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Abstract

The radiation emitted by massive stars, and the energy and momentum it deposits
via interaction with gas and dust in the interstellar medium (ISM), plays a cru-
cial role in star formation. Observational e orts, enabled by recent observational
facilities, have highlighted the pivotal role of radiative feedback in regulating the
star formation e ciency (SFE) in giant molecular clouds (GMCs) and in controlling
their dynamical evolution. Signi cant theoretical progress on these fronts has also
been made in recent years, spurred by advances in computing capability and numer
ical techniques to model the coupled evolution of gas and radiation { i.e., radiation
hydrodynamics (RHD).

However, the nature of star formation and feedback in GMCs forming in regions of
high mass surface density ( & 10° M pc 2), where so-called super star clusters
(SSCs) are born, are largely unconstrained. This is primarily because existing RHD
methods struggle at the high optical depths achieved in these GMCs. On more
local scales, the dynamical e ects of radiation feedback on the turbulent ISM play
a direct role for the formation and evolution of observed structures in H regions,
such as pillars and globules; yet, this complex interaction is not well understood. In
this thesis, | approach these unexplored directions with numerical RHD simulations
and subsequent comparison with observations.

| develop VETTAMa state-of-the-art RHD scheme using the Variable Eddington-
Tensor closure, which enables accurate and feasible modelling of radiation feedback
even in regions of high optical depthVETTARas been implemented to model all the
important pathways of radiative feedback from massive stars and has been coupled
to the widely-used FLASHnagneto-hydrodynamics code. | us)¥ ETTAND quantify
the competition between gravitational collapse and radiation feedback in GMCs with

& 1° M pc ?, nding that radiation feedback is unable to limit the SFE and
disrupt GMCs { unlike the case of typical Milky Way-like clouds explored in previous
works. On achieving a high SFE, radiation pressure on dust launches parsec-scale
out ows with velocities 15 - 50 km/s | a potential explanation for recently ob-
served molecular out ows emanating from star clusters in starburst galaxies. | also
quantify the relative importance of feedback mechanisms in this regime and their
momentum contribution to the ISM on larger scales, and demonstrate the impor-
tance of using appropriate temperature-dependent IR dust opacities. These ndings
lay the foundation for understanding the nature of star formation and the dynamical
state of the ISM in high-pressure environments.

On local scales { using idealised RHD simulations of feedback interacting with a
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turbulent ISM { I nd that photoionisation of hydrogen by UV photons can drive
turbulence in the pillar-like dense gas structures found in HIl regions. Moreover,
I nd this turbulence is dominated by a larger fraction of compressive modes than
is typically encountered in the ISM, driven by the over-pressurised, ionised gas
surrounding the pillars. | test this hypothesis on high-resolution observations of
pillars in the Carina Nebula, nding that the density and velocity structures in
these pillars are consistent with a scenario of compressive turbulence driving. This
could potentially lead to elevated star formation rates in the pillars { implying a
possible pathway for triggered star formation.

Several aspects of my work can be tested with the recently launched James Webb
Space Telescope (JWST), which can identify and characterise feedback in massive
star clusters in a wide range of galactic environments. Moreover, my results will
act to inform physically-motivated sub-grid models for pre-supernova feedback in
cosmological/galaxy-scale simulations that are unable to resolve the competition
between feedback and gravitational collapse occurring within GMCs. These e orts
would deepen our understanding of the multi-scale, feedback-regulated picture of
star formation and galaxy evolution.
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Chapter 1

Introduction

Star formation in galaxies is governed by the complex interplay of several nonlinear
physical mechanisms operating in the interstellar medium (ISM). However, in spite
of the underlying complexity, there is overwhelming evidence for fundamental scaling
relations and trends governing the conversion of gas to stars in galaxies. These rela-
tions seem to imply a systematic, self-regulating picture of star formation. Studies
over the recent decade have established that the feedback from newborn stars/star
clusters forming in giant molecular clouds (GMCs), and the profound e ects they
impart on the gas around the GMCs, play the role of this self-regulating agent. In
this thesis, | focus on quantifying the dynamical impacts of stellar feedback from
massive stars on star formation in GMCs and the ISM, and thereby contributing to
our comprehensive understanding of self-regulated star formation in galaxies.

In this chapter, | will broadly introduce the concept of stellar feedback, and identify
the various pathways through which stars provide feedback on their environments
(Section 1.1). In Section 1.2, | will summarise the aforementioned observational
ndings concerning star formation in galaxies that suggest a picture where star
formation is self-regulated via stellar feedback, speci cally through the radiation
emitted by massive stars radiation feedback hereafter). In Section 1.3 | will discuss
the need for numerical simulations, how radiation feedback can be modelled in them
and the various techniques used, and highlight earlier numerical simulations in the
literature that quantify aspects of the self-regulating nature of radiation feedback. In
Section 1.4 | will discuss and motivate unexplored directions in earlier work which
| probe in this thesis. Finally, in Section 1.5 | will provide an overall outline of
chapters in this thesis.

1.1 Pathways of Stellar Feedback

Young stars provide feedback on their environments by imparting energy and/or
momentum to their surroundings via several pathways. These pathways vary in

1
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the physical mechanisms by which they operate, the evolutionary stage of the star
when they are active, and the energy/momentum budgets available in the process. In
terms of their mode of operation, feedback processes can be classi ed on a continuum
from momentum-conserving and energy-conserving. The former limit applies to
feedback mechanisms that are unable to deliver the entire energy budget available
in the mechanism to the ISM due to radiative losses, and therefore purely impart
the available momentum (which cannot be radiated away). On the other hand, the
energy-conserving limit applies where radiative losses are negligible, and the energy
budget of the feedback mechanism is available to the ISM. Feedback mechanisms can
also be categorised based on when in a star's lifetime the mechanism operates { i.e.
while still in the protostellar phase, after reaching the main sequence (i.e. a Kelvin-
Helmholtz timescale), or at the end of the star's lifetime. Moreover, since stars form
in a clusters in GMCs, it is more appropriate to quantify the momentum/energy
budgets of feedback mechanisms averaged over the population of stars rather than
individual stars. | will follow this approach and brie y discuss the di erent feedback
mechanisms operating in a GMC, and refer the reader to Chevance et al. (2022a),
Krumholz et al. (2014) and Dale (2015) for more comprehensive reviews.

1.1.1 Protostellar Out ows

Young stellar objects (YSOs) accreting from a magnetised, rotating accretion disc
launch gas via magnetocentrifugal forces in jets/winds with morphologies that range
from collimated to quasi-spherical, and which can be detected up to a parsec or
more away from the driving YSO. These out ows/jets interact with the surrounding
ISM, producing shocks, which radiatively cool e ciently, resulting in a momentum-
conserving feedback mechanism. Protostellar out ows involve multiple observable
components: for instance, their molecular components are predominantly detected
via the rotational transitions of CO; shock-tracers such as SiO and ro-vibrational
emission lines of K molecules trace the shock-heated warm/hot gas, and forbidden
transitions of several ionised metal species can trace the ionised and atomic compo-
nents of the ow (refer to Bally 2016, for a review). Out ows are launched during
the protostellar phase of YSOs (i.e. before reaching the main sequence) that are still
actively accreting, and can therefore play a crucial role in determining the nal mass
of the protostar; this also implies that out ows comprise one of the earliest phases
of feedback operating in a GMC. In a young forming star cluster, the contribution of
out ow feedback from low-mass stars dominate over high-mass stars, since low mass
stars dominate by mass (Kroupa 2001; Chabrier 2003), and the out ow velocities do
not increase with stellar mass steeply enough to compensate for this. In addition,
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studies have shown that the ejection velocities of out ows are low enough such that
only low mass clusters or star-forming region$( . 10°M ) with low escape speeds
are dynamically a ected by them, and they have a modest global impact at the scale
of GMCs (see, for e.g., Matzner & Jumper 2015). Therefore, considering the scope
of the thesis, | do not place much focus on protostellar out ows hereafter, and refer
readers to reviews for further discussion (Frank et al. 2014; Bally 2016).

1.1.2 Photoionisation

Massive stars M & 8 M ) emit a signi cant quantity of ultraviolet (UV) photons
with energies high enough to exceed the ionisation potential of hydrogen atoms,
and sometimes helium (EUV photons hereafter). The short stellar evolutionary
timescales of massive stars with respect to dynamical timescales in GMCs suggest
that they begin radiating at their main-sequence luminosities while star formation
is still ongoing in the GMC. The extremely high cross section of hydrogen atoms to
EUV photons (h wi 10 " cm?) renders a large fraction of the neutral ISM { which
typically has column densities& 10?°cm 2 { highly optically thick and susceptible

to be photoionised when exposed. For an EUV photon emission rddg of a massive
star or cluster, with the surrounding ISM at a uniform density oiny, photoionisation
competes with recombination (with recombination rate coe cient g) to produce
an ionised bubble { i.e. a Hii region { of radius (Stemgren 1939)

Qo ¥ 2
1009s 1 100cm 3

3 _

Re< =
S 4 Bna

3pc

(1.1)

This occurs on timescales that are much quicker than the typical dynamical timescale
of a GMC. The subsequent thermodynamic state of the ionised plasma is governed
by the competition between heating from photoionisation, and cooling from recom-
bination, free-free emission, and forbidden transitions of collisionally excited metals
in the ionised plasma { combining to achieve an equilibrium temperature of 10* K

at solar metallicity. This energy is not radiated away, and therefore photoionization
is regarded as closer to the energy-conserving limit than the momentum-conserving
limit. This ionised H ii region is at higher thermal pressure than the surrounding
medium and hence forms a shock front that expands outward and compresses the
surrounding gas. This expansion reduces the density in the ionised region and there-
fore the recombination rate, which frees up more photons to ionise gas further out
in the cloud. In addition, since the ISM is clumpy, ionised gas escapes through low-
density channels, removing mass from the cloud; this also induces a back-reaction
on the neutral gas at the ionised-neutral interface due to momentum conservation {
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termed the \rocket e ect" (Oort & Spitzer 1955) { imparting a larger force on the
neutral gas, and ejecting further mass from the GMC. Idealised semi-analytic calcu-
lations seem to suggest that the momentum input from an expanding H region is

su cient to unbind GMCs globally if the escape speeds are 10km s ! (Matzner
2002). Therefore, photoionisation has been studied extensively over the past decade
as a feedback mechanism of great dynamical important for star formation in GMCs

{ as we shall discuss later in this chapter.

1.1.3 UV Radiation Pressure on Dust

UV and optical photons emitted by intermediate-massive stars can be absorbed
by dust grains in star-forming regions, imparting an impulse to them due to the
momentum in the photon, which then couples this momentum to the gas via grain-
gas collisions (Draine 2011). The larger cross section of dust grains to UV photons
( ¢uv 10 ?*cm?) than optical photons (5 times lower), combined with the fact
that massive stars dominate the luminosity in high energy radiation in a star cluster,
imply that, similar to photoionisation, radiation pressure is a feedback mechanism
facilitated by massive stars and the two act at the same evolutionary stage of the
GMC. The energy in the photon heats the dust grain, which almost instantly radiates
this energy in the infrared (IR), which escapes freely except in very dense molecular
clouds (see below) as dust cross sections in the IR arel00{1000 lower than the
UV (Draine & Li 2001). This forces UV/optical radiation pressure to a momentum-
conserving feedback mechanism. The momentum budget in radiation pressure is
comparable to or smaller (larger) than photoionisation for clouds with escape speeds
lower (larger) than the ionised gas sound speed (10km s 1), and is therefore of
comparable importance when considering the global evolution of GMCs.

1.1.4 Dust-Reprocessed IR Radiation Pressure

In regions where the gas surface density is su ciently high, the UV-reprocessed IR
dust emission does not escape freely as the dust becomes optically thick to its own
radiation. This occurs for regions with gas surface densities

1
& 1M pc 2 R : (1.2)

5cneg !
where g is the IR dust opacity (Draine & Li 2001), which are attained near massive
star-forming regions, and in the GMCs forming in high-pressure environments. In
such a situation IR photons undergo further absorption and re-emission along the
dusty column, with the dust (and the gas via collisions) gaining the momentum from
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the photons in every such interaction with an IR photon. This could ideallyboost
the momentum imparted by radiation pressure by a factor g { the IR optical
depth through the cloud { over the initial momentum of the UV photon emitted
by the star/stellar population (Thompson et al. 2005; Murray et al. 2010). This
boost comes from the fact that the energy in the photons is trapped by the dust,
and not radiated away freely, pushing this feedback mechanism from the momentum-
conserving to energy-conserving limit. However, the entire energy in the photon eld
is not trapped (the so-called \photon tiring" limit) as the IR photons eventually
escape after traversing an optical depth of (at-most) g beyond which they can
escape freely. Therefore IR radiation pressure moves the mechanism of radiation
pressure on dust away from the momentum-conserving limit towards the energy-
conserving limit by a factor . This also implies that IR radiation pressure has
the potential to become a dynamically important feedback mechanism in GMCs
that are optically thick in the IR, which are expected in galaxies with high dust
column depths that primarily emit in the IR, such as ultraluminous infrared galaxies
(ULIRGS). In addition, the trapped radiation would heat up the dust/gas, which
would likely a ect fragmentation in star-forming regions.

1.1.5 Stellar Winds

Powerful high energy radiation emitted by very massive stars (40M ) with sur-
face temperatures& 25000 K can launch line-driven winds from their atmospheres,
which accelerate out to terminal velocities o& 1000km s! (Lamers & Cassinelli
1999). Similar to the massive star radiative feedback mechanisms, the short Kelvin-
Helmholtz timescales in these stars ensures they reach their main-sequence surface
temperatures relatively quickly, and therefore winds are launched while the stellar
populations are still forming and accreting in a GMC. The momentum input aver-
aged over a young stellar population in stellar winds is comparable to or slightly
lower than that from radiation (Leitherer et al. 1999). However, the high-velocity
winds can impact the ISM and shock-heat the gas to temperatures of 10’ K {

a range where cooling times are relatively long (unlike protostellar out ow shocks
which attain much lower temperatures). This might induce an energy-driven adia-
batic ow of the hot gas, e ectively transitioning from a momentum-driven towards

an energy-driven scenario; analytic models nd that around 35% of the energy is
radiated away in a forward shock, and the rest of the energy is available to build up
momentum, e ectively boosting the momentum input by a factor 100 (Weaver

et al. 1977). This has the potential to place stellar winds as the most signi cant
feedback mechanism in GMCs. However, studies over the past decade have high-
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lighted the importance of considering the inhomogeneity in the ISM, which causes
this hot gas to leak out through low-density channels (Rosen et al. 2014) and energy
to be e ectively radiated away in mixing layers between the hot and cold gas that
produce gas at intermediate temperatures (Lancaster et al. 2021a) { both of which
signi cantly reduce the momentum imparted by stellar winds to a value comparable
to that due to radiation pressure.

1.1.6 Supernovae

Massive stars end their lives in supernova explosions that release copious amounts of
energy/momentum into the surrounding ISM all at once, with momentum budgets
that signi cantly exceed all the aforementioned feedback mechanisms. This explains
the primary consideration of supernovae as the agent ensuring the self-regulation of
star formation in galaxies (e.g., Hopkins et al. 2011). Supernovae are not in the
momentum-conserving limit in their initial stages, as the high velocity ejecta in the
explosion introduce an adiabatic phase of hot expanding gas (the \Sedov-Taylor"
phase), which ends when the cooling timescale in the expanding shell driven by the
supernova is shorter than the expansion timescale; studies nd that this momentum
input correspondsto 1°M km s ! { su ciently high to have signi cant dynam-

ical impacts on GMCs. This value can be enhanced further if supernovae occur in an
environment that is strongly clustered in time and space, such as might be expected
in GMCs. However, the ability of supernovae to a ect GMC evolution is limited
by the fact that the typical lifetimes of massive stars ( 4{40 Myr) are longer than
the crossing times of GMCs 0:25M=10*M )¥** Myr, where M is the mass of the
GMC. Therefore, if gas is converted to stars in roughly a crossing time, supernovae
would occur too late to a ect this process, and stars would form e ciently { unless
the other feedback mechanisms discussed above could limit the formation of stars.
However, if some mechanisms operate in the ISM to delay star formation timescales
in GMCs to several crossing times { as suggested by some studies (Scoville & Hersh
1979; Fleck 1980) { then supernovae could be become crucial in the evolution of
GMCs. Therefore whether supernovae are directly relevant for star formation in
GMCs is intricately tied to the timescales for star formation, how e ciently stars
form, and the lifetime of GMCs; we will discuss observational ndings relevant to
these questions in the next section.



1.2. Evidence for the Importance of Radiation Feedback 7

Figure 1.1: Figure adopted from Sun et al. (2023) showing the relation at kiloparsec
scales between the star formation rate surface density §gr) and molecular gas
surface density ( moi) per cloud free-fall time ¢ .150pc) consistently compiled for
80 galaxies in the PHANGS survey (Leroy et al. 2021). Contours show the den-
sity distribution of regions in this parameter space, and colours indicate di erent
methods adopted for interpreting the observed tracers. The histograms on the right
denote the distribution of values of derived from the relation with various meth-
ods (colours). Dotted lines show linear relations with 0:1%, 1% and 10%.

1.2 Evidence for the Importance of Radiation
Feedback

1.2.1 Observational ndings
E ciency of star formation

Star formation occurs very ine ciently in galaxies across a range of scales. This
was rst quanti ed via the Kennicutt-Schmidt (KS) relation, which shows a corre-
lation between the integrated gas content in galaxies (projected gas surface density)
with their total star formation rates (Kennicutt 1998; Kennicutt & Evans 2012; de
los Reyes & Kennicutt 2019). The normalisation of this correlation quanti es the
depletion timescaletqe, { the time it would take for all the gas in the galaxy to
be converted to stars; these studies ndg, 2 Gyr { signi cantly longer than
any relevant dynamical timescale of the galaxy, such as the free-fall time of GMCs
(10 Myr) or the orbital timescale of galaxies ( 100 Myr). We discuss the former
since it represents a more physically motivated timescale in this context (although,
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see Silk 1997, for an emphasis on the latter timescale). The obserigg implies
that per-free fall time, only a fraction = t =tgep . 1% of gas in the galaxy

is converted to stars. This nding has persisted over the years and with obser-
vations that can resolve individual kiloparsec-scale patches in galaxies (except in
extreme environments, such as nuclear regions). We show a very recent compilation
demonstrating this with a consistent data sample in Figure 1.1, directly measuring
statistically-signi cant best t values of 1% from the KS relation. This nd-

ing demonstrates that globally, star formation in galaxies occurs very

ine ciently.

However, star formation occur in GMCs that are at sub-kiloparsec scales, and it
becomes relevant to ask whether star formation is ine cient at cloud scales as well,
or whether processes acting at kiloparsec scales are somehow able to prevent gas
from reaching the star-forming phase. When probing a KS-like relation at GMC-
scale resolution, i.e. 100pc scales, studies nd a overwhelming level of scatter
in the observedtye, (Onodera et al. 2010; Schruba et al. 2010); however, | will
discuss below that this scatter is related to the evolutionary cycle of GMCs and their
lifetimes (Kruijssen & Longmore 2014). Going to smaller scales (100 pc), a variety
of techniques have been used to infer in the Milky Way and external galaxies {
we refer the reader to Krumholz et al. (2019) for a summary of the techniques. We
directly reproduce the compilation of values presented in this paper in Figure 1.2.
It is clear that to rst-order, regardless of technique, star-forming regions at sub-GM
scales have values of 1% { similar to the relation at kiloparsec scales.This
demonstrates that even locally in star-forming regions, the e ciency

per-free fall time is maintained at low values

Observed decorrelation of gas and stars at GMC scales and short GMC
lifetimes

While the previous ndings illustrate that stars form ine ciently from kiloparsec

to cloud scales, they do not provide any independent information on the duration

of star formation in GMCs, or on their dynamical evolution over time. However,
pioneering facilities over the last decade have enabled systematic comparisons of
the spatial distributions of star-forming molecular gas (traced by sub-mm CO lines
with ALMA; Leroy et al. 2021) and tracers of (massive) star formation (H lines

with VLT/MUSE) at resolutions of . 100 pc. Interestingly, large scatter in the KS
relation at these scales can be understood from these comparisons: molecular gas
and star formation show statistical signs of decorrelation at the scales of individual
GMCs {i.e. star formation is not correlated with gas at these scales in star-forming
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Figure 1.2: Compilation of measurements in individual star-forming clouds,
grouped by the method used in the study; we refer the reader to Krumholz et al.
(2019) { where this gure was adopted from { for the description of the methods.
We can see that 1% consistently across various methods in individual proto-
clusters.

galaxies (Kreckel et al. 2018; Kruijssen et al. 2019; Schinnerer et al. 2019). This
seems counter-intuitive, but can be interpreted as representing a fast, ine cient
evolutionary picture for star formation in GMCs, whereby GMCs are disrupted by
some physical mechanism over short timescales (hence visible in,Hesulting in a
high statistical probability of observing such a decorrelation (Kruijssen & Longmore
2014). Kruijssen et al. (2018) describe a statistical method to apply this principle {
the so-called \uncertainty principle of star formation” { to observational data that
trace phases representing gas and young stars, and derive an evolutionary timeline
for GMCs. This includes direct inferences of the timescales for which gas is inert
and non star-forming, and a timescale for dispersal/destruction once stars form; this
can subsequently be used to indirectly infer properties such as the integrated star
formation e ciency of GMCs (i.e. ratio of total mass of stars formed to available
gas mass; ), and the characteristic velocity with which gas is removed from GMCs
by star formation feedback. Moreover, unlike earlier attempts to observationally
constrain these timescales (Kawamura et al. 2009; Murray 2011; Meidt et al. 2015),
this method does not require one to resolve individual GMCs ( 10 pc), only the
typical spacing between GMCs ( 100pc), permitting its application to galaxies
beyond the Local Group.

This statistical technique has been applied extensively over the last ve years, and
the aforementioned quantities constrained (Kruijssen et al. 2019; Chevance et al.
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Figure 1.3: Measured GMC dispersal/destruction time t{ispersal) { i.€. the time
after the formation of massive stars to disperse the GMC { determined using the
uncertainty principle for star formation (Kruijssen et al. 2019) compared with the
free-fall time (t ) in nearby galaxies. The dashed line indicates the one-to-one
relation and the dotted line a timescale of 5 Myr for the typical timescale for the
rst supernova to go o after a star cluster forms. lItis clear that clouds are destroyed
in . t by some mechanism before supernovae can go o (i.&ispersal - 5 Myr).
Plot reproduced from the values presented in Chevance et al. (2022a).

2020; Zabel et al. 2020; Kim et al. 2021; Chevance et al. 2022a). These studies
nd GMC lifetimes ( tguc ) that are of order  10{30 Myr consistently across several
galaxies that span a vast range of properties. Moreover, they nd that the vast
majority of this timescale is spent in an inert phase, but once massive stars form, the
GMCs end their lives by being dispersed in 1{5 Myr (see Figure 1.3); coupled with

the low values of implied above, the integrated SFE (tgmc =t ) s limited

to 0:02{0:1 in nearby galaxies (Chevance et al. 2022a)his implies that
GMCs in galaxies are dispersed very rapidly after massive stars form

(. 5Myr) by some mechanism, limiting the fraction of mass converted

to stars to a few percent over its lifetime.
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