. All of our [B]/H ratios are larger than for the MW (dark gray
shaded region, [8]/H =0:11 0:03) but only a few fall within the observed range
for the eDIG (light gray shaded region, [8]/H = 0:34 0:13). The dashed gray
lines show the median values for the MW and eDIG. (Right) There is no trend
between [NIJ/H and V. As with [SII]/H , all of our measured ratios exceed
those found in the plane of the MW (dark gray shaded region, JN/H 0:25
where we have adopted a 20% error range) but are not as high as is generally
observed in the eDIG (light gray shaded region, [NJ/H & 0:5). The dashed gray
lines show the median values for the MW and eDIG.

that there must be additional heating sources aside from photoionization from leaky
HIl regions to produce the WIM (Ha ner et al., 2009, and references therein).
CALIFA provides H , [SII], and [NIl] intensity maps for all galaxies. These
were masked to cover the same radii as where/ is calculated. As shown in Figure
2.12, there are no trends between [[%H or [NII]/H with  V (rs=0:03 0:18
andrg = 0:.02 0:17 respectively). For both [SI]/H and [NII]/H , our ratios
are all larger than for the plane of the MW but only a few fall within the observed
range for the eDIG. This is perhaps not unexpected, since emission from the plane is
mixed with emission from the eDIG which would systematically lower the observed
ratios. This is an encouraging hint that the observed V could be due to eDIG in

a thick disk.
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2.5.7 Kinematic Simulations

To further investigate how the disk's geometry a ects the observed rotation
curve, we perform a suite of kinematic simulations using NEMO. Disks are given
di erent scale heights and vertical rotation velocity distributions as described in
the follow subsections. The particle velocities are given by an input rotation curve
which rises linearly fromr = 0 1 units and is constant atVy, = 200kms ! from
r=1 6 units. The disk is then inclined and observed" with a 1 unit beam. The
velocity is derived by tting the peak of the line at each point in the simulated data
cube. Vi« (r) is averaged betweem =1 andr =5 to give V in the at part of the
rotation curve. The erroronV ( ) is the standard deviation of \j (r). A simulated

V is computed byVy, V, which is analogous to the V de ned previously (Vo
corresponds to V, (CO) and V corresponds to the median \(H ) in the outer
part of the galaxy). We test four disk con gurations, which are described below.
To convert the scale heights to physical units (i.e. kpc), we use the turn-over radius
(Ro) of the rotation curve (1 unit in the simulations) and nd the averageR, of
the KSS H data. We tthe KSS H rotation curves with Vinogel = Vo(1 € FFR0)
(e.g. Boissier et al., 2003; Leroy et al., 2008) and ¥, to the value determined for
that galaxy. The averageR, over the sample is found, and the scaling is 1 unit =
1:77 0:25kpc. We note that the assumed beam in the simulations is 1 unit, which
is nearly identical to the beam size of the observations (6" = 1.73 kpc at the average

distance of the KSS galaxies).
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2.5.7.1 Thin Disks

First, we create a thin disk of particles with scale height = 0. The simulated
V as a function of inclination is shown in Figure 2.13 (top left). The resulting V
values are all very small and are insu cient to explain the o sets seen in Figure 2.5.
We recover the input rotation curve to within 2kms . This 2kms ! osetis
due to beam smearing. If a smaller beam is used, this o set disappears. So neither

the inclination nor beam smearing of a thin disk can produce the observedv.

2.5.7.2 Thick Disks

Using the same simulation set up described above, the initial disk can be given
a scale height. The same input rotation curve is used at all heightg, such that
Vit (r;2) =Vt (1;z = 0) = V. Particles are distributed vertically using a Gaussian
distribution where the FWHM is 2p 21n 2h (so the scale height above the midplane
ish). V is then calculated from these simulations as described previously. Figure
2.13 (top right) shows V as a function ofh, color-coded by inclination. There is
only a trend for the highest inclinations, and even at these high inclinations, V is
not as large as many galaxies in the KSS. Therefore, a thick disk witho\(z) = Vo
cannot cause the observed V, except perhaps for very highly inclined galaxies. For
intermediate inclinations, we recover the input rotation curve again to within the

2kms ! from beam smearing.
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Figure 2.13: (Top left) From the simulations of thin inclined disks, the V values
are all very small, so inclination cannot explain the observedV. The 2kms'?

o set away from V =0 is due entirely to beam smearing. (Top right) From the
simulations of thick disks with no vertical rotation velocity gradient (i.e. Vot (2) =
Vo), there is no trend between V and the scale height. There is only a trend for
the most highly inclined galaxies (and the errors are large). So a thick disk without
a vertical rotation velocity gradient cannot explain the V measured in all systems.
Again, the constant o set away from V = 0 is due entirely to beam smearing.
The black point in the upper left corner shows the error on the scale height from
the scaling between units in the simulation to kpc. Points are color-coded based
on their inclination. (Bottom left) For a thick disk with a linear vertical rotation
velocity gradient, there is a strong trend between the magnitude of the gradient
(parameterized by , see Equation 2.7) and V, producing V values comparable
to those observed for . 0:3. Points are color-coded based on the scale height.
(Bottom right) Using the more realistic model with V. (r;z) given by Equation
2.12 and ¢pic(z) given by Equation 2.13, we nd that there is a strong trend
between the eDIG scale heighthepic) and V. It is possible to produce V in
the range we observe (5 25km &) with hepic . 1:5kpc. There is also a trend with
the scale height of the underlying potential f,, shown in the color-coding), but this
trend is weaker. The black point in the lower right corner shows the error on the
scale height from the scaling between units in the simulation to kpc.
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2.5.7.3 Thick Disks with Vertical Rotation Velocity Gradients

We also test a thick disk with a vertical gradient in the rotation velocity. As
mentioned in Section 2.5.1, vertical gradients in the rotation velocity have been
observed in the extraplanar H and eDIG of several galaxies. The physical rationale
behind a vertical gradient in the rotation velocity is related to turbulent pressure
support. Gas with larger velocity dispersions can be in pressure equilibrium at
larger distances from the disk midplane. Material o the plane should have an orbit
inclined with respect to the main disk enclosing the galactic center (like the stars);
however, pressure support forces the gas to orbit parallel to the main disk. The gas
further o the plane rotates more slowly than gas closer to the plane, creating the
vertical gradient in the rotation velocity. First, we impose a linear vertical rotation

velocity gradient parameterized by where
z
Vrot(z): Vo 1 E : (2-7)

As shown in Figure 2.13 (bottom left), there is a strong trend betweenand V.
A linear vertical gradient in the rotation velocity can produce the observed values
of V for . 0:3, meaning that atz = h, V,t& 0:7Vy. For a given value of ,
larger scale heights have less of an e ect onV, as seen from their shallower slope
in Figure 2.13 (bottom left).

Next, we test a more realistic model for \; (z) than the linear vertical velocity

gradient. The rotation velocity of material above the disk is governed by the poten-
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tial. Here we assume that the rotation velocity in the disk midplane is constanix)
and, hence, the radial surface density prole,( r), is described by a Mestel disk
(Mestel, 1963; Binney & Tremaine, 2008). We also assume that the vertical density
distribution is exponential. Therefore, the total density distribution of material that

dominates the potential has the form

2

Lo — Vo j zi=hp
(nz)= > Grh IOe (2.8)

where h;, is the vertical scale height of the material that dominates the potential.

The potential of a thin Mestel disk is

(= V2in —— (2.9)

max

wherer nax IS the maximum extent of the disk (Binney & Tremaine, 2008). Therefore,

the total potential is

Z
(r;z) = (rz 79 (29d7°
Z

1 g0 (2.10)
hp

= VZIn

r max

= VZIn el 7% + ¢

r max

where the constant of integration ¢) can be found by demanding that (r;z !
1)! 0. Therefore,
(r;z) = VZIn SIS (2.11)

rmax
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The rotation velocity from a potential is given by V2, = r@@r (r;z) (Binney &

Tremaine, 2008) so from Equation 2.11
p —
Viet (1;2) = Vo el 4= (2.12)

where the absolute value preserves the symmetry above and below the disk. The
eDIG has its own density distribution and scale heighthepic) which are largely
independent of the potential and determined mostly by the star formation activity.
Although large ratios of hepig =h, are physically unlikely, here we treat these two
scale heights as independent quantities. We can nd the eDIG density as a function
of z where the vertical density distribution is described by the hydrostatic Spitzer

solution (Spitzer, 1942; Binney & Tremaine, 2008; Burkert et al., 2010):

enic(1;2) = osectf (2.13)

heDIG

where ¢ is the density in the midplane. We repeat the NEMO simulations as before,
but using V4 (r; 2) given by Equation 2.12 (rather than Equation 2.7) and an eDIG
density distribution give by Equation 2.13 (rather than a Gaussian). The results
of this more realistic model are shown in Figure 2.13 (bottom right). There is a
strong trend betweenhepc and V. There is also a secondary trend between,
and V. With this model, it is possible to reproduce the observed range ofV
with hepc . 1:5kpc. Using Equation 2.5 and the median of the KSS at the

radius where the measurements are done (200M pc 2), this implies a velocity
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dispersion. 60kms !, which agrees with the range of velocity dispersions inferred

from the ADC and the measurements from H.

2.5.8 Other Possible Explanations

In the previous subsections, we motivated our hypothesis that the observed
di erence between the molecular and ionized gas rotation velocities is due to eDIG in
a thick disk with a vertical gradient in the rotation velocity. That is not, however, the
only explanation. It is possible that we are instead measuring ionized gas velocities
and velocity dispersions in the galactic bulge. To test this, we explore potential
correlations between V and measured the bulge-to-disk (B/D) luminosity ratios
(Méndez-Abreu et al., 2017). Here, we use only results from the r-band since that
overlaps with H . This is shown in the top panel of Figure 2.14 (left). To determine
if there are any underlying correlations, we follow the same methodology as was
done for the velocity dispersions discussed in Section 2.5.5.3. There is one galaxy
with a large B/D ratio which is a clear outlier from the rest; this galaxy is NGC 2347
which has the largest V in the subsample. It is excluded from the tting of the
linear regression. The bottom panel of Figure 2.14 (left) shows the distance of each
galaxy from the best-t line. For r-band, 33% of galaxies are consistent with the
best- t line within 1- and 67% are consistent within 3-. It is possible that the
bulge could be a ecting the measured rotation velocities and contributing to the
measured V. This aect is likely minimized, however, as V is only measured

at radii larger than Rypeam (12" 4 kpc). Méndez-Abreu et al. (2017) also measure
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Figure 2.14: (Left) The trend between the B/D ratio and V. B/D ratios are
derived from Méndez-Abreu et al. (2017), who do not report errors on those values.
The red line is a linear t to the data points, excluding NGC 2347 whose B/D ratio
is an outlier compared to the other galaxies used here. The bottom panel shows the
perpendicular distance from the line for each point in units of standard deviations
plotted against V. The solid and gray dashed lines show 1- and 3- For the
r-band, 33% of the galaxies are consistent with the best- t line within 1- and 67%
are consistent within 3- . (Right) We also investigate the relationship between the
e ective radius of the bulge Rpuge) from Méndez-Abreu et al. (2017) and V. All
bulges (except NGC 2347) are much smaller thaR,,eam (vertical dashed line), so
contamination from the bulge is likely small in these galaxies.
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the e ective bulge radius Rpuige). We plot Ryyige VErsus V in Figure 2.14 (right).
The dashed vertical line marksR,peam, Which is the smallest radius included when
measuring V. Bulge contamination is likely for NGC 2347 sinc&puge  Rabeam,
but the other galaxies in the sample have much smaller bulges so the likelihood of
contamination from the bulge is lessened. The exact contributions of the bulge and
eDIG to V are dicult to disentangle in detail, however, and it is likely that both

contribute to the measured V at some level.

2.6 Summary

We present a kinematic analysis of the EDGE-CALIFA survey, combining high
resolution CO maps from EDGE with CALIFA optical IFU data. Together, the CO
and H kinematics can be compared in a statistical sample. We summarize our

results as follows, indicating the relevant gures and/or tables:

1. Using a sub-sample of 17 galaxies from the EDGE-CALIFA survey where
precise molecular gas rotation curves could be derived, we t CO and H
rotation curves using the same geometric parameters out ® 1 R, (Figure

A.4).

2. In our sub-sample, we nd that most galaxies ( 75%) have CO rotation veloc-
ities which are measurably higher than the H rotation velocity in the outer
part of the rotation curves. We refer to the median di erence between the CO
and H rotation velocity as V. Measurable di erences between CO and H

rotation velocities range from 5 25kms?, with a median value of 14 kms!
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(Figure 2.5).

3. The rotation velocity di erences between CO and H are not driven by incli-
nation e ects since we nd no signi cant trend between the inclination and

V (Figure 2.8).

4. We suggest that these di erences are caused by extraplanar di use ionized
gas (eDIG) in these galaxies, which may constitute a thick, turbulent disk of
ionized gas. Extraplanar ionized gas would be caused by stellar feedback, so
we expect that galaxies with su cient SFR per unit area ( sgr) would have
extended thick ionized gas disks and that galaxies with smallersgg might
have patchy extraplanar ionized gas above IHregions (Rand, 1996; Rossa
& Dettmar, 2003a). Indeed, the majority of the galaxies in the high-quality
rotation curve sub-sample ( 95%) have su cient g to harbor eDIG (Figure
2.9). Because EDGE galaxies were selected from CALIFA based on their FIR
brightness (Bolatto et al., 2017), it is not surprising that the majority of them

are star-forming disk galaxies with large sgr.

5. If galaxies frequently feature thick ionized gas disks, the e ect described above
would cause a systematic underestimate of galaxy dynamical masses derived
from ionized gas rotation velocity. Because we nd that the ionized gas rotates
more slowly than the molecular gas in galaxies with largesgr, this e ect could
be signi cant in local active star-forming galaxies and even more so at higher

redshifts where star formation rates are much higher on average.

6. We measure ionized gas velocity dispersion using the Hne ( y ) as a proxy
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for H , and compare them to predictions for the asymmetric drift correc-
tion (ADC), assuming velocity dispersion explains the observed di erence in
rotation velocities (Figure 2.10). For the ADC, we infer velocity dispersion
which would support a thick ionized gas disk with scale height ranging from
0.1 2.0kpc. The velocity dispersion measured from the His comparable
but somewhat smaller than predicted from the ADC (Figure 2.11). The low
spectral resolution of the data makes this measurement very di cult, so these

results are tentative.

. We nd that [SII]J/H and [NII]/H , which are tracers of the WIM, are el-
evated in these galaxies compared to typical values in the plane of the MW
([Sn}/H =0.11, [Nu}/H  0.25; Madsen, 2004; Madsen et al., 2006), but are
not as large as typically found in the eDIG ([B]/H =0.34, [NII}/H &0.5;
Blanc et al., 2009; Madsen, 2004). This is likely because emission from the

midplane and eDIG are mixed together in these measurements (Figure 2.12).

. We investigate the e ect of disk geometry by performing a suite of kinematic
simulations with NEMO. We nd that neither a thin disk nor a thick disk
without a vertical gradient in the rotation velocity can reproduce the observed
V (Figures 2.13 top). The observed V can be reproduced with a vertical
gradient in rotation velocity. For a linear vertical rotation velocity gradient,
our results favor 1 Ye=D - 0:3 (Figure 2.13 bottom left). For a
more realistic vertical rotation velocity gradient, our results can be reproduced

with an eDIG scale height. 1:5kpc corresponding to a velocity dispersion
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60kms ! (Figure 2.13 bottom right).

An ideal way to test for eDIG in these galaxies would be to directly measure the
CO and H scale heights in a sample of edge-on disks and to correlate the stale
height with V. Additionally, a systematic decrease in the H rotation velocity
with distance from the midplane would be compelling evidence for our proposed
model of a thick disk with a vertical velocity gradient. We carry out this analysis
using the edge-on galaxies in the EDGE-CALIFA survey in the following chapter

(Chapter 3; Levy et al., 2019).
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Chapter 3: Extraplanar Di use lonized Gas in Edge-on Galaxies

3.1 Introduction

The di use gas phases of the interstellar medium (ISM) are, by their very na-
ture, harder to study than the denser phases. Nonetheless, they provide important
windows into the evolution of galaxies. The di use ionized gas phase (frequently
referred to as Warm lonized Medium or WIM in the Milky Way and Di use lon-
ized Gas or DIG in other galaxies), in particular, has important connections to star
formation activity and accretion history. A large fraction (perhaps the majority) of
ionized gas in galaxies is found in this di use phase (e.g. Ha ner et al., 2009). The
existence of extraplanar di use ionized gas (eDIG) raises further questions about the
formation and ionization of the DIG (e.g. Dettmar, 1990; Rand et al., 1990). The
origin of the eDIG is debated; possible formation and ionization mechanisms include
leaky Hil regions (e.g. Ha ner et al., 2009; Weber et al., 2019), star formation feed-
back in the form of galactic fountains (e.g. Shapiro & Field, 1976; Bregman, 1980),
post-asymptotic giant branch (AGB) stars in the stellar thick disk (Flores-Fajardo
et al., 2011; Lacerda et al., 2018), out ows (e.g. Lopez-Coba et al., 2019), accretion
from the intergalactic medium (IGM) (e.g. Binney, 2005), or some combination of

these processes. Properties of the eDIG, such as relation to the star formation rate
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(SFR), diagnostic line ratios tracing temperature and density, connections to extra-
planar HI, and kinematics can give insights into the formation and ionization of the
eDIG and to the formation history of the galaxy itself.

Studies of eDIG in other galaxies are usually limited to edge-on systems, where
the eDIG can be photometrically detected and separated from the disk. While
there are large photometric studies of the eDIG (Miller & Veilleux, 2003a; Rossa &
Dettmar, 2003a,b), obtaining high resolution optical spectra of an entire disk has
been observationally expensive. The kinematics of the eDIG, however, have proven
to be very interesting: the rotation velocity decreases with increasing height above
the midplane of the galaxy (e.g. Rand, 2000; Miller & Veilleux, 2003b; Fraternali
et al., 2004; Heald et al., 2006a; Bizyaev et al., 2017). This vertical gradient in the
rotation velocity (referred to as "lag) is also seen in extraplanar H(e.g. Swaters
et al., 1997; Fraternali et al., 2002; Zschaechner et al., 2015; Zschaechner & Rand,
2015). The advent of integral eld unit (IFU) spectroscopy has revolutionized our
ability to obtain high spatial and spectral resolution spectra of many galaxies. IFU
galaxy surveys such as CALIFA (Sanchez et al., 2012, 2016a), MaNGA (Bundy
et al., 2015), and SAMI (Croom et al., 2012; Bryant et al., 2015) enable the study
of the kinematics of the eDIG in much larger samples.

Using intermediate inclination star-forming disk galaxies drawn from the EDGE-
CALIFA survey, Levy et al. (2018) nd that the ionized gas (traced by H ) rotates
slower than the molecular gas for 75% of their subsample. They attribute this di er-
ence in rotation velocity to a signi cant contribution from eDIG to the H emission.

In the midplane, the molecular and ionized gas should have the same rotation ve-
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locity. But if the eDIG rotates more slowly at greater heights above the midplane,
the line-of-sight ionized gas rotation velocity will be consequently lowered. Indirect
support for this hypothesis includes measured star formation rate surface densities
above the empirical threshold for existence of the eDIG (Rossa & Dettmar, 2003a),
[SII]/H and [NII]/H ratios higher than observed in galaxy midplanes (e.g. Ha ner
et al., 2009), and inferred ionized gas velocity dispersions large enough to support
a thick ionized gas disk (Burkert et al., 2010). The results of Levy et al. (2018)
reinforce the idea that eDIG is ubiquitous in star-forming galaxies.

With intermediate inclination galaxies, however, eDIG scale heights and the
decrease in rotation velocity as a function of height cannot be directly measured.
We, therefore, extend the work of Levy et al. (2018) using a sample of edge-on
CALIFA galaxies to directly measure these eDIG properties. We show below that the
measured ionized gas scale heights that are consistent with previous measurements.
We nd too that the ionized gas rotation velocity decreases with height for 75%
of the galaxies, and that the magnitude of this decrease (the lag) is also consistent
with previous ionized gas lag measurements. We discuss how our results t into
the various eDIG formation scenarios. We also verify that the lags are indeed due
to eDIG through analysis of the ionization properties, uniquely possible due to the
large wavelength coverage of the CALIFA IFU survey. It appears that the eDIG is
indeed a prominent component in star-forming galaxies, a ecting the morphology
and kinematics of these systems. This also complements studies of eDIG in edge-on
galaxies done with MaNGA (Jones et al., 2017; Bizyaev et al., 2017) and SAMI (Ho

et al., 2016), as well as studies of out ows in CALIFA (Lopez-Coba et al., 2017,
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2019).

We summarize the observations and sample selection in Section 3.2. The
method and results of tting the ionized gas scale height are reported in Section
3.3. The kinematic analysis and results are presented in Section 3.4. Section 3.5
discusses how the eDIG could be formed and constraints placed on its origin from
this analysis. Constraints on the source of the lagging extraplanar ionized gas are
discussed in the context of the ionization in Section 3.6. The results of this work

are summarized in Section 3.7.

3.2 Observations and Data Reduction

3.2.1 The CALIFA Survey

The CALIFA survey (Sanchez et al., 2012) observed 667 nearby (z = 0.005
0.03) galaxies as of the third data release (DR3). Full details of the CALIFA ob-
servations are presented in Sanchez et al. (2012), Husemann et al. (2013), Walcher
et al. (2014), Garcia-Benito et al. (2015), and Sanchez et al. (2016a), as well as in
Levy et al. (2018). A brief overview is presented here for context. All CALIFA
galaxies are drawn from the Sloan Digital Sky Survey (SDSS). CALIFA used the
PPAK IFU on the 3.5m Calar Alto observatory with two spectral gratings. The low
resolution grating (V500) used here covered wavelengths from 3745 7500 A with
6.0A (FWHM) spectral resolution, corresponding to a FWHM velocity resolution
of 275kms?t at H . The typical spatial resolution of the CALIFA PSF is 2.5",

corresponding to 0.8kpc at the mean distance of the galaxies. We note that the
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CALIFA PSF is a Mo at pro le, not a Gaussian. The data used for this study
come from the DR3 main sample as well as an additional 147 galaxies from the
extension sample (Sanchez et al., 2016a)These data are gridded with 1" pixels.
As in Levy et al. (2018), the " ux_elines" data products are used (Sanchez et al.,
2016c¢,b). Additional masking was also applied to the CALIFA velocity elds using

a SNR cut based on the integrated ux and error maps. Pixels with H SNR <
3.5 were blanked. Data products, such as line intensity and velocity maps, come
from Pipe3D version 2.2 (Sanchez et al., 2016c,b) provided in the nal form by the
CALIFA Collaboration.

The H uxes were corrected for extinction by applying the Calzetti et al.
(2000) extinction correction using the provided dust attenuation maps (4#) from
CALIFA. However, because the galaxies used here are edge-on, this correction is
insu cient in the midplane where the extinction is much higher. We discuss the

impact of extinction on our results in Appendix B.1.

3.2.2 The EDGE-CALIFA Survey

The EDGE-CALIFA survey (Bolatto et al., 2017) measured CO in 126 nearby
galaxies with CARMA in the D and E con gurations. Full details of the survey, data
reduction, and masking techniques are discussed in Bolatto et al. (2017), and we
present a brief overview here. The EDGE galaxies were selected from the CALIFA
sample based on their infrared (IR) brightness and are biased toward higher star

formation rates (SFRs) (see Figure 6 of Bolatto et al., 2017). The EDGE sample

"The CALIFA data cubes are publicly available at http://califa.caha.es
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is the largest sample of galaxies with spatially resolved CO, with typical angular
resolution of 4.9%corresponding to 1.5kpc at the mean distance of the sample).
Data cubes were produced with 20 km 8 velocity channels. Data products used in
this analysis are as described in Bolatto et al. (2017)except for the velocity maps.
At high inclinations, the lines can become skewed so that a rst moment or Gaussian
t to determine the velocity centroid will underestimate the velocity in general.
The CO velocity maps used here are the velocity of the line peak (moment=-3 in
Miriad )

When comparing the velocity elds from the EDGE and CALIFA surveys, it is
important to note that the velocities are derived using di erent velocity conventions:
EDGE follows the radio convention, and CALIFA follows the optical convention.
Because velocities in both surveys are referenced to zero, all velocities are converted
to the relativistic velocity convention. In both the optical and radio conventions,
the velocity scale is increasingly compressed at higher redshifts. Typical systemic
velocities in the EDGE-CALIFA sample are 4500 kms?, so this compression is
non-negligible. The relativistic convention does not su er from this compression
e ect. Di erences between these velocity conventions and conversions among them
can be found in Section A.1. All velocities presented here are in the relativistic

convention, unless otherwise noted.

»The EDGE CO data cubes and moment maps for the main sample are publicly available and
can be downloaded fromwww.astro.umd.edu/EDGE

“We note that this does not a ect the CALIFA velocity maps because of the large instrumental
line width; the lines remain Gaussian for very highly inclined systems.
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3.2.3 Selecting Edge-on Galaxies

For this study, it is important to select the most edge-on systems for analysis
to avoid interpreting a deviation in inclination away from edge-on as a detection
of eDIG from either the photometry or kinematics (see Appendix B.2 for a more
detailed discussion of this e ect). Starting with 814 galaxies from CALIFA DR3 and
the extended sample (Sanchez et al., 2016a), we rst nd those with inclinations of
90 in HyperLEDA (Makarov et al., 2014). Inclinations in HyperLEDA are de ned
as

1 10 2097z

N2 —
sin“i = T 10 2iogr (3.1)

where i is the inclination, rys is the axis ratio of the B-band 25th mag arcse@

isophote, and 8
EO:43+O:0053; for 5 t 7
logr, = : (3.2)
- 0:38 fort> 7

which accounts for intrinsic disk thickness based on the morphological type).(
This results in 156 galaxies withi = 90 . Because morphological types are highly
uncertain in edge-on systems, we follow this step with a visual inspection of the
SDSS images, con rming the edge-on nature of each galaxy (Gunn et al., 1998,
2006; Doi et al., 2010; Eisenstein et al., 2011; Alam et al., 2015). Dust lanes were
used (if present) to visually con rm the edge-on nature of the galaxies; galaxies with
dust lanes that were not centered in the midplane were excluded. If no dust lane was

present, very thin systems were selected. Galaxies with visible spiral arms, bars, or
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other features that hinted at them not being perfectly edge-on were discarded. The
inclination classi cations from the Morphological Galaxy Catalog (MGC; Vorontsov-
Vel'Yaminov & Arkhipova, 1962) were also used to con rm the edge-on nature of
the galaxies; all galaxies are classi ed as edge-on in the MGC. This restricted the
sample to 54 galaxies. From there, galaxies with robust Hmaps and clear rotation
were selected. From these criteria, we construct a sample of 25 high- delity edge-on
CALIFA galaxies. Composite SDSS and CALIFA images are shown in Figure 3.1,
the H ux maps shown in this image are not masked based on the HSNR. The
subsample of galaxies used here and relevant physical parameters are listed in Table
3.1. Throughout, IC 480 will be used as an example.

Four of these galaxies have known ionized gas out ows (Notes O in Table 3.1;
Lopez-Coba et al., 2017, 2019). We do not exclude these galaxies from further analy-
sis and will discuss the impacts of out ows in Section 3.6.3. Five of the galaxies have
extraplanar ionized gas but do not meet the criteria to have an out ow according
to Lopez-Coba et al. (2019) (Notes E in Table 3.1). The selection criteria used here
and by Lopez-Coba et al. (2019) di er due to the goals of each study, so that our
samples of galaxies with eDIG are not identical. We use a more stringent inclina-
tion cut than Lépez-Coba et al. (2019), who select galaxies witt> 70 . Whereas
our primary selection criteria are edge-on systems with robust, clearly rotating H
Lopez-Coba et al. (2019) further select only galaxies whose ionized gas line ratios in-
crease with height o the midplane. To be selected as an out ow candidate (labeled
O in Table 3.1), the H equivalent width must be greater than 3 A and there must

be some biconical morphology (L6épez-Coba et al., 2019). Galaxies that do not meet
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Figure 3.1: Composite images for the 25 edge-on CALIFA galaxies showing the
SDSS r- and g-bands (red, green) and (non-masked) Hux from CALIFA (blue).

The horizontal axes show J2000 right ascension and the vertical axes show J2000
declination. Images are cropped to the CALIFA eld-of-view (74" 64"; Sanchez

et al., 2012).
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