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Zusammenfassung

Supernovae (SNe) geheren zu den energetischsten Ereignissen im Universum. Sie injizieren enorme
Mengen an Energie und angereichertem Material in das interstellare Medium (ISM). Supernova
Uberreste (SNRs), die Asche der SN Explosionen, pragen die Multiphasen-Struktur des ISM, den
Antrieb von Turbulenz, die Regulierung der Sternentstehung und die Entstehung galaktischer
Aususse. Trotz ihrer enormen Bedeutung far das ISM sind viele Aspekte ihrer langfristigen
Entwicklung und ihrer Wechselwirkung mit der galaktischen Umgebung, insbesondere in einem
strukturierten ISM, noch unklar.

Diese Arbeit ist der detaillierten Untersuchung der Dynamik von SNRs in komplexen Umgebungen
gewidmet. Zurachst stelle ich ein ein neues analytisches Modell basierend auf den Dennschalen-
und Sektoren-Naherungen vor, das die Expansion von SNRs in nicht-uniformen, zeitabhangigen
Umgebungen beschreibt. Es benscksichtigt Gravitation, di erentielle Rotation sowie Kuhlung,
reproduziert bekannte Grenzfalle und dient als Grundlage far komplexere Szenarien.

Anhand dieses Modells untersuche ich, wie Strati zierung, Rotation und galaktische Substrukturen
die Dynamik von SNRs beein ussen. Die Ergebnisse zeigen, dass Gravitation die Fahigkeit von
SNe, Aususse zu erzeugen, stark einschrankt, sofern keine ausreichende Energieinjektion erfolgt.
Galaktische Scherung und Substruktur deformieren gro e SNRs und fehren zu einer asymptotis-
chen Expansionsgeschwindigkeit von vergleichbarer Gre enordung zur Geschwindigkeitsdispersion.
Diese Erkenntnisse ermeglichen eine physikalisch fundierte Interpretation der Dynamik von SNRs
und galaktischer Winde.

Erganzend fshre ich numerische Simulationen isolierter SNRs in einer homogenen Umgebung
durch, mit Fokus auf die wenig verstandene Verschmelzungsphase. Ich charakterisiere den Zu-
stand unmittelbar vor und wahrend dieser Phase, der die Entstehung einer stark kshlenden,
nacklaufenden Implosionswelle begdnstigt. Diese fallt das zuvor evakuierte Innere auf und fahrt

zur Kondensation einer zentralen Wolke. Ich untersuche, ob solche SN-Implosionswolken Sterne
bilden kennen, und bestimme ihre Sternentstehungse zienz. Diese Ergebnisse schlie en die En-
twicklungssequenz von SNRs ab und suggerieren einen neuen Entstehungsmechanismus far beson-
ders metallreiche Sterne.

Den Hehepunkt bildet das SISSI-Projekt (Supernovae In a Stratied, Shearing |Interstellar
medium), in dem ich SNRs innerhalb des strati zierten, gescherten und strukturierten ISM einer
simulierten, isolierten Galaxie untersuche. Die Simulationen zeigen, wie stark Dynamik und Ge-
ometrie von SNRs vom Zusammenspiel mit der galaktischen Umgebung gepragt sind. Abschlie end
wende ich diese Ergebnisse auf die Lokale Blase an und ermittle ein signi kant jangeres Alter als
bisher angenommen wurde.

Diese Arbeit vertieft unser Verstandnis damber, wie SNe das ISM strukturieren. Durch die
Verbindung analytischer Theorie, numerischer Modellierung und astrophysikalischer Beobachtun-
gen liefert sie einen umfassenden Rahmen zur Interpretation von SNRs in komplexen galaktischen
Umgebungen.
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Abstract

Supernovae (SNe) are among the most energetic events in the Universe, injecting vast amounts
of energy and enriched material into the interstellar medium (ISM). Their ashes, usually referred
to as supernova remnants (SNRs) or superbubbles (SBs) in the case SNRs powered by the clus-
tered explosions of many stars, play a central role in shaping the multiphase structure of the
ISM, driving turbulence, regulating star formation, and contributing to galactic out ows. Despite
their importance, many aspects of their long-term evolution and interaction with their galactic
environment remain poorly understood, particularly in the context of a realistic, structured ISM.

In this thesis, | explore the dynamical evolution of SNRs across a range of scales and physical
conditions. | begin by developing a novel one-zone blastwave model, based on the thin-shell and
sector approximations, that is designed to capture the expansion of SNRs in non-uniform, time-
dependent environments, including the e ects of gravity, shear induced by di erential rotation,
and cooling. This model reproduces known analytic limits and serves as a foundation for exploring
more complex con gurations.

| apply the model to strati ed, rotating, and structured galactic environments, quantifying how
these factors alter the dynamics of SNRs. The results demonstrate how gravity limits the ability
of SNe to drive out ows unless a su cient level of energy injection is sustained. Galactic shear and
substructure deform large-scale bubbles and asymptotically set a characteristic expansion velocity
tied to the ambient velocity dispersion. These insights provide a physically motivated framework
to interpret and constrain SB growth and out ow conditions in realistic galactic settings.

Complementing the analytic work, | perform a suite of numerical simulations of isolated SNRs
in uniform media, focusing on the poorly understood merging phase. | characterize the physical
conditions within SNRs shortly before and during the merging phase, which favor the formation
of an implosion wave, a rapidly-cooling, reverse shock-wave that re lls the previously evacuated
interior and leads to the condensation of a central cloud. Based on these results, | propose
that such a SN-implosion driven cloud may form stars and predict the associated star-formation
e ciency. These results o er closure to the overall story of SN evolution and provide a new
attractive pathway for the formation of the most metal-rich stars.

My thesis reaches its climax with the introduction of the SISSI (Supernovaeln a Strati ed,
Shearing | nterstellar medium) project, in which | simulate the evolution of SNRs embedded within
the strati ed, shearing, and structured ISM of a simulated, isolated galaxy. SISSI reveals how the
dynamics and geometry of SNRs are a ected by their complex interplay with a realistic galactic
environment. Finally, | apply these ndings to the Local Bubble, reevaluating its formation history,
with the surprising result that it should be signi cantly younger than previously believed.

Together, these studies advance our understanding of how SNe structure the ISM. By bridging
analytic theory, numerical modeling, and astronomical observations, this work provides a compre-
hensive framework for the interpretation of SNRs in complex galactic environments.
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Chapter 1

Supernova Remnants

The galactic, multi-phase interstellar medium (ISM) is the dynamic stage shaped by the complex
interplay of (magnetohydrodynamical) turbulence, stellar feedback, and gravity, where the stories
told in this thesis take place. It consists of cold, molecular clouds surrounded by warm, di use
gas, which are embedded in a hot, tenuous network of bubbles whose expansion is driven by the
moody whims of massive stars (e.g. McKee & Ostriker, 1977; Cox & Reynolds, 1987; Cox, 2005).
While locally these structures are in an ever changing, chaotic competition of the various driving
forces, such as gravitational collapse and fragmentation, turbulence and stellar feedback, the ISM
reveals its underlying structure when we average over larger scales, both spatial and temporal (e.g.
de Avillez & Breitschwerdt, 2005; Kim et al., 2023a; Rathjen et al., 2025).

In this statistical sense, the ISM has been characterized and various de ning properties, such
as the volume lling factors of the di erent gas phases (de Avillez & Breitschwerdt, 2004; Bieri

et al., 2023), the pressure contributions of various sources of pressure (e.g. thermal, turbulent,
magnetic, cosmic rays Ostriker & Kim, 2022) and the nature of the turbulence (e.g. solenoidal vs.
compressive; sonic vs. subsonic Federrath, 2013; Klessen & Glover, 2016) have been determined
(Klessen & Glover, 2016), and are being determined in increasing detail (McComas et al., 2015;
Saintonge & Catinella, 2022; McCallum et al., 2025).

Many di erent processes are being discussed which are hypothesized to contribute to the formation
of such a medium (e.g. Burkert & Lin, 2000; Behrendt et al., 2015; Walch et al., 2015), but numer-
ical challenges (de Avillez & Breitschwerdt, 2005; Groth et al., 2025), as well as conceptual issues
with the interpretation of the analysis (Groth et al., 2025), and most importantly the incredible
dimensions of the modeling space (Walch et al., 2015; Kim et al., 2023a) make it challenging to
faithfully assess which processes dominate the dynamics of the ISM.

Among these driving forces of the ISM, supernovae (SNe), explosions of stars at the end of their
lives, play a central role (Walch et al., 2015; Gent et al., 2020). While there is a wide variety of
di erent explosion mechanisms, most notably thermonuclear explosions of white dwarfs (type-la,
Fe-rich ejecta Blondin, 2024) and core-collapse SNe (type-ll, O-rich ejecta Janka, 2025) driven
by various dynamical instabilities in the core of massive stars & 8 M ), the result is similar
to someone like me, who is predominantly interested in the immediate e ects on the ISM: an
essentially instantaneous release of large amounts of energy (10°! erg) and mass & 1M ),
highly enriched with heavy nuclei { a.k.a. metals { that is powerful enough to meaningfully
perturb the large-scale ISM (Fichtner et al., 2024). Thus in the context of my thesis, SNe are
treated as idealized energy and mass sources, abstracted from their stellar origins and considered
as discrete, localized events within a galactic setting.



2 1. Supernova Remnants

1.1 The E ects of SNe on the ISM

The ashes of these big astrophysical explosions, form a structure, known as a supernova remnant
(SNR). The expansion of SNRs can a ect the ISM in many important ways, playing an integral
role in the physics of star-formation and galaxy evolution (de Avillez & Mac Low, 2002; Walch
et al., 2015).

SNe kickstart chemical evolution in the universe by blowing out metals formed in the interior of
stars through nuclear fusion (Saitoh, 2017; Goswami et al., 2024; Janka, 2025), and their remnants
can redistribute and mix them throughout the ISM and into the halo (Ibrahim & Kobayashi,
2024), on timescales on the order of 100 Myr (de Avillez & Mac Low, 2002). Among these metals,
notably are the short-lived radionuclides (SLRs)26Al and %°Fe (Kretschmer et al., 2013; Parker
et al., 2023), which have long been recognized to play an important role for the formation of rocky
planets and ultimately for the ORIGINS of life (Urey, 1955) and a still lively debated fraction of
these metals ( 0:1 10 %) can condense to form dust grains (e.g. Nozawa et al., 2007; Zhukovska
et al., 2008; Matsuura et al., 2011), which trace the gas distribution (Leike et al., 2020; Edenhofer
et al., 2024), and play an integral role in many galactic process (Wol re et al., 2003; McKee et al.,
2015), such as molecular gas cooling (Hollenbach & Salpeter, 1971) and radiative transfer (Mathis
et al., 1977), and again, the formation of rocky planets and life as we know it (Ercolano & Clarke,
2010; Birnstiel, 2024). On the other hand, the environment created by SNe is quite hostile to
the survival of dust grains and di erent models of SNRs expanding into dusty media suggest that
they may destroy anywhere from 0 100% of the dust they encounter during the early expansion
phases (e.g. Nozawa et al., 2007; Bianchi & Schneider, 2007; Kirchschlager et al., 2024). It remains
to be shown whether SNRs are net dust sources or sinks.

By heating up and disrupting their environment SNRs can act to regulate star-formation on galac-
tic scales, much like a thermostat (Gatto et al., 2017; Kim et al., 2023a). If a region is excessively
forming stars, the overabundance of massive stars will lead to many SNe in the near future, which
can temporarily prevent star formation in that region. Meanwhile, in a region with previously
little star formation, few SNe are expected to explode, allowing for ongoing accumulation of gas,
that may eventually collapse and form stars. While it is generally agreed upon that the net e ect
that SNe have on star-formation is its suppression, under certain circumstances SNe may actually
trigger it (Elmegreen & Lada, 1977; EImegreen, 1998).

The key insight behind the idea of triggered star-formation is that shocks compress gas and denser
gas collapses on a shorter timescale (Elmegreen & Lada, 1977). This is particular true in the case
of radiative shocks (Hunter et al., 1986), i.e. after shell formation, where the shocked gas can
easily be compressed by a factor of 100 or more (Diesing et al., 2024; Diesing & Gupta, 2025).
As a result the shells of radiative shocks, which are subject to a wide range of instabilities can
fragment, and form particularly dense overdensities, which grow by further instabilities until they
eventually reach a critical mass and become gravitationally unstable and collapse. Besides this
traditional mechanism, compressed rings and shells can also collapse globally, though on much
longer timescales (Elmegreen, 1998). Small droplets of dense gas can also be engulfed by the
hot, overpressurized interior of blastwaves and if they manage to survive the hostile, turbulent
environment, they are compressed, and { if the pressure in the SNR is high enough { they may
even become gravitationally unstable and form stars (Krause et al., 2018). While these processes
certainly do not seem to be very e cient on large scales, due to the extremely short free-fall
timescales in the compressed gas, locally they might contribute signi cantly to the budget of newly
formed stars. Indeed, many observations of young star-forming regions in the solar neighborhood
nd evidence for sequential star-formation (Miret-Roig et al., 2022), which exhibits many of the
classical features predicted by the classical models for triggered star-formation, such as radial
age-gradients (Posch et al., 2023; Ratzenbeck et al., 2023; Swiggum et al., 2024). Yet the role
of the various di erent feedback mechanisms, such as stellar winds, ionizing EUV radiation and
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especially that of SNe remains to be unambiguously determined.

SNRs structure the ISM, lling it with a network of hot, voluming- lling bubbles (Cox & Smith,
1974), and banish the cold, molecular and warm, atomic gas onto their surfaces. This network
of bubbles and clouds interacts in complex ways, driving turbulence on 100 pc scales, which
cascades down to increasingly smaller scales and provides kinetic, and hypothetically { by means
of a turbulent dynamo { magnetic pressure support to the ISM (Ostriker & Kim, 2022; Gent et al.,
2023, 2024). Through interactions with the intergalactic magnetic eld in a processes known as
di usive shock acceleration, SNRs are hypothesized to accelerate cosmic rays (Cristofari et al.,
2021; Diesing et al., 2024; Diesing & Gupta, 2025) and even dust grains (Epstein, 1980; Ellison
et al., 1997; Cristofari et al., 2025), converting up to  10% of the injected energy into cosmic
ray energy, with the most energetic CRs reaching up to 1TeV (Cristofari et al., 2020).

1.2 The Life of a Supernova Remnant

SNR evolution proceeds through various stages, probing a wide window of di erent spatial and
temporal scales as outlined in Fig. 1.1 and emitting light in a wide frequency range, characteristic
of each stage.

1.2.1 Young SNRs { The Free-Expansion Phase

Initially, the ejecta are only loosely coupled to their surrounding gas, allowing them to expand
freely at a speed oftentimes exceeding 1;000km s !, as determined by the explosion energy
and the ejecta mass. During this stage, SNRs can reach sizes of a few parsec. After a few 100
to 1000 years, once the expanding blastwave has swept up its ejecta mass in ambient medium,
the pressure in the expanding shell starts to dominate over the adiabatically cooling interior and
drives a reverse shock that thermalizes the ejecta (Truelove & McKee, 1999).

Young SNRs such as Cassiopeia A are routinely observed in a wide variety of wavelength bands,
from the radio (e.g. Anderson & Rudnick, 1995; Arias et al., 2018) and infrared (e.g. Milisavljevic

et al., 2024; De Looze et al., 2024; Rho et al., 2024) at long wavelengths to optical (e.g. Reed et al.,
1995; Fesen et al., 2025), all the way up to X-ray (e.g. Grefenstette et al., 2017; Vink et al., 2024;
Suzuki et al., 2025; Bamba et al., 2025) and even gamma ray emission (e.g. Saha et al., 2014; Li
et al., 2025) at short wavelengths. This wealth of multi-wavelength data and the time variability

of these systems on human timescales allows us to study the dynamics of these systems in great
detail (Orlando et al., 2025).

1.2.2 The Adiabatic / Sedov-Taylor Phase

Once the ejecta are fully thermalized, the SNR enters the so-called Sedov-Taylor (Taylor, 1950;
Sedov, 1959) or adiabatic phase during which the dynamics are determined by the adiabatic ex-
pansion of the shock, which is characterized by energy conservation. Most of the radial momentum
that is generated during SNR expansion comes from this stage (Kim & Ostriker, 2015). Adiabatic
SNRs can reach sizes of several 10s of parsecs before they start to lose their energy to radiative
cooling, which starts to dominate after several 1000 to 10s of thousands of years (Cio et al.,
1988).

Adiabatic SNRs can be observed mostly in the X-ray (e.g. Khabibullin et al., 2023; Reynolds &
Borkowski, 2024; Okada et al., 2025), however observations from other bands such as radio (Jing
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Figure 1.1: Observations of Supernova Remnants on various di erent scales. From bottom to top
(small to large scales): Multi-wavelength image of Cassiopeia A (Schmidt & Arcand, 2024), An
X-ray image of G121.1-1.9 (Khabibullin et al., 2023), A radio image (943 MHz) of G278.94+1.35
(Filipovc et al., 2024, a.k.a. Diprotodon), Multi-wavelength image of a SB candidate in the NGC
628 (Watkins et al., 2023), and a multi-wavelength image of the galactic out ow in the Cigar
Galaxy, M82 (NASA & the Hubble Heritage Team , STScl/AURA).
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et al., 2025; Filipovt et al., 2025), gamma- and cosmic-rays (Mitchell, 2024), and near infrared
(Deng et al., 2023) emission, end even from optical and UV absorption features (Ritchey, 2023)
exist. Compared to their younger counterparts, adiabatic SNRs are much fainter and the available
data is much sparser. Nonetheless, adiabatic SNRs are an important probe of galactic physics
and particularly their potential role in the acceleration of high energy cosmic rays makes them an
attractive target for both observational surveys and theoretical investigations.

1.2.3 The Radiative Phases

Once cooling begins to dominate, the high pressure in the interior of the SNR pushes the hot gas
in the interior outwards, where it condenses into a thin, dense shell(Chevalier, 1974; Straka, 1974),
leaving behind an evacuated low density, low pressure cavity. The pressure-driven evacuation
phase is often referred to as the pressure-driven snowplow phase, while the post-evacuation phase
is dubbed momentum-driven snowplow phase (Cio et al., 1988; Thornton et al., 1998; Fierlinger

et al., 2016, e.g.), since the dynamics at this point are dictated by the conserved momentum of
the shell.

Due to the rapid radiative cooling and the strong compression of the shell, which greatly enhances
emission, the luminosity of radiative SNRs ares up compared to the previous adiabatic phase.
Radiative SNRs are commonly observed in radio (e.g. Filipovt et al., 2024; Baks et al., 2025),

(sub-) millimeter (e.g. Sofue, 2024; Nonhebel et al., 2024; Shen et al., 2025) (far-) infrared (e.g.
Reach et al., 2024), optical (Payl et al., 2024) and even gamma ray (e.g. Tu et al., 2024; Araya,
2024) emission.

While | have focused here mostly on observations oGalactic SNRs of which only about 300 are
known with high accuracy (Green, 2025), extragalactic surveys such as PHANGS allow us to
discover large numbers of SNRs in nearby galaxies (Li et al., 2024; Zangrandi et al., 2024). Yet,
due to the great distance from these objects and the diverse samples, extragalactic SNRs can often
be only studied quite super cially and oftentimes it is even hard to tell apart SNRs from bubbles
that have formed by other processes, such as HIl regions (Winkler et al., 2023; Caldwell et al.,
2025).

1.2.4 The Merging Phase

As the blast-wave front, driven by its momentum expands it keeps slowing down eventually reach-
ing the propagation speed of small-scale uctuations at which point it will start to broaden sub-
stantially and merge with the ISM. This so-called merging usually happens after about a million
years of expansion at which point SNRs can reach sizes on the order of 100 pc. While the term
merging might suggest, that SNRs fade into the ISM, leaving behind an environment resembling
the previously unperturbed ISM, i.e. by fragmentation of the expanding shell and subsequent
mixing with the evacuated bubble, prior to my thesis, the details of this process have received
surprisingly little attention (however, see Slavin & Cox, 1992).

Since fully-merged SNRs would by de nition look identical to the ISM it is very challenging to
observe them and to my knowledge, there are no observations of SNRs that are con rmed to have
merged with the ISM. However, it is important to keep in mind that the basic setup of an evacuated
shell surrounded by a dense, but broadening shell overlaps with the de nition of radiative SNRs,
so it is quite likely that a fraction of the observed radiative SNRs could be reclassi ed asnerging.
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1.2.5 Superbubbles { Clusters of SNRs

With merging, the evolution of a single SN would be concluded. However, more often than not,
stars form in clusters, groups and associations and as a consequence SNe explode in a spatially
and temporally correlated way (Leitherer et al., 1999; Ratzenback et al., 2023; Swiggum et al.,
2024). Thus, a fading SNR may be rejuvenated by subsequent SN explosions happening in its
vicinity, or even within the bubble itself.

Typical timescales for the time between SNe in a star cluster are on the order of 100 kyr to a few
Myr depending on the mass of the cluster, which determines the number of massive stars (Leitherer
et al., 1999; Kim et al., 2017). This suggests that in many cases SNRs may indeed coalesce to
form larger associations of SNRs, known as superbubbles (SBs), which can grow much larger than
individual SNRs and their hot interior is much more long-lived, due to the steady energy injection
from the subsequent SNe and their relatively slow expansion, which leads to ine cient adiabatic
cooling (Kim & Ostriker, 2015; Gentry et al., 2017; El-Badry et al., 2019).

Extragalactic SBs can be observed through the infrared emission of their shells (e.g. Watkins
et al., 2023), while Galactic SBs can be observed in various ways, e.g. through features in optical
emission maps (Alsulami et al., 2024), infrared emission maps (Verma et al., 2023), di use X-ray

emission (Heiles, 1998; Yeung et al., 2024) and through topological analysis of 3D dust-extinction
maps (Zucker et al., 2022; O'Neill et al., 2024; Gao et al., 2025).

In extreme cases, SBs can break out of the galactic disk and drive a galactic out ow; a spectacular
(Bolatto et al., 2024; Lopez et al., 2025) way for a galaxy to vent its excess energy and simulta-
neously regulate its star-formation activity (Carr et al., 2023). Galactic out ows can reach over
several kpc in size and typically develop over the course of 10s to 100s of Myr (e.g. Jacob et al.,
2018; Girichidis et al., 2024).

Stellar-feedback-driven galactic winds are routinely observed in the rest-frame UV (e.g. Heckman
et al., 2015; Sugahara et al., 2019; Xu et al., 2022) and optical (e.g. McQuinn et al., 2019; Marasco
et al., 2023; Xu et al., 2023b) to trace ionized gas and far-infrared (Romano et al., 2023) to trace
the neutral, atomic gas, preferentially in low-mass galaxies ¥, . 10'2M ), since out ows in
higher-mass systems are oftentimes attributed to active galactic nuclei (AGN). Recent observations
of infrared (Bolatto et al., 2024) and radio (Krieger et al., 2019; Heyer et al., 2025) emission
associated with galactic winds, even con rmed the presence of molecular and dusty structures,
raising questions about how they could possibly survive in such an inherently hostile environment
(e.g. Micelotta et al., 2010; Richie et al., 2024; Richie & Schneider, 2026).

1.3 Are SNRs \solved"?

While this picture captures a wide range of di erent SNRs over more than six orders of magnitude

in spatial scale, the devil lies in the detail and there are many additional complications that were
neglected in this broad overview. In the research presented in this thesis, my goal was to address
some of these complications, with a strong focus on the role of a realistic galactic environment.
Throughout this journey, | learned that the physical e ects of the galactic environment are inti-
mately coupled to the merging of SNRs with their surroundings. While for su ciently small and
young SNRs the microscopic (compared to the scale of a galaxy) shock physics, outlined above
provide a rather accurate description, old and large SNRs and SBs are mesoscopic objects whose
dynamics are dictated by the complex interplay of their small-scale shock dynamics and the e ects
of their larger-scale galactic environment.

The remainder of this thesis is dedicated to a thorough investigation of the question how SNRs
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and SBs evolve in a complex galactic environment. In Chapter 2, | present an analytical one-zone
model that aims to describe the dynamics of SNRs and SBs in complex environments. In Chapter
3, | apply this model to SBs in a vertically stratied medium, to study the conditions under
which a galactic wind may form and investigate the role of cosmic rays. In Chapter 4, | present
the results of numerical simulations of SNRs in a uniform stationary medium to characterize the
merging phase under such idealized conditions. In Chapter 5, | utilize the ndings of the previous
chapter to make predictions for the star-formation from clouds that might form from merging
SNRs. In Chapter 6, | present a suite of numerical simulations of SNRs and SBs exploding in the
ISM of a simulated, isolated galaxy and characterize, how the galactic environment might a ect
various aspects of their dynamics and geometry. In Chapter 7 | apply some of these ndings to
the Local Bubble, our local SB, to derive new constraints on its formation history. Finally, in
Chapter 8 | summarize my ndings and conclude by pointing out possible future directions.
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Chapter 2

Modelling the Expansion of
Supernova Remnants

Software used in this chapter:
Julia v1.10.0 (Bezanson et al., 2017)Matplotlib v3.5.1 (Hunter, 2007), and Healpix
v2.3.0 (Tomasi & Li, 2021)

An extended, more detailed version of this work is to be submitted to Astronomy & Astrophysics
after the submission of this thesis. As recommended by the members of the thesis committee, |
have revised and extended this chapter after my defense. The published version is the nal version
completed on Jan. 27 2026. The derivation and conceptualization of the model presented in this
chapter, as well as the derivation of the results and plots were original work done by myself. My
supervisors Andi and Manuel were involved by asking the right questions that guided me in the
right direction.

The environment in which supernovae (SNe) explode is far from stationary and uniform. Observa-

tions of Galactic SN remnants (SNRs) exhibit many complex features that are usually associated

with interactions with their complex, structured surroundings in the circumstellar (e.g. Kobashi

et al., 2024; De Looze et al., 2024) or interstellar medium (e.g. Arias et al., 2018; Deng et al., 2023;
Payl et al., 2024). Moreover, extragalactic observations suggest that large scale ows and gravity

may also a ect the dynamics of SNRs (Watkins et al., 2023).

While signi cant e orts have been made trying to reproduce these features in the case of specic
SNRs such as G1.9+0.3 (zZhang et al., 2023), G332.5-5.6 and G290.1-0.8 (Vehzquez et al., 2023),
Pa 30 (Du ell et al., 2024) and prominently, the Local Bubble (LB) (Breitschwerdt & de Avillez,
2006; Breitschwerdt et al., 2016), theoretical studies investigating the dynamics of SNRs are usually
limited to (near) uniform, stationary environments (e.g. Ostriker & McKee, 1988; Truelove &
McKee, 1999; El-Badry et al., 2019), with the role of the complex environment usually being an
afterthought (though notable exceptions exist, e.g. Laumbach & Probstein, 1969; Haid et al., 2016;
Jimenez et al., 2024; Lau & Bonnell, 2025).

These theoretical investigations have painted a coherent picture of SNR evolution, in which SNRs
evolve through various distinct evolutionary stages (e.g. Kim & Ostriker, 2015; Oku et al., 2022).
Young SNRs start out with a free-expansion phase (Truelove & McKee, 1999), which is concluded
once the reverse-shock has thermalized the ejecta and they transition into the adiabatic so-called
Sedov-Taylor phase (Taylor, 1950; Sedov, 1959), which eventually ends once radiative cooling
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starts to dominate, leading to shell-formation and the onset of various so-called snowplow phases
(Cio et al., 1988; Kim & Ostriker, 2015; Fierlinger et al., 2016). SNR evolution is concluded
by the merging of SNRs with their environment (Slavin & Cox, 1992; Romano et al., 2024a) or
the formation of a superbubble (SB) through the coalescence of many clustered SNRs (El-Badry
et al., 2019; Oku et al., 2022). While this picture describes the dynamics of SNRs in idealised,
uniform environments with great accuracy, it remains unclear how applicable it is to the actually
observed case of SNRs exploding in a highly structured medium a ected by turbulence, galactic
shear and gravitational tides.

The theoretical studies that focused on these e ects usually investigated the role of one or few of
these e ects in isolation. Laumbach & Probstein (1969) and several others (e.g. Kompaneets, 1960;
Moellenho , 1976; Koo & McKee, 1990) have investigated the e ect of vertical strati cation. These
authors nd, that adiabatic blastwaves expanding into a medium with nite mass are reaccelerated
after atmospheric breakout, reaching an in nite speed within nite time. Energy-conservation
considerations show that the leading shock, which is moving increasingly small amounts of mass,
indeed does follow this behavior, while the bulk of the mass is limited to an asymptotic nite
speed (Koo & McKee, 1990). However, it is important to note, that these considerations generally
neglect the e ects of radiative cooling and gravity, on timescales where they would most certainly
be relevant.

Tenorio-Tagle & Palous (1987) and a number of other authors (e.g. Bisnovatyi-Kogan & Silich,
1995; Palows et al., 2020; Jinenez et al., 2024) study the role of shear induced by di erential
rotation. They nd that SNRs expanding into di erentially rotating media may be stretched out
substantially in the direction of the rotation, within a fraction of the orbital timescale. Jimrenez
et al. (2024) t such a model to the southeast superbubble in NGC628 and nd that deformation
by shear indeed serves as a plausible explanation for its elongated geometry.

Haid et al. (2016) estimate the e ects of a turbulent ISM on the radial momentum of SNRs, by av-
eraging over many cones with random density, sampled from a density probability density function
with a dispersion dictated by the theory of turbulent compression. They nd that in moderately
turbulent environments, the average momentum is only marginally a ected by turbulence.

Lau & Bonnell (2025) develop an analytic model to study the escape of a SN energy through a
low-density channel that connects an Hi region embedded within a dense molecular cloud with
the ambient ISM, by following the energy ux along a streamline. They characterize how the
presence of dense substructures and low density channed® small scalescan a ect the e ciency

of momentum- and energy injection into the larger-scale ISM and show how this may a ect sub-
grid models that couple the unresolved small-scale energy-input to the resolved larger scales in
numerical simulations as well as SN-driven turbulence.

In a recent paper (Romano et al., 2025a) we introduced the SISSI (Supernovae In a Strati ed,
Shearing ISM) simulations, in which we study the evolution of SNRs in a realistic galactic environ-
ment. There we have found that, while the dynamics of young and small SNRs are well described
by the simple analytic models based on SNe exploding in a uniform, stationary ISM, once they
reach a certain age & 1 Myr) and size (& 100 pc) SNRs start being a ected by all of the external
processes mentioned above. Thus, in order to better understand the dynamics of such large and
old SNRs, a comprehensive model that takes all of these e ects into account is needed.

In this paper we develop a simple analytic model for the dynamics of SNRs in complex environ-
ments, taking into account the lessons learned from the SISSI simulations (Romano et al., 2025a).
The model aims to lay out the theoretical foundations for the study of SNRs in complex geometries
and serve as a simple tool for exploring the e ects of previously unexplored phenomena on SNR
dynamics, without the need of computationally challenging and expensive numerical simulations.
To achieve this goal we aimed to formulate the model in a modular way, that easily allows for the
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Table 2.1: Constants in Eq. 2.5 as function of the adiabatic index .
Co C1 C2
Value g 3( +17 3+p
Value ( =5=3) 1/7 32/3 11/2

inclusion of new phenomena.

The remainder of this paper is organized as follows. In Sec. 2.1 we describe our model and evaluate
how well it reproduces a number of well established results in Sec. 2.2. In Sec. 2.3 we apply the
model to a number of complex settings, in order to investigate their individual e ects on SNR
evolution. We close in Sec. 2.4 by discussing how these individual e ects might conspire to a ect
the dynamics of SNRs in a realistic galactic setting. In the Appendix we provide some additional
background to some aspects of our model.

2.1 Blastwave model

We develop a model for the expansion of a blastwave powered by central energy- and mass-
injection. The blastwave is expanding into a medium described by arbitrary density-, velocity-
and (gravitational) acceleration elds, denoted by o (¥;t) ¥ext (¥;t) and g(¥;t), respectively. Our
model solves the blastwave equation of motion (Ostriker & McKee, 1988) using the thin-shell and
sector approximations (Laumbach & Probstein, 1969), which follows the one-zone dynamics of a
shell-segment per unit angle, i.e. along a single streamline, by assuming that all of the swept-up
mass along the streamline is incorporated into an in nitesimally thin shell. Similarly to other
models using the thin-shell approximation (e.g. Bisnovatyi-Kogan & Silich, 1995; Palows et al.,
2020; Jimenez et al., 2024) we model the curving of streamlines due to normal accelerations, but
instead of requiring to evolve the whole shock-surface simultaneously, we opt for an exclusively
local approach.

The expanding shell segment originates from the explosion centefey, and is associated with its
initial expansion direction €= (sin cos ; sin sin ; cos ). We use aHealpix tesselation of the
unit sphere (Gorski et al., 2005) to uniformly sample all directions.

The dynamics of the shell-segments traced by their positiors (t), expansion velocity v (t), mass
M (t) and energy E (t) are described by the following set of equations

M- Min + Msw = Min + 07 ¥ (2.1)
d
G Mvs) = P+ M g %ea *Dnf] (2.2)
E = Ein Eeo+ Mg %; (2.3)
s = Vst Vex (2.4)

where My, , Ei, and pi, are the central mass-, energy- and momentume-injection ratesMy,, is the
incorporation rate of swept-up mass,E¢qo is the energy dissipation rate due to radiative cooling

~=d A=d is the (outward-) oriented surface area and A = ~= ~ is the outward-pointing
normal vector of the shell-surface.

We note that in the sector approximation volumetric quantities such as energy, mass and momen-
tum are to be understood per unit solid-angle i.e. E = dE=d . For brevity of notation we will
omit this distinction, except where it could lead to confusion.
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The pressure gradient forceF p = P ~is evaluated using the formalism of Laumbach & Prob-
stein (1969) which leads to the expression

E ) M v2
= — + + : .
P=o0 Cizy 3 ovst(k ) 3y (2.5)
where the constantsc; are listed in Tab. 2.1,
dlog o
= : 2.
dlogrs ’ (2.6)

and we made the substitutionr?! 3 V to account for more general geometry. Due to the gauge
freedom of V described below this expression is ill-de ned, but since the shock surface is usually
spherical in the situations where it is relevant and thus V. r3=3 this is only a minor concern.
The derivation of Eq. 2.5 is quite tedious and somewhat technical, so we direct the interested
reader to the App. A.1 for more details. Radiative blastwaves are usually modeled by setting the
adiabatic index =1, whichleadsto P/ ( 1) = 0, which justi es simply setting P =0
once radiative cooling becomes dominant.

The central mass-, energy- and momentum-injection rates are linked

q___
Pn= p 2MinEin ; (2.7)

where | is a boost-factor that accounts for the coupling of the interior of the SNR to the shell.
For adiabatic blastwaves, this coupling is explicitly accounted for with the pressure gradient force
Eg. 2.5 and we can set , = 1, however Lancaster et al. (2024) have shown that radiative,
continuously powered blastwaves approach a so-calledchpidly-cooling wind solution, where the
momentum injected into the shell is mediated by the hot interior, leading to slightly boosted
momentum-injection with , 4.

The energy dissipation rate due to radiative cooling is

Ecoo = — oM (2.8)
where = ( +1) =( 1) is the shock-compression ratio in the case of a strong shock and
= 1:4my is the mean atomic weight. In adiabatic SNRs the post-shock temperature generally
exceeds 10K, so we can approximate the cooling rate as = 10 22 4 5, T, ¢ ergs tcm?

(Oku et al., 2022), where Ts = 108 T ¢ K = v 2=kg is the post-shock temperature, with =
2( 1( +1) >

For our models with cooling, we transition to the radiative stage by switching o cooling and
pressure gradient forces and setting , = 4 once & 10 % of the injected energy have been radiated
away.

We note that in contrast to previous work (e.g. Palots et al., 2020), we do not modify the dynamics
once the shock velocity falls below the velocity dispersion of the ambient medium or the internal
pressure falls below the ambient pressure, since simulations do not show any signs of modi ed
dynamics past this point (Romano et al., 2024a, 2025a).

The surface area and its direction depend on the instantaneous geometry of the shock-surface,
which either requires evolving the whole surface or a local parameterization of it in a neighborhood
of each point { here we opt for the latter. The surface area can be computed from the local tangent

vectors @ 1 @
_ @ _ @s
=@ °%*s0pe’

(2.9)
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which are known att = 0 and where we divide out the constant sin () for regularity near the
poles. The surface element can be obtained by taking their vector product

TH=@ @: (2.10)

We evolve the tangent vectors by switching the order of di erentiation

= @s= @Vt MYy @ (2.11)

where the external velocity gradient ™ ¥y iS known a priori, and @vs is evolved along the ow
making use of

%@Vs = @¥%(fs %) (2.12)

evaluated by approximating the local on-surface acceleration gradient using nite di erences. In
particular we evaluate the acceleration from eq. 2.2 by shifting the position, velocity and surface
are element by the tiny increments

! s @ W! v @v 7! 7 T8 (2.13)

where & = @= @ , and we approximated the local curvature radius with the length of the

tangential vector for closure. We assume that all other quantities M, E, etc.) remain unchanged
by a small shift along the surface and we choose 10  for it to be su ciently small but not so
small as to be dominated by numerical noise.

Finally, we de ne? the local volume-element as
1
Vo= é(fs fexpl) T (2.14)

where we allow the explosion centefreyp (t) to move as a function of time to model cases where
it is not stationary, such as a star cluster following a circular orbit in a galactic disk.

2.1.1 Initial Conditions

Our model is general enough to describe a variety of di erent types of blastwaves, such as SNe,
stellar winds and active galactic nuclei, which may require di erent initial conditions as well as
models for their environment. Here we focus on SN-driven SBs, which begin to expand following
a central point-explosion that deposits a large amount of energyEy and massMg at t = 0. Due

to the spherical symmetry ~= r2 @, where rg is the shock radius. Regularity of the solution
atrs = 0 reqwreﬁ the terms in P r2 that are / r ! to cancel asrs ! 0, which leads to
(re;v;M;E)=(0; CcEo=Mg;Mg;Eyp), Wherec— = (02 k).

Despite this cancellation, we avoid numerical problems due to division by zero, by starting our
calculation from a slightly advanced state with rg & 0.

2.1.2 Breakdown of the model

While the model is applicable under a wide range of conditions, there are regimes in which it
ceases to yield physically meaningful results. Below we summarize common causes of breakdown
and their physical interpretation.

1This factor only enters in surface-integrals where now = sin( )

2There is some freedom in the de nition of the local volume element. For |nstance by applying the divergence
theorem the dot-product of any function F with div F = 1 with ~de nes a viable volume-element. The equivalence
class of volume-elements corresponds to such functions di ering only by a total derivative on the surface.
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In models including gravity, the shock expansion may reverse and lead to collapse. In this situation,
wherevs ~ < 0, physically we expect the shock to stop sweeping up mass. To prevent a formal
breakdown of the model, we setMs, = 0. If the shock subsequently re-expands, care must be
taken to avoid double-counting material that may have been swept up previously.

Provided the surface normal initially points outward, its topological properties ensure that it
remains outward-facing unless it undergoes a continuous transition to an inward orientation, which

requires passing through a singular point with =~ = 0. Using Eg. 2.11, the time evolution of the

surface normal is given by
d T
—"= r = 2.1
gt % % : (2.15)

which shows that converging ows within the tangent plane of the shock can drive™to zero. We
interpret this as the crossing of neighboring streamlines. Beyond this point the local description
is no longer valid. Physically, such behavior may correspond to strong compression, or even
collapse, of swept-up material and it may therefore be of astrophysical interest to identify where
this behavior occurs.

Finally, in certain setups { such as an adiabatic shock expanding into a medium of nite mass {
the shock velocity can diverge in nite time (Laumbach & Probstein, 1969; Koo & McKee, 1990).
The appearance of divergent or otherwise unphysical quantities typically signals the breakdown of
one or more underlying assumptions, such as neglected physics (e.g., radiative cooling or gravity)
or an idealized environment, and must be evaluated on a case-by-case basis.

2.2 Notable limits

Here, we analytically con rm that our model reproduces the behavior predicted by many previ-
ous studies in the appropriate limits. We rst take various analytic limits in Sec. 2.2.1 before
comparing them to the results of a numerical integration of Eq. 2.2 in Sec. 2.2.2.

2.2.1 Analytic Considerations
Ejecta-dominated phase

Shortly after the central point-explosion, the SNR expands with an almost constant speed until
the swept-up mass becomes comparable to the mass of the ejecta (Truelove & McKee, 1999).

In our model this behavior is recovered since for small radir s (M= 0)1:3 the acceleration is
dominated by termsin P r2thatare / rg 1, ie.

E
W2 etk )V (2.16)

S

which rapidly drives vg towards the constant speedvgp = P cE=M, wherec= c;=(c; k).

Adiabatic phase

Oncerg & (M= 0)1=3 the contribution of the ram-pressure-terms in Eq. 2.2 can no longer be
neglected. After a short transitionary period the solution approaches a powerlaw solution resem-

bling the Sedov-Taylor-solution rs = st Et?= g 1= (Sedov, 1959) for a single explosion, or an
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5
energy-driven wind solution rg =  Et3= (Weaver et al., 1977) for continuous energy

injection. We note that for a better comparison with the spherically symmetrical models of Sedov
(1959) and Weaver et g} (1977) in these expressiong& refers to the total energy deposited over
the whole sky, i.e.E = (dE=d)d.

By plugging the respective expressions forg(t) into Eq. 2.2 and solving for we can nd the
asymptotic solution in the respective regime. For the Sedov blastwaveE = const:) we nd

— 25¢coc1 1=5 .
© 81 268 (;z k)] : (2.17)

ST

which for = 5=3 and k = 0 diers from the analytical solution only by . 2:34%. For the
continuously driven wind we obtain

_ 25¢oC; 1=5 .
-4 [7 903 (c2 k)=3)] ’ (2.18)

w

which matches the solution found by Weaver et al. (1977) for = 5=3 and k = 0 with 1%
accuracy.

Radiative phase

In the absence of the pressure-gradient force and any external forces, the combined momentum of
the blastwave and the ejecta is conserved as can be seen by integrating the EoM once:

P= Mvs = s+ Bnt; (2.19)

where pg; is the momentum at the beginning of the radiative stage, also known ashell formation
(see e.g. Kim & Ostriker, 2015; Oku et al., 2022; Romano et al., 2024a).

For a single explosion @, = 0) the solution approaches the well-known momentum-conserving
snowplow solution (Cio et al., 1988)

3pgrt
g 2P : (2.20)
0

while for continuously driven superbubbles g, > 0) the solution approaches that of a momentum-
driven wind (Oku et al., 2022; Lancaster et al., 2024)
3 t2 77

rs!
S 2 0

(2.21)

As for the adiabatic case, these results are stated in terms of the total momentum (injection-rate)
over the whole sky, for a better comparison with the literature.

Radiative SNRs are said to merge with the ISM once they have slowed down to the velocity
dispersion of the ISM. The merging phase hosts rich phenomenology, such as SNR implosion
(Slavin & Cox, 1992; Romano et al., 2024a), which requires a combined treatment of the bubble
and the shell and is therefore outside of the model presented here. The merging timescale is
3psf 1 .
256 o 4 ’

tmerge =

(2.22)
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Figure 2.1: Time evolution of shock radius (a), shock speed (b), swept-up mass (c), momentum
per SN (d), and energy e ciency (e) in the case of expansion into a stationary, uniform ambient
medium for four di erent explosion models.

for a single explosion and

1=2
o~ _3m .
merge — 32704 )

(2.23)

for a continuously driven SB. For a single SN in solar neighborhood conditions, this timescale is
& 1 Myr (Romano et al., 2024a).

The thin-shell approximation is a one-zone representation of SNR evolution and therefore by
de nition is unsuited for describing the interplay of the cold shell and the hot bubble. In order

to describe e.g. the pressure-driven snowplow phase, the emergence of the reverse shock or SN
implosion after merging, a multi-zone extension to this model would be required, which explicitly
models the coupled dynamics of the bubble-shell system. Such multi-zone calculations are outside
the scope of this current work.

2.2.2 Numerical solutions

In order to verify that our model works as intended, we numerically integrate Eqs. 2.1 - 2.4 for
a spherically-symmetric blastwave expanding into a stationary, uniform ambient medium. We
consider four di erent cases:

1. A single SN att = 0, without radiative cooling.

2. A single SN att = 0, with radiative cooling.

3. A single SN att = 0, followed by continuous injection of energy and mass at a xed rate,
without radiative cooling.

4. A single SN att = 0, followed by continuous injection of energy and mass at a xed rate,
with radiative cooling ( = 4).
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Figure 2.1 shows the temporal evolution of the shock-radius, shock-velocity, swept-up mass, mo-
mentum per SN, and the kinetic energy e ciency fyin = Eyin =Ein (t). We recover all the limiting
cases highlighted in Sec. 2.2. Also highlighted are various characteristic timescales, such as the
timescale for the transition from the ejecta-dominated to the adiabatic phasetgp, st (Truelove

& McKee, 1999) and the shell-formation timescalets (Cio et al., 1988; Kim & Ostriker, 2015),
which match the times at which the dynamics transition in our model quite well. The relatively
high kinetic energy e ciencies (> 0:22 0:27 (Sedov, 1959; Weaver et al., 1977)) in the adiabatic
cases are a well-known shortcoming of the thin-shell approximation (e.g. Koo & McKee, 1990).

We note that in many cases, by changing the variable of integration from time to the radius,
Egs. 2.1 - 2.4 admit analytical solutions in terms of special functions. The resulting solutions
are so-calleduni ed solutions (Truelove & McKee, 1999), which naturally interpolate between the
limiting cases.

2.3 Application: SNRs in SISSI

We apply our model to quantify how a realistic galactic environment can a ect the properties
of SNRs. We patrticularly focus on ages& 1 Myr, where our numerical simulations have begun
to deviate from previous analytical models (Romano et al., 2025a). We consider three di erent
explosion models:

1. A single SN explosion (SN).
2. An SB powered by 1 SN every tsy =1Myr (SB).
3. A starburst powered by 1 SN every tgy = 100yr (StB).

Each SN injects a total energy ofE = 105! Es; erg and a mass oM¢j = M¢j, 0 M, corresponding
to a momentum of psy ~ 10°psM km's ! across the whole sky. For convenience we introduce
ts = tsy=Myrand p, =10%psM km's *Myr 1. All models include radiative cooling.

For the environmental e ects that might a ect SNR evolution we consider vertical strati cation,
galactic rotation and the e ect of dense substructures. To obtain an intuition for each, we rst
consider each e ect separately, before discussing their combined e ect in concert.

2.3.1 \Vertical strati cation
Analytic considerations

The case of an adiabatic blastwave expanding into a vertically stratied atmosphere has been
studied extensively using very similar methods as ours (e.g. Kompaneets, 1960; Laumbach &
Probstein, 1969; Sakashita & Morita, 1977; Koo & McKee, 1990). These studies nd that after

the shock has reached a height exceeding a few scale heights, it is re-accelerated and approaches
an in nite speed in nite time. This seemingly unphysical behavior has been attributed to a
separation of the bulk of the swept-up mass from the shock, which is moving decreasing amounts
of material, leaving most of the swept-up mass behind. Indeed, Koo & McKee (1990) have shown
that a careful treatment of the dynamics of the swept-up mass reveals that it asymptotically
approaches a nite speed in line with the expectation from energy-conservation.

While these considerations accurately describe the dynamics of adiabatic blastwaves, most astro-
physical blastwaves are expected to cool long before they can be a ected by vertical strati cation.
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Figure 2.2: Same as Fig. 2.1 for dierent models in a vertically stratied atmosphere. For
comparison, dotted lines corresponding to the same models expanding into a uniform medium are
shown. Dash-dotted lines depict various characteristic scales. Both the single SN and the SB stall
without breaking out of the galactic disk within about a free-fall timescale, due to the e ect of
gravity. Only the starburst can resist the gravitational eld of the disk and drive a galactic wind.

Moreover, blastwaves breaking out of the galactic disk are subject to the galaxy's gravitational
pull, which can keep shocks from leaving the galactic ecosystem (Romano et al., 2025b). However,
so far these e ects have received only little attention (Bisnovatyi-Kogan & Silich, 1995; Orr et al.,
2022; Jinenez et al., 2024).

To address this gap, we consider the vertical expansion of a blastwave from the midplane of an
isothermal slab in vertical hydrostatic-equilibrium. The density pro le and gravitational acceler-
ation are given by

0(z) = mpcosh? = (2.24)
Hs
2 z
g, (2) = ZH—Stanh Ao (2.25)
where
Hs= p=——— 338 1n,*°pc (2.26)
is the vertical scale height, = 10 kms ! is the velocity disperion of the ISM and mp =

n ocm 2 is the midplane gas density.

The mass that is swept up by a blastwave expanding into such a strati ed atmosphere asymptot-
ically approaches a nite value

Zl
My = 0(2) Z%dz
0
2 1=2
= EmpHS 100 3n,"°M (2.27)

E ects due to the vertical strati cation are expected to become noticeable once the blastwave
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radius becomes comparable to the scale height at

ts 14 Tno®8E "B Gyr (ten!1l ) (2.28)
ts 294 2n, %5 p, S Myr  ( tsy  to); (2.29)

which already indicates that for SNRs powered by a small number of SNe, vertical strati cation
rarely plays a big role.

However, gravity becomes relevant much earlier. Forrg Hs the gravitational acceleration is
/I rs=Hs, while the acceleration due to inertia is/ v2=rs, which indicates that the expanding
blastwaves will stall without reaching the scale-height within a free-fall timescale
' 3

= ——  449n,% Myr; 2.30
unless they are powerful enough to break out on a much shorter timescalle t . Yet, even if
the shock manages to break out, unless the blastwave is continuously powered by a su ciently
powerful source, it will stall and fall back onto the galactic disk within ~t once it has slowed
down su ciently, i.e. Vs .

These considerations imply that shocks can only break out if

Es: 40 3n,% (ten!1l ); (2.31)
p—t“ﬁ 43 4 (ten o) (2.32)

i.e. if & 40 SNe explode within 1 Myr. Moreover, as Romano et al. (2025b) have shown,
these shocks cannot escape the gravitational potential of the disk unless the SN-rate exceeds
1SN per 100yr. Such SNRs that break out, but do not drive out ows might be interpreted as

driving fountain ows.

This result has immediate consequences for the interpretation of numerical simulations with in-
su cient resolution to resolve individual SNe. In such simulations, one might resort to feedback
models, that consider the combined e ect of many SNe. In these models, if the number of SNe
injected per feedback event exceeds these thresholds, the majority of feedback events are expected
to break out of the disk, leading to unphysical out ows. We caution simulators that the feedback
energy injections should be su ciently spaced out in time to reduce the impact of such numerical
artifacts.

We note that at large distances from the midplanez 10 100Hg the isothermal slab model be-
comes increasingly unrealistic, once the mass-contributions of the circumgalactic medium become
important and the gravitational eld starts to drop o due to the nite size of the galaxy.

These considerations suggest that for the SNRs in the SISSI simulations (Romano et al., 2025a),
vertical strati cation might be negligible, since the simulated time span of tgissy = 10 Myr is
shorter than the free-fall timescale for typical densities ofng . 10.

Numerical validation

Figure 2.2 shows the dynamical evolution of the shock radius, the shock speed, the swept-up mass,
the momentum per SN and the kinetic- and potential energy e ciencies per unit injected energy
for the part of di erent blastwave models expanding vertically into a strati ed medium with nite
mass.

The single SN and the SB model do not manage to break out from the midplane, due its strong
gravitational pull, which starts to signi cantly a ect the expansion momentum and speed after
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1=4t . The blastwaves stall after 1=2t and t , in the SN and the SB cases, respectively,
at which point their expansion velocity becomes negative and they begin to fall back onto the
disk. These timescales are short enough to potentially in uence the dynamics and geometry of
SNRs in the SISSI simulations.

The starburst model is powerful enough to overcome the gravitational potential and drive a galactic
wind. After breaking out of the disk, the mass encountered by the shock is negligible, while the
momentum keeps growing at a constant rate, leading to a constant acceleration. However, after

200 Myr the mass injected at the source, becomes comparable to the swept-up mass, and the
gravitational force / M begins to grow and overpower the constant force of the central starburst.
We note however, that the assumptions of our model cease to be valid on these vast spatial and
temporal scales.

The results shown in Fig. 2.2 con rm our analytical considerations and highlight the importance
of the e ects of radiative cooling and gravity for the dynamics of blastwaves in strati ed media.
While we have neglected the change in the surface area element in our analytical derivation, we

con rm that the deviations from = r2 are negligible before the onset of collapse. Moreover,

these results support the nding in Romano et al. (2025a) that the minor axis of the simulated
blastwaves tends to be aligned with the galactic polar / vertical direction, especially for the SNRs
in the densest regions, where the free-fall timescale is more comparable to the simulated 10 Myr.

We note however, that the picture of a uniform galactic midplane in vertical hydrostatic equi-
librium is a very simpli ed picture. Notwithstanding, e.g. low-density channels carved out by
turbulence and previous generations of feedback, can create pathways through which weak SBs
and even single SNe might be able to break out of the disk and contribute to the galactic fountain
ow or galactic winds.

2.3.2 Galactic rotation
Analytic considerations

Observational evidence (Watkins et al., 2023) and theoretical studies (Bisnovatyi-Kogan & Silich,
1995; Jinrenez et al., 2024) suggest that large SBs may be subject to galactic shear, which can
stretch out their geometry along the rotation direction (Palows et al., 2020). In the appendix of
Romano et al. (2025a) we have presented a simple model for the deformation by galactic shear
for the case of a structure of xed size. According to this model, the volume of the structure is
una ected by the deformation, which becomes signi cant after 5 6 % of an orbit, corresponding
to a time of

taeform  0:065ten,  4R3 Vi, Myr ; (2.33)

that is similar to the typical timescale on which SNRs evolve. Here,R = Rz kpc is the galacto-
centric radius, Vigt = 100 Ve, 2 km s Lis the galactic rotation speed andty, = 2 R=V y is the
orbital timescale.

However, in contrast to the deformation of a structure of xed size, in the case of SNRs, the
expanding motion may couple to the galactic rotation and a ect the dynamics in non-trivial ways,
that we explore in this section.

The velocity- and gravitational eld corresponding to galactic rotation are

Vext = Vrot% () (2.34)

2
A

— Vro 1 .
9= ?tﬂa( ) (2.35)
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Figure 2.3: Time evolution of the momentum components of blastwaves expanding into a uniform
medium subject to galactic rotation. Di erent panels correspond to the di erent explosion models.
Solid (dashed, dotted) lines correspond to the magnitude (radial-, azimuthal component) of the
momentum vector. In the rst panel, thin lines depict the expectation the analytical considerations
matching well with the numerical results. Horizontal lines correspond to integer multiples of the
radial momentum pi,; and pi,j = 2 of a model without shear.

where® and -z are the local unit vectors pointing in the (galactic) azimuthal, and radial direction,
respectively, and' is the azimuthal angle.

As the shell expands, its azimuthal angle changes, leading to an implicit time-dependence ®fy;
that enters into the equation-of-motion Eq. 2.2 through

Moyt = OVext , - Viot (Mrot + Vs, ) %?

e - () (2.36)

wherevs « is the azimuthal component of the expansion velocity.

Since the timescale for shear to a ect the dynamics of an SNR is usually much longer than the shell-
formation timescale, here we consider the dynamics of a radiative blastwave under the in uence
of galactic shear. The equation of motions for the azimuthal and radial momentum components
can be written as

ML V, Vs, ' Vs, Pin, * .
Vs,© = M Vs, Tst Vs, R = RS AR Jl:/l ; (2.37)
M Viot Vio bR
= — + .+ 4 ) . .
Vs, R M Vs, R +2 R Vs, R M (2.38)

where subscriptsR and ' correspond to the (galactic) radial and azimuthal components, respec-
tively.

Since the inertial term / M=M is / v2=rs it decays faster than the terms/ Vi, Vs=R as the
expansion slows down. Thus, we expect galactic rotation to become dynamically important when
the two terms become comparable, i.e. onces=rs Vot =R at

tshear (8 ) 1torb ( tSN 'l ); (2-39)
tshear “4) ltorb ( tsn tshear) ; (2.40)

which are both comparable to the deformation timescale of the structure with xed size.

The acceleration term / v2=R is always subdominant sincers R. Asymptotically, we can
discard all terms except the term linear in vs. The resulting set of ordinary di erential equations
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Figure 2.4: Slices through the xy-plane of the shock-surface of di erent blastwave models expand-
ing in a uniform density medium (np = 1) subject to galactic rotation ( Rz = 8, Vi, 2 = 2).
The velocity vectors on the surface are shown as arrows with arbitrary scaling. Top panels show
the single SN and SB models; bottom panels show the starburst. Left, center and right panels
show slices after 01 %, 1=4 and 1=2 of an orbit, respectively. Each panel has a compass pointing
towards the galactic center (blue) and the direction of rotation (red). While the SNRs are initially
spherically symmetric, after to, =4 they are signi cantly stretched out with a pitch angle 30 .
The velocity vectors clearly show signs of the epicyclic motion described by Eqs. 2.42 - 2.43. After

torb =2 they cease to be star-shaped making it di cult to measure their geometric properties
with our methods.

can be solved approximately, by assumingR  const: and dropping the term / v2=R and leads
to a coupled harmonic oscillation (epicycles) of the momenta, with an oscillation frequency of

=221, (2.41)

Due to the factor of 2 in the radial equation of motion thB ratio of the amplitudes of the radial
and the azimuthal momentum-oscillations is pg®} =p'® =

We can estimate the functional shape of the oscillatory part of the motion by

ber (6 ) 2pI(t )cos(t ) (2.42)
psr () pIa (t; ) sin(t ) s (2.43)

where is the initial angle between the motion and the galactocentric radial direction and we
assume, that at the onset of the oscillation, the direction of the motion in the co-rotating frame
has hardly changed.

Thus in the case of a single explosion, we expect

P (f ) pf (2.44)
‘ 1+cos?( )
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Figure 2.5: Same as Fig. 2.1 for dierent blastwave models expanding in a uniform density
medium (ng = 1) subject to galactic rotation ( R3 = 8, Viot, 2 = 2). For comparison, dotted lines
corresponding to the same models expanding into a uniform medium without shear are shown.
Dash-dotted lines depict various characteristic scales. In all models the net expansion falls below
that of the models without shear from 2t.; 87 Myr, despite the epicyclic boost received in
certain directions. Instead, a signi cant amount of the expansion momentum is converted into
tangential motion.

q__
which ensures momentum conservation, in particularp(t =0; )= pg;R + P2 = Psf.

The case of continuous momentum injection is signi cantly more complicated due to the deforma-
tion of the shock-surface. The complex time-dependence in the outward normal vector leads to a
non-trivial coupling of the momentum-injection rate. Nonetheless, nawvely one might expect

P (t; )/ pint: (2.45)

For the velocities this implies an oscillation around the expansion speed of an SNR expanding in a
medium without shear. However, during the episodes wherey is tangential to the surface or even
pointing inwards My, 0 and the oscillation can assume an approximately constant velocity-
amplitude for signi cant fractions of an orbit in the case of a single SN, while in the case of
continuous injection the behavior depends on the relative contribution of the injected momentum,
in particular the frequency of SN explosion tgy.

The rst such episode starts after around a quarter of an epicycle aftert. ; =2 torb =4p 2.
The average speed during this rst oscillation oscillates can be approximated by the velocity at
t. 1, yielding

Vi 4RIV, EXBn,“®kms b (2.46)
in the case of a single SN and
Vi 4RyTPVo% (pPa= 16)2%° ng "% kms (2.47)

for continuous driving, leading to oscillations amplitudes 1km/s for typical ISM conditions in
the solar neighborhood.
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In practice, due to the slightly di erent coupling of radial and azimuthal motions to the galactic
shear, di erent parts of the shock surface will enter this oscillation at a di erent phase, leading to

a phase-gradient. Due to the complex interplay of the shock-surface being deformed by galactic
shear and the phase-gradient of the oscillation the velocity amplitude eqs. 2.46 and 2.47 do not,
in general, correspond to the average expansion speed of the SNR.

Numerical validation

The dynamical evolution of the blastwave momentum over two epicycles in a uniform-density,

shearing medium with a constant galactic rotation speed of 200 km/s at a distance of 8 kpc from
the center of rotation is shown in Fig. 2.3. For each blastwave model, we track two representative
points on the shock surface: one initially moving radially outward and one moving parallel to the

galactic rotation.

For a single supernova, Egs. 2.42 - 2.43 accurately capture the momentum evolution. The neglected
term / v2=R introduces only a small phase shift that accumulates over multiple epicycles. Galactic
shear slightly enhances the momentum in initially azimuthal directions, while it slightly reduces the
total momentum in initially radial directions. In contrast, models with continuous energy injection
only brie y exhibit oscillatory behavior before the momentum decays. After two epicycles, these
models retain only  25% of the injected momentum, indicating that the epicyclic response and the
outward-directed injection counteract each other and reduce the overall e ciency of momentum
coupling.

We illustrate the SNRs' morphological evolution through slices in the xy-plane shown in Fig. 2.4.
All SNRs evolve from an initially spherical shape at 10 ° to, to increasingly elongated geometries,
reaching pitch angles on the order of 30 by tqo,=4. At this stage, the velocity eld clearly
exhibits the epicyclic motion predicted in Egs. 2.42 - 2.43. In the single SN and SB models the
geometry is quite similar suggesting that shear-induced epicyclic motion dominates their evolution.
By contrast, the starburst develops a more strongly curved geometry. After tqp=2 the SNRs
cease to be star-shaped, at which point the ellipsoidal approximation used to characterize their
geometry no longer applies.

We summarize the evolution of the dierent blastwave models in Fig. 2.5. Despite transient
momentum enhancement in azimuthal directions, we nd that galactic rotation suppresses the
overall expansion. From 2t . ; onward, the remnant size falls below that of an equivalent model
without shear, coinciding with a decline{fand eventual reversal{of the net expansion speed and
radial momentum. At the same time, the tangential momentum grows to values comparable to the
initial blastwave momentum, leading to signi cant tangential motion, comparable to the expansion.
This conversion might play an important role for blastwave-driven turbulence generation.

We characterize the blastwaves' geometric response to galactic shear in Figs. 2.6 and 2.7, showing
their trajectories in shape phase-space and the time evolution of the pitch angle, respectively. The
shape phase-space tracks the minor-to-majora=¢ and intermediate-to-major (b=Q axis ratios,
while the pitch angle measures the orientation of the shock surface relative to the galactic rotation
vector, with 90 pointing toward the galactic centerand 90 toward the anticenter. All blastwaves
begin as perfect spheresg=c= b=c= 1). For reference, we show the evolution of a shearing sphere
(Appendix D.3) in black.

Across all models, the blastwaves closely follow the shearing-sphere trajectory, con rming that
shear largely governs their geometric evolution. More energetic explosions systematically evolve
toward larger a=b ratios and retain larger pitch angles, re ecting their stronger resistance to
shear-induced deformation. The deformation timescales predicted by Eqgs. 2.39 - 2.40, indicated
by star symbols, accurately capture the onset of deformation only for the starburst model. For



2.3 Application: SNRs in SISSI 25

Figure 2.6: Evolutionary tracks in the shape phase-space of the di erent blastwave models ex-
panding in a uniform density medium (no = 1) subject to galactic rotation ( Rz =8, Vit 2 = 2).

In dierent parts of the phase space the SNRs are either spherical (S), oblate spheroids (OS),
prolate (P) or oblate (O). The track of a shearing sphere with a constant radius of 80 pc is shown
in black. The time at which the blastwaves are expected to cross the=c= 2=3-line is shown as
star markers. We also plot circle-markers color-coded with the time to provide a reference how
long it takes to reach a given degree of deformation. The blastwaves starts out as perfect spheres
and becomes increasingly prolate over time. The blastwave models roughly follow the track of
the shearing sphere (no expansion), with a slight tendency of more powerful blastwaves towards
larger a=h After to, =2 the measured lengths become increasingly unreliable and are thus shown
as transparent, dotted lines.
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Figure 2.7: Time evolution of the pitch angle of the major axis of the di erent blastwave models
expanding in a uniform density medium (no = 1) subject to galactic rotation ( R3 =8, Vot 2 = 2).
For reference the pitch-angle of a shearing sphere with a constant radius of 80 pc is shown in black.
The time at which the blastwaves are expected to cross tha=c= 2=3-line is shown as star markers.
During the spherical phase 6=c > 2=3) the pitch angle is not very meaningful and is thus shown as
transparent dashed lines. Afterto, =2 the measured angles become increasingly unreliable and are
thus shown as transparent, dotted lines. The pitch angle starts o near 45 and decays over time.
The blastwaves roughly follow the pitch-angle evolution of the shearing sphere with a tendency
towards larger pitch angles for more rapidly expanding models.
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Figure 2.8: Same as Fig. 2.1 for di erent blastwave models approaching an overdense lamentin a
background medium (h o =10, T 2 =6, d=8r,, ng =1). An additional panel (f) shows the
average density to account for the environment's multi-phase nature. For comparison, dotted lines
corresponding to the same models expanding into a uniform medium are shown. Dash-dotted lines
depict various characteristic scales. Both the single SN and the SB are trapped in the lament's
gravitational potential, while the starburst can overrun it. In all cases the average density increases
towrds the lament's central density upon approach.

weaker explosions, they either under- or overestimate the deformation time, whereas the shearing-
sphere model provides a more reliable reference. This behavior aligns with the expectation that
su ciently slow expansions should approach the shearing-sphere limit. Because Egs. 2.39 - 2.40 do
not depend on explosion parameters, their predictive power for realistic remnants remains limited.

At late times, t & top =2, deviations from the shearing-sphere behavior become more pronounced.
The weaker models fall below the shearing-sphere pitch-angle evolution, likely due to epicyclic
contraction, while the shock surfaces themselves cease to be star-shaped. As a result, the ellipsoidal
approximation breaks down, rendering both the inferred axis ratios and pitch angles increasingly
unreliable, as re ected by the kinks in the shape phase-space trajectories.

2.3.3 Density structures
Analytic considerations

Many SNRs are observed to interact with dense structures in their environment (Hewitt & Yusef-
Zadeh, 2009; Mayker Chen et al., 2023; Watkins et al., 2023). Models and simulations have ad-
dressed such interactions of SNRs with their immediate surroundings (Haid et al., 2016; Makarenko
et al.,, 2023; Lau & Bonnell, 2025). Yet, models addressing the interaction of large SNRs with
galactic scale structures, such as molecular laments, spiral arms and massive clumps remain
scarce.

We expect the sizes and separations of such structures to be on the order of the Jeans- and
Toomre-lengths (Jeans, 1902; Toomre, 1964), which are approximately equal in a marginally stable
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Figure 2.9: Slices through the shock-surface of di erent blastwave models expanding into the gap
(Ngap, 0 = 0:1) between two laments (n o = 10, T|» = 2:65,d;, = 200pc). The velocity
vectors on the surface are shown as arrows with arbitrary scaling. Top (bottom) panels show
slices through the xy- (yz-) plane. Left, center and right panels show slices after 1, 5 and 10 Myr,
respectively. Already at 1 Myr, the SNRs are quite deformed by the geometry of the ISM. The
ratio between the SNRs' extent parallel to the laments and towards them grows in time reaching
axis ratios  1=2 by 5-10 Myr.

disk (Toomre, 1964),
15 2 1=2

1T 76 926 1n, 7 pc: (2.48)

On scales comparable to j, the gravitational acceleration towards such a structure is of order

2

a — —: (2.49)
J t

Slowly moving objects, with speedsy .  { located within about a Jeans-length of the overdensity
{ experience free-fall onto it, reaching an asymptotic velocity of order .

In what follows, we rst consider the purely hydrodynamic interaction of a radiative blastwave
with an overdensity, neglecting gravity. We then re ne these estimates by including gravitational
e ects where necessary.

We consider a background medium of densityng containing an overdensity of the form ;no;f (¥),

where 1 sets the overdensity contrast andf (¥) species its geometry. We describe the
blastwave as momentum-driven, with total momentum
pt) B+ Bt (2.50)

As the blastwave approaches the overdensity, it sweeps up an excess mass

M nNok™k 3. ; (2.51)
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Figure 2.10: Same as Fig. 2.8 for di erent blastwave models expanding into the gapnap, 0 = 0:1)
between two laments (n; o = 10, T, = 2:65,d, = 200pc). For comparison, dotted lines
corresponding to the same models expanding into a uniform medium with an ambient density
matching the average density of the corresponding inhomogeneous model at each point in time.
Dash-dotted lines depict various characteristic scales. At the same average density, the blastwaves
in inhomogeneous media grow larger than those in homogeneous media as indicated both by the
radius panel (a) and the mass panel (c).

where ;. denotes the characteristic size of the overdense structure. This contribution dominates
over the background for distances
d. 5 (2.52)

In this regime, the additional mass contributions slow the blastwave in directions facing the over-
density relative to unperturbed directions, with a characteristic velocity ratio
\ Mo d
Vo M J:

(2.53)

We estimate the time required for the overdensity to signi cantly decelerate the blastwave by
comparing this e ect to the approach time

d

v (2.54)

tq

where = 1=4 (1=2) for a single explosion (continuous momentum injection). We estimate the
corresponding slowdown timescale to be comparable to the crossing time

J; 1 5 C
t —— = ’ tq: 2.55
” g d (2.55)
Blastwaves originating fard‘rom the overdensity (d & ;. ) therefore expand nearly isotropically,
while those closer than 3. experience noticeable deformation.

This anisotropic mass loading also biases density estimates inferred from swept-up mass and
volume. Averaging over solid angle yields

nod o+(M =V)d do+( 3 =0dd

i d d

No ; (2.56)
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showing that even a localized interaction with an overdensity can substantially boost the inferred
mean density.

The above estimates neglect gravity and therefore break down once the blastwave slows to velocities
comparable to the overdensity's velocity dispersion , which sets the depth of its gravitational
well. In this regime, the gravitational eld dominates the dynamics, particularly near the bottom

of the potential well, where self-gravity and collapse may become important on timescales of order
the overdensity's free-fall timet .

A su ciently strong blastwave can nonetheless overrun the overdensity if its velocity remains
larger than the . This condition translates into a momentum requirement

d d 2
Pst + - pnt, & - p (2.57)
where
p My o 3 : (2.58)

is a characteristic momentum scale of the overdensity.

By assuming the usual form Egs. 2.30 and 2.48 for the free-fall timescale and Jeans length, this
condition yields

2:15

d . 4 o
Ess 700 — g% L% (tsn!l ) (2.59)
P24 10 Td 4 (tsn t, ) (2.60)

These constraints are quite restrictive for warm structures but indicate that cold (molecular)
clouds ( .1 . 0:1) are readily overrun by nearby SN feedback.

Conversely, weak radiative blastwaves eventually become gravitationally trapped. In the gravity-

dominated regime, whereM M andg 2= ;. , the velocity evolves according to
2 2 g,
Vv + 2.61
T (2:61)
driving the ow toward v ! within ~ t .
For small SNRs (sne - g ) exploding close to an overdensityd . 5 , all parts of the

SNR are expanding into approximately the same medium and the gravitational pull is comparable
throughout the SNR. In such situations the overdensity can be treated as the background medium.
Evidently, Egs. 2.59 - 2.60 indicate that such a blastwave centered on the overdensity atl = O
would \overrun" it in any case. Nonetheless, it might not be able to escape from its gravitational
potential with break-out conditions resembling those of the vertically strati ed plane (conditions
2.31 and 2.32). The SNR showcased in Romano et al. (2025a) highlights this scenario of expansion
from within a (collapsing) lament and con rms, that the preferred direction of expansion is along
the lament, where the gravitational potential is constant, despite the relatively higher density,
which slows down the expansion of SNRs. This example also highlights the potential role of
ongoing collapse, i.e. the sweeping-up of material with negative radial momentum, which further
opposes the expansion out of the overdensity.

Numerical validation

In this section we consider various setups involving isothermal \Ostriker" laments (Ostriker,
1964), which describe the solutions of the equations of hydrostatic equilibrium for an isothermal
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Figure 2.11: Time evolution of the expansion velocity components of blastwaves expanding into
the gap (ngap, 0 = 0:1) between two laments (n) o =10, T; » =2:65,d, =200pc). Solid and
dashed lines correspond to the mass-weighted expansion speed and the e ective expansion speed
obtained by computing the rate of change of the e ective radius, respectively For comparison,
dotted lines corresponding to the same models expanding into a uniform medium with an ambient
density matching the average density of the corresponding inhomogeneous model at each point in
time. The mass-weighted expansion speed is strongly suppressed due to the stalled expansion in
the directions of the laments, which contribute signi cantly to the total mass, but little to the

total volume. The e ective expansion speed roughly matches that of the uniform medium at the
time-dependent average density.
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gas in an axisymmetric con guration. The density pro le has the form

1,0

- , 5 (2.62)
1+(r=r, )2
the gravitational potential
1 =2 2log 1+(r=r;)* ; (2.63)
and the gravitational acceleration
2 —
_ [ =r .
= 4—-———; 2.64
e r 1+(r:r|)2 ( )
where  is the distance vector from the lament, r its length and
r =50T93 n, $°pc (2.65)

is the laments scale length, depending on its central density | ¢ = n | o cm 2 and its temper-
ature T; =100T, » K. The density pro le of the Ostriker lament has a constant density core
of size r, outside of which the density steeply falls o / r “. The gravitational acceleration
linearly grows outwards, peaking at r, beforeitfallso / r 1.

We test our predictions for blastwaves approaching laments in Fig. 2.8 which shows the blast-
waves' evolution for a lament with a central density and temperature of n; ¢ =10and T, , =6
embedded in a constant density background with densityno = 1. The explosions occur at a dis-
tance ofd=8r|  332pc away from the lament, where its contribution to the density amounts
toonly 0:1%. We stopped the calculation once the blastwave reaches the lament's center.

As expected the starburst overruns the lament. While its speed drops considerably upon reaching
the overdensity, it remains well above the escape speed. By contrast, both the SB and the single
SN get trapped in the gravitational potential and begin to free-fall approaching the asymptotic
free-fall velocity of 2 . Compared to models without a lament, these models reach higher
momentum and kinetic energy due to the lament's gravitational acceleration.

In all three models, the average density at the position of the lament exceeds that of the back-
ground medium. However, the nal density di ers between the models. The lament's gravi-
tational eld converges neighboring streamlines, leading to a contracting surface area element.
While this in turn leads to a slower mass accretion it also shrinks the volume element, ultimately
leading to a higher average density. In the case of the single SN the convergence of streamlines is
so advanced that the density exceeds the lament's central density.

In order to study the net e ect of galactic substructure on the geometry of blastwaves, we next
consider blastwaves expanding in the gap between two parallel laments. The laments located
200 pc from each other have a central density oh| .o = 10 and a temperature of T| ., = 2:65,

chosen such that the density in the gap isng  0:1. The laments are embedded in a uniform
background medium with a density ofng = 0:1. We omit the starburst as it overruns the laments

before 1 Myr.

We illustrate the laments' e ect on the blastwaves' geometry by showing slices through the
xy- and yz-planes in Fig. 2.9 after 1, 5 and 10 Myr of expansion. At a background density of
nog 0:1 the blastwaves are expected to reach the laments after 1Myr and be signi cantly
deformed after a few Myr. For the single-SN (SB) model, the minor-to-major axis ratio decreases
to. 2=3 ( 1=2) after 5;Myr and evolves to & 1=2 ( 0:45) after 10, Myr. The portions of the
shock surface expanding out of the midplane facing either lament are expanding in a low-density
medium, but are pulled toward them, while the midplane region is stalled by the steep density
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Figure 2.12: Same as Fig. 2.6 for the di erent blastwave models expanding into the gapmap, o =
0:1) between two laments (n; o =10, T| 2 =2:65,d;, =200pc). The blastwaves starts out as
perfect spheres and becomes increasingly deformed over time.
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gradient. This combination produces an increasingly concave, rectangular morphology, illustrating
how lamentary structure can strongly shape the late-time geometry of SNRs and SBs.

We summarize the evolution of the dierent blastwave models in Fig. 2.10. As expected the
presence of the laments increases the average density encountered by the SNRs. Despite the
higher average density, the SNRs grow larger than they would in a uniform medium of the same
average density. Curiously however, the mass-weighted expansion speed, obtained by dividing the
momentum{which is only slightly a ected by the presence of the laments{by the mass is lower
than the expansion speed in a uniform density medium. Moreover, the free-fall-driven acceleration
that we found for the regions approaching the laments in Fig. 2.8 is washed out, when considering
the entire SNR. The presence of the laments drives tangential motion, decaying from initially

10km/sdownto. | after 10 Myr which signi cantly contributes to the SNRs' momentum-
and energy budget in the case of a single explosion, but is rather negligible for the SB.

In order to make sense of the lower expansion speed despite the larger size, in Fig. 2.11 we compare
the mass-weighted expansion speedy = pexp=M to the e ective expansion speed, de ned as the
rate of change of the e ective radiusvyo; = rvo. We nd that the e ective expansion speed roughly
matches the expansion speed of a blastwave expanding in a uniform medium with ambient density
matching the average density of the blastwave in an inhomogeneous medium. This motivates us
to approximate the e ective radius as

z t
Fvol (t) Vhom (t%h (t9i)dt?; (2.66)
0
as opposed to the usually applied
Z t
I 'obs (1) Vhom (tO; h (t)i) dt%; (2.67)
0

where the di erence lies only in the subtle fact, that the former expression requires information
about the history of the average ambient density, while the latter depends only on the current
\observable" density (h (t9i vs. h (t)i). Since in our setup the density increases with time
and a higher density implies a lower speed, this suggests that the \memory" of a previously
encountered lower density medium automatically leads to a larger size compared to a model that
expanded throughout with the higher average density at later times. Even for the slight overdensity
considered here these e ects become substantial after a few Myr, providing a plausible explanation
for the systematically larger radii at xed average density seen by Romano et al. (2025a).

Finally, we characterize the blastwaves' geometric response to the presence of laments in Fig. 2.12,
showing their trajectories in shape phase-space. We nd that the blastwaves are signi cantly
deformed within & 1 Myr. Since their expansion is mostly stalled in the direction of the laments,

but largely uninhibited in all other directions the SNRs grow increasingly oblate. Nonetheless, for
the rst & 10 Myr they retain an minor-to-semi-major axis ratio a=b& 2=3. Eventually, due to

the increasingly concave geometry, the ellipsoidal description of the geometry breaks down and in
the case of the single SN develops a kink in the shape phase-space trajectory, while in the case of
the SB it smoothly transitions towards greater values ofb=c 1.

In the SISSI simulations most SNRs populate regions of even lowex=cand b=¢ with the majority

of SNRs assuming a prolate geometry. This is likely due to the disky geometry of the gas and
notably the presence of a stellar disk, which lead to an additional potential well that can further
inhibit vertical expansion and thus preferential expansion in the disk plane. In the turbulent
multiphase ISM, the density varies over several orders of magnitude allowing SNRs to rapidly
travel through large volumes of low-density gas before being stalled by higher-density structures.
If these structures are lamentary and preferentially aligned parallel to each other{as would be
expected in a di erentially rotating disk{we expect SNRs to become preferentially prolate, aligned
parallel to the laments within a few Myr to 10s of Myr, depending on the typical density contrast.
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2.4 Galactic environment in concert

In Sections 2.3.1 - 2.3.3 we have explored{in isolation{the various ways in which ubiquitous galactic
scale processes can a ect SNR evolution. We have found that these processes usually a ect SNRs
once they reach a certain size or age, provided that they have slowed down su ciently for these
e ects to become dominant.

In a marginally stable disk, many of these characteristic time- and length-scales are linked by
the Toomre Qt-parameter (Toomre, 1964). For instance, in Section 2.3.2 we nd that galactic
rotation dominates the dynamics after half the epicycle timescale, which in a marginally stable
disk is comparable to the free-fall timescald , governing the collapse of weak blastwaves failing to
drive out ows. Similarly, the typical separation and size of dense structures is similar to the disk
scale-height ; T Hg (Jeans, 1902; Toomre, 1964; Ostriker, 1964; Behrendt et al., 2015).

We thus expect a variety of these processes to a ect the dynamics of old and large SNRs simulta-
neously. Explicitly modeling these e ects in concert turns out to be quite intractable, as it requires
the time-dependent modeling of the density and gravitational eld of galactic substructure sub-
ject to shear, which quickly becomes nearly as complex as the numerical simulations presented in
Romano et al. (2025a).

However, the above discussion allows us to draw some general conclusions about SNRs embedded in
complex galactic environments The SNRs appear to be most strongly a ected by their environment
after reaching a characteristic velocity on the order of the velocity dispersion

Venv ; (2.68)

and sizes on the order of ;. The time it takes for these mechanisms to take e ect reaches from
a few Myr for the interaction with overdensities to a few 10s of Myr for galactic rotation and
vertical strati cation, depending on various factors such as the typical distance between dense
substructures, the orbital timescale and the depth of the disk's gravitational potential.

In the vertical direction, strati cation can a ect the dynamics of SNRs if they are powerful enough

to break-out (Egs. 2.31 and 2.32). However, only the most powerful starbursts are expected to be
able to break away from the galactic disk (Romano et al., 2025b) and drive winds, which become
prolate and aligned vertically. Instead, most weaker SNRs become increasingly oblate due to the
gravitational pull of the galactic disk, within about a free-fall timescale. For su ciently powerful
SBs this may take the form of a brief break-out from the galactic disk, followed by stalling and
eventual falling back onto the disk, a process that is also known as fountain ow.

Along with their dynamics, SNRs' geometry is a ected by their galactic environment as well.
Deformation by galactic shear and substructure tend to be synergetic, since the substructure itself
is stretched out by galactic shear, leading to departures from spherical symmetry that align with
pre-existing substructure. Large SNRs, which are sandwiched between galactic laments as well
as SNRs within laments are expected to be parallel to them, with pitch angles matching those
of the laments on the order of 28 45 (Xie et al., 2024).

While we focused here mainly on the role of the gas, which contributes both to the swept-up mass
and the gravitational potential, it is worth noting that the stars' and dark matters' contributions

to the gravitational potential cannot be neglected likely leading to more pronounced di erences
from the dynamics in a uniform density medium possibly on even shorter time-scales. Moreover,
we only considered stationary or co-rotating media, however anisotropic or turbulent ow-patterns
can further a ect SNRs' dynamics and deform their geometry in complicated ways once the SNRs'
slow down to reach comparable speeds { for turbulence on the order of the velocity dispersion.
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Chapter 3

Starburst-Driven Galactic
Out ows

Unveiling the Suppressive Role of Cosmic Ray Halos

Software used in this chapter:
Julia v1.10.0 (Bezanson et al., 2017), andatplotlib v3.5.1 (Hunter, 2007)

This work has been accepted for publication in Astronomy & Astrophysics Letters on August
24 2025 and appeared in Volume 701, September 2025, id. L5 (Romano et al., 2025b). It is a
truly collaborative e ort that | initiated during my visit in Osaka in November 2024. Ellis Owen,

a leading expert on Cosmic Ray physics, was responsible for writing most of the introduction,
producing Figs. 3.1 and B.1, and for most of the cosmic ray physics, while | was responsible for
the physical setup and the blastwave modeling. | wrote the rst draft for most of the discussion,
results and conclusions sections, which we later collaboratively restructured and rewrote. Kentaro
Nagamine, my host in Osaka and an expert in large scale structure, provided useful comments
and suggestions that went into the interpretation and he has been very actively contributing to
the revision of the paper.

Galaxies with high star-formation surface densities often host large-scale out ow winds. Such
winds have been observed in local starbursts, such as Arp 220, M82, and NGC 253 (e.g., Bolatto
et al., 2013; Leroy et al., 2015; Walter et al., 2017; Barcos-Munoz et al., 2018) and are widespread
at high-redshifts, where galaxies are typically more compact and have higher star-formation rates
relative to their stellar mass (see, e.g. Sugahara et al., 2019; Nianias et al., 2024; Thompson &
Heckman, 2024). Outow winds play an important role in redistributing energy, momentum,
and baryons between the interstellar medium (ISM) and halos of galaxies. This makes them
a key feedback component that regulates the evolution of galaxy ecosystems. Yet, despite their
importance, a complete picture of the role they play remains unsettled (see Zhang, 2018; Thompson
& Heckman, 2024, for reviews).

Detailed multi-wavelength observations of nearby starburst galaxies with out ows have revealed
certain common features, including a bi-conical shape aligned along the minor axis of their host
galaxy (Veilleux et al., 2005), extensions reaching 10s of kpc into the halo (Veilleux et al., 2005;
Zhang, 2018), a terminal \cap" at a few kpc, e.g., at 12 kpc in M82 (see Lehnert et al. 1999;
Tsuru et al. 2007), and the presence of entrained magnetic elds (e.g. Jones et al., 2019; Lopez-
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Figure 3.1: Schematic of the structure of a starburst-driven out ow embedded in a galactic halo,
propelled by thermal gas pressure and/or non-thermal CR pressure. The scale height of the
warm ISM is indicated. All galaxies are embedded in a gravitational potential, g, which opposes
the out ow. Superscripts + and - on quantities indicate whether each term contributes to or
opposes the out ow, respectively. Left : In the absence of a substantial gas halo, out owing gas is
uncon ned, allowing it to escape beyond the galaxy ecosystem against the galaxy's gravitational
potential. Center : As the galaxy builds up its stellar mass, feedback processes form a hot gas halo
that suppresses the out ow, promoting baryonic recycling and enriching the CGM (see Ferrara
et al., 2005; Shin et al., 2021). Right : When CRs are supplied to the halo, they accumulate
over time, introducing a non-thermal halo component. Since non-thermal CR pressure gradients
operate over larger length scales than thermal pressure gradients, an out ow erupting into the
galaxy halo encounters distinct layers where thermally dominated and CR-dominated pressure
gradients hinder its development.



3.1 Starburst-driven Out ows in Galaxy Halos 39

Rodriguez et al., 2021) and high-energy CR particles (for an overview, see lrwin et al., 2024).

Despite these apparent similarities, the physical con guration of individual galactic out ows can
vary substantially. For instance, ow velocities ranging up to 1,000 km s ' have been reported
(e.g. Bradshaw et al., 2013; Heckman et al., 2015; Cicone et al., 2016; Cazzoli et al., 2016; Xu
et al., 2022; Taylor et al., 2024), while densities and mass-loading factors span over 1.5 orders
of magnitude (e.g. Xu et al., 2023a; Heckman et al., 2015). This diversity can be attributed to
di erences in the energy, matter, and momentum being supplied to an out ow by its host galaxy
(zhang, 2018; Thompson & Heckman, 2024), the underlying driving microphysics (Yu et al., 2020),
and environmental factors | particularly the conditions of the surrounding halo.

Hot halo gas exerts inward pressure. This can oppose the development of a galactic out ow by
reducing its velocity and limiting its extension compared to systems without a halo (e.g. Shin
et al., 2021). By con ning metal-enriched out ows and restricting the dispersal of ejecta, halo
gas ram pressure has been considered to be instrumental in regulating baryonic recycling ows
and enabling the enrichment of galaxies' CGM (Ferrara et al., 2005). In addition to this thermal
pressure from the hot gas, galaxy halos may also host a reservoir of CRs. These CRs may originate
as a relic population that could be transported by advection, bubbles associated with out ows, or
the activity of a central supermassive black hole (see e.g. Owen et al., 2019; Recchia et al., 2021;
Shimoda & Inutsuka, 2022).

Halo CRs can modify the structure of the circumgalactic medium (CGM) and alter baryonic
ows within galaxy halos (for reviews, see Ruszkowski & Pfrommer, 2023; Owen et al., 2023).
Simulations of Milky-Way-mass galaxies suggest that CRs provide additional pressure support to
sustain a multi-phase halo gas structure at low temperatures and can propel cool gas out to 100s of
kpc (Butsky & Quinn, 2018; Ji et al., 2020). CR-driven winds can even push gas beyond the virial
radius (Quataert & Hopkins, 2025). Due to the long CR survival time in halos, these feedback
e ects can continue to manifest long after the end of the mechanical processes that originally
generated the CRs (Quataert & Hopkins, 2025). Halo CRs can also operate alongside hot halo gas
to provide an inward non-thermal pressure that counteracts developing out ows. This is illustrated

in Fig. 3.1, which compares the suppressive e ect of galaxy halos and the implications for baryonic
recycling.

In this study, we assess the role of an extended CR halo in modifying the development of galactic
winds driven by CR and thermal gas pressure, and derive the criteria for the breakout of an out ow
from a galaxy with a CR halo.

3.1 Starburst-driven Out ows in Galaxy Halos

The collective feedback from a central galactic starburst can initiate a blastwave, which may
develop into a sustained galactic wind if the starburst activity is continuous. Typically, about
one SN explodes per 100 M of star formation, with the exact rate dependent on the choice of
the stellar initial mass function (e.g. Leitherer et al., 1999). We can therefore link the supernova
eventrate Rgy = R g kyr ! to the SFR of a galaxy byRsg  100M Rgy. Observationally, star
formation activity is typically quanti ed using the SFR surface density, srr. This can be related
to Rsg by considering that most star formation contributing to the blastwave occurs within a
cylindrical region with a radius comparable to the disk scale height, Hg, of a galaxy (de ned by
eq. BZ), i.e. SFR — RSF: H 3 = SFR,0 M yr lkpC 2.

The injection rates of mass (Msg = M¢jRsn, for Mgj = Mgj o M as the typical supernova ejecta
mass) and energy Esg = EsyRsn, for Esy = 10°1 Es; erg as the typical mechanical energy
supplied by a supernova) supplied to an expanding blastwave from a galactic starburst can be
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linked to the SFR through the mass- and energy-loading factors Msg=Rsr = 0:0IMgj o
and . "wEss=(EsnRsn) = "w, respectively, where",, is a thermalization e ciency factor
accounting for energy dissipation in the system (see e.g. Thompson et al., 2016; Kim et al., 2017,
Steinwandel et al., 2024). For convenience, we introduce the scaling parameterg, ., = »=0:01,
e,2 = ¢001and", , = "w=0:01. The supply of CRs to the wind is parametrized byfcgr,
representing the CR energy fraction at the galactic mid-plane. In our model, these parameters
are treated as constants, remaining xed throughout the evolution of the out ow, and the ow is
considered to be driven by the combination of central thermal and kinetic energy-injection, and
CR pressure gradients.

3.1.1 CR halos and their e ects on out ows

Several observational studies have suggested the presence of extended CR reservoirs in galactic
halos. These include a -ray halo around M31 reaching to 100s of kpc, which likely traces an
interacting population of hadronic CRs (Recchia et al., 2021), -ray emission originating from
halo clouds at kpc heights around the Milky Way (Tibaldo et al., 2015), and kpc-scale syn-
chrotron emission from edge-on galaxies (e.g. Mulcahy et al., 2018; Mora-Partiarroyo et al., 2019).

It has also been proposed that di use X-ray emission from the halos of Milky Way, M31, and
lower-mass galaxies could originate from inverse Compton scattering, driven by a leptonic CR
population (Hopkins et al., 2025).

The formation of CR halos is a consequence of CR production during galaxy evolution. The long
energy loss times of hadronic CRs in these environments (see Appendix B.1.1) ensure that most of
the CR energy density supplied to a galaxy halo during its development can survive to the present
day. Galaxies with signi cant historical stellar mass buildup are expected to host rich CR halos,
even if their current star formation activity is low. Observations in  -rays tentatively support this
distinction, with CR halos primarily identi ed around massive late-type galaxies, while lower-mass
galaxies show no indications of hosting such structures (Pshirkov & Nizamov, 2024).

To assess whether a CR halo can in uence a developing out ow, the CR pressure contributions
from both the halo and the out ow can be compared at a given altitude, z (see Appendix B.1;
egs. B.3 and B.7). For CRs to drive an out ow, the outward CR pressure must exceed the inward
pressure from the halo CRs. When external and internal CR pressures become comparable, the
driving e ect of CR pressure gradients diminishes.

As illustrated in Fig. 3.1, the presence of a CR halo is expected to frustrate slow out ows if its
scale height signi cantly exceeds the altitude where external and internal CR pressures are equal,
Zcr - In units of the disk scale height, Hg, this CR pressure equilibrium height is given by:

zcr  15"5 % Es RYT 12V 50 Hs (3.1)

where =10 ;km/s is the gas velocity dispersion, andv; ., is the rescaled terminal ow velocity

de ned asv; =100v; ., km/s at large distances from the galactic plane. Equation 3.1 indicates
that zcr is typically located at low altitudes for most galaxies. This suggests that CR-driven
out ows are easily suppressed by the presence of an extended CR halo, if the halo has a scale-
height Hs. Galactic winds in systems with a well-developed CR halo are therefore expected
to experience suppression, with their driving primarily dependent on thermal and kinetic energy-
injection rather than CR pressure.
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Figure 3.2: Terminal out ow velocities as a function of star formation rate surface density for
di erent choices of CR energy fractions,f cg , and energy loading factors, .. The model predictions
are compared with data from Heckman et al. (2015), which show measured out ow velocities for a
sample of nearby starburst galaxies with stellar masses in the range lgg(M =M ) 2 [7:1 10:9].
Typical uncertainties are indicated in the top-left corner. The model with  0:01 andfcg  0:1
provides a good match with the observed data. Models with higher energy loading values §)
generally predict out ow velocities in excess of the observations. The transition from slow out ows
in weak starbursts to fast out ows in strong starbursts is best captured by models withfcg > 0.
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3.1.2 Out ow breakout criterion and terminal velocity

For an out ow to break out from a galaxy, a minimum critical SFR surface density can be de ned
in the absence of a CR halo (see Appendix B.1.2). This is given by:

1=2 1=2

sfrc & 214ng 2 50 T M yr kpe % (3.2)

where ny mp = NpcCm 3 is introduced as the mid-plane gas number density. In a strong star-
starburst (i.e. when gfr SFR, ¢ ), the maximum ow speed that can develop tends towards
an asymptotic limit (see eq. B.10).

CR-driven out ows can always be launched without a speci ¢ breakout criterion. However, in weak
star formation scenarios (i.e. sfr SFR, ¢ ), only very slow ow velocities can be achieved:

ViR 1 237fcr 62 sFr0 12 Ngt kms b (3.3)
In this regime, the CR pressure equilibrium height reduces to:
zleak | 1:85f 272 Hy (3.4)

which decreases as the CR supply to the system increases. This indicates that a CR halo strongly
suppresses weak out ows that rely on CR driving (c.f. the right panel of Fig. 3.1).

In the strong starburst limit (when  sgr sFR, ¢ ), much faster terminal velocities are expected:
vitona 1108 2, LA ; "1 o kms *: (3.5)

The CR pressure equilibrium height in this regime is then
zgR® ! 04T L Bt Mg o R 1 P Hs (3.6)

Although the inward halo CR pressure overtakes the outward ow-driving CR pressure near the
disk scale height, the independence af2x" from fcr suggests that out ows in this regime are
momentum-dominated. Such out ows are unlikely to be signi cantly in uenced by the presence of
a CR halo, with thermal gas pressure likely playing a more critical role in regulating ow dynamics
(see the central panel of Fig. 3.1).

The terminal velocities predicted by our model allow for comparison with observations. Figure 3.2
shows terminal out ow velocities as a function of SFR surface density for a ducial model with
(dimensionless) parametersng = 1, 1 =1, .2 = 5, and varying values of fcg and ¢, -2
as indicated in the legend. These calculations assume that all galaxies in the sample share a
similar dynamical equilibrium pressure, Ppe mp 2 G 2 (Ostriker & Kim, 2022) for , as
the galactic mid-plane gas volume density and as the corresponding surface density that sets
srFr, ¢ For comparison, observed out ow velocities for a sample of nearby starburst galaxies
with stellar masses in the range logs(M =M ) 2 [7:1 10:9] are also shown (Heckman et al.,
2015). Our model captures the general trend of observed ow velocities with parameter choices
of "w.2 e2 Jland 2 Mg o 5. These choices align well with the energy and mass
loading factors reported in numerical simulations of galactic out ows at altitudes of a few kpc
(e.g. Kim & Ostriker, 2018; Rathjen et al., 2021; Steinwandel et al., 2024; Kjellgren et al., 2025).

3.2 Discussion and Implications

The structure of galactic winds has been extensively studied through theoretical approaches (e.g.
Chevalier & Clegg, 1985; Fielding & Bryan, 2022; Modak et al., 2023), detailed numerical simu-
lations (e.g. Kim & Ostriker, 2018; Vasiliev et al., 2023; Kjellgren et al., 2025) and observational



3.2 Discussion and Implications 43

studies (e.g. Krieger et al., 2019; Xu et al., 2023b; Bolatto et al., 2024). These studies have shown
that galactic winds are ubiquitous, particularly among star-forming galaxies, and that galaxies
with high SFRs tend to drive faster and hotter winds. However, not all galaxies show clear signa-
tures of out ows. Some systems show that gas launched from the ISM is recycled within a galaxy
ecosystem rather than expelled (Marasco et al., 2023). While the qualitative framework for wind
launching is well established (see Thompson & Heckman, 2024, for a review), few studies quantify
out ow launching conditions (e.g. Heckman et al., 2015; Orr et al., 2022).

Heckman et al. (2015) examined out ow speeds of galactic winds in a sample of nearby starbursts,
and reported a sharp drop in ow velocities when the central SFR surface density fell below a
critical threshold of gfr, ¢ 1M yr lkpc 2. Our model shows that this critical SFR sur-
face density arises due to the depth of the gravitational potential, which can only be overcome
by su ciently strong starbursts. The predicted value aligns with observations when considering
typical dynamical equilibrium pressures set by the weight of the ISM, together with wind-loading
parameters that are consistent with recent numerical studies of galactic winds in dwarf (Stein-
wandel et al., 2024) and spiral galaxies in the local Universe (Kjellgren et al., 2025). However,
we note that other studies nd signi cantly higher mass and energy loading, depending on the
methodology used (e.g. Muratov et al., 2015; Smith et al., 2024).

Orr et al. (2022) investigated the feedback from star formation in a marginally Toomre-stable
disk. They proposed that a young star cluster could launch an out ow if the starburst-driven
shock reaches the disk scale height before its speed drops below the ISM's velocity dispersion. By
assuming the formation of one star cluster per orbital timescale, they derived an expression for the
critical SFR surface density, which is in rough agreement with the threshold found observationally
by Heckman et al. (2015). However, their study does not account for the e ects of gravity, which
would alter the wind-launching criterion.

Most numerical simulations of starburst-driven galactic winds show that the inclusion of CRs
improves their ability to drive warm out ows with high mass-loading factors (e.g. Girichidis et al.,
2016; Rathjen et al., 2021; Chan et al., 2022; Armillotta et al., 2024). This is in agreement with
our results, which indicate that out ow speed in the CR-dominated regime is independent of
the mass-loading factor, and suggest that CR-driven winds can sustain substantial mass-loading
before being signi cantly slowed. However, current numerical models do not typically include a
pre-existing CR halo in their initial conditions. Instead, they only model the accumulation of CRs
within a galaxy ecosystem over time, usually as a consequence of stellar feedback. The widespread
ndings of substantial feedback impacts from CR-driven out ows in the literature may re ect
this limitation | a situation that would have certain parallels with earlier numerical studies that
lacked CGM thermal pressure, leading to unrealistically strong out ows in simulations of isolated
galaxies (Shin et al., 2021).

At high redshift, several studies have reported high out ow velocities up to 1,000 km s?* (Sugahara
et al.,, 2019; Xu et al., 2022). In general, higher out ow speeds require higher energy loading
factors and lower mass loading factors. Observations suggest that high-redshift galaxies tend to
be compact and turbulent (Genzel et al., 2023), with high gas fractions and surface densities (e.qg.
Genzel et al., 2011), as well as low metallicities (Maiolino et al., 2008). Since the critical SFR
surface density scales with the dynamical equilibrium pressure asser, ¢ / Ppe / 2, thermally-
driven out ows become ine ective in a highly turbulent, high surface-density environment. On the
other hand, lower metallicities result in longer cooling times, leading to higher momentum-loading
(Oku et al., 2022). If mass-loading factors in high-redshift galaxies are comparable to those in
low-redshift galaxies, then lower metallicities could explain the high observed out ow velocities in
high-redshift galaxies, provided that the increased ISM weight does not suppress out ows.

Curiously, the critical SFR surface density exhibits a stronger dependence on gas surface density
than on the SFR surface density itself, which follows_spr /14 (Kennicutt, 1989). This suggests
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that, counterintuitively, fast thermally-powered galactic out ows are expected to be more common

at low surface densities, such as in dwarf galaxies, while being suppressed in extreme star-forming
environments - including massive clumps in high-redshift galaxies (Genzel et al., 2011) and the
proposed feedback-free starburst galaxies @& 10 (Finkelstein et al., 2023; Dekel et al., 2023). At
high redshifts, CR-driven slow out ows may be more prevalent in these systems, as there would not
have been su cient time for them to establish a CR halo capable of suppressing out ows. Indeed,
highly mass-loaded out ows are essential for regulating star formation and explaining observed
metallicity trends at high redshift (Toyouchi et al., 2025), which could naturally be accounted for

by CR-driven out ows.

3.3 Conclusions

In this study, we constructed a galactic out ow model driven by a continuous central feedback
source, including the e ects of CR pressure in the out ow and surrounding galaxy halo. We
applied this model to a starburst galaxy to assess how the presence of a CR halo may in uence
out ow development. We found:

1. In the absence of CRs, galactic out ows are only launched if the SFR surface density exceeds
a critical threshold proportional to the dynamic equilibrium pressure. At high SFR surface
densities, these momentum-driven out ows approach the ejecta speed, reaching up to 1,000s
of kms !,

2. CRs can always drive slow out ows. We identi ed two di erent regimes: slow, CR-dominated
out ows at SFR surface densities below the critical threshold, and fast, momentum-driven
out ows at high SFR surface densities.

3. In the presence of an extended CR halo, CRs become ine ective in sustaining out ows
beyond the galactic scale height, leading to the suppression of CR-driven winds.

While our simpli ed approach is subject to substantial limitations (see Appendix B.2), it provides
useful insights into the qualitative behavior of starburst-driven out ows and the in uence of a
CR halo. However, more detailed studies - including numerical simulations with CR halos as an
initial condition - are needed to properly explore the physical impacts of CRs on the dynamical
processes within galaxy halos.



Chapter 4

Cloud Formation by Supernova
Implosion

Software used in this chapter:

Julia v1.6.5 (Bezanson et al., 2017),Matplotlib v3.5.1 (Hunter, 2007), Mera v1.4.0
(Behrendt, 2023a), Paraview Vv5.11.1 (Henderson, 2007), andRamses v19.10 (Teyssier,
2002)

This work has been published in the Astrophysical Journal, Volume 965, Issue 2, April 2024,
id. 168, pp. 15 (Romano et al., 2024a). The set-up, implementation and the execution of the
simulations presented in this chapter as well as the analysis were done by me. Some of the
RAMSES -patches, particular those related to radiative cooling were implemented by Manuel.
Andi pointed out, that the implosion was interesting physics, which | initially dismissed as a
numerical artifact. However, afterwards the interpretation was done by myself, guided by useful
guestions and comments by my collaborators Andi and Manuel. The manuscript was written by
myself, but | received many useful comments from Andi, Manuel and the anonymous referee.

It has long been recognized that supernovae (SNe) play an important role in maintaining the
balance and structure of the interstellar medium (ISM). Even though there is only about one
supernova per 100 M of formed stars, due to their enormous energy output, these destructive
events can have an enormous impact on their surroundings.

Many aspects of galaxy formation and evolution, like star formation and the modeling of galactic
out ows (e.g. Fielding et al., 2017; Orr et al., 2022), are tightly linked to the evolution of supernova
remnants (SNRs). SNe are believed to maintain the hot phase (e.g. de Avillez & Breitschwerdt,
2004; Bieri et al., 2023), drive turbulence and out ows (e.g. Rosen & Bregman, 1995; Krumholz
et al., 2018; Fielding et al., 2018; Oku et al., 2022), regulate the star formation rate in disk
galaxies (e.g. Shetty & Ostriker, 2012; Shimizu et al., 2019; Herrington et al., 2023) and enrich
their surroundings with heavy elements and dust (e.g. Kozasa et al., 1989; Bianchi & Schneider,
2007; Nozawa et al., 2007).

Of patrticular interest is the concept of positive SN feedback ortriggered star formation, where a
strong shock wave compresses the gas, leading to further collapse, fragmentation and eventually
the formation of new stars. This processes has been predicted in numerous theoretical works
(e.g. Dwarkadas et al., 2017; Krause et al., 2018; Herrington et al., 2023) and has recently been
con rmed with observations from the Gaia mission (e.g. Zucker et al., 2022; Miret-Roig et al.,
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2022; Ratzenbeck et al., 2023).

SNR evolution in a uniform medium has been studied at great length using analytical models
(e.g. Woltjer, 1972; Ga et, 1978; Ostriker & McKee, 1988), and numerical simulations in one (e.g.
Chevalier, 1974, Cio et al., 1988; Fierlinger et al., 2016), two (e.g. Blondin et al., 1998; Ntormousi
et al.,, 2011; Meyer et al., 2023) and three dimensions (e.g. Kim & Ostriker, 2015; Makarenko
et al., 2023), which have lead to a comprehensive picture comprised of a series of di erent stages,
characterized by di erent deceleration parametersq= d?R=dt? and conserved quantities. In the
rst stage, known as the free expansionphase the SNR expands with constant velocity until the
reverse shock has fully thermalized the ejecta (Truelove & McKee, 1999). In the next so-called
Sedov-Taylor (ST) phase (Sedov, 1959; Taylor, 1950), the SNR expands adiabatically as cooling
losses are still negligible and thus energy is conserved. The ST phase ends, when radiative cooling
losses become important and a thin, cold shell forms at the shock front. After the shell has formed,
the SNR keeps expanding in what is known as the pressure-driven snowplow (PDS) phase (Cox &
Anderson, 1982; Ostriker & McKee, 1988). During the PDS, the hot bubble is rapidly evacuated
as hot material is pushed into the shell (Ga et, 1983; Cio et al., 1988; Kim & Ostriker, 2015).
Once the bubble pressure has dropped below that of the shell, the PDS ends and transitions into
a momentum conserving snowplow (MCS) phase (Cio et al., 1988; Thornton et al., 1998). It
has been claimed that the SNR evolution ends, when the shock velocity becomes comparable to
the typical velocity dispersion of the ambient medium (Cio et al., 1988; Draine, 2011; Faucher-
Giglere et al., 2013; Krumholz et al., 2018) and the shock merges with the ISM. However, the
details of the merging have only received little attention and it remains unclear how the evacuated
bubble carved out by the blast wave is re lled.

In order to address this gap, in this work, we utilize three-dimensional, hydrodynamical simulations
with cooling to study the late radiative stage of SNR evolution and the onset of fade out. We thus
provide a more complete picture for the later stages of SNR evolution. We show that as the SNR
shell pressure approaches the ISM pressure, the SNR implodes, lling the central cavity. This
implosion leads to the formation of a dense compact, cloud in its center, which has the potential
to form new stars and thus provides a novel pathway for triggered star formation.

The remainder of this paper is organized as follows. In section 4.1 we describe the numerical
scheme and the setup of our simulation suite. In section 4.2 we present the results of our numerical
simulations. We discuss the limitations and implications of our results in section 4.3. Finally, we
summarize our ndings and conclude in section 4.4. In the appendix we present a number of tests,
related to the question of numerical convergence and the adopted treatment for radiative cooling.

4.1 Methods

4.1.1 Numerical Methods

We utilize the adaptive mesh re nement (AMR) code ramses (Teyssier, 2002) to simulate the
hydrodynamic evolution of blast waves in a uniform density medium, including radiative cooling.
ramses is solving the system of hydrodynamic equations utilizing a second-order unsplit Godunov
method (MUSCL scheme) on a nite volume, cartesian grid. Variables at the cell interfaces are
reconstructed from the cell-centered values using the HLLC Riemann solver (Toro et al., 1994)
with MinMod total variation diminishing scheme. Cooling is solved for the default courty cooling
function implemented in ramses, which provides a basic treatment of primordial chemistry, metal
line cooling and heating due to ultraviolet background (UVB) radiation.

In our ducial simulation suite we consider a cubic computational domain with a side length of
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Table 4.1: Overview of the simulation suite

Model Nsn Ny Xmin  BRsf=  Xmin C* Comment
cm ®  [pc]
N1n-1111 1 0.1 0.5 118
N1.n0L11 1 1 0.5 45
N1_nO_L11 HC 1 1 0.5 45 L =256 pc, Xmax =2PC, tend = 1:5Myr
N1nllll 1 10 0.5 17
N1.n1L11HC 1 10 0.5 17 L =64 pc, Xmax =0:5pcC, teng = 1:5Myr
N1n2L12 1 100 0.25 13
N1n2L13 1 100 0.125 26
N1.n2 L13 noAMR 1 100 0.125 26 L =128 pc, Xmax =0:125pc
N1.n2_L13_HC 1 100 0.125 26 L =64 pc, Xmax =0:5pcC, teng = 1:5Myr
N1n2L14 1 100 0.0625 52
N5.n-1111 5 0.1 0.5 189
N5n0L11 5 1 0.5 72
N5.n1L11 5 10 0.5 27
N5 n2L11 5 100 0.5 10
N14n-1111 14 0.1 0.5 255
N14.n0L11 14 1 0.5 97
N14n1L11 14 10 0.5 36
N14n2L11 14 100 0.5 14
N1.n1L11 Dust 1 10 0.5 17 Dust only cooling model of Ploeckinger & Schaye (2020).
N1.nlL11 PS20 1 10 0.5 17 Fiducial cooling model of Ploeckinger & Schaye (2020).

(@ Equation 4.3

L = 1024 pc and periodic boundaries, which we re ne withl,i, =7 to |hax = 11 re nement levels,
corresponding to a spatial resolution of Xmax =8pc and Xmin = 0:5pc, respectively. However,
we ensure that the resolution criterion of Kim & Ostriker (2015) is ful lled and accordingly increase
the resolution in runs, where the expected radius at shell formation would not be resolved with at
least 10 grid cells.

Initially, the simulation domain is lled with uniform density gas withlog ny cm 2 2f 1;0;1;2g
at solar metallicity and an initial temperature set to be close to cooling equilibrium. In the
domain center, we initialize the explosive ejecta uniformly within a spherical region of radius
Rinj 5 Xmin. We inject Egy = 10°% erg and Me =5M  per SN, corresponding to an initial
ejecta temperature of Tsy ~ 10° K. We ensure that the injection region is maximally re ned, by
statically re ning the central Ry =50 Xpin with the maximum resolution.

In order to ensure that the shock and the bubble are maximally re ned, while only as little
as possible of the surrounding medium is re ned, we advect a passive scalar variabl&g; with
the injected mass and maximally re ne all cells whereZ¢; > 10 5. The criterion might fail, if
numerical errors in the advection of pristine cells trigger the criterion or if cells just behind the
shock are not polluted enough to trigger re nement. However, we have checked that both of these
cases do not occur frequently enough to cause any serious problems. In the Appendix C.1 we
discuss the role of the AMR in more detalil.

Besides di erent densities we also consider di erent explosion strengths, mimicking the feedback
from a single stellar population with Ngy 2 f 1;5; 14g massive stars exploding all at once, by
simply injecting Ngy times as much mass and energy. We thus label a model witiNsy = X,
loghy = y and Imax = z as Nx_ny_Lz. While this simplistic approach can capture some aspects of
clustered feedback, it is worth noting that studies that take into account the time delay between
explosions nd some qualitative di erences, such as an increased momentum per SN (Walch &
Naab, 2015; Gentry et al., 2019) and a longer lived hot bubble (Kim et al., 2017).

All models are run until t = 14 Myr at which point the largest bubbles are reaching the domain

limits. We reran some of the models in a smaller domain for a shorter time span, but with a much
higher frequency of snapshots. For these models we add the su xHC to the name and the part

of the name referring to the resolution refers to theequivalent re nement level for the ducial
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domain, i.e. L11 refers to Xmin = 0:5pc in both the ducial and the HC runs.

In appendix C.3 we will discuss the e ect that di erent cooling functions could have on our results.
To this end, we rerun a few of the models with di erent cooling tables taken from Ploeckinger &
Schaye (2020) and label the models with su ces corresponding to the respective alternate cooling
model.

Finally, in section C.2 we are discussing the results obtained for the N2 model at di erent
resolutions.

A list of all the di erent models and their properties is given in table 4.1.

4.1.2 Data Analysis

In order to quantify the global evolution of the gas, we distinguish between bubble and shell gas
and further within these components, di erentiate between gas which is moving radially outward
(vr > 0) and inward (v, < 0). We distinguish between the SNR and the ISM using the passive
scalar, i.e. gas withZ¢; > 10 19 is considered part of the SNR. The bubble is de ned as SNR gas
that is either hot (T > 2 10*K) or diuse ( ny < 10 2cm 3), while the shell is all SNR gas that
is not part of the bubble. A summary of the classi cation is given in Figure 4.1.

Kim & Ostriker (2015) use a similar criterion for the bubble gas, considering only the temperature
of the gas. The addition of the density criterion only becomes important at late times, when
the bubble has cooled below 19K at which point the temperature criterion alone would fail to
di erentiate between the bubble and the shell.

The partition of the SNR into a bubble and shell, allows us to measure the shell formation timescale
tsf, Which denotes the time when the cold shell at the shock front forms. We follow Kim & Ostriker
(2015), who de ne the numerically measured shell formation timescalél; as the time at which the
mass of the hot bubble reaches its maximum.

4.2 Results

In this section we describe a mechanism for the formation of a cloud through the implosion of a
radiative SNR. In section 4.2.1 we give a brief overview of the physical mechanism. We provide
a detailed description of our simulation results for a single SN in a high density ISM in section
4.2.3. In section 4.2.4 we extend our analysis to the whole simulation suite and investigate the
dependence of the relevant timescales on the explosion parameters in section 4.2.4. We describe
the properties of the implosion clouds in section 4.2.5. Finally, in section 4.2.2 we describe a model
for the launching of the implosion.

42.1 Schematic Overview

Figure 4.2 gives a schematic description of the evolution of the SNR after shell formation, which
is separated into four stages.

Inthe rst stage, shortly after shell formation the interior of the SNR is still hot and overpressurized
relative to the isothermal shell, which is kept at about T 10* K. During this stage the rare ed
bubble material tries to expand and as a result is pressed into the shell. This phase corresponds
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Figure 4.1: Schematic overview of the di erent gas components, described in section 4.1.2. The
classi cation di erentiates between the ISM (gray) and the SNR (color), consisting of a bubble
(shades of red) and a shell (shades of blue), which itself might be out- or in owing. To reduce
the amount of colored area the background color of this gure was modi ed with respect to the
original in the journal article.
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Figure 4.2: Schematic overview of our proposed cloud formation mechanism. We show volume
renderings of the radial mass ux in the model N1n2_L14, during di erent phases of SNR late
stage evolution. The physical scale di ers between the frames. Opacity alpha is scaled with the
logarithm of the density and is set to zero for densities in the rangeny 2 (95;105)cm 2 in order

to remove the foreground. The octant facing the observer has been made transparent. To reduce
the amount of colored area the background color of this gure was modi ed with respect to the
original in the journal article.
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to the modi ed PDS phase described by Cio et al. (1988) and Kim & Ostriker (2015). After
about 3 5 shell formation timescales the bubble has been evacuated and its pressure has dropped
below that of the shell.

At this point, the expansion of the SNR is entirely inertia driven, corresponding to the MCS.
The mass of the evacuated bubble is negligibly small and its density is many orders of magnitude
below the ambient density. The shell which is now overpressurized relative to both the ISM and the
bubble, begins to broaden, leading to a gradual reduction in the shell pressure and an accelerated
weakening of the shock. Meanwhile, the shell begins to get deformed and fragmented due to
thin-shell overstability and nonlinear thin-shell instability (Vishniac, 1983; Blondin et al., 1998).

Once the shell pressure reaches pressure equilibrium with the ISM a re ected version of the out-
going shock wave is launched driving cooling material from the shell back into the center, re lling
the warm, evacuated cavity. We refer to this re ected wave asimplosion or Back ow. The im-
plosion is very similar to the so-called "negative phase" in the context of terrestrial blast waves
(see e.g. Glasstone & Dolan, 1977) and appears to be a purely hydrodynamic realization of the
hydromagnetic Rayleigh-Taylor instability (RTI) described by Breitschwerdt et al. (2000).

After a few Myr, the back ow reaches the center of the SNR and collides with the back owing
gas from all directions. The colliding gas piles up in the center and is re ected, forming a slowly
expanding cloud. The cloud keeps accreting material from the back owing gas reaching a mass of
10°  10*M within  10Myr. As the cloud is directly formed from the SN ejecta, it is highly
chemically enriched.

4.2.2 Model for the Launching of the Back ow

In the previous subsection we have given an overview of the di erent phases of the radiative stage.
Here we describe a model for estimating the relevant timescales.

Right after shell formation, we assume that the bubble is following the modi ed PDS described
by Kim & Ostriker (2015). In their description the thermal energy of the bubble evolves as

R t

Eth, pos = 0:8Ewm, st ?Sf TSf; (4.1)

wheretg and Rg are given by (Kim & Ostriker, 2015)
tsr  0:044E37% ng % Myr; (4.2)
Rst 226E2%%n, %% pc; (4.3)

Eth, st =0:72Esy and
t 2=7

R=Rsg — (4.4)

tef

Here Es; = Esy= 10°t erg . The average bubble pressure is then given by

E
Pgubble, Pps = ( 1) %3 (4.5)

Meanwhile, the temperature of the shell remains roughly constant atTspey  10° K and the com-
pression ratio of the shell is 10, leading to a shell pressure OPgspen pps 1® ngkg Kem 3.
The PDS phase ends, when the pressure in the shell and bubble is equal, at

tpps  34EA®nStty  0:15E227 ng %44 Myr: (4.6)
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The radius of the SNR at this time is

Reps 321E%3n,%* pc (4.7

After the PDS phase has ended, the momentum of the shell remains constant and the MCS phase
begins. During this phase the radius of the SNR evolves t*** and correspondingly the shock
velocity evolves/ t 374, If one assumes a constant compression ratio and that the temperature
of the shell is proportional to the square of the velocity, as one would expect for a strong shock,
one nds for the pressure during the MCS phase

t

trps

Pshell, mcs = Pshell, PDs (4.8)

The SNR implodes, when the pressure of the shell approaches the pressure of the ISM. In the
standard RAMSES cooling prescription at solar metallicity, which assumes collisional ionization
equilibrium the pressure on the cooling-equilibrium curve for a given density is approximately (see
e.g. Figure 17 of Kim et al. (2023b))

Pismeq 6 10°ng kg Kem 3 (4.9)
Thus, the launching timescale can be inferred as
tiaunch  0:98EZ%" ny %M Myr; (4.10)
and the radius of the SNR at this time is
Riaunch  5L3E2n, %% pc: (4.11)
Finally, cloud formation happens once the imploding shell has reached the center. The cloud
formation timescale is thus the combination of the launching and the crossing timescale

RIaunch .
Vin

tef tiaunch + (4. 12)

whereVj, is a characteristic in ow velocity. The results in section 4.2.4 indicate that this velocity
is independent of the explosion energy, but depends on the ambient density in a complicated way.

4.2.3 Single Supernova in a High Density Medium

In this subsection we describe the time evolution of the SNR formed by a single SN in a stationary,
uniform, high density medium in cooling equilibrium.

We rst give a qualitative overview of our ultra high resolution model N1 _n2_L14 with a maximum

grid resolution of x = 0:0625pc. In Figure 4.3 the density (top panels) and radial mass ux
(bottom panels) is shown in slices through thexy-plane at four di erent points in time corre-

sponding to the four di erent stages of SNR evolution after shell formation. In order to provide a
guantitative reference, radial pro les of various physical quantities at the same points in time are
shown in Figure 4.4.

During the rst stage, right after shell formation, the shell reaches a maximum compression ratio
of 10. Its width is comparable to the resolution limit R X = 0:0625 pc. The pressure of
the hot interior is about an order of magnitude higher than that of the rapidly cooling shell, and
as a result bubble material is condensing onto the shell.
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Figure 4.3: Slices through the XY-plane of the model N1n2_L14. The left and right columns
display density and radial mass ux at di erent stages during the radiative phase of SNR evolution,
respectively. The panels from top to bottom correspond to t = 0.006, 0.1, 1 and 10 Myr. Each
panel showing density has a di erent color scale due to the large changes in dynamic range. The
color scale for the density slices is logarithmic and asymmetrically centered around the ambient
density ny, 1sm = 100cm 3. The color scale for the radial mass ux is the same in all panels.
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Figure 4.4: Radial pro les of (a) number density, (b) pressure, (c) mass ux, and (d) enrichment
of model N1.n2_L14. The dierently shaded curves correspond to t = 0.006, 0.1, 1 and 10 Myr,
respectively. In panel (c) solid (dashed) lines correspond to outward (inward) mass ux.
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Figure 4.5: Time evolution of various quantities for model N1n2_L13: (a) mass, (b) momentum,
(c) energy, (d) pressure, (e) volume, (f) ejecta. Di erently colored lines correspond to di erent gas
components as described in Figure 4.1. The vertical dashed line marks the theoretical estimate
of the shell formation time (Equation 4.2). In panel (c) the thermal (solid) and kinetic (dashed)
energy is shown. The horizontal green dashed line in panel (d) marks the equilibrium pressure of
the ISM. The bubble pressure is initially very high (& 10° Kcm 2) and thus outside of the axis
limits.

After 0.1 Myr, the bubble has been mostly evacuated ( gubble =NH, s < 10 4) and the shell
has thickened considerably ( R 3pc), leading to an overall reduction in the compression ratio
( 2:5) of the shell. The pressure in the bubble has dropped signi cantly to about 10% of
the ISM pressure, while the pressure of the shell is still overpressurized with respect to the ISM.
During this stage the mass ux is concentrated within the shell, with only little outward mass
ux from inside the bubble. The shell is subject to thin-shell overstability and nonlinear thin-shell
instability (Vishniac, 1983, 1994; Blondin et al., 1998), resulting in ripples on the shell's surface.

We note that we do not explicitly seed perturbations that would drive these instabilities. Instead,
they arise from grid scale perturbations due to the mapping of the sphere onto a Cartesian grid and
numerical instabilities such as thecarbuncle instability (see e.g. appendix C of Stone et al., 2008).
We refer the interested reader to appendix C.2, where we discuss in more detail the dependence
of these artifacts on the resolution and how they might a ect our results.

After 1 Myr the ow just behind the shell has reversed and is how owing inward, starting to
slowly Il up and cool the bubble with material from the backside of the shell. Meanwhile, the
pressure of the shell has dropped to a level comparable to the ISM pressure. The shell continues
to broaden ( R 7pc) and the compression ratio ( 1:5) continues to drop, approaching unity.
During these rst three stages, most of the mass of the bubble gas is composed of ejecta material.

Finally, after 10 Myr the inward ow has reached the center and is compressed into a compact,
dense, expanding cloud with a constant density of about 3 times the ISM density and a size of
about 5 pc. The mass fraction of the ejecta in the cloud is up to an order of magnitude larger
than in the rest of the SNR. The outer radius of the cloud is bounded by more in owing material,
which is slightly underdense relative to the ISM. Meanwhile, the shell has broadened to about
R  20pc and the compression ratio is only slightly above unity. The shell instabilities have
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lead to complex substructure within the shell. The shell is composed of many pc sizeblisters,
which are bounded by out owing, overdense shells and lled with in owing, underdense gas.

In order to describe the launching mechanism of the implosion in more detail, in Figure 4.5 we
show the time evolution of various globally computed quantities for the model N1n2_L13_HC with

a maximum grid resolution of x =0:125pc. Here we use the L13 model, because due to storage
limitations it was not feasible to run an L14 model with high output cadence. The di erent panels
show the time evolution of mass, momentum, kinetic & thermal energy, pressure, volume and
ejecta mass, calculated for the di erent gas components described in Figure 4.1.

Extensive quantities are computed by summing up the contributions from each cell belonging
to the respective gas components. The volume averaged pressure of each gas componerg
calculated as

v

where =5=3is the adiabatic index, E,; is the thermal energy andV, is the volume.

p=( 1 (4.13)

After an initial relaxation period the solution approaches the energy-conserving ST phase, during
which the entire SNR is hot and 70% of the energy is thermal, in agreement with analytical
calculations (Taylor, 1950; Sedov, 1959).

Shortly before shell formation, aftert 10 3Myr, a reverse pulse emerges, is re ected in the
center and merges with the shock again.

At shell formation t¢y 3 10 3 Myr the bubble mass reaches a maximum and the shell mass begins
to increase. Similarly the momentum of the bubble gas reaches a maximum as the momentum
of the shell starts to increase. The total thermal energy begins to drop steeply, while the kinetic
energy remains constant. The thermal energy is dominated by the bubble while the shell carries
negligible amounts of thermal energy. On the contrary the kinetic energy of the bubble drops
rapidly and is taken over by that of the shell. The pressure of the shell after its formation is
initially roughly constant and much lower than that of the bubble, which however drops rapidly.
The volume of the SNR is dominated by the hot bubble, which after shell formation initially
decreases until it reaches a xed volume lling factor of about  2=3, with a corresponding
volume lling factor of the shell of about  1=3. Most of the ejecta stay within the bubble and
only slowly get incorporated into the shell. This behavior is in line with the modi ed version of
the PDS phase described in 1D by Cio et al. (1988) and in 3D by Kim & Ostriker (2015).

After about 10 2 Myr most of the SNRs mass, momentum and kinetic energy is carried by the
still entirely outward moving shell. Until this point the momentum has still been increasing, but

at this point the increase stops, marking the beginning of MCS phase. The kinetic energy starts
to decrease ag / t 975 consistent with the analytical expectation. The pressure of the shell
begins to decrease due to the e ect of radiative cooling, while the pressure of the bubble keeps
decreasing rapidly. About 10 % of the ejecta are now in the shell.

After 2 10 2Myr the pressure of the bubble falls below that of the shell. At this point the
volume lling factor of the bubble begins to decrease and that of the shell correspondingly has
to increase, corresponding to a relative broadening of the shell. At this point the majority of the
ejecta mass is in the shell.

The back ow emerges aftertjaunch 0:3Myr at the same time as the pressure of the shell ap-
proaches the ambient pressure. This inward ow is quite di erent from the series of re ected sound
waves described by Cio et al. (1988). While the sound waves are associated with the bubble and
carry negligible amounts of mass, the implosion is associated with the shell and carries relatively
large amounts of mass, which are growing. The pressure of the outward moving shell levels o at
the ISM pressure, while that of the inward moving component increases. The emergence of the



4.2 Results 57

Figure 4.6: Rescaled version of Figure 4.5 for various models in media with di erent density. Solid,
dashed and dotted lines correspond to the hot bubble, out owing, and in owing shell, respectively.
The time is normalized by tg; (see text). Quantities with subscript 'sf' correspond to the value of
the whole SNR att = tg. In panel (c) the thermal and kinetic energy are plotted with an opacity
alpha of 1 and 0.5, respectively.

back ow leads to a slight decrease in total radial momentum.

After 1.5 Myr, about 1% of the shell mass is moving inward, carrying about 1 % of the ejecta back
to the center. At this point, the bubble has disappeared entirely.

4.2.4 Universality of the Mechanism

In Figure 4.6 we show a rescaled version of Figure 4.5 for the models NID_L11 HC, N1_.n1 L11 HC
and N1.n2_L11_HC. Time is measured in units of the shell formation timescalety;. Mass, momen-
tum and volume are normalized to their value att]; and pressure is normalized to the ISM value
in cooling equilibrium.

As expected from the self-similarity during the ST phase (Sedov, 1959), all models exhibit a very
similar time evolution before shell formation. In the models N1n0O_L11 HC and N1.n1. L11 HC
there is already some small amount of cold gas during this phase. This is due to the method used
to extract SNR gas, which might include a negligible number of unshocked cells.

After shell formation, the time evolution in all models is qualitatively the same as for N1.n2_L13_HC,
though timescales in units of the shell formation timescale may di er. In the models N1n0_L11 HC
and N1.n1 L11 HC the pressure of the outward moving shell starts to decrease after the bubble
pressure falls below it after 3 { 4tZ, while in N1_n2_L13_HC it already starts to decrease already
slightly before that.

We interpret this di erence as follows: The pressure can either decrease by radiative cooling
or adiabatic expansion. When the pressure of the bubble drops below the shell pressure before
radiative cooling becomes important, the shell will cool adiabatically. On the other hand, if the
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cooling timescale is shorter than the timescale to reach pressure equilibrium between the shell and
the bubble, the shell will start to cool radiatively before the bubble pressure has dropped. In both
cases the shell pressure will start to decrease, albeit with a slightly di erent scaling. It is therefore
no surprise that in the run with a higher density and therefore a shorter cooling timescale, the
pressure starts to drop slightly earlier.

In all models, once the pressure of the shell approaches that of the ISM, a steadily growing back ow
is launched.

Timescales

Having established the universal emergence of back ows, once the shell pressure approaches that
of the ambient medium, we may investigate next, how the timescales for launching the back ow
tiaunch a@nd subsequently forming a central overdensityt;s depend on the explosion parameters.

We de ne the launching timescale as the earliest time, when the in owing shell mass exceeds
0:1M . We choose this threshold, because especially in the runs, where the shell is resolved
with many cells, instability of the shell itself can lead to eddies within the shell, which lead to a
small amount of in owing shell gas that is not associated to the implosion. The cloud formation
timescale is de ned as the earliest time after launching, when the density in the innermost radial
bin exceeds the ambient density.

Due to the limited temporal resolution of the snapshots, the events actually occur somewhere
between the rst snapshot when the above conditions are met and the previous snapshot. We
therefore report the arithmetic mean of the two time points and indicate the time interval between
the two snapshots with error bars.

In Figure 4.7 the timescales are shown as functions of the ambient density (left panels) and the
explosion energy (right panels). The markers are colored by the respective other variable.

We nd launching timescales between a few hundred kyr and few Myr. There is a negative
trend with density and a positive trend with energy. The scaling and normalization are in rough
agreement with Equation 4.10, with factor of 2 di erences.

At high densities di erences might arise, because in the derivation of Equation 4.10 we have
neglected the role of radiative cooling belowT ~ 10*K for the shell gas (see also discussion of
Figure 4.6), which would lead to a shallower scaling otpps (Eq. 4.6) with density, which in turn
manifests as a steeper scaling dfaunch -

At the low density end, the di erences might arise, because herdsq, pps IS already quite similar
to Pism, eq and therefore the assumed scaling might not apply since the shock is already quite
weak at tpps .

The cloud formation timescale is on the order of several Myr to over 10 Myr for our simulations
with the highest explosion energies and lowest densities. Ahy = 0:1cm 2 no overdense clouds
have formed by the end of our simulations. There is no clear trend with density. The cloud
formation timescale becomes shorter for SNRs in higher density environments, though for high
explosion energies the timescale appears to level o and it even slightly increases for the highest
densities. The timescale generally increases with energy, roughly scaling likgr / E23.

The scaling with the explosion energy appears to be the same as the scaling of the radius of the
SNR at launching Rjaunch (Es1;np), as predicted by Equation 4.11. Equation 4.12 then implies
that the implosion velocity Vi, is independent of explosion energy and depends only on density.
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Figure 4.7: Launching timescale (top panels, a & b) and cloud formation timescale (bottom panels,
¢ & d) as a function of explosion parameters. Left panels (a & c) show the timescales as a function
of ISM density and right panels (b & d) as a function of explosion energy. Solid lines correspond
to the model described in section 4.2.2. Data points are colored by the respective other explosion
parameter. We added a small displacement ( 5%) to the x-values in order to reduce the overlap
of the markers.
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4.2.5 Cloud Properties

In the previous section we have shown that for a wide range of explosion parameters, the SNRs
implode and form a cloud in their center. Here we summarize the properties and evolution of
these clouds and discuss how they depend on the explosion parameters.

To this end, we utilize radial pro les of density, kinetic and thermal energy density to compute the
size, mass and virial parameter of the clouds. We note that our simulations are strictly without
self-gravity. The timescale for self-gravity to have a qualitative e ect on the evolution of the SNR
is much longer than the simulation time. Nonetheless, it might have an e ect on the evolution of
the dense cloud, and in order to estimate the importance of self-gravity for the cloud and predict
whether or not it might become self-gravitating and eventually form stars it is useful to look at
the virial parameter.

We de ne the size of the cloud as the radius of the interface between the innermost radial bin,
where the density falls below the ambient density. The cloud mass is de ned as the integral of
the density pro le up to that radius and the virial parameter is de ned as the ratio of the sum of
kinetic and thermal energy and the modulus of the potential energy of the cloud. The kinetic and
thermal energy are computed by integrating over the respective radial pro les and the potential
energy is de ned as

3GM cﬁoud
2 : 4.14
5 Rcloud ( )

JEpot] =
Here we assume that the density pro le within the cloud is at and that all motion within the
cloud is opposing the gravitational pull. Both of these assumptions approximately hold true (see
e.g. Figure 4.4).

In Figure 4.8 we present the time evolution of the cloud's size, mass and virial parameter for the
di erent models.

In panel a) the cloud radius is shown as a function of time. The cloud grows to a size of several to
few tens of parsecs within 10 Myr. In lower density environments clouds grow larger, with little
dependence on the explosion energy.

Panel b) shows the cloud's mass as a function of time. At the end of the simulation, the mass of
the central cloud has reached a value of several thousand to about 210* solar masses, with only
a small dependence on the density of the ambient medium. Clouds in high density environments
become somewhat more massive. There is only little dependence on the explosion energy.

Panel c) shows the cloud's virial parameter as a function of time. The initial virial parameter
scales with the ambient density roughly as

vro  10%ngh; (4.15)

where ng = ny=cm 3, and decreases steadily approaching and dropping below,; 1 for the
high density runs, suggesting that indeed the clouds would become self-gravitating. There is little
variation due to the explosion energy.

The masses and radii of the clouds formed by SN implosion are comparable to the values used in
the initial conditions for the clouds in the STARFORGE (Grudt et al., 2022; Grudic et al., 2023;
Farias et al., 2024) simulation suite, which studies the star formation from the collapse of a single
giant molecular cloud. This suggests, that the thus formed clouds might indeed trigger another
generation of star formation.
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Figure 4.8: Time evolution of the central cloud's radius (a), mass(b) and virial parameter (c)
for the dierent models. Solid, dashed and dotted lines correspond to an explosion energy of
Es; =1:0, Es; =5:0 and Es; = 14:0, respectively. Lines are colored by the ISM density.
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4.3 Discussion

In the previous section we have described a new mechanism by which a cloud can form inside
a radiative SNR due to its implosion as the shell pressure approaches that of the ISM. In the
following, we will discuss some of the limitations of our model, the role of some of our model
ingredients and the implications of our ndings in the context of galaxy evolution.

4.3.1 Limitations

In this work, we have shown the existence of SN implosions and subsequent cloud formation in
the center of the SNR, using a suite of hydrodynamic simulations of SN explosions in a uniform
and stationary medium. Of course, a uniform and stationary ISM is a great simpli cation of the
complexity of a realistic ISM.

In a more realistic model for the ISM, like the kind of turbulent, stratied box used in state-
of-the-art ISM simulations (see e.g. Walch et al., 2015; Kim & Ostriker, 2017), the existence of
back ows as described in our work is a priori not guaranteed. Continuous or su ciently frequent
energy injection can keep the SNR overpressurized and prevent an implosion (Kim et al., 2017).
Indeed, stellar populations are expected to explode SNe in regular intervals before they run out
of fuel (see e.g. Leitherer et al., 1999). However, in the cases of runaway stars or populations
hosting a su ciently small nhumber of massive stars this limitation does not apply and even in the
case of stellar populations that remain active for a long time, eventually the bubbles are going to
evacuate and cool o enough to make an implosion feasible.

Besides the importance of continuous driving, the role of the ambient medium cannot be ignored.
In a more realistic description of the ISM, the ambient medium is highly structured due to the
combined e ect of turbulence, shear and strati cation. SNe exploding in such an environment
will follow the geometry of the ISM (Makarenko et al., 2023), as the shock wave can only slowly
penetrate into dense structures, but will quickly Il out the volume lling low density medium,
leading to highly amorphous SNR shapes (Kim & Ostriker, 2015; Lancaster et al., 2021). In such
a con guration, the SNR will reach pressure equilibrium at di erent times in di erent directions,
leading to a displacement and deformation of the clouds formed in this way. If the momentum
carried by the back owing gas from dierent directions is not equal and opposite, the cloud
would further end up with a net momentum leading to a drift. Similar asymmetries can follow
from the interaction of the SNR with neighboring shocks, e.g. due to neighboring superbubbles
(Breitschwerdt et al., 2000) or small-scale turbulence, which can locally contribute to the pressure
opposing the shock expansion. In Appendix C.4 we show, that asymmetries in the ambient pressure
can indeed trigger an implosion locally.

Besides the limitations due to the environment, more complete physics might also qualitatively
modify our conclusions.

As mentioned in section 4.2.5 the virial parameter of the clouds drops below unity a few Myr after
their formation. While it seems plausible that self-gravity is too weak to have an important e ect
on the implosion mechanism and the crossing of the in owing gas, once the cloud has formed, it
might collapse and fragment due to its self-gravity.

Kim & Ostriker (2015) have demonstrated that magnetic elds play only a subdominant role in
SNR evolution. On the contrary, Gentry et al. (2019) show that magnetic elds suppress the growth
of instabilities at the bubble-shell interface, which reduces mixing and delays radiative cooling in
the case of multiple consecutive SNe. However, it is important to note that Kim & Ostriker
(2015) used a mesh code, while Gentry et al. (2019) used a Lagrangian method. While both
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methods achieve comparable resolution in the shell, the mass resolution in the bubble is several
orders of magnitude higher in mesh codes, which are thus likely less a ected by spurious cooling of
bubble gas. Nonetheless, contributions to the pressure from a magnetic eld and cosmic rays can
potentially alter the timescales for implosion and cloud formation or even prevent these processes,
if they can maintain a high enough bubble pressure. Indeed, in the case of the hydromagnetic
RTI Breitschwerdt et al. (2000) have shown, that the magnetic eld has a stabilizing e ect, that
implies a characteristic length scale at which the instability can act. In this case the back owing
gas fragments into blobs of size similar to the fastest growing wavelength.

Sharma et al. (2014) conducted 1D spherically symmetric simulations of SNe. They note that most
of the heat losses occur in the unresolved layer between the bubble and the shell. The physical
width of this layer is much too small to resolve, even with their 1D method, but they show that
nonetheless the cooling losses are converged, even for moderate resolution.

Similarly, as discussed by Fierlinger et al. (2016), while the length scale associated with thermal
conduction is much too small to be resolvable with current techniques, its e ect is negligible.
However, recent results by El-Badry et al. (2019) in the context of continuously driven superbubbles
suggest that heat conduction does in fact play an important role for the transport of energy
and mass across the bubble-shell interface. However, it is worth nothing that El-Badry et al.
(2019) arti cially enhanced the conduction rate to model turbulent mixing due to 3D instabilities,
which makes a direct comparison dicult. Lancaster et al. (2021) simulate the expansion of
a continuously driven wind bubble in a turbulent medium con rming that turbulence indeed
enhances the mixing across the bubble-shell interface leading to catastrophic cooling losses in
ideal hydrodynamics. Yet, the importance of these e ects remains unclear in a picture where
magnetic elds suppress the growth of the instabilities responsible for the mixing. Further studies
of individual SNe with resolved heat conduction, magnetic elds and turbulence are required in
order to settle this ongoing debate.

4.3.2 Role of the cooling model

In section 4.2.2 we have presented a model for the launching of the back ow. There are two
ingredients of our model that are sensitive to assumed cooling physics. First, we have assumed
that the temperature of the shell right after shell formation remains stable at 10* K, as the time it
takes to cool beyond this temperature is much longer than the dynamical timescale. Second, we
assume that the ISM is in cooling equilibrium, when we equate the shell pressure with the ISM
pressure. Both of these assumptions invoke the assumed cooling physics, which may a ect the
resulting timescales and cloud properties.

Kim et al. (2023b) compare their detailed radiative transfer model to a range of commonly used
cooling functions (see their Figure 17). They nd that in these functions the equilibrium pressure
at a given density may dier by up to three orders of magnitude between the models. In the
Ramses cooling model utilized in this work the equilibrium pressure is indeed relatively high. As

a consequence the SNR is expected to implode 100 times earlier with our cooling model, than
e.g. with the model by Ploeckinger & Schaye (2020), which has an exceptionally low equilibrium
pressure. Further complications like thermal instability and non-equilibrium e ects (Katsuragawa

et al., 2022), might also qualitatively alter our conclusions.

For a more detailed discussion, we refer the interested reader to appendix C.3, where we compare
the results of simulations with di erent cooling models. The comparison indicates, that indeed a
lower ambient pressure will delay the implosion and that the details of the cooling physics, may
have a slight e ect on the details of cloud formation, even at a comparable ambient pressure.
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4.3.3 SN Implosion in the Literature

Despite the fact that the evolution of SNRs in a uniform medium has been studied in great detail
for more than 40 years, to our knowledge there has been no mention of SN implosion. Here we
discuss the various reasons for why this process might have remained unnoticed for so long.

Many authors (e.g. Chevalier, 1974; Straka, 1974; Thornton et al., 1998; Kim & Ostriker, 2015) only
focus on the transition to the radiative phase and would therefore not advance their simulations
far enough to reach the implosion stage.

Cio et al. (1988) set the pressure of the ambient medium to an arti cially low value in order to
maintain a strong shock, which in turn delays the implosion.

Fierlinger et al. (2016) use one-dimensional hydrodynamic simulations to study the energy input
from SNe in a uniform and stationary media with a range of densities and an initial temperature
of 1000 K. They advance their models until the shock velocity approaches the sound speed of
the ISM and thus in principle should have been able to see an implosion. However, the internal
structure of the SNRs was out of their scope and thus they did not report any back ow.

Gent et al. (2020) utilize three-dimensional hydrodynamic simulations of radiative SNRs to validate
the PENCIL code. Even though they advance their models until the shock becomes sonic, as they
mostly focus on benchmarking their code with previous work, they do not report any back ow.

Breitschwerdt et al. (2000) use linear perturbation theory to describe a type of hydromagnetic
RTI that, in the limit of vanishing magnetic eld, is very similar in nature to the SN implosion
described here. They show, that the interaction of two SNRs can lead to an inward ow of clouds
originating from the interaction region. Our results, which appear to correspond to the same kind
of instability, seem to con rm the linear prediction of Breitschwerdt et al. (2000).

To our knowledge there are no instances of SN implosions reported in observations. This might
however simply attest to the fact, that radiative SNRs, in particular those close to merging with
the ISM, are very dim and thus are often di cult to observe (Green, 2019; Koo et al., 2020; Zhou
et al., 2023). Moreover, the fact that the morphology of imploding SNRs di ers qualitatively from
traditional SNRs might have lead to a misclassi cation of imploding SNRs as something other
than a SNR.
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4.3.4 Implications for Galaxy Evolution

We have shown that under quite general conditions, old SNRs will implode and form a compact,
massive, and potentially self-gravitating cloud in its center. Such a cloud could collapse and
fragment under its own self-gravity to form stars, suggesting a novel mode of positive feedback.

Furthermore, given that such clouds would be highly enriched with the SN ejecta, and therefore
with short-lived radionuclides (SLRs) like 26Al, this provides an attractive pathway to the forma-
tion of planetary systems, where the heating due to SLRs plays an important role (Urey, 1955).
Indeed, it has been concluded by Forbes et al. (2021) that the enrichment with SLRs would have
to occur prior to core formation, a condition that at face value is readily ful lled by our proposed
mechanism. However, further studies are necessary to investigate to what extent mixing due to
small-scale turbulence might further dilute the imploding gas.

Besides the importance for star and planet formation we make a clear prediction for the lifetime of
hot cavities in the ISM, which are lled shortly after the implosion is launched. This number is an
important parameter in models for the multiphase structure of the ISM (McKee & Ostriker, 1977;
Wol re et al., 2003; Draine, 2011), which are used to estimate a wide variety of ISM properties.

4.4 Concluding Remarks

We have performed 3D hydrodynamic simulations of SNRs in a uniform, stationary medium
with non-negligible thermal pressure in order to study their evolution after shell formation. Our
simulations reveal that radiative SNRs implode after the shell reaches pressure equilibrium with
the ISM. The implosion leads to the formation of a compact, massive cloud that might soon become
self-gravitating and that is highly enriched with SN ejecta. As we discuss, this novel mechanism
of cloud formation provides attractive initial conditions for star and planet formation and might
have some important implications for the theory of the ISM.

While the idealized setup is useful for understanding the underlying physical mechanism, under-
standing the role of SN implosion and subsequent cloud formation in a more realistic setup deserves
further investigation.

We conclude that the dispersal and merging of SNRs with the ISM o ers a wealth of hidden
complexities, which deserve further study as they can help understand the physics of the ISM.
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Chapter 5

Star Formation by Supernova
Implosion

Software used in this chapter:
Julia v1.6.5 (Bezanson et al., 2017), andMatplotlib v3.5.1 (Hunter, 2007)

This work has been published in the Astrophysical Journal Letters, Volume 971, Number 2, August
2024, L44 (Romano et al., 2024b). After we submitted the paper presented in the previous chapter,
Andi requested, | come up with a way to estimate the star-formation rate from the implosion
clouds. During February 2024, | su ered from pneumonia, and was gone from work for about a
month. During this time, in fever-delirium the solution to the problem came to me in a dream.
After | got back to work | worked out the details of the model in no time and after receiving useful
feedback from Andi and Manuel as well as many people at the MIAPbP ADONIS workshop held
from March 25 { April 19 2014, we nalized the paper in no time.

Star formation is easy. Giant Molecular Clouds (GMCs) with masses 10* 10'M (Williams

& McKee, 1997; Miville-Deschénes et al., 2017) fragment, producing gravitationally unstable cores
that collapse (e.g. Jeans, 1902; McKee & Ostriker, 2007; Rosen et al., 2020) and form stars. Yet,
a closer look reveals that our understanding of the processes linking these stages of star formation
and even the formation of the GMCs themselves is far from being predictive (see e.g. Lada et al.,
2013; Chevance et al., 2020). Indeed, the processes underlying star formation remain to be one of
the biggest puzzles in the current framework of galaxy formation and evolution.

One of these processes, which could explain the formation of star-forming GMCs is so-called
triggered star-formation (EImegreen, 1998, 2011). The underlying idea being that shocks, e.g. due
to Supernovae (SNe) or other feedback processes, could compress the ambient gas and drive it
towards gravitational instability (GI).

Observational evidence suggests that stars form spatially and temporally correlated (Gaczkowski
et al., 2015, 2017; Krause et al., 2018; Zucker et al., 2022; Ratzenback et al., 2023; Verma et al.,
2023), pointing towards triggered star-formation scenarios. Meanwhile, many of the proposed
triggers have been con rmed in numerical simulations (Dobbs et al., 2022; Herrington et al., 2023;
Horie et al., 2024).

Recently, Romano et al. (2024a) have found that besides the classical triggering by shock-compression,
SNe will eventually implode due to the pressure of the interstellar medium (ISM) and form a dense,
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highly chemically enriched cloud in their center, which might collapse and form stars. In this let-
ter, we leverage their results to give an estimate of the amount of star formation that can be
expected from this process.

5.1 Methods

A common way to quantify the star-formation e ciency is the so-called star-formation e ciency
per free-fall time . It is de ned as the ratio of the star-formation timescale and the free-fall
timescale (see e.g. Schinnerer & Leroy, 2024, for a review):

t

= — 51
» (5.1)
The average free-fall timescale in the ISM prior to the explosion
' 3
= g 449n 05 Myr ; (5.2)
whereng is in units of cm 3. t depends only on the density = m y ng of the ambient medium,

where = 1:4is the mean atomic weight andmy is the mass of a hydrogen atom. On the other
hand, the star-formation timescale
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depends on the details of the processes that convert gas into stars.

Here we derive an expression for the timescale of SN-implosion-triggered star-formation. We
consider two cases. In both cases a central stellar population drives a shock which will implode
due to the pressure of the ISM, leading to the formation of a central cloud (Romano et al.,
2024a). Once the cloud becomes gravitationally unstable it collapses and forms new stars. In
the rst, cyclic case, we consider the long term average of stellar populations that can produce
enough massive stars to keep maintaining a continuous cycle. In the seconsingle-burst case we
consider a stellar population or a single star driving a single iteration of SN-implosion-triggered
star-formation, which may then either continue on inde nitely as in the cyclic case, or cease due
to the lack of newly formed massive stars. The main di erence between the two scenarios is that
in the former, the number of SN explosions per cycle is xed by the expected stellar mass that is
formed by each cycle, while in the latter it is kept as a free parameter. A schematic overview of
such a cycle is shown in Figure 5.1.

We utilize the results of recent simulations by Romano et al. (2024a). Their results include
timescales for various stages of SN Remnant (SNR) evolution and cloud formation as well as
information about various cloud properties as a function of time after its formation (see e.g. their
gures 7 and 8).

Besides these results, we need to make the following simplifying assumptions:

1. Stellar populations follow the canonical Initial Mass Function (IMF) g (M) from Kroupa
& Jerabkova (2021).

2. Implosion-triggered star-formation can only be sustained if it leads to the formation of at
least one massive 1fi, > 8 M ) star, which can trigger another SN implosion.

3. The ambient medium is initially at rest, with a uniform density of ny = ng and returns to
this state by the end of each cycle.
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Figure 5.1: A schematic overview of SN-implosion-triggered star-formation. In this process, an
explosion from a central source drives a shock (1), which eventually implodes (II) and leads to the
formation of a central cloud (II1). The central cloud grows and eventually becomes gravitationally
unstable, leading to star formation (IV). Depending on whether there are newly-formed, massive
stars, this cycle can repeat. The arrows connecting the di erent stages are decorated with the
corresponding transition timescales de ned in equations 5.5, 5.7, 5.10 and 5.12. The cloud forma-
tion time t¢ is measured from the time of the explosion so the time between implosion and cloud

formation is tef tiaunch -
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