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My thesis describes multi-scale stellar feedback processes observed in the Eagle Nebula
star forming region in our Milky Way galaxy. Stellar feedback from massive stars encompasses
bright ultraviolet radiation which ionizes atoms and dissociates molecules in gas surrounding the
stars as well as supersonic winds which impact the gas and create hot shocked layers. I study
the interaction of stellar radiative and mechanical feedback with pre-existing density inhomo-
geneities in the molecular cloud in order to learn about the effects of the interstellar environment
on the relative efficiency of various forms of feedback.

This work informs our understanding of the life cycle of interstellar gas: gas forms stars
and is then exposed to their winds and radiation, and we would like to know how that affects
the formation of future generations of stars. The Eagle Nebula’s relative proximity to us means

we observe the H 1 region with high spatial resolution. Extra-galactic studies observe many H 1



regions simultaneously and at a variety of cosmic ages, but lack the resolution to understand the
structure of the individual regions. High resolution studies of Galactic sources such as the Eagle
serve as templates for what extra-galactic astronomers are seeing in far-away galaxies. The work
also contributes to sub-grid feedback prescriptions in large-scale simulations of galaxy formation
and evolution. Stars and their feedback are too small to be simulated in these contexts, so theorists
require accurate approximations for the effects of stellar feedback.

Massive stars form in massive molecular gas clouds and then deliver vast quantities of en-
ergy back into the clouds in the form of radiation and stellar winds. They form H n regions,
1-to-10-light-year scale areas of ionized hydrogen, which are often overpressured bubbles com-
pared to the surrounding interstellar medium, and their supersonic winds sweep up a compressed
shell of gas.

Around the edge of the H i region, there lies a layer of gas which receives no >13.6 eV
extreme-ultraviolet H-ionizing radiation (EUV), but is rich in 6-13.6 eV far-ultraviolet radiation
(FUV) which can photodissociate molecules such as CO and H, and ionize C. These photodis-
sociation regions (PDRs) are heated via the photoelectric effect as FUV radiation interacts with
organic molecules called polycyclic aromatic hydrocarbons (PAHs), and the regions are cooled
by the collisionally excited far-infrared fine structure transitions of ionized carbon and atomic
oxygen.

The FEEDBACK SOFIA C™ Legacy Project (Schneider et al., 2020) studies the coupling
efficiency of that energetic feedback to the gas by observing one such transition of singly ionized
carbon at 158 m referred to as C* or [C II]. In this astrophysical context, the line is emitted
primarily within PDRs. With modern heterodyne receivers and an observatory above Earth’s

atmosphere, we can both detect and spectroscopically resolve the [C II] line and therefore trace



the morphology and kinematics of the PDR regions surrounding massive stars. We contextualize
these observations with velocity-resolved observations tracing the un-illuminated molecular gas
beyond the PDRs and a variety of archival data spanning the electromagnetic spectrum from radio
to X-ray.

I use these observations to study the Eagle Nebula, home to the iconic Pillars of Creation,
and learn how pre-existing density structure evolves when exposed to stellar feedback and what
that implies for the energetic coupling of the stellar feedback to the gas. My first study covers
the Pillars of Creation in a detailed, multi-wavelength analysis published in the Astronomical
Journal. We find that these pillars are long-lasting structures on the scale of the H n region age
and that they must arise from pre-existing density structures. My second study zooms out to the
greater Eagle Nebula H II region to learn how the massive stars affect the rest of the region. This
analysis concludes that the primordial filamentary structure which must have led to the formation
of the stellar cluster also governs the shape of the H 1 region and how much of the surrounding
gas is affected by the feedback. Finally, I describe a software package, scoby, which I developed
to aid these two studies. The software connects theoretical feedback estimates to observed star
catalogs and delivers results tuned for observational studies like these. It has been used for several

published analyses of other regions.
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Preface

The work presented in Chapter 2 of this thesis has been published in The Astronomical
Journal. The content is unchanged and the formatting, particularly of the Tables, has been ad-
justed as necessary. Chapter 3 is in preparation for submission to the same journal soon after

submission of this thesis.
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Chapter 1: Introduction

Stars form in cold T 10 K) clouds of interstellar gas when dense clumps and cores
of gas falil to resist the gravitational pull towards collapse. If the collapsing core is suf ciently
dense, runaway compression ignites fusion in the gas and a star, by de nition, is born. Stars
are bright and pump radiation back into their cold and previously un-illuminated surroundings.
The most impactful radiative feedback is in the far and extreme ultraviolet (FUV, EUV) bands
which are respectively de ned as radiation between 6—-13.6 eV, which photodissociates simple
molecules and ionizes carbon, and 3.6 eV, which photoionizes hydrogen atoms which carry

75% of the mass in our Galaxy. Massive stars constantly blow off thin outer layers at high speed
via radiation pressure in what we call stellar winds, and these can impart energy and momentum
into surrounding gas as they shock against it. Massive, early-type stars of type B3 and earlier
(approximately more than 8 times more massive than our S&8d4 ) deliver the lion's share
of both radiative and mechanical feedback (Motte et al., 2018).

Stellar feedback regulates the evolution of galaxies. Feedback stirs up and heats gas and
governs the cloud and inter-cloud phases of the interstellar medium (ISM), driving the ener-
getic life cycle of the interstellar medium diagrammed in Figure 1.1. Stars modify the structure
of their natal clouds with jets and winds as protostars, with winds and radiation as main se-

guence and evolved stars, and nally with explosive supernova, impacting the star formation



ef ciency of molecular clouds (Elmegreen, 2011; Hopkins et al., 2014). Locally, winds and
radiation can shred the natal cloud in just a few cloud free-fall times (Geen et al., 2016; Kim
et al., 2018; Matzner, 2002), while feedback-driven compressive shocks can overcome cloud-
supporting forces in marginally stable gas and promote collapse into stars (Elmegreen & Lada,
1977; Zavagno et al., 2010a,b). On a galactic scale, stellar photons escaping the immediate cloud
vicinity may join the galactic interstellar radiation eld which maintains the ionization of the
widespread inter-cloud warm ionized medium (WIM10* K). Hot 10° K plasma from wind-

gas interactions or supernovae may burst out of the galactic plane as a galactic wind.

The Spitzer/GLIMPSE Galactic plane survey revealed our Galaxy to be full of parsec-scale
bubbles around O and B type clusters, like those seen in W51 in Figure 1.2, which are driven
by thermal pressure from photoionized gas, radiation pressure by stellar photons, or mechani-
cal energy from stellar winds (Churchwell et al., 2006, 2007). The ubiquity of these bubbles in
our Galaxy and of telltale spectroscopic signs of star formation in distant galaxies attests to the
importance of star formation in stirring up the ISM in galactic ecosystems. Properly accounting
for star formation feedback is critical to the accuracy of galaxy evolution models. Authors of
galaxy-scale and cosmological simulations do not simulate the physics of individual stars, and
instead use sub-grid stellar feedback prescriptions which boil down to the essential understand-
ing that stars are engines in the interstellar medium, converting inert fuel into heat and motion,
churning and instigating phase changes in the interstellar gas. It is our responsibility as observers
of the interstellar medium to provide them with the most up-to-date information about how feed-
back couples to the surrounding gas and in uences further star formation so that analyses of their
large-scale models are founded on accurate assumptions.

We detail in the following sections in Chapter 1 the favorable conditions leading to the

2



formation of high-mass stars (Section 1.1) and the subsequent injection of considerable thermal
and kinetic energy into these environments by the stars (Section 1.2). We discuss the observable
nature of these gas phases (Section 1.3) and introduce the FEEDBACK survey from which this
thesis uses data (Section 1.4). Lastly, we present an overview of the Eagle Nebula (Section 1.6),
the subject of the studies in this thesis. In Chapters 2 and 3 we approach the Eagle Nebula with
a handful of core questions: How is nearby dense gas affected by NGC 66117? Is the dense gas
being cleared away? Can future generations of stars form, or does one massive cluster spell the
end of star formation in those clouds? Is feedback-induced gas compression facilitating more star
formation? In Chapter 2 we focus on the Pillars of Creation within the Eagle, discussing their
origin, geometry, kinematics, and stability with respect to gravitational collapse and photoevap-
oration. In Chapter 3 we expand our scope to the greater Eagle Nebula star forming complex
and Hi region and explore the interactions of cluster-scale feedback with dense gas clouds and
laments. In Chapter 4 we describe teeoby software library used to support these and other
observational feedback studies. We discuss the signi cance of our ndings in Chapter 5 and

outline future projects which complement and extend this research.

1.1 High-Mass Star Formation in Ridges and Hubs

The most massive stars stars, also called early-type or OB stars, are ofBger earlier;
they have luminositie 1000L and range from 8-150M (Martins et al., 2008; Motte
et al., 2018). They form in massive parsec-scale complexes of gas (Hill et al., 2011; Motte et al.,
2018; Nguyen Luong et al., 2011; Beet al., 2017) such as ridges and hubs like those pictured in

Figure 1.3. Ridges are high densityi0° cm 2 laments (Bonne et al., 2023a; Nguyen-Lu'o'ng



Figure 1.1 Diagram of the cycle of interstellar gas from the presentation by Diehl et al. (2011).
Gas is consumed to form stars, and those stars evolve and return energy and enriched gas into
the environment. Particularly energetic star formation/destruction events may lead to the ejection
of gas from the Galaxy, and gas is also accreted onto the Galaxy from the intergalactic medium.
Thus energy and progressively more metal-enriched gas is cycled throughout the Galaxy.
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