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Abstract
This thesis introduces briefly physical processes operating in the ISM around massive stars
and focuses on the impact strong stellar feedback has in creating large-scale structures in a
galaxy. Stellar feedback is ubiquitous in star forming galaxies and its effect on the ISM depends
strongly on the energy output from the most massive stars (M≥7 M ) and the properties of the
surrounding gas. Starburst galaxies are among the most active in producing large amount of
massive star clusters with stellar populations up to thousands of massive stars. In the first 4 Myr
of the star clusters evolution, radiative feedback of the most massive stars (M≥30 M ) are at
work. Large amount of ionizing photons are released to the ambient medium while radiative
pressure compress the surrounding gas. At the same time their stellar winds inject continuously
mechanical energy and momentum in their surrounding. This mechanical feedback is then at
later ages, until ∼ 40 Myrs, maintained by supernova explosions from the less massive stars.
Strong stellar feedback tends to develop large-scale structures such as bubbles, loops, filaments and outflows. These are transient structures and can be seen as imprints of how the
released energy is clearing or has cleared paths in the ISM. Strong stellar feedback can have
devastating consequences in dwarf galaxies due to their shallow gravitational potential. It can
accelerate outflows with velocities larger than their escape velocities. In this way, dwarf galaxies
can lose a large fraction of their gas mass, which will be crucial in their subsequent evolution.
On the other hand, galactic winds might be responsible to create holes in the ISM, allowing
the easily-absorbed ionizing photons (Lyman continuum photons, LyC) to escape the galaxy.
Studies on a few LyC leaking galaxies have shown that this mechanisms might have preference
from a density-bound scenario, which takes place in galaxies with a highly ionized halo.
In my paper I used deep MUSE observations to analyse the impact strong stellar feedback
has in the starburst and Lyman continuum emitting galaxy: Haro 11. The paper presents three
emission line diagnostics aiming to analyse the condition of the warm ionized gas in this galaxy,
which are the Hα emission, the level of ionization in gas and the presence of fast shocks. These
diagnostics are presented in maps of 50 kms−1 bins in a velocity range from -400 to 350 kms−1 .
Haro 11 shows a violent ISM whose warm ionized gas is almost completely shaped by effect of
stellar feedback from the most massive star forming regions in the centre. Arcs, shells, outflows
paths and galactic scale ionizing cones are imprinted in ISM of Haro 11. Our analysis suggests
the presence of a kpc-scale superbubble which might have created galactic holes in the ISM.
Beside of that, Haro 11 shows a highly ionized halo. Both mechanisms appear to facilitate the
escape of LyC in this galaxy. Finally the paper presents estimates of the gas mass fraction that
could escape the gravitational potential of the galaxy.
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Summary Swedish
Denna avhandling sammanfattar kort de fysikaliska processer som verkar i det interstellära mediet (ISM) och fokuserar på den inverkan kraftig återkoppling från stjärnor har i bildandet av
storskaliga strukturer i en galax. Återkoppling från stjärnor är mycket vanligt i stjärnbildande
galaxer. Återkopplingens effekt på ISM beror starkt på den energi som de tyngsta stjärnorna
(M ≥ 7 M ) bidrar med, liksom på den omgivande gasens egenskaper. Kraftigt stjärnbildande
galaxer producerar en stor mängd stjärnhopar eller rentav superstjärnhopar (med massor Mcl ≥
105 M ) där varje hop har en stjärnpopulation på upp till tusentals tunga stjärnor. Under de första
4 miljoner åren av en stjärnhops utveckling bidrar de tyngsta stjärnorna (M ≥ 30 M ) med stora
mängder joniserande fotoner till det omgivande mediet samtidigt som strålningstrycket komprimerar den omgivande gasen. Stjärnvindarna från dessa tyngsta stjärnor bidrar samtidigt med
mekanisk energi och rörelsemängd till omgivningen. Denna mekaniska återkoppling upprätthlls senare (fram tills ∼ 40 miljoner år) av supernovaexplosioner från de något lättare stjärnorna
(M ≥ 7 M ).
Kraftig återkoppling frn stjärnor brukar bilda storskaliga strukturer som bubblor, slingor, filament och utflöden. Dessa är tillfälliga strukturer och kan ses som avtryck av hur den frigjorda
energin har plöjt (eller plöjer) fåror i ISM. Kraftig återkoppling från stjärnor kan ha förödande
konsekvenser i dvärggalaxer, då dessa har grunda gravitationspotentialer. terkopplingen kan
accelerera utflöden till hastigheter större än dvärggalaxernas flykthastigheter. På detta sätt kan
dvärggalaxer förlora en betydande del av sin gasmassa, vilket blir avgörande för deras framtida
utveckling. Galaktiska vindar kan möjligen ge upphov till hål i ISM och underlätta för lättabsorberade joniserande fotoner (lymankontinuumfotoner, LyC) att lämna galaxen. Studiet av
ett fåtal LyC-läckande galaxer har visat att dessa mekanismer verkar föredra ett täthetsbundet
scenario, som inträffar i galaxer med kraftigt joniserat halo.
I min artikel använde jag djupa observationer med instrumentet MUSE för att analysera hur
stor inverkan återkoppling från stjärnor har i Haro 11, en galax som strålar kraftigt i lymankontinuum och har livlig stjärnbildning. Artikeln presenterar tre slags emissionslinjediagnostik som
syftar till att analysera förhållandena i den varma, joniserade gasen i denna galax: Hα-emission,
jonisationsnivån i gasen och närvaron av snabba chocker. Denna diagnostik presenteras i form
av hastighetskartor ritade i steg om 50 km s−1 i intervallet −400 till 350 km s−1 . Haro 11
visar upp ett våldsamt ISM vars varma, joniserade gas nästan helt formas av återkoppling frn
stjärnorna i de tyngsta stjärnbildningsregionerna i galaxens centrum. Bågar, skal, utflödesfåror
och joniseringskoner p galaktiska skalor präglar ISM i Haro 11. Vår analys pekar på närvaron av
en superbubbla av kpc-storlek som kan ha bildat hålen i galaxens ISM. Förutom detta har Haro
5
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11 också ett kraftigt joniserat halo. Båda mekanismerna verkar underlätta för LyC-fotonerna att
lämna denna galax. I artikeln presenteras slutligen uppskattningar av andelen gas som skulle
kunna lämna galaxens gravitationspotential.
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Introduction
1.1

Preamble

Galaxies are the basic building blocks of the universe at large scales. They are composed by
stars, gas and dust. The fraction of these elements can differ considerably between galaxies and
gives rise to a large diversity in the galaxy population.
Nevertheless, it is important is to have clues about the condition of the gas, such as temperature, density and metallicity, and to have information about the stellar population. This
information is a fundamental key to get insight into the evolutionary history and the possible
evolutionary path of a galaxy.
Young galaxies are in general gas rich, metal poor and have younger stellar populations,
while more evolved system have a predominantly older stellar population and higher metallicities.
One fundamental goal in astrophysics is to understand how the first galaxies were formed. It
is still unclear how the first stars formed and which was their impact in the interstellar medium,
or even in the intergalactic medium. The physics of star formation predicts the formation of
massive stars at low metallicities (Omukai 2008). The first stars that formed from primordial
gas (called Pop III stars) might have masses up to 1000 M . The stellar feedback of such stars
may have been very strong. It is widely discussed (Robertson et al. 2015; Bouwens et al. 2015)
whether their radiation have contributed substantially to the reionization of the universe.
Galaxies with primordial gas content have not been found yet. Observational instruments
have improved considerably allowing the study of high redshift galaxies. These galaxies appear
to be gas rich, have low metallicities and higher star formation rate and a clumpy morphology
(Elmegreen 2003; Tacconi et al. 2013; Genzel et al. 2017). Even if at these high redshifts,
younger galaxies in process of formation might be more frequent, they are hardly detected due
to their low surface brightness. Moreover, they are too far to be resolved with enough spatial
resolution, and thus the study of these systems in detail is difficult (Bouwens et al. 2010a,b).
1
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1.2

Blue compact galaxies

Blue compact galaxies (BCG) are low redshift galaxies, compact in appearance and mostly
metal poor. They are undergoing an intense episode of star formation, which is likely triggered
by mergers. These characteristics are similar to the expected properties of young galaxies,
therefore they are usually referred as ’local analogues’. These ’local laboratories’ are ideal to
study the properties of young galaxies and the physical process that drives galaxy evolution
at high spatial and spectral resolution (Papaderos et al. 1996; Thuan 2008; Östlin et al. 2001;
Kunth & Östlin 2000).
BCGs have oxygen abundances from 50 to 3 times lower (12+log(O/H)=7.1 – ∼8.3) than
that of the sun. The properties of these galaxies suggest that they might be young, with star
formation that started in recent times, or they are older systems, with bursty star formation
in the past and longer quiescent periods (Searle & Sargent 1972; Thuan 2008; Fanelli et al.
1988). Most of the BCGs have an underlaying older stellar population that indicates earlier star
formation and metal production (Schulte-Ladbeck et al. 1999; Kong et al. 2003). It is interesting
to note the fact, that no galaxies or HII regions with metallicities lower than 12+log(O/H)∼7.0
have been found at any redshift (Thuan et al. 2005). Bouwens et al. (2010a) presented a sample
of z∼7 galaxies that shows extreme blue UV-continuum. The authors suggest that the observed β
slope (UV-Slope) correspond to galaxies with metallicities up to 0.5 ×10−5 Z that are probably
populated by the first generation of stars (Pop III stars). This suggests that there is a lower limit
of metal content in the matter from which all observed galaxies originate. The primordial gas
could then be metal-enriched first of all by the POP-III generation of stars (Thuan et al. 2005;
Kunth & Sargent 1986).
In BCGs, the intense star formation is often localised in a compact region, some of them with
several star formation centres forming a complex structure. In this starburst environment most
massive stars and star clusters are formed. The spectra are characterised by strong emission lines
and relatively high blue continuum, indication of their young and massive stellar population
(Kunth & Östlin 2000).
Most of these galaxies are rich in neutral gas (Thuan et al. 2016). Surprisingly, some of
the most metal poor systems show dust emission (Hirashita & Hunt 2004; Cormier et al. 2012).
These galaxies do not show polycyclic aromatic hydrocarbon (PAH) signatures but very weak
H2 emission (Wu et al. 2006; Cormier et al. 2012). The low metallicity and extreme UV radiation field might be responsible to destroy these components (Wu et al. 2007). Neutral hydrogen
may be concentrated in dense clumps in the star formation regions.
BCGs appear to have two modes of star formation: ’active’ and ’passive’. In the active
mode, the star formation rate (SFR) is high and large amount of super star clusters (SSC, M≥
105 M ) are formed in a compact region (Thuan et al. 1997). These galaxies show neutral gas
emission and a hot dust content. In the passive mode (see Fig. 1.1), the SFR is low, the regions
of star formation are larger, the dust is cooler and they do not form SSCs (Hirashita & Hunt
2004). The radiation field is more energetic in low metallicity galaxies (Guseva et al. 2000). It
is very frequent to identify emission lines that requires hard ionizing radiation to ionize metals
at higher levels, such as He II (54.4 eV), [O IV]λ4227 (∼54.9 eV), [Fe V]λ4227 (∼54 eV), [Ne
V]λ3346,3426 (∼96 eV) (Thuan & Izotov 2005).

1. Introduction
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Figure 1.1: HST/ACS image of I Zwicky 18, the second most metal poor galaxy discovered. It has an
oxygen abundance 40 times lower than that of the sun. Two separate star forming regions assemble this
irregular galaxy. The star formation in I Zwicky 18 is less intense. where no super star cluster are form
(Hirashita & Hunt 2004). Only diffuse X-ray radiation has been detected (Credit NASA, ESA, Y. Izotov
and T. Thuan).

.
It is still not very clear where the origin of this hard radiation is. It might be produced by
hot Wolf-Rayet stars (WR) and/or X-ray luminous high-mass X-ray binaries. The collisonally
excited lines might then be excited by fast shocks (v shock > 400 kms−1 ) propagating in a dense
ISM (Thuan & Izotov 2005).

1.3

Lyman continuum leaking galaxies as important sources
for the reionisation

In the evolution of the universe described by the well established ΛCDM model, there is a
transition phase from the ‘dark ages’ where the matter in the universe was neutral and opaque
to the ‘ages’ after the ‘reionisation’ where the intergalactic medium (IGM) became ionised. In
this transition phase dubbed as epoch of reionisation, overdense regions collapse into cold dark
matter halos forming galaxies and thus the first stars. Although it is not clear when this period
started (around z∼10), it might be finished at redshift ∼6 (Zaroubi 2013).
Observational proof comes from spectra of quasars. In this transition phase, the spectra
blue-wards from Lyα are characterised by multiple absorption lines (dubbed as ‘Lyα forest’)

4
which is caused by neutral hydrogen gas along the line of sight (Fan et al. 2006). These absorption segments increase with redshift till it become completely absorbed where the intergalactic
medium is dominated by neutral gas.
Two sources might have contribute to the reionisation of the universe: the first galaxies
and active galactic nuclei (AGN). The first galaxies AGNs are capable of producing a very
efficiently large amount of energetic photons (Madau et al. 2004), many of which will escape
to the IGM Telfer et al. (2002). Star forming galaxies however, might be favoured due to their
larger population in comparison to AGNs (Haardt & Madau 2012; Atek et al. 2015b,a).
Starburst galaxies produce large amount of massive stars (OB-type) that release energetic
UV photons to the environment (The successive sections and chapter stress the impact of these
stars shaping the structure of the galaxy at large scales). However, only few galaxies (about 14)
from high to low redshift were detected to leak LyC photons (Vanzella et al. 2016; de Barros
et al. 2016; Vanzella et al. 2018; Puschnig et al. 2017; Izotov et al. 2016b,a; Bergvall et al.
2006; Leitherer et al. 2016; Izotov et al. 2018b,a; Borthakur et al. 2014). This number is currently rising due to observational campaigns targeting galaxies with particular characteristics
that seems to be typical of LyC emitters (Izotov et al. 2018b, 2016b, and others.). These galaxies at low redshift seems to be very compact with extreme SFR per area (Marchi et al. 2018;
Jaskot & Oey 2013). Additionally, they have higher ionisation parameter ratios (Nakajima &
Ouchi 2014), low UV ionisation absorption lines (Heckman et al. 2011) and strong mechanical
feedback (Heckman et al. 2011). Such galaxies in the local universe are known as ‘green pea’
(Jaskot & Oey 2013; Cardamone et al. 2009; Izotov et al. 2011; Amorı́n et al. 2012, 2017).
There are two mechanisms that favour the escape of LyC: A density bound nebula where the
number of ionising photons is larger than the number of recombination (optically thin medium),
therefore ionising photons can escape freely to the IGM and galactic holes in an ionising bound
ISM (atomic gas absorb all ionising photons) directly from the production places (hot star,
young massive star cluster) to the IGM. The later mechanisms might be the dominant mechanism among the observed LyC leakers (Chisholm et al. 2015).

1.4

About the production of massive stars and massive star
clusters

Star formation is an important driver of galaxy evolution. Independent of the mechanisms that
trigger it, star formation implies the consumption of cold gas, the metal-enrichment of the gas
and the release of radiation and mechanical energy in the ISM. Evolved galaxies have in general lower neutral/molecular gas masses and higher stellar masses. They have significantly
consumed their cold gas content that was used to form stars. Thus, the evolution of galaxies is
directly linked to the stellar population, gas metallicity, and cold gas content in galaxies. Other
mechanisms that influence the evolution of galaxies are active galactic nuclei (AGN) and in
galaxy clusters, harassment and ram-pressure stripping. These later processes are not treated in
this work.
The formation, evolution and end of stars happen in a self-sustained cycle of connected
events (see Fig. 1.2). In a simplified scenario, star formation happens when dense molecular
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Figure 1.2: Cyclical process of the formation, evolution and dead of stars. The start point is the central
’star-forming nebula’ where stars are born. The left cycle shows the evolution path of low-mass stars,
while massive stars follows the right cycle. The length of the cycle represent the life time duration. Low
mass stars lives longer. Finally, both type of stars expel their outer envelope, material that becomes the
fuel of future star formation(Credit: NASA and the Night Sky Network)

.
clouds start to collapse due to their self gravity. While this happens, the temperature and density
of the central core rises considerably till hydrogen begins to fuse into helium. This process
remains for the longest part of the life of a star. In massive stars, when the hydrogen is exhausted
in the nucleus, the core slightly collapses, increasing its temperature considerable. Heavier
elements, such as carbon (C), oxygen (O) and nitrogen (N) are produced. When the resources
for the nuclear reactions are exhausted, the outer envelope expands outwards. The following
fate of the star depends on its mass. In low mass stars, the outer envelope is ejected forming a
’planetary nebulae’, while the inner core already degenerate collapses forming a white dwarf.
Massive stars undergo a supernova explosion. This is a violent explosion that propels the outer
layers away, leaving a neutron star or a black hole in case of a massive cores (Stars M≥ 20 M ).
The expelled metal-enriched material will then be the fuel of future star formation.
Star forming galaxies normally have extended regions of star formation. Inside of them,
there is a complex arrangement of molecular clouds at all scales. At large scales, giant molecular
clouds (GMC) can have masses up to 109 M (Wilson et al. 2003). Only a small fraction of
their masses is converted into stars (Lada et al. 2010). One giant molecular cloud can form up
to thousands of stars. Massive clouds start to fragment systematically due to turbulence in the
gas, forming smaller dense clumps where stars form. The hierarchy of these structures is also
kept in the stellar products. GMCs form association and cluster of stars. If the GMC belongs to
an even larger structure, they will be part of an extended clustering system (Bastian et al. 2009).
In a giant molecular cloud that is in process of forming a star cluster, the most massive stars
radiate hard UV photons and begin to ionize the surrounding medium rapidly. At the same
time, shocks driven by the ionization front compress the intercluster medium and can trigger

6

Figure 1.3: The central region of 30 Doradus. At the centre is sitting the super star cluster R136, which
is surrounded by a cavity of rarefied and hot gas. Other less massive clusters and OB-associations also
form this region. The image show several cavities, some of them are yet open. These cavities were created
most likely by mechanical feedback of the most massive clusters. (Credit: Image: ESO/IDA/Danish 1.5
m/R. Gendler, C. C. Thne, C. Fron, and J.-E. Ovaldsen)

.
more star formation. Nevertheless, more matter is ionized rather than converted into stars. This
mechanism regulate and stop the formation of stars in a cluster. The ionized gas streams away,
diminishing the molecular cloud mass and inducing turbulence both in the molecular cloud and
in the ISM (Krumholz & McKee 2005).
Star clusters are commonly defined as overdensities of stars that are gravitationally bound.
Stellar clusters constitute few percent of the GMC mass. They have sizes from 1 to 10 pc
and masses up to ∼ 107 M . Star clusters with masses M≥ 105 M are dubbed ’super stellar
clusters’ (SSC) (Adamo et al. 2010; Adamo et al. 2011; Messa et al. 2018). In massive systems,
all cluster members are formed in a short time. In the first couple of Myr, new born stars are still
embedded in the parental gas. Starting from 3 Myr, the gas is mostly cleared by the effect of
feedback from the most massive stars (Hollyhead et al. 2015). In general, small compact regions
are populated by several clusters. The most massive clusters and clustered systems are found in
starburst galaxies. These are galaxies that are undergoing an intense episode of star formation,
with star formation rates (SFR) significantly greater than their long-term average SFR.
This can clearly be seen in images of galaxies (Elmegreen et al. 2005; Bastian et al. 2009;
Messa et al. 2018). Usually there are several bright spots of star formation distributed not
uniformly, but they appear to be interconnected and form a larger network within a star forming
region in a galaxy. For instance, in spiral galaxies, star formation happens mostly along the
spiral arms while in small compact galaxies, the area of star formation can cover the entire
galaxy. This is the case of I Zwicky 18 (Fig. 1.1). Bright points are easily recognised within the
star forming area and point to stellar clusters and associations. Several galaxies have also a burst
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of star formation localised in one part of the galaxy. This is the case of the large Magellanic
cloud (LMC). Star formation takes place mostly in the region ’30 Doradus’ (see 1.3). The HST
image of the central region of the 30 Doradus shows several star clusters, association of stars
and even massive single stars. Additionally, it shows the structure of the ionized gas and dust in
this region. The structure of the gas is shaped by the energy output of the most massive stars.
The radiative and mechanical energy released by massive stars can change drastically a star
formation region and even a galaxy. This mechanisms is described in the next chapter.

1.5

The Interstellar Medium

The information presented here is mostly taken from Osterbrock (2006); Draine (2011) and
lecture notes from Pogge (2011).

1.5.1

Phases of the ISM and some basic mechanisms at work in the ISM

The space between stars is filled with gas and dust. The gas is mainly composed of hydrogen, followed by helium and the remaining elements heavier than helium which are labelled as
’metals’ in astrophysics. The most abundant are oxygen (O), nitrogen (N), carbon (C) and iron
(Fe). This gas is found in a wide range of temperatures, densities, chemical compositions and
ionisation states of the gas. For certain configurations of these parameters, the gas is in thermal
and energy equilibrium, a fact that is established by the continuous balance between heating
and cooling. Some of these configurations that predominate are related to specific phases of the
ISM. Draine (2011) defined seven phases of the ISM:
1. Coronal gas or hot ionized medium (HIM). This is a collisionally highly ionized gas that
has been heated by supernovae (SNe) to temperatures of T≥30000 K. It has low density
and fills most of the galaxy halo. Moreover, this gas also fills the interior of bubbles and
can be found in some outflows. Here, the highly ionized ions such as [OIV] are produced.
This gas can be in pressure equilibrium inside e.g bubbles, or expanding. It cools by
X-ray emission.
2. HII gas or warm ionized medium (WIM). This is the gas surrounding the hot massive
O-type stars, that has been photoionized by their UV photons. This gas can be ’diffuse’,
filling the space between the clouds, or dense dubbed as ’HII region’ that belongs to
parental clouds in star formation regions. It has a temperature of about 10000 K and
densities from 101 to 104 cm−3 . This gas cools by optical line and free-free (continuum)
emission.
3. Warm HI or warm neutral medium (WNM). This is predominantly neutral and has temperature of about 5000 K and densities of about 0.6 cm−3 . This gas is in pressure equilibrium
with the WNM and cools by emission lines in the optical range and fine structure line
emission in the infrared (IR).
4. Cool HI or cold neutral medium (CNM). It is the neutral gas at temperature of about 100
K and densities of about 30 cm−3 . It cools by fine structures emission lines.
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5. Diffuse H2 molecular gas. This is predominantly molecular gas at temperature of about
50 K and densities of about 100 cm−3 . It also cools by fine structures emission lines.
6. Dense H2 molecular gas. This is the gas and dust that build a molecular cloud. It has high
extinction. The temperature here is very low (T≤ 50 K) and the density very high (from
103 to 106 ). It cools mainly by CO emission.
7. Cool stellar outflows. This is the gas expelled at low velocities (v≤30 kms−1 ) by evolved
stars. The temperature here is lower than T≤ 1000 K) and a large range of densities,
varying from 1 to 106 cm−3 .
The ISM is a dynamic system, there are different sources of pressure and energy (thermal,
hydrodynamic, magnetic, cosmic rays, starlight and cosmic background radiation; all with approximately the same energy density) that play a role in the state of the ISM. Moreover, there
is a constant interchange of matter, momentum and energy between the stellar component in
their surrounding medium. Thus, the ISM is not necessarily in thermal equilibrium in one of
these phases, but transitions between these phases might occur in the regions where heating or
cooling dominate.
Heating happens when the interstellar gas absorbs energy. It is associated with processes that
release free electrons to the ISM or increase the kinetic and thermal energy of these electrons.
Photoionisation heating is the principal heating mechanisms in the warm ionised medium. The
sources are OB stars that release large amount of UV photons in the ISM. The net heating is then
the energy difference between the absorbed photon and the ionisation potential of the element
(mostly from ionized hydrogen and very small part from ionized metals such as O, N, C), which
is about few eV. Other sources of heating are cosmic rays (1-10 MeV protons) that ionize by
collision. The released electrons have energies of ∼35 eV, high enough to produce a secondary
ionization through collision, although it will most likely collide with another free electron and
therefore it becomes thermalised. In cold neutral medium photoelectric heating is the dominant
mechanisms. Photons heat the dust grain surface, which releases electrons to the ISM.
Opposite to that, cooling is achieved when energy is carried off the region. It is linked to
the recapture of free electrons (mainly in an high energy level) and its associate cascade radiative transitions to the ground state. Thus, cooling is defined by all processes that emit line
and continuum radiation from particles in the gas, characterising the emerging spectrum of the
nebula. The most important cooling mechanisms in the warm ionized medium are recombination of electrons (mainly from the ionized hydrogen atoms) and de-excitation from collisionally
excited metals (in less proportion, collisional excitation of neutral hydrogen). In the hot coronal gas thermal Bremsstrahlung is an important cooling mechanism and in the cold neutral gas
thermal and non-thermal emissions due to collisions of dust grain with atoms, molecules or
electrons dominate. The strength of the cooling that involves collisions depend strongly of the
density of the gas. In the ISM there are several equilibrium mechanism that play a fundamental
role.
• Kinetic equilibrium. In the ISM the majority of the collisions are elastic. The timescale
for a electron-electron collision is shorter than that of an electron-hydrogen collision. The
velocity of these electrons is thermalised and follows a Maxwellian distribution that is
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characterised by a kinetic temperature. Kinetic equilibrium is defined by a Maxwelliand
distribution of particles in the system.
• Ionisation equilibrium.- The balance between ionization and recombination. Photoionisation is the dominant mechanism in the ISM. Recombination increases by higher electron
density and lower electron velocity.
Γ
n(X − )
=
n(X)
ne α(T )

(1.1)

where n(X − ) and n(X) is the number of ionized and neutral species of a given element,
α(T ) is the recombination rate which is proportional to the electron velocity, Γ is the
radiation field term.
• Pressure equilibrium.- There are several sources of pressure, such as thermal, magnetic,
cosmic rays, hydrodynamic (from gas streams moving) and radiative pressure. In pressure
equilibrium, the interplay of these sources are in balance, e.g. in thermal pressure, there
is a pressure balance between the warm gas and cold gas nH T cool ∼ (ne + n p )T warm .

1.5.2

Basic physical processes at work in the warm ionized medium

Here I will only address the physical processes that take place in the warm ionized gas since this
thesis deal with the gas in this particular gas phase, which emit mostly in the optical wavelength
range.
More than 50% of the warm ionized gas in the ISM is diffuse and resides outside classical
star forming regions. The remaining ionized gas comes from a wide number of structures or
characteristics areas such as HII regions or star forming regions, planetary nebula, nova and
supernova remnants or even galactic nuclei. HII regions are dense regions where massive star
form, that are ionized by photons (≥13.6 eV) of the OB stars embedded in the nebula. They emit
strong emission lines and a weak continuum. Planetary nebula are expelled stellar envelopes of
AGB progenitors. The resulting hot white dwarf photoionises this shell which is characterised
by strong emission lines and high abundance of high ionized elements. Supernova Remnants
(SNRs) are regions ionized by effect of fast shocks produced by the supernova explosion and
are expanding outwards into the ISM. In young system synchrotron radiation is at work. UV
photons are created by relativistic electrons accelerated in the SN winds. In old systems, X-ray
photons are emitted from the coronal gas heated by SN shock wave passing through the ISM
which is cooling down to 104 K.
All these structures might have different origin and evolutionary path, but the physical process governing the cooling and heating mechanisms in all of them are the same. However they,
as previously noted, they can differ in their main ionization mechanisms. All these systems and
areas emit strong emission lines.
HII regions are regulated by three process: photoionisation equilibrium, thermal balance
and hydrodynamics. Photoionisation equilibrium is the balance of the photoionisation rate and
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the recombination rate per unit volume.
Z ∞
Lν aν
dν = (1 − ξ)2 n2H α(H, T )
ξnH
2 hν
4πr
ν0

(1.2)

Here the first term is (Number of hydrogen (H) atoms per volume) × (ionizing photons
flux) × (photoionisation cross section). The second term is (Number of electrons per volume) ×
(number of protons per volume) × (the recombination coefficient that depend on the temperature
and number density of hydrogen atoms. ξ is the fraction of neutral hydrogen.
Photons with energy higher than the ionization potential will ionize an atom. The ejected
electron will have a kinetic energy 1/2me v2 = h(ν − ν0 ). When this electron moves into the ISM,
it will be thermalised very fast following a Maxwellian velocity distribution. Recombination of
electrons will depend on the thermal distribution of the electrons and the gas density. When an
electron is captured by a ion, the atom normally ends up in an excited state. The lifetime in the
excited state is lower compared to the typical photoionization time, thus it will cascade down to
a ground state releasing a photon in each transition.
There are two approximations for the optical depth in the ambient medium: In an optically thin medium ionizing photons can escape the nebula while in a optically thick medium
the ionizing photons will get absorbed in the nebula. Here it is useful to use the on the spot
approximation to simplify the solution of the condition of the gas in the nebula: i.e. the photon
emitted by recombination into the ground state will be locally absorbed, therefore only photons
released by cascade transition to the second lower level will be taken into account.
In the recombination processes, there are two cases that needs to be consider. Case A recombination assumes a optically thin medium to Lyman series where a substantial fraction of
ionizing photons can escape the medium before been absorbed. Case B recombination assume
a optically thick medium where Lyman photons are absorbed and re-emitted immediately.
Stars with temperatures from ≥25000 K (later than B-type) will emit photons capable of
ionise hydrogen. Stars with temperatures from ≥40000 K will additionally single ionize helium
(He+ , ionis. potential ∼24.4 eV). Wolf-Rayet (WR) stars however emit the hardest photons
capable of double ionize helium (He++ , ionis. potential ∼54.5 eV). Thus, a hot star will ionize
the surrounding gas till a transition point where the gas becomes mostly neutral. This transition
is very sharp and define the Strömgren Radius. The species with the highest ionisation potential
(He++ or He+ ) will be ionised close to the star.
It is important to note that radiation pressure will be at work in HII regions. Radiation
pressure is the transfer of momentum from photons to the ambient matter. The exerted pressure
is very high around the most massive stars since it strongly depend on the temperature of the
star (P4 ).
The mechanisms of heating (photoionization) and cooling (recombination) were addressed
before. An important mechanism of cooling is the collisionaly excited line emission. Here the
coolants are metals, mostly O, N, C, Si. In a nebula with temperatures of 10000 K (warm ionized
phase), the thermal energy of the free electrons is about few eV, which is comparable with
typical excitation potential of some ground state fine structure levels of these metals. Thus, when
free electrons impact with these metals, it will excite a bound electron to a higher energy level
which in absence of further collisions will radiatively de-excite and thus emitting a photon (line
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emission photon) that will escape the nebula. This cooling mechanism is very efficient in gas
with metallicities comparable or greater than the solar metallicity. There are two density cases of
the ISM that are relevant in collision. The low density limit is met when each collision results in
radiative de-excitation and the high density limit is met when each collision will be collisionaly
de-excited (collision with a second electron that de-excite a metal back to the original state).
The density that separate these two regimes is call critical density. In the low density limit,
the strength of the line rises with increasing density as ∝ n2 till it reaches the critical density.
Thereafter in the high density regime, it will increase as ∝ n.

1.6

Emission lines diagnostics

Several emission lines are suitable to infer in the properties of the ISM In the optical wavelength
range different emission lines can be used to trace different properties of the the warm ionised
gas. The recombination lines of the Balmer series (mainly Hα and Hβ) are used as tracers
of the kinematics of the warm ionized gas, the dust attenuation, the star formation rate and
others. Collisionally excited lines are used as diagnostics of the temperature, electron density,
metallicity, ionization of the gas, fast shocks and other parameters of the gas.

1.6.1

Ionized gas kinematics

The kinematics of the ionized gas is usually derived from several strong emission lines such as
Hα, Hβ, [OIII]λ5007and [SIII]λ9069in the optical range.
The gas and stars in a galaxy can have predominantly ordered motion following orbits in the
same direction or their motion can be mainly randomic. The first group correspond to galaxies
that are rotationally supported and have a disky morphology (such as spiral galaxies), while
the second group are pressure supported systems and have an elliptical morphology (Elliptical
galaxies, bulges and irregulars are examples of pressure supported systems).
Galaxies at high redshift (z≥5) are irregular and clumpy in morphology (Law 2009). Their
kinematics are dominated by infall of gas and the feedback effects of their massive stellar population. A great fraction of them might be merger systems which have chaotic kinematics dominated by the merger dynamics. At the peak of the star formation (z∼2-3) galaxies were found
to be predominantly rotationally supported system with large velocity dispersion (vdis ∼50 100 kms−1 ) (Förster Schreiber et al. 2006, 2009). At low redshift, massive galaxies are mainly
rotationally supported while dwarf galaxies are mainly irregular.
Here we are interested in the ionized gas kinematics imprinted in special type of galaxies: irregular, starburst merger systems (The velocities are derived from the spectral shift with respect
to the kinematic centre of the galaxy. The velocities here are not tracing the rotational or dispersion velocity of the system, but the general kinematics of the gas.) Low-mass galaxies, such as
high-redshift galaxies or Blue Compact Galaxies (BCG) have a shallow gravitational potential
due to their low-mass content. BCGs as well as galaxies at high redshift are undergoing an
intense episode of star formation. In a large fraction of them, the burst of star formation is triggered by merger processes. In most of these systems, the kinematics do not follow the merger
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Figure 1.4: Kinematics of Eso 338 at different scales from Bik et al. (2018). In the right image, the halo
shows a irregular kinematics where a galactic outflow is superimposed. The middle and right image
trace the outflow till its bases, at the place where the massive nucelar cluster ’cluster 23’ is located.

dynamics, but it clearly show the imprints of the stellar feedback in the interstellar medium
(ISM). The young massive stellar population release large amount of kinetic and radiative energy to the ISM that is capable of shaping the structure of the ionized gas and of accelerating gas
to higher velocities. Hence, the ionized gas trace structures of feedback origin, such as expanding shells and outflows (see. e.g. Martin (1998); Marlowe et al. (1995)). One clear example of
kpc-scale outflows is Eso 338 (see Fig. 1.4). Bik et al. (2018) found a complex biconical outflow in this galaxy that seems to be launched by stellar winds and supernovae (SN) originated
in one of the most massive cluster in this system (Cluster 23, Mdyn ∼ 107 M ).
Escape velocities and mass ejection
Although the escape velocities are relatively low in low-mass galaxies, only few starburst galaxies are found to have outflowing gas that will escape the gravitational potential of the galaxy.
Outflows up to 1000 kms−1 were mostly found in absorption features in the UV spectral range
(Chisholm et al. 2015; Heckman et al. 2015).
The escape velocity of an outflow can be calculated assuming a model for the distribution of
the mass in a gravitational potential. An easy way to do it is to assume a spherically symmetric
isothermal potential with an outer cutoff limit at rmax . The escape velocity of an outflow at radius
r is (Marlowe et al. 1995):
p
√
vesc = 2 · vcirc 1 + ln(rmax /r)

(1.3)

The circular velocity can be approximate applying the virial theorem:
p
vcirc = G · Mtot /rmax .

(1.4)
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With a total mass estimated from the observable ’baryonic’ matter (MB ) and the dark matter
(MDM ) Mtot = MB + MDM .
The quantity derived above is for an outflow along the line of sight. However, this is mostly
not the case. Thus the escape velocity needs to be corrected for the effect of the inclination. The
intrinsic radius rint of an measured outflow robs flowing in a direction with an angle α is:
rint = robs /sin(α)

(1.5)

Replacing rint in the equation above, outflows with α = 45◦ and 80◦ need apparent velocities
larger than 95% and 70% their escape velocities respectively, to overcome their gravitational
potential.

1.6.2

Ionisation parameter

Ionization parameters ratios are build from intensity ratios of two ions with different ionization
potentials. They describe the ratio of the ionizing photon density to the hydrogen gas density.
Hence, they trace the degree of ionization in the ISM.
Several ions in a variety of combinations have been used in previous studies to evaluate the
ionization state in the galaxies, for instance the [OIII]λ5007/[SII]λ(6717+6731), [OIII]λ5007/Hα,
[OIII]λ5007/[OII]λ3727, [OIII]λ5007/Hβ, HeI λ5876/Hβ and [SII]λ6717/[]λ6584 (Zastrow et al.
2011, 2013; Bik et al. 2018; Keenan et al. 2017, among others.).
Ionization parameters are used to trace the different zones in HII regions (Pellegrini et al.
2012). Higher ionized ions that require energetic photons (FUV, X-ray photons) to form them
are located close to the ionization sources, such as O-type stars. Intermediate ionized atoms are
located in a transition zone, between the hot central zone and the ambient medium.
In this thesis we use the [OIII]λ5007/Hα ratio as tracer of the degree of the ionization, since
both lines are the most intense in the optical range and trace the faintest gas structures. Oxygen
atoms need FUV photons (E phot >35 eV) produced by O-type stars to ionized them, while
hydrogen atoms need photons of lower energy (E phot >13.6 eV). The [OIII]λ5007 emission
line however is produced when thermal electrons of energy ∼ 2.5 eV collide with these double
ionized oxygen ions and excite their bound electrons to a higher level, which afterwards are
de-excited producing the aforementioned emission line. An increase in [OIII]λ5007/Hα values
indicate an increase of the number of energetic photons that are able of double ionize oxygen
At large scales, ionization parameters are used to trace the degree of the ionization in the
ISM at hundreds of pc to Kpc scales. Using ionisation parameter mapping we can reveal features
like ionization channels, outflow paths, shells and hole cavities. Moreover, they can use as
optical depth tracer for LyC photon. In Lyman Continuum (LyC) leaking galaxies, this method
is very important to determine the mechanism that allows LyC photons to escape. For instance,
a highly ionized halo suggest a density bound system, where ionizing photons can easily escape
the galaxy. It also can trace path of highly ionized channels, that suggest the presence of galactic
holes in the ISM, where LyC escapes.
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Figure 1.5: OI-BPT diagram of Eso 338 tracing shocks at different velocities from Bik et al. (2018). The
red dashed line trace shocks at different magnetic parameters. The blue line show the strength of the line,
that increases with increasing the [OI]λ6300/Hα ratio and the ionization value.

1.6.3

Shock tracer

Shocks are difficult to trace in galaxies. However, some theoretical models have provided powerful diagnostic lines to infer in the strength of the shocks (e.g. Allen et al. (2008)).
The most common emission line diagnostic in the optical range is [OI]λ6300/Hα. Neutral
oxygen can be found mixed in a neutral mediun and in a low ionised medium. It needs an energy
of 1.9 eV to excite a bounded electron to a higher level and through de-excitation emit the
[OI]λ6300 line. This energy comes from collisions of thermal electrons. Fast shocks increases
the kinetic energy of the electrons and therefore can excite a large number of atoms, increasing
the intensity of the [OI]λ6300 line. This rise in energy is not sufficient to collisionally ionise the
most frequent atoms (Hydrogen need T∼ 40 000 ◦ K), but sufficient to promote further collisional
excitation. The strength of the [OI]λ6300/Hα ratio depends on the metallicity and the magnetic
parameter of the ISM.
Allen et al. (2008) provided several shock diagnostics that are commonly used. Additionally
to a shock tracer (such as [OI]λ6300/Hα), the model needs as input parameter a tracer of the
level of ionization of the ISM. The reason is that after a fast shock, the post-shocked area cools
down and emit photons that can ionize the pre-shocked area, increasing the ionization structure
faster than the velocity of the shock.
Fig. 1.5 from Bik et al. (2018) shows the OI-BPT diagram. Overplotted are line ratios
for different shock velocities calculated from the shock models of Allen et al. (2008). The
models were derived for the metallicity of Eso338-IG04 (comparable with the metallicity of
Haro 11) and different magnetic parameters. The strength of the shock strongly correlate with
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the ionization parameter, while shocks at all velocities require relatively high [OI]λ6300/Hα
values. The highest [OI]λ6300/Hα values are then tracing the fast shocks. Studies of starburst
galaxies show shocks with typical velocities of hundred of kms−1 . Few of them show shocks
with velocities up to 1000 kms−1 , which re more frequent in galaxies hosting a AGN (Davies
et al. 2000; Newman et al. 2012).
Observations in galaxies show that the regions where the sources of ionizing photons are
located are dominated by photoionization, while low ionized zones are dominated by shocks.
Some isolated areas can be shielded by dense clouds and they have low [OI]λ6300/Hα values
and low ionization values.

2
The impact of stellar feedback
2.1

Energy released by massive stars and star clusters

Massive stars are the main contributors of energy and turbulence in the ISM of star forming
galaxies. In starburst galaxies, they establish the dynamics of the systems and are the principal
engine behind the evolution of many dwarf galaxies. Massive stars are preferentially born within
star clusters, whose population is proportional to the star cluster mass. Thus, the largest populations are found in super star clusters (M≥105 M ). Stars with mass M≥7 M are responsible
for the metal enrichment of galaxies. Their source of energy comes from the carbon-nitrogenoxygen cycle process. These elements act as catalysts for the production of helium. Heavy
elements are then produced mainly in pre SN massive stars.
O-type stars with masses M≥ 30 M are the main contributors of ionizing photons and
radiative pressure, which defines the ionizing/radiative feedback, while all stars with masses
M≥7 M are suppliers of kinetic energy and momentum through supernova explosions and/or
stellar winds to the ISM, which define mechanical feedback. All these feedback mechanisms
are then responsible to shape the structures seen in the ISM of low-mass starburst galaxies. In
the table 2.1 are shown the most important physical properties of massive stars. Although the
lifespan of massive stars is very short, they can affect considerably their surroundings.
When the most massive stars (O-type, M≥30 M ) are the Main-Sequence, they release large
amount of UV photons that start to ionize the surrounding medium. The ionizing front will
Mass (M )

Luminosity (L )

Teff (◦ K)

5
10
15
25
60

600
10 000
17 000
80 000
790 000

17 000
22 000
28 000
35 000
45 000

Main-Sequence
lifespan (Myr)
70
20
10
7
3.5

Table 2.1: Physical properties of massive stars.
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then expand as long as the massive stars continue in the Main-sequence. When they moves
away from the main sequence, the amount of UV photons released into the ambient medium is
reduced substantially. Their surface cools down and the effective temperature decreases of at
least a factor of 2, which implies a drop in the production of ionizing photon of at least a factor
∼10, till they explode as supernova (Tenorio-Tagle & Bodenheimer 1988). At the same time,
radiative pressure will exert a pressure in the matter, which start to expand.
Massive OB-type stars on the Main-Sequence also eject part of their mass in strong stellar
winds to their surroundings, and contribute to the mechanical energy input to the ISM. For
mass-loss rates up to 10−5 M yr−1 , this continuous energy output over their lifetimes might be
comparable with the energy released by a typical supernova explosion, and is on the order of
1051 ergs (Tenorio-Tagle & Bodenheimer 1988). After ∼ 4 Myrs, the most massive stars end
their life and explode as supernova releasing mechanical energy of ∼1053 ergs to the ISM. WolfRayet stars (WR, M≥50 M ) are a special subgroup of massive stars, whose hydrogen envelopes
have been removed by strong stellar winds, leaving the extreme hot stellar core uncovered.
These stars are an important source of very energetic photons capable of double ionize He II
(54.4 eV) while they release strong stellar winds in the ambient medium.
Less massive stars (M≤15 M ) do not produce a significant amount of ionizing photons and
their stellar winds are considerable week. Instead, they supply with mechanical energy (∼1051
ergs) to the surrounding medium at the end of their lives, when they explode as supernova.
Thus a star cluster with a mixed population of stars releases ionizing and radiative energy
during the first ∼4 Myr of its evolution, when the most massive stars have not yet exploded as
SN. At the same time, but in a longer time span, massive stars inject mechanical energy to the
ISM through stellar winds. Starting from ∼4 Myr, the mechanical energy input increases and
is almost exclusively provided by supernova explosions, which last till 40 Myr, when the less
massive stars explode as supernova.
In association of stars and low-mass clusters, there are approximately 9 times more stars
with masses ≤30 M than with ≥30 M . Their contribution to the total mechanical energy
through SN dominates and is about 80% . This quantity obviously depends on the assumed
initial mass function (IMF) and the mass of the OB association.

2.1.1

Energy output of ionizing radiation, stellar winds and supernova

The radiation pressure is the momentum transferred from photons to the matter and is proportional to the opacity of the radiation. This pressure increases considerable in dense and dusty
medium. From Veilleux et al. (2005), the radiation pressure exerted to the surrounding media
is:
ṗrad = 1.3 × 1034 τLbol,11 [dyne]

(2.1)

where τ is the optical depth to radiation and Lbol,11 is the bolometric luminosity in units of 1011
L . The mechanical energy rate injected in the ISM is proportional to the SFR:
Ė ∗ = 7 × 1041 (S FR/M yr−1 ) [ergs−1 ]

(2.2)
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The momentum injection rate from SN and stellar winds to the ISM is then:
ṗ∗ = 5 × 1033 (S FR/M yr−1 ) [dyne]

(2.3)

The momentum injected drives turbulence in the ISM while the energy injected regulate the
thermal phases of the ISM(Kim & Ostriker 2018).
When modelling the impact of stellar feedback from star clusters, few parameters are critical
for the outcome: The gas density and its distribution in the ambient medium where the cluster
is located, the number of massive stars per mass bin, the total power released by stellar winds
and the supernova rate. The number of massive stars per mass bin is obtained from a chosen
Initial Mass Function (IMF). The SN energy is usually set to be 1051 ergs, the same quantity
that is used for the wind energy of O-type stars, but released over their lifetime. The supernova
rate depend on the cluster mass. For a cluster population with 250 massive stars, one supernova
might explode every 0.2 Myr (supernova rate) for a period of 40 Myr, with decreasing time
between two SN for more massive clusters.
Using Starburst 99 (Leitherer & Heckman 1995), Leitherer et al. (1999) has presented evolutionary synthesis models for several input parameters typical of starburst galaxies. These inputs
are: A range of sub-solar to solar metallicities, a Salpeter IMF and two star formation laws, a
instantaneous normalised to a total mass of 106 M and a continuous with a SFR of 1 M yr−1 .
Additionally, the authors included in some models top cutoff masses of 30 and 100 M . Fig.
2.1 shows models that predict the time evolution from 1 Myr to 1 Gyr of the radiative and mechanical energy output for a system with a metallicity of 0.02 Z and for an instantaneous (first
and third column) and continuous star formation law (second and fourth column). In fig. 2.1, a)
is shown that the mechanical luminosity remain constant the first ∼40 Myr for an instantaneous
burst while it increases with time for a continuous SF, seen in b). The main contributor to the
mechanical luminosity is SN explosions. Panel c) shows that the ratio of the ionising over the
bolometric luminosity are similar for stellar winds and the SN. In the first 3-4 Myr the ionising
luminosity is at its maximum while the most massive stars are still in the main sequence. After
this time, it drop continuously. In a continuous SF law, the gradient of the ionising to bolometric luminosity ratio is shallow and the main contributor of ionizing photons are shock waves of
supernova explosions. e) shows that in the first 4 Myr almost all the matter released to the ISM
comes from stellar winds. After this time and till 40 Myr, the mass loss rate is dominated by SN.
The difference with a continuous SF law is that SW dominate the mass loss rate for a longer time
(10 Myr) and then is replaced by SN which inject continuously hot matter to their surrounding.
g) shows that the ratio of the mechanical to bolometric luminosity increases somewhat till ∼40
Myr and then drop substantially. In a continuous SF law seen in h), the ratio is lower but remain
constant. i) and j) show the total energy injected to the surrounding media for a Salpeter IMF
and mass cutoff at the top for 30 and 100 M . In a instantaneous SF law, the energy increases
when SN start to explode and remain constant from about 10 Myr. For a continuous SF law, the
injected energy increases continuously with time. In both cases, the energy input of the stellar
population with more stars, but less massive (IMF with the lower top cuttoff mass of 30 M )
dominate over the population sampled with the heavy IMF due to the large number less massive
stars that will explode as SN.
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In general terms, stellar winds are important in the first Myrs (≤10 Myr) of the evolution of
a starburst that contain massive stars (M≥60 M ) (Veilleux et al. 2005). Simulations of massive
stelar cluster show however the importance of these pre-SN processes
Agertz et al. (2013) studied the energy and momentum output from stellar feedback of massive star clusters and its impact to the surrounding medium. The authors found that before
the first SN start to explode, stellar winds and radiative pressure have considerably cleared
out dense regions, and thus reducing subsequent star formation. Stellar winds from massive
stars launch in total about 10 M hot gas at v∼3000 kms−1 to their surrounding, approximately the same hot gas mass that is ejected by SN at comparable velocities (Leitherer et al.
1999). The specific luminosity is dominated by radiation over stellar winds and SNe, however the momentum injected to the ISM in all three processes is approximately the same.
ṗrad ∼ (Lbol /c) ∼ ṗS N ∼ ṗwinds ∼ (Lmech /v).
Fig. 2.2 shows result of calculations presented in Agertz et al. (2013). On the left shows
the evolution of the integrated momentum that is injected to the ISM with solar (solid lines)
and sub-solar (0.01 Z , dashed lines) metallicities from star clusters with masses of 105 and 106
M . Radiation pressure and stellar winds deposit momentum to the ISM only in the first 4 Myr.
Radiation pressure and SNe deposit in total similar momentum to the ISM in star clusters with
masses M∼ 105 M for solar metallicities while for low metallicities, the momentum deposited
by SN dominate. In star cluster with masses M≥ 106 M , radiative pressure induce about an
order of magnitude higher momentum to the ISM that stellar winds and SN feedback. In all
cases, stellar winds only deposit a small fraction of the total momentum. The impact of stellar
winds is reduced considerably in sub-solar metallicity environments. 2.2 on the right shows that
the energy injected into the ISM by the shocked SN ejecta dominate over the energy injected by
the stellar winds.
(Murray et al. 2011) stressed the importance of radiation pressure in starburst galaxies with
young very massive star clusters. This pressure increases considerable in dense and dusty
medium (see equation 2.1). The authors found that radiative feedback from star clusters with
M≥ 106 M is the main driver of the expansion of HII regions where they are embedded.
Moreover, this pressure might be powerful enough to develop superwinds and thus to lunch
galactic-scale outflows of cold gas (T∼ 104 K) to the intergalactic medium (Nath & Silk 2009;
Murray et al. 2011). Cold gas outflows seen in absorption in some galaxies might only be
explained by radiative feedback, because if mechanical feedback would be the driving mechanism, the cold clouds will be subject to Kelvin-Helmoltz instabilities or evaporate in a short
time (∼1Myr) (Murray et al. 2011). Thus, simulations that include radiation pressure feedback
have demonstrated that this mechanisms play a significant role in starburst galaxies that have
massive star cluster populations. Specifically, it suppress SF and affect the metal distribution in
those galaxies (Nath & Silk 2009; Murray et al. 2011; Wise et al. 2012).

2.2

Structures of stellar feedback origin

In galaxies with active star formation, structures of feedback origin might be ubiquitous. In
several galaxies, structures such as bubbles, shells, filaments, loops, arcs, holes and cavities
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Figure 2.1: Models prediction from Starburst99 for radiative and mechanical energy output for a time
range from 1 Myr to 1 Gyr presented in Leitherer et al. (1999). The first and third column shows model
for an instantaneous episode of formation while the second and fourth show models for a continuous star
formation in a rate of 1 M yr−1 . a) and b) show the evolution of the mechanical luminosity output from
stellar winds and SN. c) and d) show the ratio of the ionizing luminosity over the bolometric luminosity
for stellar winds and SN. e) and f) show the mass loss rate from stellar winds and SN. g) and h) show the
ratio of the mechanical luminosity over the bolometric luminosity. i) and j) show the total energy input
for a Salpeter IMF with upper mass limit of 30 and 200 M .

22

cmcm
Figure 2.2: Results presented in Agertz et al. (2013). The left panel shows the momentum injected in the
ISM by radiative pressure, stellar winds and supernovae for solar metallicity (solid lines), and 0.01 the
solar metallicity (dashed lines)as function of time. The radiation pressure is strongly dependent on the
mass of the stellar clusters, and might dominate over the mechanical momentum input of supernova or
stellar winds in massive clusters. The right panel shows the energy released to the ISM by the shocked
ejecta of stellar winds and SN.

were observed in a wide wavelength range ((Heiles 1984; Sivan.J 1974; Deharveng et al. 2010;
Hunter et al. 1993; Martin et al. 2002, between others.)). Most of them have directly been
observed in wavelengths from the optical to the radio range, while X-ray observations provide
indirect clues about the local distribution of the hot gas, that is directly linked to such systems.
These structures are created by a localised injection of large amount of energy into the ISM.
The energy sources range from individual massive hot stars, which form small-scale structures
of several pc, through OB-associations that create structures of hundreds of pc, to star clusters
and star cluster associations that form large-scale structures of kpc in size. Although these
arrangements are natural products in such violent ISM, only a small fraction of them have been
observed in the Milky Way and in the nearby galaxies, mainly due to the lack of high spatial and
spectral resolution instruments. With the new generation of high sensitive instruments such as
MUSE and ALMA, the number of detected features of feedback origin has increased very fast.
Bubbles, shells, arcs, loops, filaments, holes and cavities are transient object that are visible
for few Myr until they lose their identity or dissolve. In broad terms, a bubble surrounded by a
shell forms first. Once it breaks due to instabilities, part of the shell can be expelled to larger
distances forming arcs or loops. The interior hot gas leaks out clearing holes and cavities in the
ISM, and dragging part of the shell in their way out forming filaments.
The physics describing the bubble evolution is presented in a later subsection and is mostly
extracted from Weaver et al. (1977) and Veilleux et al. (2005). The next section describe the
first detection of shells in our galaxy and in the nearby galaxies. Most of the information here
is reviewed by Tenorio-Tagle & Bodenheimer (1988). Finally, some expanding shells and other
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Figure 2.3: Projections of a shell seen at different velocities. Here v=0 is the systemic velocity of the
shell.

structures of feedback origin from recent papers are presented.

2.2.1

Observations of large scale structures

In the 70's and 80's, several HI surveys revealed pc- to hundred of pc-scale HI shells in the Milky
Way (Weaver et al. 1977; Heiles 1984; Hu 1981, See Fig. 2.4). In some of them, they appear
as rings whose radii smoothly change as function of velocity. This effect can be explained for
a uniform symmetric shell that has expanded isotropically. Fig. 2.3 shows the projection effect
of this structure. Each velocity bin might show a different part of the shell. Its closest and
farthest side might be seen as small disks at its maximum blushifted and redshifted velocities
respectively. This characteristic does not discriminate if the shell is expanding or contracting.
Most of the shells however either were identified only in a narrow velocity range or they show
somewhat distorted morphology over a large velocity range. Moreover, the majority of the
kpc-scale shells are only seen in one hemisphere (Heiles 1984).
Shells were also traced in the warm ionised gas phase and in dust emission. Some of those
ionised gas shells are surrounded by a neutral gas shell. Well known examples are the Cygnus
superbubble, the Gum Nebula and the Orion shell. All three are associated with an OB association of stars (Brand & Zealey 1975; Sivan.J 1974).
More recently, the Spitzer satellite have mapped the Milky Way in the micron wavelength
range (24-100 m) which traces dust emission and have revealed a large number of bubbles (see
top image in Fig. 2.4), most of them associated with HII regions (Churchwell et al. 2006, 2007).
Deharveng et al. (2010) and Kendrew et al. (2016) have studied the morphology and the energy
sources of 102 of them with sizes of few pc in radius and found that the majority were triggered
by feedback of O-type stars and contain hot ionized gas as well as hot dust in their interiors.
Moreover, one quarter of the bubbles might have triggered star formation in their shells by
compression of the existing dust in the ionisation front.
An HI shell with a size of ∼320 pc in diameter was reported by Maciejewski et al. (1996) in
the Aquila region of the MW. This shell is expanding into the halo and was most likely created
by successive SN explosions. The authors have estimated that energy injections of 100 SN
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Figure 2.4: Top: Bubbles and filaments in part of the Milky Way galactic plane as seen from the Herschel
satellite. The hot rarefied gas is seen in blue, while dark colors shows the regions where cold gas and
dust is present. Credit ESA/Herschel/PACS, SPIRE/Hi-GAL Project. Bottom: Image of the star forming
region NGC 3576 showing a large arc. Image Credit Copyright: Desert Hollow Observatory
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over 10 Myr are needed to create the observed remnant. An even larger HI shells was found
by McClure-Griffiths et al. (2002). It has a size of 1.4 kpc of diameter and is expanding away
from the spiral arms into the low density halo, which might have favoured its rapid expansion.
Moreover, large chimneys are created from shells that has already broken in the side of the
halo. One of such HI galactic chimney was observed by McClure-Griffiths et al. (2003) in the
Sagittarius-Carina spiral arm. It has a length of 1 kpc and a width of 0.6 kpc. The interior wall
shows plenty of small scale filaments, loops and drips. Other small-scale structures such as the
arc in the region NGC 3582 (see Fig. 2.4) are also seen in the Milky Way.
The bubbles observed in the MW are mostly expanding HII regions. The expansion velocities of the shells, chimneys and loops found in the our galaxy are on the order of few tens to
hundred of kms−1 (Heiles 1984; Sivan.J 1974; Deharveng et al. 2010).
The first extragalactic shells were found in the LMC from deep Hα observations (Meaburn
et al. 1981; Braunsfurth & Feitzinger 1983). These have sizes up to kpc in radius and are
surrounding massive OB star associations, star clusters or star cluster complexes. The interior
gas is hot, rarefied and highly ionized. High resolution images show that the interior borders
of the shell has a filamentary structure, most likely due to the effect of radiative pressure and
mechanical feedback. Inside of them, star formation is still active in HII regions. Small-scale
shells are also visible surrounding SN remnants, and inside young and massive HII regions
(Meaburn et al. 1981; Braunsfurth & Feitzinger 1983).
The most important star forming region in LMC is ”30 Doradus”, the central part of it can
be seen in Fig. 1.3. This dynamic region has several shells, LMC2, LMC3 and LMC4, centred
in massive star clusters and OB associations. Large-scale shells in complex structures becomes
larger by merging of smaller shells around individual sources. The shell complex in 30 Doradus
is encircled by an even larger shell of HI gas, fact that hints to a large-scale propagated star
formation (Dopita et al. 1985).
Similar shells were found in other distant galaxies in our neighbourhood. Brinks & Bajaja
(1986) have mapped HI holes with sizes from 0.1 to 1 kpc in M31. Some of them show shell
structure. Interestingly, they found that the holes are surrounded by an annulus of high HI
column density and active star forming regions of up to 10 kpc.
Although kpc-scale structures are not common in the MW, they appear to be frequent in
galaxies with intense star formation (localised or general). Kamphuis et al. (1991) have found a
HI superbubble of 1.5 kpc expanding at 50 kms−1 towards the halo in M101. de Blok & Walter
(2000) have reported on a HI shell of 2 × 1.4 kpc in NGC 6822 that does not show evidence
of expansion. Curiously the authors have not found an obvious mechanism of creation of these
supershell. Rand & Stone (1996) found an even large expanding HI supershell in NGC 4631. It
has a diameter of 2.8 kpc and mass of ∼ 108 M . The authors suggest two possible mechanisms
of creation: stellar feedback of thousands of massive stars or a high velocity cloud. Hunter et al.
(1993) found ionised supershells up to 1.2 kpc in tens of amorphous and irregular galaxies that
are undergoing an intense episode of star formation.
Kpc-scale bubbles need energy injections of thousands of OB stars in a relatively short
interval of time. The ages of the observed superbubbles range from few to one hundred of Myr
(Kamphuis et al. 1991; de Blok & Walter 2000; Rand & Stone 1996).
Beside of the supershell, Hunter et al. (1993) has reported on kpc-scale ionised filaments in
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irregular and amorphous galaxies with and without shells. Other luminous Kpc-scale filaments
were observed in M82, NGC 3079 and NGC 1569, all of them with a length of up to ∼3 kpc
(Lynds & Sandage 1963; Cecil et al. 2001; Martin et al. 2002). These filaments are associated
with superwinds originated by blow-out of bubbles. Thus, the filaments might be pieces of the
shell that is been dragged out by the outflowing hot gas of the interior of the bubble (Hunter
et al. 1993).

2.3
2.3.1

Bubbles and superbubbles
Physics of bubbles - superbubbles

Here I describe the wind model of Weaver et al. (1977) presented in Kim et al. (2017), which
provides basic results that are agreement with most of the observed bubbles. It has been proved
in simulations that a continuous wind solution can reproduce the results of models which include
interval energy injections from supernovas.
Given a star cluster mass Mcl , the numbers of SN explosion NS N = Mcl /m∗ . Where m∗ is the
star mass formed per SN. This needs to be derived by sampling an IMF. For a Mcl ≥ 103 M
using a Kroupa IMF, m∗ ∼ 100 M for a time range from 3-40 Myr. The interval time between
SN is then:
−1
∆tS N,6 = tli f e /NS N = 0.4Mcl,4
[Myr]
(2.4)
Where Mcl,4 is the star cluster mass in units of 104 M and the energy per SN is assumed to be
1051 ergs (E51 ). The total energy released in the bubble is ES B = ES N ∆ttS N
Stellar winds and supernovae deliver energy to the surrounding medium. If radiative losses
are insignificant, an expanding bubble is produced by the overpressure exerted in the ambient
medium. Fig. 2.7 shows the structure of a bubble, which is described as follows: The hot interior
ejecta (stellar wind or SN matter) moves outwards with supersonic velocities. The density in
this area (A) drops as function of radius nw (r) ∝ r−2 . The outflowing ejecta meets a shock in
R1 (called ”terminal shock”). When shock waves moving outwards meet the inner boundary
R1, thermal conduction (at work in region (B)) causes that the kinetic energy is almost fully
converted into thermal energy in zone (B). The shock in R1 is adiabatic due to the a higher
density in the zone (B). Zone (B) is a very hot (T≥ 106 K) region of shocked ejecta with a
relative homogeneous low density. This zone is separated from the shell (C) by a boundary
region called ”contact discontinuity”. The shell consist of swept up interstellar matter, which
can be neutral (HI), ionized gas (HII) or both (a layer of ionized gas and an exterior layer of
neutral gas). In the contact discontinuity, the temperature of the gas sinks to the temperature
of the shell. Here, electron thermal conduction is at work. Around 40% of the heat is radiated
away through collisions of metals producing UV lines such as [OIV]λ1035. The remaining
60% produce evaporation of matter from the shell, which mixes with the hot gas of the shocked
ejecta in region (B). This process is the main supplier of matter in region (B). Lastly, R2 shows
the boundary of the shell with the ambient interstellar medium. The interior thin hot gas of a
bubble is a soft X-ray emitter.
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Figure 2.5: Structure of a bubble: A energy source, which range from single massive stars to star clusters
or group of star cluster. A hot rarefied cavity with where the supersonic hot ejecta from stellar winds or
supernova is released. A zone of shocked ejecta. A zone where of swept up matter which constitute the
shell. And the surrounding ambient medium where the shell evolves.

The evolution of the bubble is described in three phases: i) In the first phase, the bubble
expands very fast. ii) The second phase is characterised by the swept up of matter to form the
shell. iii) In the last phase, radiative losses in the shell become important.
The first phase is very short. Energy is supplied to the system at a constant rate through
stellar winds or supernovae. The surrounding matter is constantly been swept up while the
bubble grows very fast following an adiabatic expansion, which is faster than the sound speed
of the ambient medium. Radiative losses are negligible. The first phase finishes when the time
scale for radiative cooling of the swept up matter is similar to the age of the system. The shell
expands in this phase as R1 (t) ∝ t2/5 with a velocity v1 (t) ∝ r1 /t.
In the second phase, the swept up matter collapses and forms the shell. The zones of the
bubble described before and shown in Fig. 2.7 are established. Thermal conduction in R2
becomes important as well as evaporation of shell mass. The density in the shocked ejecta zone
varies in function of time and can later be increased considerably due to radiative cooling effects.
The shell temperature should be around 8000 ◦ K. The terminal shock radius (R1) depends on
the energy input and on the energy that escape the shocked ejecta zone (B) In this phase, the
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shell expands as follows:
!1/5
E51
R shell (t) = 60
t63/5 [pc]
(2.5)
∆tS N,6 namb,0
where n amb, 0 = ρ/(1.4mH ) is the hydrogen number density of the ambient medium at a
time t6 in units of one Myr.
Radiative cooling gains importance with time. The third phase starts when part of the shell
with the highest density start to cool radiatively. For a continuous energy injection model (massive clusters, multiple SN explosions before the shell start to cool), this occur in a time:
0.28 −0.71
namb,0 ∆tS−0.28
t shell cool (t) = 1.8 × 104 E51
N,6 [yr]

(2.6)

otherwise for small clusters:
0.22 −0.55
t shell cool (t) = 4.4 × 104 E51
namb,0 [yr]

(2.7)

Tthe final evolution of the bubble depend on the efficiency of radiative losses. The expansion
of the shell is calculated as follows:
0.37
−0.62
R shell cool (t) = 5.5 E51
∆tS−0.37
N,6 namb,0 [pc]

(2.8)

The inner and outer shocks (R1 and R2) vary as function o time as follow: Rt (t) ∝ t0.58 and
Rt (t) ∝ t0.44 . If supplied energy becomes unimportant, the remnants of the shell still expand
due to the momentum conservation. The hot rarefied interior gas remain in overpressure relative to the ambient medium. After a while if the shell does not experiences Rayleigh-Taylor
instabilities, radiative loses and the ambient gas pressure becomes important and thus the shell
expansion stops. In zone B, almost 90% of the thermal energy will be radiated away. In the
shell, the cooling gas can form small-scale high density condensations of gas, which can form
a new generation of stars.
The stability of the shell depend strongly on the ambient density and its distribution. If a
bubble is expanding into a gas with gradient density, it might begin to accelerate and experiences Rayleigh-Taylor (RT) instabilities. Under two conditions an expanding shell becomes
Rayleigh-Taylor unstable: The first is when the shell moves into a density gradient and begins
to accelerate. After the RT condition is established, the shell fragments, while the acceleration
stop and the interior hot gas starts to leak out. The second condition is met by discontinuous
supply of the energy through supernova explosions. The hot interior gas causes the shock waves
of subsequent supernova explosions to decelerate to the speed of the sound. If this condition is
met before the shock wave reaches the shell, the thermal and kinetic pressure of the shock wave
will be larger than the shell pressure. The shell will accelerate while it becomes RT unstable
(Tenorio-Tagle & Bodenheimer 1988). In the theory of shocks, at increasing temperature, the
shock velocity decreases. For bubbles centred in massive clusters, the larger number of SN will
increase the temperature of the bubble rapidly if radiative losses are not sufficient to dissipate
the energy input. Thus, shock waves will become subsonic after several supernovae.
Once the shell is fragmented, it follows usually the ”blowout” phenomenon. Part of the
shell can remain with the same gas column density or will be dragged out forming filaments.

2. The impact of stellar feedback

29

If energy is deposited predominantly in one side or there is a (stronger) density gradient in that
side, blowout will occur only in that side.
Rayleigh-Taylor instabilities might most likely occur when the bubble is still expanding.
In HII regions, a bubble might begin to form when the stars are still embedded in the parental
cloud. Once the bubble reaches the borders of the molecular clouds, it will brake and form larger
filaments. The circumstantially oriented arcs seen in several galaxies might be shell remnants
that were accelerated by overpressure of the interior hot gas in that side (McCray & Kafatos
1987) (See the Fig. 2.4).

2.3.2

Bubbles in simulations

Bubbles can be originated from radiation pressure, stellar winds and supernova explosions. Radiation pressure and stellar winds are released at the same time, and can form conjointly bubbles
up to several hundreds of pc (e.g Cyg OB2, Abbott et al. 1981). However, most of the observed
bubbles and especially superbubbles (kpc in radius) have increased their size mainly due the
energy input of supernova explosions (Kamphuis et al. 1991; Hunter et al. 1993; Marlowe et al.
1995).
The gas density and its distribution are fundamental parameters in the evolution of bubbles.
Simulations using a homogeneous, stratified, exponential or a Gaussian gas distribution do not
reproduce the same results. Bubbles that expand in density gradients are accelerated and after
a time might become Rayleigh-Taylor unstable. On the other hand, higher gas density produce
smaller bubbles (Tenorio-Tagle & Muñoz-Tuñón 1998). Tomisaka & Ikeuchi (1986) ran a simulation of a bubble created by 360 SN, with a SN explosion every 0.2 Myr. The bubble developed
in an ambient medium with a density of a) 0.1 cm−3 b) 1 cm−3 . When the expansion velocity
became 8 kms−1 , the radius of the bubble with the lower density was about 1.3 kpc, and smaller
for the higher density model. The same model was run by Tomisaka & Ikeuchi (1986), but with
a stratified gas distribution inside a disk galaxy. The dense gas model developed a thick eggshaped shell with a hot interior gas. The low density model developed a somewhat larger thick
cylindrical-shaped shell, with the side perpendicular to the disk open and leaking hot interior
gas into the halo. The developed shell was completely ionized due to the low density ambient
medium. In that model, the cooling time was larger than the expansion time. In case of higher
density ambient medium, this condition can be opposite, radiative cooling can be very efficient
and this can lead to form a neutral gas shell.
The rate of SN events is another fundamental parameter. In low-mass star cluster, the time
between supernova explosion is large enough so that once the last SN has explode, the shell
velocity will drop substantially. If the dispersion velocity of the surrounding gas (turbulent
medium) is larger than the expansion of the shell (which will happen for low-mass clusters), the
shell and all the interior hot gas will merge with the ISM (Kim & Ostriker 2015, 2018).
There has been several difficulties in modelling larger shells. For instance, when the number
of massive stars is on the order of thousands, an homogeneous ISM it required to develop few
kpc-scale shells, condition that is not met when the shell is accelerated into the halo, becoming
RT unstable and fragmenting.
In a two-phase model (cold and hot gas phase), most of the momentum is released into
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a low-density intercloud medium before the formation of the shell. At the time of the shell
formation (when the hot gas mass is at it maximum), the momentum has decreased to about
half of the initial momentum injected by the SN. Magnetic forces do not play a role in the first
stages but in the last stages of the shell evolution.
When a large number of SN explode in the same location and in short interval of time, the
evolution of the shell is abrupt. The momentum increase if the ambient density is low (Kim
& Ostriker 2015). The first panel of fig 2.6 shows three snapshots in the evolution of a bubble
presented in Kim et al. (2017). The bubble grows by continuous injections of SN energy in
intervals of 0.01 Myr in an ambient medium with an hydrogen density of navg = 1 cm−3 . The
density, pressure and temperature of the bubble is shown in the first, second and third row of
the first panel. The first column shows the characteristics of the bubble when the shell start to
cool radiatively. A this stage, the pressure in its hot interior is very high, keeping the bubble
nearly spherical. For this specific configuration of input parameters, the bubble reach the scale
height (H, defined by a drop in the density for a factor of ∼2.7. Second column) short after
the shell starts to cool radiatively (first column). Thus, the bubble evolve till this stage without
considerable energy loss, keeping its morphology. Here 44% of the total injected energy is
kept in the bubble while 15% was converted into thermal energy in the hot medium. The third
column shows the bubble when it reaches 2H. Its morphology has change considerably due
to RT instabilities in the shell. The second panel shows some physical properties (density,
temperature, ram pressure, thermal pressure and velocity, figures from the top to the bottom)
of the ‘zoom in’ region marked as white box on the top-right of the first panel. This panel
basically shows how the interior hot gas interacts with the warm bubble matter and the latest
with the ambient medium (warm and cold gas). The red contours show the boundary of the
interior hot gas (T∼ 106 K) with the shell. This boundary is very clear in all maps. The interior
hot gas is rarefied, has high velocity and is highly overpressured. Within this gas there are some
islets of cooler and warmer dense gas which will remain hot if the SN rate is high, otherwise
they will cool down. This gas is surrounded by a thin and somewhat dense gas with temperature
of about 104 K (visible in the density, pressure and velocity map). Lastly, a strong forward
shock progress from the boundary of the shell into the ambient medium (Kim et al. 2017).
In general, the mass and volume of the hot gas increase continuously while SN explosions
still happen, after that, they decreases while the radius of the remnant is still increasing (Kim &
Ostriker 2015).

2.4

Galactic winds, filaments and galactic fountain

Large-scale winds can be powered by stellar feedback processes or AGN. Here I will describe
galactic winds driven by stellar feedback mechanisms.
Kim et al. (2017) suggested that only shells that break out before radiative cooling starts to
become important, can drive hot winds with high mass loading factors. Thus, it needs powerful
sources with a minimum cluster mass that is proportional with the total energy injected, the SFR
per unit area and the dispersion velocity of the ambient medium, which is about Mcl ≥ 106 M
(massive super star clusters). The energy needed to inflate a superbubble however can come
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Figure 2.6: Snapshots of a bubble model presented in Kim et al. (2017). In the first panel, the first column
shows the bubble when the shell starts to radiatively cool. In the second column the bubble reach one
scale height and 2 scale height for the third column. The top, middle and bottom row shows the density,
pressure and temperature respectively. The right panel shows the density, temperature, ram pressure,
thermal pressure and velocity (top to bottom images) of the region display in white box at the top-right
in the first panel.

from multiple clusters. In fact, it is common to find clusters of star clusters in starburst galaxies.
An active region like in the central Knots in Haro 11 might have tens of clusters (Adamo et al.
2010; Hayes et al. 2007), few of them might be super star clusters that are capable to drive
kpc-scale superbubbles (Menacho et al submitted).
Galactic winds were firstly observed in the nearby starburst galaxy M82 by Lynds & Sandage
(1963) which were launched by the nuclear starburst region of the galaxy. Only few galaxies at
low and high redshift are identified to have large-scale winds. This number is increasing thanks
to the new generation of instruments with better spectral and spatial resolution.
Galactic wind are examined in emission lines, absorption lines and continuum from the Xray to the radio range. The detection of these winds is somewhat difficult due to the low gas
density flowing in these wind. Hence, the brightest lines are the most suitable to study these
tenuous fluids. Shock excitation emission line ratios (e.g. [SII]/Ha or [OI]/Ha) also hint to the
presence of winds, although they favour the detection of the most powerful outflows. Most of
the winds properties in face-on galaxies were derived from UV and optical absorption lines.
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Figure 2.7: Galaxies showing galactic winds: a) M82 is a prototype of galactic winds (Image credit:
NASA, ESA and the Hubble Heritage Team (STScI/AURA)). b) NGC 1482. Top: composite image of
Hα in red, [NII] in green and X-ray in blue. Bottom: in black are the shock-excited regions ([N
II]λ6583/Hαgtapprox1) showing the regions affected by the wind, while red shows the disky galaxy
(images taken from Veilleux et al. (2005)). c) NGC 3070. In blue is shown the X-ray emission (Chandra)
and in gold is shown the Hα ionized gas emission. In the same panel, the top-right image is a zoom in of
the central part and display clearly in gold the superbbuble with its filamentary pillars. In violet is the
X-ray emission that is co-spatial to the filaments (images taken from Veilleux & Bland-Hawthorn (1998))
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It should be noted that radiative losses and thus deceleration is what originates the observed
emission. Thus, winds in the energy range of Ew  58 ergs or Ew  41 ergs may be difficult to
observe.
Galactic winds were observed in the centre of the Milky Way, powered most likely by the
central young star clusters (Morris & Serabyn 1996; Yusef-Zadeh et al. 2000). Galactic winds
were observed also in other galaxies: M82, NGC 253, NGC 3079, NGC 4631, NGC 1482 and
NGC 891, Arp 220. The morphology of the outflows appears to be diverse: they can be eggshaped (NGC 3079, Cecil et al. (2001)), bipolar with double loop (Arp 220), biconical (M82,
Lynds & Sandage (1963); Bland & Tully (1988)) or they might have a filamentary morphology
(NGC 1567, Martin et al. (2002)). Filaments were detected in Hα from few pc to 10 Kpc in
size. X-ray emission seems to co-exist with some of these filamentary structures. Some of
them are limb-brightened, fact that suggests that these are sitting in a hollow hot structure.
Some filaments do not show these characteristics and are interpreted as cold disk gas that has
entrained in the wind. Filaments will vanish with time.
Galactic winds were detected in a range of velocities ranging from several kms−1 to more
than thousand of kms−1 (Heckman et al. 2015; Chisholm et al. 2015) . Winds in NGC 3079
reach up to 1500 kms−1 (Cecil et al. 2001) . There seems to be a correlation between the gas
phase seen in the outflows and the outflow velocity. Hot gas outflows were detected with the
highest velocities (Veilleux et al. 2005). Interestingly, the mass-load fraction carried by the
winds decreases with increasing star formation rate Heckman et al. (2015) . The outflow gas
mass detected from the warm ionized gas and neutral gas range from 105 to 107 M , although
this mass is a lower limit, since not all the gas flowing in the winds might be detected (Veilleux
et al. 2005).
Few galaxies have powerful winds that might escape the gravitational potential of the galaxy.
Considering that the halo drag is unimportant, about 5 to 10% of the neutral material might escape in starburst driven winds (Rupke et al. 2005; Veilleux et al. 2005). Dust was also observed
in galactic winds, which might be entraining in the winds as it was usually found from in the
filaments (Radovich et al. 2001; Cecil et al. 2001).
Galactic fountains normally form from dense warm gas, which is accelerated by kinetic energy from SN feedback to velocities that is not high enough to escape the gravitational potential,
thus this gas will rise to a certain altitude and then it will turn and fall back forming a galactic
fountain (Kim & Ostriker 2018). Consequently, SN explosion in discrete episodes will lead to
periods where inflows dominate and others where outflows dominate in the fountain flow. In
case bo

3
The violent nature of Haro 11
3.1

Haro 11 in the literature

Haro 11 is a well known starburst blue compact galaxy. It stand out among others, not only for
being one of the most luminous BCGs in the local universe, but mainly because it is the first
of few galaxies where Lyman continuum has been detected (Bergvall et al. 2006). Morphologically, it is a merger system in an advanced stage of a major merger between a gas rich and a
more evolved progenitor, whose appearance, kinematics and projected orientation resemble the
Antennae galaxy (Östlin et al. 2015).
With a stellar mass of 1.6 ×1010 M (Östlin et al. 2001, 2015), Haro 11 is located at the
high mass limit in the (not well defined) classification of BCGs. In contrast to most BCGs,
it has a poor gas content. The neutral gas reservoir of 5 × 108 M was detected in 21cm in
emission and absorption (Pardy et al. 2016; MacHattie et al. 2014) and is comparable to the ∼5
× 108 M ionised gas (Östlin et al. in preparation) derived from the MUSE Hα luminosity. The
molecular gas however, is not well constrained. Its mass ranges between half to three times the
neutral gas as inferred by CO and dust measurements (Cormier et al. 2012). Haro 11 is also
a Lyα emitter (Hayes et al. 2007), whose radiation is separated in a diffuse halo component
attributed to resonance scattering, and a concentrated emission from Knot C, possibly related to
an outflow.
The left panel in Fig. 3.1 shows the integrated Hα map (Voronoi binned to a S/N≥5 in
Hα) obtained with MUSE. The huge ionized halo extends over 30 kpc in diameter down to
a sensitivity level of 3.75 ×10−19 erg s−1 cm−2 arcsec−2 . In addition to the overall spherical
distribution of the ionized gas, there are some striking features: For instance, the arc in the
north-east and the network of filaments and clumps in the south hemisphere. The image of the
right panel was taken with the the Hubble space telescope (HST) and show the the arrangement
of stars, warm gas and in less proportion dust in the central 4 × 3 kpc of the galaxy. The centre
encloses three bright knots: A, B and C and an obscuring dusty arm west of Knot A and B
(dubbed the ’ear’ in Östlin et al. (2015)). Additionally, there are dust lanes crossing knots B and
C, which are best visible in the right panel of the Fig. 3.1 as dark filaments. In Haro 11, stars
are principally condensed in three knots A, B and C (middle panel).
Adamo et al. (2010) studying the young star cluster population of Haro 11, found that ap35
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Figure 3.1: Haro 11 as seen from MUSE and HST data. The left image shows the MUSE Hα map
displaying the full extent of the ionized halo. The right images show the central 5x5 kpc of the galaxy
taken with the HST. Credit: ESO/ESA/Hubble and NASA. )

proximately four stars out of ten, were born within star clusters, making Haro 11 among the
most efficient star cluster factories known. Around 200 clusters were identified with masses
ranging from 104 to ∼108 M (Östlin et al. 2015). Fig. 3.2 show the distribution of the star
cluster identified in Haro 11. The most massive clusters populate the star forming knots B and
C. The majority (∼90%) of the star clusters were formed during the last 40 Myr, the age of
the current starburst. The cluster population is very young in this galaxy, with a cluster age
distribution that peaks at 3.5 Myr (Östlin et al. 2001; Adamo et al. 2010). Knots-B and C are
the most massive forming regions, with stellar masses close to 108 (Östlin et al. 2015). The
cluster population in Knot C is in average 10 Myr, somewhat older than in Knot B with 3.5
Myr. Knot A and the dusty arm have a mixed cluster population thought the younger stellar
cluster population dominate.
Thus, Haro 11 is a young and rich factory of super stellar clusters. Each of them comprise a
large number of massive stars at ages that are actively contributing to its stellar feedback. Hence
we are capturing Haro 11 at a time when the radiative and mechanical energy released by its
stellar component is at its maximum.
In Haro 11, several kinematic components and gas emission were reported at wavelength
ranging from X-ray to the radio range. These structures give insight into the complex kinematics
of this merger system.
Prestwich et al. (2015) studied the X-ray hot gas in this galaxy and found a hard X-ray
emission coincident with Knot B that hints at a high energy source, more likely an intermediate
black hole in a low accretion mode. Knot C is a compact soft X-ray emitter that was linked to
strong stellar winds released by X-ray binaries populating this knot. Additionally, soft X-ray
from thermal emission is detected in a central structure, surrounding the main knots and the
dusty arm.
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Figure 3.2: Cluster population of Haro 11 from Adamo et al. (2010) superimposed in the image from the
HST. The image show the position of the clusters in age a mass in Haro 11. The youngest clusters M<3.5
Myr are located mainly in Knot B and the dusty arm. Knot A has a spread cluster population, at ages
from 1 to 50 Myr. Knot C has a predominantly older cluster population ∼ 10 Myr. Some old (>1 Gyr)
and massive clusters (105−6 ) were identified in the NW from Knot B an the SE of Knot B.
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In Haro 11, several kinematic components have been reported at all wavelengths. In the
warm UV gas phase, Grimes et al. (2007) found a low-velocity outflow at – 80 kms−1 and
FWHM ∼300 kms−1 , and a weaker at -280 kms−1 associated with a high-velocity outflowing
wind. Rivera-Thorsen et al. (2017) further studied the low ionization UV metal absorption lines
(mainly from SiII) that trace the neutral ISM, towards knot C, and found evidence for a clumpy
ISM moving with velocities ranging from – 400 to 200 kms−1 . The Lyα morphology analyzed
by Hayes et al. (2007) hints to the presence of a bipolar outflow at the bases of Knot C, which
might favor the escape of the observed intense Lyα radiation. Despite its high SFR, Haro 11
has been notoriously difficult to detect in 21 cm HI emission, recently Pardy et al. (2016) found
that the neutral 21cm HI gas is moving at +56 kms−1 and a FWHM of 77 kms−1 . And in the
optical range, the warm ionized gas was found to have a multi-component nature by Östlin et al.
(2015), within velocities ranging from -130 to 130 kms−1 .
Kinematics of the warm ionized gas in the optical range was mainly analysed by Östlin et al.
(2015) using high resolution (R ∼ 10 000) integral field spectroscopy in the [SIII] line. The
authors emphasise the multi-component nature of the galaxy within velocities ranging from
-130 to 130 kms−1 . Three components were identified: one related to the dynamics of the
merger, a second is linked to the dusty arm and a third -100 kms−1 mostly around Knot A to the
south. The ionized gas and the stars seems to have the same kinematic properties, tracing the
motion of the merger dynamics in the system. When comparing the gas to the stellar kinematic
properties, both agree approximately, tracing the motion of the merger dynamics in the system.
These studies give insight into the complex kinematics of this merger system. Moreover,
there is a puzzling offset in the gas traced in all phases. The neutral gas seems to be concentrated
at systemic velocities, while the ionized gas is moving at velocities where no 21 cm emitting
gas is seen.

3.2

MUSE data, Observations, data reduction and methods

The Multi Unit Spectroscopic Explorer (MUSE) is the most powerful integral-field spectrograph
(see Fig. ??) in the optical range at the moment. It was principally built at CRA-Lyon by a
consortium of seven institutions. MUSE is mounted in one of the Very Large Telescope (UT4)
and started to operate at the beginning of 2014.
The architecture is complicated. Basically the field of view is split into 24 channels which
are directed to a spectrograph. At the same time, each of them is split into 48 slices which work
as mini-slits.
There are two modes of observations: a Wide Field of view (WFM) with a field of view of 1
× 1 arcmin, whose parameters are seen in Fig. ?? and a Narrow Field Mode (NFM) with a field
of view of 7.5 × 7.5 arcsec.
In my work I have used spectral data taken exclusively in the WFM. This wide field mode
has a spatial sampling of 0.2 × 0.2 arcsec and the spectral element is 0.25Å. Thus, in the whole
field of view, 90000 spectra are sampled, one for each pixel of 0.2 × 0.2 arcsec. The wavelength
coverage ranges from 4800 to 9300 Å, although in the extended mode it ranges from 4600 ti
9350 Å. From it 3D images can be made.
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Figure 3.3: MUSE instrument . Credit Eric Le Roux / Service Communication / UCBL / MUSE

The spatial resolution is variable and depend on the weather conditions. At median seen it
is about 0.6 arcsec. The spectral resolution depends also on the wavelength. At the wavelength
of the Hα line (at z= 0) it is about 100 kms−1 .
Since 2017 adaptive optics with 4 laser guide stars have been implemented to improve considerable the spatial resolution in WFM and NFM. The narrow field mode is at work since 2017.
Each spaxel is 0.025 × 0.025 arcsec.
The spectroscopic data used for this work was taken between 2014 and 2016 with the MUSE
instrument (Bacon et al. 2010) in the wide field mode. The extended ionized halo of Haro 11
was covered by a 2x2 mosaic of 4 pointing, whose adjacent borders overlap by 30”. Owing to
the mosaic design, the integrated exposure time varies from 6h 13min 20s in the central 0.5x0.5
arcsec to 1h 33min and 20s in the corners. Standard data reduction procedures (Weilbacher
et al. 2012) were applied with a small improvement of the sky subtraction which was performed
manually by masking the emitting lines regions. The final data was then corrected by stellar absorption which affect mainly the Balmer lines due to stellar-atmosphere absorption of primarily
A-Type stars. Then, the spectra of the lines Hα, Hβ, [OIII]λ5007, [OI]λ6300 were re-sampled to
50 kms−1 which afterwards were extracted in emission maps. Finally, emission line maps of the
Hα and [OIII]λ5007 lines as well as the diagnostic line ratios [OIII]λ5007/Hα, [OI]λ6300/Hα
and Hβ/Hα were used for the analysis of the ionized gas of Haro 11.
In this work, the nature of the ionized gas was analysed by means of the Hα emission
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line, which traces the ionized gas structure, the [OIII]λ5007/Hα ratio, that traces the level of
ionization in the galaxy and the [OI]λ6300/Hα ratio which together with the level of ionization
in the ISM traces the places where fast shocks operate. Beside of that, estimates of the ionized
gas mass that will escape the galaxy potential were calculated from the Hα and [OIII]λ5007 line
strength. Finally, maps of the dust in velocity bins were extracted and will be shown in future
letter.
Each emission lines/line ratio diagnostic was extracted in a velocity range from –400 kms−1
to 350 kms−1 . Fig. 3.4 shows a 3D reconstruction of the extracted Hα maps. Haro 11 shows very
broad lines such that the wings of the Hα line are contaminated by the [NII]λ6549,6585 at velocities larger than 400 kms−1 . Hence, to study the higher velocity gas, we used the [OIII]λ5007
line which is not contaminated by other lines up to large velocities. [OIII] line maps were then
extracted from –750 to 1000 kms−1 . At velocities v≤ –800 kms−1 the [OIII] lines are contaminated by the weak FeI λ4985 line.
There are several line ratios that traces the level of ionization in the galaxy as well as strong
shocks. Here the two brightest lines were used to trace the level of ionization of the gas as they
trace the halo to the fastest distances. The [OI] line was chosen to trace fast shocks as it is a
more sensitive shock tracer than the [SII] and [NII] lines.

3.3

The warm ionized ISM of Haro 11 - Results

Fig. 3.4 shows a 3D view of the ionisation structure of Haro 11. It can already be seen the
filamentary structure of the galaxy at the south hemisphere while at the north the emission is
more homogeneous.
Fig. 3.5 shows a 3D view of the ionzation structure of the galaxy. In blue and yellow are
shown only the very low- and very high ionzation regions respectively (blue [OIII]λ5007/Hα≤0.33
and yellow [OIII]λ5007/Hα≤3). The panel on the left shows the integrated ionization map over
the whole velocity range, while on the right, the ionization values are integrated along the eastwest direction. The warm ionized gas in Haro 11 is predominantly highly ionized, specially
in the southwestern hemisphere and in a velocity range from 100 to 300 kms−1 at blue- and
redshifted velocities. The central region of the galaxy do not show high/low extreme ionization values. Knot C shows low ionization, specially at high positive velocities while Knot A
exhibit high ionization values over a large velocity range. Knot B (red circle) has not extreme
ionization values, however there is a blushifted outflow (v≤–300 kms−1 ) in the north of knot B
of low ionized gas. Two more compact clumps of low ionization appear in the west-northwest
and south at higher blushifted velocities and are two star forming region which are clearly seen
in maps at –300 kms−1 of the Fig. 3.6.

3.3.1

A view of the ionized gas architecture of Haro 11

The ionization structure in the north and west of Haro 11 appears to be structured in rings of
gas with slightly different ionization. For instance, from the centre the first 3.5 kpc in radius
do not have extreme ionization. This region seems to be covered by a thin shell of slightly low
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Figure 3.4: Top image: 3D view of the velocity sliced Hα emission maps. The units of the E-W (east-west)
and S-N (south-north) side are in pixels.

ionization matter, which is then covered by a thick highly ionized shell with a thickness of ∼5
kpc. The gas outside of this shell is mainly low ionized towards the northeast otherwise mixed.
There is a column of highly ionized towards the north that is best visible at central velocities in
the Fig. 3.7.
Fig. 3.6, 3.7 and 3.8 show the Hα and ionization maps in velocity bins of 50 kms−1 for
velocities from -400 to 350 kms−1 from Menacho et at (submitted). Here we only show the maps
in a velocity intervals of 100 kms−1 (except for the last velocity interval, which shows the maps
at 350 kms−1 ).
The Hα and [OIII]λ5007/Hα maps show many structures, most of them become only visible
in the velocity sliced maps. The maps show somehow the arrangement of the - relative to
velocity - ionized gas structures in Haro 11 and how this architecture changes with velocity.
Additionally, many structures that are not visible in the Hα maps become recognisable in the
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Figure 3.5: 3D view of the ionized gas structure of Haro 11. In blue and yellow are shown the regions
with [OIII]λ5007/Hα ratios ≤0.33 and ≥3 respectively. Low ionized regions (blue) are found in the
northeast part of the galaxy while the highly ionized gas is found in the southeast part of the galaxy.

ionization maps.
The ionized gas structure appears to be shaped mainly by feedback processes while there are
only few structures linked to the merger dynamics. The three largest structures (size ≥10 kpc)
seen at central velocities are most likely shaped by tidal interaction of the merger dynamics.
These are the tidal tail and two arcs at the west and north part of the galaxy (see maps at v∼0
kms−1 ). At the farthest side of tidal tail, there are three faint clumps that are visible in the Hα
maps. It is not clear if they are locally ionized or the ionizing photons come from the central
knots of the galaxy. Additionally, there are three compact clumps in the halo of the galaxy,
bright in Hα and with low ionization (v∼ -300 and v∼100 kms−1 ) that seems to be forming
stars.
The structures of stellar feedback origin that are seen in the maps are: arcs, filaments, a dark
cavity, and a blob in Hα and additionally highly ionized channels, a low ionized structure and a
low ionized gas that shows the ’galactic fountain’ effect.
The ionizing map at v=-300 kms−1 shows a low ionization shell centred in knot C while its
interior is filled by a highly ionized gas. It suggests that knot C had created a local superbubble,
whose shell is already fragmented while the hot interior gas is leaking out. This can clearly be
seen in the ionization map at v=-200 kms−1 as two narrow highly ionized channels tracing the
path of two outflows.
Haro 11 shows a large and compact low ionization structure that seems to move from the
west at blueshifted velocities to the north at redshifted velocities. This structure at v∼50 kms−1
seems to trace somehow the Lyα emission structure seen in Hayes et al. (2007), which trace the

3. The violent nature of Haro 11

43

scattering of Lyα photons in neutral hydrogen atoms.
Fig 3.9 trace in yellow the region where fast shocks are present ([OI]λ6300/Hα≥0.1). These
regions belong to the low ionization structure. The [OIII]λ5007/Hα values and the ionization
values in the models of Allen et al. (2008) predict shocks of 200 to 600 kms−1 in the yellow
regions.

3.3.2

Insight into a Kpc-scale superbubble

In the Hα maps at blueshifted velocities, the galaxy shows a filamentary structure in the south.
In the north there is a bright arc towards the northeast that seems to partially evolve a dark cavity
(see v=-300 kms−1 ) while the halo shows a smooth intensity that decreases considerably with
radius. These features suggest the existence of a superbubble of ∼3.5 kpc of radius, centred in
the central knots that might be powered by the intense stellar feedback of the most most massive
stars in the central star forming knots. The shell seems to be open in the south, which at the
moment of the blow-out might have developed superwinds that has dragged the shell outwards
forming the filaments. Between the filaments there might be low-density channels or holes that
connect the central part outwards.
This picture is supported by the oriented arcs in radial direction at r∼ 6 kpc towards the west,
features that were observed in other starburst dwarf galaxies and were related to fragmented part
of shells that are expanding (Marlowe et al. 1995; Martin 1998).
Fig. 3.10 shows the architecture of Haro 11, as interpreted from the Hα and the ionization
maps. There is a supershell (r∼3.5 kpc) centred in the galaxy centre and open in the south. The
hot interior gas is flowing out in the south and part of the dragged shell has form filaments.
There is a smaller shell (r∼1.7 kpc) surrounding knot C that seems to be fragmented, but with
narrow gaps between fragmented parts. The sketch also show the main star forming knots A, B
and C as well as the dusty arm.

3.3.3

Insight into the mechanisms that favour the escape of Lyman continuum photons (LyC)

There are two mechanisms that facilitate the escape of Lyman continuum photons: a density
bound halo and galactic holes through the ISM. Figures 3.5,3.6,3.7 and 3.8 shows a highly
ionized halo. Östlin et al (in prep.) found a density bound halo in the northwest hemisphere.
The authors calculate that 50% of the observed LyC photons are escaping from the halo. Hence,
the remaining 50% might escape through galactic holes that are connecting us directly to the
production places. This holes are most likely produced by the blow-out of the main supershell.

3.3.4

Evidence of ionizing gas escaping the galaxy

To calculate the escape velocity, we have considered some assumptions. Firstly, the dark matter
is not properly studied in this galaxy. Östlin et al. (2015) has derived a dark matter of ∼ 1011
M assuming that the velocity seen in optical lines are due to gravitational motion. Because
this galaxy is not in dynamical equilibrium and the dark matter content could be different than
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Figure 3.6: On the left, Hα maps showing the ionized gas structure of the galaxy in bins of 50 kms−1
in the velocity range between -400 and -200 kms−1 . On the right is shown the corresponding ionization
maps ([OIII]λ5007/Hα) for the same velocity range. Additionally, the MUSE I-Band stellar continuum
is shown in contours (faintest contour 7.5 × 10−19 erg s−1 cm−2 arcsec−2 Å−1 ) in both diagnostic maps.
These images were taken from the Fig.3 of Menacho et al (submitted), but here are shown only the maps
at velocities multiple of 100 kms−1 , except for the last row in Fig. 3.8, which display the diagnostic maps
at 350 kms−1 .
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Figure 3.7: Ibidem. Diagnostic maps for velocities in the rage from -100 to 100 kms−1 .
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Figure 3.8: Ibidem. Diagnostic maps for velocities in the rage from 200 to 350 kms−1 .
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Figure 3.9: Similar to the Fig: 3.6, 3.7 and 3.8 but for the fast shock diagnostic. Yellow colour are
[OI]λ6300/Hα ratios ≥ 0.1 and trace the regions where fast shocks are at work. Blue colours show the
regions where ionization is the main mechanism of excitation.
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Figure 3.10: Sketch of the Haro 11 ionized gas components from Menacho et al (submitted). The central
knots A, B and C and the dusty arm are the engine of the galaxy. They are surrounded by a superbubble
(r∼3.3 kpc) that is opened in the south. Knot C has developed a local r∼1.5 kpc superbubble. The shell
of the largest bubble is most likely fully ionized, while the shell around knot C contain gas with lower
ionization values.
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the value derived by Östlin et al. (2015), we consider two other possibilities. Thus, we assume a dark matter fraction of 0 (Baryonic dominated galaxy), 50% and 80% as suggested by
Östlin et al. (2015). Secondly, the outflowing gas seen in the maps could be flowing at some
inclinations with respect to us. Thus we consider inclinations of 0 (gas flowing towards us),
45 degree and 80 degree. Using the [OIII]λ5007 emission maps at velocities of -700, 850 and
1000 kms−1 , the escape velocities range from ∼150 to ∼450 kms−1 , with the lowest velocities
assuming that the gas is outflowing with an inclination of 80 degrees and no dark matter and the
highest velocity assuming line of sight outflows and 80% of dark matter.
Using the [OIII]λ5007 intensity for v> 400 kms−1 and the Hα intensity for the velocity range
between 250 and 400 kms−1 , the mass that will escape the galaxy range from 6% of the total
ionized gas mass for escape velocities ≥ 450 kms−1 to ∼40% for escape velocities of 250 kms−1 .
It is most likely that the true value is between this two extremes. Consequently, the ionized gas
of Haro 11 is dominated by expansion, whit a large ionized gas mass that will likely escape the
gravitational potential of the galaxy.

3.4

Future Work

I will continue exploring the physical properties of the ionised gas of Haro 11. The wide spectral
range allow us to derive properties of the gas density, temperature in various gas phases, attenuation due to dust, integrated kinematics, velocity dispersion and metallicities. I am currently
writing this paper.
I are also interested in the spatially resolved BPT diagram in velocity bins. BPT diagrams
are used to get insight into the source of ionising photons and the hardness of the radiation field.
This diagram allows to disentangle regions dominated by shocks, star formation or a mix of
both. This will be an interesting work since I have resolved several structures created by stellar
feedback. We will be able to trace the velocity of the shocks and probably get insight into the
ionisation sources of knot B, which is believe to host an low-accretion black hole.
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