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Abstract
Feedback from young, massive stars plays an essential role in the self-regulation of star formation in galaxies, and in
shaping the galaxies' global properties. This phenomenon originates at small scales, surrounding the stars, but has been
observed to be effective up to galactic-wide scales. The exact mechanism which allows the ionising radiation to escape
the star-forming regions (HII regions), initially still embedded in their natal molecular hydrogen gas, is still unknown.
Constraining the escape of ionising photons from HII regions is also relevant in order to explain the origin of the diffuse
ionised gas (DIG) that is observed to contribute up to 50% to the Ha luminosity of nearby galaxies.

I present the results of the study of stellar feedback in two nearby galaxies (NGC 7793 and M83), at spatial scales that
critically connect the sources of ionisation with their immediate surroundings. We determine the fraction of DIG and study
its properties and origin. We find that in NGC 7793 ionising sources located in the DIG are producing a sufficient amount
of hydrogen-ionising (LyC) photons to explain the diffuse gas emission. In M83, on the other hand, the DIG is ionised by
a mixed contribution of photoionisation and shocks. We investigate the link between LyC leakage from HII regions and
their stellar and gas properties. We find that the age spread of the stellar population in the region does not seem to imply a
higher leakage. Also the ionisation structure of the regions (e.g. the presence of "channels" that are transparent to the LyC
photons) appears to be uncorrelated with escape in our sample. In M83, we also study the relative importance of different
types of stellar feedback. We find that the pressure exerted by the ionised gas is always dominant over the direct radiation
pressure. When the total HII region pressure is compared to the environmental pressure, we observe that regions near the
galactic centre are in equilibrium with the surroundings, whereas regions in the disk are overpressured and are therefore
expanding. We also find that changes in the local environmental conditions are the dominant factor in setting the ionised
gas pressure, and that the pressure terms are linked to the physical properties (age and mass) of the young star clusters
powering the regions. In the near future, observations from the James Webb Space Telescope will allow us to study the
most embedded star-forming regions with a resolution comparable to the present one.
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1. Introduction

Everything starts somewhere, although many physicists disagree.
– Terry Pratchett, Hogfather

1.1 Stellar feedback

STARS are a source of radiative and mechanical feedback in the interstel-
lar medium (ISM) that is essential for the self-regulation of star forma-

tion (SF) in galaxies. Stellar feedback originates at parsec scales, surrounding
young, massive stars, and shapes the morphology of the star-forming region.
Figure 1.1 (top panel) illustrates the impact of stellar feedback in 30 Doradus,
a star-forming region in the Large Magellanic Cloud, and one of the closest
massive star-forming regions that we can dissect in its components outside the
Milky Way. One can observe how the radiation from the massive stars and the
very hot gas originating through shock fronts from stellar winds and supernova
(SN) explosions carve giant ‘bubbles’ into the cooler gas and dust. Despite
its small-scale origin, stellar feedback proves to be effective up to kiloparsec
scales. An example of this galactic-scale effect in the M82 starburst galaxy is
shown in Fig. 1.1 (bottom panel). The origin of the large-scale outflow can be
traced back to the central regions of the galaxy, where stars are forming at a
very high rate.

1.2 Multi-phase ISM in galaxies

In spiral galaxies, the majority of the dust and gas is arranged into a thin disk, a
few 100 parsec in height, in which most SF takes place. The galactic ISM can
be categorised into various phases, characterised by different temperatures and
densities (e.g. Draine, 2011, I provide hereafter a short summary), as schemat-
ically illustrated in Fig. 1.2. The ionised gas is present in the form of hot
(T > 105.5 K), shock-heated coronal gas and warm (T ∼ 104 K) H II gas, pho-
toionised by the young, massive stars in the disk. The H II gas further divides
into denser (ne ∼ 100 cm−3) H II regions surrounding the young stars and
diffuse ionised gas (DIG; sometimes referred to as warm ionised medium or
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Figure 1.1: Three-colour composite images obtained from HST (yellow), Spitzer
(red) and XMM Chandra (blue) data. Top panel: the 30 Doradus star-forming re-
gion in the Large Magellanic Cloud. The light from the massive stars (in yellow-
green) and the very hot gas caused by shock fronts from stellar winds and SN
explosions (blue) imprints ‘bubbles’ into the cooler gas and dust (in red). Bottom
panel: signature of galactic-scale stellar feedback in the starburst galaxy M82.
The optical disk is shown in yellow, the gas that has been heated to about 106 K
by the violent outflows is traced in blue, while cool gas and dust being ejected
from the galaxy are coloured in red. Credit: NASA.
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Figure 1.2: The ISM in spiral galaxies is present in the form of ionised (orange)
and neutral gas (blue), and is subdivided into several phases, which are charac-
terised by different temperature and density.

WIM) having a very low density (ne ∼ 0.1 cm−3). Finally, part of the H II gas
is ionised within planetary nebulae (PNe), resulting from ejected shells of ma-
terial ionised by a hot stellar core exposed during the final evolutionary stages
of an intermediate mass star (∼ 0.8 – 6 M�). The neutral hydrogen gas is
divided into an atomic (H I) and a molecular (H2) component. The H I com-
ponent has a warm and a cool phase: the warm neutral medium (T ∼ 103.7 K)
fills almost half of the galactic disk, whereas the cool neutral medium (T ∼ 102

K) only occupies a small fraction of it. The molecular component further di-
vides into diffuse molecular gas (ne ∼ 100 cm−3) and denser molecular clouds
(ne ∼ 103− 106 cm−3); it is in giant molecular clouds (GMCs) that star for-
mation takes place. Finally, ejecta from evolved cool stars compose another
relatively cool and very dense (T < 103 K, ne = 1−106 cm−3) component of
the ISM.

Each gas phase constitutes an important part of the star formation cycle
(see e.g. the review by Tumlinson et al., 2017). In particular, the neutral ISM
makes up the gas reservoir that will fuel star formation in the future. The
molecular phase is essential for the formation of stars, while the ionised gas
is a tracer of the stellar feedback in the galaxy and is enriched by products
of stellar fusion and explosion. Eventually, the ionised gas phase will cool
and mix with the neutral gas, and will determine the next generation of star
formation. This thesis focuses on the effect of stellar feedback on the ISM,
and therefore on the ionised gas phase component.

13



1.3 Integral Field Spectroscopy

Spectroscopy is a very powerful tool to study astronomical objects. By decom-
posing the light as function of wavelength, it is possible to gather information
about the chemical composition of an object, its temperature and density, as
well as its distance and internal kinematics, thanks to the Doppler shift of
emission lines. Until early 2000s, optical spectroscopy of galaxies was pri-
marily obtained either through narrow-band imaging targeting emission lines
or via long slit or multi-object spectroscopy. Narrow-band imaging has the
advantage of easily covering a large field of view (FoV) in the sky, but offers
limited spectral information. Long slit and multi-object spectroscopy, on the
other hand, offer a full spectrum for either a very limited FoV or at single
spatial locations across a large FoV.

The beginning of the 21st century saw the advent of a new type of tech-
nique: integral field spectroscopy (IFS). In IFS, an instrument (integral field
unit or IFU) is setup so that a spectrum can be obtained at every spatial pixel
sampled by the camera, essentially simulating having a slit in every point of
the image. This can be achieved e.g. through fiber bundles (e.g. in the PMAS
instrument used for the CALIFA survey, see Sect. 4.2) or through an image
slicer (as is the case for MUSE, see below), as illustrated in Fig. 1.3. This al-
lows to acquire spectral information of many different lines across a relatively
large FoV. The output of an IFS observation is a three-dimensional datacube,
characterised by two spatial and a spectral direction, as shown in Fig. 1.4. Spa-
tial pixels are referred to as ‘spaxels’, whereas pixels in the spectral dimension
are named ‘voxels’.

One IFU instrument that has been particularly important for the study of
stellar feedback, thanks to its wide field coverage and high sensitivity is the
Multi Unit Spectroscopic Explorer (MUSE, Bacon et al., 2010) mounted on the
UT4 telescope of ESO Very Large Telescope (VLT) facility located at Cerro
Paranal observatory in Chile. MUSE has a relatively wide FoV (1 arcmin2

in the wide field mode setting) and a spatial sampling of 0.2 arcsec/spaxel.
The instrument also has an adaptive optics (AO) setting, that allows to further
improve the spatial resolution. The AO correction is performed by shooting a
laser beam into the sky, which excites sodium atoms in the atmosphere creating
point light sources that mimic stars. Based on variations in the point sources,
the AO system continually adjusts the secondary deformable mirror of the tele-
scope, to compensate for the varying atmospheric conditions. The GALACSI
AO mounted on MUSE offers a ‘ground layer’ correction, meaning that it can
correct for atmospheric turbulence up to one kilometer above ground. The
MUSE spectral range extends from the visible to the near-infrared (NIR) part
of the electromagnetic spectrum (4650 – 9300 Å in the extended wavelength

14



Figure 1.3: Two working principles of IFUs. On the top, a spectrum is obtained
using fiber bundles. On the bottom, an object is dissected and dispersed using an
image slicer, as is the case for the MUSE instrument at VLT. Credit: ESO.
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Figure 1.4: The output of an IFU observation is a three dimensional datacube.
This can be thought as having a 2D image ‘slice’ at every wavelength element,
or as having a spectrum in each spatial pixel. Credit: ESO/MUSE consortium/R.
Bacon/L. Calçada

setting). This ensures the coverage of the most important emission lines used
in the study of stellar feedback (see Sect. 2.2). One downside of AO is that it
comes at the cost of losing a portion of the spectrum (for MUSE, this is in the
range 5760 – 6010 Å) due to contamination by the laser.

In the last decades, IFS has revolutionised our understanding of stellar
feedback both at galactic scales (Sect. 4) and sub-kiloparsec scales (Sect. 5).
In local galaxies, high-resolution studies are starting to probe the variation of
the physical properties of the gas at spatial scales that critically connect the
sources of feedback (stars and clusters, i.e. a few parsec scales) and their im-
mediate surroundings (∼ 10 pc) to galactic scale dynamics (Sect. 5.3.3). These
tens of parsec-scale studies are resolving H II regions into great detail, tracing
potential ‘channels’ for the escape of ionising radiation and filamentary diffuse
emission surrounding the regions, and producing key information to bridge the
gap between small and large scales. At the same time, state-of-the-art cosmo-
logical simulations, including dynamics, detailed spatial resolutions and real-
istic SF and gas treatments, are starting to resolve parsec-scales (e.g. FIRE-2
Hopkins et al., 2018; Ma et al., 2020). Simulations have also proven that feed-
back from active galactic nuclei (AGN) alone is not sufficient to explain the
reionisation of the Universe (Fan et al., 2006; Robertson et al., 2013) and that
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small-scale ISM physics can be decisive for the escape of ionizing photons
from H II regions and ultimately into the intergalactic medium (IGM); stellar
feedback might therefore have played a major role in the Epoch of Reionisa-
tion.

1.4 Scope of this thesis

In this thesis, I review stellar feedback from galactic to sub-galactic scales,
with a focus on tens of parsec scale studies in nearby galaxies. The attached
Papers I – IV are dedicated to the study of stellar feedback at 10 – 20 par-
sec scales in two nearby galaxies, NGC 7793 and M83, with the MUSE IFU.
The MUSE observations are also combined with data from the Hubble Space
Telescope (HST) tracing the stars and clusters and with Atacama Large Mil-
limeter/submillimeter Array (ALMA) observations of the molecular gas, to
provide a full picture of the star-formation cycle.

This work is structured into six main Chapters. In Chapter 2, I present the
methodologies applied in the study of NGC 7793 and M83. I then review the
study of stellar feedback at various scales, starting from cosmic scales (Chap-
ter 3), followed by galactic scales (Chapter 4) and H II regions scales (Chapter
5). I conclude Chapter 5 with an overview of the targets studied in Papers I –
IV and a short summary of Papers I – IV. Chapter 6 provides a short summary
and outlook on the field of stellar feedback.

Differences from the Licentiate thesis

This thesis is partially based on the Licentiate thesis1 ‘The emerging phase
of young star clusters, constraints for UV photon leakage in local galaxies’,
written by the same author and defended on September 14, 2020. Most of the
present introduction was adapted from the Licentiate thesis, namely Sect. 1.1,
Sect. 1.2 and Fig. 1.1. Chapter 2 is entirely new, with the exception of Sections
2.2.1 – 2.2.5. Chapter 3 was entirely adapted from the Licentiate thesis, with
some minor changes to the text and the addition of Fig. 3.3. The same goes for
Chapter 4, where I updated Sect. 4.2 with recent literature results. Finally, in
Chapter 5 I updated Sect. 5.3 and added Sect. 5.4. Chapter 6 is entirely new.

1Available on the SU DiVA portal http://www.diva-portal.se/smash/get/diva2:
1462769/ATTACHMENT01.pdf.
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2. Methodologies

In theory, theory and practice are the same. In practice, they are not.
– Unknown

2.1 Stellar continuum fitting

WHEN studying gas emission lines in a spectrum, it is important to correct
for absorption lines generated at the same wavelength by the stars. This

is particularly important in the case of hydrogen recombination lines, that are
strongly affected by stellar absorption. A star emits continuum (blackbody) ra-
diation at the level of its photosphere. The emitted photons interact then with
the stellar envelope, where they are absorbed at discrete energies correspond-
ing to atomic transitions in the gas, resulting in absorption- and emission lines
at the corresponding wavelengths. The temperature profile of a star plays an
important role in the strength and formation of lines in the nebular gas, as pho-
tons are absorbed and then re-emitted as a blackbody of temperature T = T (r).

In Papers I – IV, we fit the stellar continuum using the software PPXF
(Cappellari & Emsellem, 2004; Cappellari, 2017). PPXF models a galaxy
spectrum as

Gmod(x) = T (x)∗L(cx)

where x = lnλ , T (x) are the stellar templates, L is the line-of-sight velocity
distribution (LOSVD) of the stars and ‘∗’ denotes a convolution. Note that
this parametrisation assumes that all difference between the galaxy spectrum
and the stellar templates is due to broadening by the LOSVD. Before convolu-
tion with the LOSVD, the templates are matched to the resolution of the galaxy
spectrum. PPXF then maximises a penalised likelihood function in order to de-
termine the best-fit template. The penalising term weighs down non-Gaussian
solutions in the LOSVD, in order to reduce noise in the determined kinematics.

The challenge in fitting the spectrum is to choose the right stellar tem-
plates. Most often, simple stellar populations (SSP, see infobox) are used.
Broadly used in the study of nearby galaxies are the MILES SSPs models
(Vazdekis et al., 2015), based on the MILES empirical stellar library (Sánchez-
Blázquez et al., 2006). These models were later extended into the E-MILES
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SSPs (Vazdekis et al., 2012, 2016), spanning a larger wavelength range. In the
study of M83 (Paper III and Paper IV) the latter SSPs were found to provide
a good fit to the data. On the other hand, in NGC 7793 (Paper I and Paper II)
using these models proved problematic due to the lack of young stars (t < 60
Myr). Indeed, due to the proximity of the target, even when spatially binning
the data (see below), the stellar population is often not well mixed within the
bins. To overcome this issue, stellar spectra were fitted using the Bruzual &
Charlot (in prep.) SSPs. The advantage of these models over E-MILES is that
they include younger stars (down to 1 Myr) as well as bright evolved stars such
as Wolf-Rayet (WR) and TP-AGB stars.

Another challenge when fitting the stellar continuum is the necessity of
reaching a high enough signal-to-noise ratio (S/N). For this purpose, we use
the Voronoi adaptive spatial binning method (Cappellari & Copin, 2003). The
code essentially creates spatial bins of roughly constant S/N, based on an input
line- and noisemap. After determining the best fit spectrum in each bin, we
assume that the population is approximately constant within the bin, up to a
scaling factor. It goes without saying that, especially in the case of NGC 7793,
where in the smallest Voronoi bins (of size ∼ a few pc) we almost resolve
single stars, this assumption might be biased as the stellar population is not
always well mixed within the bins.

After removing the stellar continuum, we can separate the spectral infor-
mation into a stellar and a gas part (which we refer to, respectively, as ‘stellar
cube’ and ‘gas cube’).

Simple stellar populations (SSP)

A single-age single-metallicity SSP consists of stars that are born at the same
time and with the same initial abundance composition. SSPs are constructed
based on three main ingredients. First, an assumed total mass together with a
prescription for the initial mass function (IMF), which determines the distri-
bution of mass of stars at their birth. Second, stellar evolutionary isochrones
(either theoretical or empirical) that describe how the stars evolve. Third, stel-
lar spectral libraries, which determine the parameters (e.g. spectral energy
distribution, colors and absorption line strength) to be used in the isochrones.
A single-age, single-metallicity SSP spectrum is then determined as (see e.g.
Vazdekis et al., 2010):

Sλ (T, [M/H]) =
∫ mt

ml

dm Sλ (m, t, [M,H]) ·N(m, t) ·F(m, t, [M/H]),

where ml ,mt are the stars with the smallest and largest mass that are alive in
the population, Sλ (m, t, [M,H]) is the empirical spectrum of a star of mass m,
metallicity [M/H] and alive at age t, N(m, t) is the number of this type of star
(depending on the IMF) and F is the flux obtained from the stellar isochrones.
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2.2 Emission line diagnostics

A wealth of information can be recovered from the study of gas emission lines.
From the relative intensity of different lines, it is possible for example to con-
strain the electron density, temperature and metal abundance of a gas, as well
as the strength of the radiation field and the source of ionisation (e.g. pho-
toionisation, shocks or AGN). A comprehensive overview of the physics and
application of emission line diagnostics is given in Kewley et al. (2019). In
this Chapter, I review a few key aspects and diagnostics that are relevant for
the analysis conducted in this thesis work.

2.2.1 The physics of emission lines

Emission lines in the ISM originate mainly from radiative recombination of
collisionally excited or photoionised ions, atoms and molecules. Radiative re-
combination occurs when an electron gets ‘trapped’ by an atom into a bound
state, resulting in a level transition u→ l (El > Eu) and in the emission of a
photon. Once ions recombine into atoms, they can further de-excite by radi-
ating away the excess energy or via collisional de-excitation. In radiative de-
excitation, an important role is played by transitions giving rise to ‘forbidden’
lines. These are atomic transitions that do not fulfill the full set of selection
rules for the electric dipole, and are denoted with two square brackets (e.g.
[N II] λ6584). Despite their name, forbidden transition can occur when no
regular ‘allowed’ transition is possible. Thanks to the low densities present in
the ISM, that prevent atoms from losing energy via collisional de-excitation,
forbidden transitions are very frequently observed.

As electromagnetic radiation travels through the ISM, the intensity of the
radiation is continuously affected by the absorption and emission of photons.
This is described by the radiative transfer equation (see e.g. Draine, 2011,
Chapter 7.2):

dIν =−Iνκνds+ jνds. (2.1)

The first term in the equation takes into account absorption and stimulated
emission, whereas the second term accounts for spontaneous emission along
the path traveled by the radiation beam. κν is the attenuation coefficient at
frequency ν it has the units of 1/length. Eq. (2.1) is often expressed through
an independent variable, the optical depth τν , defined as

dτν = κνds,

so that (2.1) becomes
dIν =−Iνdτν +Sνdτν ,
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where the source function Sν is simply defined as Sν = jν/κν .
There are two limiting regimes for the optical depth of a medium: for

τν << 1, we speak of an ‘optically thin’ medium, whereas for τν >> 1 the
medium is considered ‘optically thick’. For the recombination of hydrogen
atoms, we can distinguish between two cases, depending on the optical depth
of the gas.

• In ‘case A’ recombination, the gas is optically thin to the ionising radi-
ation, so that all ionising photons originating from recombination pro-
cesses can escape (no emitted photons are reabsorbed).

• In ‘case B’ recombination, the gas is optically thick to radiation just
above 13.6 eV (Lyman continuum radiation, LyC). As a consequence,
all LyC photons emitted are immediately reabsorbed by other H atoms
in the ground state. In this case, recombinations directly to the ground
state can be ignored, as they do not modify the overall ionisation state
of the gas. Moreover, the photons travel a very short distance before
being re-absorbed, therefore it is often assumed that they are directly
reabsorbed by the same atom (‘on the spot’ approximation).

Note that the escape fraction of hydrogen-ionising photons (see Sect. 2.4) can
be conveniently written as function of the optical depth to LyC photons:

fesc = e−τLyC .

2.2.2 Emission lines in the optical range

Here follows a short overview of the most important emission lines for the
study of stellar feedback in the visible to NIR range of the spectrum probed
by the MUSE instrument. Note that in spectroscopic notation, neutral, singly
and doubly ionised atoms are denoted, respectively, as e.g. O I, O II and O III

(rather than O, O+ and O++).
About 91% (by number) of the ISM consists of Hydrogen (H). H is primar-

ily traced by the Hα line at λ = 6563 Å, denoting the transition from principal
quantum level n = 3 to n = 2. It is rare that H is excited from the ground level
to level 3 without being ionised, given that the difference in energy is minimal
(12.1 vs 13.6 eV). Therefore, we observe this line mostly as part of the recom-
bination cascade of ionised hydrogen, which includes this transition about half
the time, and we expect to observe Hα wherever ionised hydrogen is present.
Another important H recombination line is Hβ at λ = 4861 Å, corresponding
to transition n = 4→ 2. This line is about one third weaker than the Hα line.
The strength of Hβ relative Hα can be used to estimate the extinction from
dust, as described in Sect. 2.2.6.
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The remaining 9% (by number) of the ISM is for the greatest part made up
of Helium (He). The He II λ4686 line traces extremely high energy photons
with hν ≥ 54.4 eV, that originate, for example, from evolved WR stars and in
planetary nebulae (PNe).

Finally < 1% of the ISM is composed of elements heavier than He, which
in astronomy are known as ‘metals’. The most prominent metal lines in the
MUSE range are

• the [O I] λ6300Å line of neutral oxygen. A high ratio of [O I]/Hα emis-
sion can point to the presence of shocks. In regions that are being pho-
toionised, the stars are keeping the gas warm and ionised, whereas shock
heating happens impulsively, so that it is often possible for the gas to
cool completely and emit O I radiation;

• the [O III] λ4959, 5007Å lines of doubly ionised oxygen. These lines
are tracing photons with hν ≥ 35.1 eV. Therefore, a high ratio of [O III]
with respect to Hα is indicative of gas with a high ionisation state;

• the [N II] λ6583, 6548Å lines of ionised nitrogen;

• the [S II] λ6716, 6731Å lines of ionised sulphur. The relative intensity
of these two lines can be used to estimate electron densities, as described
in Sect. 2.2.3;

• the [S III] λ6312, 9069Å lines of doubly ionised sulfur. We have used
the ratio of these two lines to determine electron temperatures, as de-
scribed in Sect. 2.2.3.

The ratio of lines which are tracing different ionisation states, such as [S II]/[O III]
can be used to infer the optical depth of a medium. Fig. 2.1 illustrates the
structure of a nebula surrounding a young star cluster. One can distinguish two
zones: a central zone dominated by [S III] and [O III] and an external zone
with singly ionised ions. The ratio of [S II]/[O III] is then indicative of how
transparent the medium is to ionising photons, as it progresses from optically
thin in the inner zone to optically thick in the outer layer.

Some of the [O III], [N II], [S II] and [O I] lines listed above are also used
in ‘BPT’ diagnostic diagrams, to constrain the source of ionisation of the gas,
as described in Sect. 2.2.4.

Finally, a combination of metal and hydrogen lines can be used for indirect
metal abundance measurement, see Sect. 2.2.7.

2.2.3 Line ratios as tracer of electron temperature and density

The electron temperature (Te) and density (ne) of a photoionised gas can be
determined from the ratio of temperature- and density- sensitive lines, by as-
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Figure 2.1: Ionisation structure of an ‘ideal’ nebula surrounding a young star
clusters obtained withe the CLOUDY code. The black dashed line indicates the
ionic fraction of H I, cutting off sharply at the edge of the region (Strömgren
radius). The green and purple lines trace the ionisation fractions of singly ionised
sulphur (S+) and doubly ionised oxygen (O++). In the inner region, the nebula is
dominated by S++ and O++, whereas in the outer zone singly ionised S+ and O+
prevail. The ratio of S+/O++ (in grey) can be used as a proxy for the transparency
to ionising photons. Figure taken from Paper II.

suming that the only relevant process is collisional excitation. Te can be con-
strained from ions having two levels that are accessible at the temperature of
interest, and that have an energy difference ∼ kT . However, the line ratio also
has a secondary dependency on ne, except for sufficiently low densities where
every collisional excitation is followed by spontaneous radiative decay. Con-
versely, the density can be derived from ions that have two accessible levels
being nearly at the same energy, so that the relative rate for populating levels
is nearly independent of Te. Mathematically, the determination of temperature
and density for an atom of n levels populated in equilibrium is described by a
set of ntot + 1 coupled equations in the unknown ni (see e.g. Luridiana et al.,
2015):

∑
j 6=i

nen jq ji +∑
j>i

n jA ji = ∑
j 6=i

neniqi j +∑
j<i

niAi j

∑
i

ni = ntot.

Here, qi j = qi j(Te) is the rate of collisional (de-)excitation and Ai j denotes the
transition probability i→ j. Since a ratio of two lines emitted by the same ion
depends on ne and Te, but not on the total ionic abundance ntot, it is possible
to compute one quantity given the other plus a line ratio; alternatively, both
quantities can be computed at the same time, in a recursive way. An iterative
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Figure 2.2: Top panels: emissivity grids for the density-sensitive [S II] λ6716,31
ratio (left) and temperature-sensitive [S III] λ6312,9069 ratio (right). Bottom
panels: [S II] and [S III] ratios as function of electron temperature and density for
a fixed value of the second quantity. Figures adapted from Paper I.

solution is implemented in the PYNEB code (Luridiana et al., 2015), which
we used in Paper I. In Fig. 2.2, I show for example how the density-sensitive
[S II] λ6716,31 ratio and the temperature-sensitive [S III] λ6312,9069 ratio
vary as function of the second quantity. We see that in the range of temperature
and density spanned by H II regions (ne ∼ 1 – 100 cm−3, Te ∼ 104 K) both
ratios are nearly independent on the second quantity.

2.2.4 BPT diagnostics

The source of ionisation in galaxies can be determined from the ratio of strong
optical lines. A largely used diagnostic is the ‘BPT’ diagram (Baldwin et al.,
1981). The originally proposed diagram, shown in Fig. 2.3, compares the ratio
of [O III] λ5007/Hβ against [N II] λ6584/Hα . Later on, similar diagrams have
been proposed comparing [O III] λ5007/Hβ to the ratio of [OI] λ6300/Hα or
[S II] λ6716,31/Hα . All together, these diagnostics are known as ‘VO87’ di-
agrams1, after the work of Veilleux & Osterbrock (1987), which derived the

1In this thesis and included publications, however, I simply refer to the full set of diagrams
as ‘BPT diagrams’.
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first semi-empirical classification lines. As sketched in Fig. 2.3 (right panel),
the position in the diagram is a function of many parameters, such as the elec-
tron density and metallicity of the ionised gas and the strength and hardness
of the radiation field. The radiation field strength is often expressed in terms
of the ionisation parameter q [cm s−1], quantifying the maximum velocity of a
ionisation front being driven by the local radiation field.

The BPT diagram was historically devised to identify the source of exci-
tation in single-aperture spectroscopy observation of galaxies. As shown in
Fig. 2.3, H II regions and star forming galaxies occupy a well defined zone in
the diagram, known as ‘star-forming galaxy abundance sequence’. Galaxies
that are excited by a mixed contribution of star formation, shocks and/or AGN
activity are arranged on a line perpendicular to the SF sequence and known as
‘mixing sequence’. As remarked by Kewley et al. (2019), since the position in
the diagram depends on various parameters, the location of the SF sequence
is expected to change with redshift. Using models of star forming galaxies
combined with shock models, Kewley et al. (2001) have derived a theoreti-
cal upper limit for the region occupied by starburst galaxies in the diagram
(‘extreme starburst’ line). For galaxies lying above this line, excitation from
shocks or an AGN must play a non-negligible role. Kauffmann et al. (2003)
later adjusted the Kewley et al. (2001) line in order to get a closer fit to the
abundance sequence of galaxies from the Sloan Digital Sky Survey (SDSS),
and Stasińska et al. (2006) derived a new theoretical classification line using
photoionisation models.

2.2.4.1 BPT diagnostics at sub-galactic scales

More recently, with the advent of IFS, the BPT diagram has also been used to
separate different sources of excitation inside a single galaxy. This is achieved
by comparing the observed line ratios of different emission line regions in the
galaxy to models of photoionisation, shocks and AGNs. Photoionisation mod-
els as the ones shown in Fig. 2.3 (left panel) consist of a grid of metallicities
and ionisation parameters, for a given electron density and star formation his-
tory, as schematically illustrated in Fig. 2.4. Widely used models are the grid
of models of star forming galaxies of Kewley et al. (2001) and the ones for
low-metallicity SF galaxies by Levesque et al. (2010). Shock models, on the
other hand, consist of a grid of different velocities and magnetic field strength,
for a given electron density and abundance, as illustrated in Fig. 2.4. Models
of slow shocks (e.g. the models of Rich et al., 2011, blue grids in Fig. 2.4)
as well as fast shock models must account for the hard radiation field pro-
duced from the shock front, resulting in a spatially extended partially ionised
zone. Fast shocks models (e.g. the models of Allen et al., 2008, black grids in
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the red solid curve is defined by our theoretical photoionization models, while the position

is defined by the best-fit to the SDSS galaxies. The ±0.1 dex curves (dashed lines) represent

our model errors and contain 91% of the SDSS star-forming galaxies. Right: An illustration

of the e↵ect of varying di↵erent galaxy parameters on the star-forming galaxy abundance

sequence in the [N ii]/H↵ versus [O iii]/H� diagnostic diagram.
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by a harder radiation field. H ii regions and star forming galaxies form a clean sequence

on the BPT diagram, from low metallicity to high metallicity. This sequence is known as
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rameter, as illustrated in Figure 10 (right panel). Due to these changes, the position of the

star forming abundance sequence on the BPT diagram is expected to change with redshift

(Kewley et al. 2013).

Seyfert galaxies and shocks lie at large [O iii]/H� ratios on the BPT diagram. It is well

known that AGN reside in the most massive and most metal-rich galaxies (e.g., Thomas

et al. 2018a). Therefore, an AGN contribution raises the [N ii]/H↵ ratio above the star

forming abundance sequence, allowing clean separation of galaxies containing an AGN. The

position of AGN on the BPT diagram is extremely sensitive to metallicity, and will move

towards smaller [N ii]/H↵ ratios at low metallicity. Low metallicity AGN are extremely

rare in local galaxies (Groves, Heckman & Kau↵mann 2006) but this is likely to change

at high redshift, causing the AGN region to move towards, or even overlap with the star

forming abundance sequence (Kewley et al. 2013). The series of galaxies joining the star

forming galaxy abundance sequence and the AGN region is commonly referred to as a

“mixing sequence”. Galaxies that lie along the mixing sequence, are commonly referred

to as “composites” or “transition” objects. Composites may contain a mixture of star

formation, shock excitation, and/or AGN activity.

Kennicutt & Keel (1984) and Keel (1983) extended the BPT classification scheme to

include the [S ii] ��6716, 6731/H↵ line ratio, which is also sensitive to the hardness of the
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Figure 2.3: Galaxies from SDSS (grey dots) analysed in BPT diagrams. Left
panel: photoionisation models of varying metallicity and ionisation parameters
(coloured grid) are fitted to the star forming sequence of SDSS galaxies. Center:
the mean star-forming sequence for local galaxies (in red) overlaid to the SDSS
data. Right panel: a schematic illustration of how various parameters influence
the position in the diagram. Figure taken from Kewley et al. (2019).

Fig. 2.4), must additionally include the effect of the photoionising precursor,
which produces strong high-ionisation lines. As remarked by Kewley et al.
(2019), optical diagnostics are not optimal in separating slow shocks from fast
shocks, as some parts of the models overlap.

2.2.4.2 BPT diagnostics combined with ionised gas kinematics

Additional information can be recovered from the velocity dispersion of the
ionised gas (σgas). In combination with emission line ratios, σgas is a powerful
tracer of the source of excitation. In general, shocked regions have a higher ve-
locity dispersion and electron density than the surrounding medium (Ho et al.,
2014). If the data have a high enough spectral resolution (∼ 40 km/s at Hα ,
Kewley et al., 2019), it is in principle possible to separate shocks from SF re-
gions. Indeed, thermal shock excitation results in emission lines with a velocity
dispersion close to the mean shock velocity, that is significantly larger than the
velocity width of H II regions and of gas ionised by an evolved stellar popu-
lation. This, combined with line ratios such as [N II]/Hα or [S II]/Hα allows
to unambiguously identify shocks (Rich et al., 2010). The resolution of most
IFUs, such as MUSE, is in general much below this limit. However, we can
still get useful insights: Oparin & Moiseev (2018) proposed for example to add
the gas velocity dispersion as a further variable in the classical BPT diagnostic.
We exploited this diagnostic in NGC 7793 (Paper I), where we found a clear
trend between gas velocity dispersion and strength of the radiation field. The
resulting ‘BPT-σ ’ diagram allows us to study possible correlations between
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Figure 2.4: Photoionisation models (orange; Levesque et al., 2010 models, trans-
lated to higher Z for illustrative purpose), fast shocks models (black; Allen et al.,
2008) and slow shocks models (blue; Rich et al., 2011) and their dependency on
various parameters in a BPT diagram.

velocity dispersion and strength of the radiation field.

2.2.5 Identification of PN and SNR

Ratios of characteristic emission lines can also be used to separate Hα bright
regions into H II regions and regions ionised by other sources, such as PNe and
supernova remnants (SNRs).

PNe in the Milky Way (MW) and local galaxies are observed to have an
enhanced [O III]/Hα ratio with respect to H II regions (see e.g. Ciardullo et al.,
2002; Magrini et al., 2005; Kniazev et al., 2008), in agreement with yields
predicted by evolutionary stellar models (Marigo, 2001). If combined with the
presence of He II λ4686, the enhanced ratio is a robust indicator of PN (Frew
& Parker, 2010). Sabbadin et al. (1977) proposed a first empirical emission-
line diagram to distinguish H II regions from PNe and SNRs, comparing the
ratio of Hα/[N II] and Hα/[S II] (SMB diagram) as shown in Fig. 2.5 (left
panel). By defining an empirical boundary on this diagram, combined with the
Kewley et al. (2001) extreme starburst line in the [N II]-BPT diagram, Kniazev
et al. (2008) was able to distinguish > 99% out of a sample of 259 extragalactic
PNe from H II regions. Frew & Parker (2010) give a review of PN observations
and diagnostics, and present a revised empirical PN boundary on the SMB
diagram, shown in Fig. 2.5 (left panel) and based on data from 450 emission
line sources. Finally, resolved PNe can be identified also based on their very
high electron densities (ne ∼ 1000 cm−3, see e.g. Monreal-Ibero & Walsh,
2019; Walsh et al., 2018 for high-resolution studies of PNe in the MW).
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Figure 4: (a) A revised version of the SMB or logF (Hα)/F [Nii] versus logF (Hα)/F [Sii] diagnostic
diagram, where F [Nii] refers to the sum of the two red nitrogen lines at λλ6548, 6584Å, and F [Sii] refers
to the sum of the two red sulfur lines at λλ6717, 6731Å. The empirical boundaries for the PN field are
modified here, based in part on new line fluxes from our unpublished database. Galactic PN are plotted as
red dots, HH regions as asterisks, Galactic SNRs as filled blue triangles, Magellanic Cloud SNRs as open
blue triangles, Galactic H ii regions as large black squares, and extragalactic HII regions as small black
squares. We also plot a new domain, the realm of Type I PN (as defined by Kingsburgh & Barlow 1994).
(b) The same plot as (a), showing in addition, symbiotic stars/outflows plotted as crosses, Galactic WR
shells as orange squares, Cloud WR shells as open squares, and Galactic LBV nebulae as green diamonds.
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Figure 6. The scheme illustrating the location of points on the I−σ dia-
gram. The insets show how we projected on to the sky plane the surface
brightness distribution and velocity dispersion (a) from dense H II regions,
surrounded by low-density gas with considerable turbulent motions, and (b)
from the expanding shell within the model by Muñoz-Tuñón et al. (1996).
The dotted line shows the lines of sight passing through different spatial
regions.

the depletion of gas the stars form from, and with the mechanical
impact of young stellar groups on the interstellar medium. See for
example the discussions in Thuan, Hibbard & Lévrier (2004) and
Simpson et al. (2011), where the H I maps for another galaxy from
our sample, VII Zw 403, are presented. In some cases the bright
shell structures, visible in the Hα, lie at the inner boundary of the
‘holes’ in the H I distribution, which is caused by the sweep-out
and depletion of neutral gas (see examples in Lozinskaya et al.
2003; Begum et al. 2006). Note that now the idea of formation
of giant neutral supershells by several generations of stars during
hundreds of millions of years becomes generally accepted. In this
case, local sites of star formation occur in the dense walls of giant H I

supershells formed by multiple generations of stars (see McQuinn
et al. 2010; Warren et al. 2011, and references therein).

Therefore, a comparison of the H I distribution with our H II maps
confirms that the gas (including both neutral and ionized states)
in the regions with high σ has a low surface (and hence volume)
density. Thuan et al. (2004) explain the observed features of the
distribution of surface density and H I dispersion velocity in dwarf
galaxies within the supposition that the neutral component of the
interstellar medium has two phases in an approximate pressure bal-
ance. A ‘cooler’ phase is characterized by a relatively small spatial
scale, higher density and low velocity dispersion, while the diffuse
‘warm’ phase is distinguished by increased velocity dispersion.
Such ideas on neutral gas are consistent with our explanation of
the state of the ionized medium of dwarf galaxies. In this case, the
ionized gas of low density, characterized by high-velocity turbulent
motions, is a kind of an ‘energy reservoir’, maintaining a high ve-
locity dispersion of the warm phase of H I. However, speaking about
the pressure balance of different phases of gas, it should be borne in
mind that the early ideas of the dominant role of thermal pressure
are in fact simplistic views at the state of the interstellar medium, in
which an important role is played by the turbulent pressure (Burkert
2006).

The question of what determines the velocity dispersion for the
points of the ‘horizontal branch’ in the I−σ diagram requires a fur-
ther detailed consideration. This ‘branch’ corresponds to the bright

H II regions, for which σ ≤ σm. Muñoz-Tuñón et al. (1996) re-
fer to these areas as the ‘kinematic core’, in agreement with the
model proposed by Tenorio-Tagle, Muñoz-Tuñón & Cox (1993) to
explain the nature of the supersonic turbulence of ionized gas in
star-forming regions. These authors believe that the mean velocity
dispersion of ionized gas in the ‘kinematic core’ is directly related
to the virial motions, i.e. is approximately equal to the velocity
dispersion of stellar population. The latter, in turn, is determined
mainly by the mass and size of the star-forming regions. Later, this
model was used by Melnick et al. (2000) to explain the physical
nature of the correlation of mean gas velocity dispersion σm with
the total luminosity in the Hβ line. It should however be noted that
the model by Tenorio-Tagle et al. (1993) describes the evolution
of isolated relaxed spheroidal stellar systems. It is hence not ap-
plicable to the behaviour of gas in an entire dwarf galaxy, the star
formation regions of which are in the gravitational potential of the
disc and the dark halo. An alternative view on the nature of the Hβ

(or Hα) luminosity–σm correlation is given by the authors, arguing
that the main contribution in the observed velocity dispersion of
ionized gas in different types of galaxies is provided by the cur-
rent star formation (Dib et al. 2006; Green et al. 2010). A detailed
analysis of the nature of the ‘luminosity–ionized gas velocity dis-
persion’ correlation is considered in our next paper (Moiseev et al.,
in preparation).

Finally, note another interesting feature we detected on the I−σ

diagrams for the IC 1613 and UGC 8508 galaxies. These points
are grouped in a horizontal lane with a relatively large velocity
dispersion of σ > 30–50 km s−1. These points are very well detached
from the other diagram areas and belong to the isolated remnants of
supernova explosions or other expanding nebulae around the young
massive objects, such as the Wolf–Rayet stars, ultra-bright X-ray
sources and LBV stars (see Fig. 6). Therefore, the I−σ diagrams
can also be used to search for unique and interesting objects in the
emission galaxies.

6 C O N C L U S I O N

Using a scanning Fabry–Perot interferometer mounted at the 6-m
telescope of the SAO RAS, we have carried out the Hα line observa-
tions of seven nearby (D = 1.8–4.3 Mpc) irregular dwarf galaxies of
the Local Volume. To study the features of the distribution of radial
velocity dispersion over the discs of galaxies, characterizing the
magnitude of chaotic turbulent motions of ionized gas, we used the
I−σ diagrams. A combination of these diagrams and 2D maps of
radial velocity dispersion has allowed us to identify some common
patterns, pointing to the relation between the magnitude of chaotic
motions of gas and the ongoing processes of star formation.

Since the spatial resolution of these observations amounted to
several tens of parsecs, we tested our results using the previously
obtained high-resolution data for two galaxies of the Local Group,
IC 10 and IC 1613, smoothed to the resolution of 40 pc. The main
conclusions of our work are as follows.

(i) There is a clear link between the surface brightness in the Hα

line and the dispersion of line-of-sight velocities: with decreasing
surface brightness the range of σ values is growing, the maximum
velocity dispersion is always observed in the regions of low surface
brightness.

(ii) In five galaxies (DDO 53, DDO 125, UGC 8508, UGCA 92
and VII Zw 403) we have identified expanding shells of ionized
gas, sized 80–350 pc, formed as a result of collective action of
stellar groups on the gaseous medium of galaxies. The characteristic
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Figure 2.5: Left panel: diagnostic SMB diagram with the revised empirical
boundary proposed by Frew & Parker (2010). The red dots, blue triangles and
black squares denote galactic PNe, SNRs and H II regions, respectively. Figure
taken from Frew & Parker (2010). Right panel: scheme illustrating the location
of H II regions, SNR and low-density turbulent ISM on a diagram of Hα velocity
dispersion vs intensity. Figure taken from Moiseev & Lozinskaya (2012).

SNRs are instead characterised by an enhanced [S II] λ6716,31/Hα ratio
with respect to star forming regions. In H II regions, sulfur is mostly present in
the form of S++, whereas, following the SN shock, in SNRs collisional excita-
tion to S+ plays an important role. The most widely used diagnostic is the em-
pirical limit of [S II] λ6716,31/Hα > 0.4, originally proposed by Mathewson &
Clarke (1973) and based on a sample of SNRs in the LMC. More recently, Kop-
sacheili et al. (2020) proposed the combination of three line ratios ([O I]/Hα -
[O II]/Hβ - [O III]/Hβ ) based on photoionisation and shock excitation models,
that allows to increase the completeness of the [S II] λ6716,31/Hα diagnostic
with a very low contamination rate. SNRs also present an enhanced velocity
dispersion, that varies greatly depending on the properties of the SN. Compar-
ing Hα velocity dispersion against line intensity is another useful diagnostic
to identify SNR: Fig. 2.5 (right panel) illustrates schematically the locus of
H II regions, SNRs and low-density turbulent ISM in such a diagram. The
method was first proposed by Yang et al. (1996), and more recently tested by
Moiseev & Lozinskaya (2012) in a sample of nearby dwarf galaxies.

2.2.6 Estimating interstellar extinction

Interstellar dust absorbs photons differently at different wavelength, as illus-
trated in Fig. 2.6. The resulting extinction is also known as ‘reddening’ since it
affects more strongly the blue part of the spectrum. This is due to the fact that
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Figure 2.6: Extinction curves from Fitzpatrick (1999) computed for MW regions
with different RV := AV/E(B−V ) values. The extinction is given relative to the
extinction in the Cousins I band. Figure taken from Draine (2011).

most dust grains are small enough compared to the wavelength of the radiation
(i.e have a diameter . λ/π , see e.g. Draine, 2011, Ch. 22). Concretely, the
extinction at wavelength λ is defined as

Aλ

mag
= 2.5log10

(
F0

λ

Fλ

)
,

where Fλ is the observed flux and F0
λ

is the ‘intrinsic’ flux of the source (prior
to reddening). The extinction curve Aλ can be parametrised using a ‘reddening
curve’ k(λ ) as

Aλ = k(λ )E(B−V ),

where E(B−V ) is the ‘color excess’ defined as the difference between the
observed and intrinsic (B−V ) color

E(B−V ) := (B−V )obs− (B−V )int.

In practice, in order to correct for extinction, one needs to assume a reddening
curve and determine E(B−V ). For the first point, in star-forming galaxies
a common choice is the Cardelli et al. (1989) reddening curve, which is valid
both in the dense and in diffuse ISM regions. As for the color excess, in optical
spectra it can be determined, for example, from the Hα and Hβ emission lines
as:

E(B−V ) =
E(Hβ −Hα)

k(λHβ )− k(λHα)
=

2.5
k(λHβ )− k(λHα)

log10
(Hα/Hβ )obs

(Hα/Hβ )int
.

The intrinsic ratio of the ‘Balmer decrement’ (Hα/Hβ )int can be determined
based on a few assumptions. The most common choice in star-forming galax-
ies is the assumption of case B recombination with T = 104 K and ne = 102

30



cm−3, which results in a ratio of (Hα/Hβ )int = 2.863 (Osterbrock & Ferland,
2006). Fig. 2.6 shows some examples of resulting extinction curves for differ-
ent regions in the MW. In Papers I to IV, we corrected for extinction using the
PYNEB software (Luridiana et al., 2015), which implements various extinction
curves and directly correct a set of input line fluxes based on an observed line
ratio (e.g. Hα/Hβ ).

2.2.7 Determining abundances

Gas-phase metallicities can be computed using two different methods. A first
possibility (‘direct’ method) is to determine the gas temperature using the ratio
of an auroral emission line1 (e.g. [N II] λ5755) to a strong emission line of
the same atomic species. Since the cooling efficiency of a gas increases with
metallicity, the latter can be recovered by assuming a balance between heating
and cooling (see e.g. Izotov et al., 2006; Pilyugin et al., 2012). This method
is the most accurate, but it relies on the ability to detect faint auroral emission
lines, and its application is therefore limited to local galaxies. The second
possibility (‘strong’ method) is an indirect method, which is based on the ratio
of strong emission lines calibrated on a sample of H II regions.

In Paper II, we estimated the metal abundance using the indirect method
from Pilyugin et al. (2012). This method is based on ratios of strong lines
calibrated on a sample of ∼ 300 H II regions. We used the S calibration, based
on the following three line ratios:

N2 = (I[NII]λ6548 + I[NII]λ6584)/IHβ ,

S2 = (I[SII]λ6716 + I[SII]λ6731)/IHβ ,

R3 = (I[OIII]λ4959 + I[OIII]λ5007)/IHβ .

However, this method has non-trivial dependencies, e.g. degeneracies with
electron temperature and density. Such dependencies can mimic low abun-
dances in regions that have a high ionisation state, e.g. at the location of WR
stars as we observed, for example, in Paper II (see also Ercolano et al., 2012;
McLeod et al., 2016, 2019).

In Paper IV, in order to reduce possible degeneracies, we decided to use
only two strong lines. We computed the oxygen abundance from the ratio of
[N II] λ6584/Hα:= N2, and adopted the calibration of Denicoló et al. (2002):

12+ log(O/H) = 9.12+0.73×N2.

1Auroral emission lines are forbidden lines that correspond to the state transition 1S→ 1D.
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2.3 Identification and classification of H II regions

In the idealised case, an H II region surrounding a young, massive star consists
of a sphere of ionised hydrogen gas having a uniform density up to a radius
RS, the Strömgren radius. RS is derived by assuming that there is equilibrium
between ionisation and recombination. Beyond RS the gas abruptly transitions
to a neutral state, as illustrated in Fig. 2.1. In reality, the morphology of H II re-
gions can be quite varied and RS is not as sharp as in the assumed definition,
but more similar to a transitionary zone. H II regions can however be classified
into three main types based on their ionisation structure, which varies from
young to more evolved regions as illustrated in Fig. 2.7. In the early evolution
phases, the H II region morphology is close to the one of an ‘ideal’ nebula,
and we speak of an ‘ionisation bounded’ region (left panel), i.e. all the ion-
ising photons are contained in the H II region. As the region evolves, stellar
feedback can carve some high ionisation channels into the low ionisation outer
zone, for example through stellar winds or SN explosions (central panel). In
their latest stages of evolution, H II regions often feature no sharp transition be-
tween the ionised and neutral gas. In this case we speak of a ‘density bounded’
region (right panel), in which a fraction of the ionising photons produced by
the stars will escape.

Given the variety in ionisation structure, defining the ‘boundary’ of an
H II region is not straightforward and involves a certain degree of arbitrariness.
In the literature, different approaches have been adopted, also depending on the
spatial resolution of the data. Some of the methods used to identify H II re-
gions were originally designed to break up molecular cloud structures: this is
the case for the CLUMPFIND code (Williams et al., 1994, see e.g. Kreckel et al.,
2016 for an application in a nearby galaxy). This algorithm determines local
peaks and traces contours down to a given emission level; the clumps are then
divided into separated regions using a ‘friends-of-friends’ algorithm, as shown
in Fig. 2.8. Another popular code, in this case specifically designed to identify
H II regions, is the HIIPHOT algorithm (Thilker et al., 2000, see e.g. the recent
works by Kreckel et al., 2018, 2019). This method fits shapes to H II regions
as initial guesses and then identifies the boundaries of the regions by detecting
where the slope of the Hα surface brightness distribution meets a user-defined
termination criteria.

Alternatively, a simple approach to identify and break up structures in
nearby galaxies is to construct a hierarchical tree structure on an emission line
map (see e.g. McLeod et al., 2021, Paper I and Paper III). Structures are ar-
ranged hierarchically based on their flux, into a tree which consists of a ‘trunk’
subdivided into ‘branches’ and ‘leaves’. This approach is implemented for ex-
ample in the ASTRODENDRO python package, as illustrated in Fig. 2.9. The
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Figure 2.7: Example of H II regions with different ionisation structures. The
top panels illustrate a schematic representation of the region types. In the bot-
tom panels, I show some examples of H II regions observed in NGC 7793; the
colourmap corresponds to increasing values of log [S II]/[O III], from−0.4 (dark
purple) to 0.85 (yellow), tracing an increasing opacity to hydrogen ionising pho-
tons.
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Figure 2.8: Example of an H II region complex broken down into separate re-
gions using the CLUMPFIND algorithm. Figure taken from Williams et al. (1994).
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top panel of Fig. 2.9 shows an example of how structures are determined from
a flux distribution, down to a minimum flux value. In the bottom row, I show
an example of a dendrogram and its corresponding spatial structure, with two
branches highlighted in blue and red. In Paper I and Paper III, we identified
structures both on the Hα and [S II]/Hα line maps, and compared the results.
As remarked by Kreckel et al. (2016), the [S II]/Hα line ratio allows one to
better identify fainter regions, but is not optimal to divide the regions and can
result in irregular boundaries due to the worse S/N in the [S II] line.

A caveat in the dendrogram approach, is the fact that it is not straight-
forward to break down the larger branches into separate structures, as illus-
trated e.g. in Fig. 2.8. A possible way out is to combine the dendrogram ap-
proach with a ‘clustering’ algorithm such as the one implemented in SCIMES

(Colombo et al., 2015, see e.g. an application in McLeod et al., 2021). The
SCIMES code uses spectral clustering to group structures based on their sim-
ilarity, as shown in Fig. 2.10. In the Figure, the right panel shows an affinity
matrix quantifying the relative similarity between the dendrogram structures
shown on the left. However, the code has little flexibility in tweaking the num-
ber of resulting structures, and does often not work optimally in large samples
of regions which span a wide range in galactic environments, as we tested in
our M83 dataset.

Recently, an H II region detection code specifically targeted to nearby
galaxies has been developed as part of the SIGNALS survey (Rousseau-Nepton
et al., 2018). The code selects regions on a combination of Hα , Hβ and O III

emission. Each emission peak is then assigned a ‘zone of influence’, whose
outer limit is defined at a distance where the slope of the total flux profile de-
creases by less than a given percentage. This approach allows to conveniently
break up large H II complexes into single regions. An updated version of this
code is currently under development (Savard et al., in prep.), and was used in
Paper IV to separate the large H II complexes detected using ASTRODENDRO.
This was the only code that actually enabled us to break down and extract
H II regions in M83.

2.4 Photoionisation budget

In order to constrain whether an H II region is leaking ionising radiation, one
can estimate its budget of hydrogen-ionising photons, by comparing the pre-
dicted and observed ionising photon flux Q(H0) (see infobox) to infer an es-
cape fraction fesc = 1−Q(H0)obs/Q(H0)exp. A value of fesc > 0 indicates for
example that the observed flux is lower than the flux produced from the stel-
lar population in the region, meaning that some radiation has likely escaped.
Naturally, other processes such as absorption by dust can mimic a positive fesc.
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Figure 2.9: Top panel: a dendrogram structure identified on a flux distribution
using ASTRODENDRO. Bottom panels: example of a tree structure constructed
on an H II region complex in NGC 7793. Figures taken from the ASTRODENDRO
website (top panel) and Paper I (bottom panels).
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Figure 3. From the molecular line emission feature (a) to the dendrogram
(b) and the similarity matrix (c). Leaves 1 and 2 join at branch 1, as well as
leaves 3 and 4 join at branch 2. However, leaves 1 and 2 are also connected
to leaves 3 and 4 through the isosurface correspondent to the trunk at lower
hierarchical level. The weight of the edges between each pair of leaves is
defined as the inverse of the properties of isosurface embedded molecular
emission where to two leaves ‘join’. In this example we consider the ‘area’
of the isosurface to weight the edges: the weight of the edge between leaves 1
and 2 is similar to the weight of the edge between 3 and 4, however the edge
weights between leaves 1 and 3, 1 and 4, 2 and 3, 2 and 4 is much lower, since
the embedding area is much larger. The similarity matrix (c) contains those
weights. In the picture, darker colours indicate higher similarity. According
to this matrix, an optimal graph partition for two clusters might provide the
two objects identifiable with branches 1 and 2.

of similarity criterion together with the choice of ! S influence the
quality of the clustering partition we obtain. As an heuristic, good
affinity matrices appear ‘block diagonal’ (after applying appropri-
ate row/column permutations) where the values on the boundary of
each block is similar.

Most of spectral clustering-based algorithms make use of a dif-
ferent ‘form’ of the affinity matrix called graph Laplacian [(i)-
paragraph of the spectral clustering general algorithm in Sec-
tion 2.3], since its properties are more suitable for the spectral
embedding. The unnormalized form of the graph Laplacian L is
defined as L ! D " S, where D, called degree matrix, is a diagonal

matrix that contains the degrees di of the vertices vi on the main
diagonal. The degree of a vertex vi is defined as

di !
n!

j=1

sij . (2)

Often, the ‘symmetric normalized’ form of the Laplacian is used:
Lsym ! D"1/2(D " S)D"1/2 (e.g. Ng et al. 2001), since it produces
more general eigenvalue, better related to other graph invariants,
and with a direct connection to spectral geometry and in stochastic
processes (Chung 1997).

The graph Laplacian fully represents the algebraic properties of
the graph. The utility of the graph Laplacian can be understood
by considering a simpler type of graph that is unweighted and
weakly connected (i.e. there are disconnected parts of the graph).
The similarity matrix is then binary where sij = 1 if there is an
edge between vi and vj and sij = 0 otherwise. Then, di is just the
number of nodes connected to vi. The Laplacian then has the degree
along the diagonal and lij = "1 indicating a connection between vi

and vj. In this view, the graph Laplacian is the discrete version of
the continuous Laplacian operator #2 (i.e. the multivariable second
derivative), operating on the graph. Denser nodes are equivalent to
‘bumps’ in the second derivative of a continuous function. Several
spectral features of the graph Laplacian are very useful to quickly
assess the global properties of the graph it represents. For example,
the number of zero-valued eigenvalues of L corresponds to the
number of graph’s connected components (i.e. groups of nodes or
‘clusters’). Indeed, each connected component forms a ‘block’ in
the Laplacian matrix (after appropriate permutations), therefore,
the nodes of these components only have edges within themselves.
Each of these groups can be represented by a fully connected graph
and their graph Laplacian has only a single eigenvalue equal to
zero. Since the graph Laplacian is also positive-semidefinite, the
second smallest eigenvalue is greater than zero. This eigenvalue is
the algebraic connectivity of the graph and quantifies how well the
graph is connected.

2.3.2 Spectral embedding

The main utility of the spectral clustering is to map the data rep-
resented as a graph to a different vector space where the cluster
properties of the data (if they exist) are enhanced. This is accom-
plished thanks to the properties of the graph Laplacian through the
spectral embedding (second and third points of the spectral cluster-
ing general algorithm in Section 2.3) that changes the representation
of the data points to points yi $ Rk . The elements of first k eigenvec-
tors provide a lower-dimensional description of the block diagonal
structure of the Laplacian (or the similarity matrix) and of the k-
connected components of the graph. A graphical description of this
concept is reported in Fig. 2.

2.3.3 k-means algorithm

The data to cluster are mapped through the spectral embedding into
yi points of Rk . In this new ‘clustering’ space, abstract description
of similarity between vertices are translated into Euclidean distance.
The data in this space are easily clustered with common clustering
algorithms such as k-means that find groups where the intracluster
distance is maximized while the intercluster similarity is minimized,
given the desired number of clusters k. The k-means algorithm (Mac
Queen 1967) is the most popular algorithm for clustering given its
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ate row/column permutations) where the values on the boundary of
each block is similar.

Most of spectral clustering-based algorithms make use of a dif-
ferent ‘form’ of the affinity matrix called graph Laplacian [(i)-
paragraph of the spectral clustering general algorithm in Sec-
tion 2.3], since its properties are more suitable for the spectral
embedding. The unnormalized form of the graph Laplacian L is
defined as L ! D " S, where D, called degree matrix, is a diagonal
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Lsym ! D"1/2(D " S)D"1/2 (e.g. Ng et al. 2001), since it produces
more general eigenvalue, better related to other graph invariants,
and with a direct connection to spectral geometry and in stochastic
processes (Chung 1997).

The graph Laplacian fully represents the algebraic properties of
the graph. The utility of the graph Laplacian can be understood
by considering a simpler type of graph that is unweighted and
weakly connected (i.e. there are disconnected parts of the graph).
The similarity matrix is then binary where sij = 1 if there is an
edge between vi and vj and sij = 0 otherwise. Then, di is just the
number of nodes connected to vi. The Laplacian then has the degree
along the diagonal and lij = "1 indicating a connection between vi

and vj. In this view, the graph Laplacian is the discrete version of
the continuous Laplacian operator #2 (i.e. the multivariable second
derivative), operating on the graph. Denser nodes are equivalent to
‘bumps’ in the second derivative of a continuous function. Several
spectral features of the graph Laplacian are very useful to quickly
assess the global properties of the graph it represents. For example,
the number of zero-valued eigenvalues of L corresponds to the
number of graph’s connected components (i.e. groups of nodes or
‘clusters’). Indeed, each connected component forms a ‘block’ in
the Laplacian matrix (after appropriate permutations), therefore,
the nodes of these components only have edges within themselves.
Each of these groups can be represented by a fully connected graph
and their graph Laplacian has only a single eigenvalue equal to
zero. Since the graph Laplacian is also positive-semidefinite, the
second smallest eigenvalue is greater than zero. This eigenvalue is
the algebraic connectivity of the graph and quantifies how well the
graph is connected.

2.3.2 Spectral embedding

The main utility of the spectral clustering is to map the data rep-
resented as a graph to a different vector space where the cluster
properties of the data (if they exist) are enhanced. This is accom-
plished thanks to the properties of the graph Laplacian through the
spectral embedding (second and third points of the spectral cluster-
ing general algorithm in Section 2.3) that changes the representation
of the data points to points yi $ Rk . The elements of first k eigenvec-
tors provide a lower-dimensional description of the block diagonal
structure of the Laplacian (or the similarity matrix) and of the k-
connected components of the graph. A graphical description of this
concept is reported in Fig. 2.

2.3.3 k-means algorithm

The data to cluster are mapped through the spectral embedding into
yi points of Rk . In this new ‘clustering’ space, abstract description
of similarity between vertices are translated into Euclidean distance.
The data in this space are easily clustered with common clustering
algorithms such as k-means that find groups where the intracluster
distance is maximized while the intercluster similarity is minimized,
given the desired number of clusters k. The k-means algorithm (Mac
Queen 1967) is the most popular algorithm for clustering given its
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Figure 2.10: Illustration of the working principle of the SCIMES algorithm. The
relative affinity between the dendrogram structures (panels (a) and (b)) is cap-
tured in a similarity matrix (panel (c)). Figure taken from Colombo et al. (2015).
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The observed ionising photon flux can be estimated from the Hα luminos-
ity of the region, after correction from reddening attenuation. Assuming case
B recombination with Te ∼ 104 K and ne = 103 cm−3, the conversion factor is
given by Draine (2011):

Q(H0)obs [s−1] = 7.31×1011L(Hα) [erg s−1].

The expected photon flux can instead be recovered by modeling the stellar pop-
ulation in the region using a stellar population synthesis (SPS) code. An SPS
code predicts the emission of a population of stars (single stars, clusters of full
galaxies) based on an assumed IMF and star (or cluster) formation history. In
Papers II and IV, we used the SPS code SLUG (da Silva et al., 2012; Krumholz
et al., 2015b), which differs from other SPS codes in the fact that all key quan-
tities describing the the stellar population are regarded as a probability distribu-
tion function (PDF) . The stellar population is then constructed by drawing val-
ues from these PDFs, which allows to account for stochasticity when sampling
the IMF.

Ionising photon flux

The ionising photon flux Q(H0)
[s−1] is a measure of the number
of hydrogen-ionising (LyC, hν >
13.6 eV) photons emitted per unit
time

Q(H0) =
∫ ∞

ν0

Lν

hν
dν .

In the simplest case of a spheri-
cal H II region of radius RS con-
sisting exclusively of ionised hy-
drogen, the photon flux needed
to keep the region ionised can be
determined by equating the rates
of photoionisation and radiative
recombination. This leads to

Q(H0) =
4π

3
R3

SαBn(H+)ne,

under the assumption of case
B recombination with coefficient
αB.

When sampling a function, stochas-
tic effects arise in low mass
clusters, where the number of
stars is low and the function
is therefore not well sampled.
In ‘traditional’ SPS codes (e.g.
STARBURST99, Leitherer et al.,
1999, PEGASE, Fioc & Rocca-
Volmerange, 1997, GALEV, Ko-
tulla et al., 2009), a fixed total
mass is assumed for each SSP,
and the resulting mass in the fit-
ting analysis is simply given by the
normalisation between the model
and the observed flux. This can
lead to unreliable physical predic-
tions and also mimic the effect of a
varying IMF (da Silva et al., 2012,
and references therein). On the
contrary, when taking a stochastic
approach, the mass of the popula-
tion is variable. Taking stochas-
tic sampling into account is espe-
cially important when populating low mass clusters: namely, for masses below
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∼ 105 M� the deviations in the recovered colours or fluxes between determin-
istic and stochastic models become increasingly important (see e.g. Fouesneau
& Lançon, 2010). In our case, this was particularly relevant in NGC 7793,
which low star formation rate (SFR ∼ 0.5M� yr−1) results in H II regions
populated by low mass clusters (a few 1000 M�). In particular, to simulate
clusters in NGC 7793 and M83 we used the cluster_slug tool (Krumholz
et al., 2015b), which computes the PDFs of clusters physical parameters based
on their observed photometry (see Krumholz et al., 2015a), using a library of
clusters simulated with SLUG. Concretely, this is achieved through a Bayesian
approach: for a cluster having a set of physical properties x = (x1, ...,xN) (e.g.
extinction, age, mass or ionising photon flux) and by

• having a set of observed cluster properties yobs = (yi, ...,yM) (e.g. the
flux in photometric bands) with associated Gaussian errors σy

• assuming prior probability for the physical properties p(x)

the code determines a posterior probability p(x|yobs,σy) for each physical pa-
rameter.

2.5 Pressure analysis

Stochastic process

We speak of a ‘stochastic’ pro-
cess when the process involves a
random variable, as opposed to a
deterministic system.

In order to study the relative im-
portance of different kinds of feed-
back in the evolution (expansion)
of an H II region, and how these
mechanisms depend on the re-
gion’s properties, it is useful to de-
termine the contribution of various
processes to the total gas pressure
of the region. In Paper IV, we have considered the following two main feed-
back mechanisms:

1. The pressure exerted by the warm ionised gas, which is simply the ki-
netic pressure of an ideal gas:

Pion = (ne +nH +nHe) kTHII,

where THII is the temperature of the H II gas. Assuming singly ionised
Helium, (ne + nH + nHe) ≈ 2ne, this simplifies into Pion ≈ 2nekTe. In
the absence of temperature sensitive lines, we have assumed a constant
temperature Te = 104 K.
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2. The radiative pressure exerted directly by the energy and momentum of
the photons in the region. In general, the pressure of an electromagnetic
field is given by the energy flux divided by the speed of light (essentially,
this is the momentum absorbed per unit time in a unit volume). For an
H II region, this pressure term can be derived from the observed total
region luminosity (‘bolometric luminosity’, Lbol) as described e.g. by
Lopez et al. (2014). At a given region radius r, the energy flux is given
by the sum of Lbol of each star in the region divided by the surface area
of a sphere of radius r, so that

Prad = ∑
stars

Lbol

4πr2c
.

The direct radiation pressure averaged over the full volume of the region
is then given by

Pdir =
1
V

∫
PraddV =

4
3πR3

∫ R

0

Lbol

c
dr =

3Lbol

4πR2c
,

where R is the radius of the region. Assuming that the stellar population
in the region fully samples the IMF, and using the calibration by Kenni-
cutt & Evans (2012), the bolometric luminosity can be derived from the
Hα luminosity as Lbol = 138 L(Hα).

An additional feedback mechanism which we did not currently include in
our analysis, but can be relevant in early evolution stages of H II regions, is
the pressure of stellar winds (see e.g. Barnes et al., 2021). Namely, winds
originating from high mass stars can exert a mechanical (ram) pressure within
the region:

Pwind =
3Ṁvwind

4πr2 ,

where vwind =
(

2Lmech
Ṁ

)0.5
. Hereby, Ṁ is the mass loss rate and Lmech is the

mechanical luminosity.
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3. Cosmic scales: the ISM as
tracer of galaxy evolution

From the Greek word κόσμος (kósmos) ‘order, ornament, world, or
universe’, so called by Pythagoras or his disciples from their view of
its perfect order and arrangement.

– "Cosmos" in The Oxford Dictionary of Phrase and Fable

THE ionised ISM holds a great deal of information about the evolution of
galaxies across cosmic time, can place constraints on their dark matter

(DM) content and give insights on the escape of ionising radiation, allowing
for a better understanding of the role of stellar feedback during the Epoch of
Reionisation.

3.1 Galaxy evolution along the main sequence

It has largely been established from observations that star-forming galaxies are
clustered along a ‘main sequence’ (MS) that describes a relation between SFR
and stellar mass (M?), with a scatter of ∼ 0.3 dex. This clustering is due to the
mechanism of accretion of baryonic mass onto galaxies. Such accretion peaked
at redshift z∼ 2, also known as the ‘cosmic noon’ for galaxy formation: during
this epoch, galaxy growth was dominated by in-situ star formation, which is
the result of an equilibrium between gas accretion (both from the cosmic web
and from mergers) and recycling via feedback from stars and AGNs. In this
framework, galaxies are believed to accrete most of their stellar mass while
they are on the MS; occasional bursts of star formation - e.g. from mergers
- can however cause them to be temporarily offset. When they reach a stellar
mass∼ 1011M�, galaxies rapidly stop forming stars (‘quench’) and drop below
the MS.

Studying the ionised ISM across large samples of galaxies covering a wide
range in redshift can help us better understand galaxy evolution along the MS.
One such sample is provided by the KMOS3D survey (Wisnioski et al., 2015).
KMOS3D consists of ∼ 740 galaxies in three redshift bands within 0.7 < z <
2.7 observed in the 0.8−2.5 µm spectral range at a median angular resolution
of 4 kpc with the KMOS spectrograph (Sharples et al., 2006) mounted at VLT.
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Figure 7. Properties of the observed KMOS3D sample spanning three redshift bins in the SFR–M* plane (top), (U − V )rest−(V − J)rest plane (middle), and
re(F160W)–M* plane (bottom). Small gray points show the parent 3D-HST sample without the magnitude and OH contamination selection criterion imposed
(Section 2). Large symbols represent galaxies observed as part of KMOS3D. Symbols are color-coded by offset from the MS for each individual galaxy, as seen in the
top panels. Nondetections of Hα are shown with black dots within the colored circles. Diamonds represent serendipitous galaxies detected within the IFUs of the
targeted galaxies. The SFRs in the top panels are derived from a Herschel-calibrated ladder of SFR indicators (Wuyts et al. 2011a), and M* is derived from SED fits.
In the top panels, the broken power-law parameterization, valid in the range =�M Mlog 9.2 11.2( ) –: , is shown by the solid lines, as defined using 3D-HST data in all
CANDELS fields from 0.5<z<2.5 using UV+IR SFRs (Whitaker et al. 2014). Power-law coefficients for redshifts between the bins given in Whitaker et al. (2014)
are obtained through interpolation of the coefficients as a function of stellar mass. Dashed and dotted lines show 4× and 10× above and below the canonical MS,
respectively. Lines defining the UVJ passive region in the middle panels are defined by Williams et al. (2009). Lines denoting the star-forming and passive galaxy loci
on the size–mass plane in the bottom panels are defined by van der Wel et al. (2014b).
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Figure 3.1: Galaxies of three different redshift bands populating the SFR-M?

plane. Small grey points and large simbols are galaxies observed as part of the
3D-HST and the KMOS3D surveys, respectively. The symbols are colour-coded
by offset from the star-forming MS. With decreasing redshift (from right to left)
the zero point of the MS decreases. Figure taken from Wisnioski et al. (2019).

Figure 3.1 shows galaxies from KMOS3D populating the SFR-M? plane. One
can notice that with decreasing redshift, the zero point of the MS decreases,
suggesting that galaxies at higher redshift are more efficient in converting gas
into stars per unit mass than galaxies in the local universe (Schreiber et al.,
2015).

For resolved targets, it is also possible to measure the internal kinematics
and construct velocity and velocity dispersion profiles. Galaxies can then be
classified into different kinematic classes. For example, rotation dominated
galaxies having a continuous velocity gradient are categorized as ‘disks’. Two
important parameter for classification purposes are:

1. the rotational velocity of the galaxy, which serves as a measure of typ-
ical random motions of the ionised gas. This quantity is obtained as
the difference between the maximum and minimum velocity along the
kinematic major axis, corrected for inclination

vrot =
vobs

sin(i)
=

1
2
(vmax− vmin)

sin(i)
,

where vobs is often denoted as ‘shear velocity’ vshear.

2. the ratio vrot/σ0, that quantifies whether gas kinematics are dominated
by turbulent (ratio < 1) or ordered (ratio > 1) motions. Hereby, σ0 is
the (flux-weighted) average of the velocity dispersion measured in the
external region of galaxies along the kinematic major axis.

Using Hα kinematics tracers in KMOS3D galaxies, Wisnioski et al. (2015) and
Wisnioski et al. (2019) found that the fraction of disk galaxies is higher at z∼ 1
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Figure 7. Histograms of disk galaxy velocity dispersion, �0 and vobs measurements split into z ⇠ 1 (black) and z ⇠ 2 histograms (red). The velocity dispersion
and velocity histograms show only galaxies that show rotation and have a reliable �0 measurement in the KMOS3D Survey. The arrows represent the mean
values of each distribution. The mean dispersion of the z ⇠ 2 galaxies is 2⇥ greater than the mean dispersion of the z ⇠ 1 population. While there is a 6 km
s-1 difference between the average z ⇠ 1 and z ⇠ 2 velocity histograms, the populations are mostly overlapping. Average stellar masses for the distributions are
5⇥1010 M�and 7⇥1010 M� at z ⇠ 1 and z ⇠ 2.

Figure 8. Galaxy velocity dispersion measurements from the literature at
z = 0 - 4 from molecular and ionized gas emission (including IFS and long-
slit). KMOS3D measurements at z ⇠ 1 and z ⇠ 2 are shown by black circles.
Filled circles represent disk galaxies or ‘rotators’, open circles represent all
other kinematic categories. Open squares are averages of surveys at z . 1.
Sources for the literature data are given in Section 5. The dashed line shows
a simple (1 + z) evolution scaled by a factor of 18⇥ to overlap with the data.

for disks, has not been reached the measured dispersion is
an upper limit and will be higher than the intrinsic disper-
sion. Indeed, while considering only the disk galaxies satisfy-
ing all criteria in Section 4 with �0 measurements constrained
in the galaxies outer regions, the scatter of dispersion in the
KMOS3D samples is reduced.

Differences between samples can also arise from diverse
selection criteria, spatial and spectral resolution, stellar mass

ranges, and measurement methods that could bias the in-
terpretation of evolution. The KMOS3D dispersion values
are measured with the same methods as the SINS/zC-SINF,
PHIBSS and HERACLES surveys, using the outside of the
disk kinematics free of beam-smearing. The MASSIV sur-
vey uses a beam-smearing corrected error-weighted mean of
the dispersion map that should give values consistent with �0,
however the difference in methods could lead to the higher
mean dispersions from the MASSIV galaxies. The GHASP
dispersions are calculated from the average of the 20% lowest
dispersion spaxels from the dispersion maps, a method con-
sistent with �0 when there are a sufficient number of spaxels
in the map. AMAZE/LSD subtract a dynamical disk model
from the observed dispersion map to correct for galaxy ro-
tation and give an average of the results. The flux weighted
mean of the dispersion map was used to derive a global �
for Law et al. (2009) and DYNAMO (Green et al. 2014) and
is known to give systematically higher values (Davies et al.
2011), although Green et al. (2014) do include a beam smear-
ing correction.

Spectral and spatial resolution limits of the high-redshift
surveys are comparable. The MASSIV, AMAZE/LSD and
SINS/zC-SINF surveys were observed with SINFONI in both
seeing limited and AO resolution modes (R = 3000 - 5000,
pixel scale = 0.05-0.2500). KMOS has comparable sensitivity,
spectral and spatial resolution as SINFONI in seeing-limited
mode. The Law et al. (2009) sample taken with OSIRIS,
a similar AO instrument on the Keck Telescope, has spatial
sampling of 0.0500 and comparable spectral resolution. The
resolution of the DEEP2 spectra, spanning from z = 0.2 - 1.2,
is R ⇠ 5000 (� = 25.5 km s-1), which may hinder some mea-
surements of � in the lower-redshift regime, possibly under-
estimating the degree of the overall evolution.

At z < 1 there is more variety among the resolution of the
samples. The spectral and spatial resolutions of the z ⇠ 0
GHASP and HERACLES surveys are 3 - 13 km s-1 and

Figure 3.2: Histograms of σ0 and vobs for disk galaxies in the first year data
release of KMOS3D. The arrows indicate the mean of each distribution. Galaxies
at z∼ 2 (in red) have a factor two larger velocity dispersion than galaxies at z∼ 1
(in black) but a similar vrot. Figure taken from Wisnioski et al. (2015).

than at z ∼ 2. Namely, galaxies at higher z show a factor two larger velocity
dispersion, whereas vrot is comparable, as shown Fig. 3.2. Nevertheless, the
MS appears to be dominated by disk-type galaxies in both redshift regimes.

In order to explain the increase in velocity dispersion with z, Wisnioski
et al. (2015) tested the KMOS3D data – together with other samples of galax-
ies at z = 0− 4 – against the prediction of the galaxy ‘gas regulator’ model
(Bouché et al., 2010; Davé et al., 2012; Lilly et al., 2013; Dekel & Mandelker,
2014) illustrated in Fig. 3.3. In this scenario, the galaxy is modeled as a system
consisting of a variable gas reservoir: the gas content constantly varies as gas
is ‘lost’ through star formation and returned to the reservoir from long-lived
stars. The reservoir is embedded into a DM halo, which can exchange gas with
the reservoir as well as with the surroundings. A natural consequence of this
model is that the gas fraction fgas is linked to the gas depletion time tdep and
the specific star formation rate (sSFR) via

fgas =
1

1+(tdep sSFR)−1 . (3.1)

For disk galaxies, the evolution of the velocity dispersion of the ionised gas is
proportional to (Toomre, 1964):

vrot

σ0
∝

1
fgas(z)

. (3.2)

Therefore, in the gas regulator model, following eq. (3.1) and (3.2) the evo-
lution of σ is driven by an increase in fgas and is primarily the result of the
fact that gas inflows are more efficient at high z. The location of the galaxies
investigated by Wisnioski et al. (2015) in a σ vs z diagram (Fig. 3.4) is in good
agreement with the prediction from the gas regulator model.
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Figure 2. Illustration of the gas-regulated model, in which the SFR is regulated by the mass of gas in a reservoir within the galaxy. Gas flows in to the halo, some
fraction fgal of which also flows into the galaxy system at a rate ! and adds to the gas reservoir. Stars continuously form out of the reservoir at a rate that is assumed
to be proportional to the mass of gas, characterized by a star formation efficiency ! or gas consumption timescale " gas. A fraction of the stellar mass is immediately
returned to the reservoir, along with newly produced metals. Finally, some gas may be expelled from the system, and possibly from the halo, by a wind " that is
assumed to be proportional to the SFR. The mass of gas in the reservoir is free to vary and this regulates the star formation. The picture on the right shows, in schematic
form, the net flows through the system. The division of the incoming flow ! into three streams is determined by !, #, and the sSFR, which are assumed to vary on
timescales that are longer than the time the gas spends in the system. The duration that the gas is in the system is given by the gas consumption timescale " gas.

increases. Adopting $ = 1 is a simple case that we adopt for
heuristic purposes.

We define the mass loss " from the system, which we assume
increases (in a given system) linearly with the SFR, in terms of
a mass-loading factor #, so that

" = # · SFR. (8)

Again, # may well vary with the mass of the galaxy (and/or
epoch) due to the depth of the potential well, or other factors.
Note that the gas-to-stars ratio µ in the steady-state regulator
system depends only on the sSFR and on the star formation
efficiency !, through Equation (7), and not on the level of mass
loss from the system. Again, the linearity of " with respect
to the SFR in a particular galaxy is a simplifying, heuristic,
assumption. We will see that the outflow acts as a kind of
inefficiency in the system, and its exact form will not alter the
qualitative features of the model.

The simplest possible case would be one in which the ! and #
of a given regulator system are both constant. We will refer to this
as an “ideal” regulator. In practice, we expect that ! and # will
both depend on galactic mass, and possibly on epoch, and that
these parameters will change for a given galaxy as it increases
in mass, even if at fixed mass these parameters are constant
with epoch. However, provided that changes to the operation
of the regulator are slow compared with the gas consumption
timescale " gas, the ideal case is a good basis for considering
these more realistic situations the outcome is perturbed (see
Sections 4 and 5).

The action of the basic (Equation (4)) is to regulate the SFR
in a galaxy via the amount of gas present. Variations in the infall
rate, over time or from galaxy to galaxy (or, equally well, varia-
tions in the star formation efficiency or wind mass-loading) will
quickly lead to changes in the gas reservoir, consequent adjust-
ment of the SFR, and thus regulation of the star formation rate.

Two simple diagrammatic representations of the gas-
regulated model are shown in Figure 2. The one on the left

is more pictorially realistic, while the one on the right shows a
more schematic representation of the flows through the system.
Gas flows into this reservoir from the outside, at a rate given by
!. In a given interval of time, some of the gas in the reservoir
forms stars, and a fraction (1!R) steadily builds up a population
of long-lived stars. Star formation may drive a wind " out of
the galaxy, either back into the halo, or beyond (we will not be
concerned with this distinction). The mass of gas in the reservoir
of the system, mgas, is free to increase or decrease with time and
it is this change which gives the regulator its ability to regulate
the SFR of the galaxy. Changes in mgas must be associated with
a net flow into or out of the reservoir. We will not consider the
gas in the wider halo except to define the instantaneous inflow
! of gas into the galaxy to be some fraction fgal of the instan-
taneous inflow of baryons into the halo. The gas flowing into
the galaxy system from the surrounding halo may have some
prior chemical abundance Z0, and the gas flowing back out is
assumed to have a composition representative of the reservoir.
No attempt will be made to follow possible mixing of these two
flows in the surrounding halo environment.

Strict mass conservation, plus our definition of ! in terms of
the increase in halo mass and fgal, enables us to write

! = (1 ! R + #) · SFR +
dmgas

dt
. (9)

In Davé et al.’s (2012) recent treatment, the dmgas/dt term in
Equation (9) is set to zero, since these authors assumed that the
gas reservoir has a fixed mass. Changes in mgas are a fundamental
part of the self-regulation of the galaxy in our model. Our gas-
regulator model will have a stable (or slowly evolving) gas ratio
µ if the sSFR is more or less constant. We will see below that
the gas reservoir can actually be the dominant endpoint for
incoming baryons at z " 2 in galaxies of intermediate masses.
More importantly, we shall also see that it is the inclusion of this
variable reservoir term that leads to the implicit dependence of
gas metallicity on the SFR, which is otherwise not present.

5

Figure 3.3: Illustration of the gas regulator model, in which the galaxy is mod-
eled as a system consisting of a variable gas reservoir. The instant gas mass in the
reservoir is given by a balance between star formation, gas returned from long
lived stars and interactions with the surrounding DM halo, and is directly linked
to the SFR of the system. Figure taken from Lilly et al. (2013).
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star-forming galaxies are well described as being in a fairly
steady equilibrium between inflows, star formation, and out-
flows (Bouché et al. 2010; Davé et al. 2012; Lilly et al. 2013;
Dekel & Mandelker 2014).

We use the first year of KMOS3D data in tandem with data
from the literature to test the scenario that the evolution of
velocity dispersion is consistent with the equilibrium model
and is primarily a result of the gas inflow onto galaxies, most
efficient at high redshifts. We derive a scaling for velocity
dispersion for near-critical disks as a function of redshift us-
ing the evolution of molecular gas fractions, depletion time
(tdep), and specific SFR using recent observational results in
the literature that are independent of the IFS data discussed
thus far.

We derive the expected gas fraction evolution of star-
forming galaxies at a given stellar mass, where the gas frac-
tion is defined as

fgas =
1

1 + (tdepsSFR)-1 (3)

(Tacconi et al. 2013).
To rewrite equation 3 as a function of redshift, we use the

evolution of depletion time described by

tdepl[Gyr] = 1.5⇥ (1 + z)↵, (4)

with ↵ measured to be -0.7 to -1.0 by Tacconi et al. (2013),
and predicted to be -1.5 in the analytic model of Davé et al.
(2012). For simplicity and consistency with Tacconi et al.
(2013) ↵ = -1 is adopted. The leading factor of 1.5 Gyr is a
normalization to the typical depletion time observed in local
galaxies (Leroy et al. 2008; Bigiel et al. 2011; Saintonge et al.
2012). Using the cosmic decline of specific SFR defined at
0.5 < z < 2.5 from Whitaker et al. (2014),

sSFR(M⇤,z) = 10a(M⇤)(1 + z)b(M⇤), (5)

where we fit to the constants in Table 5 of Whitaker et al.
(2014) to describe a and b as a function of stellar mass, such
that

a(M⇤) = -10.73 +
1.26

1 + e(10.49-log M⇤)/(-0.25) ,

b(M⇤) = 1.85 +
1.57

1 + e(10.35-log M⇤)/0.19 . (6)

Equation 6 is valid in the M⇤ range of logM⇤[M�]= 9.2-11.2
constrained by the data.

The evolution of the tdepl and evolution of sSFR are strongly
linked (Saintonge et al. 2011; Tacconi et al. 2013; Genzel
et al. 2014a). For simplicity we use the above relations to
derive the evolution of gas fractions. We note that our results
are consistent with adopting tdep from Genzel et al. (2014a).
Furthermore, at z & 3 the evolution of sSFR is debated (Stark
et al. 2013; González et al. 2014) with different behaviours ex-
pected from different models or extrapolating fits to data be-
yond where they are constrained. Equation 5 is unconstrained
at z > 2.5, but the resulting extrapolation is roughly consis-
tent with published measurements out to z ⇠ 4 (e.g. Bouwens
et al. 2012; Stark et al. 2013).

By considering only disk galaxies a prediction for the evo-
lution of ionized gas velocity dispersions can be derived by
rewriting the Toomre stability criterion (Toomre 1964) as

vrot

�0
=

a
fgas(z)Qcrit

, (7)

Figure 10. Same as Fig. 8 but showing the medians (horizontal lines) and
means (circles) of samples that have high-resolution IFS data, their 50% dis-
tributions (boxes) and 90% distribution (vertical lines). The points repre-
senting each sample are sized to the average relative half-light size of the
galaxies and adjusted using equations 3-6 to an average log(M⇤) = 10.5. The
grey band is described by �0 = vrotQcrit fgas(z)/a where fgas(z) is the gas frac-
tion as a function of redshift as determined by equations 3-7, Qcrit = 1 and
a =

p
2 for a log(M⇤) = 10.5 disk with constant rotational velocity. The upper

and lower boundaries of the curves are defined by vobs = 250 and 100 km s-1

respectively.

where a =
p

2 for a disk with constant rotational velocity and
Qcrit = 1.0 for a quasi-stable thin gas disk (Förster Schreiber
et al. 2006; Genzel et al. 2011). As a result disk velocity dis-
persion is expected to evolve directly with the gas fraction;

�0(z) =
1p
2

vrot fgas(z). (8)

Figure 10 shows the average velocity dispersions for disk
galaxies only, taken from IFS surveys with good spatial and
spectral resolution. The prediction for the evolution of disper-
sion for logM⇤ = 10.5 galaxies using the above assumptions is
shown by the grey band, bounded by vobs = 100 - 250 km s-1

corresponding to the approximate spread of the peak of vrot
in Fig. 7. The spread in �0 values for each survey, their 50%
distributions and 90% distributions, are shown by the boxes
and vertical lines respectively.

The observed dispersions and predicted evolution are in
remarkably good agreement indicating that the evolution of
measured velocity dispersions can be described by the evo-
lution of key properties ( fgas, tdep, sSFR) consistent with the
equilibrium model. While correlations between v/�0, �0, fgas
and sSFR are uncertain due to a lack of dynamic range and
large errors on individual measurements in Fig. 9, by expand-
ing to the wider redshift range and using the global scaling
for fgas (rather than inferring it for individual galaxies from
other observed parameters) the influence of a more active and
gas-rich environment on velocity dispersion is seen in Fig. 10.

Some caveats arise from assumptions made in the deriva-
tion for the adopted stellar mass, rotational velocity range,
and critical Toomre parameter. For instance, the sSFR is de-
pendent on stellar mass (e.g. Damen et al. 2009; Bouché et al.
2010; Whitaker et al. 2014) and the samples included in the

Figure 3.4: Median galaxy velocity dispersion (from ionised and molecular gas)
for various samples of galaxies at z= 0−4. The grey band indicates the evolution
of σ0 expected from the gas regulator model, which predicts an increase of σ

with redshift due to the fact that galaxies become more efficient at accreting gas.
Figure taken from Wisnioski et al. (2015).
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3.2 Ionised ISM as a tracer of Lyα escape

The Lyα line, resulting from the spontaneous de-excitation n = 2→ 1 of hy-
drogen, is nowadays a prominent target to search for galaxies at high red-
shift. However, the physics behind this emission line makes its interpretation
far from straightforward. In case B recombination, τLyC > 1, meaning that
τLyα >> 1. This makes so that the Lyα photons are constantly reabsorbed and
re-emitted in a different direction, giving rise to resonant scattering, both in
the ISM and – if the photons escape the galaxy – in the CGM. As a result,
the photons become diffuse in space and frequency, leading to a longer path
length and a higher susceptibility to extinction by dust. Therefore, the Lyα line
is influenced by many of the properties of the host galaxy. A lot of theoreti-
cal work has been devoted to this emission line. In general, both observations
and theory show that Lyman Alpha Emitters (LAEs) have predominantly out-
flow kinematics, which promote the escape of the Lyα photons. Lyα radiative
transport models have however shown that also the small-scale ISM physics is
a decisive factor for Lyα escape, e.g. via cavities blown by supernovae (see
e.g. Behrens & Braun, 2014).

Studying the ionised ISM in high-z galaxies could therefore give us insight
into the escape process. Since we currently lack the sensitivity and spatial reso-
lution to do so, we can instead resort to the study of local high-z analogues. An
example of local galaxies which star formation activity is analogue to galaxies
at higher redshift is the Lyman Alpha Reference Sample (LARS Hayes et al.,
2013), which originally consisted of 14 nearby galaxies (currently expanded
to ∼ 40). Herenz et al. (2016) investigated the link between Lyα properties
and ionised gas kinematics in the original LARS sample. First of all, various
trends between kinematic class (rotating disks, perturbed rotators, complex
kinematics) and Lyα properties were investigated, finding for example that a
high equivalent width (EW) of Lyα or a high escape fraction show no pref-
erence towards any kinematic class. Secondly, the link between kinematical
parameters and Lyα observables is investigated, as shown in Fig. 3.5. The
observations suggested – among other things – a correlation with the ratio of
vshear/σ0: dispersion-dominated systems seem more likely to have a significant
fesc,Lyα . Finally, the study explored the influence of the velocity difference be-
tween the H I atoms and the Lyα sources. Namely, the radiative transfer of
Lyα also depends on the relative difference in velocity between these two: if
the Lyα sources are out of resonance with the bulk of the neutral medium, the
Lyα photons are less likely to be scattered and have therefore a higher chance
to escape. The resulting diagram shown in Fig. 3.6 indicates that for one of the
sample galaxies (LARS 07, purple dot) the significant fesc observed might be
explained by the fact that the bulk of the H I is in a more quiescent state than
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E. Ch. Herenz et al.: LARS. Spatially resolved H↵ kinematics

Fig. 11. Relations between global Ly↵ properties of the LARS galaxies to global kinematical parameters vshear, �0 and vshear/�0.

Ly↵ haloes, the high-z haloes appear to have ⇠10⇥ larger ex-
tents at a given continuum radius (Wisotzki et al. 2015, their
Fig. 12). In order to quantify the spatial extent of observed rel-
ative to intrinsic Ly↵ emission in Hayes et al. (2013) we de-
fined the “Relative Petrosian Extension” ⇠Ly↵ as the ratio of the
Petrosian radii (Petrosian 1976) at ⌘ = 20% measured in Ly↵
and H↵: ⇠Ly↵ = RLy↵

P20/R
H↵
P20. For reference, we list the ⇠Ly↵ val-

ues of the LARS galaxies here again in Table 2. Based on an
anti-correlation between ⇠Ly↵ and UV slope we conjectured that
smaller Ly↵ haloes occur in galaxies that have converted more

of their circum-galactic neutral gas into forming stars and subse-
quently dust (Hayes et al. 2013). In such a scenario, the larger ex-
tent of high-z Ly↵ haloes could be related to the circum-galactic
gas-reservoirs being larger in the early universe.

In Fig. 12 we show that there are no significant correlations
between ⇠Ly↵ and the global kinematical H↵ parameters vshear,
�0 and vshear/�0. Therefore, we reason that the kinematics of the
interstellar medium do not strongly influence the appearance of
the haloes and that the Ly↵ halo phenomenon is only related to
the presence of a full gas reservoir. Further, 21 cm HI imaging
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Figure 3.5: Correlations between the ratio of the Hα kinematical parameters
vshear/σ0 and Lyα properties for the LARS sample of high-z analogues. Galaxies
with a higher vshear/σ0 ratio (shown on the y-axis) have a higher Lyα EW, a
higher ratio of Lyα/Hα and a higher fesc,Lyα . Figure taken from Herenz et al.
(2016).

the ionised gas.

3.3 Constraining the baryonic and DM content of galaxy
disks from ionised gas kinematics

In the Lambda Cold Dark Matter (ΛCDM) cosmological framework, the bary-
onic component of galaxies is thought to be mixed with or embedded in non-
baryonic and non-relativistic DM, which dominates the total mass of the galaxy.
In the local universe, observations of rotational velocity of galaxies indicate
that the mass of DM within the galactic disk increases with radius and be-
comes dominant in the outer disk. By comparing the dynamical mass inferred
from the rotational velocity and the baryonic mass at the peak of cosmic star
formation history, evidence is found that the baryonic fraction in the inner part
of the disk might be higher than in the local Universe. However, results are
inconclusive due to uncertainties in the choice of IMF and the calibration of
gas mass. In this context, rotation curves of galaxies at z ∼ 1−2 can provide
constraints on the baryonic and DM mass distribution in star forming disks that
are largely independent on such assumptions.

Motivated by this premise, Genzel et al. (2017) constrains the DM com-
position of star forming disks from rotation curves of galaxies in the redshift
range z = 0.6− 2.6. The targets are part of the KMOS3D (see Sect. 3.1) and
the SINS/zC-SINF IFS survey (Förster Schreiber et al., 2018, targeting galax-
ies at z ∼ 1.5− 2.5). The study finds first of all that the ratio of vrot/σ0 is
larger in the target redshift range than in present day disks, indicating that
turbulent motions contribute substantially to the energy balance. More sur-
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Fig. 8. Comparison of integrated H i linewidth W50 to FWHM of the H↵
integrated velocity dispersion 2

p
2 ln 2⇥�tot. The dashed line indicates

the one-to-one relation. For LARS 6, (encircled point) we plot as W50,
a preliminary result based upon VLA C-configuration interferometry,
as the beam of the GBT profile (used to derive W50 in Paper III) is too
broad to separate LARS 6 from a neighbouring galaxy.

addition, in those galaxies, no co-spatial relation between Ly↵
emissivity and the suspected outflows can be established.

6.2. Comparison of H↵ to HI observations

Radiative transfer of Ly↵ photons depends on the relative veloc-
ity di↵erences between scattering H i atoms and Ly↵ sources. If
the Ly↵ sources are out of resonance with the bulk of the neutral
medium, they are less likely scattered, and in turn more likely to
escape the galaxy. It is exactly this interplay between the ionised
and neutral ISM phases that is determining the whole Ly↵ ra-
diative transfer. In Paper III we studied LARS galaxies in the
H i 21 cm line, using single-dish GBT and VLA D-configuration
observations. We now attempt a comparison between the neutral
and ionised gas kinematics in the LARS galaxies, cognisant of
the fact that the spatial scales probed by both instruments are
much larger than our PMAS H ii observations.

Generally, our GBT H i spectra have low S/N, and for the
three most distant LARS galaxies, LARS 12, LARS 13, and
LARS 14, we could not detect any significant signal at all. The
profiles are mostly single or multiple peaked, but rarely show
a classical double-horn profile that would be expected for a flat
rotation curve. Hence, qualitatively our observed GBT H i line
profiles are consistent with our PMAS results that most of the
LARS galaxies are kinematically perturbed or sometimes even
strongly interacting systems.

In Paper III we measured the width of the H i lines at
50% of the line peak from the GBT spectra. In Fig. 8 we
compare this quantity, W50, to the FWHM of the integrated
H↵ velocity dispersion �tot (Sect. 5.2.4). Notably, two sys-
tems deviate significantly from the one-to-one relation: LARS 7
and LARS 10. LARS 10 shows the lowest S/N H i spectrum
and moreover our PMAS FoV does not capture two smaller
star-forming clumps in the south-east. Therefore, we believe

that observational di�culties are the source of the �tot–W50
di↵erence in this galaxy. In LARS 7, however, we suspect the
di↵erence to be genuine. In this galaxy, the H↵ morphology is
significantly pu↵ed up and rounder compared to the disk-like
continuum (see also Appendix A.7). Therefore, we suspect that
the smaller W50 measurement indicates that bulk of H i is in a
kinematically more quiescent state then the ionised gas. This
galaxy is one of the stronger LAEs in the sample ( f Ly↵

esc. = 0.14
and EWLy↵ = 40 Å). That considerable amounts of Ly↵ photons
escape from LARS 7 was noted as peculiar in Paper V, since
the metal absorption lines indicated there was a large amount
of neutral gas sitting at the systemic velocity of the galaxy. Our
observations now indicate that the intrinsic Ly↵ photons are pro-
duced in gas that is less quiescent than the scattering medium,
which therefore is more transparent for a significant fraction of
the intrinsic Ly↵ photons.

Spatially resolved VLA velocity fields are available for only
a subset of five LARS galaxies (LARS 2, LARS 3, LARS 4,
LARS 8, and LARS 9). They represent rotations disturbed by
interactions with neighbours. In four of them, H i kinematical
axes have similar orientations as those of the PMAS H↵ ve-
locity field. In the fifth object, the complex interacting system
LARS 9, the H↵ and H i velocity fields show di↵erent charac-
teristics, but the complexities seen in the PMAS maps of this
galaxy are on scales far beyond the spatial resolving power of
the VLA D configuration (see also Appendix A.9). However,
some of the LARS galaxies have already been observed with the
VLA in C and B configuration and the analysis is currently in
progress. For the first time, these data will allow a comparison
between H↵, H i and Ly↵ on meaningful physical scales. It is
evident that these comparisons will provide a critical benchmark
for our understanding of Ly↵ radiative transfer in interstellar and
circum-galactic environments.

6.3. Relations between kinematical properties and galaxy
parameters

In Sect. 5.2 we quantified the global kinematical properties of
the LARS galaxies using the non-parametric estimators vshear,
�0 and vshear/�0. Before linking these observables to global Ly↵
properties of the LARS galaxies (cf. Sect. 6.4), we need to un-
derstand which galaxy parameters are encoded in them.

We find strong correlations between stellar mass M? and
vshear, as well as SFR and �0 (M? and SFR from Paper II).
Graphically we show these correlations in Fig. 9 (left panel)
and Fig. 10 (centre panel). The Spearman rank correlation co-
e�cients (e.g. Wall 1996) are ⇢s = 0.763 for the M?-vshear rela-
tion and ⇢s = 0.829 for the SFR-�0 relation. This corresponds to
likelihoods of the null hypothesis that no monotonic relation ex-
ists between the two parameters of p0 = 0.02% and p0 = 0.3%
(two-tailed test11) for the SFR-�0 and M?-vshear relation, respec-
tively. We discuss these two relations in more detail in Sect. 6.3.1
and Sect. 6.3.2, where we also introduce the comparison samples
shown in Fig. 9 and Fig. 10.

Besides this tight correlation between SFR and �0, there is
also a weaker correlation between SFR and vshear in our sample
(⇢s = 0.775, p0 = 0.1%). We show the data in Fig. 10 (left
panel). While not shown graphically, the DYNAMO disks would
scatter over the whole SFR-vshear plane, also filling the upper
left corner in this diagram. Finally, in Fig. 10 (right panel) we

11 We consider correlations as significant when the likelihood of the
null hypothesis, p0, is smaller than 5%.
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Figure 3.6: Width of the H I line at 50% of the line peak (W50) as function of the
FWHM of the Hα integrated velocity dispersion for the LARS sample of high-z
analogues. Figure taken from Herenz et al. (2016).

prisingly, the rotational velocity (measured along the kinematic major axis) is
observed to decrease with increasing disk radius, as illustrated in Fig. 3.7 (left
panel). On the right panel, a comparison with models shows that, whereas
rotation curves of local galaxies require the presence of a consistent amount
of DM, the stacked data from high-redshift disks are consistent with a pure
baryonic disk (Freeman model, purple line) out to R = 1.8 R1/2. The data then
fall below the pure baryonic disk prediction due to large random motions, be-
coming consistent with a thick turbulent baryonic disk model (blue line). This
can be interpreted as the result of two main factors: on one hand, the massive
population of galaxies at high-z seem to be baryon-dominated. On the other,
larger velocity dispersions introduce an additional pressure term. In order to
quantify the results, the velocity and velocity dispersion data are fitted with a
3-component mass model. The fit outputs a DM fraction at half-light radius.
The results are summarised in Fig. 3.8, and indicate that the DM fraction is
modest to negligible for all galaxies. Moreover, the DM fraction is found to
decrease with increasing z in the sample.
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here for individual sources, and implies that falling rotation curves 
at z =  0.6–2.6 are common. The uncertainties of individual velocity 
measurements in the faint outer disks are substantial, such that the 
significance of the velocity decreases in each individual data point is 
at most 3.5 times the root-mean-square (r.m.s.). When all data points 
corresponding to radii greater than Rmax are considered together, the 
statistical significance for a non-flat, falling rotation curve becomes 
compelling (6–10 r.m.s.).

We investigated the possibility that the falling rotation curves are 
artefacts, caused by warping of the disks, radial streaming along 
galactic bars, radial changes in the direction of the kinematic axis, 
tidal interactions with nearby satellites, or non-equilibrium motions 
caused by variations in the amount or direction of the baryonic accre-
tion (Methods). We find interacting low-mass satellites in three of 
our six sources, and evidence for some tidal stripping in one, but the 
rotation curve for this source is symmetric, even near the satellite. We 
also see strong radial streaming confined to the nuclear region in one 
 galaxy. Warps are expected because of the non-planar accretion of gas 
from the intergalactic web, but are also less likely to be stable at high  
redshift than in the low-reshift Universe, because of the large, isotropic 
velocity dispersions. The point-symmetric, falling rotation curves 
in Fig. 1 argue against strong warping. We also find no evidence in 
the two-dimensional residual maps (data minus model) for radial 
 variations in the line of nodes, as a result of interactions and  variations 
in the angular momentum of the incoming gas (Extended Data  
Fig. 6). Four galaxies have massive bulges (ratio of the mass of the bulge 
to that of the total galaxy, B/T >  0.3), which will probably accentuate 
 centrally peaked rotation curves. Keeping in mind the important effects 
of non- equilibrium dynamics in the early phases of galaxy formation, 
the prevalence of point-symmetric, smooth rotation curves in all six 
cases suggests that these are intrinsic properties of the galaxies.

We compare the final average of all seven rotation curves with an 
average rotation curve for local massive disks19, the curves for the Milky 
Way20 and M3117, and the theoretical curve for a thin, purely baryonic, 
exponential ‘Freeman’ disk21 (Fig. 2b). All of the local rotation curves 
lie above the Freeman model, and so require additional (dark) matter in 
various amounts. In contrast, the average curve for high-redshift disks 
is consistent with the curve for a pure baryonic disk to R ≈  1.8R1/2, and 
falls below it for larger R.

Because high-redshift disks exhibit large random motions, the 
 equation of hydrostatic equilibrium of the disk contains a radial 
 pressure gradient, which slows down the rotation velocity  (‘asymmetric 
drift’14; Methods). If we apply this correction and also allow for the 
resultant large thickness of the disk, then the rotation curve indeed 
drops rapidly with radius, as long as σ0 stays approximately  constant. 
Figure 2 shows data for a galaxy with vrot/σ0 ≈  5, demonstrating 
 excellent agreement with the average observations.

Our analysis only allows for a small contribution of dark matter 
in the mass budget of the outer disks (and inner haloes) of massive, 
high-redshift star-forming galaxies. This conclusion is consistent with 
the earlier, but less conclusive (owing to uncertainties in the stellar 
initial-mass function, the star formation history and the gas masses), 
analysis of the inner-disk dynamics3–6 (Methods). We quantify our con-
clusion by fitting the major-axis velocity and velocity dispersion data 
for each galaxy (Fig. 1) with a three-component mass model, which 
consists of the sum of a central compact (spheroidal) stellar bulge, an 
exponential gaseous and stellar disk, and a Navarro–Frenk–White 
(NFW) dark-matter halo22. The output of the fitting is the fraction of 
the total mass that corresponds to dark matter at R1/2, fDM(R =  R1/2) 
(Methods). We list the fitting results (and ±  2 r.m.s. uncertainties) 
in Table 1 and summarize them in Fig. 3, in which the high-redshift 
data is compared to previous low-redshift results7 and to the results of  
ref. 6. With these basic assumptions, we find that the dark-matter 
 fractions near the half-light radius R1/2 for all of the galaxies we  studied 
are modest to negligible, even when the various parameter correla-
tions and uncertainties are included (Fig. 3 and Methods). We note 

that spatially variable σ0 and deviations from planarity and exponential 
disk distributions undoubtedly make reality more complex than can be 
captured in these simple models.

All six disks that we study are ‘maximal’7 (fDM <  0.28). Their 
dark-matter fractions are at the lower tail of local star-forming disks, 
and in the same region of vc–fDM parameter space as local mas-
sive, passive galaxies23 and some strongly bulged, early-type disks7, 
where the circular velocity vc is defined in equation (1) in Methods. 
Dark-matter fractions decrease as redshift increases from 0.8 to 2.3  
(ref. 6; Table 1, Fig. 3). The agreement between the dark-matter fractions 
in the z =  0.6–2.6 star-forming galaxies and in local passive  galaxies is 
interesting. Passive galaxies are probably the descendants of the massive 
main-sequence star-forming population that we observe in our IFS 
samples. Star formation in these galaxies was probably rapidly quenched 
at z ≤  2 once they had grown to masses comparable to the galaxy mass 
function characteristic Schechter mass, M*Schechter ≈  1010.6–10.9M⊙,  
after which they transitioned to the passive galaxy sequence24. The low 
dark-matter fractions in the high-redshift star-forming galaxies may 
therefore be preserved in the properties of the local passive population.

There are several reasons for why high-redshift disks should be 
more baryon-dominated than low-redshift disks. First, high-redshift 
disks are gas rich and compact. Star-forming galaxies at z ≈  2.3 have 
molecular-gas-to-stellar-mass ratios about 25 times larger than those 
of z =  0 galaxies25 (Mmolgas/M* ∝  (1 +  z)2.7), are 2.4 times smaller in 
size26 (R1/2 ∝  (1 +  z)−0.75), and so have molecular gas surface densities 
that are more than two orders of magnitude greater than those of local 
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Figure 2 | Normalized rotation curves. a, The various symbols denote 
the folded and binned rotation curve data for the six galaxies in Fig. 1, 
combined with the stacked rotation curve of 97 z =  0.6–2.6 star-forming 
galaxies18 (Methods). For all rotation curves, we averaged data points 
located symmetrically on either side of the dynamical centres, and  
plot the rotation velocities normalized by the maximum rotation  
velocity against the radii R normalized by the radius at which the 
amplitude of the rotation velocity is maximum (| vrot|  =  vmax), Rmax. 
Error bars are ±  1 r.m.s. b, The black data denote the binned averages of 
the six individual galaxies, as well as the stack shown in a, with 1 r.m.s. 
uncertainties of the error-weighted means shown as grey shading (the 
outermost point has lighter shading to indicate that only two data points 
entered the average). In individual galaxies, Rmax depends on the ratio of 
bulge to total baryonic mass of the galaxy, the size of the galaxy and the 
instrumental resolution, leading to varying amounts of beam smearing. 
We assume an average value of Rmax ≈  (1.3–1.5)R1/2. For comparison, the 
grey dashed line indicates the slope of a typical rotation curve for low-
redshift (z =  0), massive (log(M*/M⊙) ≈  11), star-forming disk galaxies19, 
which are comparable to the six galaxies we studied; the dotted red 
and solid green curves are the rotation curves of M31 (the Andromeda 
galaxy)17 and the Milky Way20. The thick magenta curve is the rotation 
curve of an infinitely thin, ‘Freeman’ exponential disk21 with Sérsic index 
nSersic =  1. The blue curve is a turbulent, thick exponential disk, including 
‘asymmetric drift’ corrections for an assumed radially constant velocity 
dispersion of σ0 ≈  50 km s−1 (and a ratio of rotation velocity to dispersion 
of vrot/σ0 ≈  5)17.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Figure 3.7: Left panel: rotational velocity along the kinematic major axis for the
targets studied in Genzel et al. (2017) (binned; all symbols except red squares),
compared to a stack of ∼ 100 star forming galaxies (red squares). The rotational
velocity is observed to decrease with increasing disk radius. Right panel: binned
average of the datapoints shown on the left, compared to rotation curves of z = 0
galaxies and to models; ± 1 r.m.s. uncertainties are showed as shaded area.
The binned data are consistent with a pure baryonic disk (purple line) up to R =
1.8 R1/2, beyond which they follow a thick turbulent baryonic disk (blue line). On
the contrary, a typical rotation curve of local galaxies (grey dashed line) implies
a DM dominated disk at large radii. Figure taken from Genzel et al. (2017).
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galaxies. Large gas columns can easily dissipate angular  momentum 
and drive gas inward. The strong redshift dependence of the gas 
fractions could explain the decrease in fDM between z =  2.3 and z =  1  
(Fig. 3). Second, massive galaxies at high redshift are thought to grow 
by rapid gas accretion, gas-rich mergers and star formation triggered 
by this accretion27,28. In this dissipation-dominated peak phase of 
galaxy growth, the centres of dark-matter haloes can become baryon- 
dominated in ‘compaction events’ that are triggered by mergers, disk 
instabilities or colliding streams in the intergalactic web29, or by gas 
‘pile-up’ at early times when the gas accretion rates were larger than the 
star formation consumption rates. However, results from  abundance 
matching indicate that the average stellar-to-dark-matter ratio at  
the virial radius of the halo does not depend strongly on cosmic epoch 
and is well below the cosmic baryon fraction fb ≈  0.17, suggestive of 
very efficient removal of baryons by galactic outflows30.

Third, it is also possible that the baryon dominance is caused by a lack 
of dark matter in the inner disk. These dark-matter haloes could  deviate 
from the standard NFW profile, with low concentration  parameter 
(c <  5), if they were still growing rapidly and not yet in  equilibrium, 
or if they were perturbed by strong stellar and active- galactic-nucleus 
feedback. We discuss some of these alternatives, such as low concen-
tration parameters, and provide a quantitative  comparison between 
observations and simulations in Methods.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Table 1 | Physical parameters of observed star-forming galaxies

COS4 01351 D3a 6397 GS4 43501 zC 406690 zC 400569 D3a 15504

Redshift, z 0.854 1.500 1.613 2.196 2.242 2.383

Scale (kpc arcsec−1) 7.68 8.46 8.47 8.26 8.23 8.14

Priors

Stellar mass, M* (1011M⊙) 0.54 ±   0.16 1.2 ±   0.37 0.41 ±   0.12 0.42 ±   0.12 1.2 ±   0.37 1.1 ±   0.34

Total (gas +  stars) baryonic mass, Mbaryon (1011M⊙) 0.9 ±   0.5 2.3 ±   1.1 0.75 ±   0.37 1.4 ±   0.7 2.5 ±   1.2 2.0 ±   1.0

H-band half-light radius, R1/2 (kpc) 8.6 ±   1.3 5.9 ±   0.8 4.9 ±   0.7 5.5 ±   1 4 ±   2 6.3 ±   1

Inclination, i (°) 75 ±   5 30 ±   5 62 ±   5 25 ±   12 45 ±   10 34 ±   5

Dark-matter concentration parameter, c 6.8 5 5 4 4 4

Fit parameters

vc(R =  R1/2)* (km s−1) 276 310 257 301 364 299

R1/2(n =  1) (kpc) 7.3 7.4 4.9 5.5 3.3 6

Velocity dispersion, σ0 (km s−1) 39 73 39 74 34 76

Total (gas +  stars, including bulge)  
baryonic mass, Mbaryon (1011M⊙)

1.7 2.3 1.0 1.7 1.7 2.1

Mbulge/Mbaryon† 0.2 0.35 0.4 0.6 0.37 0.15

fDM(R =  R1/2)‡ 0.21 (0.1) 0.17 (< 0.38) 0.19 (0.09) 0.0 (< 0.08) 0.0 (< 0.07) 0.12 (< 0.26)

*Total circular velocity at the half-light radius (rest-frame optical) R1/2, including bulge, exponential disk (n =  1) and dark matter, and corrected for asymmetric drift: 
ν ν σ= + . / / =R R R R( ) ( ) 3 36 ( )c rot n

2 2
0
2

1 2 1. 
†Mbulge is the baryonic mass confined to the central 1 kpc of the galaxy, less the contribution from the exponential disk. 
‡Ratio of dark-matter mass to total mass at the best-fit half-light radius of the optical light, = = //

= /

f R R v v( ) ( )
R R

DM 1 2 DM c
2

1 2

; numbers in parentheses are the ±  2 r.m.s. or upper limits (goodness of fit δ χ2 =  4, about  

95% probability) uncertainties. We use an NFW halo with concentration parameter c and no adiabatic contraction.
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Figure 3 | Dark-matter fractions. Dark-matter fractions fDM from 
different methods are listed as a function of the circular velocity of the 
disk vc, at approximately the half-light radius of the disk R1/2, for galaxies 
in the current Universe and about 10 Gyr ago. The large blue circles with 
red outlines indicate the dark-matter fractions derived from the outer-disk 
rotation curves for the six high-redshift disks presented here (Table 1),  
along with the ±  2 r.m.s. uncertainties of the inferred dark-matter fractions 
and circular velocities. The average dark-matter fractions (and their  
±  1 r.m.s. errors/dispersions in the two coordinates) obtained from the 
comparison of inner rotation curves and the sum of stellar and gas masses 
for 92 z =  2–2.6 and 106 z =  0.6–1.1 star-forming galaxies are indicated 
by the filled black circle and green triangle, respectively6.We compare 
these high-redshift results to z =  0 estimates obtained using different 
independent techniques for late-type, star-forming disks7 (crossed grey 
squares, red filled square), for the Milky Way20 (crossed black circle), 
for massive, bulged, lensed disks7 (crossed red circles), and for passive 
early-type disks23 (thick magenta line). The upward magenta arrow marks 
the typical change if the z =  0 data dark-matter haloes are maximally 
adiabatically contracted.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Figure 3.8: DM fraction at half-light radius resulting from a fit to the Hα kine-
matics as function of disk circular velocity. Large blue circles: six galaxies
from Genzel et al. (2017); black circle: SF galaxies at z ∼ 2− 2.5; green tri-
angles: SF galaxies at z ∼ 1. The data are compared to various z ∼ 0 estimates
(black crossed squares and red crossed circles). The thick purple line indicates
passive early-type disks. The fit indicates that the DM fraction is modest to neg-
ligible for all galaxies in the sample (large blue circles), and that it decreases with
increasing z (not shown in the figure). Figure taken from Genzel et al. (2017).
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4. The ISM at galactic scales

Est via sublimis, caelo manifesta sereno;
lactea nomen habet, candore notabilis ipso.

When skies are clear a path is well defined on high,
which men, because so white, have named the Milky Way.

– Ovid, Metamorphoses (transl. by Brookes More).

THIS Chapter summarises observations and simulations of the ionised ISM
at galactic (kpc) scales. I start with an overview of ionised gas in nearby

galaxies (Sect. 4.1), summarising the properties of the DIG gas phase (Sect. 4.1.1)
and the theory and observations of galactic winds driven by stellar feedback
(Sect. 4.1.2). I conclude with a summary of the results from large IFS surveys
on H II regions and DIG (Sect. 4.2).

4.1 Ionised gas in nearby galaxies

The ISM in nearby galaxies can be summarised into a few characteristic phases,
as described in Sect. 1.2. The majority of the ionised gas phase in spiral galax-
ies consists of dense H II regions and diffuse ionised gas (DIG), which are the
focus of this thesis.

4.1.1 Properties of the DIG

Observations of the ISM in local spirals have determined that about 50% of the
total Hα luminosity originates from the DIG component (e.g. Ferguson et al.,
1996; Hoopes et al., 1996; Zurita et al., 2000; Thilker et al., 2002; Oey et al.,
2007). The observed properties of the DIG in the MW and in nearby galaxies
are reviewed in Mathis (2000) and Haffner et al. (2009). Overall, the DIG is
observed to be on average ∼ 2000 K warmer than H II regions and to have a
lower ionisation state, as traced e.g. by enhanced line ratios of [S II] and [N II]
with respect to Hα .

The origin of the DIG is still under debate: the most likely candidates being
leaking H II regions (Zurita et al., 2002; Weilbacher et al., 2018), evolved field
stars (Hoopes & Walterbos, 2000; Zhang et al., 2017), shocks (Collins & Rand,
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2001), cosmic rays (Vandenbroucke et al., 2018) or scattering by dust (Seon
& Witt, 2012). Isolated O-stars likely contribute to the ionisation of the DIG
but, at least in the MW, they are not sufficient to maintain the extraplanar DIG
ionised (Reynolds, 1993). The presence of extraplanar DIG (eDIG) has been
tracked up to several kpc above the galactic midplane, both in the MW (e.g.
Reynolds et al., 1973; Shull et al., 2009) and in other galaxies (e.g. Dettmar,
1990; Hoopes et al., 1999; Rossa et al., 2004; Jones et al., 2017; Bizyaev et al.,
2017; Levy et al., 2019). This extraplanar gas could have an important role
in the regulation of SF, by replenishing the gas close to the midplane (Bizyaev
et al., 2017), and can provide insight on the disk-halo interaction (Putman et al.,
2012). The eDIG is believed to originate through accretion from the IGM
(Binney, 2005) or from galactic fountains caused by SF in the disk (Shapiro &
Field, 1976; Fraternali et al., 2013, see Sect. 4.1.2). It is still unclear whether
the eDIG can be considered as a quasistable component, that is kept ionised by
SF-linked processes in the disk (AGN activity, young stars, evolved hot stars),
or whether it is in continuos motion e.g. as the results of galactic fountain
events (see Sect. 4.1.2). A better understanding of the origin of the DIG can
shed light on the mechanism of escape of ionising radiation from star-forming
regions. This radiation could ultimately escape the galaxy and ionise the IGM:
such process could have played a major role in the Epoch of Reionisation.

4.1.2 Galactic winds

Winds in galaxies can be driven by AGN or by stellar feedback. The latter
are more relevant for low-mass galaxies and for starbursts without AGN ac-
tivity (e.g. M83 or M82, see Fig. 1.1). Zhang (2018) reviews the theory and
observation of feedback-driven winds. Overall, observations indicate that this
type of winds is important on all scales. On cosmic scale, winds shape the
cosmic galaxy luminosity function and determine how galaxies evolve along
the mass-metallicity relation. Namely, winds powered by stellar feedback are
metal-rich, and the deeper gravitational potential of more massive galaxies
makes so that these are able to retain more of the wind ejecta, resulting in
less massive galaxies losing more metals through wind outflows. On galactic
scales, winds can heat up the ISM and prevent it from forming new stars. If
the wind has a velocity below the galactic escape velocity, it forms a galactic
fountain and falls back into the galaxy: this helps to establish the ‘gas recycling
process’ and contributes to angular momentum redistribution.

Zhang (2018) also reviews the multiphase structure of feedback-driven
winds. The winds consists of five gas phases: very hot (T ∼ 108 K), hot (T ∼
106−107 K), warm (ionised H II gas; T ∼ 104 K), cool (HI neutral atomic gas;
T ∼ 103 K) and cold gas (H2 molecular gas and dust; T ∼ 100 K). The com-
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Figure 2. A schematic of the multiphase wind (and fountain) in M82. The blue notes in the figure cite
observational evidence for the red statements. Similar schematic has been made for NGC 253 [113,116].
Figure reproduced with permission from Leroy et al. ApJ, 2015 [117].

Below I give a brief theoretical review of galactic winds driven by stellar feedback. In Section 2,
I review the current models of very hot galactic winds driven by SN explosions, the interaction between
hot winds and the multiphase ISM, and the entrainment and acceleration of clouds in hot winds.
In Section 3, I discuss the possibility of driving large-scale dusty winds by radiation pressure produced
by the continuum absorption and scattering of starlight on dust grains. In addition to analytic models,
I also show the radiation hydrodynamic simulations of the coupling between radiation, dust, and
gas, which results depend on the numerical algorithms. In Section 4, I introduce cosmic rays as an
alternative mechanism to launch and propagate galactic winds. Although the physics of cosmic-ray
transport is still unclear, many theoretical models and numerical simulations have been carried out to
explore cosmic-ray feedback in various galaxies. Conclusions and discussion are in Section 5.

2. Galactic Winds Driven by Supernova Explosions

2.1. Impact of Supernovae and Supernova Remnants on the ISM

The best-developed model of galactic winds invokes the heating of the ISM by overlapping
core-collapse SN explosions. Before I discuss the impact of net SN explosions, I first briefly review the
dynamics and feedback of an individual supernova remnant (SNR). A SN from a massive star typically
ejects 2–10 M� material into the ambient ISM and drive a shock into the ambient ISM. The interaction
between a SN and its surrounding medium forms a SNR which can be observed by multiwavelength
telescopes. The spherical expansion of a SNR in a uniform medium has been systematically studied
and is divided into several stages: the free expansion, Sedov-Taylor, pressure-driven snowplow, and
momentum-conserving stages (see review by Ostriker & McKee [132]).

During the initial free expansion stage, the SNR expanses with nearly constant velocity until the
swept-up mass of the ambient medium is comparable to the ejecta mass. Then the SNR enters the
second stage–the adiabatic Sedov-Taylor stage, which was first studied by Sedov [133] and Taylor [134].

Figure 4.1: A schematic illustration of the multiphase structure of stellar
feedback-driven galactic winds in the M82 galaxy. The existence of different
wind phases (red statements) is supported by the observational evidence sum-
marised in blue. Source: Leroy et al. (2015).

parison between theory and observations trying to establish the origin of all
these phases is still ongoing. Fig. 4.1 illustrates the wind phases schematically
in the starburst galaxy M82, as studied by Leroy et al. (2015). The molecular
and atomic gas create an interface (in dark red) between the hot wind cavity (in
blue) and the surrounding cold material (in purple). As it leaves the galaxy, the
molecular gas becomes atomic (purple to green transition along the blue cone);
this happens over a timescale of a few Myr.

Eddington limit

LEdd denotes the maximum lu-
minosity a body can have in
hydrostatic equilibrium. For a
source of luminosity L and opac-
ity χ , this limit can be derived
by equating the radiation pres-
sure to the gravitational force,
and amounts to:

LEdd =
4πcGM

χ
.

A luminosity L > LEdd results in
radiation-driven winds.

The cold material, mixed with
dust, does not travel far into the
halo, but decouples from the hot
outflow and falls back into the
disk (red tilted arrows), forming
a halo of dust (in red) and an HI
superstructure surrounding the en-
tire galaxy (in green). Therefore,
winds do not simply result in an
outflow but create a highly dy-
namic fountain of cold gas. Galac-
tic winds driven by star formation
can originate from different mech-
anisms. The prevailing scenario is
that of advection incorporating gas
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Table 4.1: Summary of large IFS surveys mapping nearby galaxies at kpc-100s
pc scale.

Survey # targets z-range λ -range Median phys. scale
SAMI 3400 0.004 < z < 0.095 3700 – 9500 Å 1.65 kpc
CALIFA 600 0.005 < z < 0.03 3700-7000 Å 1 kpc
MANGA 10 000 z ∼ 0.03 3600 - 10 300 Å 1 kpc
MAD 45 z < 0.013 4650−9300 Å 100 pc

and dust into a hot, SN-driven wind, that then accelerates the material to a few
100 km/s. In starburst-like galaxies, an important role is also played by radi-
ation pressure exerted from the stars on dust grains. Even though a galaxy is
globally below the Eddington limit (see infobox) for the IR photons re-emitted
by the dust, its dense star clusters can exceed this limit and the dusty gas can
be pushed out of the clusters and - eventually - out of the galaxy thanks to
momentum injection from SN and to radiation pressure. Finally, also cosmic
rays can play an important role. In the MW, the momentum injected from cos-
mic rays is as important as the one resulting from the contribution of SNe and
radiation pressure.

4.2 Results from recent IFS surveys

4.2.1 Description of the surveys

In recent years, IFS has proven to be an incredibly powerful technique for the
study of the ISM across galaxies, as it allows to acquire at the same time spatial
and spectral information over a considerably large (a few squared arcmin) FoV
(see Sect. 1.3). In the last decade, a multitude of IFS surveys targeting nearby
galaxies have been carried out. In particular, a few medium-large surveys have
played an important role in the study of stellar feedback at scales ranging from
about 1 kpc to 100 pc. These are:

1. the SAMI (Sydney-AAO Multi-object IFS, Croom et al., 2012; Bryant
et al., 2015) instrument survey carried out at Australian Astronomical
Observatory;

2. the CALIFA (Calar Alto Large Integral Field Area, Sánchez et al., 2012)
survey, carried out with the PMAS (Potsdam Multi-Aperture Spectropho-
tometer, Roth et al., 2005) instrument at Calar Alto observatory;

3. the MANGA (Mapping Nearby Galaxies at Apache Point Observatory,
Bundy et al., 2015) survey, using the omonimous IFS (Drory et al., 2015)
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at Apache Point Observatory (APO);

4. the MAD (MUSE Atlas of Discs, Erroz-Ferrer et al., 2019; den Brok
et al., 2020) survey, observed with VLT/MUSE.

These surveys have built an extremely large dataset of star-forming regions
mapped at various resolutions and in different spectral ranges. The number of
targets, redshift and wavelength range covered by each survey, as well as the
physical scales being probed, are summarised in Table 4.1. What follows is a
brief summary of the main results regarding stellar feedback.

4.2.2 Results on H II regions

The large sample of 25’000 H II regions observed by CALIFA (Espinosa-
Ponce et al., 2020) allowed for a better understanding of the general properties
of star-forming regions. To cite two among a few key results: first, Sánchez
et al. (2015) observed a strong correlation between the ISM conditions in the
regions and the age and metallicity of the stellar population they host. Sec-
ond, photoionisation models by Morisset et al. (2016), based on input from
CALIFA observations, seem to indicate that regions hosting young, massive
stars leak, on average, 80% of their ionising photons. On the opposite, regions
ionised by hot, old, low mass evolved stars (HOLMES) seem to be ‘missing’
ionising photons when comparing observations to simulations.

Poetrodjojo et al. (2018) and Ji & Yan (2021) investigated the correlation
between spatially resolved metallicity and ionisation parameter in SAMI and
MANGA. The first study found no significant correlation between the ioni-
sation parameter and metallicity, SFR or sSFR (specific SFR). On the other
hand, Ji & Yan (2021) concluded that, when simulated spectra are used to de-
rive metallicity and ionisation parameter, the resulting correlation depends on
the choice of model parameters. A stronger (positive) correlation is found for
models that give consistent predictions over several emission lines. Moreover,
the correlation is found to have a secondary dependence on the SFR: regions
with higher SFR have higher ionisation parameters but feature a weaker cor-
relation. The very high resolution data of NGC 7793 (see Sect. 5.4) seem to
support a spatial correlation between ionisation parameter and metallicity: we
indeed observe that regions with a very high ionisation state have a suppressed
metallicity.

4.2.3 Results on the DIG

Data from large surveys also provided us with extensive information on the
DIG line emission and kinematics. For example, Lacerda et al. (2018) cata-
logued the DIG in CALIFA galaxies into three regimes, based on the EW of
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Hα: Hα-bright, HOLMES-powered regions (hDIG, EW < 3), ionised gas in
star-forming complexes (SFc, EW > 14) and mixed DIG (mDIG, 3 < EW <
14), ionised by a contribution of both. The hDIG proves to be dominant in
early types galaxies and bulges, as well as in the eDIG component observed in
edge-on spirals. The various nebular regimes are also found to have a varying
contributions to the total Hα luminosity across the Hubble sequence, rang-
ing from a dominant hDIG component in elliptical and lenticular galaxies to
a largely SFc component in later types, with a mixed contribution of the three
components in Sa/Sb-type galaxies.

The smaller spatial scales probed by MAD, made it furthermore possible
to study the resolved kinematics of the DIG. den Brok et al. (2020) found that
in face-on/moderately inclined galaxies the DIG has on average a slower rota-
tional velocity and a larger velocity dispersion than the SF gas. The observed
kinematics are consistent with models in which the DIG gas is distributed close
to the galactic midplane, with a lower scale height than the stellar disk.

Having a consistent sample of edge-on galaxies also allowed for a better
understanding of the eDIG. Jones et al. (2017) and Bizyaev et al. (2017) stud-
ied eDIG in a sample of edge-on, late-type MANGA galaxies, while Levy et al.
(2019) conducted a similar study in an analogue sample of CALIFA galaxies.
A few key results of these studies are that:

• the characteristics of the eDIG emission vary with galactic properties
(Jones et al., 2017). For example, in galaxies with higher sSFR, as well
as in galaxies with a lower stellar mass and concentration index, the
eDIG exhibits emission lines whose ratios are closer to what is observed
in H II regions;

• in about one third of the MANGA galaxies, the eDIG is traced up to ∼
9 kpc above the midplane. In these sources, the [O II] and Hα surface
brightnesses become comparable at a height of 6 kpc, and their profile
becomes slightly flatter. This is interpreted as a potential change in the
source of heating, meaning that HOLMES, shocks or inflows could play
a role (Jones et al., 2017);

• the [S II]/Hα and [N II]/Hα line ratios are enhanced in the eDIG and also
increase with height (Jones et al., 2017; Levy et al., 2019), in agreement
with studies of the MW and other galaxies (see the review by Haffner
et al., 2009). The line ratios and Hα EW of the extraplanar gas are
moreover observed to be consistent with being ionised by leaking H II

regions;

• the rotational velocity decreases with increasing height above the mid-
plane (Bizyaev et al., 2017; Levy et al., 2019). Bizyaev et al. (2017)
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investigate various correlations with galaxy properties and find a corre-
lation of the velocity lag with stellar mass, central velocity dispersion of
the stars and axial ratio of the light distribution. This is interpreted as
as the fact that more massive galaxies are more likely to have a gaseous
halo, or that in early-type disk the contribution from infalling gas might
be more important.

A number of other studies have been centered on the effect of DIG ‘con-
tamination’ on the measurement of emission line ratios and how this impacts
the interpretation of diagnostic diagrams and the computation of metallicity.
MANGA observations allowed for a quantitative study of DIG contamination.
For example, Zhang et al. (2017) observed that in line ratio diagnostic dia-
grams, such as the ‘BPT’ diagram (see Sect. 2.2.4 ), DIG contamination causes
H II regions to move towards the composite region of the diagram. This in turn
results in biased metallicity estimates, in particular for some of the calibration
methods. Furthermore, in order to explain the observed line ratios, the DIG
must have a harder spectrum than what can be explained by pure leaking from
H II regions: the authors conclude that evolved stars probably are playing a role
in ionising the gas. Vale Asari et al. (2019) quantified in what measure DIG
contamination can bias abundances derived from various strong line methods,
finding that such measurements can be biased up to ∼ 0.1 dex for the high
metallicity end. Finally, the standard methods to compute metallicity, both
direct and indirect, treat the galaxy as a single H II region, ionised by a sin-
gle star cluster. Sanders et al. (2017) presented a more realistic galaxy model,
that treats galaxies as an ensemble of H II regions and DIG of various excita-
tion level and metallicity, and that is able to reproduce the results obtained by
Zhang et al. (2017). late
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5. The ISM at parsec scales

The riddle of the nebulae was solved. The answer, which had come to
us in the light itself, read: Not an aggregation of stars, but a luminous
gas.

– William Huggins, The New Astronomy, 1897.

5.1 Star cluster formation and feedback

5.1.1 The role of star clusters

STAR formation is a hierarchical phenomenon: more than 70% of massive
stars are located in clusters and OB associations (Lada & Lada, 2003),

resulting from hierarchically-structured, accreting molecular clouds. The ma-
jority of the clusters are loosely-bound and will disperse, resulting in the field
stellar population of the galaxy, whereas a minority survives as long lived clus-
ters (Kruijssen, 2012). Young star clusters (YSCs) are hence a preferential site
from which the radiative and mechanical feedback can affect the ISM: feed-
back from the young star-forming regions leads to the suppression of global SF
and to a multiphase ISM. It can also facilitate the escape of ionising radiation
(see e.g. Bik et al., 2015; Menacho et al., 2019) if the stars within the clusters
have had time to clear out the dense molecular gas they are initially enshrouded
into (Dale, 2015; Howard et al., 2018) before starting going off as SNe. Inves-
tigating cluster formation and the feedback originating in regions where star
clusters form is therefore of paramount importance for our understanding of
the SF cycle in galaxies.

5.1.2 Types of stellar feedback and their effect on cluster formation

The review by Krumholz et al. (2014) summarises observations and models on
clustered SF and feedback. The main evidence that stellar feedback originating
in stars formed in clusters is essential to regulate the formation of the clusters
themselves can be summarised in three points, according to the authors. First,
the depletion time of gas in clusters is generally observed to be one to three
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most of the observed clumps in the Solar neighborhood.
Another implication is that outflows from low-mass stars

can influence the formation of the massive stars that form
in the same cluster. For example, the same simulations that
show a reduction in the star formation rate due to outflow
feedback also show that outflows prevent rapid mass infall
towards the massive stars that tend to reside at the bottom
of the gravitational potential of protoclusters. Outflows can
also have important interactions with other forms of feed-
back from both low mass and high mass stars, a topic we
defer to Section 5.1.

Turb

None

Turb +B + outflow

Turb + B

Fig. 2.— The rates of star formation as a function of time for
four simulations of cluster formation (adopted from Wang et al.
2010). The curves from top left to bottom right are for models
that include, respectively, neither turbulence nor magnetic field
nor outflow feedback (line labelled None), turbulence only (Turb),
turbulence and magnetic field (Turb+B), and all three ingredients
(Turb+B+outflow, see text for discussion). The dashed horizontal
line indicates a star formation rate such that the depletion time tdep

is equal to the free-fall time t↵ , while the dotted line indicates a
star formation rate corresponding to tdep = 10t↵ .

2.1.2. Observations

Several recent studies have searched for observational
signatures of the outflow feedback effects described in the
previous section. Even though not all studies use the same
procedure to estimate the molecular outflow energetics and
different studies use different methods to assess the com-
bined impact from all outflows on the cluster gas, there are
some points of consensus. One is that, in the vast major-
ity of regions, the combined action of all outflows seems
to be sufficient to drive the observed level of turbulence.
The simplest method used in observational studies to deter-
mine this has been to compare the total mechanical energy

of molecular outflows (i.e., the total kinetic energy of the
molecular gas that has been entrained by the protostellar
wind) with the turbulent energy of the cluster gas. Studies
show that for a number of clusters the current total molecu-
lar outflow energy is ⇠ 30% or more of the total turbulent
energy (e.g. Arce et al. 2010; Curtis et al. 2010; Graves
et al. 2010; Duarte-Cabral et al. 2012), yet for other regions
the total outflow energy is just 1 � 20% of the total turbu-
lent energy (e.g. Arce et al. 2010; Narayanan et al. 2012).
It is unclear to what extent this differences in outflow en-
ergy are correlated with other cloud properties. Sun et al.
(2006) study CO(3-2) emission from different regions of
Perseus, and find that those with active star formation, such
as NGC 1333, show steeper velocity power spectral indices
than more quiescent regions. However, it is not clear if dif-
ferences in the turbulent energy injection are the cause, and
the observations themselves are at relatively low (⇠ 8000)
resolution. Further study of this question is needed.

Although such simple comparisons are useful to gauge
the relative importance of outflows, they do not necessarily
indicate whether outflows can maintain the observed turbu-
lence. A better way to address this is by comparing the to-
tal outflow power (Lflow) or mechanical luminosity (i.e., the
rate at which the outflows inject energy into their surround-
ings through entrainment of molecular gas by the protostel-
lar wind) with the turbulent energy dissipation rate (Lturb).
Although there are many uncertainties associated with the
estimation of both Lflow and Lturb from observations (e.g.
Williams et al. 2003; Arce et al. 2010), it is clear that for
most protostellar clusters observed thus far Lflow ⇠ Lturb

(Williams et al. 2003; Stanke and Williams 2007; Swift and
Welch 2008; Maury et al. 2009; Arce et al. 2010; Nakamura
et al. 2011b,a). The usual interpretation has been that out-
flows have sufficient power to sustain (or at least provide
a major source of power for maintaining) the turbulence in
the region.

The physical assumption behind these observational
comparisons is that the gas that has been put in motion
through the interaction of the protostellar wind and the
ambient medium (that is, the gas that makes up the bipo-
lar molecular outflow) will eventually slow down and feed
the turbulent motions of the cloud through some (not well
understood) mechanism. However, it is unclear how effi-
ciently outflow motions convert into cloud turbulence, and
observational studies typically do not address this issue.
Among the few exceptions are the studies by Swift and
Welch (2008) and Duarte-Cabral et al. (2012), which use
observations of 13CO and C18O (which are much better at
tracing cloud structure than the more commonly observed
12CO) to investigate how outflows create turbulence. These
studies show direct evidence of outflow-induced turbulence,
but both conclude that only a fraction of the outflow me-
chanical luminosity is used to sustain the turbulence in the
cloud while a significant amount is deposited outside the
cloud. They also suggest that the typical outflow energy
injection scale, the scale at which the outflow momentum is
most efficiently injected, is around a few tenths of a parsec,

5

Figure 5.1: SFR as a function of time for simulations of cluster formation includ-
ing different type of feedback. Models that do not include any type of feedback
(top left curve) lie above the dashed horizontal line, denoting tdep = tff; only
models considering a combination of different feedback mechanisms are able to
reproduce the typically observed values of tdep = 10 tff (dotted line). Figure taken
from Krumholz et al. (2014).

orders of magnitude longer than the free-fall time (see infobox), whereas in nu-
merical simulations that do not include any form of feedback, these times are
comparable, as illustrated in Fig. 5.1.

Gas depletion and free-fall
time

The depletion time of a cloud of
gas, indicates how ‘fast’ the gas
is consumed, and is given by

tdep = Mgas/SFR.

The free-fall time is a measure
of the time the gas would take
to collapse - with no counteract-
ing forces - under its own gravi-
tational pull, and can be approxi-
mated by

tff ∼ 1/
√

Gρ.

Secondly, observations show that
only between 5 and 20% of clus-
ters will survive with time, while
the remaining unbound OB asso-
ciations disappear on time-scales
of ∼ 100 Myr. In contrast
to this, simulations without feed-
back effects only produce gravita-
tionally bound clusters, that will
not disperse on their own. Fi-
nally, feedback-free simulations
have problems reproducing the ob-
served IMF of the clusters, which
describes the initial mass distribu-
tion of the cluster population.

Stellar feedback consists of a
variety of processes (for a review,
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see Krumholz et al., 2014; Dale, 2015). In the following, I summarise the main
processes, listed according to the time scales in which they are active.

1. Thermal feedback from accreting protostars. Protostars accrete gas from
their surroundings, converting gravitational potential energy into heat
that is then absorbed by dust. With a sufficiently high gas density, the
dust and gas are thermally coupled and the heat can be transferred to the
gas. Accretion phenomena can moreover lead to stellar jets.

2. Photoionisation. OB stars are the main source of photoionising radia-
tion. An important role is also played by stars in terminal phases of their
life, such as WR and luminous blue variable (LBV) stars, that are less
abundant but emit harder ionising radiation.

3. Radiation pressure, namely the momentum injected by photons into the
gas and dust. Since dense, molecular gas is very efficient in cooling
through radiation, radiation pressure often plays a more important role
than the injected energy, that is usually radiated away in timescales
shorter than the dynamical timescale of the cloud.

4. Mechanical feedback from stellar winds and SN explosions. Stars in
terminal life phases drive strong mass-loaded winds, but also OB stars
are able to accelerate line-driven winds in their atmosphere. Explosive
feedback from SN plays a crucial role, especially in the case of clustered
SN (see Sect. 5.1.2.1).

Krumholz et al. (2014) review observational and theoretical constraints on
the interplay between each type of feedback - and their combination - and
clustered SF. The effect of feedback from hot stellar winds in simulations is
shown in Fig. 5.2. A majority of the injected wind energy escapes the star-
forming region; however, the hot wind is eventually able to entrain the ISM
and remove all the cold gas from the forming star cluster. In the simulation
illustrated in Fig. 5.3, the effect of photoionisation in H II regions is modeled
by considering an expanding H II region in a turbulent cloud. The simulation
proves that the influence of photoionisation depends critically on the escape
velocity from the cloud; only for speeds below 10 km s−1 the effect is strong
enough to disrupt a protocluster. This value corresponds to the sound speed
originating from a population of stars that fully samples the IMF (Krumholz
et al., 2019).

Fig. 5.4 summarises the importance of different feedback mechanisms for
clusters of various masses and radii, as reviewed in Krumholz et al. (2019).
Shaded regions to the left and above the line (or, in the case of indirect radia-
tion pressure, to the lower right) indicate the zone of influence of each type of
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et al. 2013). A measurement of the X-ray luminosity and
spectrum can be used to infer Pw, at least up to an unknown
volume filling factor. The observations conducted to date
strongly rule out the largest predicted values of ⌦, but the
exact value is still debated. In 30 Doradus, probably the
best-studied case, Lopez et al. (2011) and Pellegrini et al.
(2011) report similar estimates for the pressures of 104 K
photoionized gas and radiation, but Pellegrini et al.’s esti-
mate of the X-ray-emitting gas pressure is ⇠ 2 orders of
magnitude larger. Most of this discrepancy is due to differ-
ing assumptions about the volume filling factor of the emit-
ting gas, with Lopez et al. assuming it is of order unity and
Pellegrini et al. arguing for a much smaller value, which
would imply higher Pw but also lower Vw. Lopez et al.’s
reported values give ⌦ ⌧ 1, while the value of ⌦ based on
Pellegrini et al.’s modeling is unclear because they do not
report values for Vw. However, they likely obtain ⌦ ⌧ 1
too, since, all other things being equal, a reduction in the
filling factor tends to lower Vw more than it raises Pw.

While X-rays are the most direct way of constraining
⌦, some optical and infrared line ratios are sensitive to it
as well (Yeh and Matzner 2012; Yeh et al. 2013; Verdolini
et al. 2013). There are significant modeling uncertainties
associated with the assumed geometry, but these are quite
different from the filling factor issues that hamper X-ray
measurements. Yeh and Matzner (2012) find that available
data favor ⌦ < 1, but this is a preliminary analysis.

6 H. Rogers and J.M. Pittard

Figure 3. Density slices during the MS phase of the simulation (SimA) in the xy-plane. The last panel shows the density of gas in the
cluster environment shortly before the most massive star transitions to a RSG. The channels carved by the cluster wind in the GMC

clump structure slowly evolve over this period. The density scale is shown in the left panel.

Figure 4. Density slices in three planes from SimA at t = 0.79 Myr. [Left]: xy [Middle]: xz and [Right]: yz.

Figure 6. Pressure at the reverse shock as a function of time.

This change results in a slower and denser cluster wind. The
total kinetic power of the cluster wind reduces by about a
half, from 1.14 � 1036 ergs s�1 to 5.87 � 1035 ergs s�1, while
the cluster wind becomes dominated by RSG material. This
transition is shown in the top rows of Fig. 7 and Fig. 8. The
reverse shock moves inward to reestablish pressure equilib-
rium with the weaker cluster wind. This depressurises the
previously shocked gas and leads to a rapid fall in tempera-
ture of the hottest gas in the simulaton.

The RSG-enhanced cluster wind is much denser than
the wind blown when all three stars were on the MS. As it
interacts with the surrounding gas it is compressed into a

thin shell which is Rayleigh-Taylor (RT) unstable. RT fin-
gers are visible in the top right panel in Fig. 7 and Fig. 8.
These are short lived, lasting approximately 0.04 Myr. The
most massive star remains in the RSG phase for 0.1 Myr, at
which point the RSG-enhanced cluster wind has expanded
to a typical radius of � 5 pc.

The most massive star then evolves into a Wolf Rayet
star, with a mass-loss rate of 2 � 10�5 M� yr�1 and a wind
speed of 2000km s�1. This change results in a much faster
and more powerful cluster wind. The total kinetic power of
the cluster wind increases by nearly two orders of magnitude
to 2.59�1037 ergs s�1. This transition occurs at t = 4.1 Myr
and can be seen in the middle row of Fig. 7 and Fig. 8.
The more powerful cluster wind forcefully pushes back the
dense RSG material to beyond the position of the reverse
shock during the previous MS phase. The typical radius of
the reverse shock increases from about 5 pc at t = 4.14 Myr
to ⇡ 8 pc at t = 4.4 Myr (see middle row of Fig. 7). The
shocked cluster wind is ⇡ 103 times hotter than was the
case when the cluster wind was “RSG-enhanced”. Hot gas
pervades almost completely the computational volume by
t = 4.15 Myr (see Fig. 8).

c� 2012 RAS, MNRAS 000, 1–16

Fig. 4.— Slice through a simulation of a molecular clump with
hot stellar winds launched by a central star cluster. The region
shown is 32 pc on a side at a time 0.67 My after wind launch-
ing begins. The color shows the density; the low-density chan-
nels shown in black are filled with hot, escaping wind material.
Adapted from Figure 3 of Rogers and Pittard (2013).

Several authors have also made theoretical models of
wind feedback. Much of this work has treated the ISM sur-

rounding the star as a simple uniform-density medium, and
has focused on instead on the circumstellar medium, within
which there can be complex interactions between compo-
nents of the wind launched at different stages of stellar evo-
lution (Garcia-Segura et al. 1996a,b; Freyer et al. 2003,
2006; Toalá and Arthur 2011). This work, while clearly
important for the study of circumstellar bubbles, offers lim-
ited insight into how wind feedback affects the process of
star formation. Similarly, building on the classical Castor
et al. (1975a) and Weaver et al. (1977) models, a number of
authors have made increasingly-sophisticated spherically-
symmetric models of stellar wind bubbles, including bet-
ter treatments of conduction and radiative cooling (Capri-
otti and Kozminski 2001; Tenorio-Tagle et al. 2007; Arthur
2012; Silich and Tenorio-Tagle 2013). They find that stel-
lar wind feedback can be dominant, but since these models
necessarily exclude leakage, it is unclear how much weight
to give to this conclusion.

Studies that include multi-dimensional effects in a com-
plex, star-forming interstellar medium are significantly
fewer. Harper-Clark and Murray (2009) present analytic
models for cold shells driven by a combination of ionized
gas pressure, radiation pressure, and wind pressure, in-
cluding parameterized treatments of wind leakage. These
models are able to fit the observations by adopting fairly
strong leakage of hot gas, and the required values of the
leakage parameter suggest that hot gas is subdominant com-
pared to other forms of feedback. Two-dimensional simula-
tions by Tenorio-Tagle et al. (2007) and three-dimensional
ones by Dale and Bonnell (2008) and Rogers and Pittard
(2013) generally find that leakage is a very significant ef-
fect, as illustrated in Figure 4, with a majority of the in-
jected wind energy escaping rather than being used to do
work on the cold ISM. However, even with these losses,
the multi-dimensional grid-based simulations do show that
a wind of hot gas is eventually able to entrain the cold ISM
via Kelvin-Helmholtz instabilities and eventually remove
all the cold gas from a forming star cluster. (Simulations
using older formulations of SPH cannot capture this effect
due to their difficulties in modeling the Kelvin-Helmholtz
instability – see Agertz et al. 2007. Newer SPH methods
can overcome this limitation (e.g., Price 2008; Read and
Hayfield 2012; Hopkins 2013), but all SPH simulations of
stellar wind feedback published to date use the older meth-
ods.) These simulations, however, do not include radiation
pressure or other forms of feedback, and it is unclear if
winds would be dominant in competition with other mech-
anisms.

In addition, all the multidimensional simulations per-
formed to date lack the resolution and the sophisticated mi-
crophysics required to handle a number of other potentially
important effects. For example, the development of a turbu-
lent interface between the cold and hot gas might greatly en-
hance the rate of conduction, thus lowering the temperature
in the hot gas to ⇠ 105 K so that radiative losses via far-UV
metal lines become rapid (McKee et al. 1984). Another pos-
sibly important effect is mixing of dust grains into the hot
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Figure 5.2: Simulation of the effect of hot stellar winds in a molecular clump
(box of ∼ 30 pc on a side). The majority of the hot material is able to escape
through low-density channels (in dark purple). Figure taken from Krumholz et al.
(2014).

cies. Whitworth (1979), Franco et al. (1990), Franco et al.
(1994), Matzner (2002), Krumholz et al. (2006), and Gold-
baum et al. (2011) found that photoinization should be ef-
fective in destroying clouds. However, these authors con-
sidered the effects of ionization on smooth clouds. The
picture from recent numerical simulations of H II regions
expanding in highly–structured clouds is less clear. While
O stars located on the edges of clouds can drive very de-
structive champagne flows (e.g., Whitworth 1979), massive
stars are usually to be found embedded deep inside clouds.
In addition, molecular clouds usually possess complex den-
sity fields, and the massive stars are often located inside
the densest regions. Dale et al. (2005) found that the influ-
ence of a photoionizing source could be strongly limited by
dense large scale structures and accretion flows. Walch et al.
(2012) found that ionization was very destructive to ⇠ 104

M� fractal clouds on timescales of 1 Myr, but Dale and
Bonnell (2011) and Dale et al. (2012b, 2013b) simulated
expanding H II regions in turbulent clouds with a range of
radii (⇠ 1�100 pc) and masses (104�106 M�) and found
that the influence of ionization depends critically on cloud
escape velocities. It is very effective in clouds with escape
speeds well below ⇠ 10 km s�1, but becomes ineffective
once the escape speed reaches this value. Figure 5 shows
an example. In high escape-speed clouds, radiation pres-
sure may dominate instead – see Section 2.2.

A final caution is that, with a few exceptions (Krumholz
et al. 2007a; Arthur et al. 2011; Peters et al. 2011; Gen-
delev and Krumholz 2012) the simulations of H II regions
performed to date ignore magnetic fields, and the coupling
between magnetic fields an ionizing radiation can generate
unexpected effects. We discuss this further in Section 5.1.

3.3. Supernovae

Supernovae represent a final source of explosive feed-
back. For every 100 M� of stars formed, ⇠ 1 star will end
its life in a type II supernova; the supernovae are distributed
roughly uniformly in time from ⇡ 4� 40 Myr after the on-
set of star formation, with a slight peak during the first Myr
after the explosions begin (e.g. Matzner 2002). Each super-
nova yields ⇠ 1051 erg, much of which ends up as thermal
energy in a hot phase with a long cooling time. However,
as pointed out by Krumholz and Matzner (2009) and Fall
et al. (2010), supernovae are of quite limited importance on
the scales of individual star clusters simply due to timescale
issues. The first supernovae do not occur until roughly 4
Myr after the onset of star formation. In comparison, the
crossing time of a protocluster is tcr = 2R/�, where R
and � are the radius and velocity dispersion, respectively.
Since protoclusters have virial ratios ↵vir ⇡ 1, and form a
sequence of roughly constant surface density with ⌃ ⇠ 1 g
cm�2 (Fall et al. 2010), the crossing time varies with proto-
cluster mass as tcr ⇡ 0.25(M/104 M�)1/4 Myr (Tan et al.
2006). Thus protoclusters have crossing times smaller than
the time required for supernovae to start occurring unless
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Figure 8. Gallery of final states of clusters, as shown by column density maps observed down the z-axis. White dots represent sink particles (individual stars
in Runs I and J, clusters otherwise) and are not to scale. Note the different physical sizes and the different column density scales.

the ionized and unbound gas fractions grow slowly and the effect on
star formation, apparent from the flattening of the stellar mass curve,
is slight but negative. The evolution of the companion isothermal
calculation is very similar. Feedback begins acting earlier owing to
the earlier formation of massive clusters in the isothermal calcula-
tion, but the quantities of ionized and unbound material extant after
3 Myr of photoionization are very similar, although slightly lower.

5.2 Run B (mass = 106 M!, radius = 95 pc)

Star formation in Run B is more vigorous and somewhat less sparse
than in Run A, with !100 clusters being formed by the epoch
at which ionization was switched on, largely as a consequence of
Run B being smaller and denser so that the freefall time is shorter,
and the star formation rate per Myr is higher. Owing to the higher
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Fig. 5.— Column density maps from two simulations of pho-
toionization feedback. The upper panel shows a cloud with an es-
cape speed > 10 km s�1, within which photoionization has done
little to inhibit star formation or remove mass. The lower panel
shows a cloud with an escape speed < 10 km s�1, where a ma-
jority of the mass has been ejected by photoionization feedback.
Adapted from Dale et al. (2012b).
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Figure 5.3: The effect of photoionisation feedback in an expanding H II region,
simulated in a cloud having an escape velocity above (left panel) and below (right
panel) the critical threshold of 10 km s−1, determining whether the effect is strong
enough to disrupt a protocluster. Figure taken from Krumholz et al. (2014).
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Figure 12

Star cluster mass-radius relation, showing the same data as Figure 9, with shaded regions indicating where various

feedback mechanisms are potentially significant. In constructing this diagram, we have for simplicity considered the
case of star-forming clouds where the gaseous and stellar components have comparable masses and radii, but we

emphasize that in reality this need not be the case. The feedback mechanisms shown are outflows (§ 3.3.1),

supernovae (SNe; § 3.3.6), direct radiation pressure (DR; § 3.3.3), ionization (§ 3.3.2), and indirect radiation
pressure (IR; § 3.3.4). Shaded regions fade at masses below which stochastic sampling of the IMF makes them

unlikely to be active (§ 3.3.1). For all feedback types except IR, the region where the mechanism is e↵ective is to

the left of and above the line.

star formation e�ciencies in most clusters. There has yet to be a comprehensive numerical survey of the

parameter space, but Matzner & Jumper (2015) estimate analytically that outflows produce ✏⇤ . 0.5 only

in clusters with escape speeds vesc . 1 km s�1. We show this limit in Figure 12.

Despite this limitation, outflows play a unique role, because they do not depend on the presence of

massive stars. The momentum per unit mass of stars formed delivered by protostellar outflows to their

surroundings is of order the escape speed from a protostellar surface (e.g., Matzner & McKee 2000). Low-

mass and high-mass protostars have similar surface escape speeds, so low-mass stars are as e↵ective at

providing outflow feedback as massive ones. By contrast, for all the other mechanisms we discuss below,

feedback is dominated by massive stars unlikely to be found in small clusters. To quantify this point, we use

the SLUG stochastic stellar populations code (da Silva, Fumagalli & Krumholz 2012; Krumholz et al. 2015b)

to measure the PDFs for the number of supernovae, and bolometric and ionizing luminosity, in clusters at a

range of masses for a Chabrier (2005) IMF. We find that the number of expected supernovae exceeds unity

only for clusters with masses & 100 M�, and that the median (bolometric, ionizing) luminosity of clusters

is < 50% of the value for a fully-sampled IMF in clusters with mass . (400, 700) M�. Consequently,

protostellar outflows are likely to be the only feedback mechanism that limits ✏⇤ for stellar populations

smaller than a few hundred M�. This limit is very blurry due to stochasticity; some clusters with masses

of only a few hundred M� nevertheless have substantial ionizing luminosities (Andrews et al. 2014).

32 Krumholz, McKee, & Bland-Hawthorn

Figure 5.4: Relative importance of various types of stellar feedback from star
clusters, as function of the cluster mass and physical size. The delimiting lines
and shaded areas indicate - from left to right - the zone of influence of outflows
(green), SNe feedback (black), direct radiation pressure (DR, blue), ionisation
(red) and indirect radiation pressure (IR, purple). For all feedback types except
IR, the zone of influence is to the left and above the line. Coloured symbols
and the hexagonal density plot indicate clusters in the MW and nearby galaxies.
Figure taken from Krumholz et al. (2019).

feedback. The regions fade towards low cluster masses, where massive stars
(> 15 M�) are unlikely to form and therefore we expect feedback to be less
effective. For clusters of M < 100 M�, the only relevant feedback mechanism
are protostellar outflows, that do not rely on the presence of massive stars, as
the injected momentum (per unit mass of star formed) only depends on the
surface escape speed of the protostar, which is not sensitive to its mass. At
intermediate masses, feedback from SNe (in black), photoionisation (in red),
and direct radiation pressure (DR, in blue) can be effective. If all three mech-
anisms are present, simulations and observations indicate that the dominant
mechanism is photoionisation, due to its immediate effectiveness and to the
fact that the pressure of photoionised gas is in general larger than radiation
pressure. At the highest masses and densities, all the previous mechanisms
start to be ineffective and, above a critical surface density, indirect radiation
(IR, in purple) becomes the dominant type of feedback.

5.1.2.1 Feedback from clustered SN

Since the majority of stars are found in clusters, and often form during bursts
of SF, very often SN explosions are clustered in space and time. In recent
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our main results for the overall evolution of SBs are not
strongly sensitive to this uncertainty. In particular, we measure
in the Appendix the hot gas mass, momentum, and energy
produced per SN at varying numerical resolution, and !nd
these quantities are very well converged.

4.3. Gas Distributions in Temperature, Velocity, and Density

We next investigate the distributions of gas in temperature,
velocity, and density at =t tH (i.e., when =r Hb ). The
probability density functions (PDFs) provide a detailed picture
of the gas that would be available to create high speed winds
when the bubble breaks out of the ISM disk into circumgalactic
space. Figures 8 and 9 display the mass (contours) and volume
(colors) fractions of all the gas within <r H1.1 in the

–T vlog log and –n vlog logH planes, respectively. In these
!gures, results for models that are in the continuous energy
injection limit (high SN cadence, with D <t tSN sf,m) have red
borders (panels (a), (b), (d), and (g)), while results for models
that are in the individual-SN limit have blue borders (panels (c),
(f), (h), and (i)).

In Figure 8, the dotted lines in each panel indicate the
demarcation between gas that is de!ned as “ambient”

( <T 10 K5 and < -v 1 km s 1) and “bubble.” Although a
portion of the gas in the “ambient” regime actually consists of
dense gas clouds that have been shocked and subsequently
cooled and slowed down, this represents at most ~10% of the
total bubble mass. Thus, while not perfect, our de!nition
represents a good practical criterion for distinguishing ambient
and bubble gas. In each panel, the black dashed line shows the
locus where the velocity, v, equals the sound speed,

( )ºc k T m1.27s B H
1 2. Green dashed lines show the loci

where the speci!c kinetic energy, v 22 , equals the speci!c
enthalpy [( ) ]g g rº - =h P c1 5 2s

2 . Gas above and to the
left of the black line is supersonic, and gas below and gas to the
right of the green line has the Bernoulli parameter dominated
by the enthalpy term.
The temperature–velocity distributions further distinguish

different components of the bubble gas: hot interior, shocked
warm shell gas and shocked warm clouds (originally WNM
and CNM, respectively), and accelerated cold gas (shocked and
then cooled CNM clouds). The volume-!lling interior hot gas
is easily seen in Figure 8 at >T 10 K6 and ~ -v 10 km s3 1.
Moving from the continuous limit (top-left panels) to the
individual-SN limit (bottom-right panels), this component gets
cooler and slower. The hot medium consists of gas that was

Figure 6. Same as Figure 4, but for Model n1-t1.
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Until tsf,m, the interior pressure is high enough that the
expansion is nearly spherical in all cases. Since shocked WNM
starts to cool earlier when the SN rate is lower, the size of
bubbles is different at tsf,m.

Interesting differences in morphology can be seen in the
snapshots at tH (middle columns of Figures 4–6), in which the
bubbles have similar physical sizes but are at different
evolutionary stages. Since ~ ~t t 0.3 Myrsf,m H for Model
n1-t0.01, the bubble expands up to =r Hb without
suffering catastrophic energy loss. From Table 3 for Model
n1-t0.01, 44% and 15% of the energy that has been injected
remains as total energy in the bubble and thermal energy in the
hot medium, respectively, at this time. With ~t tsf,m, the SB
has retained a spherical shape and hot, highly overpressured
interior. In contrast to the case of a bubble expanding in a
uniform medium, however, there is non-negligible radiative
energy loss through shocked CNM clouds in the SB interior,
which are still dense but warm ( ~T 10 K4 ).

In contrast, for Model n1-t1, the shell formed at early time
( =t 0.13 Myrsf ), and there was only one more SN event before

~t 1.9 MyrH for this case. Although Figure 3(g) shows that
the mean bubble pressure remains higher than in the ambient

medium, the interior pressure is in fact lower than in the
ambient medium, since the bubble pressure is dominated by the
shell (see pressure at =t tH in Figure 6). Therefore, the shell
expands in a nearly force-free fashion (the RHS in
Equation (14) is negligible). Radiative thin-shell instabilities
(Vishniac 1983, 1994) produce wiggles in the shell. Model
n1-t0.1 also forms a shell ( ~ ~t t 0.15 Myrsf sf,m ) well
before ~t 1 MyrH , but there were 10 more SN explosions prior
to ~t 1 MyrH , so the bubble interior is still overpressured
and hot.
The overall morphology of bubbles at t2H looks more or less

similar in all models, since this epoch is much later than the
shell formation time ( 2t t52H sf,m even for Model n1-t0.01).
However, the detailed internal structure and mass, momentum,
and energy budgets are substantially different. Most impor-
tantly, the bubbles still have overpressured interiors for Models
n1-t0.01 and n1-t0.1, while Model n1-t1 has a
completely exhausted interior and an overpressured shell.
To show the detailed structure and interaction between

ambient medium and shell gas (cooled bubble gas) and
between shell and hot gas, Figure 7 displays from top to
bottom zoom-in images of number density, temperature, ram

Figure 4. XY-slices for Model n1-t0.01. From top to bottom, logarithmic color scales show number density, pressure, and temperature. From left to right, columns
correspond to snapshots at =t tsf,m, =t tH, =t t2H. The white rectangle in the top-right panel indicates the region for which zoomed images are shown in Figure 7.
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Figure 5.5: Simulation of a hot bubble originating from a single (left) vs from
clustered SN (right), from Kim et al. (2017). From top to bottom, the density,
pressure and temperature of the ISM are shown. Colums from left to right cor-
respond to snapshots of the simulation at the time of shell formation and at the
time or double the time when the SN reaches a radius similar to the characteristic
ISM disk thickness. In the case of clustered SN, the bubble breaks out while still
dense, hot and over-pressured. Figure taken from Kim et al. (2017).

years, various studies have been devoted to the effect of clustered SNe on the
ISM. Gentry et al. (2017) studied for example the effect of SN clustering on the
resulting momentum in 1D hydrodynamic simulations of a homogeneous ISM.
The simulations probe that for clusters with up to 100 SNe, the momentum per
SN can be an order of magnitude larger than for an isolated SN. Also when
averaging over a cluster mass function typical of a star-forming galaxy, the
momentum per SN is found to be a factor four larger.

Kim et al. (2017) performed a similar study in 3D, simulating superbub-
bles (SB) driven by multiple SNe propagating into a two-phase (warm/cold),
static ISM. When comparing SB to bubbles surrounding single SN, the bubble
structure is similar, but in the case of a SB the density, pressure and tempera-
ture stay high as the bubble expands (see Fig. 5.5). The study also investigated
whether mass-loss through winds originating from clustered SNe is sufficient
to remove a significant mass from the host galaxy. The velocity of the over-
dense shell formed at the outer front of the SB as it cools is determined to be
too low for it to escape from a massive galaxy, but can result in the removal
of substantial mass from dwarfs. Whereas in massive galaxies, galactic winds
loaded by the hot gas in SB generally result in a mass-loss rate lower than the
SFR, in a dwarf with a high enough SN occurrence (e.g. in nuclear starbursts),
SB can expel a mass corresponding to up to 10 times the stellar mass of the
galaxy. The injected momentum recovered from the simulations is moreover
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consistent with requirements to keep the SFR values at the low levels probed
by observations.

Fielding et al. (2018) conducted an analogous study in an inhomogeneous,
turbulent ISM. The energy and mass loading of the wind resulting from a tur-
bulent ISM are found to be, respectively, 3 and 10 times larger than in the static
ISM probed by Kim et al. (2017). SB are found to propagate rapidly enough
to break out of galactic discs prior to the cessation of SNe, and a large frac-
tion of the energy released by SN goes into a strong galactic wind, providing
strong preventative feedback and ejecting a substantial mass from the galaxy,
with outflow rates on the order of the SFR. This is found to hold for a range of
galaxy properties, both in the local Universe and at high redshift (z ∼ 2).

5.1.3 Impact of ionising radiation on molecular cloud evolution

Ionising radiation feedback from massive stars plays an important role in the
early evolution of molecular clouds, which in turn regulates the future gen-
eration of SF. Recent high-resolution results investigating the impact of feed-
back from massive stars and clusters on their host molecular cloud have been
obtained by Haid et al. (2019) as part of the SILCC-ZOOM project (Seifried
et al., 2017). The authors analyse sub-parsec resolution radiation-hydrodynamic
simulations of molecular clouds forming from a turbulent, multi-phase ISM,
finding that for the first 3 Myr of cloud evolution, the overall SFE is reduced
by a factor ∼ 4, as a consequence of radiative feedback stopping accretion
onto massive stars within the first 1 Myr. Despite the lower SFE, SF is trig-
gered across the entire cloud, that then begins to disperse. The time scale on
which the dispersion takes place depends strongly on the cloud substructure, as
dense and well-shielded gas (having a visual extiction AV > 1 mag) can embed
and delay radiative feedback. However, also large scale processes that are not
considered in single-cloud studies could play a role.

A recent study by Bending et al. (2020) analyses the large scale effect of
photoionisation feedback in spiral arms molecular clouds, by extracting a 500
pc2 region from a galactic-scale simulation. The simulation indicates that the
distance over which the triggered SF typically occurs is larger than the scales
covered by the majority of single cloud studies.

5.2 Simulating the early phases of SF to constrain LyC
photons leakage

Understanding the emerging phase of the stars from their natal clouds and how
this impacts galactic properties and the leakage of LyC radiation at galactic
scale is not only important to maintain a DIG gas phase, but also of primary
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importance to understand reionisation. It is therefore of particular interest to
study the early phases of SF. However, the opacity of the IGM makes direct
observation of LyC leakers at z > 4 difficult, and at z > 6 impossible (see e.g
Rutkowski et al., 2017). In particular, the observation of low-mass galaxies at
high-z is difficult, and dwarf galaxies are believed to be an important contrib-
utor of photons leaking from galaxies (see e.g. Wise et al., 2014). Therefore,
simulations are essentials to constrain the leakage from high-z and low mass
galaxies.

Simulations of individual galaxies have proved that fesc can vary also dur-
ing their lifetime (see e.g. Paardekooper et al., 2011), and that in particular,
the distribution of the dense gas seems to be playing an important role. Based
on these premises, Howard et al. (2018) constrained the escape of UV pho-
tons from individual GMC based on simulations using the adaptive-mesh re-
finement FLASH (Fryxell et al., 2000) that includes the effect of radiation
feedback. This study finds that the total escape fraction from GMCs in dwarf
starburst and spiral galaxies amounts to ∼ 8% in both types, with models of
dwarfs showing larger fluctuations, and that the escape fraction depends on the
GMC mass: photons escaping from GMCs with M < 105 M� are the dominant
contributors to fesc,tot. Kimm et al. (2021) performed a similar study using the
RAMSES code (Teyssier, 2002), including radiative and SN feedback. The
authors find an ionising photon escape of 15 – 70% from individual GMCs,
and that clouds that are less massive, more metal-poor, more turbulent and less
dense are leaking more photons.

In order to study how the galactic fesc varies with stellar mass and red-
shift, and how it is influenced by the stellar content and the gas distribution in
the star forming regions, Ma et al. (2020) performed high-resolution cosmo-
logical simulations with the FIRE-2 code (Hopkins et al., 2018). The study
is conducted in a sample of about 30 z > 5 galaxies, and considers halos of
various stellar masses, in the range 104 – 1010 M�. The escape fraction is
found to be increasing with stellar mass up to M? ∼ 108 M� and decreasing at
higher masses, due to dust attenuation. At a given mass, fesc shows an increase
with redshift. The escaped ionising radiation proves to be originating from
stars that are < 10 Myr old, and about half of it is produced in 1–3 Myr old
stars. Moreover, photons are found to be leaking from SF regions that contain
a feedback-driven superbubble (of ∼ kpc-size), surrounded by a dense shell,
as shown in Fig. 5.6. Young stars in the bubble and near to the shell edge are
then able to ionise the remaining of the gas, that has some low-column den-
sity channels pre-cleared by feedback. Therefore, regions with an age spread
in their stellar population seem to be advantaged. Finally, the authors find
that the simulations produce a sufficient amount of ionising photons to explain
cosmic reionisation.
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Figure 7. Examples of galaxies with strong ionizing photon leakage. Top row: The central galaxy in simulation z5m11b at z = 5.116. The galaxy is at the early
stage of a starburst. At this epoch, it has a halo (stellar) mass of Mvir = 3.7⇥1010 M� (M⇤ = 1.5⇥108 M�) and instantaneous fesc ⇠ 0.2. Left: Gas surface
density of a 10kpc⇥ 10kpc projection. Most stars in the past 10 Myr are formed in region A (marked by the white dashed square), where the majority of the
escaped ionizing photons come from. Regions B and C have formed an order of magnitude fewer stars than region A, but almost no ionizing photons escape
from both regions. Middle: Zoom-in image on region A (1.2 kpc on each side). The white points show stars 3–10 Myr old, while the color points show stars
younger than 3 Myr, color-coded by their ages. Right: The same image as in the middle panel, except the young stars are color-coded by their single-star escape
fractions. Region A contains a kpc-scale superbubble presumably created by stars 3–10 Myr old. A dense shell around the bubble is forming new stars while
accelerated by feedback, leaving an age gradient at the bubble edge. Stars 2–3 Myr old are already in the low-density bubble. The large number of young stars
in region A can fully ionize the low-column-density sightlines around the bubble, allowing a large fraction of ionizing photons to escape. In contrast, regions
B and C do not contain a feedback-driven superbubble nor a large number of young stars to fully ionize the surrounding gas. Bottom row: The central galaxy
of simulation z5m11c at z = 5.186. The galaxy is in the middle of a starburst. It has a halo (stellar) mass of Mvir = 7.4⇥1010 M� (M⇤ = 7.8⇥108 M�) and
instantaneous fesc ⇠ 0.26. The left panel shows the gas surface density of a 10kpc⇥10kpc projection. The white dashed square marks an active star-forming
region where most of the escaped ionizing photons come from. The middle and right panels show the zoom-in image on this region. The white points show
stars 3–10 Myr old and the color points show stars younger than 1 Myr, color-coded by stellar age (middle) and single-star escape fraction (right). This
region contains a dense shell around a superbubble of several kpc in size. The shell is forming stars while accelerated presumably by feedback from stars 3–
10 Myr nearby, so even stars 0.5–1 Myr old are already inside the shell, leaking 30–40% of their ionizing photons. We find such configuration (i.e. superbubble
surrounded by a dense, accelerated shell) very common in strong ionizing-photon-leaking galaxies in our simulations, regardless of stellar mass and resolution.

For a given star particle in our simulation, we can use the oc-
tree to calculate the hydrogen column density from the star particle
to the virial radius of the halo along a given sightline, in which we
use the ionization states determined by the MCRT code to compute
the column density of neutral hydrogen. In Fig. 8, we compare the
column density distribution for selected stars younger than 10 Myr
in galaxies around logM⇤ ⇠ 8 (±0.25 dex; only simulations run at
900M� are included), where the sample average h fesci peaks at 0.2

(see Fig. 5). The black and red lines show stars with individual-star
escape fraction fesc < 0.05 and fesc > 0.2, respectively. From every
star particle, we compute the column density out to the virial radius
along 100 random directions. Each stars is weighted equally when
calculating the distribution function.

The solid lines show the distribution function of total (neutral
and ionized) hydrogen column density (NH = NH I +NH II), while the
dotted lines show that only for neutral hydrogen (NH I), with ioniza-
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Figure 5.6: Zoom-in into a star-forming region simulated by Ma et al. (2020).
The region contains a kpc-size superbubble, resulting from a previous generation
of stars (stars 3 – 10 Myr, in white). A second generation of young stars located
near the edge of the bubble is then able to ionise some of the channels pre-cleared
by stellar feedback. Figure taken from Ma et al. (2020).

5.3 Studies of H II regions in nearby galaxies

5.3.1 Large-scale properties of H II regions populations

Historically, studies of H II regions were mostly conducted with narrow band
imaging around the Hα emission of the targeted galaxy, and therefore focused
more on the statistical properties of the H II populations, such as their size and
luminosity distribution as a function of the host galaxy morphological type.

Kennicutt (1988) and Kennicutt et al. (1989a) studied H II regions in nearby
spiral and irregular galaxies with Hα photometry, finding that the brightest
H II regions spanned a range of four orders of magnitude in L(Hα), and conse-
quently a similar range in masses, and that the ionising star clusters populating
the regions shared a similar range in properties. These studies also established
for the first time that the Hα luminosity function (LF) in most galaxies is well
represented by a power law,

N(L)dL = AL−adL

and determined an index a =−2±0.5. The normalisation and shape of the LF
was found to change with Hubble type, with early-type spirals having fewer
H II regions of all luminosities, a steeper LF, and often an upper cutoff or
turnover in the LF. This was interpreted as a consequence of the fact that most
massive stars in late-type spiral and irregular galaxies form in large H II/OB
complexes, while in early-type spirals the bulk of massive SF occurs in small
regions ionised by no more than a few OB stars. These studies also found
the luminosity of the brightest H II regions to be strongly correlated with the
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Hubble type of the parent galaxy. This difference should be caused partly by a
change in the number of H II regions at all luminosities, and partly by a change
in the shape of the LF, and could point to the existence of an underlying gra-
dient in the masses of molecular clouds with Hubble type. Within individual
galaxies, a pronounced difference between the LF in spiral arm and interarm
regions was observed.

A decade later, Oey et al. (2003), found a relation between size and lumi-
nosity of H II regions. By analysing H II regions in a sample of nearby galaxies,
the authors showed that the size distribution is well described by a power law
with index b = −4. This agrees with the measured LF index a = −2 based
on a simple dimension analysis, and the fact that the nebular Hα luminosity is
integrated from the nebular volume emission (L ∝ R3).

Thanks to the availability of spectroscopic data for an increasingly higher
number of H II regions, it was then possible to also investigate the physical
properties of the regions. Kennicutt et al. (1989b) and Ho et al. (1997) re-
ported the existence of H II regions featuring a stronger low-ionisation forbid-
den emission, and that can populate a region of the BPT diagram beyond the
later defined Kauffmann et al. (2003) demarcation line, denoting the limit for
SF galaxies and H II regions (see Sect. 2.2.4). These regions were first thought
to populate the centres of galaxies and referred to as ‘H II nuclei’, but were in
later years probed to be present at any galactocentric distance (Sánchez et al.,
2014). The different line ratios are thought to be the result of contamination
via diffuse emission, presence of shocks or AGN activity, or metal enrichment
resulting from the ageing of H II regions and of the surrounding ISM (Kenni-
cutt et al., 1989b). Ho et al. (1997) studied how properties of H II nuclei relate
to the Hubble type of the host galaxy, finding that in early-type disk galax-
ies the regions have on average a low excitation, whereas in late-type systems
they span a wider range in excitation. This is primarily due to the difference in
metallicity between early and late-type galaxies. Moreover, the Hα luminosi-
ties of early-type H II nuclei were found to greatly exceed those of later types.
This enhancement of massive SF in early-type galaxies could be linked to the
the fact that in systems with prominent bulges, bars can drive inflows of gas
more efficiently.

More recently, Messa et al. (2019) studied the evolution with redshift of the
size and luminosity distributions of H II regions and SF complexes, by com-
paring local galaxies with high-z analogues from the LARS sample of galaxies
(see Sect. 3.2). Studying local high-redshift analogues allows to reach physi-
cal scales of 10 – 50 pc, bridging the gap between the study of SF clumps in
local galaxies (< 10 pc resolution) and high-redshift galaxies (> 100 pc). In
general, z≥ 1 SF galaxies are observed to have a ‘clumpy’ morphology, higher
surface densities and a higher SFR. They also show signs of a highly turbulent
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rotating disk (see Sect. 3.1), resulting in gravitational disk instabilities form-
ing larger clumps due to the different gas conditions. Star-forming regions in
LARS galaxies are found to be in general more luminous and dense than lo-
cal ones. The clumps have on average a larger SFR surface density (ΣSFR),
comparable with z = 1− 3 galaxies rather than with local H II regions. The
relation between ‘clumpiness’ – the relative contribution from clumps to total
UV emission of the host galaxy – and galactic properties is then investigated.
Clumpiness is observed to be higher for higher ΣSFR and for lower ratios of ro-
tational to dispersional gas velocity vshear/σ0. Finally, galaxies in the sample
show a moderate positive correlation between clumpiness and fesc,Lyα .

5.3.2 High-resolution studies of H II regions populations in large sur-
veys

In the past decade, the increase in sensitivity of IFS instruments and the tech-
nical advances in AO corrections have surpassed the initial effort made in this
field requiring a combination of large Hα maps and sparse sampling of single
H II regions spectroscopy. IFS data provide a 3D view of the ionised gas, H II

regions and DIG at the same time and in a more efficent way. This enables
us to study H II regions as a population and individually, by determining the
physical properties of the ionised gas within them. Two ongoing large surveys
mapping nearby galaxies at tens of pc resolution are:

1. PHANGS-MUSE (Physics at High Angular resolution in Nearby Galax-
ieS, Emsellem et al., 2021), using the MUSE IFS;

2. SIGNALS (Star formation, Ionised Gas, and Nebular Abundances Legacy
Survey, Rousseau-Nepton et al., 2019), observing with the SITELLE
imaging fourier transform spectrograph (Drissen et al., 2019) at Canada-
France-Hawaii Telescope (CFHT).

The number of targets, distance and wavelength range covered by the surveys,
as well as the physical scales they are probing, are summarised in Table 5.1.
Such surveys are allowing to study the large statistical properties (size, lu-
minosity but also - thanks to the spectroscopic information - metallicity and
ionisation parameter) of DIG and H II regions and their dependence on the
galactic environment (e.g. radial position, arm/interarm environment), on the
local ISM conditions and on the stellar population they host. Various stud-
ies are also comparing these data tracing the ionised gas with molecular gas
tracers, in order to gain a better understanding of the SF cycle.

Kreckel et al. (2016) employed the PHANGS results on NGC 628 to study
the properties of H II regions and DIG and their dependence on the location in
an arm/interarm environment. The study finds that the DIG surface brightness
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Table 5.1: Summary of IFS surveys mapping DIG and H II regions at < 100 pc
spatial scales.

Survey # targets Distance λ -range Median phys. scale
PHANGS 19 . 20 Mpc 4650−9300 Å ∼ 50 pc
SIGNALS 54 . 10 Mpc 3630−6850 Å ∼ 20 pc

is higher within H II regions, and slightly enhanced in the arm regions, whereas
the H II regions properties (luminosity, size, metallicity, ionisation parameter)
are found to be independent from the region location in an arm or interarm
environment. Sánchez-Menguiano et al. (2020) conducted a similar study in a
sample of 45 nearby spirals, as part of the AMUSING++ survey (López-Cobá
et al., 2020), investigating the abundance of arm and interarm H II regions.
Also abundances are not found to be systematically different between arm and
interarm regions. The data hint however at a larger contrast in more massive
and grand design spirals with respect to low-mass flocculent systems. The
authors interpret this as a possible link to processes connected to the dynamic
of spiral pattern, e.g density waves and streaming of gas and stars along the
arms.

Kreckel et al. (2019, 2020) explored the link between abundance and local
ISM conditions – rather than galactic environment – in a sample of ∼ 7000
H II regions from PHANGS-MUSE. In agreement with most studies of spi-
ral galaxies, the metallicity is found to decrease with increasing galactic ra-
dius. The study analyses the metallicity offset (∆(O/H)) obtained by removing
this first order radial gradient, focusing on regions featuring a particularly en-
hanced or suppressed offset. In general, all galaxies are found to have a low
scatter in ∆(O/H), indicating that mixing is efficient; in particular the 2D metal-
licity distribution is highly correlated on scales . 600 pc. Kreckel et al. (2019)
investigate the properties of regions showing enhanced or reduced abundances
with respect to the radial gradient. The regions having 1σ enhanced abun-
dances are found to have a higher ionisation parameter and Hα luminosity, a
lower Hα velocity dispersion and younger star clusters. Moreover, the molec-
ular gas density of clouds associated with the regions is higher, pointing to
recent SF resulting in local metal enrichment. The regions having 1σ reduced
abundances have on the contrary a larger Hα velocity dispersion, indicative
of mixing, which can introduce less enriched material. Kreckel et al. (2020)
further examined local variations in ∆(O/H) and found that the mixing scale
correlates more strongly with the local velocity dispersion of the gas (both
ionised and molecular) than with the SFR. Finally, the study proved that the
homogeneity does not increase at small scales when considering only H II re-
gions with enhanced abundances, suggesting that the homogeneity is driven
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by turbulent mixing with material at larger scales rather than by pollution from
SF.

In order to study the relation between star forming regions and molec-
ular clouds, Kreckel et al. (2018) complement the PHANGS observation of
NGC 628 with ALMA CO(2-1) data. The ALMA data reveal a systematic
spatial offset between the molecular clouds and the H II regions; at the same
time, the relation between gas surface density and SFR shows more scatter on
small scales. This is indicative of the fact that molecular gas and H II regions
are only weakly correlated at cloud scales (50 pc), and that the time window
in which they overlap is short. Finally, the study investigates trends relating
the disk-scale (500 pc) variations in gas depletion time to physical drivers at
cloud scales (50 pc). No systematic trend is found between H II regions clus-
tering, metallicity, surface density of the molecular gas and of the stellar mass,
and ‘boundedness’ of the molecular gas. This could indicate that large-scale
variations in gas depletion time are mainly driven by large-scale dynamical
effects.

Barnes et al. (2021) study the contribution of different kind of pre-SN feed-
back in a large sample of ∼ 6000 H II regions in PHANGS-MUSE at 50 – 100
pc resolution. Different internal pressure terms of the regions are estimated
(Pion, Pdir and Pwind, see Sect. 2.5), and are compared to the pressure of the host
environment Pde. The study finds that the great majority of the regions is over-
pressured (Ptot/Pde > 1) and is expanding. Only about 1% of the regions is
compact and underpressured; this type of region is found mostly in the center
of galaxies or in regions of high gas surface density.

Also theoretical models are now able to simulate single H II regions in
great detail. Pellegrini et al. (2020) recently developed a new model frame-
work to predict emission lines from H II regions, able to reproduce the first
results from the SITELLE survey (Rousseau-Nepton et al., 2018). The model
combines the WARPFIELD stellar feedback code (Rahner et al., 2017), describ-
ing the dynamics of the gas, with a spectral synthesis code predicting the gas
emission and a radiative transfer code modelling the effect of extinction by
dust and line opacity. A variety of processes relevant in feedback are taken
into account, including radiation, stellar winds, SN, and other thermal effects.
The different evolutionary phases of H II regions encompassed by the model
are sketched in Fig. 5.7 (left panel). The lifetime of an H II region is divided
into three phases: during phase I and II, both the H II region shell and the sur-
rounding natal cloud contribute to the emission, whereas in the last phase the
natal gas cloud has been cleared and the only emission arises from the shell.
The right panel of Fig. 5.7 illustrates examples of H II regions in the different
phases observed with SITELLE (Rousseau-Nepton et al., 2018). The models
are able to reproduce the location and scatter of the observed H II regions in
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WARPFIELD-EMP 3

Figure 1. Left: A schematic of our emission model. During Phases I and II, emission is produced by both the shell and the undisturbed

natal cloud. During Phase III, however, the cloud has been completely swept up and so all of the emission comes from the shell. Note
that the gas density in the central bubble is very low, so we do not expect this region to contribute significant emission in the lines of

interest in this study. Right: Observations of star-forming regions in various evolutionary phases, traced by H↵, [O iii] and [O ii] nebular

emission. Near-infrared emission reveals a similar cloud morphology to the line emission, demonstrating that the morphology that we
can infer from the line emission is not strongly a↵ected by attenuation. Observations are described in Rousseau-Nepton et al. (2018).

2.1 warpfield

warpfield solves the equations of motion for a 1D spheri-
cal shell2 evolving under the influence of stellar winds, su-
pernova energy injection, radiation pressure and gravity. It
assumes that the evolution of the region a↵ected by feed-
back can be separated into several distinct phases, illus-
trated schematically in Figure 1.

In Phase I, the shell is filled with hot gas from shocked
stellar winds, and its expansion is driven by the pressure dif-
ference between the hot interior gas and the much colder am-
bient medium. During this phase, the e↵ects of gravity and
radiation pressure are negligible, leaving one a relatively sim-
ple di↵erential equation to solve for the shell motion (Weaver
et al. 1977; Bisnovatyi-Kogan & Silich 1995; Rahner et al.
2017). Phase I comes to an end once the bubble loses its
hot gas, either because the gas cools, which occurs after a
cooling time tcool, during shell-fragmentation (Rahner et al.
2019), or because the bubble “bursts”, allowing the hot gas
to escape through lower density channels (Rogers & Pittard
2013). In our 1D treatment, we cannot solve explicitly for ef-
fects like the bursting of the bubble, which are influenced by
the 3D structure of the cloud, and so by default we assume
that the bubble bursts once the shell has swept up the en-
tirety of the initial cloud, i.e. once the shell radius is equal to

2 Although our 1D approach is primarily motivated by the desire
to avoid the computational costs of a full 3D approach, which are

too high to allow one to properly survey the relevant parameter

space, there is also a physical justification underpinning this. The
internal structure of H ii regions traced by line ratios reveals them

to be largely regular, mostly circular objects when studied in ion-

ization parameter mapping line ratios (Pellegrini et al. 2012) in
the Magellanic clouds or NGC 628 (Rousseau-Nepton et al. 2019).

Thus despite the variability in initial conditions, the cumulative

e↵ects of all feedback seem to wash out inhomogeneities and often
produces spherical objects that should be described well by our

1D models.

the initial cloud radius. This occurs at a time tsweep, which
we can readily determine from our 1D treatment. Phase I
therefore comes to an end after a time t = min(tcool, tsweep).3

Following Phase I, the shell either proceeds to Phase
II (if t < tsweep) or directly to Phase III (if t > tsweep). In
Phase II, the shell continues to sweep up material from the
surrounding molecular cloud. The expansion of the shell is
driven by the ram pressure exerted on the shell by stellar
winds and supernovae, and by the radiation pressure acting
on the shell, but at this point we also start to account for the
counteracting e↵ect of gravity, both due to the gravitational
attraction of the central cluster on the shell and also the
shell’s own self-gravity. Phase III is very similar to Phase II
in terms of the force balance acting on the shell, with the
key di↵erence being that during Phase III, the original cloud
has been entirely swept up, with the shell now assumed to
be expanding into the low density warm neutral medium
(WNM).

There are two possible fates for the shell. If gravity be-
gins to dominate, which often happens as the central stellar
cluster ages and feedback becomes less e↵ective, then the
shell will begin to recollapse. In the original warpfield im-
plementation (Rahner et al. 2017), we simply terminated
the calculation when the shell had recollapsed to a radius
of 1 pc. In warpfield-emp, however, we adopt instead the
approach used in Rahner et al. (2018) and assume that rec-
ollapse triggers a new burst of star formation, which for sim-
plicity is assumed to have the same star formation e�ciency
as the original burst. The other possible fate is continued
expansion without recollapse, which will occur once the ki-
netic energy of the shell exceeds its gravitational potential
energy. In this case, we follow the expansion of the shell un-
til its maximum density falls below 1 cm�3 for an extended
period of time (more than 1 Myr). Following this, we con-

3 Users of warpfield are free to configure di↵erent burst param-

eters relative to the natal cloud size.

MNRAS 000, 000–000 (2019)

Figure 5.7: Left panel: schematic description of the WARPFIELD-EMP model
from Pellegrini et al. (2020). Right panel: comparison to H II regions in the
different evolutionary stages observed with SITELLE (Rousseau-Nepton et al.,
2018). The models are able to reproduce characteristics of the observed regions,
such as their location in BPT emission line diagrams. Figure taken from Pelle-
grini et al. (2020).

BPT diagrams, proving that the scatter is not (exclusively) metallicity-driven
but can be explained from the different evolutionary stages.

5.3.3 3D detailed maps of H II regions within single galaxies at 10 pc
scale

Whereas surveys provide us with statistical properties of large samples of H II

regions, very high-resolution studies of single H II regions are essential in order
to understand small-scale processes and complete the physical picture.

Pellegrini et al. (2012) studied a small sample of H II regions in the Large
and Small Magellanic Clouds (LMC and SMC, D ∼ 50 kpc) at a scale < 2
pc with narrowband imaging in [S II], [O III] and Hα . The authors study the
ionisation structure of the regions, that are classified as being optically thick
or thin, based on their optical depth traced by the ratio of [S II]/[O III] (see
Sect. 2.2.2). The study finds that the frequency of optically thin objects is
about 30 – 40 % in both galaxies, and is correlated with the HI column density.
The global escape fractions is measured to be 4% and 11% for the LMC and
SMC respectively, and it is sufficient to explain the fraction of DIG observed.
Considering that the optical depths derived are generally underestimated and
that the contribution of field stars is not taken into account, the authors con-
cluded that the galaxies could leak a substantial amount of ionising radiation
into the CGM.

More recently, the MUSE instrument has made it possible to study H II

regions in nearby galaxies at similar scales (of the order of 10 pc) with IFS.
This has opened the pathway to detailed studies of the stellar and gas content
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Feedback at low metallicities ��

(a) (b)

Figure �. Electron density (ne) maps of N�� (left) and N��� (right). White circles show the apertures used to extract ne values reported
in Table �. Over-subtraction of the continuum in the H— map, used in the dereddening procedure of the emission line maps, leads to
residuals at the location of stellar sources (see text Section �.)

(a) (b)

Figure �. The emission line ratio O�� (=[OII]⁄����,����/[OIII]⁄����,����), tracing the degree of ionisation, of N�� (left) and N���
(right). Individual subregions are marked in red to facilitate the discussion in Section �.�. Stellar residuals can be seen where the
continuum subtraction of the [OII] maps is not optimal, due to the selected continuum for these lines being ≥��� Å away from the
emission lines (see Table �).

which corresponds to �.��±�.�� for N�� and �.��±�.�� for
N���. These agree very well with Russell & Dopita (����),
who find O/H + �� = �.�� ± �.�� as derived from HII
regions in the LMC, and is consistent with an almost flat
radial O/H gradient (TSC��). However, further investiga-
tion is needed to better understand the dependence of the
oxygen abundance not only on the degree of ionisation in
spatially-resolved nebulae, but also on metallicity.

We note that the Marino et al. (����) calibrations used

here to derive the oxygen abundance were chosen because
they are among the calibrations with the most complete
HII region observations in terms of metallicities and quality.
Other widely used calibrations for N� and O�N� are e.g.
those of Pettini & Pagel (����). However, as discussed in
Marino et al. (����), the di�erence between their and the
Pettini & Pagel (����) calibrations is mainly caused by the
Pettini & Pagel (����) study lacking high-quality auroral
line observations. We have tested the di�erence between the

MNRAS ���, �–�� (����)

Figure 5.8: Ionisation structure of the two H II region complexes in the LMC
studied in McLeod et al. (2019). The colour scale indicates the ratio O23
= [O II] λ7320,7330/[O III] λ4959,5007, tracing the optical depth of the gas.
Lower O23 values indicate gas with a lower optical depth (that is, a higher trans-
parency to ionising photons). The main nebulae in the two complexes have a
typical density bounded (left panel) and ionisation bound structure (right panel).
Figure taken from McLeod et al. (2019).

of the star forming regions. Using MUSE observations of two H II region com-
plexes in the LMC, McLeod et al. (2019) studied the impact of stellar feedback
at spatial scales of ∼ 10 pc. After spectrally classifying stars in each region,
the total ionising photon flux Q(H0) expected from the stellar population is
computed. This value is then compared with the observed Q(H0), derived
from the Hα luminosity, finding escape fractions fesc > 0.2 for all regions.
The ionisation structure of the regions is then studied from the ratio of O23
:= [O II] λ7320,7330/[O III] λ4959,5007, as illustrated in Fig. 5.8. In the fig-
ure, low O23 values (in dark blue) trace a lower optical depth (high ionisation
state). One can observe that the main nebula in one of the two H II region
complexes (N44, left panel) appears to be density bounded, with no clear tran-
sition between an inner and an outer zone. In the second complex (N 180,
right panel) the main nebula has a typical ionisation bounded structure, with
optically thin gas surrounded by an optically thick envelope. The contribution
of various types of feedback is then studied, finding that the most important
contributions to the pressure are Pion from the DIG and pressure from stellar
winds, whereas Pdir has an effect that is up to three order of magnitude lower.

McLeod et al. (2020) conducted an analogous study on five H II regions
in the dwarf spiral NGC 300, by comparing MUSE data tracing the ionised
gas with HST photometry mapping the stellar content. Also in this case the
dynamics of the regions are found to be dominated by Pion and stellar winds,
whereas Pdir is sub-dominant. An ionising photon budget is constructed for the
two regions having a complete massive star census, finding escape fractions
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Figure 5.9: NGC 7793 observed with HST (RGB composite of the F814W,
F555W and F336W filters). The footprint of the MUSE mosaic is shown in
white. Figure adapted from Paper I.

& 30%, in agreement with the rate of escape measured for the entire disk
(Kruijssen et al., 2019). The study also investigates the mass loading factor of
the ionised gas ηion =

˙Mion
SFR . This ratio describes the rate of outflow of ionised

gas mass (due to stellar feedback) per unit SFR. ηion is found to be one order of
magnitude lower than the total mass loading factor of the disk. This indicates
that the mass budget of the H II regions is not dominated by ionised gas, and
that the H II regions might therefore be in an early stage of evolution which is
dominated by molecular gas or might have a multi-phase nature.

McLeod et al. (2021) expanded the study of NGC 300 to include ∼ 100
H II regions across the disk, and investigate the effect of stellar feedback as
function of the galactic environment. The study finds that Pion and Pdir are
slightly increasing with galactocentric radius. The increase in Pion is ascribed
to the observed decrease in metallicity with radius, resulting in higher fluxes of
ionising photons. The increase in Pdir is instead thought of being the result of
a combination of higher photon fluxes and the observed radial increase in dust
content (i.e, an increase in particles to which the momentum can be imparted).
The study also finds that SN at lower metallicities are expanding into environ-
ments that have a lower density, likely due to the increase in pre-SN feedback
at larger radii.
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Figure 5.10: M83 observed with HST (RGB composite of the F657N, F814W
and F438W filters). The footprint of the MUSE mosaic is shown in white. The
very bright region in the center hosts a starburst nucleus. Figure adapted from
Paper III.

5.4 Stellar feedback in NGC 7793 and M83

5.4.1 Properties of the targets

In Papers I – IV we studied stellar feedback in two nearby spiral galaxies with
MUSE. The MUSE data tracing the ionised gas were also complemented with
HST and ALMA data tracing the stellar population and the molecular gas.
The first target, NGC 7793, is a local flocculent spiral; its properties are sum-
marised in Table 5.2. Fig. 5.9 illustrates NGC 7793 observed with HST, with
the two MUSE pointings studied in Paper I and II, shown in white. The prox-
imity of the target, together with the MUSE AO correction, allowed us to re-
solve physical scales ∼ 10 parsec. The second target, M83, is a nearby grand
design barred spiral at a slightly larger distance. Table 5.2 summarises the tar-
get properties and Fig. 5.10 illustrates the galaxy observed with HST and the
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Table 5.2: Summary of the targets properties

NGC 7793 M83
Distance 3.4 Mpc (a) 4.9 Mpc (f)
Morphological Type SA(s)d (b) SAB(s)c (g)
log10 M? 9.5 M� (c) 10.5 M� (f)
SFR (UV) 0.52 M� yr−1 (d) 4.2 M� yr−1 (f)
Central 12 + log(O/H) 8.5 (e) 9.0 (h)

References. (a) Zgirski et al. (2017); (b) de Vaucouleurs et al. (1991); (c) Carignan
& Puche (1990); (d) Calzetti et al. (2015); (e) Pilyugin et al. (2014) (f) Leroy et al.
(2021); (g) RC3 catalogue (de Vaucouleurs et al., 1991); (h) Bresolin et al. (2016).

footprint of the large MUSE mosaic (26 pointings) analysed in Papers III and
IV. The MUSE data have a spatial resolution of ∼ 20 parsec.

5.4.2 Summary of Papers

Paper I

In Paper I, we study NGC 7793 with MUSE AO, covering an area ∼ 1×1 kpc
(see Fig. 5.9) at a spatial resolution of ∼ 10 pc. We develop a procedure to
identify the contours of H II regions. We note that the exact method and pa-
rameters adopted can have a significant impact on the fDIG recovered. With
our fiducial method, we find fDIG ∼ 15% (with an upper limit of 21%), on the
lowest range observed in nearby galaxies, where it was constrained to make
up between 25 – 50% (Ferguson et al., 1996; Hoopes et al., 1996; Zurita et al.,
2000; Thilker et al., 2000) and in some targets up to 60% (Oey et al., 2007)
of the Hα luminosity. We then study the gas kinematics and its emission in
BPT diagrams (see Sect. 2.2.4). We find that the DIG features enhanced line
ratios of [S II]/Hα and [N II]/Hα , in agreement with observations in the MW
and nearby galaxies (Mathis, 2000; Haffner et al., 2009). A comparison with
photoionisation and shock models reveals that the diffuse component can only
partially be explained via shocks and that it is most likely consistent with pho-
tons leaking from density bounded H II regions (as observed e.g. by Zurita
et al., 2002; Weilbacher et al., 2018) or with radiation from evolved field stars
(e.g. Zhang et al., 2017). We observe that the DIG has overall a larger veloc-
ity dispersion than the H II regions. This could possibly indicate that the DIG
originates from different layers of gas, as observed in the MW (e.g. Reynolds
et al., 1973; Shull et al., 2009) and in nearby galaxies (e.g. Dettmar, 1990;
Hoopes et al., 1999; Rossa et al., 2004; Jones et al., 2017; Bizyaev et al., 2017;
Levy et al., 2019). Alternatively, it could be due to a higher turbulence due e.g.
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to shocks, for example from SN or expanding H II regions. We also determine
the electron temperature and density of the gas using ratios of sensitive lines
(see Sect. 2.2.3). Despite the weakness of the temperature-sensitive lines, we
were able to constrain the temperature of part of the DIG, adding to the very
few Te measurements of the DIG in nearby galaxies. We find that the DIG ex-
hibits a median temperature ∼ 3000 K higher with respect to the H II regions,
and we observe evidence of an inverse correlation between temperature and
surface brightness, both in agreement with MW observations (Haffner et al.,
2009; Madsen et al., 2006). The ratio of density-sensitive [S II] lines, on the
other hand, is not observed to be significantly different between the DIG and
H II regions. Given that the ratios observed are close to the sensitivity limit of
the method, we only constrain an upper limit of ne ≤ 30 cm−3 for the majority
(∼ 70% by area) of the gas in our FoV.

Paper II

In Paper II, we follow up on the study of Paper I, and combine the MUSE
results on the ionised gas with the stellar and cluster population studied with
HST and the molecular gas mapped by ALMA. We contrast reddening maps
derived from the Balmer decrement and from the stellar extinction and find
that they compare well, and correlate with the spatial position of the GMCs,
indicating that dust and gas are well mixed (in agreement with Bohlin et al.,
1978). We also observe that the GMCs are still coincident with many of the
H II regions, suggesting that the dense and ionised gas phases can coexist dur-
ing the first Myr of evolution. We determine the oxygen abundance in the H II

regions from the MUSE data using a strong line method (see Sect. 2.2.7). We
observe that the abundance map is highly structured, especially surrounding
clusters and massive stars. However, we also find some degeneracy with the
ionisation state of the gas, as already pointed out by Ercolano et al. (2012) and
McLeod et al. (2016, 2019). We model the YSCs with a stochastic population
synthesis code (see Sect. 2.4) and observe that clusters located in H II regions
have a higher probability to be younger, less massive, and to emit a higher
number of ionising photons than clusters in the rest of the field. We determine
fesc for each H II region, by comparing the expected ionising photon rate gen-
erated by the stellar population with the observed Hα luminosity. We find a
non-negligible escape from the full population of H II regions, and for the ma-
jority of the individual regions studied. The recovered values of fesc are in the
range 0.2 – 0.7, in agreement with studies of the LMC and other nearby galax-
ies (e.g. Pellegrini et al., 2012; McLeod et al., 2019, 2020). We also find that
the DIG within the FoV contains enough ionising sources to be self-ionised.
We then investigate how fesc is linked to the stellar properties. We find no
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apparent correlation with the age ranged spanned by the stellar population in
a sample of 8 test regions, in contrast with the results of the high-resolution
simulations from Ma et al. (2020) which seem to indicate that regions with an
age spread in their stellar population are advantaged in leaking ionising pho-
tons (see Sect. 5.2). Finally, we compare the escape rate with the optical depth
of the gas, traced by the ratio of [S II] λ6716,31/[O III] λ4959,5007, finding
no systematic trend between fesc and the ionisation structure of the regions in
our small sample. Namely, regions featuring optically thin channels do not
appear to be leaking more ionising photons with respect to regions that appear
ionisation bounded (see Fig. 2.7). We interpret this as likely being the result
of 3D geometry in our number limited sample.

Paper III

In Paper III, we study a large MUSE mosaic (3.8 × 3.8 kpc, see Fig. 5.10) of
M83 at a spatial resolution of 20 pc. We find fDIG ∼ 13% (with an upper limit
of 20%), similar to what we determined in NGC 7793 and on the lower range
observed in other nearby galaxies. We also inspect the DIG in BPT diagrams
and find that it has a mixed contribution from both SF and slow+fast shocks.
We obtain the kinematics of the stars and the ionised gas and we compare them
to the ones of the molecular gas observed with ALMA. In all tracers, we see a
clear signature of a circumnuclear star-forming disk, in agreement with previ-
ous studies (Piqueras López et al., 2012; Gadotti et al., 2020) and with expecta-
tions from secular processes driven by the galactic bar (e.g. Krumholz & Krui-
jssen, 2015; Krumholz et al., 2017). We observe that the ionised and molecular
gas kinematics substantially match one another, and that they are rich in sub-
structures. We identify two features of interest. The first one is a stream of gas
that appears to be inflowing into the center. Along these sightlines, we see that
the molecular gas features multiple peaks of emission, and that both ionised
and molecular gas have an enhanced velocity dispersion. Moreover, in the
ionised gas, the stream appears surrounded by an extended region with pecu-
liar line ratios that are indicative of a high ionisation state and of the presence
of shocks. We interpret this feature as either the result of a multi-layer strati-
fication of gas (as postulated e.g. by Boettcher et al., 2017) or as a bar-driven
inflow of shocked gas. A second interesting kinematic feature are two cones
that stand out in the velocity of the ionised gas surrounding the central region,
on either side of the stellar bar. The two cones appear red- and blueshifted
with respect to us and we observe that the Hα line is double peaked with a
velocity separation up to 200 km s−1. At the far end of the cones, we observe
emission lines that are consistent with a high ionisation state and with shock
ionisation. We interpret these features as a starburst-driven outflow shocking

74



into the surrounding ISM (as observed in other starburst galaxies, e.g. Shopbell
& Bland-Hawthorn, 1998; Bolatto et al., 2013; Leroy et al., 2015; Bik et al.,
2018) or as the combination of past AGN activity followed by starburst emis-
sion. Finally, we also compare the dust as traced by the ionised and molecular
gas, finding a good correlation between ionised gas extinction and molecular
gas surface density, again indicating that dust and gas are well mixed.

Paper IV

In Paper IV, we follow up on the analysis of M83 and complement the MUSE
data with YSCs observed with HST. We break up H II complexes into sin-
gle regions and constrain the leakage of ionising photons from each region by
modeling the emission of YSCs and WR stars spectroscopically detected in
the MUSE mosaic. Opposite to the analysis performed in NGC 7793, we do
not have a complete census of the O star population in the galaxy. Therefore,
we focus on the evaluation of the sole effect of star cluster feedback. Overall,
we do not find a significant escape, with fesc > 0 only in 13% of the regions
studied, while the majority of the regions seem to be ‘missing’ ionising pho-
tons. We conclude that the energy input by YSCs and WR stars alone is not
sufficient to explain the Hα emission, both within and outside the H II regions.
Young, massive stars surrounding the clusters must therefore be playing a non-
negligible role. This is in contrast with the results of Weilbacher et al. (2018),
who analysed the star cluster population and the total H II region emission in
the Antennae galaxy. As in NGC 7793, we do not observe a correlation be-
tween the age range spanned by the stellar population and fesc, although the
result might biased by the lack of stars outside clusters. We also investigate
the pressure of the H II regions (see Sect. 2.5), and how it compares to galactic
and cluster properties. In particular we take into consideration the two dom-
inant effects of direct radiation pressure (Pdir) and ionised gas pressure (Pion)
as a function of H II region position in the galaxy, and as a function of the
physical properties of the star clusters powering the H II region. In general, we
find that Pion is always dominant over Pdir, in agreement with what reported in
NGC 300 (McLeod et al., 2021) and in the PHANGS galaxy sample (Barnes
et al., 2021). We also observe that Pion decreases with galactocentric radius.
We conclude that changes in the local environmental conditions (e.g. redden-
ing and gas density of the environment) are predominant over changes in the
oxygen abundance. Namely, based purely on the negative radial gradient in
oxygen abundance, we would expect a higher flux of ionising photons at larger
radii (lower metallicity), and hence a higher pressure (see e.g. McLeod et al.,
2021). We also study whether the properties of YSCs powering the regions
are correlated with the pressure terms. We find that both ionisation and di-
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rect pressure are highest in the regions containing the youngest star clusters.
We understand this correlation as the aging of the star clusters will result in
a rapid decrease in photoionising radiation responsible for the two pressure
terms. Similarly, we see a positive correlation with the cluster mass (total
mass in clusters < 10 Myr), indicating that clustered SF plays an important
role in setting the pressure of the region.
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6. Summary and outlook

There is a theory which states that if ever anyone discovers exactly
what the Universe is for and why it is here, it will instantly disappear
and be replaced by something even more bizarre and inexplicable.

There is another theory which states that this has already happened.
– Douglas Adams, The Restaurant at the End of the Universe.

THIS thesis has reviewed the impact of stellar feedback in nearby galaxies.
I started by introducing the key physical scales that need to be investi-

gated in order to bridge the large scales influenced by this phenomenon with its
small-scale origin, and motivated why IFS is a powerful tool in this context. I
have then reviewed what are the key observables and results at different scales,
starting from the largest (cosmic) scales and down to the regions surrounding
young, massive stars (10s of parsec). I have concluded with a summary of
the results of my two PhD projects, studying stellar feedback in two nearby
galaxies (NGC 7793 and M83) at a spatial resolution ∼ 10 – 20 pc.

As part of my research work, we have developed and tested novel meth-
ods to separate star-forming regions from the DIG in high spatial resolution
data. We have constrained the fraction of DIG in the targeted galaxies, and
we have been able to shed light on its properties and origin. In NGC 7793,
we find that the DIG is consistent with being self-ionised, whereas in M83 its
emission is likely explained by a combination of shocks and photoionisation
by radiation leaking from the H II regions or by field stars. We investigated
the link between leakage of ionising photons and the properties of the regions,
finding no preference towards a larger spread in age of the stellar population
or the presence of optically thin channels in our sample. In M83, we also stud-
ied the relative importance of different types of feedback on the evolution of
H II regions. In general, we observe that the pressure of the ionised gas is al-
ways dominant over the radiation pressure, in agreement with studies of other
nearby galaxies. We also observe that the ionised gas pressure decreases with
galactocentric radius, and we conclude that changes in the local environmental
conditions are predominant over changes in the oxygen abundance. Having
access to the cluster population of the regions, we were also able to investigate
the link between the properties of the clusters powering the regions and the
regions’ pressure. We find significant correlations between the pressure terms
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and the age and mass of the clusters. These correlation have never been ob-
served before. Finally, in M83 we have been able to directly trace the impact
of the starburst activity on the surrounding ISM. We observe that the starburst
can launch powerful jet-like outflows that shock into the surrounding gas, po-
tentially clearing a path for the escape of LyC radiation from the galaxy.

As we look to the near future, the increasing number of studies mapping
H II regions at 10s of pc resolution will allow to build a statistical sample,
which takes into account the influence of different galactic environments and
the effect of 3D geometry. As a consequence of our study, it is of the ut-
most importance to actually study the cluster and stellar content within each
H II region, in order to draw solid conclusions on the impact that clustered
star formation has on the H II region evolution. Also advances in simulations
will be crucial in addressing some missing pieces of the puzzle. State of the
art simulations are namely currently already able to resolve parsec scales and
to include a variety of realistic pre-SN feedback terms (e.g. Ma et al., 2020;
Semenov et al., 2021). However, some issues still remain: for example, high
resolution simulations are still unable to produce star clusters which have for-
mation properties and an evolution history in agreement with observations (see
e.g. Hislop et al., 2021). Within the next decade, two upcoming instrumental
facilities will also play a decisive role in the field of stellar feedback. The first
one is the James Webb Space Telescope (JWST), which will be launched just
shortly after the issuing of this thesis. The NIR wavelength range imaged by
this telescope and its IFU capability will allow us to observe the early phases
of star formation in nearby galaxies, i.e stars and clusters that are still em-
bedded in their natal gas and are heavily obscured at optical wavelengths (e.g.
Messa et al., 2021) at a resolution comparable to IFU studies of local galaxies
(∼ 10 pc). This will make it possible to constrain, for example, how long the
clusters stay embedded and how this depends on their properties and the prop-
erties of the galactic environment. It will also shed light on the role played by
cluster feedback in regulating the SF cycle. Finally, NIR data will allow break
the degeneracy between age and metallicity that affects optical observations of
older clusters (age > 7 Myr), resulting in more reliable age estimates. The sec-
ond one is the prospective VLT instrument BlueMUSE (Richard et al., 2019),
which should have a technical capability comparable to MUSE but cover bluer
wavelengths (3500 – 6000 Å) with a higher spectral sampling and resolution.
With this instrument, we will be able to directly classify OB stars and improve
the classification of WR stars based on their blue spectral features, in turn re-
ducing the uncertainty in the determination of fesc. Finally, BlueMUSE will
also grant access to other lines of interest to the study of stellar feedback, such
as the [O III] λ4363 and [O II] λ3726,3729 temperature- and density sensitive
lines.
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7. Sammanfattning

Denna avhandling granskar och sammanfattar effekten av stellära återkopp-
lingsmekanismer på kosmiska och galaktiska skalor, med fokus på observa-
tioner av H II-regioner och diffus joniserad gas (DIG; diffuse ionised gas) på
parsec-skala.

På kosmiska skalor kan det joniserade interstellära mediet (ISM) använ-
das för att spåra evolutionen av huvudseriegalaxer, uppskatta gränser för deras
innehåll av mörk materia (DM; dark matter) och dra slutsatser om läckage av
joniserande fotoner.

På galaktiska skalor undersöker vi länken mellan mängden joniserande
strålning som läcker ut och egenskaperna hos DIG, och sammanfattar resul-
tat från stora integral field spectroscopy (IFS) kartläggningar och simuleringar
på galaktisk skala.

Slutligen studerar vi återkopplingsmekanismer från massiva stjärnor på
parsec-skala. Vi undersöker effekten som unga stjärnhopar (YSCs; young star
clusters) har på sin omgivning och de observerade egenskaperna hos H II-
regioner i närliggande galaxer. Vi sammanfattar studier av stellära återkopp-
lingsmekanismer i hög upplösning från både observationer och simuleringar.
Vi motiverar varför studier av HII-regioner och DIG med en upplösning på ti-
otals parsec är den nödvändiga information som saknats för att brygga gapet
mellan små och stora skalor.

I Artikel I undersöker vi ISM i den lokala spiralgalaxen NGC 7793 med
en spatial upplösning på 10 parsec med MUSE IFS vid Very Large Telescope
(VLT). HII-regioner och andra joniserande källor identifieras och katalogise-
ras. Egenskaperna hos den joniserande gasen studeras med hjälp av emissions-
linjediagnostik.

I Artikel II kombinerar vi resultaten för den joniserande gasen från MU-
SE med stjärn- och hoppopulationen studerad med HST och den molekulära
gasen kartlagd med ALMA. Vi sammanställer en joniseringsbudget för varje
HII-region för att avgöra om den läcker joniserande fotoner, och länkar den
resulterande läckageandelen till regionens joniseringsstruktur, härledd ur den
joniserande gasen, och åldersspannet i stjärnpopulationen.

I Artikel III undersöker vi en stor MUSE mosaik av den närliggande ga-
laxen M 83 med en spatial upplösning på 20 parsec. Vi separerar H II-regioner
från diffus gas och vi studerar stjärnornas och den joniserade gasens kinematik
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och jämför dem med kinematiken för den molekylära gasen som observerats
med ALMA.

I Artikel IV följer vi upp analysen av M83 och kompletterar uppgifterna
från MUSE och ALMA med YSCs observerats med HST. Vi separerar H II -
komplex i enskilda H II-regioner och vi undersöker joniseringsbudgeten och
trycket för varje region, och jämför dem med egenskaperna hos galaxen och
stjärnhoparna.
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eDIG Extraplanar Diffuse Ionised Gas
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IFS Integral Field Spectroscopy

IFU Integral Field Unit

IGM Intergalactic Medium
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ISM Interstellar Medium
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LOSVD Line-of-sight velocity distribution

LSF Line spread function

LyC Lyman Continuum radiation

MS Main Sequence

MUSE Multi Unit Spectroscopic Explorer

MW Milky Way
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PDF Probability Distribution Function

PN Planetary Nebula
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SNR Supernova Remnant

SPS Stellar Population Synthesis
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Zgirski, B., Gieren, W., Pietrzyński, G., et al. 2017, ApJ, 847, 88

Zhang, D. 2018, Galaxies, 6, 114

Zhang, K., Yan, R., Bundy, K., et al. 2017, MNRAS, 466, 3217

Zurita, A., Beckman, J. E., Rozas, M., & Ryder, S. 2002, A&A, 386, 801

Zurita, A., Rozas, M., & Beckman, J. E. 2000, A&A, 363, 9

93


