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Star formation is key to the regulation of galactic environments. Studying the sites of
ongoing star formation is therefore critical to understanding the evolution of galaxies over cosmic
time. Integral Field Spectrographs (IFS) have allowed astronomers to probe the dynamical processes
of galaxies at high redshift, z~1-3, revealing unique kiloparsec-scale “clumps” of star formation.
The relationships between clump size, luminosity, and velocity dispersion are particularly important
to understanding clump formation and evolution. These relationships have been measured in a
variety of studies but disagreement remains about their nature and possible evolution with redshift.

To investigate the cause of these differences, I collected a comprehensive sample of clump
observations across redshifts and developed a Bayesian Markov Chain Monte Carlo fitting routine

to robustly explore the scaling relationships of star-forming regions. There is evidence of a break
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into two clump populations based on their star formation rate surface density with differences in
slope due to either the formation mode or geometry of the clump and host galaxy disk, but there is
added uncertainty from limited observations at small clump sizes.

To address this limitation, I observed a sample of compact H II regions in the local starburst
galaxy, IC 10, with the Keck Cosmic Web Imager IFS at the W. M. Keck Observatory. I found these
H I regions are offset to higher luminosity and velocity dispersion for a given size. These H I1
regions do not appear to be virialized, and instead show evidence that they are young and expanding.
Even in the most compact H II regions, warm gas pressure from photoinization heating provides the
dominant contribution to outward pressure and expansion.

Improvements in instrumentation are also key to improving studies of the characteristics and
evolution of star-forming regions, as well as many other astronomical objects. Liger, an adaptive
optics fed IFS and imager for Keck Observatory, will provide improvements in resolution, field of
view, and wavelength coverage compared to current instruments. I have developed the mechanical
design of three major components of the Liger imager and sequential spectrograph: the filter wheel,

selectable cold pupil stop; and mounting stage for the imager detector and IFS pick-off mirrors.
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Chapter 1

Introduction

The first galaxies are thought to have formed in the first few hundred million years after
the Big Bang when the Universe was only a small fraction of it’s current age. The Universe at this
time was a vastly different environment than the present day; most heavy elements had not yet been
formed and the universe was in a period known as the “dark ages” with opaque neutral gas filling
the spaces between the islands of young stars and newly forming galaxies. These early galaxies
looked far different than what we observe in the current universe, and yet, they evolved over the
last ~13 billion years into the elliptical and spiral galaxies of the present day — including our own
Milky Way galaxy — through processes like mergers and accretion of gas from the circum- and
intergalactic medium to form stars. To understand the environment of the current universe we must
observe both local galaxies as well their precursors at earlier cosmic times. Due to the finite speed
of light, when we observe distant galaxies we observe them as they were in the past, providing a
window into our universe’s history.

One of the key ways in which galaxies have evolved is through the formation of new
generations of stars which produce heavy elements, changing the chemical composition of the
galaxy, and inputting massive amounts of energy into the surrounding gas — a process known as
“feedback”. Feedback can be both positive and negative. In the cases of positive feedback, areas of
higher density and turbulence are produced which can trigger additional star formation. However,
negative feedback from star formation is thought to be one of the main mechanisms to halt further

star formation and expel material from the region or even the galaxy. Therefore, studying the



progression of star formation is critical to understanding the regulation of galactic environments
and the evolution of galaxies over cosmic time (e.g., Hopkins et al., 2012).

Star formation in galaxies occurs in areas with higher densities of molecular gas, known as
Giant Molecular Clouds (GMCs). Rather than being smooth, self-gravitating structures, GMCs are
observed to have clumps and filaments of higher density (e.g., reviews by Williams et al., 2000;
McKee and Ostriker, 2007; Heyer and Dame, 2015). These higher density regions, often referred to
as “cores”, are the locations of GMCs where individual stars and clusters are thought to form from
the collapse of molecular gas (e.g., Girichidis et al., 2020). With enough material, the pressure from
this collapse can cause the temperature and density to become high enough for hydrogen fusion
to occur and a star to be formed. These stars emit high amounts of UV light which ionize neutral
gas in the vicinity, forming an HII region. The more stars in the cluster and the more massive
they are the higher the number of ionizing photons produced and the larger the H 11 region. The
ionization of this gas is dominated by the most massive O and B-type stars which have the shortest
lifetimes, meaning that observations of the ionized gas in H II regions trace the most recent burst of
star formation over the last few million years.

H I regions start out spatially compact and expand over time before dissipating. Energy
from the massive stars powering the HII region can interact with the surrounding gas in the
molecular cloud and the Interstellar Medium (ISM) through feedback. These processes are thought
to be critical for the regulation of star formation and setting the low observed star formation
efficiency (e.g., Harper-Clark and Murray, 2009; Hopkins et al., 2014). Without disruption of the
surrounding gas, star formation would proceed unhindered until all available gas was converted to
stars. However, observations put the actual observed efficiency of star formation closer to ~ 1%
(e.g., Krumholz, 2014), indicating that something like feedback must be disrupting and preventing
further star formation. There are a variety of forms that this feedback can take. Radiation pressure
occurs when photons produced in the star cluster interact with surrounding dust grains and transfer
both energy and momentum. The ionizing photons also heat the surrounding gas to ~ 10*K,

significantly higher than the ~ 10K temperature of the surrounding molecular cloud. Shocks from



stellar winds can generate bubbles of hot gas. And lastly, supernovae explosions provide significant
amounts of energy in short bursts — though these events don’t occur for a few million years by
which point the molecular gas may have already been disrupted (e.g., Grudi€ et al., 2022). These
mechanisms all result in outward pressures which can cause expansion or expulsion of gas from
the star forming region and the surrounding molecular cloud. How effective each of these modes
of feedback are in different environments is still somewhat uncertain and is the subject of both

theoretical and observational investigations.

1.1 Observations of Star Forming Regions

There is a clear interplay between the sites of star formation and the evolution of galaxies. It
is therefore critical to observe a wide range of star forming regions across diverse environments from
Milky Way H II regions to high redshift star forming “clumps”. Studies of the star formation history
of the universe show that star formation activity peaked between redshifts z ~ 1 —3 (~ 8 — 11 Gyr
in the past, e.g., Madau and Dickinson, 2014). If we want to understand galaxy evolution and the
impact of star formation then this is a crucial epoch in which to study the conditions and properties
of star forming regions. Early imaging studies of high-redshift galaxies with the Hubble Space
Telescope revealed highly irregular morphologies with areas of concentrated star formation (e.g.
Elmegreen et al., 2004b). Complimentary spectroscopic surveys from ground-based observatories
allowed astronomers to compile the global properties of these galaxies (e.g., Shapley et al., 2003).
With the advent of Integral Field Spectrographs (IFS) paired with Adaptive Optics (AO) at 8- &
10-m class ground-based telescopes, the resolved properties and kinematics of these high-redshift
galaxies and their star forming regions were able to be studied for the first time (see review by
Glazebrook, 2013).

A 10-m telescope paired with AO can achieve spatial resolutions of ~ 800pc at z ~ 1.
Combining this with IFS operating in the near-infrared allows for detailed studies of the ionization
states and kinematics of the ionized gas that traces the most recent star formation activity while

resolving the large, kiloparsec-scale clumps that have been observed at these redshifts (e.g., Genzel



et al., 2011). These studies have shown that galaxies in this epoch of “cosmic noon” (Grogin et al.,
2011) have turbulent disk structures exhibiting high velocity dispersions which are thought to lead
to areas of gravitational instability, triggering clump formation (Bournaud et al., 2007). These
clumps tend to be 1 — 3kpc across and are found to be present in the majority of high-z galaxies
(Guo et al., 2015b). Even with the help of magnification from gravitational lensing to improve
spatial resolution at high-z, these large observed clump sizes remain (e.g., Livermore et al., 2012;
Swinbank et al., 2009; Walth et al., 2019). However, there are only a few in each galaxy compared
to the hundreds of HII regions which are 10’s - 100’s parsec in size found in local galaxies. It is
thought that these massive clumps at high-z may migrate to the center of the host galaxy over time,
leading to the bulge and disc structure observed in spiral galaxies in the local universe (Mandelker

et al., 2014).

1.1.1 Scaling Relationships

One way in which to investigate the likely formation mechanism of these structures is to
study the scaling relationships between the measured clump properties; typically the clump sizes,
luminosities (a tracer of star formation rate; SFR), and velocity dispersion (e.g., Livermore et al.,
2012; Wisnioski et al., 2012). Obtaining resolved measurements of all three of these important
properties at high-z currently requires the use of AO aided IFS. Local H II regions are often used as
a comparison sample when fitting and interpreting the scaling relationships, but there has been some
variability of the results depending on the local and high-z samples used; particularly in regards to
whether there is evolution in the relationship between size and luminosity with increasing redshift.
In Chapter 2, this question of what the relationships between star forming region properties are —
particularly the size-luminosity relationship — is explored with a robust set of data gathered from
the literature for both local H II regions and high-z clumps. We developed a Markov Chain Monte
Carlo (MCMCO) fitting method to investigate the relationship between these properties in a robust
way, better incorporating measurement uncertainties and intrinsic scatter, and allowing the division

of the data into subsets for the exploration of potential redshift evolution and/or selection biases.



We use this MCMC code to fit a power-law relationship between the star forming region size and
Ha luminosity, as well as multi-parameter fits adding in the region’s velocity dispersion or the
host galaxy gas fraction. As will be shown, we found no clear indication that the size-luminosity
relationship evolves with redshift, but instead that there is a break between regions with high- and
low- star formation rate surface density (Xgrr). For high Xgpr regions we found a slope of L ~ r2,
while for low Lspr region we found L ~ r>. These slopes can be interpreted as either due to a
difference in the mode of collapse of the star forming region during its formation or a difference in
region geometry relative to the disk of the host galaxy. Regardless of the redshift, these high and
low Xgpr regions exhibit differences in the best fitting slope between the region size and luminosity.
The investigation of these scaling relationships and the interpretation of these two slopes will be
presented further in Chapter 2.

One limitation of this scaling relationship investigation, however, was a limited number
of resolved observations of very small, low mass star forming regions — and none which were
observed with IFS. In a practical sense, these small regions constrain the intercept of the scaling
relationships and are therefore critical to any interpretation of variations in the fitted slope. More
importantly, without these observations we cannot compare the scaling relationships (and therefore
the insight into formation mechanism and physical conditions they provide) for star forming regions
in low and high mass clumps. In order to fill in this missing parameter space, observations in the
local universe are required in order to achieve high enough spatial resolution to separate compact
structures. A prime candidate for such observations was the local starburst dwarf galaxy IC 10.

IC 10 is our nearest starburst at a distance of only ~ 700kpc (Kim et al., 2009), making 1”
on the sky equivalent to only ~ 3.5 pc. Further, there have been nearly 150 H II regions identified
within IC 10 (Hodge and Lee, 1990), meaning that a large sample of the required H II regions can
be built up in a single study. Chapter 3 details observations carried out with the Keck Cosmic Web
Imager IFS (KCWI; Morrissey et al., 2018) of the central region of IC 10 in order to identify and

measure the properties of H II regions in this crucial parameter space of compact, low mass regions.



1.1.2 Resolved Kinematics and Energetics

These observations of IC 10 have many uses other than simply constraining the intercept of
the scaling relationships. IC 10 is also a fascinating environment in which to study the impact of
ongoing star formation on the ISM, and KCWTI allows the spatial and spectral resolution to do this
at the smallest scales.

High resolution optical IFS like KCWI have only recently been developed. Previous IFS
instruments that operated at the wavelengths necessary to study ionized gas in the local universe
could only achieve kiloparsec resolution. While these could not resolve the smallest star forming
regions, they were still extremely useful for mapping gas properties and kinematics throughout
entire galaxies. In particular, these instruments have been used for highly productive surveys of large
samples of local galaxies to perform statistically significant studies of galaxy properties and trends.
The Cero Alto Legacy Integral Field Area survey (CALIFA, Sanchez et al., 2012a), for example,
observed ~600 nearby star forming galaxies using a moderate resolution, R~850-1650, fiber fed
spectrograph. A multitude of scientific results has come from the CALIFA survey (e.g., Marino et al.,
2013; Pérez et al., 2013; Sanchez et al., 2013; Gonzélez Delgado et al., 2015). Interesting results
include correlating emission line ratios with stellar population age and metallicity (Sanchez et al.,
2015) showing that H II regions are affected by the underlying stellar population. The CALIFA
survey also characterized the Diffuse Ionized Gas (DIG) and it’s impact on measured H II region
properties (Espinosa-Ponce et al., 2020). The Mapping Nearby Galaxies at APO survey (MaNGA,
Bundy et al., 2015) as part of the larger Sloan Digital Sky Survey (SDSS) provides similar ~kpc
scale IFS observations as CALIFA in a sample of >4,500 galaxies. This publicly available data
has resulted in studies of galaxy metallicity gradients (Belfiore et al., 2017), measurement of a
“resolved” star forming main sequence (Ellison et al., 2018), and characterizations of ionized gas
outflows (Rodriguez del Pino et al., 2019) among many other interesting results.

High resolution optical IFSs at 8- to 10-m class telescopes such as Keck/KCWI and the
Multi-Unit Spectroscopic Explorer (MUSE; Bacon et al., 2010) at the Very Large Telescope (VLT)

have allowed much more detailed observations of local H II regions. These powerful instruments



have been used to map the ionized gas in local HII regions to study their ionization state (e.g.,
Castro et al., 2018), the impact of different feedback mechanisms (e.g., McLeod et al., 2019, 2021),
and the resolved kinematic state of the gas around star clusters (Bresolin et al., 2020).

The local starburst galaxy IC 10 provides a prime target to study with these recent high
resolution optical IFSs. Observational evidence suggests that the starburst in IC 10 is quite recent.
First, there is the previously mentioned high density of H II regions in IC 10 (Hodge and Lee, 1990),
as well as a large number of Wolf-Rayet (WR) stars (e.g., Massey and Holmes, 2002; Tehrani et al.,
2017). In fact, the WR stars found in IC 10 result in an unusually high ratio of WC/WN stars which
may be reproduced by synchronized bursts of star formation in the last few Myr (Hunter, 2001).
Polles et al. (2019) find similar properties in their photoionization models of multiple regions in
the IC 10 starburst which they suggest indicates a common origin of the recent star formation,
potentially triggered by feedback from a previous generation (ie., “positive” feedback). Further,
observations of the CO gas content in IC 10 indicate that the irregular galaxy is still in the process
of actively forming, with evidence of ongoing accretion from the intergalactic medium (Wilcots
and Miller, 1998; Ashley et al., 2014). These characteristics make IC 10 a unique and fascinating
environment in which to study the current state of the star forming regions and their surroundings
and to investigate the various feedback processes occurring within them.

In Chapter 3 we will make use of high resolution kinematic and ionization state measure-
ments throughout the H II regions and ISM of IC 10 to investigate the impact of energy from star
formation. We will show that the identified H II regions are likely young and undergoing active
expansion into their surroundings. The observations will be used to estimate the contribution of
key mechanisms of feedback and to show that the pressure from heating the HII region gas is
likely to be the dominant mechanism even in this environment of low mass ionizing clusters. HII
regions with potential local outflows will also be identified and the possible sources of support for

the resulting turbulent volumes investigated.



1.2 Novel Instrumentation

Chapters 4 and 5 will focus on the development of a new sequential imager and IFS for the
W.M. Keck Observatory called Liger. Advances in observations naturally rely on improvements
in instrumentation over time to continuously provide better sensitivity, resolution, fields of view,
and wavelength coverage. Two out of the last three Nobel Prizes in Physics have been awarded
for discoveries in astrophysics made possible by new generations of instruments operating on
ground-based telescopes at optical and near-IR wavelengths. In 2019, the prize was awarded for the
discovery of the first exoplanet around a main sequence star, which would not have been possible
without improvements in spectral resolution. This allowed the detection of the stars Doppler shift
caused by the pull of an orbiting planet (Mayor and Queloz, 1995). Then, in 2020, the prize was
awarded for the discovery of the supermassive black hole at the center of our own Milky Way galaxy.
This was made possible with extensive observations tracking the orbits of stars at the Galactic
Center with state of the art instruments on large ground based telescopes using adaptive optics (e.g.,
Ghez et al., 1998, 2008; Genzel et al., 2010). Just as these ground breaking studies relied on the
development of new tools like Doppler spectroscopy and AO, the work in this thesis would not be
possible without the development and improvement of Integral Field Spectrographs.

The two most common types of observations are imaging and spectroscopy. Imaging
cameras focus the light at a detector to generate an image of the object, though with no information
on the wavelength of each detected photon aside from filters used to narrow the wavelength range
of the image to focus on a desired feature. Spectroscopy makes use of a dispersive element such
as a grating or prism to spread out the incoming light such that photons of different wavelengths
land at different locations on the detector. The result is a spectrum showing the amount of light
observed as a function of wavelength, but without the spatial information obtained with an image.
IFS’s combine these two techniques to generate a three-dimensional data cube with a spectrum at
each pixel in the field of view with a single exposure. The first IFS was a prototype which used a

bundle of flexible optical fibers to reformat a two-dimensional image into a straight line of fibers



from which the light is then dispersed in wavelength (Vanderriest, 1980).

Current IFS instruments typically make use of one of three methods to divide the two-
dimensional field of view into distinct elements before dispersing the light in wavelength. The first
is the use of flexible optical fibers to capture the light from discrete areas of an image and rearrange
it into the desired format before dispersing the output of each fiber into a unique spectrum (e.g.,
Vanderriest, 1980). Since these fibers are flexible, they can be rearranged such that the configuration
at the exit of the fiber is the most convenient for dispersing each spectrum on the detector in an
efficient manner. However, one disadvantage is that there will be gaps in the coverage on sky due to
the cylindrical nature of the fibers as well as some non-zero thickness of the fiber housings. The
second technique is the use of a lenslet array to divide the incoming light into distinct beams which
are each dispersed into individual spectra (e.g., Bacon et al., 1995). The lenslet method has an
advantage over the fibers in that the lenslets can be packed tightly together to eliminate gaps in
spatial coverage, but the packing of spectra on the detector is not as efficient, resulting in the need
for either lower spectral resolution or a smaller wavelength range. Using fibers after the lenslet
array can improve the efficiency of both spatial and spectral coverage, but this increases the cost and
complexity of the instrument. The third technique is the image slicing method in which a segmented
mirror is used to divide and reformat the field of view before dispersing the light (e.g., Weitzel
et al., 1996). This method can arrange the slices similarly to using fibers without the loss of field
coverage, but the spatial sampling is coarser than can be achieved with the lenslet method. These
three methods are illustrated in Figure 1.1.

IFSs have had an incredible impact on observational astronomy. The combination of IFS
operating in the near-IR with AO on powerful 8- & 10-m class ground based telescopes opened
the door to a multitude of new observations. Not only are these instruments regularly used in the
observations of the Galactic Center to constrain the black hole mass, but these instruments are also
what allowed surveys like the Spectroscopic Imaging survey in the Near-infrared with SINFONI
(SINS, Forster Schreiber et al., 2009) to resolve the morphology and kinematics of galaxies at

z ~ 1 =3, which showed the large clumps of star-formation within turbulent disks discussed in the
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Figure 1.1: A cartoon illustration of the three main methods of constructing Integral Field Spec-
trographs discussed here. The leftmost column demonstrates how the two-dimensional field of
view is divided into discrete segments. Next, the arrangement of these segments is shown at the
input to the spectrograph. The right column shows the dispersed spectra and their orientation for
each segment as the light leaves the spectrograph and goes to the detector. Each of these methods
results in observations which are organized in a data cube as illustrated on the right, with an image
(x and y) at each wavelength (4). Image modified from Allington-Smith (2006); reproduced with
permission from Elsevier.

preceding sections.

At optical wavelengths, fiber-fed IFS operating on ~3-m telescopes also allowed the previ-
ously discussed surveys like CALIFA (Sanchez et al., 2012a) and MaNGA (Bundy et al., 2015) to
map the gas properties, including kinematics, in thousands of local galaxies at kpc scales. More
recently, wide field optical IFSs like VLT/MUSE and Keck/KCWTI have been developed and com-
missioned. Without these instruments, and the simultaneous high spectral and spatial resolution they
provide, the observations of local H II regions in Chapter 3 would not have been possible. We simply
would not be able to map the ionized gas conditions and kinematics in local star forming regions in
an efficient enough manner to build up a sufficient sample to study trends in their properties and
compare them to massive clumps at high-z.

The new Liger instrument will provide even greater improvements over existing IFSs which
will allow for more detailed studies of the kinematic conditions and chemical properties of local

and high-z galaxies and their star forming regions. Liger, with first light planned for 2027, will

consist of a sequential imager and IFS that will provide improvements in both spatial and spectral
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resolving power, larger fields of view, and extend to shorter wavelengths than current AO fed
instruments (Wright et al., 2019). There are two separate IFS channels built into Liger, a lenslet
mode to provide high spatial resolution, and a slicer mode which provides a larger field of view.
Chapters 4 and 5 discuss the development of three key components of the imager shown in Figure
1.2, which are therefore also used by the IFS modes. Chapter 4 discusses the design of the filter
wheels which select the desired wavelength range of the observations as well as the selectable
cold pupil stop which will mask the thermal background. Chapter 5 details the design of a finely
adjustable mounting stage for the imager detector as well as the pick-off mirrors which feed the

light to both the slicer and lenslet IFS modes.
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Figure 1.2: Rendering of the Liger imager with the beam path highlighted in red. Light from the
telescope enters the instrument on the left side, after the AO system. The light then reflects off the
collimator off-axis parabolic mirror (OAP) and is redirected by a flat mirror before passing through
the pupil and filter wheels before reaching the camera OAP. Finally, the focused light reaches the
CCD detector as well as the pick-off mirrors which will send a portion of the beam upward to feed
the IFS. Chapter 4 discusses the design of the filter and pupil wheels while Chapter 5 focuses on the
design of the detector stage which also holds the pick-off mirrors for the two IFS modes not shown
here.

The remaining chapters of this thesis are divided between two main topics: Chapters 2 &
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3 address the observational study of local and distant star forming regions, while Chapters 4 & 5
describe design work for key components of the Liger instrument. Chapter 2 focuses on studying
the scaling relationships between measured properties of star forming regions locally and at high-z
in order to better understand the mode of formation and evolution of these regions. Chapter 3
describes an observational study of the HII regions in the local starburst galaxy, IC 10, with the
goals of both better constraining the scaling relationships with high resolution measurements of
small star forming region properties, as well as addressing the detailed ionized gas conditions
and effectiveness of feedback in these H II regions. Chapter 4 shifts to the development of new
instrumentation, with a description of the design and analysis of the filter and pupil wheels for the
planned Liger imager and IFS. Similarly, Chapter 5 details the design of a mounting and alignment
stage for the Liger imager detector and the IFS pick-off mirrors. Finally, Chapter 6 provides a
summary of these studies as well as a brief discussion of how the next generation of observatories
and instruments will be able to build on this work and improve our understanding of star forming

regions and their impact on galaxy evolution.
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Chapter 2

Size-luminosity scaling relations of local
and distant star forming regions

Abstract

We investigate star forming scaling relations using Bayesian inference on a comprehensive
data sample of low- (z<0.1) and high-redshift (1<z<5) star forming regions. This full data set
spans a wide range of host galaxy stellar mass (M, ~ 10® — 10'! M) and clump star formation
rates (SFR ~ 1073 — 102 Mg yr_l). We fit the power-law relationship between the size (ryq)
and luminosity (Lgg) of the star forming clumps using the Bayesian statistical modeling tool
Stan that makes use of Markov Chain Monte Carlo (MCMC) sampling techniques. Trends in the
scaling relationship are explored for the full sample and subsets based on redshift and selection
effects between samples. In our investigation we find no evidence of redshift evolution of the
size-luminosity scaling relationship, nor a difference in slope between lensed and unlensed data.
There is evidence of a break in the scaling relationship between high and low star formation rate

8 and

surface density (Xspr) clumps. The size-luminosity power law fit results are Ly g~ Ho>
Lea~ tHe "’ for low and high Xgrr clumps, respectively. We present a model where star forming
clumps form at locations of gravitational instability and produce an ionized region represented
by the Stromgren radius. A radius smaller than the scale height of the disk results in a scaling

relationship of L o< r3 (low Xgpr clumps), and a scaling of L o r (high Xgpr clumps) if the radius

is larger than the disk scale height.
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2.1 Introduction

Understanding the star formation properties in high-redshift galaxies is crucial for under-
standing galactic formation and evolution. Star formation rates at high-redshift (z~2) are an order of
magnitude higher than at z~0 (Hopkins, 2004; Hopkins and Beacom, 2006; Madau and Dickinson,
2014), indicating that the majority of stellar mass and galactic substructure are established at early
times. Rest frame UV Hubble Space Telescope (HST) imaging surveys implied star formation
occurred in irregular morphologies (e.g., Elmegreen et al., 2004b,a; Law et al., 2007b), while
ground-based spectroscopic surveys confirmed the large global star formation properties of high-
redshift galaxies (Shapley et al., 2003; Law et al., 2007b). Yet these early surveys were unable
to resolve individual star forming regions (“clumps”) to study their internal kinematics and sizes.
Studying the properities of individual high-redshift star forming clumps is imperative for comparing
their properties to that of local H II regions and starburst regions, and for understanding their star
formation mechanisms.

Integral field spectrographs (IFS) have been revolutionary for studying the resolved mor-
phologies and kinematics of high redshift galaxies (Glazebrook, 2013). Using an IFS in combination
with Adaptive Optics (AO) yields superb spatial resolutions, down to ~ 800 pc at z ~ 1. This has
allowed for detailed ionized gas kinematic studies of high-redshift galaxies and their individual
clumps (Forster Schreiber et al., 2006, 2009, 2011; Genzel et al., 2006, 2008, 2011; Law et al.,
2007a, 2009; Wright et al., 2007, 2009; Shapiro et al., 2008; Epinat et al., 2009, 2012; Swinbank
et al., 2009, 2012a,b; Jones et al., 2010; Mancini et al., 2011; Livermore et al., 2015; Wisnioski et al.,
2012, 2015; Newman et al., 2013; Buitrago et al., 2014; Stott et al., 2014, 2016; Leethochawalit
et al., 2016; Mieda et al., 2016; Molina et al., 2017). The kinematics of these galaxies have shown
large turbulent disks that have high velocity dispersions (>>10 kms~!). These high-redshift disks
have had their Toomre parameter, Q, measured to be less than 1 (Toomre, 1964), and therefore
gravitational instability (Elmegreen et al., 2008; Genzel et al., 2011) may cause disk fragmentation

and clump formation (e.g. Bournaud et al., 2007; Elmegreen et al., 2008; Mandelker et al., 2014).
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In a large HST imaging-survey, Guo et al. (2015a) finds that the majority of high-redshift
galaxies contain one or more off-center clumps, where the number of clumps per galaxy is decreasing
with redshift to z ~ 0.5. These clumps are larger than local Giant Molecular Clouds (GMCs) and
H II regions with size scales on the order of ~ 1 — 3 kpc, and only a small number of clumps in
each galaxy as opposed to hundreds of GMCs and H II regions in local galaxies. One interpretation
is that these massive clumps coalesce to form or grow the bulge of their host galaxy, spiraling
towards the center due to the effects of dynamical friction (Bournaud et al., 2007; Elmegreen et al.,
2008). The migration of massive clumps towards the center of the host galaxy is thought to occur
on timescales of ~ 2 — 3 orbital times (Dekel et al., 2009; Ceverino et al., 2012; Bournaud et al.,
2014; Mandelker et al., 2014, 2017). This process would then lead to the exponential disk structure
we typically see in local spiral galaxies (Bournaud et al., 2007).

The ability to measure resolved clump properties provides insight into the physical processes
driving high-redshift clump formation, and how these systems evolve into local galaxies. To explore
the driving formation mechanisms, star formation scaling relations of high-redshift clumps are often
compared to local analogs like HII regions. The relationships between clump size, luminosity
(usually in Ho; Ly ¢), and velocity dispersion have been investigated in various studies with differing
results (Genzel et al., 2011; Wisnioski et al., 2012; Livermore et al., 2012, 2015; Mieda et al., 2016).
In comparison to local HII regions, Livermore et al. (2012, 2015) (the latter including data from
Jones et al. (2010)) find there is an offset to higher luminosities in their lensed, high-redshift clumps.
However, both Wisnioski et al. (2012) and Mieda et al. (2016) find that the power-law relating
clump size and luminosity for unlensed high-redshift samples extend well to local H1I regions,
with Wisnioski et al. (2012) finding the relationship Ly o< 7272094 when including local HII and
giant H II regions. In order to determine whether these scaling relationship differences are due to
redshift evolution, selection biases between studies, and/or intrinsic scatter requires additional local
and high-redshift investigations.

An important consideration for studying high-redshift scaling relations is which local analogs

to use as a comparison sample. Often H II regions like those found in the SINGS survey (Kennicutt
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etal., 2003) are used as these comparative local analogs. However, high-redshift star forming clumps
are sometimes found to be orders of magnitude more luminous than local H II regions (Swinbank
et al., 2009), and may in fact be scaled up versions of more extreme giant H II regions such as 30
Doradus (Swinbank et al., 2009; Jones et al., 2010; Wisnioski et al., 2012). The DYNAMO survey
(Fisher et al., 2017) provides another set of local clump analogs in turbulent galaxies that have
similar properties to high-redshift clumps. Within the Milky Way there are distinctions between
star forming regions based on size-scale, where GMCs are 1 to 2 orders of magnitude smaller than
Molecular Cloud Complexes (MCCs). Nguyen-Luong et al. (2016) investigate a power-law break
in varying star formation laws based on the differences between GMCs and MCCs that indicate
MCCs may provide another analog to the high-redshift clumps.

We gathered a comprehensive data set from the literature to form a robust comparative
sample in Section 2.2 to investigate possible causes of variation in the scaling relations between
different samples. In Section 2.3 we discuss the Markov Chain Monte Carlo (MCMC) method
developed to fit a power-law to clump sizes and luminosities. In Section 2.4, we present the results
of this fitting method for a range of data subsets to investigate the clump size-luminosity scaling
relationship. We apply a broken power-law fit to this relationship based on the star formation
rate surface density, as presented in Section 2.4.1. The possible effects of beam smearing on the
measured clump properties and scaling relations are explored in Section 2.4.2. We divide the data
into various sub-samples to investigate potential redshift evolution in Section 2.4.3; and dependence
on clump velocity dispersion and host galaxy gas fraction in Section 2.4.4. Lastly, in Section 3.4
we discuss two potential theoretical models that may explain the size-luminosity relationships
measured. We present a new model that re-scales the Stromgren sphere in context to the galaxy
disk size with large star forming clumps. We further discuss any observed biases and selection
effects that could influence the fitting to the star forming clump scaling relationship. In Section
3.5 we summarize our results. Throughout this paper we use the concordance cosmology with

Hp = 67.8km s~/ Mpc_l, Qpr = 0.306, and Q4 = 0.692 (Planck Collaboration et al., 2014).
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2.2 Data Sample

Data of star forming clumps from both high and low redshift (z ~ 0.6 —5;z ~ 0—0.1)
galaxies measured and detected in different ways were gathered from the literature to form a
comprehensive sample of the known data (Swinbank et al., 2009; Jones et al., 2010; Livermore et al.,
2012, 2015; Walth et al., 2019; Genzel et al., 2011; Wisnioski et al., 2012; Freundlich et al., 2013;
Mieda et al., 2016; Kennicutt et al., 2003; Gallagher and Hunter, 1983; Arsenault and Roy, 1988;
Bastian et al., 2006; Rozas et al., 2006; Monreal-Ibero et al., 2007; Fisher et al., 2017; Nguyen-
Luong et al., 2016). This sample is detailed in Table 2.1 and includes lensed (Swinbank et al., 2009;
Jones et al., 2010; Livermore et al., 2012, 2015; Walth et al., 2019) and unlensed (Genzel et al.,
2011; Wisnioski et al., 2012; Freundlich et al., 2013; Mieda et al., 2016) high-redshift galaxies,
as well as a wide range of sizes and star formation rate densities in the local analogs (Kennicutt
et al., 2003; Gallagher and Hunter, 1983; Arsenault and Roy, 1988; Bastian et al., 2006; Rozas
et al., 2006; Monreal-Ibero et al., 2007; Fisher et al., 2017; Nguyen-Luong et al., 2016). Figure 2.1
illustrates the differences in the morphologies of these galaxy populations via a comparison of HST
images of representative objects.

The majority of high-redshift samples make use of IFS systems for investigating the mor-
phological and kinematic properties of the star forming clumps. This allows for detailed study
of the kinematics of the galaxy at improved spatial resolution when coupled with AO. The range
of properties spanned by the full sample is shown in the histograms of Figure 2.2. The set of
high-redshift unlensed galaxies (z ~ 1 —2) have an average stellar mass of ~ 10! M. and an
average spatial resolution of 2000 pc (~ 0.6”). The high-redshift lensed galaxies (z ~ 0.6 —5)
tend to have a lower overall stellar mass (~ 103 M), but better spatial resolution (avg ~ 300 pc;
~ 0.05”) than the unlensed galaxies. The difference in the sampling of the lensed and unlensed
surveys leads to the bimodal appearance of the histogram of host galaxy stellar mass (Figure 2.2b).
The various local analogs span a wide range of total stellar masses (~ 10% — 1012 M) with spatial

resolution similar to or slightly better than the high-redshift lensed sample. This wide range of local
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analogs provides a robust comparison to the varied high-redshift clumps observed.

Table 2.1: Data Samples: Observational Properties of High and Low Redshift Star Forming
Clumps

Study(ies) Redshift Instrument Spatial Resolution = Spatial Resolution Lensed/Unlensed Galaxy M, Range Galaxies
#, References (z) (arcsec) (pc) M) #
1, Swinbank et al. (2009) 49 Gemini/NIFS 0.06" 320 lensed 7+2x 108 1
2, Jones et al. (2010) ~1.7-3.1 Keck/OSIRIS 0.01"7 ~ 100 lensed 1097-103 (dynamical) 6
3, Livermore et al. (2015) VLI/SINFONI, 10
~1-4 Keck/OSIRIS, ~0.04" —0.08"¢ 40-700 lensed 4% 108 —6x 108 1
Gemini/NIFS 1
4, Livermore et al. (2012) ~1-1.5 WEC3 0.05” ~ 70— 600 lensed e 8
5, Walth et al. (2019) 0.61 HST/ACS? & WFC3b: 0.01”7/0.03"° 90/240 lensed 2.6 x 1010 1
Magellan/LDSS-3¢ & MMIRS®
6, Genzel et al. (2011) ~2 VLT/SINFONI ~0.2" ~ 1700¢ unlensed ~ 1010:6 5
7, Wisnioski et al. (2012) ~1.3 Keck/OSIRIS ~0.17 ~ 520 — 840 unlensed ~ 1011 3
8, Freundlich et al. (2013) ~1.2 IRAM & Keck/DEEP2 0.6"—1.9"F ~ 8000 unlensed ~10'! 4
9, Mieda et al. (2016) ~1 Keck/OSIRIS ~0.17 800 unlensed 109-6-11.2 7
Kennicutt et al. (2003)7 KPNO & CTIO 1737 40-325¢ i 7
Gallagher and Hunter (1983)¢ Kitt Peak video camera system e 2008 10
10, Arsenault and Roy (1988)¢ various >4" >1004 e 20
Bastian et al. (2006)¢ ~0 VLT-VIMOS 0.66” ~ 504 unlensed e 2
Rozas et al. (2006)¢ OAN-SPM & William Herschel Telescope 1.5"-1.6" ~ 50— 1604 10
Monreal-Ibero et al. (2007)° INTEGRAL/WYFFOS & WFPC2 - ~2x10°—7x 108 5
11, Fisher et al. (2017) ~0.1 HST/WFC ~0.05” ~ 100 unlensed 1-9x 1010 10
12, Nguyen-Luong et al. (2016)" Milky Way CfA Suvey 8.8’ ~15 unlensed ~ 1010 1

Note. — “: when resolution was only given in either pc or arcsec it was converted to the other units based on the
cosmology used here. ?: used for measurement of region size. ¢: used for measurement of flux. ¢: normal HII
regions; re-analyzed by Wisnioski et al. (2012). ¢: Giant H II regions; corrections applied by Wisnioski et al. (2012).
/: clump sizes for the Freundlich et al. (2013) sample are derived from IRAM CO luminosity with FWHM ranges
given here; SFRs are derived from DEEP2 spectra using a 1” slit. : Ho flux measured within a fixed aperture
diameter of 200pc (Gallagher and Hunter, 1983). . Molecular Cloud Complexes (MCC’s).
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NGC 682
z~0

(a): local, low Xgpr (b): local, high Xgrr

13017973 MACS 1149
z~1.03 z~1.49

(c): high-redshift, unlensed (d): high-redshift, lensed

Figure 2.1: HST images from archival ACS data of galaxies representative of the variation in
morphology within the full sample investigated here. (a): local SINGS galaxy NGC 628 included in
the sample of z ~ 0 H1I regions (Kennicutt et al., 2003, data set #10 in Table 2.1) taken with ACS
F658W filter. (b): turbulent local galaxy from the DYNAMO sample (Fisher et al., 2017, data set
#11) taken in the ACS/WFCI1-IRAMP FR716N filter. (c): z ~ 1 unlensed galaxy from the IROCKS
sample (Mieda et al., 2016, data set #9) imaged in the F814W filter with ACS. (d): z ~ 1.5 lensed
galaxy MACS 1149 (Livermore et al., 2015, data set #3) taken with the ACS F814W filter. Scale
is at the redshift of MACS 1149 without taking into account the lensing effects which cause the
spatial resolution to vary across the galaxy.
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Figure 2.2: Histograms showing the distribution of clump properties for the full sample. (a):
redshift of each clump. The abundance of local samples and difficulty of observing higher redshift
galaxies leads to the bias towards low redshift seen here. (b): Stellar mass of the host galaxy for
each clump used. Values of host galaxy stellar mass were not reported for data set numbers 4, 5, &
10 as designated in Table 2.1. (c): Xgpr of each clump. The bias towards lower Xgpr comes from
the high numbers of local H II regions with lower Xgpg.

2.3 Analysis: Bayesian Inference

Previous investigations of high-redshift clumps have employed least-squares fitting to
determine clump scaling relations (i.e. Wisnioski et al. (2012); Mieda et al. (2016)). However,
standard weighted least-squares relies on many assumptions about the inputs; to truly be reliable
there are strict constraints that are often not really the case for the data (Hogg et al., 2010). These
constraints are that one dimension has negligible uncertainties and the uncertainties in the other
dimension are Gaussian with a known variance.

Most often there will be non-negligible uncertainties in both dimensions, and these uncer-
tainties are not always Gaussian. An approximation to meeting the constraints above would be
to propagate the uncertainties of both dimensions to an overall uncertainty for each data point,
but this is only an approximation and therefore not as reliable as including the uncertainties on
their respective dimension. This approximated uncertainty also may not be Gaussian, violating the
second constraint.

Another possible method for determining the scaling relations is to employ Bayesian

inference along with Markov Chain Monte Carlo (MCMC) sampling. Bayesian analysis maps the
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posterior distribution, but the models can be complex and it is extremely difficult to work with this
distribution directly. MCMC methods provide a way to sample the distribution and produce well
defined statistical estimates of model parameters (Tierney, 1994).

Bayes’ Theorem in its most basic form is stated as follows:

Z(BlA)Z(A)

7 (B) 2.1

Z(AB) =
Z(A|B) is the likelihood of event A given that B is true (conditional probability); &?(B|A) is the
likelihood of event B given A is true; and Z?(A) and Z(B) are the likelihood of observing A and
B independently (marginal probability). In Bayesian inference &?(A) is known as the “prior” and
Z(A|B) as the “posterior”. For a set of data points or events, &(B) = Z’}’:O P (B|Aj)P(A)) and

Bayes Theorem becomes:
2 (BlA) Z(Ai)

P (AilB) = N o P(BlAj) P (A))

(2.2)

By using Bayesian inference we are able to easily account for intrinsic scatter in the
relationship as well as measured uncertainties in both dimensions without approximating to an
overall uncertainty. We are also able to include previously known information about the data and
relationship through the priors (Berger, 1985). Priors essentially define the domain of the parameters
we are trying to determine in the fitting. How we choose these priors is informed both theoretically
and empirically by previous data and fitting. Additionally, we can not only determine an estimate
for a model parameter, but also an uncertainty for that estimate, meaning that we can determine the
best fit and have a well defined uncertainty for that model. This comes from the fact that Bayesian
analysis produces a distribution for the unknown model parameters, the posteriors (Berger, 1985).

Given the advantages of Bayesian inference as well as the shortcomings of a traditional least

squares fit it seems prudent to employ Bayesian inference to investigate the clump scaling relations.
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2.3.1 Fitting Data Using PyStan

Data from star forming clumps in local and high-redshift galaxies were fit using PyStan, the
Python interface to Stan, a tool for Bayesian statistical modeling using MCMC sampling techniques
(Stan Development Team, 2017). This MCMC script was run including measurement uncertainty
on both clump luminosity and size. One difficulty in this fitting process is determining how best to
incorporate uncertainties since each study being included determines their uncertainties differently.
Some studies have very large uncertainties while others are very small or not calculated at all.
Even within similar studies (i.e. lensed vs unlensed or similar instrument and redshift) the size of
the uncertainties is not consistent. For example, in the unlensed sample, Wisnioski et al. (2012)
has uncertainties on clump radius and luminosity, Mieda et al. (2016) only has uncertainty for
luminosityl, Genzel et al. (2011) have small uncertainties for both, and uncertainties were not listed
for Freundlich et al. (2013).

In order to make the weighting of each point reasonable (and to include what we believe
to be more accurate estimates of the uncertainty), some adjustments were made to the data set.
First, the uncertainties on Mieda et al. (2016) clump radius were scaled to be proportional to the
average uncertainty of the Wisnioski et al. (2012) radii measurements since both use Keck/OSIRIS

at similar redshift. Second, 10% error?

was added to both the clump radius and luminosity of the
7~ 0 HII regions as well as the data from Genzel et al. (2011) and Freundlich et al. (2013) to make
the weighting of these data points consistent with surveys of similar objects in the PyStan fit. Lastly,
the Nguyen-Luong et al. (2016) SFRs were measured using 21 cm continuum emission and CO
1-0 data with an assumed typical uncertainty of 50% (with variation from 30% to 100%) on the
full sample of GMCs, MCCs, and galaxies used in their study. Since we are only using the nearby
MCCs observed by Nguyen-Luong et al. (2016) we apply an uncertainty of 40% error for these

clump radius and luminosity measurements. It should be noted that the measured uncertainties

'Mieda et al. (2016) determined that the definition used for a clump had a larger impact on the uncertainty of the
radius than the measurement error itself.

The average uncertainty for the unlensed data is ~ 15%. 10% was used for these measurements so as to not
underweight data points which may have lower uncertainties than the average based on methods or redshift.
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do not account for differences in methods of detecting clumps and defining their sizes. This is a
significant source of additional uncertainty discussed in detail in Livermore et al. (2012); Wisnioski
etal. (2012).

After these adjustments to the reported uncertainties were made the PyStan fitting was

performed using a simple linear model:

In(Lya) = o In(reiump) + B (2.3)

where o and 8 are the variables determined in the fit. Using this linear model required taking the

natural logarithm of the data to produce a power-law fit of the form:

Lo = exp(B) 7 clump (2.4

The Stan multinormal function was used to fit this model with uncertainties on both Ly
and rejump, as well as allowing for intrinsic scatter in both dimensions. The multinormal function is
a Hamiltonian Monte Carlo (HMC) method-a type of MCMC method which samples the derivatives
of the probability density function (Stan Development Team, 2017). The geometry of the HMC is
described further in Betancourt and Stein (2011).

The likelihood function used for a single data point in this model is:
PE|M) = / d (i) N (i, B+ V) 2.5)

With X; = {x;,yi},and x5 = {x,y: }, where x7j, is the theoretical true positions of x and y
(X = Tetump, ¥ = Lua). A is the set of model parameters (slope, o; intercept, 8; and intrinsic scatter,
Oy, Oy; prior values listed in Table 2.2), X corresponds to the covariance matrix with uncertainties

on clump size and luminosity, and V is a 2X2 matrix incorporating intrinsic scatter? (Vi = 0'3,

3Wisnioski et al. (2012) estimates an additional 30% uncertainty on clump sizes due to the method of measuring the
clump size as well as resolution and systematic effects. We do not include this in our fitting as it would be the same
additional weighting for all points and therefore not impact the overall fitting.

“Note that the intrinsic scatter priors, 6, and 0, are squared in the matrix and therefore the resulting scatter values
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Viy = Vix = 620y, Vyy = 02). A (574,24 V%) is defined to be:

/(x?h,Z—l—Vb_c}) = (26)

Varziv] P (=2 (X =) - (Z+ V)~ (% —xn)]

The full likelihood function is found by summing Equation 2.5 over all data points:

N—1
P M) =] 2| 4) 2.7)
i=0
This model was also extended to three dimensions to investigate the dependence of the

scaling relations on additional measured properties of the clumps. This gives a multi-parameter

power-law fit of the form:

Lia = exp(B)rcumpS” (2.8)

with a, B, and y being determined in the PyStan fitting and 0 being an additional property of
the clump such as velocity dispersion (o) or host galaxy gas fraction (fg,s). This is fit with the
Stan multinormal function with uncertainties provided and intrinsic scatter allowed in all three
dimensions.

Note that the luminosity of the clumps in Hot (Lgg) 1s used to investigate the star forming
relations of the clumps since it is proportional to the star-formation rate (SFR) (Kennicutt, 1998b)
and avoids differences in choice of initial mass function (IMF) between studies. Both Ly, and SFR
are used to investigate clump scaling relations throughout the literature. When Xgpr is used in our
analysis a Chabrier IMF (Chabrier, 2003) is applied to convert from Lg, for all data.

It should also be noted that the data set from Mieda et al. (2016) consists of both resolved
and unresolved® clumps. These will be denoted with different symbols in all plots but will be

treated the same in the fitting. All z ~ 0 HII regions used in this paper (Kennicutt et al., 2003;

are absolute values and the distribution should be thought of as mirrored about zero.

3The unresolved clumps in Mieda et al. (2016) give an upper limit on the size of these regions. These clumps have
a 30% uncertainty on their size included for weighting the data points and make up less than 2% of the total sample.
Therefore we do not expect an overestimate on the size of the clumps to have a significant impact on the resulting fits.
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Table 2.2: Priors used in PyStan Fitting

Model Parameter Minimum Maximum

slope, 0 5
intercept, 8 0 100
scatter(r), Oy 0 100
scatter(L), oy 0 100
*second slope, ¥ 0 5
*scatter(0), O 0 100

Note. — All priors used covered a signifi-
cantly wider range than the values settled on
after the warm-up phase of the fitting (those
used in determination of model results), ex-
cept for the scatter parameters which settle
around a value of zero. However, these should
be thought of as an absolute value mirrored
about zero.

*: parameters used in extension of model to
3-D fits only.

Gallagher and Hunter, 1983; Arsenault and Roy, 1988; Bastian et al., 2006; Rozas et al., 2006;
Monreal-Ibero et al., 2007) will be grouped together for the purposes of fitting and figures since
they are all unlensed galaxies at z ~ 0 and have had corrections applied by Wisnioski et al. (2012).
The other local analogs (Fisher et al., 2017; Nguyen-Luong et al., 2016) are grouped individually
due to typically larger clump sizes and higher star formation rate densities (Xgpr) than the group of

local H II regions.

2.4 Results: Clump Size and Star Formation Scaling Rela-
tions

All data described in Section 2.2 and Table 2.1 were combined and divided into various
subsets for fitting and investigating the clump size-luminosity relationship. This allows for the
investigation of whether there is a dependence on redshift, study selection effects, velocity dispersion

(o) of the ionized gas in the clumps, star formation rate surface density (Xggr), or gas fraction (fg,s)
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of the host galaxy. The results for each data subset are shown in Tables 3.3.8 - 2.5. These include
the determined intercept, slope(s) and intrinsic scatter in each dimension as well as uncertainites on
each of those values. The results of each fit discussed in the text as well as fits to additional data

subsets (described in column 1) are included in these tables.

Table 2.3: Size - Luminosity Relation Fit Parameters: (Lyq = P rf‘l um p)

Data Set Reference #’s* Figure a B Scatter (r) Scatter (L) # of Clumps
all data 1-12 2.33.02970037 74.384 10192 0.186 0154 0.19470153 2848
no z = 0 H1I regions 19, 11-12 -+ 195970029 82.64470-231 1.11575:877 1.24615.178 356
high Xgrr (all 7) 1-12 2.6 1.74170080 85.15970377 0.476 70333 0.4847 033 152
low Espr (all 2) 1-12 2.62.7671005) 75.35610105 0.12170:055 0.136 0028 2696
high Zsrr (z~0) 10-12 -+ 14797002 86.4167 0200 0.94070 1% 1.021700¢° 114
low Zspr (z~0) 10-12 -+ 2.65610037 75.798 10145 0.138 70057 0.1431000) 2527
corrected high Zspr 1-12 2.9 1.725%00% 85.33470327 0.50279337 0.60770337 200
corrected low Zgrr 1-12 2.92.86210032 74.953101%2 0.12270089 0.12170.08) 2648
corrected; no z~ 0 HIl regions 19, 11-12 - 229670979 81.23075-35¢ 0.63975438 0.636 1045 356
7~ 0 HII regions only 10 2.102.448%0:03¢ 76.681 10127 0.198 70137 0.17970 133 2492
allz~0 10-12 2.103.05710038 74.22970-1% 0.176 70137 0.17470 139 2641
0.6<z<15 3-5,7-9  2.102.099"5 078 80.49810:3) 0.31810221 0.328 024 160
z>15 1-4,6  2.10 1.82810%0 84.1757952¢ 1.959% 1424 2.020" 423 47
lensed high-z 1-5 2A.12.099701%) 81.18819530 079070220 0.804 7019 108
unlensed high-z 6-9 2A.12.26675 043 79.46570-136 0.414 70387 0.4881035¢ 209

Note. — *: Reference numbers correspond to data from studies as defined in Table 2.1.

. : . _ o Y
Table 2.4: 3D Fit Parameters: ¢ (Lgg = P rdumpcclump)
Data Set (Reference #’s) o Y B Scatter (r) Scatter (¢) Scatter (L) # of Clumps
* 0.089 0.141 0.377 0.094 0.094 0.095
2,3,6,7,9,10%,11 1.02610:98 2 21140141 79.03810-377 0.091 0094 0.09179:9%% 0.098+0:093 346
2,3,6,7,9,10%,11 (2D)  2.0497003¢ - 81.53119399 153979358 o 1246100 346

Note. — *:Only Gallagher and Hunter (1983); Arsenault and Roy (1988); Bastian et al. (2006); Rozas
et al. (2006); Monreal-Ibero et al. (2007) from this set number. Not all data sets in the full sample included
measurements of Gy, leading to slightly higher uncertainties on the fit. The results of fitting this sample with
the 3D model above are in the first row and the 2D fit excluding o are in the second row for comparison of the
change in slope, uncertainty, and scatter when including this third dimension in the fit.

The overall combined data set shown in Figures 2.3 and 2.4 results in a scaling relationship

of Lygo< 0%, This sample includes a wider range of data than has previously been used in this
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Table 2.5: 3D Fit Parameters: foo(Lya = P rgump fg);m)

Data Set (Reference #’s) a Y B Scatter (r) Scatter (fgas) Scatter (L) # of Clumps
% 0.087 0.064 0.666 0.455 0.455 0.477

5,8,9,11 1.3451“0'092 0.471:).064 86.716f0.629 0.412J_r0'298 0.412f0'298 0.370f0.277 157

5.8,9,11* (2D) 161170030 S 84.94270980 222371303 S 229911489 157

Note. — *: Measurements of fg,s from White et al. (2017), size and luminosity from Fisher et al. (2017). Not
all data sets included measurements of fyys, leading to slightly higher uncertainties on the fit. The results of fitting
this sample with the 3D model above are in the first row and the 2D fit excluding fg,s are in the second row for
comparison of the change in slope, uncertainty, and scatter when including this third dimension in the fit.

type of comparison with these figures illustrating some key features of the data set. The large scatter
shown in the size-luminosity plot of Figure 2.3 and highlighted in Figure 2.4 causes one of the main
problems with determining a reliable size-luminosity relationship. Different relationships will be
derived depending on what data is used for the comparison, which could account for some of the
variation seen in previous studies. The large scatter (~3dex) at fixed radius illustrated in Figure 2.4
indicates dependence of the luminosity on a second parameter in addition to the radius of the clump.
In order to investigate the reasons for this scatter and what drives the relationship we have divided
the data into the subsets shown in Table 3.3.8 and described in the following pages.

The absence of data in the lower right of Figures 2.4 & 2.3 (corresponding to large, low
surface brightness clumps) is likely due to a sensitivity limit in what clumps can be observed with
current instruments. This is discussed further in Section 2.5.5 and may be partially responsible for
the steeper slope here than determined in previous studies. In contrast to this, the lack of observed
data with large, high surface brightness clumps cannot be due to a sensitivity limit. This corresponds
to the shaded region in the upper right of Figure 2.4 referred to as the “Null Detection Region”. This
may be due to a physical absence of clumps at this regime which could be the result of feedback

mechanisms (discussed further in Section 3.3.5).
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Figure 2.3: Clump size and luminosity for all the data used throughout this paper. In the case that
the star formation rate (SFR) only is reported, this is converted back to the equivalent Hoe luminosity
following Kennicutt (1998b) and the initial mass function from Chabrier (2003). This was the case
for the Livermore et al. (2012), Swinbank et al. (2009), Walth et al. (2019) and Freundlich et al.
(2013) data. NOTE: The SFR reported in Swinbank et al. (2009); Freundlich et al. (2013) is derived
from [[OII]] emissions, not H, which may introduce up to a factor of ~2 difference from Ho
derived SFR (Kewley et al., 2004). The size reported for Freundlich et al. (2013) clumps is derived
from IRAM CO measurements and is sometimes less than the 17 slit used for [[OII]] luminosity
measurements. Nguyen-Luong et al. (2016) use CO 1-0 and 21 cm continuum emission to estimate
SFR which can contribute to the scatter between these measurements and those from ionized gas
emission. However, the 40% uncertainty for these data points significantly reduces their weight in
the fit.
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Figure 2.4: Clump size plotted against the star formation surface density (Xsrg) to illustrate the
large variation in the various data sets (see Figure 2.3 for legend). The scatter is outlined to the left;
this is prevalent for both the Milky Way up to high-redshift. This indicates that the clump size is
not the only factor influencing the SFR. The shaded region in the lower right illustrates the lack of
data seen at this regime of large, low surface brightness clumps which is likely due to a sensitivity
limit of the instruments being used. The dashed black line shows what the observed flux density
would be at this Xgpr for z =1 (black text) and z = 2 (blue text). This exact limit will depend
on the individual study and vary within studies in the case of gravitationally lensed galaxies (see
Figure 2C.1 for more detailed sensitivity levels). The shaded region in the upper right labelled “Null
Detection Region (NDR)” corresponds to a lack of observations of large clumps with high surface
brightness. This would not be due to a sensitivity limit and likely corresponds to a physical absence
of clumps in this regime.
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2.4.1 Star Formation Surface Density (Xsrr) Break

Nguyen-Luong et al. (2016) determine that there is a break in the slope of the scaling
relations and star formation laws locally in their sample of MCCs between normal star-forming
objects and what they refer to as mini-starbursts (gravitationally unbound MCC’s with Ygpgr >
1 Mg, yr—! kpc~2). Johnson et al. (2017) find that HII regions in the SINGS sample (Kennicutt
et al., 2003) have significantly lower ¥gpr than the z~2 lensed samples they are comparing them to
and that the higher Xgpr of the DYNAMO galaxies (Fisher et al., 2017) provide a better analog to
the massive star forming clumps seen at high redshift. This indicates that there may be two different
process occurring in different types of clumps with different scaling relations that skew the results
of fitting the data as a whole.

In order to test this data were divided into two groups, high Xgpr and low Xgpr defined
by varying Ygpr cut-offs. We investigate the location of the break by incrementally varying the
cut-off Xgpr value and comparing the slope for the high and low Xgpr subsets to a baseline result
with the break defined at Xgpr = 1 M, yr~! kpc2 as illustrated in Figure 2.5. We vary the Xgrr
break in increments of 0.25 between Lgpr = 0.25 — 2.5 M, yr—! kpc~2, and then adjust the step
size due to the logarithmic nature of the distribution®. Changes in slope > 0.12 (3x the average
uncertainty in the baseline slope) are considered significant, but do not result from breaks between
Ysrr = 0.25 Mg yr*1 kpcf2 and Xgrr = 1.25 M, yr*1 kpcfz. With Xgpr breaks located outside
of this range the resulting slopes deviate more rapidly and by more than 0.12 from the baseline,
supporting the break location in this Xgpr phase space. Further data at large clump sizes will help
to constrain this break in the future. For simplicity we discuss the fitting results only with the break
at Lspr = 1 Mg, yr—! kpc=2. While this is only an approximate value for the cut-off, the resulting
scaling relations for the high and low Ygpr bins are consistent with other cut-offs in this region.
Dividing the full data set into high and low Xgpr clumps results in different slopes, which may

imply two unique clump populations with different physical processes occurring:

For example one step below Lgpr = 0.25 M, yr~! kpc~2 would shift to including the full sample in the fitting,
adding a significant number of data points and scatter. To ensure any change in slope is due to a real change in location
of the power law break and not the increase in data points we decrease the step size below Zspr = 0.25 M, yr—! kpc 2.
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Figure 2.5: Clump size plotted against Ygpr illustrating the power-law break at Ygpr =
1M yr! kpc=? (grey dashed line). The top figure shows the data separated by study, while
the bottom figure is divided into low and high Xgpr.
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Ysrr > 1 Ma yr ! kpe™2 : Lygg o< rli7

clump

2.8
clump

Ysrr < 1 Mg yr ' kpe™ : Lyg o<t

The difference in these relationships and approximately where the cut-off lies on the size-
luminosity plot are shown in Figure 2.6. Interestingly, the higher grr data scales with r!"7 which
is near to what has been suggested for clump formation driven by Toomre instability (L o 72
by extending the equations given in Genzel et al., 2011), while the lower Xgpr data scales like
28, closer to the expected relation if the clumps are represented by Stromgren spheres (L o< 1)
(Wisnioski et al., 2012). However, the true slope may be shallower than what we find here if lower
surface brightness clumps are not being detected due to sensitivity limits. As is shown in the bottom
portion of Figure 2.6 the division of the data into high and low Xgpr sets results in two separate
regions on the size-luminosity plot with very little overlap due to scatter. This further supports
the idea of multiple processes occurring in these two clump populations even with the possible
sensitivity limit.

The scaling found when fitting the full data set with this power-law break is nearly the same
as is found when applying the same break to only the z ~ 0 data at the smaller size end of the sample
(maximum clump size of 1.4 kpc vs. 8 kpc for the full sample) (Kennicutt et al., 2003; Gallagher
and Hunter, 1983; Arsenault and Roy, 1988; Bastian et al., 2006; Rozas et al., 2006; Monreal-Ibero
et al., 2007; Fisher et al., 2017; Nguyen-Luong et al., 2016). With only this local data, a scaling
relationship of Ly o< r27 is found for the low Xgpgr star forming regions and Ly o< r13 for the
high Xgpr star forming regions. The uncertainty and scatter on these fits is shown in Table 3.3.8
while the posterior probability distribution for the fit to the high and low Xgrr subsets of the full

sample is displayed in Figure 2.7.

32



1044
L 102
1043
L o rl tO:DGO L 101
10424 Ha = I'high¥ s —
* - P o
: ¢ b [ [ 10 —_—
o104 = T
| -
=== > 2=4.9, lensed: Swinbank+09
“n % > VE‘Yi‘E @ 2-2-3, lensed: Jones+10 F10°1 >
[e)) 3 =: ;._—rfi ¥V z-1-4, lensed: Livermore+15 ©
o 1040 S —H— ——— A z~1-15, lensed: Livermore+12 2
()] [ | X z=0.61, lensed: Walth+18
- d
|_c| - — ® 2-2:Genzel+11 10-2
= T W z-1.3: Wisnioski+12 r o
T 39 B e X z~1.2: Freundlich+13
-~ 1074 - S — 2~1: Mieda+16 (resolved) w
-7 —— — 2z~1: Mieda+16 (unresolved) %)
- — - , Gallagher+83, _
276740021 | roimms ool g -3
1038 g LH(Z < rl s Rozas+06, Monreal-lbero+07
1 -~ OW2skR ® z=0: Fisher+17
b @ Milky Way: Nguyen-Luong+16
Milky Way: Nguyen-Luong+16.
—— —— O (starburst MCCs) L -4
37 — mean fit, low Zsre 10
1037 uncertainty in fit, low Sseq
—— mean fit, high Zsem
— uncertainty in fit, high Zses N -5
s —— —— Approximate Zses break 10
10 T T
10t 107 103 104
r[pcl
104
_
-~ 102
Pld -
1043 227 A
= , >
ot > >
o o5
Lo o r1.741tg-gg‘7’ o8 s T S +10!
: X .. >
1042 Ha highZser op o ‘>> s > >
<5 >
A5 » >y "3
- Ry 0
S DR B 100 —
> P [ —
> > B F |
5 > g > RS
L o 3
»5 ¥ 5 >
< LS 10-1
> <A [©]
>, >> > > E
> et
L1072 o
L
n
+0.021 L -3
Lo o 27672388 10
Ha IOWZSFR
P low Tsm
high Zse L 10—4
—— mean fit, low Zser
uncertainty in fit, low Ssp
— — mean fit, high Zses
uncertainty in fit, high Zses || _5
— — Approximate g break 10
1036 : .
10t 102 10° 104

r[pc]

Figure 2.6: Clump size and luminosity relation for the high and low Xggr bins. The dashed red and
green lines show the best fit to the high Xgpr data, while the solid red and green lines show the best
fit of the low Xgpr data. The grey dashed line is approximately where the Lgpr = 1 M, yr—! kpe =2
cut-off lies when converted to luminosity. The top figure shows the data separated by study, while
the bottom figure is divided into low and high Xgpr.
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Figure 2.7: Posterior probability distribution for the fits shown in Figure 2.6 with a power-
law break based on Xgpr. The top figure shows the distribution for the fit to the data with
YsrrR > 1 Mg yr_1 kpc_2 while the bottom figure corresponds to the fit to the data with Xgpr
< IMg yr~ ! kpc=2. oy and O, are intrinsic scatter parameters corresponding to rgq and Lyg
respectively. Both the slope and intercept of these fits are well constrained from a much broader
range of priors (Table 2.2). The values for intrinsic scatter, 0y and Gy, are not limited on the high
end, but do tend towards zero. As scatter is an absolute value negative values are not possible and
the distribution can be thought of as mirrored about zero. These small values of intrinsic scatter
indicate that the scatter seen in the data is not intrinsic scatter but may be due to uncertainties. This
posterior probability distribution is representative of what is produced for all the fits performed in
this analysis.
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2.4.2 Corrections for Beam Smearing

It has been suggested that the lower spatial resolution (see Table 2.1) of unlensed high-
redshift samples could lead to incorrectly measured clump sizes and an effect of observing “clumps
within clumps” where what is actually a group of smaller clumps is observed as one large clump due
to beam smearing (Fisher et al., 2017; Cava et al., 2018). To investigate what affect this may have
on the measured clump properties, Fisher et al. (2017) degrade the images of their local galaxies
to match the resolution of z ~ 1 — 2 observations (from ~ 100 pc to ~ 800 pc spatial resolution).
They find that this typically leads to about a factor of 5 increase in the observed SFR (proportional
to Lyg) and a ~ 6x decrease in the observed Xgpr (translating to a ~ 5.5x increase in clump
sizes). This effect of resolution has also recently been investigated by Cava et al. (2018) in multiple
gravitationally lensed images of the same galaxy. The images divide into two distinct sets: the
“cosmic snake” which consists of four elongated images of the galaxy, and what is referred to as
the counterimage. Cava et al. (2018) report a resolution limit of ~ 300 pc in the counterimage, but
can get down to a scale of ~ 30 pc in the cosmic snake. They find that the clumps observed in the
counterimage are typically a factor of 2-3 larger than those observed in the cosmic snake.

In order to determine if these effects were occurring and could be currently observed in
unlensed galaxies we chose one of the brightest galaxies in the IROCKS sample (Mieda et al., 2016)
to re-observe at a smaller plate scale. The original observations made use of the 0.1” plate scale on
the OSIRIS instrument at Keck in order to maximize the surface brightness sensitivity (hence, the
choice of a high surface brightness galaxy).

Object 42042481 was observed on 2017 August 12 with Keck/OSIRIS at a plate scale of
0.05” per spaxel and the narrowband J filter. Seven 900s exposures (giving 1.75h total integration
time; as opposed to 2.5h total integration time at 0.1”") of 42042481 were taken along with a pure
sky frame. The data was reduced using the OSIRIS data reduction pipeline (DRP) version 4.1
producing a combined cube of all seven frames. This cube was also binned down to the spatial
resolution of the 0.1 plate scale for an additional comparison along with the initial observations.

These cubes were spatially smoothed in the manner described in Mieda et al. (2016) and to an
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equivalent FWHM before the same custom IDL scripts were used to determine the locations and
sizes of Ha clumps (this process was also repeated by MC on the previous observation of 42042481
to ensure a consistent comparison). The resulting H maps for the original 0.1” observations, the
0.05” observations, and the binned data are shown in Figure 2.8 with marked clump locations and
size of the point spread function (PSF). The properties of these clumps are reported in Table 2.6.
The shift from the original 0.1 to 0.05” plate scale resulted in an improved spatial resolution
limit from ~ 800 pc to ~ 400 pc causing the largest clump to split into two clumps each roughly
half the size originally measured. The new observations also resulted in the detection of two clumps
not seen in the original observations (designated H* and I* in Table 2.6 and Figure 2.8). In addition
to a change in plate scale for the observations, a new detector on OSIRIS could introduce differences

in what clumps were measured.

42042481
z = 0.794

42042481
z = 0.794

2014 0.17 2017 0.05” 2017 binned to 0.1

(a): 2014 0.1” observations (b): 2017 0.05” observations (c): 2017 0.05” observations binned
to 0.1

Figure 2.8: Clump locations and sizes identified from Ho flux. Following the definition of Mieda
et al. (2016), clumps are located via a local Ha peak separated by at least two pixels from a
neighboring peak. Clumps A and B are at the same location in all panels; clumps H* and I* in
panel (b) are new clumps not found in the initial 0.1 observations. Clump A in the 0.1 plate scale
observations appears to break up into two clumps at higher resolution. Sizes of all clumps are listed
in Table 2.6. A scale bar is located at the top right of each figure; note that the pixel scale is different
for the 0.1” and 0.05” observations. The pink box in panel (a) shows the region covered by the 2017
0.05” plate scale observations. The dashed circle in the lower left of each panel shows the PSF size
for that night of observations.

In order to determine the reason for the detection of these additional clumps we compare

the flux and Xgpr of all clumps detected in the new 0.05” observations to those found in the old
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Table 2.6: Clump Sizes

Clump Radius Radius  Luminosity YSFR
(mas)  (kpc) (100 ergs™!) (1072 Mg yr ! kpc~?)

2014, 0.1 observations

A 407 3.14 39.1 5.7
B 143 1.10 3.54 4.1
C 149 1.15 2.92 3.2
D 129 0.99 2.67 3.8
E 128 0.99 2.04 3.0
F 85 0.65 1.37 4.5
G 123 0.95 1.61 2.6
2017, 0.05” observations
Al 272 2.10 30.2 9.8
A2 193.5 1.49 19.3 124
B 181 1.39 13.3 9.8
H* 134 1.03 4.07 5.4
I* 81.5 0.63 1.61 5.9
2017, 0.05” observations binned to 0.1
A 375 2.89 52.8 9.0
B 184 1.42 12.3 8.8

Note. — clump properties for observations of object 42042481 com-
pared in Figure 2.8

0.1 observations as well as the results of binning the 0.05” observations to match the resolution
of the 0.1” plate scale. These comparisons are shown in Figure 2B.1 (Appendix 2B). Since both
the flux and Xgpr of clumps H* and I* are higher in the 0.05” observations than some of the small
clumps in the original observations this cannot be the reason for the detection. Another possible
cause for varying detections is the quality of the seeing on each night of observations. In order to
investigate this we compare the PSF of the tip-tilt star used for the observations of object 42042481
as well as the seeing measurements from the MASS/DIMM instruments on Mauna Kea. The seeing
measurements are reported in Table 2B.1 and the tip-tilt star comparison is shown in Figure 2B.2
with widths in kpc denoted by dashed lines in Figure 2B.1. The PSF and seeing across these two
nights is very similar and indicates that this also is not the primary cause of detecting new clumps.

It is probable then that these detection differences stem from how we define and find clumps
in our analysis. A clump is defined to be a local peak in Ho flux which is separated from the next

local peak by more than 2 pixels in the Hox map (Mieda et al., 2016). All clumps in the 0.05”
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observations are separated by a distance of more than 4 pixels (2 pixels at the 0.1 scale) from their
nearest detected neighbor but are still not detected in the version of the cube binned to match the
resolution of the 0.1 observations. These Ha peaks are then likely being spread out over more
pixels leading to less defined peaks and/or smaller separations between them. The introduction of
a new detector between these observations could also reduce the noise in the data leading to an
increased SNR (even with the lower Xgpr of new clumps H* and I*) and definition between Ho
peaks, however the difference between the new 0.05” observations before and after being binned to
0.1” plate scale resolution indicates that plate scale is the main driver of the detection differences.

The difference in resolution for these observations results in a similar change in the size of
clump A (~ 1.7x smaller) to that seen by Cava et al. (2018), but less than that seen by Fisher et al.
(2017) with their degraded images. This difference is likely due to the differences in resolution:
Fisher et al. (2017) have a factor of 8 difference in resolution between their local and degraded
images, while we have only a factor of 2 difference. It should be noted that our results are only for
one galaxy in the sample and while this is an interesting test case it may not be representative of the
galaxy population as a whole.

To investigate the possible effect of resolution on the scaling relations determined for a
large sample of data we apply the corrections determined by Fisher et al. (2017) to the unlensed,
high-redshift data sets. We use these corrections since they are determined for a larger sample of
local galaxies. The “true” correction in fact varies for each study and even each clump based on
the resolution achieved. However, exactly what the true correction should be is not yet clear; the
three cases discussed here all have different ratios for the change in resolution to the change in
clump size. As this ratio is highest for the study by Fisher et al. (2017) we use this correction as
the most dramatic change we may expect to see for these samples. This translates to increasing the
calculated Xgpr by a factor of 6, reducing the measured Ly, by a factor of 5, and reducing the
measured clump radius by a factor of v/30. This results in a reduced scatter of Xgpr at fixed radius
(from ~3dex to ~2dex) with the exception of the z ~ 0 HII region group (Kennicutt et al., 2003;

Gallagher and Hunter, 1983; Arsenault and Roy, 1988; Bastian et al., 2006; Rozas et al., 2006;
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Monreal-Ibero et al., 2007).
The same Y.gpr break as section 2.4.1 was applied to this corrected data and the two subsets

were fit individually. This resulted in the size-luminosity relation:

Ysrr > 1 Mg yr ! kpe™2 : Lygg o< rli7  (corrected)

clump

Ysrr < 1 Mo yr ' kpe™? : Lyg o< 1

Tiump (cOrrected)

Figure 2.9 shows the effect of the beam smearing corrections on the high-redshift unlensed
data (a), the application of the Xgpr break to the corrected data (b), and the fit to the two sets of
data resulting from this break (c). Figure 2.9b also illustrates the reduction in the influence of the
“Null Detection Region” and sensitivity limit.

Even after applying these corrections to individual clumps, the overall scaling relations of
these high and low Xgpr bins does not change significantly. Individual clumps do change bins, but
this does not change the overall slope. However, the break at Yspg = 1 M, yr—! kpc ™2 is more
clearly evident for large clumps after this correction is applied (Figure 2.9b compared to Figure
2.5).

One caution with this correction is that of the large clumps observed in surveys with lower
spatial resolution, it may be that only some of them are actually made up of multiple smaller clumps.
There are clumps of similar size observed in lensed surveys (Jones et al., 2010; Livermore et al.,
2012; Walth et al., 2019) that have much lower spatial resolution limits, so these large clumps do
exist. How much of the population consist of large clumps versus groups of smaller clumps is
not yet known, and the effect could be less significant than what is determined here. Due to the

uncertain nature of this correction we use uncorrected values for the remainder of this paper.

39



10%

Beam smearing correction

104

10%

A7 10

10%

109

Lualerg s~
SFR [Mo yr™1]

10%

10%

10%
10*

rlpc]

(a): Influence of beam smearing

Null Detection
Region (NDR)

Scatter]

s [Mo yr=t kpc2]

E— . Sensitivity Limit

10! 107 10°
r[pc]

(b):Xspr and size after corrections

=
2

3
SFR [Mo yr=1]

Ludlerg s71]

=
2

2.862+993
Lta * Mowzern

2

r[pc]

(c): Clump size-luminosity relation after correction

Figure 2.9: (a): Illustration of the beam smearing correction applied to the high-redshift unlensed
samples. The correction (from Fisher et al., 2017) results in reducing the measured Ly, by a factor
of 5 and the measured clump radius by a factor of v/30. This in turn increases Tspr by a factor of
6 (moving points down and to the left). Studies which required corrections (z 2 1, unlensed) are
circled in the legend. (b): Clump size plotted against Xgpr with corrections for beam smearing
applied. The grey dashed line shows the break at Lgpr = 1 M, yr~! kpc=2 used in dividing the
data into high and low Xgrr subsets. The shaded region to the lower right shows the regime of
data now missing due to instrumental sensitivity limits, while the shaded region in the upper right
shows the new “Null Detection Region” which is not due to a sensitivity limit. (c): Clump size and
luminosity relation for the high and low Xgrr bins after corrections for beam smearing. The dashed
red and green lines show the best fit to the high Ygpr data, while the solid red and green lines show
the best fit of the low Xgpr data. The scaling relations for these two subsets are consistent with
those determined before beam smearing corrections indicating that while this moves individual
clumps into a different subset, it does not have an impact on the scaling relations within these groups
of data.
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2.4.3 Redshift Evolution

Data from all of the studies were grouped by redshift into four bins to investigate whether
there is a redshift evolution for the relationship between clump size and luminosity. Livermore et al.
(2012, 2015) suggest that the intercept of this relationship does evolve with redshift, but Wisnioski
et al. (2012) and Mieda et al. (2016) find that their high-redshift samples follow similar scaling
relations when including local H II regions. The bins used here are (i) z ~ 0 H 1l regions (data set
#10 only, as designated in Table 2.1), (ii) all z ~ 0 (data set #10-12 in Table 2.1), (iii) 0.6 < z < 1.5,
and (iv) z > 1.5. The inclusion of two different z ~ O bins is due to the differing nature of the star
forming regions of these samples. The data in bin (i) is from various studies of local star forming
H II regions (Kennicutt et al., 2003; Gallagher and Hunter, 1983; Arsenault and Roy, 1988; Bastian
et al., 2006; Rozas et al., 2006; Monreal-Ibero et al., 2007), while the second bin includes this data
as well as the clumps in Fisher et al. (2017) from low redshift galaxies with turbulent disks and the
Milky Way MCCs from Nguyen-Luong et al. (2016). Xgrr is higher in these additional clumps and
therefore they provide a local analog to the high-redshift galaxies like those in the lensed samples
with higher Xgpgr; hence the use of two separate low-redshift bins.

Each bin was fit separately using PyStan configured as discussed in Section 2.3.1, and

. . . 2451004 c e 3.0670-04 . c e
are presented in Figure 2.10. In bin (i) Lyg~ r*" -003, in bin (ii) Lyg~ r’""-004, in bin (iii)

2.1070

+0.08 . . .
-0.07, and in bin (iv) Lgyg~ r183

Lyg~r “008. This shows that the slope does vary somewhat
in each redshift bin, however, this is partly due to the smaller size of the data sets once binned;
particularly for the highest redshift bin which only consists of 47 clumps. As can be seen here and
in Table 3.3.8, the uncertainty on the slope of bin (iv) is an order of magnitude greater than the other
bins which have more data points. This also leads to a less constrained intercept for bin (iv) which

would affect the slope value determined. Therefore, it is difficult to say for sure whether there is a

redshift evolution to the clump size-luminosity scaling relation.
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Figure 2.10: PyStan fit to data from each redshift bin. Upper left: bin (i). Upper right: bin (ii);
Lower right: bin (iii); Lower left: bin (iv). The uncertainty on the fit determined is larger for the
smaller bins (an order of magnitude for bin(iv)) as there is less data to constrain the fit. The variation
seen in the slopes between bins is in part due to variation in the intercept which is not as well
constrained with the smaller data sets after binning. However, the posterior probability distribution
still appears normal for at least bins (i)-(iii). This leads to a caution on how the data sets are binned
and fitted to avoid a case of a well constrained fit that is not physically reasonable or reliable.

2.4.4 Star Formation Dependencies: Gas Fraction and Velocity Dispersion

As has been shown in the previous sections, the star forming relations of clumps likely
do not simply scale with size. There are other properties of the clumps that could influence this
relationship and partly account for the large scatter in the data. So far we have used a third parameter,
YsrR, to determine a break in the power-law, but the dependence on a third parameter may not be a
Heaviside step function, it may be a continuous dependence which needs to be incorporated as an
additional dimension to the fit.

The velocity dispersion of the gas in the clumps gives an indication of the turbulence which
likely influences the star formation rate. Here we use this to fit the relationship in Equation 2.8
with § being replaced by o. The fit converges to a consistent solution of Ly o< 103 x 622! with a

reasonable posterior probability distribution, indicating that there may be a continuous dependence
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of the star forming relationships on the velocity dispersion of the clumps. Only some of the clumps
used in previous sections have measurements of &, reducing the sample size of this fit to 346 of
the total 2848 clumps. Fitting these 346 clumps with ¢ included as a third parameter reduces the
overall scatter by ~ 92% compared to fitting clump size and luminosity only. The full fit parameters
and their uncertainties are shown in Table 2.4.

It has also been suggested that the variations in the size-luminosity relationship determined
for different data sets is due to differences in the gas fraction (fg,s) of the star forming regions
which may evolve with redshift (Livermore et al., 2012, 2015). In order to test this we again fit a
relationship of the same form as Equation 2.8, replacing 0 with fy,s of the host galaxy. Ideally fyyq
of the individual clumps would be used, but this is currently only known for the host galaxies as a
whole and only for 157 of the total 2848 clumps. Further, two of the four samples used here (Mieda
etal., 2016; Walth et al., 2019) rely on indirect estimates of fg,s rather than CO measurements. This
data is also from a relatively small subset of the overall sample, but it agrees well with a theoretical
dependence of the clump luminosity on both the clump size and the gas fraction. The fit to this

data results in a scaling relationship of Lygoc 7133 x f0:47

eas - Interestingly, the scaling for fgys is

close to the relationship predicted by Toomre instability (Lggo< 72X fgas’”). Adding feas as a third
parameter also reduces the overall scatter by ~ 78% compared to the 2D size-luminosity fit of these
157 clumps. The full parameters determined in the fit are reported in Table 2.5.

Like the two-dimensional fit to the clump scaling relations, these multi-parameter fits also
give a good fit to the data while spanning the parameter space well. However, these relationships
suffer from smaller data sets and we caution against over interpretation of these early results
(particularly when it comes to the reduction in scatter). More measurements of fy,s and o would aid

in further constraining these fits and investigating the relationship for subsets of the overall sample.

2.5 Discussion

What power-law relationship is determined for the clump size and Ly, has important

implications for the physical processes occurring in the clumps and driving their formation. It is
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thought that clumps form at regions of gravitational instability in the disk, corresponding with
a Toomre parameter Q < 1 (Toomre, 1964; Genzel et al., 2011; Wisnioski et al., 2012). If the
clump or H1I region is represented by a Stromgren sphere then there is a well-defined boundary
between the ionized and neutral gas. This type of region would have an expected scaling relation
of Lyq o< 3. However, if the geometry of this region is non-spherical then a luminosity scaling
relation of Ly o< 7> would be expected. This scaling also results for clumps which are described
by the Toomre mass and scale (Genzel et al., 2011). In the following sections we explore both the
Stromgren sphere and Toomre instability scenarios, in particular how each of these approximations

may delineate between the separation of high and low Xgpr data sets.

2.5.1 Toomre Instability

A common physical explanation for the scaling relationships seen in the high Xgpr data
comes from investigating the Toomre mass and scale which are representative of a region that forms
under the fastest growing mode of Jeans instability (Elmegreen, 2009; Murray et al., 2010; Genzel

et al., 2011). The Toomre mass and scale (M7, Rr) given in Genzel et al. (2011) are

5 _ 4,0
My o< Q24 (22)2My (2.9)
C
Rpoc0 'a 2% (2.10)
Ve

where R; and M,; are the radius and mass of the disk respectively, oy is the local velocity dispersion
of the gas, v, is the circular velocity, and a is a constant describing the disk rotation curve. By

solving for Q in Equation 2.9 and substituting into Equation 2.10, we arrive at the relationship
Mr ~ R}R;*My or My < R (2.11)

In order to put this in terms of the clump luminosity we turn to an empirical linear relationship
locally between the dense gas mass of molecular clouds and their star formation rates (Gao and

Solomon, 2004; Wu et al., 2005; Lada et al., 2010); which also has a theoretical basis in the
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radiation pressure on H II regions from star formation. From Equation 13 in Murray et al. (2010)
describing the force due to this radiation pressure, M, o L in the optically thin limit (optically thin
to far-infrared emission while optically thick to ultraviolet). If we are observing clumps that are
optically thin to Ho emission and assume the Toomre mass traces the dense gas in star forming
regions and Toomre scale represents their size, then we expect a clump size-luminosity relationship
of Lo 2. This approximates the observed Ly o< "7 we find fitting the high Ysgr clumps.

We suspect many clumps (or substructures within) may in fact be optically thick to He,
making the assumption that M, o« Ly, tenuous. As a check of this assumption we calculate the

estimated virial mass of the clumps which have measurements of velocity dispersion:

M, = (2.12)

using the measured velocity dispersion, o, and radius, r, of the clumps. Comparing this to the
observed Hor luminosity we find a nearly linear relationship (L go< lei‘97). Thus we assume that
the mass of the clumps and the dense gas mass are approximately proportional, leading to the
Ly go< 12 relationship.

When the Ygrr power-law break is applied at Yspr = 1 M, yr~! kpe ™2, the high Tgrr
data follow a scaling relationship close to this 7? value for the full sample (L o< r'7) and the local
analogs alone (L o« r!~). This indicates that these high Xgpr clumps could be forming under the

fastest mode of Jean’s instability. This Toomre mass and scale argument can not however explain

the L o< 8 scaling found for the low Xgpr clumps.

2.5.2 Stromgren Spheres

Another suggested explanation for the observed scaling relations is that star forming regions
at high-redshift form under Jeans collapse at locations of disk instability and are well represented
by Stromgren spheres (Wisnioski et al., 2012). One of the relationships expected from this model of
clumps is a size-luminosity scaling of L o< 7> which comes from equating the recombination rate

(left hand side; Equation 2.14) and ionization rate, Q, (right hand side) of the hydrogen gas in a
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spherical region:

Luah
ok’ =Q = % (2.13)

4
ZR3

3 strom

where Ry 5, 1s the Stromgren radius, op is the Case-B recombination coefficient (Osterbrock,
1989), and ny is the number density of hydrogen atoms. x is the ratio of free electrons to hydrogen
atoms (x = ,’Z—;) and is approximately equal to 1 for a fully ionized region. This results in the final

size-luminosity relationship of:
4mhcagn?; 5

L VI L (2.14)

With the clump radii being representative of the Stromgren radius, this results in the L ~ 7
scaling for the Hor luminosity of the clumps we find when fitting the data set as a whole, but this fit
is likely skewed by the large scatter in the overall data set. However, when the power-law break
is applied at Egpr = 1 M, yr—! kpc ™2, the scaling determined for the low Xgrr subset is very
close to this theoretical relationship at L o< 728 for the full data set and L o< >/ for just the local
analogs. Wisnioski et al. (2012) find a relationship of L o< r>72%094 for their full data set, and
they suggest the shallower slope may be due to the clumps being density bound rather than being
idealized Stromgren spheres. This would mean that the hydrogen atoms in the star-forming region
can recombine faster than they are being ionized. This idea of having density bound clumps is
discussed in more detail in Wisnioski et al. (2012) and Beckman et al. (2000).

This does not however explain the L o< r!7 and L o r!-3 scaling we see in the high Xgrr data
for both the full sample and local analogs. A possible explanation for this is that the clump “radius”

is set by the optical depth unity surface, but if the rate of production of ionizing photons Q is large

enough then that the surface may not approximate a sphere, i.e.,

Rrom(Q) > H, (2.15)
with Q = Lietna (2.16)
2
~(_ H \3|{_1(_H
and  free~ () 3 {1 L () } 2.17)
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where H is the scale height of the disk and f,.. = 1 for an ideal Stromgren sphere (giving the scaling
in Equation 2.14).
Plugging Equation 2.16 into Equation 2.14 we get the Stromgren radius as a function of Q:

3Q :|l/3

2

- (2.18)
4775063]11_1

Rytrom(Q) = [

Combining this with Equations 2.17 and 2.16 (to get back to Ly ) we find that for a clump

with radius greater than the disk scale height,

he 1( H )2
Ly =210g—R2, 5 H [1— = [ ———— (2.19)
Ho BAHO( SIro [ 3 Rstri)’m(Q)

When Ry, 5,(Q) > H the term in brackets on the right is approximately 1, giving the scaling:

Liyg ~R%.. H (2.20)

strom

Since we only plot the Ha: luminosity against clump size, this gives us the nearly L ~ 2
scaling seen in the high Ygpr data sets and could explain the reason for a power-law break. Note
that this would give Ly o< 3 for cases where Ry s5m ~ H.

As a check of the power-law break we use, we can calculate the critical Hoe luminosity,

2

Srom- Lhis critical point would be where

Lya crir above which we would expect to see Lyq o< R
Rstrdm(Q) ~ H, with H:

H="2R, (2.21)
Ve

where R, is the galactocentric radius, o is the velocity dispersion of gas in the disk (which for the
largest clumps in the Milky Way is similar to the velocity dispersion of the clump) , and v, is the
circular velocity of the disk.

Combining this with Equation 2.18 we arrive at an expression for the critical luminosity at
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which the scaling would switch from 7> to 72

4mthcogny (o’
Lta.ris ® =35 > (V—) R; (2.22)

If we take an average clump with a velocity dispersion, ¢ = 50 kms~!, density, ng = 10
cm 3, disk circular velocity, v, = 250 kms~!, and galactocentric radius, R, = 1 kpc, we arrive at a
value of Lyg~ 2 x 10%%rg s~! and a scale height H = 0.2 kpc. Comparing with the size luminosity
plot in Figure 2.6, this is approximately where the Xgrr cut-off lies for a clump radius of 0.2 kpc.
Figure 2.11 illustrates the physical difference and differences in the size-luminosity scaling
relationship expected for clumps in these three size regimes relative to the scale height of the disk:

Rstrom < H, Ryrom = H, and Ry > H.

Scale height: H

Rstr6m<H Rstrdm =H R >H

strom

3 ~
I-HOlOc Rstrt’)m |-HOl ~ I-Hot,crit Lquc Rstrt’)m 2

Figure 2.11: Illustration of the three regimes of clump size relative to the scale height of the host
galaxy disk. The set of clumps smaller than their host galaxy scale height (R, < H) would give
an expected size-luminosity scaling of Lygec 2. Those with radii equal to the host galaxy scale
height would fall along the critical luminosity and clumps with radii larger than the disk scale height
would have an expected Ly o< r* scaling.

2.5.3 Bound vs. Unbound Clumps

When investigating local star forming GMCs and MCCs, Nguyen-Luong et al. (2016) intro-
duce a virial parameter based on the velocity dispersion (o) which divides between gravitationally
bound and unbound star forming regions. The velocity dispersion is a measure of the turbulance in
the clumps and is used here as an indication of whether or not the clumps are gravitationally bound;

a property that may cause a variation in the star formation scaling relations.
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To investigate this we would like to introduce a “break™ in the power-law that is dependent
on o of the ionized gas in the clumps. However, the velocity dispersion was only measured for
a smaller number of data sets resulting in a large scatter. Fitting these small samples results in a
poorly constrained fit and uncertainties which are on the same order as the nominal value (an order
of magnitude greater than the uncertainties on larger samples). Without a larger data set to base
these fits on it is difficult to say whether there is a break in the scaling relations based on the velocity
dispersion cut-off. The influence of the clump velocity dispersion was still able to be investigated in
Section 2.4.4 as a third fitting parameter since the sample size did not suffer from being divided
into two subsets. We believe it is important for studies to include the velocity dispersion of the

individual clumps in future investigations.

2.54 Feedback

In addition to providing evidence for two different clump populations, Figure 2.5 also
provides valuable information about these populations from what we do not observe. There is a lack
of star forming regions with both large size and high Xgpgr: the region with Xgpr > 1M yr*1 kpc*2
and r > 10 pc. Due to this corresponding to clumps which would be both large and have high
surface brightness, the lack of observations in this region cannot be due to a sensitivity limit. Instead,
it is probable that these clumps just do not exist on a timescale which would make them likely to be
observed, indicating some type of feedback mechanism regulating these star forming regions.

There are numerous possible feedback mechanisms put forward for disrupting star forming
regions including supernovae explosions, jets due to star formation, thermal pressure from ionized
gas, and radiation pressure due to dust absorbing and scattering photons (e.g. Murray et al., 2010;
Fall et al., 2010). Murray et al. (2010) investigate these factors in detail and how they influence a
wide range of star forming regions including GMCs in the Milky Way and clumps seeninaz ~ 2
galaxy. They find that in all cases the earliest supernovae would occur after the star forming region
was already being disrupted and therefore could not be the main factor. The jets are also shown to

only be a main factor early in the disruption of the star forming region while the thermal pressure
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is important in the Milky Way GMCs but not in the more luminous star forming regions like the
z ~ 2 clumps. The radiation pressure is found to be the dominant feedback mechanism contributing
to the disruption of star forming regions (also found by Fall et al., 2010). However, more recent
simulations by Krumholz and Thompson (2012, 2013) show that radiation trapping is negligible in
giant clumps since it destabalizes the outflow winds. Dekel and Krumholz (2013) argue that this
means that steady winds from radiation pressure would not disrupt the clumps before they migrate
to the disk center.

Mandelker et al. (2017) discuss the two main scenarios seen in simulations for the lifetimes
of clumps at high-redshift. For simulations which only include supernova feedback the clumps
are not disrupted and migrate to the center of the disk to form and grow the bulge on an orbital
timescale (250-500 Myr). However, in simulations that include radiation pressure feedback clumps
tend to be disrupted on a dynamical timescale (50-100 Myr). In an investigation of a massive galaxy
between z ~ 2.2 — 1 using the FIRE simulations (including radiation pressure and other forms of
stellar feedback) the average lifetime of clumps above 108 M, is found to be comparatively short at
~22 Myr (Oklopci¢ et al., 2017). For the clumps included in this study which have measurements
of velocity dispersion we find an average dynamical time of 3.5 Myr. While the mechanisms of
feedback in high-redshift clumps may not be fully understood it is possible that disruption of local

and high-redshift clumps are leading to the lack of large, high Ygpr clumps observed.

2.5.5 Possible Sources of Bias

By combining different data sets (i.e. lensed and unlensed, high-redshift and low-redshift)
there are various selection biases from each survey, which may have an impact on our results,
especially when we split the data into smaller subsets. The unlensed surveys typically probe more
massive galaxies than the lensed surveys which could introduce differences in the clumps present,
however, we do not find significant differences in the scaling relationships of data from these two
types of surveys. These selection effects still do weight the overall data set at high-redshift more

heavily towards massive galaxies which are easier to observe (Figure 2.2). The unlensed surveys at
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z > 1 tend to have higher limits to the spatial resolution which introduces the possibility of some of
the observed clumps actually being complexes of smaller clumps whose properties are more similar
to those observed in the lensed surveys, which still results in much the same scaling relations albeit
with different scatter. However, it is unknown at this point what percentage of the clump population
observed in these unlensed high-redshift surveys may actually be clump complexes since clumps of
similar radius are also observed in lensed surveys with lower resolution limits (Jones et al., 2010;
Livermore et al., 2012; Walth et al., 2019). While gravitational lensing provides the opportunity for
better spatial resolution it should be noted that there are larger uncertainties involved (particularly
in spatial measurements) due to the lensing model. In order to test the influence of these selection
effects we fit the lensed and unlensed high-redshift samples individually (with no local analogs;
Appendix 2A). The slopes between these two fits are consistent within the uncertainties at around
L o r? indicating that these two sample types follow the same scaling relationship.

The results of fitting the overall data set is largely influenced by the group of z ~ 0 HII
regions since this provides many more data points than the high-redshift samples. This is fine
if the physical process and scaling relations are the same for these samples, but as discussed in
Section 2.4.1 there is evidence that these HII regions are not the best local analog due to the
lower Xgrr than the high-redshift star forming regions (part of this difference is of course due to a
sensitivity limit at high-redshift) and the inclusion in the full data set creates a large scatter. This
scatter results in very different scaling relations when fitting with and without these z ~ 0 objects
(~ r? and ~ r? respectively), so resolving this issue would be highly beneficial in determining
the processes occurring in clump formation at high-redshift. Better spatial resolution and surface
brightness sensitivity of the more massive galaxies typical of the unlensed sample may help resolve
this since these are currently the galaxies that tend to have similar measured Xgpr as the local H I1
regions. However, if the beam smearing effects discussed in Section 2.4.2 and Fisher et al. (2017)
are important then these galaxies will typically also have much higher intrinsic Xgpr than what we
are currently measuring causing them to be offset from the z ~ 0 H II regions. If, on the other hand,

there is a sensitivity limit causing us to currently miss clumps with lower SFR and Ly there may
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be lower luminosity clumps at the same size scales as our high-redshift unlensed samples.

The absence of large clumps characteristic of the high-reshift samples which also have very
low Xsrr (lower right region of Figure 2.5) similar to the z ~ 0 HII regions indicates that such a
sensitivity limit is likely affecting our observations and fitting. In particular this may be forcing the
slope of the low Ygrr subset to a higher value, closer to L o r>. To investigate this we calculated
the observed flux density which corresponds to clumps with these lower values of Xgpr at z ~ 1 and
z ~ 2 (illustrated in Figure 2C.1 in Appendix 2C). The actual sensitivity limit for each instrument
will be dependent on the configuration and will vary with the performance of the AO system (if one
was used). The lack of large, low Xgpr clumps in Figure 2.5 indicates that such a limit is impacting
the clump population being observed.

Differences in how extinction was accounted for between samples can introduce an additional
source of bias in our investigation. Not accounting for the effects of extinction in the determination
of Ly, may cause some clumps to be artificially shifted down on the size-luminosity plots. There
are some studies used here that do not take this into account for their measurements. Among the
lensed samples, Swinbank et al. (2009); Jones et al. (2010) do not account for extinction effects,
while Livermore et al. (2012, 2015); Walth et al. (2019) correct for the average extinction in each
galaxy. Among the unlensed samples, Genzel et al. (2011); Freundlich et al. (2013); Mieda et al.
(2016); Fisher et al. (2017) correct for the average extinction while Wisnioski et al. (2012) do
not apply a correction. Among the HII regions Kennicutt et al. (2003); Bastian et al. (2006);
Monreal-Ibero et al. (2007) correct for the extinction of individual star forming regions, Arsenault
and Roy (1988) contains some objects corrected for average host galaxy extinction and others
uncorrected, and Gallagher and Hunter (1983); Rozas et al. (2006) do not apply a correction. In
Mieda et al. (2016) (z~1, unlensed) correcting for extinction resulted in an average increase in
Lo by a factor of ~ 2. Figure 2C.2 in Appendix 2C illustrates the effect of adding this average
correction to studies which had not accounted for it. Due to where the data from these studies fall
on the size luminosity plot this results in an increase in scatter at large clump sizes and the same

decrease at small sizes (0.8 dex for a conservative A, = 2mag correction). This is a relatively small
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effect and likely does not significantly change the scaling relations we determine.

H II regions measured in the SMC & LMC (Kennicutt and Hodge, 1986), IC 10 (Hodge
and Lee, 1990), and NGC 6822 (Hodge et al., 1989) were not included in this analysis, but were
plotted with the data and scaling relationships determined here to check that the fits are physically
realistic at lower size scales. These star forming regions have similar Xgpr to the HII regions used
throughout this paper but still appear to follow the ~ 7 scaling of the fit without the z ~ 0 HII
regions just with the intercept shifted down.

It should be noted that some of the values measured at lower size scales could be affected by
stochastic sampling of the stellar initial mass function (IMF) of the clump regions. In simulations
performed by Calzetti et al. (2012) a lower limit on size of 200 pc is used to avoid these effects by
keeping the SFR above 1.3 x 1073M, yr~!. Below this limit they report that stochastic sampling
of the IMF would have an impact on measurements of SFR indicators like Lg. This SFR limit
corresponds to Ly~ 3 X 1038ergs s~ with a Chabrier IMF (Chabrier, 2003), a value which some
of the data used in this study does fall below—particularly among the z ~ 0 H II regions. This may
add to the uncertainty in the measurements of lower luminosity star forming clumps, but is not

likely to have a significant effect on the results using the high-redshift data of this study.

2.6 Summary/Conclusion

We compiled a comprehensive set of data on the sizes and luminosities of both local and
distant resolved star forming regions from the literature. These data sets were carefully binned based
on differences in surveys and clump properties to exhaustively explore potential size-luminosity
scaling relationships using MCMC fitting with PyStan. We find the following trends and conclusions

from this analysis:

1. There is a large scatter of order 4 dex in luminosity for a given clump or H II region size. This
scatter may significantly impact the inferred size-luminosity scaling relationship, depending
on the choice of sample used in the fit. For example, if the local star forming data from Fisher

et al. (2017) and Nguyen-Luong et al. (2016) are used then the scaling relation determined is
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L o< 2. If the set of z ~ 0 HII regions are also included then the scaling relationship becomes

Lo 13,

. We observe a break in the size-luminosity scaling relation based on the measured clump Xgpr
at 1 M, yr—! kpc=2. Clumps with lower Zggr tend to have luminosities that scale closer to
~ 13, while clumps with higher Xgpr tend to have luminosities that scale with ~ r%. This is

true for both the low-redshift sample and the entire collated data set.

. We find that the L o< 1> scaling can be explained by clumps that are well represented by
Stromgren spheres which are smaller than the scale height of the disk. We find that if the
Stromgren radius is larger than the scale height of the disk and some ionizing photons are
escaping, then the non-spherical geometry may result in a L o > scaling. Alternatively, star
formation regions driven by Toomre instability may result in a ~ 7 scaling of the high Lgrr

clumps, but is unable to be extended the low Xgrr clumps to yield a ~ > scaling.

. If there exists a power-law break in the size-luminosity scaling relationship of star forming
regions, this may indicate a secondary dependence on additional clump properties. We
investigated the dependence of the size-luminosity relationship with respect to the host galaxy
gas fraction (fgas) and clump velocity dispersion (o), but further data on these parameters are
still needed to do a thorough investigation. Additional IFS studies would provide kinematics
for galaxies and clumps, while ALMA observations of molecular gas would provide accurate

gas fractions for host galaxies and individual clumps.

. Spatial resolution effects observed for high-redshift (unlensed) galaxies may alter the mea-
sured properties (ryq, Lo, Lsrr) of the clumps. If such beam smearing effects are wide-
spread then this could result in an increased artificial scatter, but does not influence the scaling

relation results from the applied power-law break at Ygpr= 1M, yr~! kpc=2.

. We find no evidence for redshift evolution of the clump size-luminosity relation, but more data

at higher-redshift bins are still needed. The differences in slopes between redshift bins can
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not be separated from the potential effects of the small sample sizes and larger uncertainties

at high-redshift.

7. We find a scaling relation L o< 72 for both high-redshift lensed and unlensed clump data sets
that are consistent within the uncertainties. Yet we point out that these are still small data
sets that should be expanded for further investigation, in particular the high-resolution lensed

sample.
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2A Lensed vs. Unlensed Observations

We have binned the data sets into gravitationally lensed and unlensed high-redshift obser-
vations. This was done to test for any influences of selection biases in the data that is typically
gathered from lensed versus unlensed surveys at higher redshift. Lensed surveys provide enhanced
spatial resolution and can allow us to extend our analysis to lower luminosity galaxies due to the
magnification effects (Livermore et al., 2015), which results in the tendency towards lower mass
galaxies than can be probed by unlensed surveys. However, the lensing model does introduce larger
uncertainties on the measured values, particularly when it comes to the size of clumps.

As is shown in Figure 2A.1 there is a very slight difference between the nominal slope values
of the lensed (Lgg~ r*1%) and unlensed (Lyq~ r*27) fits, however these values are consistent
within the uncertainties. This indicates that regardless of the selection differences between the two
types of studies, the scaling relations determined from each are consistent. The small offset seen in
the intercept between these two bins could then be caused by the effect of beam smearing on the

measurements of clump size and luminosity.
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Figure 2A.1: Clump size and luminosity relation for high-redshift lensed data sets (top) and
unlensed data sets (bottom). Error bars are shown to illustrate the large variations in each data set.
NOTE: The z ~ 0 HII regions and other local analogs are excluded here since the large number of
data points has an overwhelming influence on the fitting.
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2B Beam Smearing Investigation with Object
42042481

In the investigation of beam smearing effects on measured clump properties we re-observed
one of the brightest galaxies of the IROCKS sample (unlensed, z ~ 1 galaxy 42042481, Mieda et al.,
2016) at a plate scale of 0.05” in order to increase the resolution over the initial 0.1” plate scale. This
resulted in a factor of 2 improvement in spatial resolution (from ~800 pc to ~400 pc) and the largest
clump breaking into two clumps nearly half the size originally measured (Table 2.6). In addition
to this clump breaking into smaller components, two new clumps (H* and I*) were also detected
in the 0.05” observations. In order to determine the cause of these additional clump detections we
compare the flux and Xgpr of the clumps detected in the new 0.05” observation (binned to 0.1”
resolution and un-binned) with the clumps found in the previous 0.1 observations. This is shown
in Figure 2B.1 with clumps H* and I* having higher flux and Xgpr than some previously detected
clumps. This therefore is not the driver of the new detections. The quality of seeing on each night of
observations could also lead to differences in clump detection. Therefore both seeing measurements
from the MASS/DIMM instruments on Mauna Kea (Table 2B.1) and the PSF of the tip-tilt star used
for each observation (Figure 2B.2) are compared. Both the PSF and seeing measurements across
the two nights is similar, suggesting this is not the cause of the new detections either and it is likely
in our definition of Hor clumps.

Table 2B.1: MASS/DIMM Seeing Measurements

Instrument Mean Seeing Min Seeing Max Seeing  Standard Deviation
(arcsec) (arcsec) (arcsec) (arcsec)

2014 November 8-9; 0.1 observations

DIMM 0.46 0.27 0.93 0.11

MASS 0.20 0.06 0.62 0.11
2017 August 11-12; 0.05” observations

DIMM 0.58 0.30 1.59 0.18

MASS 0.23 0.06 0.52 0.09
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Figure 2B.1: Comparison of the flux (top) and Xspr of each clump detected in the 2014 0.1”
observations, 2017 0.05” observations, and the 2017 0.05 observations binned down to 0.1”
resolution. The dashed lines show the scale of the PSF for each night and plate scale of observations.
The clumps which fall to the left of these lines would be considered unresolved.
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Figure 2B.2: Comparison of the tip-tilt star PSF for the 2014 and 2017 observations at a plate scale
of 0.1” and 0.05” respectively. The smaller width of the 0.05” PSF could be a consequence of the
lower peak flux as the width is smaller by a factor of ~ 0.8 and the peak flux is lower by a factor of

~ 0.6.
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2C Additional Figures

The illustration in Figure 2C.1 shows where sensitivity limits may lie on the size-Xgrr plot
at different redshifts in this data set. The actual sensitivity limit of each study will vary widely
based on the telescope/instrument used and will even vary within studies based on lensing effects.
To simplify this we only show the observed flux needed to detect a clump at different levels of Xgpr
atz=1and z=2.

Figure 2C.2 illustrates the estimated influence of adding extinction corrections to the
luminosities measured in studies which did not already include these corrections. For these studies

an average 2x increase in Ly, would be expected.
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Figure 2C.1: Figure 2.5 comparing clump size and Xgpr with additional curves related to the
potential sensitivity limit. The dashed black lines show the observed flux density at that Xgpr for a
z=1 (black text) and z = 2 (blue text) source. All flux densities are in units of erg s~' cm™2 arcsec 2.
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Figure 2C.2: Clump size and luminosity for all the data used throughout this paper with illustration
of the estimated influence of adding extinction correction to those samples which do not already
do this (data set #’s 1,2,7,10,12 from Table 2.1). The correction used is the average of the affect
observed in Mieda et al. (2016) of increasing Ly, by a factor of ~ 2. The correction is only shown
for a few of the z =~ 0 HII regions (data set 10) but would apply to all.
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2D Dynamical Mass of Clumps

The dynamical mass (Myy,) was estimated for all data which included a measurement of
the clump velocity dispersion (o). This was calculated from Equation 2.23 in order to estimate the

dynamical time (Tyy,) of the clumps (Equation 2.24).

(o)
Mgy =5 rCGl”’"” (2.23)
3n Mdyn
Tom = | 2 p = 2.24
= \326p P 3 ump e

The average My, of all clumps with measured velocity dispersion is 2.7 X 10° M, with an
average dynamical time of 3.5 Myr. The results of these calculations are listed in Table 2D.1 for the

IROCKS (Mieda et al., 2016) clumps as a sample.

Table 2D.1: Dynamical Mass and Time Estimates for IROCKS sources

Object Mdyn Tdyn
(Galaxy-Clump)  (10° M) (106 yrs)
Resolved

32016379-1 0.52 8.11
32016379-2 6.79 7.8
32036760-0 8.79 16.48
33009979-0 6.95 9.69
33009979-1 2.75 11.0
42042481-4 11.8 16.3
DEEP11026194-1 11.36 12.97
DEEP12008898-0 9.45 14.01
DEEP12008898-1 10.55 14.33
DEEP12008898-2 5.03 10.03
DEEP12019627-0 3.97 16.07
DEEP12019627-2 2.86 9.45
DEEP13017973-3 3.73 24.67
DEEP13017973-6 41.19 3.07
TKRS11169-2 21.39 7.4
TKRS11169-3 39.45 8.39
TKRS7187-4 24.59 11.44

Continued on next page
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Table 2D.1 — Continued from previous page

Object Mdyn Tdyn
(Galaxy-Clump)  (10° M) (106 yrs)
TKRS7615-01-1 6.67 7.86
TKRS7615-01-2 13.26 8.31
TKRS9727-4 39.91 17.36
UDS11655-0 5.58 15.84
Unresolved

32016379-0 4.23 6.6
32040603-0 2.64 5.7
33009979-2 4.09 7.11
42042481-0 5.15 3.24
42042481-1 3.49 8.18
42042481-2 1.21 11.01
42042481-3 2.44 9.23
42042481-5 13.27 1.82
42042481-6 2.9 7.26
DEEP11026194-0 10.61 7.46
DEEP12019627-1 3.17 6.19
DEEP12019627-3 5.4 8.49
DEEP12019627-4 0.81 15.58
DEEP12019627-5 6.77 5.9
DEEP13017973-0 1.98 9.98
DEEP13017973-1 1.84 2.62
DEEP13017973-2 5.9 7.77
DEEP13017973-4 6.15 4.3
DEEP13017973-5 11.09 2.14
DEEP13017973-7 2.61 8.08
DEEP13043023-0 2.74 4.27
DEEP13043023-1 6.38 6.03
DEEP13043023-2 18.88 5.19
DEEP13043023-3 4.96 6.82
J033249.73-0 6.97 9.28
J033249.73-1 7.66 2.95
J033249.73-2 4.32 2.95
J033249.73-3 5.19 7.39
TKRS11169-0 5.16 4.57
TKRS11169-1 4.97 5.27
TKRS11169-4 5.22 6.14
TKRS7187-0 4.02 6.95
TKRS7187-2 6.99 5.52
TKRS7187-3 0.72 15.37
TKRS7187-5 10.34 3.29
TKRS7187-6 5.52 4.71

Continued on next page
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Table 2D.1 — Continued from previous page

Object Mdyn Tdyn
(Galaxy-Clump)  (10° M) (106 yrs)
TKRS7615-01-0 5.16 7.57
TKRS7615-01-3 12.09 7.51
TKRS7615-01-4 4.24 5.97
TKRS7615-01-5 8.93 7.89
TKRS9727-0 2.08 9.77
TKRS9727-1 13.22 6.38
TKRS9727-3 2.01 6.51
TKRS9727-5 2.69 9.05
UDS10633-0 4.68 7.81
UDS11655-1 5.28 5.32

Note— Not all data sets included measurements of Gy -

Chapter 2, in full, is a reprint of the material as it appears in The Astrophysical Journal 2018.
Cosens, M., Wright, S. A., Mieda, E., Murray, N., Armus, L., Do, T., Larkin, J. E., Larson, K.,
Martinez, G., Walth, G., and Vayner, A, The Astrophysical Journal, 869, 11, 2018. The dissertation

author was the primary investigator and author of this paper.
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Chapter 3

Kinematics and Feedback in H II regions in
the Dwarf Starburst Galaxy IC 10

Abstract

We present a survey of the central region of the nearest starburst galaxy, IC 10, using the W.
M. Keck Observatory Keck Cosmic Web Imager (KCWI) at high spectral and spatial resolution.
We map the central starburst of IC 10 to sample the kinematic and ionization properties of the
individual star-forming regions. Using the low spectral resolution mode of KCWI we map the
oxygen abundance and with the high spectral resolution mode we identify 46 individual H II regions.
These HII regions have an average radius of 4.0 pc, star formation rate ~ 1.3 x 107* Mg, yr—!,
and velocity dispersion ~16 kms~!. None of the HII regions appear to be virialized (0; >> 1),
and, on average, they show evidence of ongoing expansion. IC 10’s HII regions are offset from
the star forming region size-luminosity scaling relationships, as well as Larson’s Law that relates
size and velocity dispersion. We investigate the balance of inward and outward pressure, P;, and
Pout, finding Poye > Pj, in 89% of H 11 regions, indicating feedback driven expansion even in these
low mass HII regions. We find warm gas pressure (Pg,s) provides the dominant contribution to the
outward pressure (Poy). This counteracts the inward pressure which is dominated by turbulence in
the surrounding gas rather than self-gravity. Five H II regions show evidence of outflows which are
most likely supported by either stellar winds (2 regions) or champagne flows (3 regions). These

observations provide new insights into the state of the star-forming regions in IC 10 and negative
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feedback from low mass clusters.

3.1 Introduction

H I regions are formed when UV photons from young stars and clusters ionize the sur-
rounding gas cloud. The ionization within these regions is typically dominated by the most massive
and luminous stars. This can be due to just a single O or B star (e.g., Armentrout et al., 2021) or
a cluster of massive stars. HII regions are observed to have typical lifetimes < 10Myr, starting
out spatially compact (<pc) and expanding as they age (e.g., Spitzer, 1978; Zamora-Avilés et al.,
2019) before the H II region dissipates. As the H II regions expand they interact with and influence
the surrounding gas. As the sites of recent massive star formation, H II regions are intrinsically
linked to the efficiency of star formation in the larger molecular cloud, the properties of the Inter-
stellar Medium (ISM), and the evolution of galaxies. The photometric and kinematic properties of
H II regions are therefore of great interest for studying and understanding the progression of star
formation.

There are a number of surveys studying ionized and diffuse gas in and around the H II
regions of nearby galaxies. Some of the first studies of extragalactic H II regions used Ha imaging
with photographic plates and CCD’s to map the ionized gas in the Small Magellanic Cloud (SMC)
and Large Magellanic Cloud (LMC) (e.g., Davies et al., 1976; Kennicutt and Hodge, 1986) as well
as other nearby galaxies (e.g. NGC 6822, Hodge et al., 1989). With Ha imaging they were able to
measure the size and flux of star forming regions and explore their size distributions and luminosity
functions. As instrumentation improved, Fabry-Perot mapping added measurements of the ionized
gas kinematics both within the H II regions and in the diffuse gas component, finding ~ 4 x higher
velocity dispersions (o) in the diffuse gas (e.g., Valdez-Gutiérrez et al., 2002). With the advent of
integral field spectrographs (IFS), surveys could map the resolved gas properties and kinematics at
~kpc scale. Large surveys such as CALIFA (Sénchez et al., 2012a), SAMI (Croom et al., 2012),
and MaNGA (Bundy et al., 2015), studied hundreds to thousands of star forming galaxies and their

resolved properties. These surveys have resulted in numerous publications including studies of
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galaxy dynamical scaling relations (Cortese et al., 2014), measurement of a “resolved” star forming
main sequence (Ellison et al., 2018), and the fundamental metallicity relation (Cresci et al., 2019).
The CALIFA survey also made the important characterization of the Diffuse Ionized Gas (DIG)
showing a trend in the Ha equivalent width with both the position on the BPT diagram as well as
galaxy morphological type for this large sample of galaxies (Espinosa-Ponce et al., 2020). Using the
MaNGA survey, Rodriguez del Pino et al. (2019) identify ionized gas outflows in 7% of the studied
Ha emitting galaxies, finding evidence of shocks in most of the outflows with larger velocities
associated with more massive galaxies.

State of the art IFS’s operating at visible wavelengths such as the Multi-Unit Spectroscopic
Explorer (MUSE, Bacon et al., 2010), and the Keck Cosmic Web Imager (KCWI, Morrissey et al.,
2018), have begun to allow incredibly high spatial and spectral resolution mapping of nearby H II
regions. For example, Castro et al. (2018) used MUSE to map the giant H II region 30 Doradus,
generating resolved maps of the ionization state and revealing bi-modal gas velocities surrounding
the star cluster R136. In another study, McLeod et al. (2019) use MUSE to map two LMC HII
region complexes and characterize the role of stellar feedback mechanisms, finding stellar winds and
thermal gas pressure to be dominant. Studying two giant H II regions in M101 with KCWI, Bresolin
et al. (2020) find evidence of expanding shells and an underlying broad emission component
potentially attributable to stellar winds interacting with cold gas.

The process of energy from star formation being injected into and influencing the surround-
ing gas through feedback can be caused by a variety of mechanisms. These mechanisms and their
impact are typically discussed in the context of the larger molecular clouds surrounding the compact
H II regions where the pressure originates. An important form of feedback is radiation pressure
which occurs when stellar photons interact with dust grains in the surrounding molecular cloud
thereby transferring both energy and momentum. The energy imparted to the molecular gas may
be radiated away, but the momentum cannot and therefore may be able to more effectively cause
expansion of the gas (Krumholz et al., 2014).

The ionizing photons produced in a star cluster also act to heat the surrounding H II region
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gas to typical temperatures of ~ 10*K. This warm gas generates an important source of outward
pressure that may cause the expansion and eventual disruption of the region and surrounding gas.
An additional source of thermal pressure comes from hot gas heated by shocks from stellar winds.
The bubbles of hot gas produced can be observed via emitted X-rays. However, this hot gas is less
effective in disrupting the region since it is limited by leakage through low density regions and
turbulent mixing occurring with the neighboring cold gas resulting in enhanced thermal emission
(Krumbholz et al., 2019). Supernovae explosions also produce shocked winds in a short burst that
can disrupt star-forming regions, but these don’t occur until a few million years after the formation
of the first massive stars by which point the molecular gas may be significantly disrupted or cleared
already.

Which of these feedback mechanisms is dominant in different star forming environments is
still a matter of some debate. Observational studies seek to determine the relative impact of each of
these forms of pressure by estimating the energy input to the ISM or the pressure produced by each
component. For instance, the giant H II region, 30 Doradus, has been one target of such pressure
studies investigating the physical processes leading to the complex structure in this single region
(Lopez et al., 2011; Pellegrini et al., 2011). These types of studies are often limited to just a few
H II regions or a single giant H II region, making it difficult to form conclusions about the general
population of star forming regions. IC 10 provides a unique laboratory to study the effectiveness of
many of these forms of feedback in a statistically significant sample. Thanks to the >100 previously
identified H II regions, a large sample of compact regions can be studied simultaneously, and the
recent nature of the starburst allows the effectiveness of pre-SNe feedback to be investigated.

IC 10 is the nearest starburst galaxy at a distance of 715kpc (Kim et al., 2009), and the only
one in the Local Group. It is also a dwarf galaxy with low metallicity; approximately 0.25x solar
(Magrini and Gongalves, 2009; Skillman et al., 1989). IC 10 has a higher density of Wolf-Rayet stars
than both the SMC and LMC (e.g. Tehrani et al., 2017), indicating that the current observed burst of
star formation is relatively recent. These unique characteristics as well as it’s close proximity have

made IC 10 the subject of numerous studies.
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Studies of the gas in IC 10 have shown an expansive H I component stretching ~7x larger
than the optical component of the galaxy (e.g., Huchtmeier, 1979; Namumba et al., 2019). The
central region of the H I gas has been observed to have a regularly rotating disk structure with
an extended counter-rotating component beyond that (e.g., Shostak and Skillman, 1989; Wilcots
and Miller, 1998; Ashley et al., 2014). These studies also find kinematically distinct “spurs” and
“plumes” that do not follow the main H I disk. The origin of these features is currently not well
known but possible explanations presented include an as of yet undetected companion galaxy or a
late stage merger (e.g., Ashley et al., 2014), ongoing accretion of primordial gas onto the main body
of IC 10 (e.g., Wilcots and Miller, 1998), past interaction with a body such as another dwarf galaxy
(e.g., Nidever et al., 2013), or some combination of these mechanisms.

Narrow-band Ho imaging by Hodge and Lee (1990) was used to identify 144 individual
H II regions and complexes throughout IC 10 and measure their characteristic properties such as
size and SFR. The majority of the identified star-forming regions lie in the central 2.5’ x 2.5’ of the
irregular galaxy. Thurow and Wilcots (2005) studied the ionized gas kinematics in a portion of
this field with a fiber-fed IFS utilizing 3” fibers and achieving a maximum resolution of 23 kms~!.
Interestingly, they find larger line widths in the diffuse gas than in the compact H II regions which
they attribute to a superposition of components with different velocities. They find that stellar winds
are likely to have shaped much of the ionized and neutral gas in this region. Polles et al. (2019)
model fine structure cooling lines observed in IC 10 with the photoionization code Cloudy (Ferland
et al., 2017) finding relatively uniform properties between the five regions studied, which match
the characteristics of matter-bounded regions allowing photons to escape and ionize the diffuse
gas. These unique characteristics of IC 10 make it an ideal target to study a large sample of young,
evolving star-forming regions.

In order to better understand the conditions of star formation and its impact on galaxy
properties it is important to study not only local H II regions, but also the sites of star formation
throughout cosmic time. The H II regions of IC 10 provide an important tool for comparison with the

~kpc scale star-forming “clumps” found at z 2 1 (e.g., Livermore et al., 2012; Mieda et al., 2016).
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These clumps are found to have high velocity dispersions (¢ > 50kms~!, e.g., Genzel et al., 2011;
Mieda et al., 2016) indicating strong energetics and significant amounts of turbulence present. In an
effort to understand these massive star-forming regions and compare them to their more compact
local counterparts, the scaling relationships between clump properties such as size, luminosity,
and velocity dispersion are explored in order to provide insight into the process driving clump
formation. However, these studies have yielded some conflicting results, in particular regarding
whether high-z clumps are offset to higher luminosities than local H II regions for a given size (e.g.,
Wisnioski et al., 2012; Livermore et al., 2015). This was initially proposed as a possible redshift
evolution in the size-luminosity scaling relationship (Livermore et al., 2012, 2015), but later studies
by Wisnioski et al. (2012) and Mieda et al. (2016) did not find evidence of such an evolution. In
order to investigate this discrepancy, our team compiled a comprehensive sample of high-z and
local star-forming regions and developed a Bayesian Markov Chain Monte Carlo (MCMC) fitting
framework to investigate these scaling relations in detail (Cosens et al., 2018). We did not find
any clear evidence of redshift evolution with this expansive sample, nor a definite selection affect
between lensed and field galaxies at high-z. Instead, we found evidence that there may be a break in
the size-luminosity relationship based on the star formation rate (SFR) surface density, Xgpgr.

A key area of parameter space missing in these scaling relationship investigations are

03*—3%erg s~1) star-forming regions studied with the same

compact (<50pc), low-luminosity (1
methodology as at high-z. These compact regions set the constraint on the intercept of the relation-
ship; a critical component in interpreting changes in slope or offsets between samples. Observing
the H II regions of IC 10 with the KCWI IFS provides an ideal target to study a large sample of H II
regions at unprecedented angular resolution, probing this missing parameter space and allowing for
an improved comparison of local and high-z star-forming regions.

Despite the extensive study of IC 10, the exact distance to the dwarf galaxy remains rather
uncertain since it lies close to the plane of the Milky Way. Measured distances have ranged between

500kpc (Sakai et al., 1999) and >2Mpc (Bottinelli et al., 1984), with distances ~700kpc being used

more recently (e.g., Ashley et al., 2014; Polles et al., 2019). Throughout this paper we will use the
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distance of 715+60 kpc measured by Kim et al. (2009) but we will also report the angular size of all
measured structures. For the systemic velocity of IC 10 we will use the value of —348 + 10km s !
determined from the 21 cm line (Tifft and Cocke, 1988).

In Section 3.2 we describe the observations carried out on the central starburst of IC 10
with KCWI and the method of reduction. Then we identify HII regions in our observations
(Section 3.3.1), extract HII region spectra (Section 3.3.2), and determine SFRs (Section 3.3.3)
and masses (Section 3.3.4). In Section 3.3.5 we investigate the kinematics of the field and H II
regions, virialization and energetics. We estimate the metallicity throughout the field (Section 3.3.6),
investigate the Diffuse lonized Gas (Section 3.3.7), and study the star formation scaling relations
(Section 3.3.8). In Section 3.4 we discuss how these results inform a picture of young H II regions

still evolving. Lastly, in Section 3.5 we summarize our results.

3.2 Observations & Data Reduction
3.2.1 KCWI Observations

We used KCWI (Morrissey et al., 2018) at the W.M. Keck Observatory to observe the star
forming H II regions of IC 10. These observations tile a combined ~1.25 sq. deg. field of view
(FoV) in the central region of the galaxy with the highest concentration of H II regions. We use a
low resolution mode making use of KCWT’s large slicer and BL grating which we will refer to as
the “large slicer, R~900” mode, as well as a high resolution mode which uses the small slicer and
BH3 grating which we will refer to as the “small slicer, R~18,000” mode. Observations in these
two modes cover approximately the same FoV in order to combine the exceptional spatial sampling
(0.35"/pixel) and spectral resolution (0.125A/channel) of the small slicer, with the wavelength
coverage afforded with the low resolution grating (3500-5500A). We determine our achieved
resolution by measuring the point-spread-function of the observed standard stars giving an average
FWHM~ 17 across the observing nights in both modes. In this paper we will limit our discussion
primarily to the high resolution “small slicer, R~18,000” observations with the “large slicer, R~900”

mode providing the extinction correction and metallicity diagnostics in Section 3.3.6.
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In the high resolution mode we obtain a wavelength range of 4700-5200A and a FoV of 8.4”
x 20.4" for each exposure, providing coverage of Hf, [OI11]4959A, and [OIII]5007A. A typical
pointing consists of three 120s exposures with a dither pattern of 0, -1.5, +2 slices' perpendicular to
the slices to improve sampling and avoid saturation of the bright [OIIT]5007A line. In the large
slicer, R~900 mode we obtain wider FoV and spectral coverage in each exposure (3500-5500A
and 33" x 20.4") with lower spatial resolution of 1.35"/pixel. We limit these exposure times to 6s
to avoid saturation at [OITI]5007A and complete 5 exposures per pointing with a dither pattern of
0,-0.5, -1.5, -2.5, -0.5, O slices. Due to the nature of the extended diffuse emission in the FoV of
our science observations we took standalone sky frames approximately once every hour for each
mode at an exposure time of 120s in the small slicer mode and 6s in the larger slicer mode. With
each exposure we saved the associated guide camera image to be used in correcting WCS errors.
The observation details are summarized in Table 3.1 with the total FoV of each observing mode
illustrated in Figure 3.1.

Table 3.1: KCWI Observational Summary

Date Time Airmass Pointings Exposures/Pointing Exposure Time Standard Star
(mm-dd-yyyy) (UT) (s)

small slicer, R~18,000

11-22-2017 4:30 - 5:40 1.41-1.36 1 3 900 L870-2
11-23-2017 4:17-5:50 1.43-1.31 3 3 300 Feige 24
08-16-2018 11:06 - 13:23 1.41-1.30 8 3 120 NGC 7293/Feige 24
09-03-2018 11:20 - 14:23* 1.3-1.5 5 3 120 NGC 7293
08-16-2020 10:57 - 14:22  1.30-1.41 11 3 120-360 NGC 7293/Feige 24
large slicer, R~900

08-16-2018 14:00 - 14:37 1.32-1.37 5 5 6 Feige 24
08-16-2020 14:41 - 15:20 1.38-1.46 7 5 6 Feige 24

Note. — Summary of Keck/KCWI observations of IC 10’s HII regions. Approximately the same fields are
observed in both modes for complimentary observations. There is some overlap in pointings between nights to
increase SNR in fainter areas of IC 10 so the total number of pointings is not the sum of each night. Approximately
1/2 of the small slicer R~900 pointings are still in progress with more exposure time needed to achieve sufficient
SNR at [OI1]3727A to determine metallicities, but the SNR is sufficient throughout the field for determining an
extinction correction at the H II regions.
3:There was an observational gap from 12:31-13:51 UT due to inclement weather.

1(): left; (+): right
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Figure 3.1: (Middle): HST/ACS image of IC 10’s central 2'x2" showing outlined field coverage of
our completed and in progress KCWI observations in two modes: the high resolution small slicer,
R~ 18,000 mode (blue), and the coarse resolution large slicer, R~900 mode (orange). (Top Left):
Integrated [OIH]SOO7A flux map from the East region of our small slicer, R~18,000 observations.
(Bottom Left): Large slicer, R~900 observations. The extinction correction (Section 3.3.2) is
determined from this full field, but the metallicity analysis of Section 3.3.6 is limited to the field
inside the orange outline due to low SNR outside of the H II regions in the remainder of the field.
(Top Right): North region of the small slicer, R~18,000 observations. (Bottom Right): West region
of the small slicer, R~18,000 observations.

3.2.2 Data Reduction

Raw data were reduced using the IDL version of the public KCWI Data Reduction Pipeline
(DRP) version 1.1.0 (Don et al., 2018) with modifications for our data set described here.

The first stage of the DRP consists of bias subtraction, gain correction, and cosmic ray
removal procedures. In the default pipeline, the overscan region is used to perform a secondary
bias subtraction after removal of the master bias to account for variation in the read noise between
the calibration and science frames. We take this a step further to modify the bias subtraction used
in our reduction to include a scaled bias subtraction. Before the bias subtraction occurs we take
the ratio of the overscan regions in the science and master bias frame for each row of the detector

and multiply the master bias row by this ratio before subtracting it. This gives us a better match to
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the readnoise throughout the night and between the two distinct chips of the detector (with distinct
amplifiers and readnoise).

Stages 2-4 of the DRP perform scattered light subtraction, determine transformations to 3D
data cubes (used later), and flat field correction, respectively. We skip stage 5 of the DRP which
performs sky subtraction in favor of using our own scaled sky subtraction routine on the reduced
data cubes. Before this subtraction is performed, we run DRP stage 6 generating data cubes with the
geometric solutions of stage 3, stage 7 to perform a correction for differential atmospheric refraction,
and stage 8 which uses observations of standard stars to flux calibrate the cubes. The final data
products from this pipeline are flux calibrated data cubes for both sky and science observations with
associated variance cubes.

After completion of the standard pipeline steps we run a custom scaled sky subtraction on
the data. This routine takes an average spectrum over the entire cube for the science frame and
associated sky observation. The ratio of these two spectra are computed away from any known
emission lines. This ratio is then used to scale the average sky spectrum, which is then subtracted
from every spaxel of the science data cube. Errors are propagated in this step using the associated
object and sky variance cubes along with the computed scale factor.

WCS offsets between individual frames in the “small slicer, R~18,000” mode were corrected
by matching stars in the guide camera images to HST/ACS imaging of IC 10. The average offset of
the measured and expected coordinates of stars in the field was used to shift the associated KCWI
frame. On average, a 0.7” offset in declination and a 1.2” offset in right ascension were found for
the “small slicer, R~18,000” frames. We did not find WCS offsets in the “large slicer, R~900
observations, and thus do not apply this step for that mode. All observations from each of the two
observing modes were mosaicked with the rectangular KCWI pixels binned to square using the
Python package reproject (Robitaille et al., 2020) before analysis.

Since the observations were spread over a multi-year period, we compared the calibration
frames to ensure consistency in these steps. The master bias frames produced in DRP stage 1 for

each night show a standard deviation in median flux of < 0.5% in the small slicer, R~18,000 mode
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and < 0.2% in the large slicer, R~900 mode. Similarly, the master flats produced in DRP stage
4 show only a standard deviation of < 1% in the small slicer, R~18,000 mode and < 0.1% in the

large slicer, R~900 mode.

3.3 Analysis
3.3.1 Identifying star-forming regions

Preliminary flux maps are generated for each emission line by summing over 15 channels
(1.875A) centered at the systemic velocity of IC 10 (-348km s~!, Tifft and Cocke, 1988). More
robust flux maps are generated later from spectral fitting, but these preliminary maps are used so as
not to introduce boundary effects from low SNR regions in the H II region identification routine. We
use the python package, astrodendro (Thomas et al., 2013), to find the locations and extent of star
forming H II regions in our [OIII] and HB flux maps. Astrodendro finds hierarchical structure
in data sets by starting at the pixels with the highest flux and progressing to lower flux pixels
surrounding those. If a local maximum is found astrodendro creates a new structure with that as
the peak when the local maximum is above a user defined threshold. As the algorithm progresses to
lower flux values a system of leaves, branches, and trunks are defined relating these local maxima
(see Rosolowsky et al., 2008, for an illustration of this method). In this system the leaves are the
most compact structures, the individual H I regions in this study, while the branches connect the
larger H II region complexes. The trunks are the bottom level of the hierarchical structure identified
by astrodendro and show the extent of the ionized gas emission in our KCWI observations. If
these observations covered the full optical extent of IC 10, we would expect the trunks to identify
distinct areas of star-formation in the galaxy. However, since these observations are focused only on
areas of high star formation activity the trunks fill the majority of the field and are therefore not
physically significant in this study.

In order for a local flux maximum to be considered a real structure we have set a series of
constraints to be applied by astrodendro - some of which are standard parameters in the package

and some that are required routines unique to our data set. Standard parameters that we constrain
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with astrodendro are the minimum peak value for a structure, the minimum flux a pixel can
contain in order to be added to any structure, and the minimum step size between independent
structures (leaves) derived from the variance cubes resulting from the KCWI DRP. We have also
written custom routines to set the minimum radius and minor axis length required for a real structure
defined by the point spread function (PSF) of standard star observations. The values provided for
these constraints are given in Table 3.2 for the [OIII]5007A flux maps; the analysis with the Hf3
maps uses the values obtained with the same ¢ requirements.

Table 3.2: Clump Identification Constraints

Type Value
Minimum radius 1.4px
(HWHM) ~0.5”
Minimum peak flux 3.7 x 1017
[ergs™'em ™2 A1) (50)
Minimum peak delta 7.3 x 1018
[ergs 'em 2 A1) (lo)
Minimum flux 22 x 107"
[ergs 'em ™2 A1) (3o)
Note. — Parameters used to con-

strain the astrodendro clump fitting
procedure after correcting the KCWI
small slicer, R~18,000 flux maps
for the background DIG. The values
listed for each constraint are for the
[OII1]5007A flux maps, but the same
constraint method (e.g., 50 minimum
peak flux) is used for all emission
lines.

To accurately identify H II regions and determine SFRs, we first remove the background
of Diffuse Ionized Gas (DIG). It is not possible to do this spectrally on individual spaxels since
some locations have too low of SNR to determine the velocity shift (particularly in locations of

greater DIG contribution). We identified three regions where there are no known H II regions in
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Figure 3.2: Map of the Diffuse Ionized Gas (DIG) contribution to the total [OITI]S007A flux before
subtraction. The locations of HII regions are identified after this DIG contribution is removed
from the flux maps. Spaxels with SNR< 2 are masked in this figure. The DIG flux per pixel was
evaluated in the three outlined boxes, with the region outlined in red chosen for the DIG subtraction
as it contained the minimum flux per pixel.

our observed field (identified by the white and red boxes in Figure 3.2). We find the mean flux per
pixel in each of these regions, and take the minimum value to be our DIG contribution so as not
to over-subtract flux at this stage (the red box). The average DIG contribution in all three cases is
on the order of a percent in pixels associated with HII regions, so the DIG region chosen should
not make a significant difference in the subsequent analysis. Maps of the DIG contribution to the
integrated [OIIT]5007A flux are shown in Figure 3.2. Finally, we subtract the mean DIG flux/pixel
from every location in our flux maps. For the small slicer, R~18,000 observations, this removes
on average 21% of the [OITT]5007A flux per spaxel, with significantly lower contribution at the
H II regions. We repeat this subtraction on integrated flux maps for each emission line using the
same DIG region throughout. We also extract a mean DIG spectrum over this same region for use

in correcting H II region spectra to be discussed in Section 3.3.2.

The astrodendro package has the option to compute dendrograms on either 2D (position-
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position) or 3D (position-position-velocity) data. We chose to use our flux maps for HII region
identification due to the need to subtract the DIG contribution to identify fainter regions. To test
whether any major differences in identified H II regions were produced by the choice of using flux
maps, the dendrograms constructed from un-subtracted flux maps and data cubes were compared.
For the latter, a defined range of spectral channels is used to limit the analysis to a single emission
line and a requirement is added that the spectral extent of each structure exceeds 0.38A, the average
width of arc lines determined from Gaussian fits to lines in the calibration frames separated every
100A. There was not a significant deviation in either the size or number of HII regions identified
with these two methods and therefore we proceed in the analysis of regions identified from the DIG
subtracted flux maps.

Running astrodendro on the 2D [OIII]5007A flux map and manually removing narrow
filaments or regions truncated by the edge of the mosaic results in the identification of 46 H I1
regions. The average radius is 4.0 pc with a £ggr of 0.20 M, yr—! kpc=2. Each of these identified
regions are listed in Table 3.3 with the contours shown in the [OIII]5007A and HB flux maps of
Figure 3.3. Using the 2D Hf3 flux map produces the same H II region locations in areas of high
SNR, but the lower SNR of the HB line means that faint regions cannot be identified in this map
that can in [OIII]5007A. Since the results are consistent in areas where the SNR is high for both
lines, we proceed with the region identification from the [OIII]5007A flux map.

It should be noted that there are more compact structures within the identified HII re-
gions which can be seen visually (Figure 3.3) but do not result in unique structures detected by
astrodendro. In some cases these structures do not meet the resolution requirements, but in others
it is a result of using the same identification criteria across the entire field. A larger number of H I1
regions can be identified using location dependent criteria, but that introduces an extra element of
uncertainty in requiring manual tuning of the parameters. It is more prudent to maintain consistent
requirements for H II region identification across the study even if it does not result in perfect

separation of compact structures.
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Table 3.3:

H IT Region Catalogue (small slicer, R~18,000)

Region ID Complex HL90 ID RA Dec Radius

(J2000) (J2000) (pc) (arcseconds)
Gl6 125 00h20m29.14s  +59d17m32.37s 2.60 £0.22  0.75 £ 0.06
G17 . 00h20m28.81s  +59d17m21.76s  2.11 £0.18  0.61 £ 0.05
Hl6a c_H16 111c/111e  00h20m27.35s +59d17m36.49s 10.32 £ 0.87 2.98 £0.25
H16b c_H16 111d 00h20m28.23s  +59d17m31.24s 295+ 0.25 0.85 £ 0.07
Hl17a c_H17 111a 00h20m26.57s  +59d17m27.05s 5.08 £0.43 147 +0.12
H17b c_H17 111b 00h20m27.12s  +59d17m22.66s 4.14 +0.35 1.20+0.10
Hl17c c_H16 111e 00h20m28.06s  +59d17m26.90s  3.54 £0.30  1.02 £+ 0.09
Hl18a cI18 106a 00h20m26.61s  +59d17m07.72s 4.74 £0.40  1.37 +£0.12
H18b c_H18 106b 00h20m27.53s  +59d17m09.82s 4.08 £0.34  1.18 £0.10
H18c c_H18 106 00h20m27.08s +59d17m08.61s  2.19 £0.18  0.63 £+ 0.05
H18d 106 00h20m27.33s  +59d17m02.74s  3.38 £0.28  0.98 £ 0.08
H18e 115 00h20m28.05s  +59d17m11.42s 2.72 +£0.23  0.79 £ 0.07
I16a 00h20m24.82s  +59d17m35.54s 2.60 £0.22  0.75 £ 0.06
I16b e 00h20m24.66s +59d17m42.49s 2.31 £0.19  0.67 £ 0.05
I17a 100 00h20m25.33s  +59d17m24.36s 2.56 +=0.21  0.74 £ 0.06
I17b 00h20m24.82s  +59d17m26.99s 3.02 £0.25  0.87 £ 0.07
I17c 00h20m24.72s  +59d17m17.36s 2.10 £ 0.18  0.61 4+ 0.05
118 cI18 106 00h20m26.26s  +59d17m04.28s  7.02 £0.59  2.03 £0.17
I19a cI19 97 00h20m25.18s  +59d16m51.19s  3.51 £0.30  1.01 £ 0.09
I19b cI19 91 00h20m24.69s +59d16m51.24s  3.30 £0.28  0.95 £ 0.08
J15 00h20m23.07s  +59d17m43.78s 2.71 £0.23  0.78 £ 0.07
J16a a 86/87 00h20m23.91s  +59d17m42.08s 7.72 +£0.65 2.23 £0.19
J16b cJ16 73 00h20m23.06s  +59d17m29.61s 4.46 £0.37 1.29 £0.11
J16¢ cJ16 77 00h20m23.38s  +59d17m31.51s  2.24 £0.19  0.65 £ 0.05
J16d 00h20m23.01s  +59d17m38.83s  3.74 £0.31  1.08 £ 0.09
J17a 74 00h20m23.37s  +59d17m17.83s 3.76 £ 0.32  1.09 £ 0.09
J17b e 00h20m24.08s +59d17m15.08s 3.50 £0.29  1.01 £0.08
J17c 85 00h20m23.99s  +59d17m27.41s 294 +0.25 0.85 £ 0.07
J17d e 74a 00h20m22.83s  +59d17m18.09s  3.09 £0.26  0.89 £ 0.08
J17e cJ17 83 00h20m23.92s  +59d17m19.54s 2.61 £0.22  0.75 £ 0.06
J17f a 74 00h20m22.97s  +59d17m21.34s  3.18 £0.27  0.92 £ 0.08
J17¢g cJ17 84 00h20m23.93s  +59d17m21.84s 291 £0.24  0.84 £ 0.07
K16 00h20m22.50s  +59d17m42.22s 5.10+0.43 147 £0.12
L11 c L1l 50b/50c 00h20m18.85s +59d18m53.14s  5.324+045 1.54 £0.13
Ml11 cL11 50a 00h20m18.38s  +59d18m49.17s  2.77 £0.23  0.80 £ 0.07
M12 c-M12 45 00h20m16.95s +59d18m37.43s 9.24 +0.78  2.67 +£0.23
M14 49 00h20m18.10s  +59d17m58.82s  6.74 +=0.57 1.95£0.16
M1l6a c-M16 46a/46b 00h20m17.84s +59d17m38.78s 8.45+0.71 244 +0.21
M16b c-M16 46¢ 00h20m18.32s  +59d17m43.01s  2.62+0.22  0.76 £ 0.06
Mil6c c-M16 44 00h20m16.76s  +59d17m39.25s 2.61 £0.22  0.75 £ 0.06
Mil6d 48 00h20m18.17s  +59d17m31.05s 3.33 £0.28  0.96 £ 0.08
N12a 36 00h20m15.03s  +59d18m37.82s 6.79 £0.57 1.96 £ 0.16
NI12b 37 00h20m15.56s +59d18m33.30s 1.98 £ 0.17  0.57 & 0.05
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Table 3.3 — Continued from previous page

Region ID Complex HL90 ID RA Dec Radius

(J2000) (J2000) (pc) (arcseconds)
N13a cM12 41 00h20m16.02s +59d18m25.67s  3.91 £ 0.33 1.13 £ 0.10
N13b - 35 00h20m15.28s +59d18m27.28s 3.26 =0.27  0.94 + 0.08
N15 . 43 00h20m16.56s +59d17m45.47s 2.85 +£0.24  0.82 + 0.07

Note— H II regions identified in small slicer, R~18,000 observations of IC 10 following the new region
identification scheme laid out in Section 3.3.1 and the radius definition adopted in Section 3.3.1.
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Figure 3.3: Maps of integrated flux of the ionized gas in IC 10 measured from Gaussian fits to the
[OII1]5007A (a) and HP (b) lines at each spaxel for the high resolution “small slicer, R~18,000”
observing mode. Each map is divided into the “North” portion of the FoV in the upper right, the
lower right shows the “West” field, and the “East” region of the observed field on the left. The
purple contours mark the edges of the most compact H II region structures found by astrodendro
in the [OII1]5007A flux map. The HII regions outlined in red in the HB map were not found by
astrodendro on this lower SNR map, and the H II regions outlined in yellow were blended into
single regions. SNR >2 is required for these maps, with more spaxels falling below this cut in
Hp. It should be noted that the HII region contours are determined from integrated flux maps at
[OIIT]5007A rather than these maps generated from Gaussian fits at each spaxel due to the regions
with too low of SNR to perform DIG subtraction at the individual spaxel.
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3.3.1.1 HII Region Naming

Throughout this paper the identified H II regions will be referred to with a naming convention
based on a simple grid divided into 15" x 15" regions spanning the optical extent of IC 10. This grid
based naming convention provides a simpler method of comparison between studies and extension
to a larger FoV than the initial HII region naming developed in the study by Hodge and Lee
(1990), as discussed in more detail in Appendix 3A. The grid rows are numbered from 0 - 24 with
columns designated A - X as illustrated in Figure 3.4 and Appendix Figure 3A.1. H1I regions will
be assigned a name consisting of their column followed by their row (e.g., J16). In the case of
multiple H II regions falling into the same square of this grid, they are assigned an additional letter,
“a,b,c,etc.”, in order of decreasing luminosity (e.g., J16a). Each knot belonging to a larger complex
will be given its own designation based on the knot center with the parent complex listed in column
2 of Table 3.3 along with the designation from Hodge and Lee (1990) if there is a corresponding

one in column 3.
3.3.1.2 Defining the Radius

There are a number of ways in which to define the size of star-forming regions, and the
use of these methods is not always consistent between studies, particularly when comparing local
and high-redshift samples with widely varying resolution. One method is to assume a spherically
symmetric region (such as a Stromgren sphere) and fit the flux profile with a 2D elliptical Gaussian
(e.g., Wisnioski et al., 2012). The half-width at half-maximum (HWHM) then gives an estimate of
the half-light radius, ry ;. A second method is to fit contours to the flux profile at a defined level
above the noise and then sum the pixels contained within the contour to determine the area, A, of
the region. This area can then be used to define the effective radius, ref = \/m (e.g., Larson et al.,
2020). This total area is produced by the astrodendro algorithm, from which we calculate r.g of
the H II regions in IC 10. A third method, also produced by astrodendro, takes an approach that
compromises between the two previous methods. Rather than summing the pixels within the defined

contour the second moment of the structure is determined along the direction of greatest elongation
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Figure 3.4: Coordinate grid for proposed H II region naming scheme overlaid on an HST/ACS
image of the galaxy. The column letter is shown along the top of each image with the row number
along the right hand side. H II regions are named based on the column and row corresponding to
their center. The HST image is divided into the “East”, “West”, and ‘“North” sections as in the
presentation of the KCWI maps throughout this paper (e.g., Figure 3.3) with the identified H 11
regions outlined in purple.
and the direction perpendicular to that. The HWHM determined by these second moments is then
used to define an ellipse centered at the region peak and calculate its area. We use this area to define
a pseudo half-light radius, ri" /27 /Acllipse /7 which we will use as the characteristic size of the HII
regions throughout this paper. We compare the result of using each of these three methods to define
the extent of the H II regions in IC 10 in Appendix 3B along with a discussion of the definitions
used in similar studies.

Our choice of determining region sizes from the second moments will be most directly
comparable to high-redshift studies which use ry,, but we do not expect significant biases from
including studies using reg in our investigation of the scaling relationships (Section 3.3.8) due to the

larger impact of the PSF in high-redshift observations and the systematically larger uncertainties on

measured sizes.
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3.3.2 HII Region Spectra

Spectra are extracted for each identified H II region by integrating the flux over a circular
aperture defined by the region center position and r} s at each wavelength channel using the
aperture_photometry function in the Python package photutils. With this we produce an
integrated flux and error spectrum for each region. The use of a circular aperture will necessarily
exclude the edges of asymmetric H II regions, but it will capture the core which provides the
dominant contribution to the flux. The use of a circular aperture has also been found to include less
bias from background emission (Wisnioski et al., 2012). Since the DIG subtraction prior to the
construction of the dendrogram uses a lower limit on this emission source, the exact boundaries may
be biased by this estimation while the circular aperture is less impacted. To ensure the choice of
aperture does not bias the conclusions of this paper key analysis was carried out with both integration
methods. While the size, luminosity, and dependent properties do increase slightly for integration
over the exact area, the trends observed and conclusions reached in the following analysis do not
change. Therefore we proceed with the analysis and results using the circular aperture with r} /2
The integrated spectra are corrected for the underlying DIG contribution. To do this a Gaussian
profile is fit to the [OIII]5007A line in both the region and mean DIG spectrum. Any wavelength
shift between these Gaussian centers is corrected and the DIG spectrum is subtracted from the
integrated region spectrum with a scaling factor for the number of spaxels in the integrated region.
For the remainder of our analysis we use this DIG subtracted spectrum.

We fit each spectrum with a continuum and a Gaussian profile at each emission line, weighted
by the associated error spectrum. An example of these fits is shown in Figure 3.5 for region G16
with the full figure set of fits for the remainder of the H II regions available in Appendix 3C. The
velocity shift of the region is determined from the mean of the Gaussian fit to [OIIT]S007A relative
to the proper motion of IC 10 (—348 + 1kms™'; Tifft and Cocke, 1988). The velocity dispersion is
determined from the standard deviation of the Gaussian fit with the instrumental width subtracted in
quadrature. The total flux of the emission line is determined by integrating over the Gaussian profile

and is converted to luminosity using a distance to IC 10 of 715 + 60kpc (Kim et al., 2009). For
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nearly all cases the emission is well represented by a single Gaussian, but one region, J16a, exhibits
a double peaked [OIIT]5007A line. For this special case integrating over the single Gaussian profile
underestimates the flux by ~30% compared to a pure sum over the emission line. For this region
we instead fit a double Gaussian, using the primary component to derive the velocity shift and

dispersion, and integrating over both peaks to determine the flux.
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Figure 3.5: Thumbnail of region G16 integrated spectrum at [OIIT]5007A in the small slicer,
R~18,000 observing mode. The complete figure set including spectra from all identified H I1
regions (46 images) are available as thumbnails in Appendix 3C. The spectral lines are fit by a
single Gaussian profile (except for J16a with a double Gaussian profile) shown in cyan with the
residuals shown in grey below the associated spectrum. The spectra have been normalized to the
peak of the [OIII]5007A line.

Emission line luminosities are corrected for extinction determined from the ratio of the
HfB and Hy Balmer lines in the large slicer, R~900 HII region spectra. We use the ratio of the
integrated flux of each of these lines along with the theoretical line ratio of 0.47 assuming Case B
recombination (Osterbrock and Ferland, 2006) to determine the E(B — V) reddening in each of the

identified H II regions following Momcheva et al. (2013)’s Equation A10:

—2.5 0.47
EB=V) = ap) @y o0 ((Hy/Hﬁ»obs) G-D
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where k(Hf) =4.6 and k(Hy) = 5.12.

For the H IT regions identified, we determine an average total reddening value of E(B—V) =
0.67 +0.10 with a higher nominal reddening E(B — V) = 0.97 +0.24 in a stacked spectrum of
spaxels outside the H II regions, though these values overlap when incorporating the measurement
uncertainties. The reddening in the stacked spectrum outside the H II regions had to be determined
using the peak flux of the HB and Hy lines due to lower SNR at Hy resulting in a poor fit. We
expect this to be a reasonable approximation as the difference introduced by this method inside the
H I regions is less than 1/3 of the uncertainty on the associated E(B — V). The larger uncertainty
on the estimated reddening outside the H II regions is likely to encompass the possible source of
error introduced by the use of peak flux.

The reddening determined in our H II region spectra are lower than the values found by Kim
et al. (2009) via NIR colors of RGB stars (E(B — V) = 1.01 +0.03) and from UBV photometry
of early type stars (E(B — V) = 0.95+0.06), but the estimated reddening for IC 10 varies widely
throughout the literature. These estimates have ranged from E(B — V) = 0.47 (Lequeux et al., 1979)
to upwards of 1.7 (Yang and Skillman, 1993) with a variety of methods used. These estimates are
of the total reddening, including the foreground reddening from the Milky Way. IC 10 is at a low
galactic latitude, so estimates of even the foreground reddening show large variation. The estimate
from the commonly used survey by Schlegel et al. (1998) gives E(B — V) ~ 1.6, larger than many
of the estimates for the total reddening in IC 10. Kim et al. (2009) notes the large uncertainties
in the Schlegel et al. (1998) maps at low galactic latitude and finds a foreground extinction of
E(B — V) = 0.52 towards IC 10. Given the wide variation in reddening determined for IC 10 we
therefore proceed with the values determined from our spectra as this is likely to provide the most
accurate measure of the extinction in our FoV.

For the remainder of the analysis all spectra will be extinction corrected according to the
associated E(B — V) determined from the appropriate stacked spectrum of spaxels either inside or
outside of H II regions and a Cardelli et al. (1989) extinction law. These two different measurements

of extinction are particularly important in accurately correcting the extinction of these two distinct
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gas regions prior to estimates of the metallicity in Section 3.3.6 using the Ry3 parameter with
emission lines covering a wide wavelength range (e.g., Kewley et al., 2019). Ideally each spaxel
would be extinction corrected individually, but the SNR was not sufficient to reliably measure Hy at
each spaxel in order to determine the localized extinction. However, due to the high foreground
extinction the uncertainty in using global average extinction corrections is reduced compared to

environments with a high amount of internal extinction.

3.3.3 Star Formation Rate Indicators

Our high resolution observations cover the HB and [OII1]5007A emission lines, both of
which can be used as SFR tracers. Kennicutt (1992) and Moustakas et al. (2006) investigate the
accuracy of these emission lines as SFR diagnostics and provide a detailed description of their
advantages and disadvantages. Both determine the Hot luminosity to be the more reliable SFR
indicator, but unfortunately this lies beyond the wavelength coverage of KCWI. We provide here a

brief description of the method of calculating SFR from each of the observed emission lines.
3.3.3.1Hp

In order to determine the SFR from the extinction corrected HB flux we first convert to
equivalent Ha luminosity based on the Balmer decrement and then use the calibration of Murphy
etal. (2011):

SFR=15.37x 10" *Lyq (3.2)

This calibration is based solar metallicity and a Kroupa (2001) IMF. It is updated from the calibration

of Kennicutt (1998a); Moustakas et al. (2006) which make use of a Salpeter (1955) IMF.

3.3.3.2 [OI11]5007A

Moustakas et al. (2006) uses their sample of SDSS star-forming galaxy spectra to explore
the uncertainties present when using [OIII]5007A to calculate SFR. They find a significant amount
of scatter when comparing the luminosity of [OIII] to the Ho derived SFR, resulting in a factor of

3-4 uncertainty which they attribute to variation in chemical abundance and excitation. However,
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for a single galaxy like IC 10, and particularly for H II regions in the central starburst, we would not
expect the same level of variation in these parameters as would be present in a sample of unique
galaxies. Further, previous studies have used the [OITT]5007A, flux to estimate SFR when Balmer
line measurements were not present by assuming an [OIII]5007A/Ho ratio of unity (Teplitz et al.,
2000).

We investigate substituting the extinction corrected [OIII]5007A luminosity for Ly in
Equation 3.2 to estimate the SFR in the H II regions of IC 10, beginning with the same factor of
Liom)/Lua = 1 as Teplitz et al. (2000). This is compared to the HB derived SFR in Figure 3.6
to determine if the two SFR estimates are correlated and if the coefficient of 1 between Loy
and Ly, provides the best match. We find that there is good agreement between the two methods
with an average SFR|onpjs007/SFRup = 0.9, though this ratio drops to SFR|oppjs007/SFRpp = 0.63
in the faintest 1/3 of the HII regions. Since these are well matched overall in this sample, the
higher signal-to-noise ratio [OITI]5007A line will be used in the remainder of the analysis allowing
for the identification of fainter star-forming regions. We checked whether the apparent lower
SFR o) /SFRyg ratio in the faintest regions would introduce a bias in the results of the following
sections by underestimating L. This was not found to have a significant impact on the results
and conclusions in the remainder of this paper with the potential differences being captured in the
existing uncertainties. We therefore report only measurement uncertainties on quantities like SFR
which rely on Ljoyyy as a proxy for Ly and proceed with Ligyy /Lug = 1 for the full sample of

IC 10 HII regions for consistency with previous studies.
3.3.3.3 Low SFR H I Regions

As can be seen in Figure 3.6, many of the identified H II regions in IC 10 have very low SFR.
The rate of production of ionizing photons for a single 18M, 09 star is Q = 10*7-°0s~! (Martins

I In

et al., 2005). Assuming Case B recombination this results in an expected Ly ~ 100 ergs™
this sample of IC 10 H1I regions, 23/46 of the identified regions have luminosities less than this,
indicating that the primary ionization source is a less massive star or cluster. There are a limited

number of extragalactic surveys which to compare to in this low luminosity regime as the spatial
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Figure 3.6: Comparison of the SFR determined from HB and [OIII]5007A. The dashed black line
denotes the one-to-one line. Given an average SFRoqyjs007 /SFRyg = 0.9, the SFRom5007 does,
on average, provide a good match to the more commonly used SFRyg.

resolution needed to differentiate these compact sources necessitates nearby objects as well as the
sensitivity to detect low luminosities. The identification of IC 10’s many H II regions by Hodge and
Lee (1990) in Ho imaging survey does get to this regime as well. They also find some regions in
which they attribute the ionization to a single late B or early A type star. The same regime of single
star ionization is reached by Hodge et al. (1989) in NGC6822 though they note that some of the
regions with low surface brightness may instead be diffuse emission rather than the H II regions
they are identified as.

Within the Milky Way a number of studies of compact and ultra-compact H II regions have
been conducted which fall into this category of ionization by a single intermediate mass star at
radio and infrared wavelengths. Lundquist et al. (2014) studied four intermediate mass star forming
regions identified in the Infrared Astronomical Satellite (IRAS) Point Source Catalog and Wide-field
Infrared Survey Explorer (WISE) images which they determined were powered by low mass clusters

with mid-B stars as the most massive components and therefore the dominant source of ionizing
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photons. Over 900 so-called “yellowball” regions, compact H 11 regions sometimes ionized by a
single B type star were identified by citizen scientists as part of the Milky Way Project (Kerton
et al., 2015). The yellowballs regions show spatially coincident 8 and 24um fluxes,which the
authors attribute to the early stages of the H II region evolution. As part of HRDS, Armentrout et al.
(2021) identify single star H II regions with WISE and the Very Large Array (VLA). They find that
these single star regions have similar morphologies as their more luminous counterparts and can be
powered by a single B2 or earlier spectral type star.

To determine the likely stellar type for the ionizing star in IC 10’s H II regions, we compare
the observed luminosity to models of the number of Lyman continuum photons produced by a given
stellar type. For consistent comparison with the Armentrout et al. (2021) Milky Way study we use
the same stellar models for the number of ionizing photons produced by a single star, Martins et al.
(2005) for O type stars and Smith et al. (2002) for B type stars. The minimum number of ionizing

photons required to power a given H II region is given by:
QOreq = 7.31 x 10" Ly (3.3)

under case B recombination (Osterbrock and Ferland, 2006). The lowest luminosity region iden-
tified in IC 10 can be produced by ionization from a B0.5 star, with 10 HII regions potentially
being produced by ionization from a single B star. Forty-four of the identified H II regions have
luminosities which can be produced by a single star, while the remaining two would require an
ionizing photon production rate equivalent to at least six O3 stars. The number of IC 10 HII regions

that could be produced by ionization from a single star of each spectral type is shown in Figure 3.7.

3.3.4 Mass

The mass for each H II region is estimated based on the assumption that the H II regions are

approximately spherical making the gas mass simply a function of the volume and density:
43
Myn = 577:}’ npmy (3.4)
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Figure 3.7: Distribution of the potential central ionizing source for each HII region. The stellar
type identified here is determined by the minimum number of ionizing photons which can produce
the observed luminosity. In the case of a single star providing the dominant source of ionization,
each IC 10 HII region requires at least a B0.5 star.

where r is the H II region radius and my, is the mass of a hydrogen atom. We cannot directly measure
the number density of hydrogen, ny, in our KCWI spectra, but we can estimate it via the Stromgren

sphere approximation; the assumption that the gas is fully ionized and therefore the measured

luminosity directly measures the amount of hydrogen gas present:

(3.5)

where Ayq is the wavelength of Ha, 4 is Planck’s constant, ¢ is the speed of light, and o is the
Case B recombination coefficient.

Combining these two equations we can solve for the mass of ionized hydrogen gas in each
H I region. The resulting masses are shown in the histogram of Figure 3.8 with a median region
mass for the sample ~ 56 M, and a total My; ~ 2 x 10* M, residing in the identified H II regions.
We will compare this to estimates of the mass based on the measured H II region kinematics in

Section 3.3.5.
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Figure 3.8: Histogram of the H II region ionized gas masses, My, estimated from the Stromgren
sphere approximation and the measured size and luminosity.

The stellar mass of each region is estimated by integrating the IMF over the full mass range
from 0.1Mg to 100Mg, following the method laid out in Relafio et al. (2005). We summarize the
method here but refer the reader to Relafio et al. (2005) for a more detailed discussion.

The total stellar mass with the previously stated upper and lower bounds is defined as:

100M.,
M, = m®(m)dm (3.6)
0.1M,

where ®(m) = Am~23 for a Kroupa (2001) IMF. In order to perform the integration, the normaliza-
tion factor, A, needs to be determined. This is done by estimating the stellar mass over a smaller
range of stellar types. A first order estimate of M, is determined by calculating a required number
of OS5 stars needed to produce the measured H II region luminosity and multiplying by the mass of
an OS5 star (49.53M,). This is then substituted into Equation 3.6 with the upper and lower limits of
integration replaced by the masses of an O3 (55.3M)) and O9 (22.1 My,) star, respectively. The
normalization factor, A, can then be solved for and the IMF can be integrated over the full mass
range to give a more accurate estimate of M,. For the low mass H1I regions of IC 10 where we
find luminosities consistent with ionization by a single early B star, integrating over the full IMF is
somewhat uncertain. To address this, we include an estimated 30% systematic uncertainty on M, in

addition to the propagated uncertainty from the measured luminosity.
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For IC 10’s HII regions we find a mean M., ~ 400M, from this method with a significantly
lower median M, ~ 18 M. The large difference in the mean and median masses is due in part
to a number of very low M, estimates for low luminosity regions in which the assumption of a
fully sampled IMF is less reliable. The estimates of My and M, for each HII region are shown in

Figure 3.9, with M, ~ 0.3 x My on average.
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Figure 3.9: Comparison of the estimated My and M, for each IC 10 HII region identified in the
KCWI data. On average M, ~ 30% Myq;.

3.3.5 Kinematics

As discussed in Section 3.3.2, we fit a Gaussian to each emission line in the integrated
region spectra to determine the velocity shift and dispersion in each detected H II region. Due to
the higher SNR of the [OIII]5007A line, we will report the values from this fit here, though the
trends are the same regardless of emission line used. Previous studies of ionized gas in giant H II
regions find a systematic difference in linewidths measured from Hoe or HB and [OIII], with [OIIT]
measurements giving a ~ 2kms~! underestimate of the dispersion, o (e.g., Bresolin et al., 2020).
After correcting for thermal broadening of both lines, we do not observe such an offset in the spectra

of IC 10’s H1I regions indicating that turbulence is likely the dominant source of the line broadening
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(O’Dell et al., 2017). We will therefore proceed with the [OIII]5007A measurements to trace the
kinematics of the ionized gas. The fitted kinematic properties for [OITI]5007A are shown in Table
3.4 with properties for [OII1]4959A and HB included in Appendix 3E. The average velocity shift
is -12412 km s~ 'relative to the systemic velocity of IC 10 with typical velocity dispersions of 1648
kms~!,

Each of the HII region DIG subtracted spectra are shifted to a common velocity based on
the mean of the Gaussian fit to [OII1]5007 A, normalized to the [OII1]5007 A peak flux, and stacked
to generate a composite spectrum as shown in Figure 3.10. Other than removal of the DIG, no
other corrections are applied to the spectra before stacking. This reveals a lower luminosity broad
component to the [OITI]5007A line too faint to be detected in the individual HIT region spectra
or the lower SNR Hf line. The broad component has a velocity dispersion ¢ = 36.6 kms~'and
shows only a 2.4kms~! velocity shift relative to the narrow component. Its peak is only 21% of the

narrow component peak, but contributes ~37% of the integrated flux. The double Gaussian fit is

shown in Figure 3.10 with the stacked spectrum.
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Figure 3.10: Stacked spectrum from each identified H II region (black). Each individual spectrum
is normalized to the [OITI]5007A flux before stacking to investigate the shape of the emission lines.
This reveals a faint broad component at [OII1]5007A that could not be detected in the individual
regions. Fits to the broad and narrow components of the [OITI]5007A line are shown in magenta
and cyan, respectively.
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Table 3.4: H II Region Properties (small slicer, R~18,000)

Region  radius AViommso07  Olommjs007 Lgom]som SFR Myn Ter
(pc) (kms™1) (kms~1) (10¥ergs™) (107 M, yr ) Mo) (106 yrs)

G16 2.60+£0.22 -8734+1.77 1452 +0.18 7.62 +1.43 4.09 +0.77 38.48 £8.59 0.18 £0.05
G17 211 +£0.18 562+ 1.57 1452 +0.28 3.35+0.63 1.80 £ 0.34 18.65 £4.19 0.14 £0.04
H16a* 10.32 £ 0.87-11.98 &= 1.61 17.02 = 0.004741.00 =+ 889.102546.00 4+ 477.407591.80 £+ 1690.19 0.59 £+ 0.17
H16b* 295+ 0.25 -11.52 +1.5015.15 £ 0.08 181.00 +33.95 97.20 + 18.23 226.71 +50.65 0.19 £+ 0.06
H17a* 5.08 £0.43 -4.43 +2.18 15.85 £ 0.01 47690 +89.41 256.10 =48.01 831.57 £185.60 0.31 &+ 0.09
H17b* 4.14 £0.35 -0.44 =198 11.83 £0.01 115.60 +21.68 62.08 &+ 11.64 301.21 £67.18 0.34 £0.10
H17¢* 3.54 £ 0.30 -3.46 & 5.64 12.95 £0.03 93.73 & 17.58 50.33 £9.44 21445 £ 4791 0.27 £0.08
Hi18a* 4.74 +0.40 -14.98 £ 1.5216.84 =0.03 218.70 =41.01 117.40 £22.02 507.55 + 113.07 0.28 £ 0.08
H18b 4.08 +0.34 -38.16 £1.6711.83 = 0.01 127.50 +=23.90 68.47 &+ 12.83 309.48 +68.38 0.34 +£0.10
H18c 2.19 £0.18 -31.40 £ 1.7211.75 £ 0.03 22.63 +4.24 12.15 £ 2.28 5127 £11.23 0.18 £ 0.05
H18d 3.38 +£0.28 -18.39 +£1.5013.70 & 0.04 21.16 4+ 3.97 11.36 +2.13 95.07 £20.93 0.24 £0.07
H18e 2.72 +0.23 -15.82 £1.5011.93 £0.08 12.89 2.42 6.92 £+ 1.30 53.56 £11.95 0.22 £0.06
I16a 2.60 £0.22 -6.80 4+ 1.51 12.18 £0.55 1.97 £0.38 1.06 £ 0.20 1959 £440 0.21 £0.06
I16b 2.31 +£0.19 -1.66 £1.51 16.64 =1.53 1.09 +0.22 0.59 £0.12 1220 £2.76 0.14 £ 0.04
I17a* 2.564+021 7.85+1.68 17.05+0.57 10.48+1.99 5.63 +£1.07 4410 £9.69 0.15+0.04
I17b 3.02 £0.25 -3.88 £1.50 15.08 £0.43 4.62 +0.87 2.48 +0.47 37.50 £8.28 0.20 + 0.06
I117¢* 2.104+0.18 -2.29 £1.50 36.14 £6.23 0.73 £ 0.17 0.39 £+ 0.09 8.63 £2.14 0.06 = 0.02
118* 7.02 £0.59 -63.67 = 1.6515.16 = 0.06 192.30 £ 36.07 103.30 & 19.37 857.80 & 190.61 0.45 +0.13
I119a 3.51 £0.30 -22.49 +1.5132.39 £ 0.23 21.85+4.10 11.73 £2.20 102.23 £22.97 0.11 £0.03
119b* 3.30 & 0.28 -29.09 &= 1.64 19.26 == 0.13 19.07 & 3.58 10.24 +1.92 87.06 +19.47 0.17 = 0.05
J15 271 +£0.23 -1.79 £ 1.51 53.08 +6.37 2.46 £+ 0.52 1.32 £ 0.28 2327 £546 0.05 +0.02
J16a 7.72 £0.65 -6.02 £1.50 11.91 047 37.66+7.13 20.22 + 3.83 437.78 £97.70 0.63 £0.19
J16b 446 £0.37 -9924+1.76 9.88 £0.17 33.71 £6.35 18.10 £ 3.41 181.87 +240.13 0.44 +0.13
J16c 2.24 £0.19 -2049 £1.5610.21 £0.16 5.21 £0.98 2.80 £0.53 2545+ 5.69 0.21 £0.06
Ji6d 3.74 £0.31 -15.46 +1.5322.29 +1.51 3.87 £0.76 2.08 +£0.41 4733 +£10.59 0.16 = 0.05
J17a 3.76 £0.32 -12.90 £ 1.5015.70 = 0.47 5.67 = 1.07 3.05 £ 0.58 57.76 £12.98 0.23 £ 0.07
J17b 350 £0.29 0.80 +1.50 21.47 +£3.60 4.27 £1.00 229 £0.53 4498 +10.84 0.16 = 0.05
J17¢ 294 +£0.25 1.89+1.52 14.66 +0.92 3.68 +£0.72 1.98 +£0.39 32.16 £7.32  0.20 £ 0.06
J17d* 3.09 £0.26 -2.98 £1.50 13.66 £0.76 3.11 4 0.60 1.67 £0.32 31.85+7.18 0.22 £0.07
J17e¢ 2.61 £0.22 498 +1.50 22.06 =1.57 2.05 £ 0.40 1.10 £ 0.22 20.06 =4.55 0.12 +£0.03
J17f 3.18 £0.27 -16.69 +3.9218.31 £5.39 1.92 £+ 0.60 1.03 +0.32 26.13 +7.45 0.17 £0.07
J17g 291 £0.24 -33.59 £ 6.4712.12 £ 091 1.66 + 0.33 0.89 +0.18 2128 £4.77 0.23 +0.07
K16 5.10+0.43 -26.38 £1.5512.79 £0.32 6.91 +1.31 3.71 £0.70 100.70 +222.48 0.39 +0.11
L11 5.3240.45 -14.92 +3.0210.21 £0.01 601.40 4 112.80 323.00 + 60.57 1000.78 £ 223.30 0.51 £ 0.15
M11* 2.77 £0.23 -1993 £ 1.5111.42 £0.02 137.30 £25.75 73.73 £13.83 179.66 £+ 39.61 0.24 £ 0.07
M12* 9.24 +0.78 -45.03 £ 1.57 14.88 £ 0.00 3693.00 £ 692.40 1983.00 = 371.80 5676.59 + 1264.79 0.61 + 0.18
Ml14 6.74 +£0.57 -17.98 +1.6025.23 095 11.84 +2.25 6.36 + 1.21 200.24 +4491 0.26 +0.08
Ml6a* 8.45 +0.71 -12.73 £ 1.66 10.06 &= 0.02 230.30 +=43.19 123.70 £ 23.19 1239.72 +275.42 0.82 £+ 0.24
Ml16b 2.62 £0.22 -9.04 £1.50 9.98 + 0.15 5.06 £0.95 272 £0.51 31.73 £7.05 0.26 £0.07
Ml6c 2.61 +£0.22 -13.06 £ 1.50 891 £+ 0.21 392 £0.74 2.11 £0.40 27.78 £6.20 0.29 £0.08
Ml16d 3.33 +£0.28 -3.86 +=1.50 14.12 +0.38 3.61 +0.68 1.94 + 0.37 38.39 +£8.55 0.23 £0.07
N12a* 6.79 +0.57 -27.95 +1.5312.18 =20.04 115204+21.61 61.86+11.60 631.57 + 140.24 0.55 +0.16
N12b* 198 £0.17 -24.54 +2.131593 +0.30 5.78 £1.09 3.10 £ 0.58 2228 £5.03 0.12 £0.04
N13a 3.91 £0.33 -21.74 £ 1.5011.97 £0.08 25.42 +£4.77 13.65 + 2.56 129.64 +28.89 0.32 + 0.09
N13b* 3.26 +£0.27 -20.63 &= 1.6512.80 = 0.28 17.06 £ 3.22 9.16 £1.73 80.85 +17.84 0.25 £ 0.07
N15 2854024 -6.88 4+ 1.58 14.88 +1.77 0.94 £ 0.20 0.50 +£0.11 1552 £3.64 0.19 £ 0.06

Note— Properties of the [OIII]5007A emission line for HII regions in the small slicer, R~18,000 observing mode.
Spectral properties are determined by fitting a single Gaussian model to the emissionline. Regions with elevated ¢ in
the surrounding gas are identified with a *.
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Figure 3.11: Three dimensional view of the 46 identified H II regions in the center of IC 10 based on
Gaussian fits to [OIII]5007A at each spaxel within the region contours. For each spaxel belonging
to an identified H II region, the central velocity is set by the velocity shift relative to the systemic
velocity of IC 10 and the depth by the velocity dispersion. The colormap also illustrates the measured
velocity dispersion at each spaxel. The blue cylinder at the lower right represents a single spectral
(depth) and spatial (width/height) resolution element.
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3.3.5.1 Resolved Kinematics

In addition to spectra integrated over IC 10’s HII regions, we investigate the resolved
kinematic properties of the ionized gas at each spaxel. The velocity shift relative to the systemic
velocity (vgys = —348km s71), AV, and dispersion, o, are measured from single Gaussian fits to
[OI11]5007A and Hp emission lines. The properties determined from the [OII1]5007A line in
spaxels inside H II regions are used to illustrate the three dimensional structure of the identified H I1
regions in Figure 3.11. Additionally, maps of AV and o at each spaxel in the FoV with SNR>2
for both the [OI11]5007A and Hp fits are shown in Figures 3.12 & 3.13. Thumbnail flux and
kinematic maps for each H II region are included in Appendix 3D with an example for region G16
in Figure 3.14. These maps show interesting kinematic trends between gas inside and outside the
H I regions. The velocity shift shows clear differences between gas residing in the population of
H II regions (blue-shifted) and the diffuse gas not associated with a particular region (red-shifted).
This is illustrated in both the map of Figure 3.12 and the distributions of Figure 3.15a which shows
a much broader distribution of AV in spaxels outside the H II regions. This is not surprising as
less structure would be expected in the kinematics of this gas than that which is associated with a
coherent H II region.

Furthermore, it can be seen in the maps of Figure 3.14 and Appendix 3D that the velocity
dispersion is highest at many of the HII region borders, particularly those that reside in larger
complexes. In fact, 37% of the identified H II regions, identified with a * in Table 3.4, show elevated
velocity dispersions at one or more of their edges which could be indicative of outflowing gas. The
distributions of measured ¢ at each spaxel inside and outside of the H II region boundaries are
shown in Figure 3.15b for further comparison. The mean o for spaxels inside and outside H 11
regions is quite similar (13 and 14 kms~!, respectively), but the width of the distribution is twice
as large for spaxels outside the region boundaries. We investigate the possibility of shocked gas
at the HII region boundaries by evaluating the [OII[]5007A /Hp ratio. An area with an elevated
line ratio may indicate the presence of shocked gas. To ensure this ratio is evaluated over the same

physical gas column, we define a fixed velocity shift and width for [OIII] and HB in each spaxel
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determined from the Gaussian fit to the lower SNR Hf3 line. Figure 3.16 shows the map of this
line ratio along with contours of elevated velocity dispersion, and as can be seen, the spaxels which
show the highest log ([OIII]5007A /HB) also correspond to the areas of elevated velocity dispersion.
This result indicates that the elevated velocity dispersion observed at the H II region borders is due

to shocked gas.
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Figure 3.12: Maps of velocity shift of the ionized gas in IC 10 measured from Gaussian fits to the
[OIII]5007A (a) and Hp (b) lines at each spaxel for the high resolution “small slicer, R~18,000”
observing mode. Each map is divided into the “North” , “West”, and “East” regions of the observed
field. The purple contours mark the edges of the most compact H II region structures found by
astrodendro. Interestingly, these HII regions predominantly show gas which is blue-shifted
relative to the systemic velocity of 1C 10 while the surrounding diffuse gas more often shows
red-shifted components. SNR >2 is required for these maps, with more spaxels falling below this
cut in HB, but with the velocity fields matching when measured from either emission line where the
SNR is high enough for comparison.
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Figure 3.13: Maps of velocity dispersion of the ionized gas in IC 10 measured from Gaussian
fits to the [OIII]5007A (a) and Hp (b) lines at each spaxel for the high resolution “small slicer,
R~18,000” observing mode. Each map is divided into the “North” , “West”, and “East” regions of
the observed field. The purple contours mark the edges of the most compact H II region structures
found by astrodendro. SNR >2 is required for these maps, with more spaxels falling below this
cut in HB, but with the velocity fields matching when measured from either emission line where the
SNR is high enough for comparison. In particular note the elevated dispersion along the outer edges
of some H II regions.
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Figure 3.14: Thumbnail map of H II region G16 identified in our KCWI observations. The complete
figure set (46 images) is available in Appendix 3D. (Left): Flux maps of the surrounding area.
(Center Left): Velocity shift of spaxels within the H II region relative to the systemic velocity of the
region. (Center Right): Velocity shift of the H II region and the surrounding gas. (Left): Velocity
dispersion within the H II region and the surrounding gas. Regions of elevated velocity dispersion
may be indicative of outflowing gas, particularly when correlated with a velocity shift relative to the
surrounding gas.
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Figure 3.15: Distributions of kinematic properties derived from Gaussian fits to the [OITI]5007A
line at each spaxel. These distributions are seperated into spaxels which lie outside the H II region
boundaries (purple) and inside (cyan). (a): Distribution of AV determined from the Gaussian mean
relative to the systemic velocity of IC 10 (-348km s~ !). The median of each distribution is denoted
with a dashed line, but it should be noted that the distributions are quite broad at the base, in
particular for those spaxels which are not associated with an HII region. (b): Distribution of o,
the Gaussian standard deviation after subtraction of instrumental width. These distributions are
more regularly distributed about their peaks than their AV counterparts and are therefore fit with
Gaussians (solid lines). The mean of the Gaussian fits to the distributions are marked with dashed
lines and are quite similar (13kms~! for spaxels inside HII regions and 14kms~! outside), but the
width of the distribution outside the H II regions is twice as large as can be seen in the annotated
standard deviation of the fitted distribution.
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Figure 3.16: (a): Map of the [OIII]5007A/Hp ratio for spaxels with SNR>2 at the weaker Hf
line. As in Figure 3.3, the purple contours show the edges of the identified H II regions. The dark
red contours show areas with velocity dispersion > 20 kms~! as measured from the [OIII]5007A
line. (b): The [OIIT]5007A/Hf ratio plotted against velocity dispersion for each spaxel with the
same requirement that SNRyg > 2. There is a significant amount of scatter here, but the general
trend is for increased velocity dispersion with higher [OIII]5007A/Hf, which largely coincides
with the edges of the identified H II regions in (a).
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3.3.5.2 Region Rotation

In order to classify the kinematic structure of the individual H II regions we generate AV
maps centered on each region adjusted so the systemic shift of the HII region is 0 km s~!(based
on the mean of the Gaussian fit to the integrated region spectrum). For each region we designate
whether it is rotating both visually and quantitatively. In order for a region to be considered rotating
by eye it must have a bimodality of the velocity shift relative to the region’s systemic velocity shift;
meaning it must have one region of negative shift and one of positive shift. If for example, there is
positively shifted gas surrounded by negatively shifted gas or vice-versa we do not consider that
to be ordered rotation. With this method we find 35% of regions to be rotating, which is likely a
conservative estimate due to the strict visual criteria.

To assign a quantitative rotation criteria we fit the velocity gradient across the region at
different position angles. For each position angle we generate a “fit quality factor” based on the
reduced 2 combined with the steepness of the slope. The maximum value of the fit quality factor is
taken to be the most probable rotation direction and magnitude for that region. If the slope is greater
than a threshold value of 0.57 km s ~'pc~! then the region is considered rotating. This threshold was
determined by assuming an electron density, n. = 100cm > and determining the mass contained
within a region of radius 1pc. Assuming the gas is virialized we then determined the expected
value of velocity dispersion and range of velocity shifts>. With this criteria we find 65% of HII
regions to be rotating. More regions are classified as rotating using this method than the visual
classification which in part is due to restricting our visual classification to regions which only have
one transition between positive and negative velocity shifts rather than based only on the overall
gradient. This restriction is then susceptible to bias from velocity shifts in a small number of pixels
that may be outliers for the H II region, classifying regions as “not rotating” when they do in fact
have underlying rotation. The quantitative method is also free from the inherent bias with all visual

classification and is more easily extended to other samples and studies. Therefore we proceed with

2For an H II region with the average radius of this sample,r = 4 pc at n, = 100cm ™3, the resulting mass Mgy S00M..,.
This is larger than the average mass estimated in the previous section for IC 10’s H II regions, but that simply results in
a conservative threshold for rotation.
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the rotation classification of the quantitative method in further analysis.
3.3.5.3 Virialization

In addition to My, we can also estimate the H II region masses based on the measured
kinematics of the ionized gas by calculating the virial, My;;, and enclosed, Mepc1, masses. However,
these rely on the assumption that the motion of the ionized gas is dominated by the self-gravity of
the region.

For My, the region is assumed to be bound and we apply the virial theorem:

50%r

G

Mi = (3.7

where the factor of 5 is a geometric factor representing the shape of the potential well for a spherical
region. This results in a median My;; = 7.6 X 10° M), orders of magnitude greater than Myyy.
As a second method of estimating the H II region masses kinematically we calculate the

enclosed mass, Mg, for regions that were determined to be rotating.
2
vir
Menc = % 3 8)

where v, is the circular velocity determined from the measured velocity shift, v, at a distance, T,

from the H II region center corrected for the inclination, i:
ve = vsin(i) (3.9)

Assuming a circular region and no preferred inclination relative to the direction of rotation, we take
an average of sin(i) between 0 and 7/2, resulting in a factor of 7. The median Mg, for rotating
regions is ~ 1.0 x 10*M,,, more than an order of magnitude less than M, but still significantly
greater than M.

The more than 3 orders of magnitude discrepancy between Myy; or Mgy, and My;, implies

that, on average, the H II regions are not in fact virialized and the use of the velocity dispersion
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is overestimating the gravitational potential. Furthermore, the measured rotational velocity is also
overestimating the gravitational potential, indicating that rotation is not the dominant cause of

the velocity gradient observed across the H 11 regions. To explore this further we first investigate

.. 2 . . ) )
the virial parameter, o = é%g;, of the HII regions. We determine oy using the HII region

*

radius following the r] P

definition and the velocity dispersion, ¢ measured from the Gaussian fit
to the integrated spectrum. For Mg,s, we use Myy, assuming that the gas in the vicinity of the
identified H II region is fully ionized. The resulting values for o, are shown plotted as a function

of Liomms007 in Figure 3.17 with the resulting o >> 1, falling in the regime of H II regions which

are not virialized.
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Figure 3.17: The virial parameter, i, = plotted as a function of the integrated H II region

Studies of H II regions have often investigated the relationship between the luminosity and
velocity dispersion, the L — ¢ relation, to study the the region dynamics. Rather than finding a
correlation between these two properties for all H II regions, studies typically fit the upper envelope
of the relationship defining the area of the correlation where H II regions in virial equilibrium would
lie (e.g., Arsenault et al., 1990). We compare the identified H II regions in IC 10 to the relationships
measured for the upper L — ¢ envelope in three such studies (Zaragoza-Cardiel et al., 2015; Relafio
et al., 2005; Rozas et al., 1998) as another test of virialization. As can be seen from this comparison

in Figure 3.18, IC 10’s HII regions fall below the envelope fits further supporting the conclusion
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that the H II regions are not virialized and the dynamics are dominated by sources of energy besides

gravity.
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Figure 3.18: Measured Lopyjs007 plotted against ¢ from Gaussian fits to integrated H II region
spectra. The lines show the fits to the upper envelope of this L. — o relationship for other samples
of HII regions. Regions that fall near the envelope are thought to be virialized while those below
the curve are under-luminous for their velocity dispersion. This is the regime where the IC 10
regions fall, further supporting the interpretation that they are not virialized and show significant
non-gravitational motion.

The free-fall time estimate is a useful quantity for regions which are forming stars under
simple gravitational collapse. We have shown that the HII regions of IC 10 are not virialized,
however, and thus the free-fall time may not be the best characterization in this case. The crossing
time, based on the measured velocity dispersion may provide a more useful characterization of the

timescale relevant for an expanding H II region. The crossing time is defined as:

r

Ter = — (3.10)
(o}

The average Te; ~ 2 x 10° yrs for IC 10’s HII regions.

3.3.5.4 Energetics

As outlined in the previous section, the H II regions identified in IC 10 are not virialized, and

the velocity dispersions are therefore not a good estimate of the gravitational potential. To quantify
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the amount of dispersion due to sources other than gravitational motion we generate model spectra
with only rotational motion included for those regions classified as rotating. For this simple model
we sum individual Gaussian profiles at each pixel along the direction of rotation with the center set
by the measured AV, and the width set only by the instrumental width, ~7.5kms~!. The peak flux
of each component of the sum is based on a simple Gaussian flux profile for the HII region. After
each model pixel is summed the total flux is normalized by the measured [OIII]S007A flux of the
region for accurate comparison. These model spectra are then fit with a single Gaussian profile
and the velocity dispersion compared to the measured value for the H II region. The non-rotational
motion in the measured profile is defined as AG = /62, — Gr%lod’ the difference between measured
and modeled. The distribution of Ac is shown in Figure 3.19 along with a cartoon illustrating the
Gaussian components of the model spectrum. The average value for Ac is ~14kms~!, similar to
the sound speed expected in a typical H II region.

We checked the accuracy of this simple rotating HII region model using the software
SHAPE (Steffen et al., 2011). SHAPE allows the user to generate a model with potentially complex
geometry and kinematic structure. We use a spherical geometry with only rotational motion at
the spatial and spectral resolution for each observation. We model this for 3 of our identified
rotating H II regions (H18d, H18e, G16) and compare the velocity dispersion from the SHAPE
model and simplified Gaussian sums. For region G16, we find that the SHAPE model produces
a velocity dispersion 0.3 kms~! greater than our model, in the other two the difference is less
than 0.03 km s~!. With measured spectra producing velocity dispersions ~14kms~! greater than
either model, this discrepancy is negligible. We therefore use the simple model summing Gaussian
components for the full sample of HII regions due to the ease of extending this to a larger sample.

The excess in velocity dispersion that is not attributable to rotational motion can not be
explained by virialization and therefore may lead to expansion of the H II regions. We estimate the
amount of inward, P;,, and outward pressure, Py, in the H II region, with an imbalance indicating

that the region is not in equilibrium with the ISM. As a first order approximation, we estimate the
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Figure 3.19: (a): Illustration of the Gaussian components summed in the simple model of a rotating
HII region. Components are added at each spaxel along the axis of rotation with the flux of the
final profile normalized to the measured spectrum. The width of each spaxel Gaussian is set by
the instrumental width with the centers set by the measured rotational velocity. (b): Histogram of
the non-rotational component of velocity dispersion measured in each of the rotating H II regions

- GI%lOd’
The vertical dashed line shows the estimated sound speed in a typical H II region, cg, treating the

region as an ideal gas with temperature T = 10*K.

where Ac = /02

2 cas the difference between the measured and model velocity dispersion.

outward sources of pressure to come predominantly from thermal gas pressure,

Pyas = 2nkT, (3.11)

internal turbulence in the region,

1
Puusbint = Epcf, (3.12)
and direct radiation pressure,
Ohv
. e 3.13

dir 47'EI”ZC ( )

where Q is the ionizing photon production rate which we can estimate from the integrated [OIII]

luminosity of the H II region:
0= LomA  Liom
~ he  hv

(3.14)

Combining Equations 3.13 & 3.14 results in the formula for direct radiation pressure based on the
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measured luminosity:
~ Liom

= — 3.15
4mric ( )

dir

We use the definition of rT /2 for the radius, r, k is the Boltzmann constant, and c is the speed of
light. We are unable to directly measure the gas temperature, 7, and number density, n, from our
spectra so we use a constant temperature of T = 10*K and estimate n for each region from the
Stromgren sphere approximation resulting in a median n ~ 20cm ™. This is significantly lower than
the ~ 10?>cm > density determined by Polles et al. (2019) from models of infrared cooling lines in
five of the brightest H II region complexes which are also included in this study, suggesting that we
may be underestimating the actual density in the assumption of a Stromgren sphere representation.
To maintain internal consistency with other measured and estimated quantities we will proceed with
density determined from our KCWI spectra with the caveat that this may result in an underestimate
of Pgas and Pyy,. This estimated value of n is combined with the mass of the hydrogen atom to
determine the value of p used in the calculation of Py, jne. The turbulent linewidth, o is evaluated

by removing the thermal sound speed from the measured velocity dispersion, 6; = /02 — ¢2, with

Cs = }/k_T (3.16)
\/ my

The average values estimated for these pressure components are Pgi; ~ 4 x 10~ 4 dynecm—2,

Cq 18 defined as:

where y = 5/3 for an ideal gas.

Pourb,int ~ 1 X 10-1 dyne cm~2, and Pgas ~ 5 X 10-11 dyne cm~2, making Pg,s and Py ine the dom-
inant factors in the outward pressure. One caveat is that the form of direct radiation pressure
used here based on Q is specifically at the ionization front (McLeod et al., 2019). Another often
used method to use the bolometric luminosity of all the stars in the region, which is estimated
as Lyo &~ 138Lyq (or Ly ~ 138L[01H]) (Lopez et al., 2014) in place of Liom in Equation 3.15.
This would increase the impact of Pg;;, while still leaving it an order of magnitude less than Pg,s.
However, there is some uncertainty in the correlation of Ly, ~ 138Ly, based on the age and star

formation history of a region. This could overestimate the bolometric luminosity for a young stellar
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population like that of an H II region (Lopez et al., 2014). Further, there is some disagreement on
whether this definition of radiation pressure traces the force that is actually exerted on the gas, as
this may be lower than the pressure in an optically thin medium like the interior of an H II region
(Pellegrini et al., 2011; Krumholz et al., 2014). Since both definitions produce a radiation pressure
here that is sub-dominant compared to Pgas we will proceed with the definition based on Ljoyyy), but
note that the uncertainty in the definition of Pg;; may result in a less drastic difference in the sources
of pressure.

An additional source of outward pressure that is not included here is the hot gas pressure
observed in X-rays. A diffuse X-ray component is observed in this same region of IC 10 with an
average temperature of ~ 4 x 109K (Wang et al., 2005). Determining the temperature and number
density of the X-ray emitting gas at the resolution of individual H II regions needed to include in
Pou; at this scale is beyond the scope of this study, but it would likely provide a smaller contribution
than Pg,s as found in a sample of 32 LMC and SMC H I regions which show evidence of leakage
of this hot gas (Lopez et al., 2014).

For the inward pressure we combine the contributions of pressure due to self-gravity,
Pyray = GM? /4t (3.17)

where M = My, with external turbulent pressure, Py ext, from the surrounding gas evaluated
following Equation 3.12. We estimate this latter pressure source with G ex¢ €valuated in a 3.5 pc
(3 pixel) border around each H II region with the sound speed removed in the same way as the
internal turbulent linewidth. The density, p used in the external turbulent pressure is the same
as its internal counterpart as we do not have a direct method of measuring the gas density. This
should still provide a reasonable first order estimate that may even be conservative as Polles et al.
(2019) find lower typical densities in modelled zones containing diffuse gas than the bright HII
regions in IC 10. On average the difference (Pyb ext-Frurb,int)» OF the resulting turbulent pressure,

provides an inward pressure which is ~ 500 X Py, due to the compact, low-mass nature of the
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identified H II regions. As shown in Figure 3.20, 89% of the H II regions show Py, > Pj, with on
average Py ~ 3Pj,. As these are all approximations it does not necessarily indicate that a given
H I region exhibiting greater P, will be expanding (and vice versa), but rather that it is likely
that the majority of the H II regions in our sample are expanding into the ISM, especially since
Pout can be considered a lower estimate with the exclusion of the hot gas pressure. This additional
component would increase the inbalance towards greater Py, and increase the likelihood and/or

strength of the H II region expansion.
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Figure 3.20: Comparison of inward and outward sources of pressure in the identified H II regions
with the 1:1 line shown in gray. The inward pressure estimate is a sum of Pyray + Purb ext» While the
outward estimate is a sum Of Pyas + Pyir + Purb,ine- On average Poye ~ 3Pi,, with 89% of the HII
regions showing Pgy¢ > Pjy.

Additionally, there are 6 HII regions where we find significantly elevated velocity dis-
persions at the region boundaries indicating the presence of outflows. These areas of elevated
velocity dispersion are defined and identified using a similar method as identifying the H II regions
described in Section 3.3.1. We use the astrodendro package along with the velocity dispersion
map in Figure 3.13 to identify areas with a peak velocity dispersion > 25kms~! and a minimum of

21kms~!. These regions must also be resolved with a diameter greater than the FWHM measured

from standard star observations. Of the regions identified with elevated velocity dispersion only
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those located at the border of an H II region are considered as potential outflows. These outflows

and the host H II regions are shown in Figure 3.21.
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Figure 3.21: Maps of velocity dispersion of the ionized gas in IC 10 measured from Gaussian fits to
the [OII1]5007A line at each spaxel for the high resolution “small slicer, R~18,000” observing
mode. Each map is divided into the “North” portion of the FoV, the middle row shows the “West”
field, and the bottom row shows the “East” region of the observed field. The purple contours mark
the edges of the H II regions which are bordered by areas of elevated velocity dispersion which may
be due to possible outflows, (outlined in cyan). These potential outflows must have a maximum
velocity dispersion > 25kms~! and a minimum of 21kms~!. SNR >2 is required for these maps

We interpret the regions with elevated velocity dispersion as turbulent volumes. Turbulence
is believed to decay on an eddy turnover time (roughly the crossing time of the turbulent region,
/o), where [ is the linear size of the turbulent region. Using the average properties measured from
these turbulent regions of  ~ 5.4pc and ¢ ~ 25.5kms ™! the turbulence will decay over 2 x 10° yrs,
much shorter than the lifetimes or ages of the H II regions. This raises the question of what powers
the turbulence. We consider three possibilities: expansion of the HII regions causing outflows
through lower density channels; photoionization heating of neutral gas; or stellar winds mixing with

dense gas leading to turbulence.
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In the simplest model we would expect all three of these mechanisms to act outward in a
spherically symmetric zone around the central star cluster. However, H II regions do not typically
exist in a medium of uniform density (e.g., Harper-Clark and Murray, 2009; Rogers and Pittard,
2013). There are holes and channels for outflowing gas to escape, which would produce isolated
areas of increased turbulence rather than covering the entire perimeter, just as we see in these H I1
regions. This non-uniform density can clearly be seen from the irregular morphology of these 6
regions as well as the rest of IC 10’s HII regions.

To first determine whether these regions of elevated velocity dispersion can be maintained by
outflows generated from expansion of the observed H II regions, we compare the kinetic luminosity,
Lyin, inside the star-forming region with the turbulent luminosity, Ly in the potential outflow.

The kinetic luminosity crossing the boundary of the H II region is

. 1 V.
Lyin = Exin = EMHIIVEZ;XP riXP, (3.18)
1/2

where v,y is the expansion velocity of the region defined as the half-width at zero intensity (HWZI)?
of the emission line.

The turbulent luminosity in each elevated dispersion region is determined similarly from
the rate of change of the kinetic energy attributable to turbulence, which we will refer to as Eq, to

differentiate it from the internal H II region kinetic energy above. This is defined as follows:

. 1 o
Lury = Erurs = 5Mt627 (3.19)

where M; and o are the ionized gas mass and velocity dispersion in the potential turbulent region,
measured in the same way as their counterparts inside the H II regions and [ is the average of the
turbulent region major and minor axes. ¢ is measured from the Gaussian fit to [OIIT]5007A and

M, is calculated from the density determined via the Stromgren sphere approximation. This relies

3Note that the HWZI is proportional to the velocity dispersion, o, but is a more physically intuitive way of denoting
the expansion velocity as it captures the full range of velocities contributing to the Gaussian line profile.
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on the assumption that most of the gas in the areas of elevated velocity dispersion is ionized, which
may not be reliable outside of an H II region and particularly for the more extended areas of elevated
dispersion. We may then be underestimating M and thus L.

The second possible scenario for these turbulent regions at the edges of the identified H I1
regions are “‘champagne” or “blister” flows (e.g., Israel, 1978; Tenorio-Tagle, 1979) in which radia-
tion from the central star cluster heats and ionizes neutral gas. This causes an area of overpressure,
resulting in rapid expansion of the gas and could explain the observed elevated velocity dispersions.
We estimate the amount of energy available for this mechanism from the type and number of
ionizing stars in each H II region determined in Section 3.3.3. We take the effective temperature,
T4 for the stellar type from the models of Martins et al. (2005) for O stars and Smith et al. (2002)
for B stars, combined with Wien’s Law to estimate the wavelength at the peak of the black-body
curve. We assume this represents the average energy of the emitted photons. We take the amount of
energy above 13.6 eV as the energy imparted to the electron after ionizing a hydrogen atom. This is
combined with the ionizing photon production rate for the determined stellar type and the number
of stars required, Ngrs. This is 1 except for the case of H16a and M 12 which require multiple O3

stars to produce the measured luminosity:

Lchampagne = (Epeak - 13.6eV) ONstars (3.20)

where Ejeqx is the energy of a photon at the peak wavelength.

The third possible explanation for the observed velocity dispersions are winds from massive
stars. This can result in turbulence at the interface of the hot wind and cold dense gas where mixing
occurs and thermal energy is dissipated (Krumholz et al., 2019). The wind luminosity is described
by the following equation

1

Lwind - E j Vv;z;indN stars (3.21)

where M is the mass loss rate in the stellar wind and Vyi,q is the wind speed. For the BO star in H 1T

region G17, M and V,nq are taken directly from the Smith et al. (2002) models. For the O stars in
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the other 5 H II regions, these quantities are estimated from the stellar mass, M, luminosity, L, and

radius, R, determined in the Martins et al. (2005) models. The wind velocity is then estimated as

Viwind = 3/ 2GM /R, (3.22)

with a maximum mass loss rate of

(3.23)

following Lamers and M. Levesque (2017).

The required Ly, as well as the luminosities available from each scenario to power the
observed turbulence are reported in Table 3.5. It should be noted that each of these scenarios
assumes a spherically symmetric deposition of energy and thus should be multiplied by the factor,
Q, the fraction of a sphere covered by the outflow as seen from the stars, determined from the
ratio of the projected area of the outflow and H II region. If the luminosity available in the outflow
mechanism multiplied by Q is greater than Ly, it indicates that the mechanism could provide
sufficient energy to support the energy dissipated in the turbulent region.

For the three largest regions with potential outflows, H16a, 118, and M12 Ly, Q > Ly
with H16a Ly, QQ ~ 1.5Lyyp, M12 with Lyin € ~ 3Ly, and LynQ ~ Lyyp for 118. However, for
these same three HII regions the early O stars needed to produce the measured Loy produce
estimated Lying and Lchampagne that are greater than Ly,. For region 118 which requires a single
OS5 star, Lyindg ~ 2 X Lgjn While Lying ~ 10 X Ly, for Hl6a and M 12 which require multiple O3
stars. In all three of these H II regions, Lehampagne 18 €stimated to be ~2 orders of magnitude greater
than Ly;,. This scenario of observing champagne flows in the turbulent regions around these 3 H I1
regions is therefore the most likely.

For the three smaller regions, G16, G17, and I17a, Ly;, is not high enough to sustain
the turbulence we see. This is unsurprising as the turbulent regions are comparable in size or
larger than the H II region they border (see Figure 3.21). G16 and I17a both require a single O9

star to produce the required ionization, and the estimated winds from this type of star produce
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Lying€2 ~ 100 — 1000 x Ly, indicating that stellar winds are a possibly sufficient source of energy
to sustain the turbulent regions around G16 and I17a. For G17, none of three scenarios considered
here produce a sufficient amount of energy to support the measured turbulence in the surrounding
region. While these estimates are approximate, this along with the extended nature of the turbulence
around G17 indicate an external source of energy.

Table 3.5: Outflow Properties

‘ Turbulent Region ‘ HII Region

ID radius stellar type c Teddy Lturb Q Vexp Tdyn Lkin Lchampagne Lwind

(pc) ‘(kms_l) (100yrs) (ergs™') ‘(kms_l) (10°yrs) (ergs™!) (ergs™!) (ergs™)
Gl6 2.60 09 27.12 0.35 1.94x10% 030 44.06  0.07 4.08x10% 5.99%x10% 6.31x1038
G17 2.11 BO 22.92 0.11 1.59%x10% 0.19| 44.05 0.05 2.44x10% -2.73x10%° 5.46x 10
Hl6a 10.32 03 25.98 0.11 7.02x10%0.03| 51.65 0.22  3.27x10% 3.06x10% 1.40x1038
I17a 2.56 09 25.31 024 327x10%° 020 51.76  0.06 7.70x10% 5.99x10% 6.31x1038
118 7.02 05 25.19 0.15 2.12x10%0.05| 46.02  0.17 3.84x10% 1.13x10%® 7.04x10%°
Mi12 9.24 03 27.01 0.19 4.79x10% 0.08| 45.17 0.23  1.82x10%7 2.29%x10% 1.05x1038

Note. — Measured properties and estimated energies in the turbulent regions and associated HII regions. a: The
negative value of Lehampagne Tor region G17 is due to the method of estimation (Equation 3.20). The peak photon energy
for a BO star used to estimate the average is < 13.6€V, giving a negative estimate of Lchampagne. This merely indicates
that the turbulent region observed is unlikely to be due to a champagne flow.

3.3.6 Metallicity

The KCWI small slicer, R~18,000 mode observations used throughout this analysis provide
a detailed look at the structure and kinematics of the ionized gas, but the wavelength coverage is
extremely limited. Our supplementary observations in the large slicer, R~900 mode rectify this
shortcoming with coverage from 3500-5500A, at the expense of more limited spatial sampling
and spectral resolution. This wavelength range allows us to estimate the gas-phase metallicity
throughout IC 10. Ideally, the auroral [OI11]14363A line would be used with [OITI]S007A to infer
the electron temperature and metallicity (e.g., Kewley et al., 2019), but this is a very weak emission
line and is unfortunately not detected in our stacked or individual spaxel spectra. Instead, we use
the empirical Ry3 strong line calibration. The commonly used R,3 was proposed by Pagel et al.

(1979) as a calibration with the oxygen abundance as it is less sensitive to geometric factors than
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the [OIIT]/HB ratio alone. It is defined as:

F([O11]3727,3729A) + F([OII1]4959A ) + F([OII1]5007A)
F(Hp)

One caveat with this diagnostic is that it is degenerate, providing two possible values of the

Ro; = (3.24)

metallicity for a given R»3. Another diagnostic ratio is therefore required to determine the correct
solution. These nebular ratios often make use of the [NI1]6584A line (Nagao et al., 2006), but
since this is not in the observed wavelength range we will instead use the line flux ratios utilizing
[OIII]5007A, [OI11]4959A, and the [OI1]3727,3729A doublet; an indicator of the ionization
parameter.

After applying the dereddening correction and DIG subtraction described in Section 3.3.2,
we employ a similar fitting method as for the [OIIT]5007A/Hf line ratio at each spaxel: fitting a
Gaussian profile to the HB line and using the center to define the systemic velocity shift at that
spaxel and the width to define the number of wavelength channels over which to integrate the
emission line fluxes. These fluxes are determined by a direct sum of the flux at that wavelength
channel in the spectrum rather than integrating over the fitted Gaussian so as not to skew the
resulting flux of the [OI1]3727,3729A doublet by the fitting of a single Gaussian. Defining the
same central velocity and line width ensures that each line flux is evaluated over the same gas
column. Any spaxel with a SNR of the [OI1]3727,3729A doublet (SNR{opy)) < 3 is removed from
the analysis. Due to this cut only the “East” (lower left) portion of the field covering the HLL111 and
HL106 complexes of Hodge and Lee (1990) is included here and shown in Figure 3.22, with the
vast majority of this field showing SNRo) > 4.

There are a number of calibrations in the literature utilizing the R,3 parameter, but we will
limit our discussion to just three: the theoretical calibration of Kobulnicky and Kewley (2004)
(hereafter KK04), and empirical calibrations from Pilyugin and Thuan (2005) (PT05) and Nagao
et al. (2006) (NO6). Both the KKO04 and PTOS5 calibrations rely on separate equations for what
are referred to as the “upper” and “lower” branches of the diagnostic, while NO6 uses a single
continuous calibration. All three employ a diagnostic ratio involving one or more [OIII] lines and

[OI1]3727,3729A in addition to R»3.
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The KK04 equations for oxygen abundance on each branch are dependent on R3 as well as
the ionization parameter, q, which is in turn dependent on the oxygen abundance and Os;, defined

as:
F([OI11)49594) + F ([OI11)5007A)
F([0I1)3727,37294)

O3 = (3.25)

Since the equations for oxygen abundance and ionization parameter are dependent on each other this
method requires an iterative solution, but the result converges after a few iterations. The transition
between the two branches is noted to be at 12 +log(O/H) = 8.4. This is slightly higher than the
global metallicity typically measured for IC 10 at 12 +1log(O/H) ~ 8.2 (e.g., Skillman et al., 1989;
Lebouteiller et al., 2012), making the lower branch likely a better match.

The PTOS calibration does not require iteration, with each branch simply being dependent
on the value of R»3 and the line ratio P:

F([0111149594) + F ([0I11)5007A)

" F([OI11]4959A) + F ([O1IT}5007A) + F ([OI1]3727,3729A) (3.26)

For this calibration there is a “transition zone” between 8.0 < 12+1og(O/H) < 8.5 where the lower
branch applies for values < 8.0 and the upper branch applies for values > 8.5. This transition zone
does fall at the expected metallicity for IC 10, so the results from this method should be taken with
caution.

The NO6 calibration, by contrast does not have a separate equation for the upper and lower
branches. The equation for the oxygen abundance is also only dependent on the value of R»3,
however the solution is double valued, relying on the [OII1]5007A/[011]3727,3729A (or other)
line ratio to break this degeneracy. We evaluate the oxygen abundance in our IC 10 field using this
method to determine the most likely solution for each spaxel independently and also by constraining
the solution for the entire field to either the upper or lower portion of the curve, mimicking the two
branches of the KK04 and PT05 methods.

The results for all three calibrations and the branches of each are summarized in Table
3.6 which includes the mean metallicity throughout the field, for spaxels inside detected HII

regions, and for spaxels outside H II regions. The upper branch solutions seem to systematically
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overestimate the oxygen abundance, a not unexpected result given the low global metallicity of
IC 10. The continuous NO6 calibration gives an unrealistic result when the degeneracy is broken at
each spaxel based on the [OIII]/[OII] ratio, resulting in an abrupt jump from low to high solutions
at the edges of H II regions rather than a smooth transition. Even when constrained to the lower
solutions, the NOG6 calibration appears to give less realistic estimates with a ~ 0.9dex lower average
metallicity than the previous estimates for IC 10.

Table 3.6: Metallicity Calibration Results

Method Mean Inside Regions Mean Outside Regions Total Mean

12 +1og(O/H) 12 +1og(O/H) 12 +1og(O/H)

Lower Branch

KKO04 8.14 + 0.01 8.26 +0.02 8.22 +0.02

PTO5 7.76 + 0.01 7.89 + 0.03 7.85 £ 0.03

NO62 7.50 + 0.01 7.53 +0.01 7.52 +0.01
Upper Branch

KKO04 8.85 +0.01 8.79 + 0.01 8.81 = 0.01

PTO5 8.40 + 0.01 8.22 +0.02 8.27 +0.02

NO6? 8.61 £0.01 8.58 £0.01 8.59 £ 0.01

Continuous Calibration
NO6 8.26 +0.03 8.10 = 0.04 8.13 £ 0.04

Note. — Average oxygen abundance derived from the three different
calibrations for the upper and lower branches. The means are derived
inside and outside the contours of the identified H II regions as well as
over all spaxels. The lower branches of the PT05 and KK04 branches
provide the most reasonable solutions for the metallicity given the exist-
ing global measurements of IC 10 which are below the branch transitions.
The results from these two methods likely bracket the true metallicity.
2:The “upper” and “lower” branches of the NO6 calibration are evaluated
from the same equation with the root in the desired range taken as the
solution rather than using the [OI11]5007A/[O11]3727,3729A line ratio
to break the degeneracy.

The lower branches of the KK04 and PTO5 calibrations give the most reasonable re-
sults for the metallicity throughout this field of view in IC 10 with average metallicities 12 +

log(O/H)pt05 1ower ~ 7.8540.03 and 12 +1og(O/H)kko4 lower ~ 8.2240.02. There is a well stud-
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9

ied offset between these two calibrations and it is thought that they span the range of potential “true’
values (e.g., Moustakas et al., 2010; Kewley and Ellison, 2008), making this 0.4dex range a good
indicator of the likely metallicity in this region of IC 10. While the values differ, the variation in
metallicity across the field is consistent between both the KK04 and PTOS results. With both calibra-
tions there is an average ~(0.1dex lower metallicity inside the H II regions than in the surrounding
gas. On average this difference is within the uncertainties, with some areas of higher metallicity in
the diffuse gas being more apparent in the maps of Figure 3.22. This trend is consistent with the
study by McLeod et al. (2019) of two H II region complexes in the LMC in which they find lower
oxygen abundance within the compact H II regions than elsewhere in the complex. The difference in
metallicity in this study is larger than in IC 10, although the authors note that there is a dependence
in their calibrations on ionization parameter (as the MUSE spectra do not cover [OI1]3727A needed
for R»>3) and the abundances may therefore be underestimated in the H II regions. An earlier study
by Russell and Dopita (1990) also found slightly lower metallicity in individual H II regions in the
SMC and LMC (0.1dex and 0.22dex respectively) than the global measurements. Deeper and wider
field observations in IC 10 and other local galaxies are needed in order to form a clearer picture of

the metallicities of H II regions relative to the surrounding gas.
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Figure 3.22: Diagnostic line ratio maps from the “large slicer, R~900” mode observations. Due to
the lower SNR of the [OI1]3727A line only the lower left portion of the field is shown, coinciding
with the “East” field of the high resolution observations discussed in the majority of this study.
(a): Ry3 metallicity diagnostic. (b): O3 line ratio (Equation 3.25) used in the KK04 metallicity
calibration. (c) P line ratio (Equation 3.26) used in the PTOS calibration. (d) Metallicity as
determined by the KKO04 diagnostic. (e) Metallicity as determined by the PT05 diagnostic. The
metallicities are systematically lower than in the KK04 map, but the locations of lower relative
metallicity are consistent. The H II regions identified in the high resolution mode are shown with
the light blue contours (binned to the resolution here) and the locations of known WR stars are
marked with white X’s.
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3.3.7 Diffuse Ionized Gas

A significant fraction of the ionized gas emission in star forming galaxies has been observed
outside of the HII regions in the DIG. Often studies will differentiate the DIG from the star
formation based on the Hox surface brightness. For example, in a sample of 109 galaxies, Oey et al.
(2007) attribute ~60% of the Ha flux to the DIG with no correlation based on the galaxy Hubble
type. Lacerda et al. (2018) on the other hand, propose a system of differentiating the DIG based
on the equivalent width instead. They do find a correlation in the DIG fraction with Hubble type,
with the highest contribution in ellipticals and lowest in late type galaxies, resulting in a similar
average DIG fraction but with a wide distribution, 56% + 38%. Part of the cause for the differing
conclusions from these two large studies is likely due to the two methods of differentiating DIG
from star forming regions.

Before the identification and spectral analysis of IC 10’s HII regions we performed a
conservative subtraction of the DIG contribution based on the choice of a low surface brightness
region free of known H II regions. This resulted in an average DIG contribution of ~21% of the
[OIII]5007A flux per spaxel across the FoV, with only ~1% at the HII regions. Of the total
[OIH]SOO7A flux observed in our FoV, 78% is contained in the H II regions, 20% in the connecting
complexes, and the remaining 2% from the DIG. This is significantly lower than what would be
expected for the overall DIG contribution in IC 10, but our field of view intentionally selected an area
dense with H II regions and complexes. To estimate the flux contribution of these three components
throughout IC 10 as a whole the measured flux is scaled based on the ratio of the number of H I1
regions observed to total identified previously in IC 10 (Hodge and Lee, 1990) and the ratio of area
observed to total area. This reduces the total estimated flux contribution from H II regions to only
26%, complexes to 7%, and increases the estimated DIG contribution to 57% throughout IC 10.
This estimate for the galaxy as a whole is more in line with values seen in previous studies for the
DIG contribution to galaxy flux (e.g., Oey et al., 2007), but highlights the irregular distribution of
HIT regions and DIG in irregular galaxies such as IC 10.

We differentiate the H II regions and DIG based on the ionized gas surface brightness, but
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compare the equivalent width between these areas of emission. Interestingly we find no significant
difference between the distribution of HB equivalent width between spaxels identified as belonging
to an H II region and that belonging to DIG in IC 10. This may be a selection effect of our study.
The high density of HII regions not only gives a small sample of diffuse gas, but also makes it
likely to be more closely associated with the inter-dispersed H II regions than is typical of DIG
studies. However, the DIG in IC 10 may be ionized by different sources than typically observed.
(Hidalgo-Gamez, 2005) finds higher excitation in the IC 10 DIG than for spiral galaxies which they
find can be produced by leakage from HII regions and the large number of WR stars. The gas
throughout IC 10, and particularly in the KCWI FoV, may be more similar to what Lacerda et al.
(2018) refers to as mDIG, or 'mixed’ DIG in which the ionization source is due to a combination
of processes such as emission from an older stellar population in addition to photon leakage from
H II regions. This is consistent with the small difference in metallicity we see between the H 11
regions and surrounding gas in comparison with other studies, as well as Polles et al. (2019) Cloudy
simulations showing matter-bounded regions in IC 10 which would result in escaping photons

ionizing the DIG.

3.3.8 Scaling Relations

In Cosens et al. (2018) we developed a framework to use Bayesian inference via PyStan to
fit the scaling relationships between the properties of local and high-redshift star-forming regions in
the literature. In this study we focused primarily on the relationship between star forming region

size and Hoe luminosity (Lg¢), which takes on the form of a power law:

Lyg = exp(ﬁ)rgump (3.27)

with reump giving the radius of the star forming region and 8 giving the intercept of the fit. The
key model parameter of interest is the slope, a. The value of this slope holds information about
the driving formation mechanism of the star-forming regions. A slope of 7> is often explained by a

region which forms under Jeans collapse and is then well-represented by a Strémgren sphere. On
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the other hand, a slope of 72 is often explained by a region which forms under Toomre instability
and undergoes the fastest mode of Jeans collapse resulting in a different form for the characteristic
mass and size (e.g., Genzel et al., 2011). In Cosens et al. (2018) we found that this r? slope could
also be explained by a Stromgren sphere argument where the ionizing photon production rate is
large enough that the radius of the region is larger than the scale height of the galaxy disk. This
would lead to a non-spherical geometry and an observed relationship of L ~ 2.

Using Bayesian inference provides a number of advantages over standard least-squares
fitting. First, uncertainties in every dimension can be incorporated in the fitting; there is no need to
estimate a single overall uncertainty assigned to one dimension. Second, we can use our existing
knowledge of the scaling relationships between parameters to inform our model through the use of
Bayesian priors. Third, this method reproduces a distribution for each model parameter, allowing
the determination of not only the best fit model, but robust determination of uncertainties for each
model component as well. Using this framework allowed us to perform robust fits to the overall
scaling relationships as well as investigate potential differences in smaller subsamples such as
redshift bins and lensed versus field galaxies. Interestingly, we were able to identify a possible
break in the size-luminosity scaling relationship based on the Xgpr of the star-forming region.

However, a key missing area of the parameter space in our previous investigation was small,

03#73% erg s~1). This sets the limit on the low-mass

low Ly star-forming regions (< 50 pc, < 1
end of the relationship and helps to constrain the intercept when performing fits. One challenge in
interpreting fitting results for sub samples of the local and high-redshift clumps was that the best
fit slope and intercept are not entirely independent parameters. Therefore, missing constraints on
the low-mass intercept of the size-luminosity relationship makes it difficult to be certain whether
a change in slope is really a change in that parameter or just in the lever arm of the fit. With the

proximity of IC 10 and the sensitivity of KCWI we are able to target a large sample of H 11 regions

at this crucial scale.
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3.3.8.1 Size-Luminosity Relationship

While these small, low-mass star-forming regions are critical for constraining the intercept
of the size-luminosity relationship, one must first check that the possibility of stochastic sampling is
not biasing the measured properties. The lower mass limit to avoid stochastic effects is typically
determined to be M, ~ 103M@ (e.g., Hollyhead et al., 2015; Krumholz et al., 2015). Below these
masses random sampling of the IMF can lead to deviations between the actual physical properties and
those determined from photometric measurements. The average stellar mass distribution determined
for the IC 10 H1I regions from the measured [OIII]5007A flux is M, ~ (4 £ 14) x 10> M, with
96% falling below the 10°M,, limit. Further, IC 10’s HII regions are largely consistent with
ionization predominantly from a single O or B type star which will be stochastic by nature. Hannon
et al. (2019) found themselves faced with a similar dilemma studying a sample of ~700 young
star clusters with over 90% below the stochastic limit. They investigate a method of mitigating the
impact of stochastic sampling by stacking the fluxes of individual clusters with similar properties.
These composite clusters no longer fall into the regime of stochastic sampling, but Hannon et al.
(2019) still find results consistent with the individual clusters. We apply a similar check to our
sample, but rather than stacking the H II region spectra, we instead make use of the hierarchical
structure determined from astrodendro which identifies the HII region complexes. Using the
complexes results in a smaller sample than with individual regions, but one that lies above the
stochastic limit with a mean M,~ 2 x 103M,. We do not find any significant deviation in the
trends determined for the complexes vs. the individual H II regions, finding proportional increases
in the mass and luminosity to the increase in radius (e.g., Figure 3.23). The measured properties
of individual regions may show an increase in scatter due to stochastic sampling, but the average
sample properties and trends do not appear to be affected. Therefore we will proceed with the
determination of the scaling relationships using the individual regions in the fitting, but we will
include the complexes in all figures for comparison.

Fitting the size-luminosity relationship using our MCMC framework with just IC 10 HII

3.6

regions yields a slope of Ly o< I jump- The complexes do shift to slightly larger radii than the
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individual HII regions but with a proportional increase in luminosity, placing them along the
same relationship. We also combine these regions with the full sample of H II regions and high-
redshift clumps outlined in Cosens et al. (2018), now including additional published samples of
star-forming regions in the SMC (Kennicutt and Hodge, 1986), LMC (Ambrocio-Cruz et al., 2016),
NGC6822 (Hodge et al., 1989), and local LIRGs (Zaragoza-Cardiel et al., 2017; Larson et al.,
2020). These LIRG studies also make use of astrodendro to identify star-forming regions and
their properties*. Collating all low and high-redshift samples results in a significantly shallower
slope of approximately Ly o< 7°; matching the result of fitting the full sample in Cosens et al. (2018)
and indicating the IC 10 H II regions may be an outlier. The IC 10 fit and entire sample fit are shown
in Figure 3.23, where it can be can see that the IC 10 HII regions lie above the size-luminosity
relation found for the full sample. This is also true of some other local samples, particularly in
more extreme environments such as the LIRGs (e.g. Larson et al., 2020) and turbulent galaxies
(Fisher et al., 2017). Whether the offset of the IC 10 HII regions is then due to improved resolution
breaking the IC 10 regions down into more compact components, or due to a fundamental difference
in the environments of star-forming regions driving scatter in the scaling relationships is not fully
clear. It may be that active expansion of these regions as discussed in Section 3.3.5 leads to the
offset we see here with the H 11 regions currently being under-sized for their luminosity.

The full results of these fits and those described in Section 3.3.8 are shown in Table 3.3.8 for
the intercept, slope, and intrinsic scatter along with their uncertainties. Results of fitting additional

data subsets (as detailed in column 1) are also included for completeness.

4The effective radii, ref, of Zaragoza-Cardiel et al. (2017) are adjusted to match our definition of ri‘ P for a consistent
comparison.
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Figure 3.23: (a): Results of fitting the size-luminosity scaling relationship for IC 10 H II regions
identified in our KCWI observations. (b): Results of fitting the size-luminosity scaling relationship
for IC 10 HII regions (red stars) as well as the rest of the local and high-redshift sample. The IC 10
region complexes are shown for comparison (cyan stars) but are not included in the determination

of the fit.
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Table 3.7: Size - Luminosity Relation Fit Parameters: (Lyq = P rf‘lump)

Sample Subset Criteria Figure a B Scatter (r) Scatter (L) # of Clumps
0.471 0.455 0.154 0.144

IC 10 3.23 3'60%8'8%% 78.812;8?gg 0147;8'%?% 0.15618}% 46
’ 32157005 73,7820 13 0.184 70118 017170113 3858
all comparisons highTgrr - 1.788700% 84.61710317 0.46170317 0.47070319 264
low Espr 296770023 7467070 15 0.14270-002 0.136 0003 3573
3.23 3.00270073 74.800 70192 0.240 70137 0.249 70137 3904
IC 10 & all comparisons highTgpr  3.24 1.84110070 843107032 0.426 70572 0.360" 052 266
low Xgrr 324 27757008 75.57770:056 0.19470-13 0.194 70132 3617

Note. — Results of model parameters determined from MCMC fitting of IC 10 H1II regions and the local and
high-redshift comparison sample for all fits discussed in Section 3.3.8 as well as additional fits to only the comparison
sample (rows 2-4).

3.3.8.2 Xspr break

In Cosens et al. (2018), we found that there was a potential break in the size-luminosity
relationship that divides star-forming regions into two samples: one with high YXgrr and one with
low Xgpr with the break nominally located at a value of Xgpr = 1 Mg, yr*1 kpc’z. Both locally
and at high redshift we found that lower Xgpr star-forming regions followed a size-luminosity
relationship of L ~ r3, while the high Xsrr sub-sample followed a relationship closer to L ~ r2.

In our observations of IC 10’s HII regions, the average size of identified H II regions is
Tavg = 4.0pc with a XgpR ave = 0.20Mg, yr~! kpc=? with only 2 identified H II regions falling above
the spr > 1 Mg yr~! kpc=2 limit. When combined with the full comparison sample this does
still provide some improvements on constraining the size-luminosity relationship at low masses by
reducing the uncertainties on the fitted parameters. The resulting slopes for the two populations

remain consistent with the previous results, with nominal values differing by < 20.
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Figure 3.24: (a): Size vs. Xgpr for HII regions identified in our observations of IC 10 as well
as each comparison sample. These data are divided into high and low Xgpr based on a break at
Yspr = 1 M, yr—! kpc~2(dashed line). (b): Results of fitting the size-luminosity scaling relationship
for these two groups. The low Xgpr subset tends towards a slop of L ~ 3, while the high Xspr
subset produces a slope closer to L ~ 2. The IC 10 region complexes are shown for comparison

(cyan stars) but are not included in the determination of the fit.
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3.3.8.3 Size - Velocity Dispersion

Larson (1981) found an empirical relationship between the size of molecular clouds and
their velocity dispersion that is tied to turbulence in the clouds and ISM. For resolved Milky Way

GMCs in virial equilibrium, Larson (1981) found a relationship:

o=11/°33 (3.28)

where r is the radius of the GMC in pc and o is in kms~!. This has been refined and updated
with expanded galactic (Solomon et al., 1987) and extra-galactic (Bolatto et al., 2008) data sets of
molecular clouds, arriving at slight changes to the scaling but the same basic conclusion that the
line width increases with cloud size approximately o< r'/2. This scaling is typically interpreted as
being due to turbulence in the molecular clouds (e.g., Larson, 1981; Bolatto et al., 2008).

While Larson’s Law is usually discussed in relation to GMCs it may also apply to ionized
gas in star-forming regions if they are in virial equilibrium and exhibit turbulent motions. Wisnioski
et al. (2012) fit this relationship with a portion of the local and high-redshift data sets used in the
present study and find a scaling of & o< %2, but determine that their z ~ 1 clumps are likely not
virialized. We test this now with the addition of local and high-z star-forming regions measured with
IFS observations since the study by Wisnioski et al. (2012). Unfortunately, not all data sets used to
investigate the size-luminosity relationship have spectral information, but it is still a large enough
sample (515 regions) to investigate the presence of a similar size-velocity dispersion relationship.
In fact, we do see a clear trend where the velocity dispersion increases with larger size regions,
except with IC 10, which is still a notable outlier. On their own, IC 10 H II regions do not show any
evidence of this power law scaling, and instead when included significantly skew the resultant slope.

04 using the same MCMC framework

Without IC 10 included we arrive at a relationship of ¢ o< r
as described in Section 3.3.8, in line with the results of Wisnioski et al. (2012) and similar to the
GMC results. However, when the IC 10 HII regions are included, they clearly lie above the size - ¢

relationship found for the other samples as shown in Figure 3.25. Furthermore, including the IC 10
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regions in the fitting reduces the slope to & o< %2 . This further supports the conclusion in Sections
3.3.4 & 3.3.5 that the H II regions identified in this study are not generally virialized. In fact, if we
retain only the component of velocity dispersion due to rotational motion as identified in Section
3.3.5, then the identified H II regions in IC 10 follow the same relationship identified for the rest of
the samples (see Figure 3.25b). There is a significant amount of scatter in the r — o relationship, but
it suggests that rotational motion is a much more significant source of the measured line widths in

the other star-forming regions than in IC 10’s H II regions.

Table 3.8:  Size - Velocity Dispersion Relation Fit Parameters: (¢ = r% p)
Sample Figure a B Scatter (r) Scatter (o) # of Clumps
all comparisons 3.25b O.406f8:8§§ 3.704fH§Z O.444f8:%§2 0.414f8:%2 469
IC 10 & all comparisons 3.25a 0.21670013 10.4427 1075 0.26275-157 0.25770- 17 515

Note. — Results of model parameters determined from MCMC fitting of IC 10 HII regions
and the local and high-redshift comparison sample for the size-velocity dispersion relationship
discussed in Section 3.3.8.
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Figure 3.25: Size vs. ¢ relationship for the star-forming regions in each comparison sample
containing spectral information. The fit is computed using our MCMC framework excluding the
IC 10 HII regions (red stars) and complexes (cyan stars) from the analysis. The mean fit is shown
with the green line while the uncertainty in the fit is denoted by the shaded green region. (a):
Both the IC 10 HII regions and complexes fall above this mean fit, and in most cases above the
uncertainty as well, indicating that these H II regions are not virialized. The complexes lie closer
to the mean relationship while still tending towards higher o for a given size, further supporting
the conclusion that the individual regions are not virialized as the increase in size does not result
in a proportional increase in measured line width. (b): The IC 10 HII regions and complexes lie
along the mean size - ¢ after the excess velocity dispersion determined in Section 3.3.5 is removed.
The excess dispersion was found to be in addition to that produced by rotational motion of the H II
region gas and is therefore likely due to outflows or expansion of the ionized gas.

133



3.4 Discussion

Observational studies of the stars and H II regions in IC 10 suggest that the starburst occurred
relatively recently, likely in the past < 10Myr (e.g., Hodge and Lee, 1990; Hunter, 2001). Clustering
of the young stellar population (Vacca et al., 2007) and similar properties across multiple regions of
the starburst (Polles et al., 2019) indicate a potential common origin for the recent star formation.

In our KCWI observations of the HII regions in IC 10’s central starbursting region, we find
further evidence that these regions are young, with average crossing times < Myr. Feedback plays
an important role in the regulation of star forming environments and the dissipation of material.
There are many forms this feedback can take and their contribution can be estimated from their
energy or momentum input into the ISM. In our KCWI observations, we only observe the ionized
gas and therefore cannot estimate the contribution of every form of potential feedback, but we do
estimate the contribution of two important factors: direct radiation pressure, Py, and warm gas
pressure, Pg,s. Of these two we find the contribution of Py, to be dominant over Py by ~3 orders
of magnitude. It should be noted that radiation pressure is sensitive to the effects of stochastic
sampling of the initial mass function since the majority of the radiation is produced in the most
massive stars. The impact of radiation pressure can therefore be somewhat uncertain in smaller
clusters like those powering IC 10’s H II regions where the stellar population of the ionizing cluster
is not well represented by the assumed IMF. Though, since Py is ~3 orders of magnitude greater
than the estimated Pg;; we do expect radiation pressure to be comparably negligible even if the
estimate is impacted by stochasticity. The same trend with a minor contribution from Pyg;; is also
found in the giant H II region 30 Doradus (Pellegrini et al., 2011; Lopez et al., 2011), a sample of
32 LMC and SMC H II regions (Lopez et al., 2014), and an additional sample 11 LMC H II regions
(McLeod et al., 2019), although to a lesser extent.

The total Py is on average 3 X the inward pressure which is predominantly due to turbulence
in the surrounding gas. The self-gravity of the H1I regions is comparably weak in the compact

H I regions found in IC 10. This is in contrast to results found in the molecular ISM of nearby
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galaxies showing kpc and sub-kpc scale equilibrium between gravitational potential and outward
pressure (e.g., Sun et al., 2020). However, our H II regions observations are on much smaller size
scales, resulting in the average Poy ~ 3 X Pj,, and with 89% of the H 11 regions identified in IC 10
showing greater P, indicating expansion. This is somewhat at odds with theoretical expectations
of feedback effectiveness. For both direct radiation pressure and warm gas pressure, massive stars
are expected to be the dominant source of the required ionizing photons, and thus these mechanisms
are not expected to limit the star formation efficiency in populations with low stellar mass clusters
(< 400Mg, Krumbholz et al., 2019). This may vary by cluster due to stochasticity of the IMF, but
given we find Py, to be an effective counter to inward pressure in the majority of IC 10’s HII
regions this may require further exploration. We should note that discussions of limiting the star
formation efficiency are usually explored in the context of the larger molecular cloud, while we
are limited to studying these mechanisms within the H II regions and therefore cannot directly
measure how much impact these mechanisms will have on clearing gas further from the ionizing
cluster, but this still implies that Py, may effectively limit star formation efficiency in a wider range
of environments than previously expected. This is compounded by another potential source of
expansion in the detection of diffuse X-ray emission by Wang et al. (2005) for which they note a
morphological similarity with the Hoe gas in the region of IC 10 that we observe with KCWI. They
argue that this indicates the hot gas is still confined and may be driving expansion of the surrounding
ionized gas structures. However, the effectiveness of this hot gas in driving feedback is dependent
on leakage and mixing and likely sub-dominant compared to Py, (Lopez et al., 2014).

The stacked spectrum of all the identified H II regions shows further evidence of expansion
and/or outflowing gas, with an underlying broad component to the [OIIT1]5007A emission line
with 6 ~ 35kms~!. Even the regions with evidence of rotation do not seem to have reached an
equilibrium state with the surrounding gas as seen in the ~14kms~! higher measured velocity
dispersions than what would be due to just rotation as well as virial parameters, o >> 1. The
higher velocity dispersions and elevated log ([OIII] /Hf) at the edges of many of the H II regions

indicate that there may be shocks present which could be due to expansion of the region, champagne
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flows, or hot stellar winds mixing with cold gas. Over 35% of the regions show these pockets of
elevated velocity dispersion at or near the edges of the H II region. The velocity dispersions are not
high enough to be produced by shocks in the H II regions themselves as the elevated dispersions are
~2x the sound speed, c;. However, at the H I1 region boundaries the expanding gas may collide
with cold molecular gas in the ISM which could induce a shock. With typical ISM temperatures of
~100K, ¢ would be on the order of 1kms~! for an ideal gas; 20 less than the areas considered to
have elevated velocity dispersion. A previous study of IC 10 ionized gas by Thurow and Wilcots
(2005) also found systematically larger line widths outside of H II regions, but they attribute this
to superposition of different filaments or shells. These IFU observations have similar spectral
resolution to our small slicer, R~18,000 observations, but with KCWI we are able to achieve
3x greater spatial resolution, limiting the potential for superposition of structures with different
velocities. Given that we observe areas of higher velocity dispersion at spaxels with the highest
log ([OII]5007A /HB) we find shocked gas to be a plausible alternative to the superposition of
independent filaments, particularly with the significant improvement in spatial resolution of KCWI
requiring these structures to be aligned along the line of sight on ~few pc scales.

Resolved areas of significantly elevated velocity dispersion (¢ > 25kms™!) were identified
around 6 HII regions with average eddy turnover times Teqay = 1/0 ~ 0.2Myr. The turbulent
volumes around the three largest of these H II regions are most likely caused primarily by champagne
flows, but stellar winds from early O stars could also provide sufficient energy to support the rate of
turbulent dissipation (Ly,p). Two of the smaller H II regions with resolved turbulent volumes at the
border are ionized by lower mass stars with therefore lower rates of ionizing photon production. In
this case we find that stellar winds are more likely to support the observed turbulence and are again
sufficient to support L. One of the six turbulent volumes has an estimated Ly, greater than what
we estimate could be provided by the H II region and therefore is likely due to some external source
of turbulence.

Teddy measured for these turbulent regions is at the low end of the range observed in galactic

scale outflows driven by starbursts (0.1 - 10 Myr; Veilleux et al., 2005). However, the velocity
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measured in these ionized gas outflows, FWHM ~ 61kms~!, is significantly lower than that
measured in galactic winds and outflows from individual star forming clumps in other studies. In
a sample of 25 star-forming clumps located in LIRGs, Arribas et al. (2014) identify outflows in
83% of clumps with typical FWHM ~ 200km s~ !. Similarly, in the Rodriguez del Pino et al. (2019)
study of ionized gas outflows in MaNGA galaxies, finding typical FWHM ~ 350kms~! in outflows
originating from star-forming regions. Both of these studies find significantly higher velocities to
the ionized gas outflows than the IC 10 H II regions which could be due to larger SFR (particularly
in the case of the LIRGs), but they also have ~ 100x lower spatial resolution to what is achieved
in IC 10 with KCWI. These measured outflows may then be due to aggregate measurements of
multiple compact H II regions and outflows. Some of this variation may also be due to biases
introduced by differences in outflow detection methods. Both Arribas et al. (2014) and Rodriguez
del Pino et al. (2019) rely on separating a broad outflow component in the emission line of the
integrated star-forming region spectra while the resolution of this study allows direct detection of
the influence of outflows in the ionized gas surrounding the H II regions. This may then simply
probe more localized, lower velocity outflows than has been possible in previous studies.

The velocity dispersions measured inside the identified H 11 regions are also elevated relative
to what would be expected for a rotating region in equilibrium for all cases showing evidence
of rotational motion. The HII regions we identify in IC 10 tend to be offset from the scaling
relationships found between the region size & luminosity as well as from the Larson’s Law between
size & velocity dispersion. Krieger et al. (2020) find a similar offset to larger line widths for a
given size when comparing molecular clouds in the starburst NGC 253 to clouds in the Milky
Way’s Galactic center, which they attribute to gas that is not gravitationally bound and rather lies in
transient structures. Based on the discrepancies in mass estimates and the young ages of IC 10’s HII
regions, it seems likely that these H II regions are still young enough to be undergoing expansion.
They may then evolve onto the typical size-luminosity and size-velocity dispersion sequences after
reaching an equilibrium state with the surrounding ISM.

The evolutionary stage of the Wolf-Rayet stars in the field of view provide another clue that
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the H II regions which host them are young. Wolf-Rayet stars are a later evolutionary stage of O
stars which occurs before a type I SNe. In general, high mass O stars (> 40M,) evolve to a WN
type WR, then a WC, and then a SNIc, whereas lower mass O stars are thought to not reach the WC
stage and simply explode as a SNIb (Crowther, 2007). Of the eight WR stars in the field covered
by our KCWI observations, four of these fall in an H II region. Two have been identified as WN
spectral types (M24 and T5 in HII regions H16a and M12 respectively), one is identified as an
early WC (R10 in region 118), and the last has not yet been spectroscopically confirmed. Of the
four WR stars outside of IC 10 HII regions, one is a late WN type and the rest are identified as WC.
These stars are located in areas where ionized gas is nearby, but more diffuse and filamentary in
appearance. The locations of these WR stars and their spectral type are shown in Figure 3.26 with
the observed [OIIT]5007A flux and HII region contours. Though this is a small sample, the trend
implies that WR stars in the WN stage could be more likely to be found in current H II regions,
whereas WC types might be more likely found in areas of diffuse gas where an H II region may
have previously been present. This would imply that the star clusters the WN stars belong to are

younger and the surrounding gas has not yet been disrupted.

3.5 Summary

We made use of the highest resolution mode of the Keck Cosmic Web Imager IFS — 0.35”
spatial sampling with 1”7 FWHM and R~18,000 — to study the population of HII regions in our
nearest starburst galaxy IC 10. These high quality IFS observations allowed us to study the spatial
and kinematic properties of the H II regions in detail. We identified 46 individual H II regions in the
central burst of the irregular galaxy with a total SFR~ 6 x 1072 M, yr~!. The average HII region
identified has a size of 4.0 pc, an SFR of 1.3 x 107* M, yr™!, an ionized gas mass My ~ 56 M,
and a velocity dispersion of ~16kms™!.

Over 95% of the identified H II region luminosities are consistent with the ionizing photon
production rate of a single O or B star. 10 of the H II regions (~22%) can be powered by a single B

star, with the lowest luminosity region requiring at minimum a star of spectral type B0.5.
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Figure 3.26: [OII1]5007A integrated flux map with region contours reproduced from Figure 3.3
with marked locations of all known WR stars ("X’) and WR candidates ("+’). The stars designation
is included to the right of the location marker with the WR type in parentheses if it has been
spectroscopically confirmed.

The HII regions appear to be blue-shifted relative to the systemic velocity of IC 10
(~12kms~!) while the diffuse surrounding gas often shows a relative red-shift. Supplementary
KCWI observations with lower resolution and wider wavelength coverage are used to estimate the
oxygen abundance via the KK04 and PT05 metallicity calibrations, both of which make use of the
R»3 strong-line calibration. These estimates yield averages of 12 +1og(O/H)pros jower ~ 7.85+0.03
and 12+ 1og(O/H)kko4 jower = 8.22+0.02 with the “true” metallicity expected to lie within this
range.

IC10’s HII regions have very short crossing times (7., < Myr) and are not virialized
(Qyir >> 1 and My >> Mpy). The measured velocity dispersions in the H II regions are also
too high to be due to rotational motion alone (by ~11-12 kms™!). We see evidence that these

regions are generally still undergoing expansion. The IC 10 H II regions are offset from the scaling

relationships found between the region size & luminosity as well as the size & velocity dispersion
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relationship. As these regions expand they may evolve onto the scaling relationships determined for
the other samples of H II regions and star-forming clumps.

We estimated the contribution of the thermal gas pressure, Py, and direct radiation pressure,
Pyir, to the outward pressure in the H II regions. We find Pg,s to be the dominant force of expansion
in IC 10’s HII regions, being ~3 orders of magnitude greater than Pg;. using the definition of Pg;;
based on ionizing photon production rate. We also find Py, > Pj, in 89% of the H I regions before
accounting for additional expansion from hot gas pressure, a somewhat surprising result given
the low stellar masses estimated for the ionizing stars. Five of the H II regions show evidence of
outflows that may be supported by energy in the ionizing cluster either in the form of stellar winds
or champagne flows. These pressure and energy estimates add further evidence that the H II regions
in IC 10 are young and undergoing expansion into the ISM and suggest that thermal gas pressure
may be a more effective form of feedback than previously expected from low mass clusters.

These high resolution and SNR observations were possible in just 1.5 nights of Keck
observing time. From just this short time we were able to obtain detailed kinematic and flux maps
of a significant number of H II regions. With additional observations the remainder of IC 10’s HII
regions can be observed in the same modes, with deeper observations of the diffuse gas and the
supplementary low resolution mode. More expansive coverage of H II regions and the DIG in IC 10
will allow for detailed study of the kinematic and ionization state differences between these unique
regions of ionized gas. KCWI observations at high spectral resolving power of the remainder of
IC 10 would also double the number of H II regions in this unique starburst environment in which
the impact of different modes of feedback and outflows can be investigated.

A relatively small investment of time with optical IFS’s such as KCWI and VLT/MUSE can
quickly yield a large sample of local star-forming regions in a wide range of environments. The large
field of view and moderate spectral resolving power (R~2000-4000) of MUSE provides an efficient
tool for mapping ionization states of H II regions and the ISM, while the R~18,000 mode of KCWI
can be leveraged for a detailed look at the gas kinematics in compact regions. Utilizing these

powerful IFU’s across a wide sample of star forming galaxies will allow a detailed and statistically
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significant study of how environmental conditions impact the effectiveness of feedback mechanisms
and vice versa; and whether there are age and environmental dependencies when looking at the
scaling relationships. Targeted IFU studies of this kind are already well underway and as a larger
collective sample is built we will be able to better compare these results with theoretical predictions
of feedback and inform new models.

The reduced data cubes used in this study are available by request to facilitate further study
beyond the scope of this project.

We thank the anonymous referee for their comments which helped improve the quality
of this paper. The data presented herein were obtained at the W. M. Keck Observatory, which is
operated as a scientific partnership among the California Institute of Technology, the University of
California and the National Aeronautics and Space Administration. The Observatory was made
possible by the generous financial support of the W. M. Keck Foundation. The authors wish to
recognize and acknowledge the very significant cultural role and reverence that the summit of
Maunakea has always had within the indigenous Hawaiian community. We are most fortunate to

have the opportunity to conduct observations from this mountain.
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(Bradley et al., 2019), PyStan (Stan Development Team, 2017), reproject (Robitaille et al., 2020)
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Appendix

3A HII Region Naming Convention

The previous naming of IC 10 H II regions was developed by Hodge and Lee (1990) where
regions are assigned a number in order of increasing RA. If that region breaks up into smaller
knots then a letter is added after the complex number (e.g., 111a). Throughout the literature this
region identifier is typically preceded by either “HL90” or simply “HL” to indicate the origin of the
identifier. This is a simple and clear way of tabulating the H II regions found in this early study but
there are some significant shortcomings of this system now. One difficulty is in quickly identifying
regions in the Hoe maps as regions are only numbered based on their RA while there can be a large
spread in Dec from one region to the next in the sequence. The other more problematic issue is that
with better resolution and sensitivity one would expect to identify new H II regions and complexes
breaking into more knots. When this occurs there is not a clear way in which to assign an identifier
to these new regions. If the next number in the sequence is assigned to each new region there would
no longer be a clear ordering based on RA, and reassigning numbers to each region with every new
identification would make comparison between studies exceedingly difficult.

We have therefore proposed a new naming convention that we believe addresses these issues
for our study and allows extension to future studies with even wider fields using the grid described
in Section 3.3.1. This numbering scheme simplifies identification of nearby regions in both RA and
Dec as well as extension to a larger FoV. This could be applied to the larger IC 10 H I envelope by
increasing the numbering range in Dec. and extending the RA designation to double and/or negative
lettering (e.g., AA or -A). Fainter H II regions may be identified in already occupied grid squares,
but the next trailing letter in the sequence can be added as these should have lower luminosity than

what is identified here.
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Figure 3A.1: Coordinate grid for proposed H II region naming scheme overlaid on an HST/ACS
image showing the optical extent of the galaxy. H II regions are named based on the lettered column
and numbered row corresponding to their center. This could be extended to the larger H I envelope
of IC 10 by going to larger positive and negative numbers as well as double and/or negative lettering
(e.g., AA or -A). The gold rectangle outlines the region of IC 10 which our KCWI observations fall
in.
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3B Impact of Radius Definition

The choice of how to define the radius of an HII region varies significantly between studies,
and particularly between local and high-redshift studies.

In observational studies of local H II regions there is wide variation in the methods used
to define the size of the region, with this often not being a critical aim of the study. For example,
the Green Bank Telescope H II Region Discovery Survey (HRDS) measures the sizes of 441 HII
regions in the Milky Way by taking the mean of the FWHM of Gaussians fit to the RA and Dec
components of continuum observations (Anderson et al., 2011). In the extensive CALIFA survey of
over 26,000 extragalactic H II regions, a custom procedure called HITEXPLORER (Sanchez et al.,
2012b) (and the Python version PYHITEXPLORER; Espinosa-Ponce et al., 2020) is used to identify
H II regions. This procedure is similar in methodology to astrodendro except that the maximum
expected extent of H II regions is provided as an input constraint. The sizes of identified regions
then tend towards a relatively uniform distribution (Sanchez et al., 2012b), and the authors note that
extracting reliable sizes was not a main goal of their methodology partly due to the resolution of
their observations.

Studies of local GMCs typically use the second moments of the cloud structure to determine
its properties (Heyer and Dame, 2015). Often the geometric mean of the second moments of the
cloud structure (in the direction of greatest elongation and perpendicular to that) is used to describe
the RMS extent of a cloud, ;. An empirical factor is then used to determine the radius of a spherical
cloud, R = no;. This factor was first determined empirically in Solomon et al. (1987) tobe n =1.91
for converting their rectangular regions to spherical clouds and is used throughout the literature to
convert the second moments of a variety of structures to a spherical radius. Rosolowsky and Leroy
(2006) go through the derivation of this factor of 1 for a spherical cloud with a density profile of
p o r~! and determine a theoretical value of v/6 ~ 2.45. They suggest that deviation may be due
partly to the use of CO data to trace the GMC density which is shallower than the actual density

profile due to saturation in dense regions and lack of detection in low density regions. This would
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mean that the “true” value of 1 would lie somewhere between the empirical value of 1.91 from
Solomon et al. (1987) and the value of 2.45 determined from their toy model of a GMC. However,
they recommend continued use of the radius definition from Solomon et al. (1987) in order to
remain consistent with this data set. Since our observations are of ionized rather than molecular gas
we do not use this same factor of 1, and instead assume a Gaussian profile in our determination of
ry P from the second moments.

Zaragoza-Cardiel et al. (2017) combine CO and Ha observations in local LIRGs with
regions identified using astrodenro. They define the radius, r, using the second moments of
the structures in both cases, with the factor of 1.91 from Solomon et al. (1987). They compare
the ratio of this radius to that derived from the area of the full structure, r.s, and find an average
é = 0.86 £0.14. In another sample of local LIRGs with star-forming regions identified by
astrodendro, Larson et al. (2020) use e to define the size of regions. Larson et al. (2020) also
performs a comparison of the astrodendro and CLUMPFIND identification routines finding similar
average radii and SFR, but a narrower range of fluxes for a given radius of star-forming region due
to a lack of local background subtraction.

In studies of high-redshift star-forming clumps, differences in the method used to determine
region sizes are also present, although perhaps less significant due to the decrease in resolution.
Wisnioski et al. (2012) compares the size determined from isophotes of constant flux and from
fitting a Gaussian to the radial surface profile of HII regions. They find 7¢ from the isophotal
method to be systematically larger than ry/, determined via Gaussian fitting, but the luminosities
to be consistent between the two methods. This comes from the emission being dominated by the
higher intensity cores of the HII regions. They argue that |, from Gaussian fitting is a better
defined observational parameter as it is less likely to be contaminated by diffuse emission that could
be significant at high-redshift. Livermore et al. (2012) also compare clump sizes determined by
reff Of CLUMPFIND isophotal structures and from fitting a 2D elliptical Gaussian profile to emission
peaks. They find that using CLUMPFIND for their sample gives 25% larger estimates of size than

from the FWHM of the 2D elliptical Gaussian, but include error bars encompassing both measures.
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They note a smaller deviation between their CLUMPFIND radii and the FWHM of fitted Gaussians
than in Wisnioski et al. (2012) due in part to the use of multiple isophote levels in CLUMPFIND that
does not need to be tuned in the same way as other single isophote methods.

Which of the many possible radius definitions is used has a significant impact on the typical
size of star-forming regions and on the scaling relationships determined from those properties. To
quantify just how much impact the choice of using the pseudo half-light radius (r} /2) definition for
the H II region radii has in this study we perform MCMC fitting with different choices of radius
definition and identification constraint for our sample. We fit the relationship between region size
and luminosity for (1) the IC 10 H II regions alone, for (ii) local samples only, and for (ii1) the full
sample of local and high-redshift H II regions and clumps. These results are shown in Table 3B.

Table 3B.1: Radius Definition Implications

astrodendro Constraint Radius Definition Filtering Niegions Ravg Slopes
(pc) IC 10 Local All Data
i 46 4.0 3.60170471 3.04910022 3.00219:023
e FWHM o r>FWHM 20 5.6 2.972%07%3 3.14770032 3.06770 031
r= Tefi 45 6.8 297970420 304510023 5 9g7+0-020
Fimaj 46 5.1 3.17670:931 2.99970:05¢ 2.951 10051
r > FWHM i 23 6.1 2.8887033% 3.16170058 3.0437503

Note. — Results of model slope determined from MCMC fitting of the size-luminosity relationship for
IC 10 H1I regions and the local and high-redshift comparison sample based on different ways of defining and
constraining the radius of IC 10 HII regions.

Col 1: constraint used in astrodendro to define an independent structure. The top section uses the more
relaxed constraint that the diameter of the region must be larger than the FWHM determined from standard star
observations (this always uses the definition of | P to match the Gaussian fit to the stars PSF). In the bottom row
we require this diameter to be twice the standard star FWHM.

Col 2: radius definition used to determine H II region size; r’f /2 and rqfr used as described in Section 3.3.1, and
Tmaj is determined by converting the second moment in the direction of greatest elongation to the HWHM of a
Gaussian.

Col 3: additional filtering applied to exclude regions from MCMC fits beyond the manual filtering of bad regions
as described in Section 3.3.1

Col 4: Number of HII regions found in IC 10 based on these constraints and filtering.

Col 5: Average radius of IC 10 HII regions.

Col 6 - 8: slope and uncertainty determined from MCMC fitting of the size-luminosity relationship for IC 10
regions only (7), local regions only (8) and all local and high-redshift data (9).

Regardless of our chosen definition for region size, the slope of the local and full sample is
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consistent within < 5%. However, there is a larger difference in the slope of the IC 10 HII region
sample alone. Using the most relaxed resolution constraint in astrodendro and r} P produces
a slope for which the nominal value deviates by 18% from either a stricter resolution constraint
(bottom row) or the definitions of refr and ryyy,; for the region size. Fitting only the IC 10 HII regions,
however, leads to significantly larger uncertainties so the nominal slopes for each radius constraint

are still consistent within the 10 uncertainties.
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3D HII Region Maps
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Figure 3D.1: Thumbnail maps of HII regions identified in our KCWI observations. (Left): Flux
maps of the surrounding area. (Center Left): Velocity shift of spaxels within the H II region relative
to the systemic velocity of the region. (Center Right): Velocity shift of the HII region and the
surrounding gas. (Left): Velocity dispersion within the H IT region and the surrounding gas. Regions
of elevated velocity dispersion may be indicative of outflowing gas, particularly when correlated
with a velocity shift relative to the surrounding gas.
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3E

Additional Tables

Table 3E.1:

H IT Region Properties (small slicer, R~18,000) — [OII1]4959A
Region  AVipria9s9  Ojorrna9so Lio11114959
(kms™!) (kms™1) (103 ergs’l)
Gl16 -5.58 £3.31 16.62+2.93 1.78 £0.43
G17 8.93+£2.00 16.06 4+ 1.30 2.14 £ 042
Hl16a* -9.93 +£2.24 17.82 £ 1.64 3.83 £0.77
H16b* -8.43 £1.51 13.9040.08 27.58 £5.10
H17a* -13.03 +2.85 15.04 +2.41 0.64 £ 0.15
H17b* -11.19 £2.82 11.25 £2.37 1.42 £ 0.37
H17¢* 114.11 =7.08 6.29 + 6.84 0.00 £ 0.00
H18a* -11.98 +1.62 27.70 + 0.57 6.86 + 1.27
H18b -139.53 £ 3.71 13.74 + 3.40 0.12 £ 0.04
H18c 0.06 +8.43 40.66 £ 8.33 0.71 £ 0.18
H18d -16.77 £1.56 19.40 4+ 0.37 6.29 £ 1.17
H18e -13.154+1.52 1540+£0.16 63.51 +£11.76
I16a -443+ 158 10.02+045 12.36+2.34
I16b 1.11 £1.60 11.96 4+ 0.51 1.83 £0.35
I17a* 10.58 3.07 17.33 +2.64 1.64 £+ 0.37
176 -0.75 £ 1.51 12.05£0.03 33.67 +6.23
I17¢* 0.62+1.51 11.96 + 0.08 7.59 £ 141
118 991 +£2.77 1696 +2.32 1.85 £ 041
I19a -18.99 +1.59 23.72 £ 0.50 7.44 4+ 1.38
I119b* 94.05 £ 3.17 10.23 £2.78 0.44 +0.13
JI5 -0234+1.59 14.13 +£047 2.32 +£0.44
J16a -2.57£1.51 17.19 +0.01 1575.00 £ 291.40
J16b -15.57 +£3.22 13.99 4+ 2.83 0.55 £0.15
J16¢c -20.61 +£1.82 13.70 £ 1.01 1.37 £ 0.27
Ji6d -13.21 £1.78 14.29 +0.94 291 £0.56
J17a -10.16 = 1.51 17.10£0.09 71.35 £ 13.20
JI7b 342 +£1.51 13.35+0.10 721 £1.33
J17¢ 491 +£1.69 14.73 £0.75 1.27 £0.24
J17d* -0.09 +1.51 11.754+0.03 36.51 +6.75
J17e  8.05+1.52 12.344+0.19 4.554+0.84
JI7¢  7.52 +£12.41 30.73 £ 1227 2294+0.94
J7g -17.71 £2.03 6.48 4+ 1.36 0.00 £ 0.00
K16 -25.07 £1.86 17.76 = 1.08 2.15+ 041
L11 -298 +£3.67 33.66 + 3.36 2.22 +£045
M11* -17.36 £1.56 7.70 + 0.40 1.87 £ 0.36
M12* -45.03 £1.57 1191 £047 38.69 = 7.22

Continued on next page
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Table 3E.1 — Continued from previous page

Region  AVioria9s9  Ojorinja9s9 L[}om]4959
(kms™1) (kms™1) (103 ergs™1)
M14 -15.74 +£1.99 14.06 &+ 1.29 0.84 +£0.17
Ml6a* -18.22 +1.94 18.99 £+ 1.20 5.37£1.03
Ml16b -5.80+1.53 15.024+0.22 1542 +2.86
Ml6c -9.71 £1.53 16.50+£0.23 63.82 £+ 11.83
Mil6d -0.74 +£1.51 15.85+0.02 15290 + 28.28
N12a* -28.78 £1.74 13.44 + 0.85 3.01 £0.58
N12b* -18.42 £4.73 27.99 +4.51 2.01 £0.46
N13a -18.81 =1.51 10.10 £0.05 79.24 & 14.66
N13b* -20.45 +2.46 18.18 = 1.94 4.25 £ 0.88
N15 -5274+231 31.11 +£1.75 4.18 £ 0.80

Note — Properties of the [OIII]4959A emission line
for HII regions in the small slicer, R~18,000 observing
mode. Spectral properties are determined by fitting a
single Gaussian model to the emission line. Regions
with elevated o in the surrounding gas are identified
with a *.

Table 3E.2: HII Region Properties (small slicer, R~18,000) — Hf

Region AVHB Gng LHB SFRHﬁ
(kms™ 1) (kms™1) (10%ergs™1) (107 Mg yr 1)
Gl6 17.92+2.19 1597 £1.53 3.66 + 0.67 5.62 £ 1.03
G17 2923 +1.99 1681 +124 1.03+0.20 1.58 +0.31
H16a* 10.40 4+ 2.95 20.68 + 2.461144.00 & 205.80 1757.00 + 316.10
H16b* 14.96 +1.55 16.42+0.11 43.12+7.81 66.22 + 11.99
H17a* 17.68 + 191 11.24+ 1.12 114.60 +20.61  176.00 + 31.65
H17b* 27.19+4.09 21.70 +3.78 47.68 + 8.58 73.23 £ 13.17
H17¢* -9751.25 £ 0.00 0.00 +£0.00 41.29 + 7.43 63.41 £ 11.41
H18a* 12.89 4+ 1.78 29.62+ 0.88 40.64 + 7.32 62.42 £ 11.25
Hi8b -2.11+1.72 3.70+1.11 38.82+6.98 59.62 + 10.73
Hi18 162.40+2.09 4.12+1.06 6.11+1.10 9.39 + 1.69
H18d 15.09 +1.96 23.50+ 1.21 14.68 + 2.64 22.55 + 4.06
Hi8 10.59+ 1.56 18.70+0.23 6.34 £ 1.15 9.73 £ 1.76
I16a 16.77+1.73 14.57+0.76 0.98 + 0.20 1.51 +0.31
I16b 21.68+1.67 14.42+0.63 0.68+0.15 1.04 +0.23
[17a* 37914254 14.63+2.01 4.37 +£0.90 6.71 + 1.38
[17b  23.04 +1.54 14.884+0.04 2.78 +0.52 427+ 0.81
I17¢* 23404 1.55 15.234+0.14 1.60 +0.31 2.46 +0.47
[18* 44854190 3.56+ 123 81.26+ 14.64 124.80 + 22.48
[19a 27.094+1.99 2120+ 126 6.36=+1.16 9.77 + 1.77
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Table 3E.2 — Continued from previous page

Region AVHB Gng LHﬁ SFRHﬁ
(kms™1) (kms™!) (10¥ergs™1) (1075 My yr 1)
I19b* 18528 +nan 0.91 +nan  3.48 + 0.65 5.34 +0.99
JI5 2310+ 1.71 17.59+0.74 0.00 & 0.00 0.00 + 0.00
J16a 1931 +£1.54 1947 +0.02 4097 +7.44 62.92 4+ 11.43
Ji6b 1483 +£1.90 11.49+1.10 16.01 £2.97 24.59 4+ 4.56
Jl6c 823+1.89 1691 +1.08 2244041 3.44 +0.63
Jl6d 12.63 £1.69 14.14+0.69 1.55+0.42 2.38 + 0.65
J17a 13.15+1.56 18.80+0.23 3.18+0.61 4.89 + 0.94
J17b 2587 +£1.55 18.16+0.14 449+ 1.15 6.90 + 1.76
J17¢  28.13+1.92 1338+ 1.14 4.32+0.86 6.63 + 1.32
J17d* 2276 £ 1.54 1428 £0.04 1.72+0.38 2.64 +£0.58
J17e 3293 +1.57 15.87+0.30 1.39+0.28 2.13+£0.42
J17f  14.11+3.93 17.39 +£3.59  0.00 + 0.00 0.00 + 0.00
J17g  19.14 £2.09 1842 +1.40 1.59 +0.32 2.44 4+ 0.49
K16 3.06+1.77 1726 +£0.86 2.30+ 0.47 3.54 +£0.71
L1l 120.89 +£nan 0.00 £nan 160.50 +28.87  246.50 + 44.34
MI1* -3304+252 1271 +198 37.43+6.74 57.49 + 10.34
M12* -45.03 +£1.57 11.91 £+ 0.471053.00 & 189.40 1617.00 & 290.90
M14 1533 +£198 1216 +£1.24 4.56+0.93 7.00 + 1.42
Ml16a* 1624 +2.48 27.71+1.94 71.69 + 12.90 110.10 + 19.81
M16b 16.99 4+ 1.58 16.10 +0.33 4.14 +£0.75 6.35 £ 1.15
Ml6c 1323+ 1.61 19.09+0.45 0.87 £0.20 1.34 £ 0.30
Mi16d 20.07 +1.54 17.554+0.03 3.42 +0.63 5.25 4+ 0.97
NI12a* 2.10+2.05 12414135 29.75+5.36 45.69 + 8.23
N12b* 2.734+530 2049 +5.07 1.48+0.30 2.28 4+ 0.46
Ni3a 4.87+154 13214+0.09 7.51=+1.36 11.53 £2.09
N13b* 10.81 £2.10 19.56 +1.44 3.80+0.84 5.83 +1.29
N15 1579 +2.03 19.66 + 1.30  0.00 + 0.00 0.00 + 0.00

Note— Properties of the HB emission line for HII regions in the small slicer,
R~18,000 observing mode. Spectral properties are determined by fitting a
single Gaussian model to the emission line. Regions with elevated o in the

surrounding gas are identified with a *.

Chapter 3, in full, is a reprint of the material as it appears in The Astrophysical Journal 2022.

Cosens, M., Wright, S. A., Murray, N., Armus, L., Sandstrom, K., Do, T., Larson, K., Martinez, G.,

Sabhlok, S., Vayner, A, and Wiley, J., The Astrophysical Journal, 929, 74, 2022. The dissertation

author was the primary investigator and author of this paper.
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Chapter 4

Liger for Next Generation Keck AO: Filter
Wheel and Pupil Design

Abstract

Liger is a next-generation near-infrared imager and integral field spectrograph (IFS) for the
W.M. Keck Observatory designed to take advantage of the Keck All-Sky Precision Adaptive Optics
(KAPA) upgrade. Liger will operate at spectral resolving powers between R~4,000 - 10,000 over a
wavelength range of 0.8-2.4um. Liger takes advantage of a sequential imager and spectrograph
design that allows for simultaneous observations between the two channels using the same filter
wheel and cold pupil stop. We present the design for the filter wheels and pupil mask and their
location and tolerances in the optical design. The filter mechanism is a multi-wheel design drawing
from the heritage of the current Keck/OSIRIS imager single wheel design. The Liger multi-wheel
configuration is designed to allow future upgrades to the number and range of filters throughout
the life of the instrument. The pupil mechanism is designed to be similarly upgradeable with the
option to add multiple pupil mask options. A smaller wheel mechanism allows the user to select
the desired pupil mask with open slots being designed in for future upgrade capabilities. An ideal
pupil would match the shape of the image formed of the primary and would track its rotation. For
different pupil shapes without tracking we model the additional exposure time needed to achieve
the same signal to noise of an ideal pupil and determine that a set of fixed masks of different shapes

provides a mechanically simpler system with little compromise in performance.
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4.1 Introduction

Liger is a next generation adaptive optics-fed integral field spectrograph (IFS) and imager
being designed to utilize the upcoming Keck All-Sky Precision Adaptive Optics (KAPA) upgrade.
Liger will provide improvements over existing instruments, operating at spectral resolving powers
up to R~4,000-10,000 over a wavelength range of 0.8-2.4um. The Liger imager will provide a
10mas per pixel plate scale with a field of view of 20.4x20.4 arcseconds. The design of the Liger
imager draws on the heritage of the existing OSIRIS imager (Larkin et al., 2006; Arriaga et al., 2018)
at Keck while the spectrograph is adapted from the extensive design work done for the InfraRed
Imaging Spectrograph (IRIS; Larkin et al., 2016), the first light instrument for the Thirty Meter
Telescope (TMT). The Liger IFS will be a duplicate of IRIS and become a pathfinder instrument for
it’s development, while the imager is being custom designed for Liger. A more complete overview
of the Liger instrument is provided in Wright et al. (2020).

Here we present the design of the Liger filter wheel and pupil stop. The imaging camera
serves as the reimaging optical system for the spectrographs, so these elements (as well as the rest
of the imager optics) will be simultaneously used by the spectrograph. This allows for improved
AO correction in the imager as well as improvements in masking the thermal background for the
IFS by making use of the larger pupil located in the imager. The key requirements for the design of

the filter and pupil wheels are listed in Table 4.1 below.

4.2 Filter Wheel

The design of the filter wheel draws from the heritage of the OSIRIS imager upgrade
(Arriaga et al., 2018), but is expanded to provide a significant increase in the number of available
filter slots. In order to provide a sufficient number of filter slots and fit the volume of the Liger
cryostat, we make use of three stacked filter wheels. Each wheel has it’s own dedicated motor,
switches, and detent, but follow the same design. A model of this three wheel design is shown in

Figure 4.1.
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Table 4.1:  Filter and Pupil Wheel Requirements

Parameter Value

Operating Temperature 77K
Operating Pressure 107> Torr
Shock Load 4g (+ gravity)
Resonant Frequency to Avoid 8 —80Hz
Time for Configuration Change 30 seconds

Filter Wheel
Minimum of Filters 42
Filter Diameter 1.5in
Filter Tilt 3° parallel to bench
Clear Aperture 36 mm
Repeatability (radial) 1.5mm

Pupil Wheel
Positioning Tolerance (radial) 150 um
Positioning Tolerance (along beam) 2mm

Each wheel consists of 18 filter slots for a total of 51 available slots (1 slot per wheel will
need to be a clear aperture). Each filter will be placed in a cylindrical housing sandwiched between
3.5mm spacers assembled so as to give each filter a 3° tilt. This complete filter assembly is shown in
Figure 4.2a and will be mounted to the filter wheels as a complete unit. The position of each wheel
is determined by a set of six binary switches, with each filter position corresponding to a unique
combination of open and closed switches. A corresponding “switch activator ring” is attached to
each wheel with slots for the needed “open” positions. A detent with an independent arm for each
wheel aids in holding the wheels in a stable position after they are moved to the desired slot and the
stepper motors are turned off.

The front wheel will be located 50 mm behind the pupil plane at which point the beam will
be 25.8 mm in diameter. The exit of the last filter wheel is ~ 43 mm behind this point. The beam
diameter by this point will be 29.4mm. We will be using 1.51n (38.1 mm) filters mounted with a
retainer of diameter 36 mm. The filters are held with a 3° tilt, making the projected clear aperture
area 35.95mm. This leaves 3.28 mm radially for tolerance in positioning (with greater tolerance

at the first two wheels) before vignetting will occur. The stepper motors being used to position
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Figure 4.1: Model views of the full Liger filter wheel assembly. There are 18 filter slots per wheel
with one reserved for a clear aperture. (a): Full assembly with transparent housing to show internal
components. The motors for each wheel are mounted at the top of the housing on the opposite side
with individual spur gear assemblies (see Figure 4.2b) interfacing with the wheels. A stack of three
detents are located in the bottom right (see Figure 4.2¢). These detents will provide enough force to
hold the filter wheel in a stable position during operation of the imager. Along the right side and
bottom of the filter wheel are six stacks of switches which will indicate the position of each wheel.
The rectangular tabs route the cables from the switches to the feedthrough at the top of the housing.
(b): Photo-realistic rendering of the filter wheel model. The production version will differ in that
the housing and any components in the beam path will be painted black to reduce scattered light.

the wheels have a step angle of 1.8° and a step accuracy of 3%. With the gear ratios discussed
in Section 4.2.1 and filters located at a radius of 145mm, this results in a positioning accuracy of
0.2mm radially from the center of the optical beam. There then remains 3.08 mm in tolerance for

the manufacturing and positioning of the wheels.
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(d) Filter Assembly (e) Spur Gear Assembly (f) Detent Assembly

Figure 4.2: Close up views of key components of the Liger filter wheel. (a,d): Mounting assembly
for individual filters; this is similar to the design currently used in the OSIRIS imager expanded for
larger 1.5 in filters. Spacers (black) with a 3° tilt are placed on either side of the 1.5 in diameter filter
(transparent orange) inside the housing. These are held in by the retainer ring which also secures the
assembly in the filter wheel. The direction of the tilt is set by aligning notches cut into the spacers
and retainer ring and inserting a pin to prevent rotation. (b,e): Spur gear assembly which will be the
interface between the stepper motors and the filter wheels. The pinion will be directly coupled to
the stepper motor shaft with the larger gear mated to the gear teeth on the filter wheel. Ball bearings
are pressed into the housing (dark grey) on each side of the assembly to support the shafts. Since
the three filter wheels are stacked, aluminum spacers will be used to set the height of two of these
assemblies. (c,f): Detent assembly with three independent arms to maintain accurate positioning of
the filter wheels. The spring connected to each detent arm will be compressed by at least 0.08in via
the threaded spring housing (dark green) on the back of the detent in order to provide the proper
amount of force to prevent the wheel from slipping. The roller bearings are where contact will be
made with the filter wheels so that they are able to rotate when the stepper motors are active.
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4.2.1 Motor and Gearing

If we assume a filter change should be completed in 10 seconds for an initial calculation,
then we would require a rotation speed of ~6 rpm at the filter wheel. Generally, the rotation speed
from the motor is dependent on the current provided and torque required, but this is a low torque
application that should not put any significant strain on the motor. As a starting point to design a
gear train we assume a nominal output speed of 150 rpm. This requires a significant speed reduction
and gear ratio of 25:1, requiring more than a single interface. We therefore design a simple assembly
making use of a 15 tooth pinion and a 36 tooth idler gear. The idler gear then interfaces with the
334 tooth filter wheel. We check for interference making use of the following equation (Budynas

and Nisbett, 2011) for the minimum number of teeth needed on the pinion:

2k

Ny=——5—
P (1 +2m)sin%¢

<m+ \/m2+(1+2m)sin2q)) (4.1)
where k = 1 for full-depth teeth, ¢ is the pressure angle (20°), and m = Ng/N,,, the ratio of teeth
on the gear and pinion. The interface between the pinion and idler gear gives a minimum number
of teeth on the pinion of 14, so the 15 tooth pinion will not lead to interference. For the second
interface between the idler gear and filter wheel the minimum number of teeth on the idler gear is
16, so the 36 tooth idler gear does not lead to interference here either. If we were to remove the idler
gear, we would have m = Ng/N, = 334/15 resulting in a minimum of 17 teeth on the pinion to
avoid interference. Therefore, the idler gear is required to maximize the speed reduction and avoid
interference. It should be noted that this achieves a gear reduction of ~22:1, but further reduction
would require a more complex mechanism to avoid interference. With this ratio the motor would
need to be driven at an acceptable 140 rpm in order to achieve a wheel rotation speed of 6 rpm.
The assembly of these spur gears is shown in Figure 4.2b and included in the full filter wheel
assembly of Figure 4.1. For the two wheels further from the mounting plate, simple spacers and

shaft couplings are used to align and mate the gears with the motor and filter wheels.
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4.2.2 Detent

In order to maintain stable positioning of the filter wheel after moving to the correct slot,
as well as repeatability over time, we make use of a detent and corresponding catch ring for each
filter wheel. The mechanism consists of a lever arm pinned at one end with a spring attached
near the other end pushing the arm into the catch ring. A ball bearing is attached to the lever
arm providing the physical interface to the catch ring in order to allow the filter wheel to rotate
when the stepper motor is activated. The detent assembly consists of three lever arms and springs
which independently interface with the filter wheels. In order to fit a stack of three detents without
interference with the other wheels, bearings 1/4in larger in diameter were required than in the
OSIRIS counterpart. This increased the space radially between the point of contact with the wheel
and the rest of the detent assembly, allowing the switch activator rings of each filter wheel to pass
between the separated bearings while keeping the design of the detent arms consistent with the
OSIRIS imager upgrade. A model of the stacked detent is shown in Figure 4.2c, and the interface
between this mechanism and the filter wheels is shown in Figure 4.3.

The spring selected for the detent mechanism must provide enough force to the filter wheel
to prevent slipping but not forward driving from the motor. In order to determine the range of
potential springs we first calculate the amount of torque needed to prevent the filter wheel from
slipping due to mass asymmetries. Based on a solid model of the rotating components of the
filter wheel the center of mass is located at a distance of 0.271in from the center. This produces a
maximum torque of 290z * in when it is at 90°.

A standard spring should not reasonably prevent the stepper motor from moving the filter
wheel, but we calculate this upper limit as a sanity check. At the motor speed of 140 rpm determined
in Section 4.2.1, the output torque should be ~ 310z xin. The second spur gear in the assembly

described above is an idler gear so the torque transmitted to the filter wheel is simply dependent on

the ratio of the filter wheel and pinion radii: Ty jee; = 2L Tppor0r. This results in T,pee; ~ 6900z * in;
P

r

setting the upper limit of the torque that could be applied by the detent while still allowing rotation

of the filter wheel by the motor.
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Figure 4.3: Filter wheel model showing the interface between the wheel and the detents. The detent
is planar with the black catch ring which will be attached to the main wheel. This ring has notches
cut into the perimeter which correspond with each filter position. The bearing on the detent arm
will rest in this notch with the spring providing enough force to prevent the wheel from slipping
when holding a set position.

Based on the location of the detent and a spring compression and angle of contact between
the detent and wheel along with an initial assumption for the spring compression of 0.11n, this
results in a required spring constant, k, between 5.2 — 124.11brin~!. We therefore choose a spring
with k = 18.031bgin~!, requiring ~ 0.35in of compression (~ 3x the assumed minimum). As
expected, this will not interfere with movement of the filter wheels when the stepper motors are

active. Further, we can assume ~ 10% loss in spring constant over time. This would lower the

actual spring constant to k = 16.231b;in~!, still well within the allowed range.
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4.2.3 Load Analysis

The filter wheel mounting must be able to endure not only the static load under gravity,
but also an additional 4g of shock load that may be experienced during shipping and/or operation.
The stress experienced in the mount was checked both analytically and computationally using the
SOLIDWORKS Simulation tools.

First, during normal operating conditions with only the static load due to the weight of the
filter wheels and housing, the stress throughout the filter wheel must be less than the yield strength
of the material (Sy = 276 MPa for aluminum) and the deflection must be small enough that there is
no vignetting of the beam. This is first checked analytically by approximating the area over which
the load is experienced with the width of the bracket (160mm) and its thickness (20mm). The
first-order approximation of the stress is then simply ¢ = F/A where A is the area of the beam, and
the weight of the wheel under gravity provides the load, F. This results in ¢ = 53kPa << Sy. This
is a rough approximation of the stress in the aluminum bracket, but indicates the result is nowhere
near the yield strength of the material. More accurate modeling is performed in SOLIDWORKS,
particularly to identify areas of stress concentration such as the mounting bolts.

The second requirement for stability is that the deflection of the filter wheel and mounting
bracket under its own weight is small enough that there is no vignetting of the beam. This is
estimated by approximating the mounting bracket as a beam with one fixed end and a bending
moment at the other. This bending moment is caused by the weight of the wheel acting at the
assemblies’ center of mass 23.6 mm away from the mounting bracket. The maximum deflection
at the end of the beam is given by the formula dpax = %TLIZ where L is the height of the bracket,
E = 68.9 GPa, the Modulus of Elasticity for aluminum, and I is the moment of inertia of the cross-
section. This resulted in a 8y,x << 1 mm, and therefore the design of the bracket is not a concern
unless a stress concentration shows in the SOLIDWORKS Simulation or the connection between
the bracket and wheel causes excessive deflection.

Next, the stress and deflection experienced throughout the filter wheel mounting is simu-

lated with a simplified version of the model where just the mounting bracket and wheel housing
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components are included. The remainder of the assembly is approximated by including the weight
of the filter wheels as three remote masses located at their centers of gravity. The fasteners between
the model components are included with the required pre-load for their size and the contact radius
of the corresponding washer. SOLIDWORKS then evaluates both the stress and deflection under the
supplied loads. This is first performed with only the static load due to the weight of the assembly
(including the force input for the weight of components excluded in the simplified model). The
highest stress in the model is located under the M8 bolts between the filter wheel housing and
mounting bracket, but still gives Omax < 2Sy, meeting the required factor of safety of 2 (Figure 4.4).
The inclusion of an oversized washer under the bolt in addition to the belleville washer provides an
added reduction in the stress. The deflection of the model is also evaluated in this simulation, and

as can be seen in Figure 4.4, this is below 1 mm throughout.
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Figure 4.4: SOLIDWORKS Simulation results for stress (LEFT) and deflection (RIGHT) of the
filter wheel housing and mounting bracket under static load due to gravity. The stress is below yield
everywhere and the maximum deflection is < 1 mm.

The filter wheel must also be able to withstand an additional 4g load during shipping and
operation. This is simulated by adding an additional source of loading to the simulations. A load of
5g was added in each direction (individually) for an additional factor of safety and to incorporate

the possibility for the assembly to be oriented in different directions during shipping. With the load
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added in the y-direction (adding to the weight of the filter wheel assembly), Opax 1s still <2Sy (see
Figure 4.5), and deflection is < 0.1 mm at the location of the filter window. The maximum stress
is at the same location and amount as in the static case, meaning that the pre-load on the bolt will
be the largest contributor of stress and the load of the filter wheel itself and any impact load will
be well distributed and well tolerated. Adding the 5g load on the side or back of the filter wheel
mounting plate results in a similar Gmax ~ 125MPa at the M8 bolts. This is still < 2Sy and should

not result in damage to the mount.
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Figure 4.5: SOLIDWORKS Simulation results for stress (LEFT) and deflection (RIGHT) of the
filter wheel housing and mounting bracket under a 5g impact load in addition to its own weight.
The stress is below yield everywhere and the maximum deflection is < 1 mm.

4.2.4 Modal Analysis

The instrument requirements from the Keck Observatory list frequencies that can be expected
in the range of 10 — 40 Hz during shipping and 8 — 80 Hz during operation, so the resonant frequency
of the mechanism should be at least > 80Hz. A frequency analysis was run in SOLIDWORKS
Simulation using the same simplified model as the load analysis with only the filter wheel mounting
components and housing in order to estimate the resonant frequencies. The mass of each wheel is

again added as a remote load offset from the mounting point with the force of gravity included. The
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simulation was run searching for the first five frequency modes with the results in Table 4.2 along
with the mass participation factor for each mode.

Table 4.2: Frequencies and mass participation for the first five modes of the filter wheel mounting

Mode Frequency (Hz) Mass Participation (%)
X-direction Y-direction Z-direction
1 151 3 0 0
2 93 0 11 7
3 107 5 0 0
4 132 0 0.1 20
5 202 0 0 0.1

The frequencies determined in the simulations meet the requirement to be > 80 Hz. However,
it should be kept in mind that this is a simplified model that leaves out the internal components
mounted to the filter wheel housing, but also leaves out the rest of the instrument and cryostat which
should provide a significant amount of vibration isolation for sources outside the instrument.

It can be seen in Table 4.2 that the SOLIDWORKS frequency analysis gave the somewhat
unexpected result that the first modal frequency is higher than the next three. This seems to be due
to the inclusion of loading in the form of gravity and remote masses for the three filter wheels. With
no loads on the simplified filter wheel assembly, the first modal frequency is at 127 Hz with the next

four increasing in frequency.

4.3 Pupil Wheel

Unlike our predecessor, the OSIRIS imaging camera, the Liger pupil masks will be held in a
dedicated mechanism at the pupil plane rather than being included with the filter wheel. The pupil
wheel contains slots for seven unique pupil masks as illustrated in Figure 4.6. The overall design
of the pupil wheel will mirror that of the filter wheel; making use of the same motor and switches
along with a similar detent mechanism. However, the positioning of the pupil masks requires higher
precision than the filters and therefore some additional components will be needed. In addition to

a detent arm keeping the wheel from slipping, the wheel will be pinched between spring loaded
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bearing mechanisms at three locations in order to keep it planar (see Section 4.3.2).

Figure 4.6: Model view of the current design for the Liger pupil wheel assembly with a photorealistic
rendering on the right. The same motor as the filter wheels is mounted at the top right with a unique
spur gear assembly. A single detent is located in the top left which is a more compact version of the
one in the filter wheel. Four switches and the three spring loaded bearing mechanisms shown in
Figure 4.10 are located around the perimeter of the wheel. The rectangular tabs route the cables
from the switches to the feedthrough at the top of the housing. Potential standard pupil masks are
shown in six of the seven available slots: two each of the annular, hexagonal, and matched hexagon
(matched to the edges of the primary mirror) patterns, while a transparent blue aperture denotes
a slot for the vector-APP coronagraph. The exact pupil masks that will be used have yet to be
determined.

A set of standard masks are currently planned to be used in conjunction with the pupil wheel
following the inscribed circle, hexagonal, and matched hex shapes, optimized to the short and long
ends of the Liger wavelength coverage, as well as specialty masks such as a vector Apodizing Phase
Plate (vector-APP) coronagraph. This unique type of coronagraph is designed for use at the pupil
plane to provide an increase in contrast for directly imaging exoplanets by creating a dark hole in
the point-spread-function (PSF) of the host star (Snik et al., 2012). Each of these masks will be

mounted to the pupil wheel in a standalone case with two alignment tabs as shown in Figure 4.7.
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These tabs will be used to perform small shifts in the position of each mask in order to meet the

required 150 um radial positioning tolerance.

Figure 4.7: LEFT: Model view of pupil wheel components with pupil masks installed. RIGHT:
close-up view of the mounting for a single pupil mask with the corresponding alignment hardware.
The light gray aluminum “U”-shaped brackets on each side are fastened to the wheel and the three
set screws are used to push the tab on the dark gray pupil mask holder in order to achieve the
correct alignment. When each mask is aligned these brackets and set screws are removed leaving
the components shown on the left.

The use of a dedicated mechanism to house the pupil masks allows the possibility of adding
rotating masks rather than fixing their orientation. This would add significant complexity to the
design, so we therefore performed a trade study to determine the signal-to-noise gains of this

functionality.

4.3.1 Pupil Simulations

We simulate the background noise difference between using a mechanically fixed pupil mask
and a rotating pupil to match the field rotation on sky. We use the Keck pupil plane simulations

from Arriaga et al. (2016) which give a model of the throughput and background emission as a
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function of position as the basis for this study. These models were developed using images from
the pupil-viewing mode of NIRC2 with the Kp (A ~ 2.124um), PAH (A ~ 3.290um), and Br-
(A ~ 4.052um) filters; we limit this analysis to the Kp filter as PAH and Br-« fall outside the
wavelength coverage of Liger.

The pixel scale was updated to the 10mas scale of the Liger Imager. Masks were generated
in the large-hex, inscribed circle, and matched hex shapes to calculate the Signal-to-Noise Ratio
(SNR) with different mask configurations. The dimensions of the masks were also taken from the
optimization of Arriaga et al. (2016). The SNR was calculated with a mechanically fixed mask
(giving relative rotation between the image pupil and the mask) as well as a rotating pupil mask
which would counter this relative motion keeping the orientation of the image pupil and the mask
fixed. The “signal” in these simulations is simply a value of 1 x(exposure time) wherever the mask
is not present. Therefore the relative SNR between the rotating and fixed pupils is the important
parameter. In order to quantify this we evaluate the additional integration time needed with a
mechanically fixed mask to reach the same SNR as a mask that rotates. This additional time is
reported in Table 4.3 for a reference exposure time of 600s. In order for this to be an accurate
representation of the difference between the two scenarios we take into account the affects of pupil

mask misalignment and pupil nutation which we discuss in more detail below.

Table 4.3: Additional exposure time needed with a fixed mask to reach the SNR of a 600s integration
with an ideal rotating pupil mask.

Mask |Elevation (°)/Additional Exposure Time (s)

inscribed 30 25
circle 50 35
80 25
30 30
hex 50 30
80 45
30 30
matched 50 35
80 65
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In images taken with the NIRC2 pupil viewing camera (Figure 4.8), it is clear that there is a
slight misalignment between the mask and the pupil image. This misalignment is expected to be
present in any system due to the very fine precision needed to perfectly align the mask and to then
keep it aligned over time while moving different masks in and out of the beam (particularly if the
mask is to rotate). We add a conservative relative offset of 4.5cm at the plane of the primary mirror
between the mask and the pupil image in our simulations to match that seen in Figure 4.8. This is
equivalent to a 0.1mm misalignment at the pupil plane. The real system may have a larger offset

than this over time after repeated cycles of changing pupil masks.

open ncircle smallhex
|

mediumhex largehex fixedhex

Figure 4.8: Images taken in March 2019 with the NIRC2 pupil imaging camera in the Kp filter after
the most recent upgrade to the instrument showing the relative alignment between the pupil stop and
the telescope pupil. All images were taken with the dome closed except for the bottom right. We
match the offset seen here to define the alignment accuracy of the pupil masks in our simulations.

The other affect we incorporate into these simulations is nutation of the pupil, which is
dependent on the elevation of the telescope and the AO K mirror rotation angle. This results in
an offset between the pupil image and the nominal location of the pupil mask. The affect is most
pronounced at large elevations where there is a higher rate of field rotation. This diminishes the
effectiveness of a rotating pupil mask in the regime where it would otherwise be the most useful. In
order to quantify the expected offset between the pupil and mask center, we make use of observations

performed with the pupil viewing mode of the OSIRIS imager. Exposures of the telescope pupil
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without masks in place were taken at a range of telescope elevation and rotator angles. The center
of the telescope pupil on the OSIRIS detector is determined from these images and converted to
position in cm at the plane of the primary mirror. For elevation angles above 60°, we determine
an offset of (10, 8.5) cm in (X,y) at the plane of the primary mirror. For elevation angles between
45°-60° we apply an offset of (8, 7) cm, and for elevation angles between 30°-45° we apply an
offset of (6.5, 6) cm. We do not apply any offset below an elevation of 30°, though there likely is
some. At each elevation, the pupil offset varies with the angle of the AO K mirror, so we use a
conservative estimate of the typical offset for inclusion in these simulations. Figure 4.9 shows the

alignment of the “hex” mask and pupil image at each of these elevation ranges.

(a) 20° (b) 30°

(d) 80°

Figure 4.9: Models of the Keck pupil and background at 4 different elevations with center offsets
derived from OSIRIS imaging. The scale of the models are shown in meters projected on the plane
of the primary mirror. As one can see, the deviation of pupil centers increases with higher elevation.
The rotation of the pupil image after 600s (starting with the mask aligned) is also shown here. The
rate of this rotation also increases with elevation.

This diminishes the difference in exposure time for the two cases being modelled to what is
reported in Table 4.3 for all elevation angles. Therefore we will proceed with a pupil wheel design
in which individual masks do not rotate. The current design of the pupil wheel with the fixed masks

is shown in Figure 4.6.

4.3.2 Planarity

The alignment of the pupil masks needs to be consistent over time and between different

masks. To help ensure this is met, axial bearings are added in three locations evenly spaced around
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the perimeter of the wheel. As can be seen in Figure 4.10, this uses a spring in compression to pinch
the wheel between two bearings. This allows the wheel to turn freely, but holds it from wobbling
in/out of the plane. This spring will be adjusted in order to provide enough force to maintain

planarity of the pupil wheel.

[ |

(a) (b)

Figure 4.10: Spring loaded bearing mechanism to maintain planarity of the Liger pupil wheel.
The spring at the top will be compressed to provide downward force through the upper bearing to
the switch activator ring (light gray) which extends radially outward from the pupil wheel (silver).
Three of these mechanisms will be located symmetrically around the pupil wheel.

To determine the required load provided to the pupil wheel from each of the axial bearings,
a SOLIDWORKS Simulation was performed with only the pupil wheel. The wheel was fixed where
it would be mounted to the axle and loads due to gravity as well as the three bearings were applied.
This was run under two conditions: 1 mm and 2mm of compression in the axial spring to check the

amount of deflection across the active pupil mask in both scenarios. The results are shown in Figure

4.11.

4.3.3 Load Analysis

The stability of the mounting bracket was verified under the static load due to the weight of
the pupil wheel as a remote mass at its center of gravity (m = 0.5kg) using a simplified model of the

assembly in SOLIDWORKS as in the filter wheel case described in Section 4.2.3. The maximum
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Figure 4.11: Deflection of the pupil wheel under gravity with the load of three axial bearings (pink)
with 1 mm (LEFT) and 2mm (RIGHT) of compression in the springs. In both cases the deviation
from planarity of the pupil mask in the operational position (circled in black) is < 1 um.

stress experienced by the bracket in the simulation was < 1/2 the yield strength of aluminum
(Sy = 276 MPa). The deflection/deformation of the mounting plate must also be small enough that
no vignetting of the beam is expected to occur. The maximum deflection found in the simulation

under normal load is 0.04 mm, but the deflection at the location of the active pupil mask is ~ 8 um

(Figure 4.12).
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Figure 4.12: SOLIDWORKS Simulation results for deflection of the pupil wheel housing and
mounting bracket under static load due to gravity. The stress is below yield everywhere and the
maximum deflection is < 1 mm with the deflection at the location of the active mask ~ 8 um.

The addition of a 5g shock load in the same direction as the force due to gravity (y-axis) in
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the SOLIDWORKS simulations does not produce a significant increase in deflection (still ~ 8 um
at the pupil location) with the maximum stress Gpax ~ 1/2 Sy (Figure 4.13). This is therefore not
expected to cause performance issues or failure at the wheel mounting. Similarly shock loads in
the x and z-directions also produce Omax ~ 1/2Sy. These loads would only be expected during
shipping but the pupil wheel is still required to withstand this type of force in order to be delivered
to Keck intact. It should be noted that the maximum load in all cases is directly under the bolts
securing the pupil wheel to the mounting bracket meaning that even if the actual stress were to be
double the simulated value failure of the mounting would not be expected as only a small area of

the part would undergo deformation.

Figure 4.13: SOLIDWORKS Simulation results for stress on the pupil wheel housing and mounting
bracket under static load due to gravity as well as an additional 5g shock load. The stress is below
yield everywhere with the maximum located under the bolt heads.

4.3.4 Modal Analysis

Just as for the filter wheel, a frequency analysis was run in SOLIDWORKS simulation
using a simplified model of the pupil wheel mounting components in order to estimate the resonant
frequencies. This model is the same as the one used in the stress simulations with the pupil wheel
housing added. The weight of the pupil wheel itself is accounted for in the form of a remote mass

added to the simulation as in the stress calculations. The simulation was run searching for the first
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five frequency modes with the results in Table 4.4. These all lie well above the frequencies to avoid
(8 —80Hz), and therefore resonance should not be a problem.

Table 4.4: Frequencies and mass participation for the first five modes of the pupil wheel mounting

Mode Frequency (Hz) Mass Participation (%)
X-direction Y-direction Z-direction
1 150 0 0 11
2 263 2 0 25
3 382 1 0 1
4 565 1 14 1
5 643 1 0 31

4.4 Summary & Future Work

We have presented the latest design of the filter and pupil wheels for the Liger imager
and IFS. The full filter wheel will consist of three stacked wheels with 18 filters each (1 clear
aperture). These wheels will share a common assembly but will move independently as well as
having dedicated switches and detents.

A trade study was performed to determine whether adding a rotating pupil mask would
provide significant enough SNR gains to justify the added design complexity. Due to the impacts
of pupil nutation and mask misalignment this was determined not to be the case for Liger and we
will therefore proceed with the design of a pupil wheel in which individual masks maintain a fixed
orientation.

The pupil wheel contains slots for seven unique pupil masks including one slot for a
specialized vAPP. The pupil wheel makes use of largely similar components to the filter wheel with
a set of binary switches for positioning, the same stepper motor, and a smaller version of the filter
wheel detent. Spring loaded bearings are located around the perimeter of the wheel to improve the
planarity of the wheel and therefore the repeatability of mask alignment.

As demonstrated in the analysis shown here, both the filter and pupil wheels can withstand
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the required loads and have resonant frequencies outside the range of expected vibrations. Both the
filter and pupil wheels will be tested and assembled in a custom test chamber designed for use with
Liger (Wiley et al., 2020) which will operate at a temperature below 77K and vacuum of 10~ Torr.
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Chapter 5

Liger at Keck Observatory: Imager Detec-
tor and IFS Pick-off Mirror Assembly

Abstract

Liger is a next-generation near-infrared imager and integral field spectrograph (IFS) planned
for the W.M. Keck Observatory. Liger is designed to take advantage of improved adaptive optics
(AO) from the Keck All-Sky Precision Adaptive Optics (KAPA) upgrade currently underway. Liger
operates at 0.84-2.45 um with spectral resolving powers of R~4,000-10,000. Liger makes use of
a sequential imager and spectrograph design allowing for simultaneous observations. There are
two spectrograph modes: a lenslet with high spatial sampling of 14 and 31 mas, and a slicer with
75 and 150 mas sampling with an expanded field of view. Two pick-off mirrors near the imager
detector direct light to these two IFS channels. We present the design and structural analysis for the
imager detector and IFS pick-off mirror mounting assembly that will be used to align and maintain
stability throughout its operation. A piezoelectric actuator will be used to step through 3 mm of
travel during alignment of the instrument to determine the optimal focus for both the detector and
pick-off mirrors which will be locked in place during normal operation. We will demonstrate that
the design can withstand the required gravitational and shipping loads and can be aligned within the

positioning tolerances for the optics.
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5.1 Introduction

Liger is a new integral field spectrograph (IFS) and imager in development for the W.M.
Keck Observatory which will take advantage of the ongoing Keck All-Sky Precision Adaptive
Optics (KAPA) upgrade. Liger (Wright et al., 2019, 2022; Cosens et al., 2020; Wiley et al., 2020)
will provide a number of improvements over existing AO fed instruments including larger fields
of view, finer spectral resolution (up to R ~ 8,000 — 10,000), and extending to bluer wavelengths
(0.84 —2.45um). The Liger design draws from the heritage of two key sources: the imager
component is custom designed for Liger but makes use of similar mechanisms to the Keck OSIRIS
imager (Larkin et al., 2006), and the spectrograph is a clone of the design developed for the
InfraRed Imaging Spectrograph IRIS (IRIS, Larkin et al., 2016, 2020; Zhang et al., 2018) — the
planned first light instrument for the Thirty Meter Telescope. Like IRIS, Liger will have two
spectrograph channels, a slicer and lenslet mode, which will share a common grating turret, three
mirror anastigmat cameras, and detector. The Liger imager filter and pupil wheel mechanisms
make use of similar gear, detent, and limit switch designs as OSIRIS, but with improvements to
the number of filter slots and the presence of a dedicated pupil wheel at the pupil location (Cosens
et al., 2020). For a full overview of Liger see Wright et al. (2019) and Wright et al. (2022).

Here we present the design of the assembly which will be used to mount and align the Liger
imager detector as well as the pick-off mirrors which feed the two spectrograph modes. These two
components require a common assembly to place the pick-off mirrors as close to the imager focal
plane as possible for the best optical performance. Key requirements for the detector assembly are
listed in Table 5.1.

The design of the detector-mirror assembly is outlined in Section 5.2 including the ad-
justability (Section 5.2.1 & 5.2.2) and baffling (Section 5.2.3) necessary to achieve the instrument
requirements. In Section 5.3, structural analysis is performed to verify performance of the assembly

under the loads and frequencies specified in Table 5.1.
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Table 5.1: Key Requirements: Detector and Pick-off Mirrors

Parameter Value
Operating Temperature 77K
Operating Pressure 10~ Torr
Shock Load 4g (4 gravity)
Resonant Frequency to Avoid 8 —80Hz
Focus Travel 3mm

Detector
Focus Accuracy 100 um
Tip-tilt Range 2°
Tip-tilt Accuracy 0.25°
Pick-off Mirrors
Focus Offset Range I mm
Tip-tilt Accuracy 0.2°

5.2 Mechanism Design

The imager detector and the pick-off mirrors for the slicer and lenselt IFS are coupled to
the same mounting assembly on the imager optical plate (see Figure 5.1). The pick-off mirrors for
the two spectrograph channels will be made from a single piece of Zerodur. The orientation of the
optics will be semi-fixed to each other; the relative z-offset (into the beam) and rotation will be
independently adjustable within a small range. The alignment of the assembly in the x-direction
(parallel to the optical plate and perpendicular to the beam) and y-direction (height) as well as
tip-tilt for both the detector and pick-off mirrors, are adjusted manually where the assembly mounts
to the optical plate. An additional tip-tilt adjustment for the detector is built into the assembly, as
well as a rotation adjustment for the pick-off mirrors. The optimal z-position will be determined
by moving the assembly through a range of focus positions during alignment via a piezoelectric
linear actuator. This will yield the optimal offset between the detector and pick-off mirrors, that
then can be adjusted via set screws. Once optimal focus is determined between the detector and

pick-off mirrors the assembly is locked.
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(a): rendering (b): 3D print

Figure 5.1: (a): Rendering of the Liger imager detector and pick-off mirror mounting and focus
stage with all exterior baffling removed. The directional axes used throughout this paper are shown
on the left hand side. The y-direction (green) is used to denote the height above the optical plate; the
z-direction (blue) represents the direction of the beam path; and the x-direction (red) is parallel to
the optical plate and perpendicular to the beam. The pick-off mirrors (gold) for both the lenslet and
slicer IFS are made from one piece of Zerodur and are attached to the detector mounting so the two
mirrors are coupled in position. A baffle snout is included around three sides of the detector which
extends 12mm in front of the detector face to block scattered light. The pick-off baffle lowers onto
the top edge of this baffle snout and also extends to the same distance. The detector ASIC is held
below the detector mount connected via a flexible cable. Adjustability is built into the mounting
assembly in the focus position as well as the tip-tilt of the detector and pick-off mirrors. The height
(y-direction) and x-direction adjustment will be made at the base of the mount. (b): A full scale 3D
printed model of the same assembly with the baffling included around the ASIC. This model was
built to test the planned assembly procedure.

5.2.1 Focus Alignment

The mounting assembly is designed to allow the detector and pick-off mirrors to move
through a 3 mm range of possible focus positions during the alignment process. This is accomplished

with the inclusion of a flexure between the mounting assembly base and the mounting points for the
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detector and pick-off mirrors. The flexure is made of AISI 304 stainless steel sheet metal cut into a
“U” shape that is bolted to the fixed base at the bottom and the mobile mount at the tops. As the
piezoelectric linear actuator pushes on the mount, the arms of the flexure bend and extend forward
as shown in Figure 5.2. To maintain planarity of the detector face throughout the travel range, two
extension springs are located above the arms of the flexure connecting the fixed base to the mobile
mount. The force from these springs pulls back on the top of the mount, preventing the detector
face from tilting forward as the flexure bends. Two support brackets are included between the fixed
base and the mobile mount. These supports have clearance slots that mate to threaded holes on the
fixed base. The screws at this location will be kept loose during focus adjustment, after which the

support brackets are secured to lock the assembly into place.

(a): neutral position (b): extended position

Figure 5.2: Side view of the detector and pick-off mirror assembly showing the AISI 304 flexure
(outlined in blue) component connecting the base with the rest of the mount as well as the extension
springs which maintain planarity of the system throughout the range of possible focus positions.
The image on the left shows the neutral position while the right image shows the flexure and mount
at the end of the 3mm travel range. During operation support brackets will be included on each side
(loosely fastened) to further maintain planarity and lock the system at the optimal focus position.
The brackets are excluded from these models to show the operation of the flexure.

Both the detector and pick-off mirrors are coupled to each other as they are moved through
the range of potential focus positions. There may be an offset between these best focus positions, in

which case the mounting arm attaching the pick-off mirrors to the main assembly may be adjusted
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by +£0.5mm in the z-direction with an accuracy of 100 um.

It is important that there is no significant change in the tilt of the detector and pick-off
mirrors while determining the optimal focus position. To check the planarity of the mounting block
(and by extension the detector and pick-off mirrors) a simplified model is used in a static load
simulation within the SolidWorks Simulation suite. The weight of the mounting assembly as well
as remote masses for the detector and pick-off mirrors are included in the simulation as well as
all bolts (with pre-tension) and spring parameters used in the design. The bottom of the mounting
plate is designated as a fixture within the simulation. First, a baseline is determined by conducting a
simulation with no force from the actuator to yield the displacement across the detector face under
static load. Next a load is added at the location of the linear actuator to cause forward motion of
the detector mounting. The two cases must result in a difference in the tip-tilt angles < 0.2° in
order to meet the required tolerance. The displacement across the detector face mounting plate in
both simulations are shown in Figure 5.3. As can be seen, there is a small change in the tilt of the
detector mounting plane after the full 3mm of linear motion. However, this change amounts to only

0.02°, significantly less than the 0.2° tolerance.

5.2.2 Positioning Adjustment

There are multiple adjustment points included in the detector assembly design which will
allow fine-tuning during alignment. There are six degrees of freedom to the position of the pick-off
mirrors and detector, although some have a limited range and/or require the use of shims at the base
of the mount. Some of these adjustments cause position changes to both the detector and pick-off
mirrors while others will only impact one. The separate adjustment of the detector and pick-off
mirrors is particularly useful in cases where an offset is required (e.g. focus position) or when a
tighter tolerance is required for one component than the other (e.g., tip-tilt).

First is the adjustment of the detector and pick-off distances in the z-direction (focus
position). As discussed in the previous section, there is a flexure and actuator which allows both the

detector and pick-off mirrors to be to be moved through the 3mm focus range to find the optimal
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Figure 5.3: Displacement from SolidWorks Simulation of static loading on detector stage at the two
extremes of the focus range from Omm (a) to 3mm (b). The color scales are adjusted to highlight
the small deviation from planarity across the face of the front plate where the detector will mount at
the three clearance holes. In (a), there is a ~ 0.4 mm difference across the face of the plate, resulting
in an angle of 0.46°. At the end of the focus range shown in (b), there is a ~ 0.42mm difference
across the face of the plate, resulting in an angle of 0.48°. The change in the angle between these
two extremes of the focus range is only 0.02°, much less than the tolerance in this dimension.
position. We have designed flexibility in the alignment procedure if there is an offset in the optimal
position for the detector and the pick-off mirrors. If this occurs there is 0.5 mm over which the
pick-off mirror focus position can be adjusted independently of the detector with an accuracy of
100 um (see Figure 5.4a).

The height of the detector assembly may be adjusted by including shims between the optical
plate and the mount. The height of the pick-off mirrors may be further raised above the detector
in increments of as little as 100 wm using a pair of set screws. The rotation of the pick-off mirrors
about the z-axis may be adjusted independently of the detector with an accuracy of 0.136° by
raising either side of the frame using these same set screws. The rotation of both components can be
changed by inclusion of shims on one side of the mounting plate. The position of both the detector
and pick-off mirrors in the x-direction can be adjusted by pushing the assembly along clearance

slots at the bolts connecting the two lowest plates shown in Figure 5.1. The pick-off mirror position

can be independently adjusted in the x-direction by £0.25 mm with an accuracy of 75 tm using the

187



(a): focus position (b): x-position

Figure 5.4: Model views of where the pick-off mirror mounting attaches to the main assembly
with baffling removed. Left: Side view; the blue arrow shows how the focus position of the pick-
off mirrors can be adjusted independently of the detector using the highlighted set screws. This
adjustment can be made over a range of 0.5 mm with an accuracy of 100 um. Right: Front view;
the blue arrow shows how the x-position of the pick-off mirrors can be adjusted independently of
the detector over a range of +£0.25 mm with an accuracy of 75 um using the highlighted set screws.
The rotation of the pick-off mirrors can be independently adjusted at the mounting location of the
pick-off frame.
set screws on the side of the pick-off mounting frame (Figure 5.4b).

The tip-tilt angle may be adjusted independently for the detector and pick-off mirrors. Set
screws can push the feet of the A frames which hold the detector to the main mount, allowing for a
range of £1.13° of adjustability in tip and £0.57° in tilt (Figure 5.5). The 0.25° tolerance is met
in both dimensions, with a quarter turn of the set screw giving a 0.17° change in tilt and a 0.09°
change in tip. The tilt of the pick-off mirrors can be adjusted using the same set screws shown in
Figure 5.4a that are used to set the focus offset. By moving one side of the pick-off frame to a closer
or further offset position, slight adjustments to the tilt of the mirrors can be made with an accuracy
of 0.13°. To adjust the tip angle of just the pick-off mirrors, the tip of both the mirrors and detector
must be adjusted via shims between the mounting plates, while the detector can then be separately
adjusted at the A-frames to compensate. The accuracy for the adjustment of the tip-tilt angle is less

than the tolerance (0.2° for the pick-off mirrors and 0.25° for the detector) even when including the

potential change in the tip angle at different focus positions.
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(a): tip (b): tilt

Figure 5.5: Model view of the detector mounting assembly illustrating the adjustability in tip (a)
and tilt (b) via set screws at the A frame feet. Left: pushing the top foot of the A frames on the sides
will result in changing the tip in the direction of the orange arrow. Likewise, pushing the bottom
foot will cause a change in direction following the blue arrow. The A frame on the other side of the
detector should be pushed in the same way for adjustments to the tip. Right: pushing both the top
and bottom feet of the A frame shown by the same amount will cause an adjustment to the tilt of the
detector following the blue arrow. Conversely, pushing the top and bottom feet of the A frame on
the opposite side of the detector will cause a tilt in the opposite direction.

5.2.3 Baffling

Baffling is included directly around the detector and pick-off mirrors as well as a baffle
around the entire mounting assembly for further reduction of stray light. A three-sided baffle slides
over the detector, extending 12mm in front of it. The top of this baffle is open due to the small
clearance between the detector and the pick-off mirrors. Here, a sheet metal baffle made from shim
stock is included that is coupled to the pick-off mirror wedge and lowered with it onto the assembly.
This baffle rests on the top corners of the detector baffle and extends 12mm past the front of the
detector to prevent light from scattering off the spectrograph re-imaging optics. A small lip is folded
over at each end of this baffle sheet to prevent reflections from the top and bottom corners of the

pick-off mirror wedge. Two additional baffles made of shim stock will slide in the sides with a fold
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to prevent reflections from pick-off mirror edges. This internal baffling setup is shown in Figure

5.6a, and the external baffling demonstrated in Figure 5.6b.

(a): internal baffling (b): external baffling

Figure 5.6: Model view showing the baffling around the detector and pick-off mirrors. Left: The
three sided baffle around the detector (light blue) extends ~ 0.7 mm above its edge (< 0.1 mm above
the Teledyne detector package) in order to protect this critical component while the pick-off mirrors
are lowered into position. The sheet metal baffle (green) attached to the pick-off frame along with
the mirror rests on this top edge and provides a roof over the detector to prevent ghosting from
the re-imaging optics located after the pick-off mirrors. The silver baffles on the sides fold over
the edges of the pick-off mirrors to prevent reflections off the corners. All of these baffles will be
painted black; the color shown in the model is for illustrative purposes only. Right: Baffling (shown
as transparent black) is also included around the full assembly including a separate box around the
ASIC which extends below the optical plate.

5.3 Structural Analysis

In order to determine how the assembly will respond to loading, a simplified model with only
the mounting components is analyzed within the SOLIDWORKS Simulation suite. The baffling,
detector, pick-off mirrors, and all fasteners are removed in this simplified model. The weight of the

detector and pick-off mirrors are accounted for in the form of remote masses, and bolted joints are
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specified in the simulation with the fastener dimensions and pre-load. Like the simulation at each
end of the focus range, the bottom of the mounting plate is designated as a fixture.

With only the static load due to gravity the maximum stress is < 2/3 the yield strength of
aluminum (Sy = 276 MPa). The areas of the highest stress are located under bolted connections due
to pre-loading while elsewhere the stress is < 1/2Sy. The assembly is required to withstand an
additional 4g’s of loading during shipping and/or earthquakes. With this load applied in the vertical
direction (adding to the static load due to gravity) the maximum stress in the model is still <2/3 Sy,
located underneath the bolted connections between the pick-off frame and the intermediate plate
(Figure 5.7). Since the 4g load may be experienced during shipping it may occur along any direction.
With the shock load applied in the x- and z-directions the maximum stress is located under an A
frame bolted connection instead, but is still < 2/3Sy. In all loading cases the stress outside of the

bolted connections is < 1/2 ;.
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Figure 5.7: Stress (left) and deflection (right) for simulation of the detector mounting under both
static and an additional 4g shock load in the vertical direction (5g total). The maximum stress
determined is < 2/3 Sy underneath bolted connections and < 1/2Sy elsewhere with negligible
deflections.

If the best focus position involves full extension of the flexure, there will be a higher stress in

the steel flexure itself. As shown in Figure 5.7, the mount as a whole will not fail since the support

brackets will hold it up, but we also want to ensure that the flexure is not damaged so that focus
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adjustments can be made later in the life of the instrument. To investigate the worst case scenario
with the highest stress, the 4g shock load is simulated with a deformed flexure in the most extended
configuration (with the optimal focus furthest from the starting estimate). This results in the stress
throughout the flexure being well below the ultimate strength of AISI 304 steel (505MPa) except
for at a single edge of the flexure. This is at the location of a modification to the deformed flexure
model needed in order to create parallel surfaces for mating parts. This is likely creating an artificial
stress concentration which will not be present in the fabricated part. Outside of this modified edge
of the flexure, the stress is below the ultimate strength throughout, and outside of the compressive
stress under fasteners, the stress is also below yield.

A frequency analysis was run in SOLIDWORKS Simulation using the simplified model
in order to estimate the resonant frequencies. The mass of the detector and pick-off mirrors are
again added as a remote load offset from the mounting point with the force of gravity included. The
simulation was run searching for the first five frequency modes for the simplified model used in the
load simulations as well as with the external baffling included (Table 5.2 & 5.3 respectively). As
can be seen from the lower mass participation factors in Table 5.3, the external baffling largely does
not participate in the modal response.

Table 5.2: Frequencies and mass participation for the first five modes of the imager detector and
pick-off mounting without external baffling

Mode Frequency (Hz) Mass Participation (%)
X-direction Y-direction Z-direction
1 345 0.2 28 14
2 368 40 0.2 0
3 480 0 0 2
4 787 0 9 32
5 804 0 0.3 0.8

The instrument requirements list frequencies that can be expected in the range of 10 —40Hz
during shipping and 8 — 80 Hz during operation, so the resonant frequency of the mechanism should

be at least > 80Hz. The frequencies determined in the SolidWorks simulations lie well outside of
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Table 5.3: Frequencies and mass participation for the first five modes of the imager detector and
pick-off mounting without external baffling

Mode Frequency (Hz) Mass Participation (%)
X-direction Y-direction Z-direction
1 331 0.1 20 8
2 355 27 0.1 0
3 483 0 0 0.8
4 744 0 5 23
5 850 0.8 0 0

this range.

5.4 Summary

A single mounting assembly and housing will be used for the Liger imager detector and
the IFS pick-off mirrors. This assembly will hold these optics < 1 mm away from each other
while allowing adjustability in multiple axes. The detector and pick-off mirrors can be adjusted
both together and individually, although with a smaller range of individual adjustment. Baffling is
included around the individual optics as well as the full assembly to protect from scattered light and
ghosting off the surfaces of other optics.

Analysis was carried out on the imager detector and IFS pick-off mirror mounting assembly
to verify that the design meets the requirements. The planarity of the mounting points were
evaluated throughout the range of focus positions by simulating the mechanism reaction to a force
at the location of the linear actuator. The deviation from planarity across the 3 mm range of travel
was 0.02°; well within the 0.25° tolerance. Next the strength of the mount was evaluated under
both static and an additional 4g shock load. In both cases the maximum stress determined in the
simulations is under bolt heads and is not expected to lead to failure. Modal frequencies were also
determined using the SOLIDWORKS simulation tools, with all frequencies falling well above the
8 — 80Hz range the system is expected to be subjected to.

The detector and pick-off mirror mount will be assembled and alignment performed in a
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custom cryogenic vacuum chamber designed for use with the Liger imager which will operate at a
temperature below 77 K and vacuum pressure of 10~ Torr (Wiley et al., 2020). The unique design
of Liger allows simultaneous imaging and spectroscopy which both improves the performance of
the instrument and provides useful science benefits. For example, simultaneous imaging in crowded
field observations (e.g., globular clusters or the galactic center) can provide accurate astrometry
and real time measurements of the telescope and instrument point-spread function. Having the
light for the spectrograph modes first pass through the imager provides benefits such as improved
background masking at the larger pupil located in the imager (Cosens et al., 2020). It also allows for
improved AO correction in the imager without sacrificing the IFS performance. The design of the
detector and IFS pick-off mirrors is critical to maintaining this performance. The closer the pick-off
mirrors are to the detector, the lower the wavefront error is for both as it is best in the center and

degrades with increasing radius.
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Chapter 6

Conclusion

Studying star forming regions is key to understanding how galaxies evolve over time. The
host galaxy influences the properties of the star forming regions through environmental conditions
like the availability of fuel (molecular gas) and sites of gravitational instability where star formation
can begin. Likewise, as star formation progresses the energy imparted to the ISM has a profound
impact on the environment. This can cause the surrounding gas to be expelled from the region or
even the galaxy and is thought to be a major factor in shutting down further star formation. In order
to understand the evolution of galaxies from what we observe in the distant universe to those locally
we must also understand the formation and evolution of their star forming regions.

I began my thesis work in Chapter 2 with a study aiming to understand the properties
of the large, kiloparsec-scale clumps of star formation observed at high redshift and how they
compare to their local counterparts. To do this I gathered a comprehensive set of star forming region
observations from high redshift (1 < z < 5), lensed and un-lensed galaxies as well as a wide range of
local comparisons from regions in the Milky Way to local turbulent disk galaxies. I then developed a
Bayesian MCMC code in order to fit the scaling relationships between different measured properties
of the star forming regions with an emphasis on the relationship between the regions size and
luminosity. The slope of this relationship can be used to differentiate between different formation
modes of the regions, and previous studies had found offsets in luminosity between local and high
redshift samples. The Bayesian MCMC code was a necessary and new addition in my study in order

to incorporate measurement uncertainties on all dimensions independently as well as additional
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fitted parameters for intrinsic scatter. Using this powerful tool and expansive observational data
set I was able to perform robust fits to the sample as a whole as well as divide the data into key
subsets to investigate the potential for redshift evolution in the scaling relationships or selection
biases between types of observations. I found no evidence of an evolution in the size-luminosity
relationship with redshift, nor a bias in sample selection between high redshift lensed and unlensed
galaxies. What I did find was evidence of a break based on Xgpr, with high and low Xgpr star
forming regions exhibiting different slopes in the relationship between size and luminosity. The
high Xgpr subset exhibit a slope L ~ r3, consistent with Jeans collapse, while the low Xgpr subset
exhibit a slope L ~ 7> which can be explained by collapse due to Toomre instability. However, both
of these slopes can also be explained without the need for differing formation modes and can simply
be explained as Stromgren spheres impacted by the geometry of the host galaxy disk.

In the course of this investigation I identified key areas of the parameter space in need of
observational constraints. In particular, observations of small, low luminosity star forming regions
which set the intercept of the scaling relationships were missing. There was also a limited number
of observations taken with IFS, limiting the feasibility of investigating the impact of kinematics as a
third parameter in the scaling relationship fits. In order to address both these areas simultaneously,
in Chapter 3, I sought to observe a new sample of star forming regions in IC 10, the nearest starburst
galaxy to the Milky Way. The starburst nature of IC 10 provided a large sample of star forming
H II regions to observe, and its close proximity allowed for extremely high spatial resolution when
combined with the 10-m diameter Keck telescope and the KCWI IFS. With these high spatial and
spectral resolution observations covering ~ 1.25 sq. deg. of IC 10, I identified 46 individual H II
regions with an average radius of only ~ 4pc, and SFR ~ 1.3 x 107* M, yr—!.

The goals of these KCWI observations were two-fold: first to better constrain the scaling
relationships through the intercept of the size-luminosity relation and multi-parameter fits; and
second to study the detailed internal ionization state and kinematic properties of local H I regions
in order to better understand their formation and evolution. Instead of constraining the intercept of

the scaling relations however, I discovered that with the improved resolution of KCWI over prior
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imaging, the HII regions of IC 10 are actually offset to higher luminosity and velocity dispersion
for a given size. I found that this is likely due to these regions being young and undergoing active
expansion rather than being virialized. From measurements of the H II region luminosities and
gas velocities I estimated the balance of outward pressure from star formation feedback against
inward pressure from gravity and surrounding turbulent gas. This results in 89% of the H II regions
showing greater outward than inward sources of pressure. The dominant contribution to this outward
pressure comes from thermal pressure in gas that has been heated by the young stars in the HII
region, providing a ~ 3 orders of magnitude greater contribution than direct radiation pressure.
I also found five HII regions with bordering turbulent gas volumes which can be supported by
energy originating from the star forming region. In two of these regions the turbulence is most
likely supported by energy from stellar winds while the other three are consistent with the energy
which would be provided by champagne flows in which neutral gas is heated causing an area of
overpressure and rapid gas expansion. The estimates of pressure and energy in IC 10’s H II regions
provide interesting insights into the effectiveness of star formation feedback in young, compact H I1
regions. Most notably, implying that pressure from warm gas may be more effective than it was
expected to be when the ionizing cluster has a low stellar mass.

The observational work in my thesis and the studies that will advance our understanding
of star forming regions in the future are made possible by the development of new telescopes and
instruments. This instrumentation work provides improvements in sensitivity, resolution, field of
view, and wavelength coverage necessary to push our understanding of the universe forward. With
the need for these improvements in instrumentation in mind, I have also worked extensively on
the design of the new Liger imager and IFS for Keck Observatory. Liger will take advantage of
an adaptive optics upgrade at Keck and provide coverage of bluer wavelengths, larger fields of
view, and higher spectral resolution than current IFSs. For example, the wavelength coverage of
Liger will allow for observations of near-IR emission lines in nearby galaxies which can be used to
provide constraints on the excitation mechanisms and ages of star-forming regions (e.g., Paf, Bry;

Dale et al., 2004). As these lines are emitted at longer wavelengths, they are less sensitive to dust
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obscuration than HB and Ha. The high spectral resolution will also mean the [Fell] and Paf lines
will be deblended, and the ratio can be used as a probe of the excitation mechanism. As described
in Chapters 4 & 5, I have designed three major opto-mechanical components of the Liger imager
and sequential spectrograph: the filter wheel, pupil wheel, and imager detector focus stage. The
filter wheel consists of three independent wheels which can hold up to 51 different filters used to
select the desired wavelength range of the observations. The pupil wheel contains seven slots for
unique pupil masks which block the background light. The imager detector focus stage holds the
detector as well as pick-off mirrors for the two unique spectrograph channels. The stage will move
these optics through a 3 mm range of travel during initial alignment and then be fixed at the optimal
position. Proper operation of these components are critical to the performance of Liger and the

ability to achieve the amazing science planned for this instrument.

6.1 Looking Ahead

As discussed in Chapter 3, supplementary observations of the same field in IC 10 were carried
out with the “large slicer, R~900” configuration in order to expand the wavelength coverage and
obtain an estimate of the extinction correction and metallicity. However, due to time constraints these
observations were shallow, giving only indirect metallicity estimates from strong line calibrations in
the highest signal-to-noise regions. In order to more fully understand the conditions of the ionized
gas and the impact feedback may have on the H II regions and diffuse gas metallicity a follow-up
study utilizing deeper observations in this mode are underway. This will enable not only metallicity
estimates from the strong line method throughout the HII regions and diffuse gas, but also more
accurate direct metallicity measurements from the faint auroral [OIII]4363A line in bright regions.
Measurements of the metallicity throughout IC 10 will provide insight into variations between
H II regions and diffuse gas and allow the investigation of chemical enrichment at the locations of
potential outflows, which if present would provide evidence that the turbulent outflows are due to
the mass loss in stellar winds rather than champagne flows.

Another interesting finding in Chapter 3 was that the compact H II regions of IC 10 do

198



not appear to be virialized and are offset from the typical scaling relationships between measured
properties. The question remains whether this is typical with the improved resolution of modern
IFSs or is an effect of the recent starburst in IC 10. To answer this, a larger sample of H II regions
measured in a similar way across a range of star-forming environments is needed. Further, there are a
limited number of studies like that of Chapter 3 which observationally characterize the effectiveness
of different feedback mechanisms, making it difficult to broadly asses the regimes in which different
mechanisms are effective at clearing gas from the surroundings and potentially quenching further
star formation. The Local Volume Mapper (LVM), as part of the next generation of the Sloan
Digital Sky Survey (SDSS), is designed to address this observational limitation by providing IFS
observations mapping the Milky Way midplane, the Magellanic Clouds, and other local volume
galaxies (Kollmeier et al., 2017). This survey will provide < 1 pc resolution observations within the
Milky Way and ~ 10pc resolution in the Magellanic Clouds, similar to our KCWI observations
of IC 10. The wide wavelength coverage (3,600 — 10,000A) and R ~ 4,000 spectral resolution
planned for LVM will allow measurement of photoionization rates, ionized gas kinematics, and
oxygen abundance measurements in a large sample of star forming regions and ISM gas. This
will allow for a similar study as Chapter 3 of the impact of different mechanisms of star formation
feedback on a much larger scale with which environmental trends can potentially be discovered.
Perhaps the most exciting new observatory for astronomers is the James Webb Space Tele-
scope (JWST), which was successfully launched on December 25, 2021 and will begin science
operations soon. JWST has two on-board IFSs with the Near Infrared Spectrograph (NIRSPEC)
operating between 0.6 — 5Smicrons and the Mid-Infrared Instrument (MIRI) covering longer wave-
lengths between 5 — 28 microns. These long wavelengths are — for the most part — not accessible
from the ground due to the presence of the atmosphere so we need space based telescopes to conduct
observations in this regime. There are many observing programs planned with JWST that will
advance our understanding of how star formation interacts with and influences the host galaxy,
including some early release programs which will be among the first observations taken in the next

few months. One early release science program from the GOALS team will target the nuclei of

199



local galaxies with the NIRSPEC and MIRI IFS modes to observe the conditions and kinematics of
the ISM at 50 — 100 pc scales (Armus et al., 2017). These observations cover infrared wavelengths
allowing detailed mapping of features such as the dust continuum and emission from molecular
hydrogen. The longer wavelengths covered by JWST will also allow observations of the obscured
component of star formation at z ~ 1 — 3 that is missed with Ha. At even higher redshift, the
optical emission lines used locally to measure H II region and ISM conditions like metallicity will
be shifted into the wavelength bands of JWST. Single slit spectroscopy with NIRSPEC will measure
emission lines originating from the ionized gas in galaxies out to z ~ 10 enabling studies of the
ISM conditions (e.g., ionization parameter and metallicity) in some of the earliest galaxies (e.g.,
Finkelstein et al., 2017).

Looking further ahead, the next generation of ground based optical and near-IR observatories
with primary mirror diameters of 25- to 40-m (known as ELTS) will allow for significant advances
in the observational study of resolved star forming region properties. This class of telescopes, which
includes the European Extremely Large Telescope (e-ELT; 39 m), the Giant Magellan Telescope
(GMT; 25 m), and the Thirty Meter Telescope (TMT; 30 m), will provide spatial resolution better
than 100 pc when observing Hoe emission at z = 1 and operating at the diffraction limit. This
significant improvement in resolution will help to bridge the gap in the level of detail that can be
observed in local versus high-z star forming regions. This will allow astronomers to probe whether
there are more compact substructures within high-z clumps visible in emission line maps, and the
kinematic details of individual clumps can be probed with greater accuracy to test the presence of
rotating or expanding gas. The larger primary mirror also provides greater sensitivity as the 3 x
greater diameter gives a 9 x greater collecting area. This not only means that exposure times can
be shorter to achieve the same signal to noise as current telescopes, but also that fainter emission
lines can be detected in sources where it is currently not possible. For example, the faint auroral
[OII1]14363A emission line will not only be detectable at high-z, but the IFSs planned for the ELTs
should be able to perform resolved observations of this emission line throughout the galaxy for

direct measurements of metallicity gradients.

200



With the new optical and near-infrared instruments and observatories on the horizon we will
be able to greatly improve our understanding of the interplay between star-forming regions and
their host galaxies. In this thesis I have shown that there is not a simple redshift evolution to the
scaling relationships between star-forming region properties (and therefore the region formation
mechanism and evolution). Instead, I have shown that there is evidence of a break into distinct
samples of high and low Xgpr with differences in either formation mechanism or geometry relative
to the host galaxy disk that is independent of redshift. In studying the local starburst galaxy IC 10, I
have shown that the H II regions around these low mass star clusters are likely expanding due to
active feedback from the ionizing cluster. The dominant contribution to outward expansion of the
ionized gas appears to be due to warm gas pressure, a mode of feedback previously thought to be
less effective in these low mass environments.

These observations provide a key stepping stone to fully utilizing the next generation of
telescopes and surveys. The analysis techniques and methodology used for the KCWI observations
of IC 10 can be extended to a larger sample of star forming regions from more expansive observing
campaigns and surveys like SDSS/LVM in order to consistently estimate the effectiveness of
different feedback mechanisms across a range of environments (i.e., metallicity, age, stellar mass).
The observations of local H II regions in this thesis are also highly complimentary to the capabilities
we will soon have with JWST. The longer wavelength coverage of JWST will probe the dust and
molecular gas phase of the ISM locally for another view of the physical conditions and impact of
the energy from star formation feedback. JWST will also allow astronomers to observe the same
optical emission lines at high redshift which are used to estimate the ionization state and metallicity
of the gas, providing clues to the evolution of galaxy environments over time. The ELTs will not
only be able to measure these emission lines at intermediate redshift, but they will be able to resolve
them throughout the galaxies, differentiating between gas in the star forming clumps and the ISM.
They will also allow astronomers to resolve more details of the clump substructure and internal
kinematics. This will allow the cause of the ¥gpr break I found in the size-luminosity scaling

relationship to be probed with greater detail in this regime. These new observational tools, and
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others which will be developed in the future, will help to better answer key questions such as how
the star forming environment changes over cosmic time and what impact that star formation has on

shaping the host galaxy.
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