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Streszczenie

Cata otaczajaca nas dzisiaj materia jest produktem ewolucji Wszechswiata. Cele
ninejszej pracy skupiaja sie nad zbadaniem proceséow odpowiedzialnych za produkcje
pyhu we wezesnym Wszech$wiecie, identyfikacja dominujacych mechanizméw prowadza-
cych do usuwania materii z oSrodka miedzygwiazdowego z galaktyk wczesnego typu,
oraz zbadaniem §wodowiska w ktérym doszto do dlugiego rozbtysku gamma, ktéremu
nie towarzyszyta eksplozja supernowe;.

Jednym z zagadnien, ktore jest wciaz przedmiotem analizy, jest produkcja pytu
we wezesnym Wszech$wiecie. Zrozumienie tego zjawiska pomaga w scharakteryzowa-
niu warunkéw srodowiskowych tamtej epoki i ma znaczenie przy poréwnywaniu ich
z lokalnym Wszech$wiatem. Produkcje pytu we wezesnym Wszech$wiecie opisuje sie
poprzez badanie galaktyk, w ktéorych wykryto emisje pytu. Moja analiza galaktyk z
detekcja pytu ukazuje, ze gwiazdy asymptotycznej gatezi olbrzymow nie sg wystarcza-
jaco skuteczne w wytwarzaniu pytu. Z kolei supernowe wydaja si¢ bardziej obiecujace,
zaktadajac ich maksymalng wydajno$¢ i braku zniszczenia pytu. Wyniki analizy suge-
ruja, ze za wytwarzanie pylu odpowiedzialny jest gtéwnie niegwiazdowy mechanizm,
prawdopodobnie wzrost ziaren pytu w osrodku miedzygwiazdowym.

Zrozumienie procesu, w wyniku ktorego galaktyki wstrzymuja produkcje nowych
gwiazd i usuwaja osrodek miedzygwiazdowy, pozostaje zagadka. Badanie probki kilku
tysiecy zapylonych galaktyk eliptycznych moze rzuci¢ $wiatto na te mechanizmy. Bada-
jac korelacje pomiedzy parametrami fizycznymi tych galaktyk wyznaczytam skale cza-
sowa usuwania pytu. Blisko$¢ innych galaktyk nie wptywa na usuwanie pytu, poniewaz
interakcje sa mato prawdopodobne ze wzgledu na odleglosci miedzy galaktykami. Row-
niez masa galaktyki, ani jej przesuniecie ku czerwieni nie wptywaja na szybkosé tego
procesu. Warto zauwazy¢, ze istnieje odejscie od oczekiwanej relacji tempa powstawa-
nia gwiazd i masy pytu, co prawdopodobnie jest wynikiem wygaszenia morfologicznego
produkcji nowych gwiazd. To wygaszanie, w potaczeniu z jonizacja lub wyptywami wy-
wolanymi przez starsze populacje gwiazd, jest w zgodzie z danymi obserwacyjnymi i
moze przyczynia¢ sie do utraty pyhtu z tych zapylonych galaktyk eliptycznych.

Dtugie btyski gamma, jedne z najbardziej energetycznych eksplozji we Wszech$wie-
cie, sa zwykle powigzane z eksplozjami masywnych gwiazd, chociaz w trzech przypad-
kach emisja supernowych pozostalta niewykryta pomimo szeroko zakrojonych obserwa-
cji. Aby uzyska¢ wglad w te zagadkowe zdarzenia, wykorzystatam nowe dane lini H1
i archiwalne optyczne dane spektroskopowe do zbadania osrodka miedzygwiazdowego
galaktyki macierzystej jednego z takich zdarzeri, GRB 111005A. Moja analiza ukazata
w ogo6lnosci gladki rozktad gazu atomowego, kontinuum radiowe i predkosci rotacji w
catej galaktyce, co wskazuje na brak niedawnych wptywoéw i wyptywoéw gazu. Ponadto w
poblizu GRB 111005A nie byto zauwazalnej koncentracji gazu. Obserwacje te sugeruja,
ze osrodek miedzygwiazdowy w tej konkretnej galaktyce rézni si¢ od osrodka obser-
wowanego w galaktykach macierzystych innych dtugich rozbtyskéow gamma. Wskazuje
to, ze rozblysk mogl nie byé¢ wynikiem eksplozji bardzo masywnej gwiazdy, ale raczej
polaczenia zwartych obiektow.



Abstract

All the matter surrounding us today is a product of the Universe’s evolution. The
objectives of this thesis are to investigate the processes responsible for dust production
in the early Universe, to identify the predominant mechanisms driving the removal of
the interstellar medium from early-type galaxies, and to explore the environment of
the supernova-less long gamma-ray burst host galaxy.

One issue that is still under analysis is the production of dust in the early Universe.
Understanding this phenomenon aids in characterising the environmental conditions
of that epoch and holds relevance for comparing them with the local Universe. Dust
production in the early Universe is elucidated by studying galaxies in which dust emis-
sions have been detected. My analysis of these galaxies reveals that asymptotic giant
branch stars are not sufficiently effective in producing dust. Supernovae, on the other
hand, appear more promising, though under the assumption of their maximal efficiency,
assuming no dust destruction. The collective findings suggest that a non-stellar mech-
anism is predominantly responsible for dust production, likely involving grain growth
in the interstellar medium.

Understanding the process by which galaxies cease star formation and remove their
interstellar medium remains a puzzle. Investigating a broad sample of dusty ellipti-
cal galaxies holds promise for shedding light on these mechanisms. I examined the
correlation between the physical characteristic parameters of these galaxies, leading
to the determination of the dust removal timescale. Proximity to other galaxies does
not impact dust removal, as interactions are improbable due to the distance between
galaxies. Neither the galaxy’s mass nor its redshift affects the rate of this process. No-
tably, there is a departure from the expected star formation rate vs. dust mass relation,
likely a result of a morphological quenching. This quenching, coupled with ionisation
or outflows triggered by older stellar populations, aligns well with observational data
and may contribute to dust loss from these dusty elliptical galaxies.

One of the most energetic events in the Universe, long gamma-ray bursts are typi-
cally linked to the explosions of massive stars, although in three instances, supernova
emission has remained undetected despite extensive observations. To gain insights into
these enigmatic events, new HI line data, and archival optical integral field spectroscopy
were utilised to examine the interstellar medium of the host galaxy of one such event,
GRB111005A. My analysis revealed a generally smooth distribution of atomic gas,
radio continuum, and rotational patterns across the galaxy, indicating the absence of
recent gas inflows or outflows. Additionally, there was no discernible concentration
of gas around the location of the GRB. These observations suggest that the interstel-
lar medium in this particular galaxy differs from that observed in hosts of other long
gamma-ray bursts. This indicates that the progenitor of GRB 111005A may not have
been the result of the explosion of a very massive star but rather a compact object
merger.
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Chapter 1

Introduction

Every star, planet, and asteroid was created from matter accumulating in dusty
gas clouds. All gaseous and dusty matter, as well as cosmic rays and magnetic fields,
are part of the so-called interstellar medium (ISM), which constitutes an important
component of all galaxies. The Universe constantly recycles this material due to stellar
evolution. Figure 1.1 presents the lifecycle of matter in galaxies.

'PROTOSTAR '~ *
WITH OUTFLOW.

N

" . DIFFUSE
CLOUD. YOUNG STAR

, Q. WITH:DISK
"evoLveD JlF  PLANETARY :
STAR. SYSTEM

Figure 1.1: The lifecycle of gas, dust, and ice in interstellar and circumstellar clouds.

Credit: M. Persson, NASA /ESA /ESO/ALMA.

Diffuse clouds are characterised by a density of about 10® atoms/cm? and temperatures
< 100 K. Inside such diffuse clouds, dense molecular clouds are found, which have higher
density and lower temperature. Eventually, the dense molecular cores of clouds collapse
due to gravity and form protostars. From the leftover gas and dust, planetary systems
come into existence. At this stage, the protostar transitions into a main sequence
star and reaches core temperatures that are sufficiently high to initiate the process
of hydrogen fusion into helium. Throughout its lifetime, a star releases some of its
primary and newly produced material to the environment around it. The last stages
of a star’s life can be the most violent and spectacular. Depending on the initial mass
of the star, there may be strong ejections of matter, stellar winds, and explosions. The
interstellar space is then enriched with new components created during such events. In



this way, a new enriched dust and gaseous cloud can form another population of stars
and planetary systems.

1.1 Cosmic dust

The issue of dust origin and evolution is one of the most important regarding
extragalactic astrophysics. Dust is a key component of the interstellar medium even
though it comprises only 1% of the total baryonic mass in the Universe. It is a solid-
state component composed of micron-sized grain particles (see Fig.1.2), mostly made
of carbon (C) and silicates (Mg/Fe-based) (Mathis et al. 1977). Its surface provides
favourable conditions for the formation of molecules, for example, molecular hydrogen
(Hy), which is the most abundant molecule in the Universe (Gould & Salpeter 1963;
Cazaux & Tielens 2002; Wakelam et al. 2017). Some atoms would rarely interact and
form molecules if not at the dust grain surface. Thus, the existence of dust particles
contributes to the increase of the molecular formation process. The rate of molecular
formation is two orders of magnitude higher in the presence of dust particles than
without them (Hollenbach & McKee 1979). Apart from the silicate/carbon core and
the grain surface, there is also a mantle made of ices, e.g. COs, HyO, CHy. Refractory
elements such as Mg, Fe, Al, Ti, and Ca precipitate onto the grains from the gas
phase (Micelotta et al. 2018). More complex carbonous particles in which we observe
a honeycomb configuration of C atoms arranged in aromatic rings are called polycyclic
aromatic hydrocarbons (PAHs, Leger & Puget (1984a); Allamandola et al. (1985)).
These dust grains, made of dozens of C atoms, with a size of a few nanometers, are
uncharged and non-polar, and all of the atoms lie in the same plane. The presence of
dust also contributes to the cooling of the ISM, which may lead to the star formation
process (e.g. Omukai et al. 2005).

Although the mass of dust grains is relatively low, it can absorb up to 30% of
the ultraviolet to infrared (UV, IR) light (Hauser & Dwek 2001), and then re-radiates
this absorbed light in the far infrared (FIR) part of the spectrum. Some objects
are indeed heavily obscured by the dust in the optical wavelengths. Absorption and
scattering on dust grains are evident in the UV to IR range as extinction/attenuation
of starlight. Dust can scatter the light coming from a star, changing the direction
in which the photon moves. By analysing extinction we are unable to say anything
about the temperature of the dust particles. An absorbed photon is re-emitted by the
dust particle, but at a longer wavelength than the original one. Both absorption and
scattering mechanisms provide a way to estimate the dust grain sizes since a different
size will subject photons to different changes. Due to their irregularity, elongated dust
grains can align with the magnetic field; their spin axes follow the field lines, and photon
absorption takes place on the longer axis. As a result of this mechanism scattered light
becomes polarized (Hall 1949; Hiltner 1949a,b).

The distribution of sizes of dust grains is described by a power-law and can be
inferred from an observed extinction curve (Mathis et al. 1977). The size of dust grains
is influenced by the chemical composition of the particles that make up the grain. For
example, the size of graphite dust grains can vary between 0.005 up to 1 um (Mathis
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Figure 1.2: A microscope image of an interplanetary dust particle. Credit: Courtesy
of D. Brownlee, University of Washington; photograph, M. Wheelock.

et al. 1977). This distribution implies size-dependent absorption or scattering seen at
different wavelengths.

Dust serves as a temperature regulator within the ISM. Considering temperature
regulation by dust grains, we can divide this ISM component into two groups. The
first group is the ISM comprised of large grains with radii 2 0.03um that are in ther-
mal equilibrium with the radiation field. The total energy of these grains does not
change noticeably due to photon absorption or emission. When the power radiated by
the dust grain equals the heating rate a steady-state temperature is observed (Draine
2011). The second group contains smaller dust grains which are much more susceptible
to temperature fluctuations. One photon can cause a temperature jump of several hun-
dred Kelvins when the energy input from a discrete heating event equals or surpasses
the average heat content of the grain (Draine & Anderson 1985). Small grains are con-
sequently not in thermal equilibrium. Dust facilitates the formation of molecules on its
surface and shields them from the intense interstellar radiation field. The fundamental
characteristics of dust grains, such as their size and composition, are intricately tied
to the specific conditions of the environment in which they originate.

Today’s knowledge about the evolution of galaxies and the ISM is based not only
on observations but also on simulations. Some models necessitate the incorporation of
numerous parameters, and due to the unknown microphysics of grains, these param-
eters are frequently set to values that lack observational constraints. Consequently,
the model output may simply mirror the input. Some cosmological simulations are
based on simplified models of dust evolution, where for example constant dust yields
are assumed regardless of a star formation episode (Baugh et al. 2005; Somerville et al.
2012; Croton et al. 2016). So-called “closed-box” models, presented by Dwek (1998);
Zhukovska et al. (2008); Valiante et al. (2009); Asano et al. (2013) can describe the
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formation and destruction of dust in more detail, but again, these models are not
without imperfections, because they do not take outflows and inflows into considera-
tion. In recent years, much more complex models have been developed. These often
take into consideration more complicated dust evolution processes. There are two
prevalent methods used to simulate galaxy formation: semi-analytical models (SAMs)
and hydrodynamic simulations. Croton et al. (2016) presented a codebase designed
for modelling galaxy formation within a cosmological framework called “Semi-Analytic
Galaxy Evolution” (SAGE). This model includes e.g. gas cooling and active galactic
nucleus heating of halo gas, ejected gas reincorporation. Subsequent SAGE updates
included more mechanisms occurring during galaxy evolution. Triani et al. (2020)
implemented mechanisms contributing to changes taking place within the ISM: dust
condensation in the ejecta of SNe type II and AGB stars, grain growth in the dense
molecular clouds, destruction by SN shocks, and dust removal from the ISM by star
formation, reheating, inflows, and outflows. Recent SAM presented in Parente et al.
(2022) tracks separately the abundances of large and small silicate grains, as well as
large and small carbonaceous grains. For this purpose, a detailed description of dust
evolution using two-size approximation by Hirashita (2015) has been included together
with distinguishing between carbonaceous and silicate grains based on their chemical
composition. This two-size approximation includes radius @ < 0.03 pm small grains and
a > 0.03 pm large grains. This model incorporates various processes such as dust sup-
ply from stellar ejecta, SN shock dust destruction, dust growth through accretion, grain
growth via coagulation, and grain disruption by shattering. The results of their analy-
sis demonstrated that this straightforward framework effectively replicates the primary
characteristics observed in comprehensive calculations of grain size distributions. Hy-
drodynamic cosmological simulations have been developed recently implementing the
dust production, destruction, and growth evolution in it (e.g. McKinnon et al. 2017;
Aoyama et al. 2018).

Over the past few decades, many theoretical considerations have been carried out
on dust evolution, formation, and destruction. Some of the first research dealing with
this issue is Dwek & Scalo (1980). They analysed and modeled processes in the solar
neighborhood. Hirashita (1999) described the dust-to-gas ratio of nearby star-forming
galaxies with models of Lisenfeld & Ferrara (1998) and Dwek (1998). These models
are based on four processes occurring in spiral galaxies: dust formation from heavy
elements ejected by stellar mass loss, dust destruction in supernova remnants, dust
destruction in star-forming regions, and accretion of heavy elements onto preexisting
dust grains.

By observing the dust, we can also learn something about stars within the dusty
cocoons. Ultraviolet and optical waves emitted by the stars are re-emitted at the
infrared part of the spectrum by dust and this is why dust is often used as a tracer of
star formation in galaxies (Kennicutt & Evans 2012).

1.1.1 Dust detection and dust mass

Photon absorption can heat dust grains, causing them to emit radiation, which
allows for their direct detection. Dust grains absorb incoming radiation from the sur-
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roundings, spanning from UV to IR, leading to the excitation of electrons. Afterward,
the heated dust grains emit thermal radiation according to Planck’s law, which results
in continuous emission across longer wavelengths. The degree to which dust grains emit
thermal radiation in comparison to an idealized black-body radiator at a specific tem-
perature is called dust emissivity. This parameter is strongly dependent on wavelength
(Whittet 2003). The spectrum of emitted black-body from dust grains changes with
temperature; cooler grains predominantly emit in the FIR, while warmer ones emit in
the mid-infrared (MIR). Collisions with other grains, gas particles, electrons, or cosmic
rays may also increase the dust grain temperature with kinetic energy transfer.

As described by Kennicutt & Evans (2012), emission in the 5-20 pm range contains
molecular lines emitted by PAHs. A change in the vibrational mode in the molecule
causes this emission. In the case of PAHs, when a hydrogen atom is added to the
edge of the C-ring structure, this mechanism occurs. This means that emissions of
specific wavelengths can be observed. Well-known PAH features are found at 3.3, 6.2,
7.7, 8.6, and 11.3 pum (Leger & Puget 1984b; Allamandola et al. 1985, 1999). These
emission lines are observed in ionised regions of reflection nebulae. As presented by
Peeters et al. (2004), PAHs can trace star formation activity, and in particular B
stars. PAH excitation is only possible if the molecules are sufficiently small. Only
then a single-photon absorption may cause a temperature increase up to 250 K (Draine
2011). Thermal continuum emission is visible above 20 ym due to the main dust grain
population. The continuum and the PAH emission are caused by small dust grains,
whereas the emission at a wavelength longer than 60 pm is dominated by large grains
(Kennicutt & Evans 2012). The dust emission peak can shift from shorter (close to
PAHs) to longer wavelengths as the dust grains become colder. The dust temperature
ranges between a dozen and several hundred Kelvin and depends on the grain size, the
strength and distance from a radiation source, and the Cosmic Microwave Background
(CMB) at high-z (Teyp = To(1 + 2) K), where Ty = 2.725K is the CMB temperature
measured at the current epoch, Fixsen (2009).

There are a few powerful ground- and space-based instruments that allow us to
investigate dust in the local and high redshift Universe. Interferometers such as the At-
acama Large Millimeter /submillimeter Array (ALMA), Giant Metrewave Radio Tele-
scope (GMRT), and Northern Extended Millimeter Array (NOEMA) are ideal instru-
ments for conducting a comprehensive and accurate analysis of interstellar matter in
individual galaxies. Submillimeter observations made with ALMA provide information
about the cold and distant Universe and are perfect for detecting dusty galaxies in the
early Universe. For these, the peak of the dust emission falls in the (sub-)millimetre
wavelengths due to the redshift effect. Over the last several decades, IR space ob-
servatories have detected many dusty objects in the Universe. One of the pioneering
telescopes was Spitzer Space Telescope, equipped with two detectors IRAC and MIPS
which for about 16 years provided information about the infrared Universe. Obser-
vatories such as the Herschel Space Observatory, with its two instruments PACS and
SPIRE, have been able to provide deep infrared observations of hundreds of square
degrees. Its large field of view, 4" x 8, and high sensitivity in a short time led to the
detection of dust in millions of galaxies. With the newest instruments like James Webb
Space Telescope (JWST), we expect to see even more of the infrared Universe. An ex-



ample of a spectral energy distribution (SED) changing with a redshift is presented in
Fig. 1.3. Additionally, some observational bands of Spitzer, Herschel, ALMA, JWST
have been marked.

The expanding Universe shifts the observed spectrum of galaxies to longer wave-
lengths than those originally emitted. The observer then needs to deal with redshifted
measurements. For galaxies in particular, it is worth mentioning the K-correction (Hu-
mason et al. 1956; Oke & Sandage 1968; Hogg et al. 2002; Blanton & Roweis 2007), a
transformation between observed and rest-frame magnitudes or fluxes. Galaxies at a
given redshift emit the light at a given wavelength ()\.). However, the observer must
take into account the fact of shifting this emission (A, = A (1+2z)) in their calculations
due to redshift. To apply the K-correction, assumptions must be made about the shape
of the true SED of the examined galaxy, e.g. assumptions about stellar population or
dust attenuation contribution. Typically, corrections rely on fitting templates to ob-
served SEDs which requires multi-colour photometry data. Optical and radio fluxes of
galaxies decrease with increasing redshift due to increasing distance not compensated
by probing brighter part of the SED (Blain et al. 2002), which is called a positive
K-correction. As shown in Fig. 1.3 IRAC, JWST, or MIPS detectors cover wavelength
ranges at which galaxies at different redshifts have significantly different fluxes. It
should be emphasised that at submillimeter wavelengths, fluxes remain constant, or
increase. This is a negative K-correction and means that the measured sub-mm fluxes
are less affected by redshift, as shown in Fig. 1.3. At these wavelengths, SEDs of
galaxies are dominated by the thermal dust emission with a peak at rest-frame wave-
lengths ~100pm. As a result, within this wavelength range, we are capable of detecting
galaxies at high redshifts with comparable efficiency to those at low redshifts.

ALMA, renowned for its proficiency in detecting (sub-)millimeter emission, stands
out as one of the most important instruments in this field. It plays a crucial role in
pinpointing the dust continuum emission peaks of high-redshift galaxies, as illustrated
in Fig. 1.3. Since its inauguration in 2011, ALMA has operated as a sophisticated
interferometer, boasting a configuration of 66 antennas, which facilitates the inves-
tigation of galaxies with angular resolutions ranging from a few arcseconds to ~10
milli-arcseconds, depending on the antenna configuration. This corresponds to a phys-
ical scale of a couple of hundred parsecs for an unlensed galaxy at z~2 (see Fig. 2
in Hodge & da Cunha 2020). Prior to the ALMA era, observations were constrained
to the brightest high-redshift galaxies, star-forming, commonly referred to as "submil-
limeter galaxies" (e.g., Blain et al. 2002). Before ALMA’s advent, single-dish telescopes
provided insights into galactic matter on scales exceeding 100 kiloparsecs at redshifts
around z ~ 2, corresponding to a resolution of approximately 15-30"(Hodge & da
Cunha 2020). The redshift milestone for a normal galaxy was held by a UV-selected
galaxy at z ~3.21, meticulously analyzed by Magdis et al. (2012). In their study to un-
cover the most redshifted galaxies detected by Herschel, Riechers et al. (2013) identified
an exceedingly massive and vigorously star-forming galaxy, exhibiting a SFR > 2,000
Mg yr~t. Through the discernment of numerous spectral lines, encompassing both
absorption and emission features, they derived a redshift of 6.34. ALMA observations
have extended the redshift frontier for typical star-forming galaxies.

The formula below (Taylor et al. 2005 method based on Hildebrand 1983) shows a
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Figure 1.3: The spectral energy distribution of a galaxy at different redshifts (solid
lines). Additionally, the observation bands of selected telescopes have been marked as
well as PAHs and dust continuum emission. Adapted from Fig. la in Hodge & da
Cunha (2020).

simple relationship between dust mass My in a galaxy at redshift z, flux density F,, and
temperature. In this way, the FIR SED can be described by the modified black-body
dust distribution and a single average dust temperature, Ty, for a given galaxy:

F,D?
(1 + Z)'%VBI/(Tdust)’

M, = (1.1)

where Dy, is a luminosity distance, B, (Ty,s) is the Planck function, k, is the mass
absorption coefficient of dust at rest frequency v.

1.1.2 Stellar and non-stellar dust sources

It is known that dust is not only relevant in the context of the ISM but is also one of
the main factors defining the evolution of stars and entire galaxies. Formation of dust
grains takes place in rapidly-cooling gas of stellar outflows (Yamamoto & Hasegawa
1977) since it requires an environment of gas densities > 10'3 cm™ (Sarangi et al.
2018), and a relatively low temperature. A temperature lower than 2000 K is assumed
as the maximum temperature for grains to be formed and this temperature depends
on the environment. The nucleation and condensation processes are responsible for
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the transition between the molecular gas phase to the solid dust state, forming dust
nuclei and clusters (Cherchneff & Dwek 2009; Sarangi & Cherchneff 2013). Molecules
lose their kinetic energy with decreasing temperature and combine to form a cluster of
molecules and finally to form a dust grain. In a carbon-rich environment, the tempera-
ture of the formation of amorphous carbon or silicates oscillates around 1700 K (Duley
& Williams 1981; Sharp & Wasserburg 1995; Lodders & Fegley 1995; Jéager et al. 1998;
Mutschke et al. 1999; Pascoli & Polleux 2000; Dartois et al. 2004; Jéager et al. 2009;
Jones & Nuth 2011), while for graphite and PAHs it is less than 1700 K. (Draine &
Lee 1984; Cherchneff et al. 1991; Sharp & Wasserburg 1995; Cherchneff 2011). In
the case of an oxygen-rich environment, the temperature distribution is more diverse.
Corundum grains condense at the temperature of ~1700 K (Gail 2010; Koike et al.
1995). Olivines and pyroxenes form at approximately 1300 K (Koike et al. 1993, 2000;
Gail 2010; Zeidler et al. 2011) while the lowest temperature, reaching only 800 K, char-
acterises magnetite, calcite, and dolomite formation environment (Koike et al. 1981;
Posch et al. 2007; Gail 2010).

The stellar outflows arise during the last stellar evolutionary phases. Stellar evolu-
tion varies significantly with the initial mass of a star. Stars of stellar mass (Mgelar)
about one solar mass (1Mg,) evolve slowly toward the giant stage at the end of their
relatively long life (10 Gyrs). However, a star with an initial mass of ~40 Mg evolves
in a shorter timespan (in a few Myrs) to the supergiant phase.

There are two stellar sources that produce dust. Asymptotic giant branch stars
(AGBs) are characterised by an initial mass in the range of 0.8-8 M, and quite strong
winds. The winds are responsible for increased mass-loss rates (Schéier & Olofsson
2001). Dust is produced in their cooling dense ejecta (Valiante et al. 2009). The
theoretical dust yield per one AGB star (how much dust one star can produce) is less
than 4 x 1072 Mg, (Morgan & Edmunds 2003; Ferrarotti & Gail 2006; Ventura et al.
2012; Nanni et al. 2013, 2014; Schneider et al. 2014). Due to the relatively low initial
masses, AGB stars need a few hundred of Myr up to ten Gyr to start producing dust
(Valiante et al. 2009). In their recent studies on dust formation Marini et al. (2023)
concluded that the dust production mechanism continues with high efficiency until the
very final AGB phases, resulting in dust yields of 0.012 — 0.025 M.

The second stellar phenomenon that results in dust production is a supernova (SN)
explosion. This event marks the end of the lifetime of a massive star (8 < Mgenar/ Mg
< 40). The dust production takes place in their expanding ejecta (Hoyle & Wickra-
masinghe 1970), a few hundred or thousand days after a SN explosion. SNe type II
(core-collapse SNe) are the main SN dust sources in the Universe (Cherchneff 2010).
SNe type II are the most common SN type (Schulze et al. 2021) and are mainly ob-
served in spiral arms of galaxies where new stars are still forming. There are also some
theoretical studies on dust production by SNe type Ia, thermonuclear explosions in
binary systems composed of a donor and a white dwarf. Nozawa et al. (2011) showed
that the dust produced in the expanding ejecta is not able to survive in the system due
to the so-called reverse shock. This shock can sweep up the matter and destroy the dust
that has just been created and can travel much faster through the system environment
(compared to reverse shock in SNe type II) due to the lack of a hydrogen envelope,
which acts as a shield that slows down the reverse shock. High gas density in the ejecta



causes very effective dust grain erosion by gaseous ions (Schneider & Maiolino 2023).
This indicates that SNela are not effective in the dust production process. Dust pro-
duced by this type of SNe has not been detected so far. There are also superluminous
SNe, 10-100 times brighter than traditional core-collapse SNe (Quimby et al. 2011;
Gal-Yam 2019; Inserra 2019). However, these objects are ineffective in creating dust,
resulting in 5 x 107 — 1072 M, of dust (Chen et al. 2021). Their small contribution
to the mass of dust in the Universe is additionally determined by the low frequency of
occurrence (Schulze et al. 2021).

In the Local Group, the majority of observed dust mass is formed by AGB stars and
SNe (Gall et al. 2011b). SN 1987A observed in the Large Magellanic Cloud has become
the most known dust production event (Lucy et al. 1989). The dust production process
took place a few hundred days after the explosion. Shortly after that, the progenitor
was identified, which unexpectedly turned out to be a blue supergiant. In 2011, based
on Herschel data, Matsuura et al. (2011) reported 0.4 - 0.7 Mg of dust in SN 1987A
remnant.

Another well-studied case of SN dust production is Cassiopeia A located in our
Galaxy. De Looze et al. (2017) in their multiwavelength analysis obtained 0.4 — 0.6 M,
of cold (~30 K) dust, assuming that it is composed of silicate-type grains and carbona-
ceous grains in equal proportion. The majority of Cas A cold SN dust is concentrated
inside the reverse shock, which may suggest that the recently formed dust has been
destroyed by this shock. The decrease in dust mass beyond the reverse shock indicates
that approximately 70 % of the dust mass is destroyed as it travels through the reverse
shock. Shahbandeh et al. (2023) reported the JWST Mid-Infrared Instrument (JWST
MIRI) dust detection of two low-z supernova remnants, 18 and 5 years after the SN
explosion. The outcome of their SED fitting provided estimates of the dust mass lower
limits of My, > 0.014 Mg, for the older object and My, > 4 x 10 ~*M for the
younger one.

Stellar production of dust in the galaxies of the early Universe places one require-
ment on stars; they must be mature enough in a short time to start dust production,
which constrains the initial mass to be relatively high. At redshift z > 6, only stars
with the minimum stellar mass of about 3 Mg are considered as potential dust pro-
ducers (Gall et al. 2011c) because only these stars could evolve to the late outflow
phases. SNe are considered to be one of the primary stellar dust producers in the early
Universe due to their short lifetimes. Maiolino et al. (2004) presented the first direct
evidence for dust production by SNe in quasar at z = 6.42. Theoretical dust yields per
SN of population III stars (which are a theoretical population of very massive stars
existing in the early Universe) is less than 1.32 M, (Nozawa et al. 2003) but only less
than 0.1 Mg, survives the reverse shocks phase.

There is yet another, non-stellar mechanism contributing to the growth of dust
observed at low and high redshift (Draine & Salpeter 1979; Dwek & Scalo 1980; Draine
2009; Michatowski et al. 2010a). Interstellar cold clouds are suitable regions for dust
grains to grow due to the accretion of gas-phase metals (Inoue 2003; Draine 2009;
Asano et al. 2013). Dense environments, characterised by a number density of hydrogen
molecules of ~10% cm™ (Dwek & Scalo 1980; Hirashita 2000), have ideal conditions for
effective growth, where an ice mantle is created on a dust grain surface. Gas accretion is



also accompanied by grain coagulation, joining of particles over low-velocity collisions,
and these two mechanisms together can have a significant impact on the grain growth
in the ISM. Recent studies of the mass of dust detected in SN 1987A resulted in the
hypothesis of accretion and coagulation of the dust grains in this system over the
last twenty years (Wesson et al. 2015; Bevan & Barlow 2016). Research presented by
Ferrara et al. (2016) on the dust grain growth in high-redshift galaxies, via gas accretion
in the diffuse ISM, showed that this process can face some difficulties. The accretion
may occur too slowly which is related to too low density of the medium. The dust
temperatures could be too high, so Si and O atoms cannot stick to the grain surface
and within seconds these go back into the gas phase. Lastly, positively charged grains
by strong UV radiation will repel ionised Si and C from each of their surfaces. Yet,
far more favourable conditions are found in molecular clouds, characterized by lower
temperatures and higher gas densities, facilitating shorter accretion and a buildup
of the ice mantle around a grain in molecular clouds (e.g. Caselli & Ceccarelli 2012;
Boogert et al. 2015). Ferrara et al. (2016) considered supernovae as the main dust
producers.

Since the condensation of refractory elements on the surface of dust grains helps
them to grow (Jones & Nuth 2011), the evolution of dust is closely related to metallicity
(Hirashita 2013, e.g.). Massive stars create metals when they die, which is why this
predicts a constant dust-to-metal ratio (Franco & Cox 1986). In their work on the
dust production and the dust evolution extensions in the semi-analytic model, Parente
et al. (2023) reproduced the observed correlation between dust-to-gas mass ratio and
metallicity Rémy-Ruyer et al. (2014); De Vis et al. (2019); Popping & Péroux (2022).
As metallicity increases, the dust-to-gas mass ratio also increases, and this is noticeable
at every redshift bin tested (up to z<3). Because Mg and SFR are dependent on
metallicity, it follows that metallicity is the primary physical parameter of the galaxy
that determines the observed dust-to-gas mass ratio values (Rémy-Ruyer et al. 2014).

The estimated amount of dust is influenced by the stellar initial mass function
(IMF). This function describes the distribution of masses of individual stars formed
during a star formation episode. If the galaxy is dominated by low-mass stars, possible
dust production will begin much later - due to the time it takes a star to reach the
AGB phase during which they lose mass - than in the case of massive stars that evolve
over tens of millions of years. The shape of the IMF is difficult to infer because
direct detection and counting of stars are possible only among the closest neighbours
of our Galaxy and within it (Offner et al. 2014). The distribution of stellar masses
can be described by different IMFs. A power law is used for estimates of the total
number of massive stars (above 1My), as it was presented by Salpeter (1955). The
IMF distribution becomes less obvious for less massive stars, where originally power-
law was assumed, but more recent research indicates lognormal distribution Chabrier
(2003a) or a sequence of power-laws (Kroupa 2001, 2002).

Ongoing research is exploring the possibility of dust formation in active galactic
nuclei (AGN) accretion disc winds. Elvis et al. (2002) emphasised that favourable con-
ditions may exist in broad-line outflows for dust formation, similar to AGB outflows,
resulting in dust yield of ~ 1072 M® yr~!. In their theoretical studies, Sarangi et al.
(2019) examined four regions affected by AGN outflows driven by a magnetic field.
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Dust nucleation and condensation can occur near the accretion disc plane. This results
in the formation of a dust torus surrounding the central engine. There are also regions
of sublimation, characterised by high temperatures in which a transition from the solid
state to the gaseous state occurs. Due to temperature, T>2000 K, dust grains may
be ionized or even destroyed. It is worth noting that grain growth is also possible via
accretion and coagulation, but only further away from the centre. Dust formation and
grain growth in AGN outflows are still under active investigation, and to accurately de-
scribe this phenomenon, observations with spatial resolution reaching several hundred
parsecs are needed.

1.1.3 Dust removal mechanisms

Answering the question of how dust is removed faces some problems. The gas
outflows, inflows from the intergalactic medium, and continuous dust production and
destruction by SNe and AGB stars make the whole process a combination of several
components. Each of these components and mechanisms operates on a different time
scale. Most of today’s constraints on this subject are based on simulations and the-
oretical predictions, which can describe this problem in detail, but depending on the
adopted assumptions it is possible to get contradictory results (Jones & Nuth 2011).
Processes that may contribute to dust loss are described in what follows.

Incorporation in newly formed stars (astration) occurs regardless of the source of
dust (Gall & Hjorth 2018) and can be efficient in star-forming regions. Ferrara & Peroux
(2021) studied dust density evolution in the last 8 Gyrs of the Universe evolution and
found out that 11-49% of the dust mass is destroyed by astration. This fraction
depends on the contribution of SN to dust destruction; the higher their efficiency, the
lower the contribution of astration.

A SN explosion does not just create a shock wave travelling outwards. A reverse
shock wave forms when a forward SN ejecta runs into an ambient medium, and only
then bounces back or propagates an inward wave. Such reverse shock wave can destroy
a considerable amount of newly formed dust (Temim et al. 2015; Bianchi & Schneider
2007; Cherchneff 2010; Gall et al. 2011c; Lakicevi¢ et al. 2015). The efficiency of
this process is influenced by the size, chemical composition, and distribution of dust
grains. Based on studies on the initial grain size distribution in SNR Cassiopeia A,
Kirchschlager et al. (2019) revealed that about 30% of the carbon grains (~10-50 nm
radii for high gas densities, or ~0.5-1.5 um radii for low and medium gas densities)
and 40% of silicate grains (~10-30nm) are able to survive the reverse shock pass. A
forward shock can be destructive at low velocities, destroying pre-existing dust. As
presented by Bocchio et al. (2014) a forward shock can easily destroy the smallest
carbonaceous grains moving only 50 km s~! through ambient ISM. Core-collapse SNe
are associated with a recent star formation epoch. The lifetime of the CC-SN progenitor
is much shorter than that of a progenitor of SN Ia, which indicates different dust removal
timescales in galaxies considering different SN types. It is not clear how much dust
(new and pre-existing) is destroyed by SN shocks.

Another process is ionisation by planetary nebulae (PNe), during which heating of
gas by the ejecta can lead to the destruction of dust (Conroy et al. 2015). Planetary
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nebulae are systems composed of a low or intermediate-mass star in its post-AGB phase,
surrounded by a previously ejected gas and dust envelope. A red giant star, known for
its comparatively low temperature and large size, throws out its outer gaseous layers
as its core contracts and emits radiation, transforming into a new source. After this
ejection phase the exposed nucleus remains in the very centre, emitting UV radiation.
The central object, usually a white dwarf, ionizes nearby medium for only about a few
thousand years. This heating, done by the ejecta colliding with the gas surrounding the
central object, produces ionised medium. In their recent work Dell’Agli et al. (2023)
presents that up to ~60% of already existing dust can be destroyed during the PN
ionisation phase.

Stellar winds driven by SN explosions, in highly star-forming galaxies like in M82
(Walter et al. 2002), may also contribute to dust loss in galaxies. Galactic outflows
get rid of dust grains and this process can be very effective due to radiation pressure
(Bianchi & Ferrara 2005). Dust grains are transported from the galactic disc to the
halo by outflows and this process can increase metal abundances in the galaxy’s en-
vironment. Dust outflow depends on grain mass. The heaviest grains are unable to
escape from the gravitational well, while the smallest experience collisions with atoms
and ions resulting in the inability to escape from the disk (Draine & Salpeter 1979). In
their analysis Slavin et al. (2015) focused on dust destruction by SNe, which resulted in
a dust removal timescale of 2-3 Gyr of silicates and carbonaceous grains. However, the
authors pointed out that a comprehensive description necessitates an understanding
of the morphology of the interstellar medium. In the high redshift Universe, even at z
~ 10, outflows lead to removal of grains with radii ~ 0.1 ym (Hirashita & Inoue 2019).

The dust has also been detected in small compact regions around AGNs (Ichikawa
et al. 2017, 2019). Matter accretion onto the black hole located in the centre of
the galaxy creates AGN-driven outflows (King & Pounds 2015). Recently, Tazaki
& Ichikawa (2020) proposed a new dust destruction mechanism driven by the AGN
radiation pressure. This accelerates dust grains, which are destroyed by kinetic sput-
tering. The smallest grains are quickly destroyed while larger ones are moved away
from galaxy centres.

Hot gas present in galaxies can also cause erosion of dust particles by sputtering.
The smallest grains are the most vulnerable to this mechanism (Bocchio et al. 2012).
Micelotta et al. (2010) studied PAHs in a hot gas (103-108 K) and concluded that dust
grains would be mainly destroyed by collisions with electrons rather than absorption
of X-ray photons. Collisions would lead to quite a short destruction time of about
20 Myr.

Analytical models presented by Dwek et al. (2007) for the evolution of the ISM
components in high redshift galaxies showed that the efficiency of the dust grain de-
struction is highly uncertain because it depends on the ISM morphology. Gall et al.
(2011a) developed a numerical model of galactic chemical evolution and studied the
effect of galaxy properties on the evolution of dust in starburst galaxies at high red-
shift. In their analysis, they noticed a strong dependency between the IMF and the
total dust mass, which is additionally correlated with the mass of the galaxy. SNe
are responsible for a majority of dust mass produced at early epochs. The mechanism
considered to contribute to the dust destruction is SN shocks. Shocks have a significant
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impact on dust removal considering top-heavy IMFs, when many more massive stars,
SNe progenitors, are formed. Theoretical considerations on the dust removal timescale
were carried out a few decades ago. Barlow (1978) studied sputtering of dust grains in
regions of ionised hydrogen (HII regions), inter-cloud medium, cloud-cloud collisions
shock waves, and SN remnants. Based on his studies he concluded that SN remnant
shock waves lead to ice grains lifetime of about 2 x 108 yr.

1.1.4 Early-type galaxies

To begin research on the mechanisms by which dust is removed from galaxies, we
must start by selecting a well-defined galaxy sample. The galaxies must be rich in
dust to be detected. The Hubble visual morphological classification (Hubble 1926) can
be advantageous, presenting a sequence that describes galaxies based on their optical
appearance. Large amounts of dust are observed in spiral galaxies, so-called late-type
galaxies. Spiral galaxies are distinguished by arms that spiral out from a central bulge
or central bar composed mainly of old stars. Young stars, some planetary systems,
and the ISM are located in the spiral arms. Young stars are still observed in these
galaxies, so star formation is still ongoing. In the context of dust destruction, the
presence of recent star formation may negatively impact the overall analysis because
these new stars can create new dust. Therefore, galaxies that are retired (which have
stopped forming stars) are a good choice for studying the mechanism of dust removal.
These are passive galaxies with a low star formation rate (SFR) value. There are
also late-type galaxies which are becoming passive. However, usually, passive galaxies
have an ellipsoidal shape, featureless, and smooth brightness distribution highest in the
centre, and decreasing with distance from the centre. These have been called early-type
galaxies by Hubble. At that time Hubble thought that galaxies evolve from early to
late-type, which according to our current knowledge is the opposite. However, we still
use the original Hubble’s original nomenclature.

How can the morphological type of a galaxy be determined? More precisely, how
can the ellipsoidal shape be defined? One of the basic and first approaches to this
topic is visual classification. As previously mentioned Edwin Hubble provided the first
systematic morphological classification of galaxies (Hubble 1926) which was expanded
in subsequent years by de Vaucouleurs (1959). Based on the appearance of the galaxy
in optical imaging, we are able to determine its type. Galaxy Zoo (Lintott et al. 2008)
is one of the unusual approaches to this topic. It is a platform where volunteer users
assess the type of galaxy by visual inspection and based on the response statistics, a
visual morphological type is assigned to the examined galaxies. The shape of galaxies
is also reflected in their colour. Elliptical galaxies, mostly made up of old metal-rich
stars, appear redder (Humason 1936; Hubble 1936). By brightness examination of a
selected galaxy, using two filters u (UV range) and r (IR range), the difference between
these two values determines the type of galaxy. As presented in Strateva et al. (2001)
for galaxies at redshift up to 0.4, if u —r is greater than 2.22 the examined galaxy most
probably is an early-type object with elliptical morphology. Nadolny et al. (2021)
showed that this value can be used even for galaxies up to z~ 2.

The brightness distribution within the galaxy’s boundaries depends on the shape
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of the galaxy. Early-type galaxies have a smooth brightness distribution with a clear
decline in intensity with radius, while the brightness in the case of late-type galaxies
is more uneven. The Sérsic profile describes the galaxy’s intensity distribution as a
function of radius (Sérsic 1963, 1968; Graham & Driver 2005) and is given by eq.1.2:

N

where I, corresponds to the intensity at the effective radius r., i.e. the half-light radius
which contains 50% of the galaxy’s luminosity. The so-called Sérsic index (n) is a
parameter that defines the degree of flattening of the Sérsic profile and indicates how
the light is distributed in a galaxy. The Sérsic profile reduces to familiar distributions
for certain values of n. For instance, n = 0.5 is a Gaussian profile, and n = 1 is an
exponentially declining profile. Sérsic index n = 4 is a de Vacouleurs r'/* profile, which
has been used successfully to describe elliptical early-type galaxies. The higher this
parameter is, the more centrally concentrated the galaxy is (Trujillo et al. 2001), and
its surface brightness gradually decreases with increasing radius. Parameter b, is a
function that depends on the value of the Sérsic index. A commonly used, and less
conservative Sérsic index limit is at n = 2.5 (Vulcani et al. 2014; Lange et al. 2015;
Nadolny et al. 2021), the limit below which we classify galaxies as late-type galaxies.
Fig. 1.4 summarises the entire above methodology of distinguishing elliptical galaxies
from spirals using colours and the Sérsic index. It is visible that for n > 2.5 the galaxies
are redder and more massive, and these galaxies tend to be elliptical.
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Figure 1.4: Stellar mass as a function of Sérsic index with u — r colour bar. Figure
2(a) from Lange et al. (2015).

Analysing the dust destruction processes, we encounter a problem regarding the
amount of observational data. The number of massive, early-type galaxies becoming
passive is relatively low, so large-area surveys are needed to obtain significant samples.
Instruments that are able to detect dust emission observe at infrared and submillimeter
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wavelengths. Unfortunately, many existing telescopes with such detectors are not able
to survey large areas of the sky. Due to their small fields of view, the largest and most
sensitive interferometric instruments, such as ALMA, SMA, and NOEMA are not able
to create large databases of thousands of objects that are required for the statistical
analysis of dust loss in galaxies. This is why simulations and theoretical considerations
are the main source of knowledge on dust destruction so far (e.g. Gall et al. 2011c;
Croton et al. 2016; Parente et al. 2023).

Up to now, dust emission of only several dozen of dusty galaxies becoming passive
has been analysed (Rowlands et al. 2012; Michatlowski et al. 2019a). Rowlands et al.
(2012) analysed dust in local early-type galaxies selected by their submillimetre emis-
sion. They selected 44 elliptical galaxies in which the high amounts of dust, expected
for spiral galaxies, were observed. Rowlands et al. (2012) studied the relationship be-
tween the dust-to-stellar mass ratio and the specific SFR (sSFR, which is SFR/ Mgenar)
of the early-type galaxies compared to spiral galaxies. They noticed that the elliptical
galaxies have lower dust-to-stellar mass ratios and sSFRs than spirals.

da Cunha et al. (2010) revealed a linear relationship between dust mass and SFR
in low-redshift star-forming galaxies. As presented in Fig. 1.5 with increasing SFR,
the amount of observed dust in star-forming galaxies increases linearly. Relatively high
values of Mg, and SFR may indicate a recent merger event between two, or more,
galaxies, while a departure from this linearity may indicate additional processes taking
place in the galaxy, such as starburst, or quenching (Martig et al. 2009; Hjorth et al.
2014).

As shown by Michalowski et al. (2019a), there is evidence of an exponential decrease
in the dust-to-stellar mass ratio with the mean stellar age for early-type galaxies (Fig.
1.6). This conclusion is based on 60 early-type galaxies observed by Herschel, up to
z < 0.32. The sample size did not allow for studying the dependence of the dust
decline as a function of other galaxy properties, thus larger sample is necessary to
allow a deeper understanding of this process.
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Figure 1.5: Dust mass as a function of star formation rate of star-forming galaxies.
Figure 5 from da Cunha et al. (2010).

1.2 Cosmic gas and its atomic, molecular, and ionised
state

Gas component dominates the total mass of the ISM in galaxies. About 75% of
total ISM mass is made of hydrogen, in atomic (HI), molecular (Hs), and ionised (HII)
form. All these states correspond to different physical conditions and processes that
occur in these regions. Different techniques and wavelength ranges are needed to detect
and analyse different gas phases.

Atomic hydrogen in the ground state (the lowest energy state) is composed of a
proton and an electron and can experience a spontaneous electron spin-flip and emit
a 21 cm photon (1420 MHz). The 21 cm line is used to trace hydrogen in its atomic
form. Dust does not absorb this wavelength, which means that photons emitted during
the spin-flip pass through dusty regions unchanged. Heintz et al. (2021) presented an
alternative method for the atomic hydrogen mass estimation based on the [CII] line
emission from star-forming galaxies, in which gamma-ray bursts appeared.
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Figure 1.6: Dust-to-stellar mass ratio as a function of luminosity-weighted stellar age

of Herschel-detected early-type galaxies from Rowlands et al. (2012) (black circles).
The dust decline is detected. Figure 5 from Michatowski et al. (2019a).
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As already mentioned, the surface of dust grains provides favourable conditions
for the process of the formation of molecules. However, this process can also occur
in the gas phase, where atoms or less complex molecules combine. Usually, the grain
catalysis process (Gould & Salpeter 1963) takes place on the surface of a dust grain,
when two hydrogen atoms are bounded, resulting in the formation of a symmetric
hydrogen molecule. This is the reason why molecular clouds also contain significant
amounts of dust. It is very important to emphasise the role of Hy in star formation
processes (Kennicutt & Evans 2012). For this process, cold molecular gas is one of the
components involved. Dense molecular clouds, composed mostly of Hy, are birthplaces
for stars. Gas with a relatively low temperature, up to 20 K, is located in active stellar
regions. Despite being the most abundant molecule in the Universe, the direct detection
of molecular hydrogen is very limited (Inoue et al. 2020). Hs is a diatomic molecule,
which results in no permanent dipole moment. Therefore, Hy is inefficient when it
comes to radiation at temperatures of several dozen kelvins. The temperature required
for moving to an excited state is at least several hundred Kelvin. Hence, its emission
is weak and hard to detect. This is why we need another molecule as a proxy for Hy
to study the former in other galaxies, and especially to study high-redshift objects.

Not only hydrogen is used to describe physical conditions of the ISM in galaxies. CO
is the second most abundant molecule in the Universe after Hy. It is a polar molecule
which results in the prospect of rotational transitions, with its most common transition
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at 2.6 mm (J=0 to J=1). Excitation occurs already at ~5 K, and as a result, allows us
to observe the cold gas component in star-forming galaxies. CO formation takes place
in gas-phase. The CO line is commonly used as a proxy for molecular gas mass (Bolatto
et al. 2013; Carilli & Walter 2013), however, this is not the only tracer. The neutral
carbon line [CI| is also used for this purpose (Phillips & Huggins 1981; Papadopoulos
et al. 2004; Jiao et al. 2017; Valentino et al. 2018). Nevertheless, using this tracer
in environments characterised by high UV radiation and low metallicity might have
limitations due to the ionisation of carbon under such conditions. In the case of late-
type galaxies, we can detect molecular clouds in spiral structures. Measuring molecular
gas with the help of CO can be problematic and underestimated in low-metallicity
environments. In the case of a low-metallicity Universe, the [CII| line becomes useful
as a total molecular gas tracer. Madden et al. (2020) showed that the total molecular
gas mass is effectively traced by [CII|, while CO fails to trace as much as 70-100% of
the gas (Hz) in star-forming dwarf galaxies. In low-metallicity regions, UV photons can
penetrate more deeply and photodissociate CO molecules. Subsequently, [CII| emitting
layer is then formed around the remaining CO region (CO-dark gas, Papadopoulos et al.
(2002); Rollig et al. (2006); Wolfire et al. (2010); Glover & Clark (2012)). Additionally,
H, photodissociation occurs and, as a result, the molecular gas becomes optically thick.
Hj region is then located between the previously mentioned CO core and the outer layer
of [CII]. All the above indicates that both tracers, CO and [CII|, should be taken into
account when determining total molecular gas mass. [CII] 158um is considered one
of the cooling lines for the neutral gas and a tracer of SFR (the brightest line from
star-forming galaxies). Moreover, if this emission is spatially resolved, we can make
measurements of the dynamical structures in galaxies. The [CII| line is also used to
estimate the mass of Hy in high-z galaxies (Zanella et al. 2018; Tacconi et al. 2020).
Similarly, dynamical masses presented by Zavala et al. (2018) are determined based on
the FWHM of [CII| emission and the size of the galaxy. [OIII| 88um is also a cooling
component and it significantly affects the ionised environment. Massive O-type stars
are responsible for their presence.

HII regions in galaxies contain ionised hydrogen gas, wherein hydrogen atoms un-
dergo electron loss owing to the intense UV radiation emitted by hot, massive stars.
Hence, these regions originate predominantly in areas undergoing active star formation.
The ionisation creates HII regions that emit characteristic recombination lines, such
as Ha (at a wavelength of 6563 A). The Ha equivalent width serves as an excellent
indicator of massive OB-type stars (e.g. Kennicutt et al. 1989; Lawton et al. 2010), ef-
fectively delineating recent star formation of the order of 10 Myr, corresponding to the
lifespan of an OB star (Stasiriska & Leitherer 1996; Fernandes et al. 2003; Kennicutt
& Evans 2012; Haydon et al. 2020), therefore it can be used as an age proxy.

1.2.1 Gas detection and gas mass calculation

Similarly to dust, the gas is observed in the infrared and radio waves. However, gas
emission does not take the form of a black body. Gas in galaxies consists mainly of
atoms and ions. This gas emits radiation via specific atomic or molecular transitions,
emission lines, rather than the thermal mechanisms typical of black body radiation.
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The temperature of the gas within galaxies can exhibit significant variations based on
its location, density, and the influence of nearby stars, galactic nuclei, or the CMB.
Therefore it does not emit in the continuum, unlike dust.

HII regions are relatively straightforward to observe due to the recombination pro-
cess that releases detectable photons. In contrast, HI regions emit spontaneously, but
the extensive presence of neutral hydrogen atoms makes their emission widely observ-
able. These regions are often observed at considerable distances from radiation sources.

In their research on dust and gas in spiral galaxies Devereux & Young (1990) pre-
sented total mass estimation of HI clouds. They showed a simple relationship between
21cm flux and the mass of an atomic region:

My = 2.35 x 10°D? fy; [M)], (1.3)

where D in Mpc is a distance to the cloud, fy; is a flux in Jy km s

Detecting Hs directly poses challenges, necessitating the use of other molecules
like CO or dusty regions as tracers. As reported by Togi & Smith (2016), Hs can be
detected solely in gas with temperatures surpassing approximately 80 K. Hence, the
emission of other molecules has to be used to trace Hs. Rotational transitions in CO
are detectable at radio to sub-millimeter wavelengths. This mechanism allows us to
estimate a total molecular mass component. Assuming a constant ratio between H,
and CO, we can estimate the mass of molecular hydrogen. This, of course, carries some
uncertainties due to the lack of a strict and specific value of this ratio, which varies
significantly between different environments.

Equation 1.4 (Bolatto et al. 2013) presents conversion between the CO 1-0 luminos-
ity (Lco@—-o0)) and the total molecular mass (M, including the helium contribution,
Mot ~ 1.36 Mp,).

Mot = aco X Leoa—o) [Mo). (1.4)

The CO-to-H2 conversion factor acp may vary within galaxies and at different epochs
(Genzel et al. 2012; Sandstrom et al. 2013). In the Milky Way and some nearby spiral
galaxies aco ~ 4.4 My (K km s7 km™ pc™2)~! has been obtained (Solomon et al.
1987; Strong & Mattox 1996; Abdo et al. 2010).

1.3 Gamma-ray bursts

Gamma-ray bursts (GRBs) are remarkably energetic and luminous transient events,
observed in distant galaxies (Meegan et al. 1992) almost at all redshifts, with the fur-
thest detected GRB 090423 at z=8.2 (Salvaterra et al. 2009; Tanvir et al. 2009). They
are explosions emitting in the most energetic range of the electromagnetic spectrum,
gamma rays. These events last from ten milliseconds to even several hours. GRBs have
been detected for the first time by the Vela satellite in 1967, which original purpose
was to control likely nuclear tests in space. Only several years later Klebesadel et al.
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(1973) assigned a cosmic origin to GRBs. The distribution of observed GRBs in the
sky is homogeneous without any obvious clustering. There is a clear bimodal division
of GRBs according to the duration of their prompt emission (Dezalay et al. 1992; Kou-
veliotou et al. 1993) on short (¢ < 2s) and long GRBs (¢ > 2s). Fig. 1.7 presents the
distribution of burst timescale where the bimodality can be observed.
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Figure 1.7: Burst timescale for the 222 GRBs from the first BATSE catalogue. Figure
1(a) from Kouveliotou et al. (1993).

The timescale differentiation visible in the observations is caused by the contrasting
nature of the progenitors of the two types of GRBs. Collisions of two neutron stars or
a neutron star-black hole pair are considered to be the sources of short GRBs (Hjorth
et al. 2005; Villasenor et al. 2005; Abbott et al. 2017; Goldstein et al. 2017). As
they emit gravitational waves, they lose their orbital energy, which results in merging
and eventually collapsing into a black hole. That is why short GRBs seem to be
ideal candidates for gravitational wave emitters (Abbott et al. 2017). On the other
hand, very massive stars during their last stage of evolution collapse and explode as
hypernovae (more energetic than a typical supernova) and eject their outer layers. In
the next stage, the progenitor starts to emit strong gamma radiation that can last
several seconds to hours (Hjorth et al. 2003; Stanek et al. 2003; Levan et al. 2016).
Statistical studies show that the frequency of long GRBs is much higher than the short
ones (Paciesas et al. 1999; Sakamoto et al. 2011).

Fig. 1.8 presents a GRB sketch from the moment of explosion up to the emission
at longer wavelengths. An explosion or merger of the progenitor creates a beamed
relativistic outflow, which kinetic energy is dissipated during the prompt emission.
The uniqueness of GRBs is the so-called afterglow, an emission observed across longer
wavelengths for a longer time than the prompt emission. GRB detection in the gamma
range only leads to an estimate of the location in the sky, but detection at longer
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wavelengths e.g. the visible range allows for identifying the host galaxy in which the
explosion occurred. The primary explosion produces an external shock wave and, as it
moves away from the source, it interacts with interstellar and circumstellar medium.
Accelerated electrons in the magnetic field emit synchrotron emission which then can
be observed in the entire spectrum, from gamma to radio. The expanding shock ve-
locity is reduced by matter encountered along the way. This slowdown causes a loss of
energy and, consequently, afterglow detection shifts towards longer wavelengths. Af-
terglow detections are difficult and may be disturbed by the environment in which the
explosion occurs. Dusty molecular clouds, located close to GRB, could absorb most
of the emission (Reichart & Price 2002). The first objects for which no afterglow was
detected at the optical range were called "dark GRBs" (Fynbo et al. 2001). Since 1997
more than 2500 GBRs have been catalogued with defined locations, but only ~37% of
them would have optical afterglow detections !. Jakobsson et al. (2004) presented a
definition for dark GRBs, assuming that an optical-to—X-ray spectral index g < 0.5.
Even deep follow-up observations would not reveal some bursts in the visible range.
The timing of observations also plays a big role in the detection, because afterglows
may decay as power laws. An afterglow spectrum in the visible range enables the es-
timation of the GRB redshift and sheds light on the progenitor nature. Absorption
lines in the spectrum usually come from the host galaxy and are used to estimate the
redshift.

Right after the explosion a prompt emission starts, i.e. emission at gamma waves,
the detection of which depends on the axis of rotation of the progenitor. A relativistic
jet radiates from the very centre of a collapsed massive star passing through the outer
layers, following the magnetic field lines outwards, and spreading out into the surround-
ing gas and dust environment. Since long GRBs are products of dying massive stars we
could expect to observe them at the same position in the sky as SN. In 1998, the first
evidence of linking a GRB with SN appeared, when the coordinates of GRB 980425
and SN 1998bw coincided within uncertainties (Galama et al. 1998). The following
years brought further detections with spectroscopic evidence of SNe (e.g. Hjorth et al.
2003; Stanek et al. 2003; Pian et al. 2006; Starling et al. 2011; Schulze et al. 2014). A
SN bump is observed in optical and near-IR waves several to several dozen days after
a GRB explosion. In some cases, both a long GRB and a SN were detected almost
simultaneously at the same position. This lends credence to the hypothesis that both
events are caused by the collapse of massive stars. However, if the jet arrangement
is at an angle not towards the Earth or is obscured by surrounding GRB material,
gamma, emission would not be observed, unlike SN, which emission is symmetrical.
Further confirmation of this GRB-SN correlation comes from the type of host galaxies
in which long GRBs are detected. The vast majority of the long GRBs are associated
with galaxies that are actively producing stars (Christensen et al. 2004; Castro Cerén
et al. 2006, 2010; Michatowski et al. 2008; Hunt et al. 2014; Levesque 2014; Nadolny
et al. 2023) unlike short GRBs, which are observed in both elliptical and spiral galaxies
(Prochaska et al. 2006; Fong & Berger 2013).

Lyman et al. (2017) have analysed almost 40 long GRBs and their hosts at z <
3, which were observed by the Hubble Space Telescope. They reveal that most of the

"https://www.mpe.mpg.de/~ jcg/grbgen.html
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Figure 1.8: Illustration of the internal /external shock scenario for gamma-ray bursts.
Figure 1 from Piron (2016).

galaxies’ hosts are spiral-like or irregular galaxies which become less concentrated and
more luminous with increasing redshift. The noteworthy result is that the analysed
population of long GRB hosts seems much fainter than an SFR-weighted field galaxy
population over the same redshift range. This suggests that long GRBs do not impar-
tially trace the SFR. Schneider et al. (2022) investigated physical properties of 45 GRB
hosts at 1 < z < 3.1. GRB hosts at z < 1 are found to be smaller, with higher Mcjar
and SFR surface densities compared to field galaxies at 1 < z < 2, and above this
redshift, these differences minimize. This observation suggests a potential evolution in
the bias between GRB hosts and the general population of star-forming sources with

redshift.

1.3.1 Long GRB environment

The characterisation of GRBs should not be based solely on studies of the moment of
explosion and the flux evolution thereafter. We are unable to observe a GRB progenitor.
This is why research conducted on the environment and the ISM distribution in which
a given event took place is so crucial, improving our understanding of the physical
conditions that support a GRB formation. Long GRBs, which are results of collapses
of massive stars, are expected to be detected in blue host galaxies (Gorosabel et al. 2003;
Le Floc’h et al. 2003; Fruchter et al. 2006), dense regions with high SFR (Christensen
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et al. 2004; Castro Cer6n et al. 2006; Ruiz-Velasco et al. 2007; Michatowski et al.
2014; Hunt et al. 2014). Within these galaxies, there reside young stars destined to
culminate their existence as GRBs. This allows to use them as traces of regions of high
ionisation (Fruchter et al. 2006; Blanchard et al. 2016; Lyman et al. 2017) but also of
stellar evolution and starbursts in these galaxies. Nadolny et al. (2023) studied [CI]
emission from GRB host galaxies at z ~ 2. The amount of molecular gas revealed to be
comparable to that found in local ultraluminous infrared galaxies. The authors suggest
that the galaxies under study represent merger systems captured during their transition
from the main sequence galaxies to the starburst phase. Long GRBs demonstrate a
tendency to locate in galaxies with low-metallicity (Stanek et al. 2007; Kewley et al.
2007; Perley et al. 2016; Palmerio et al. 2019).

Investigating the surroundings where a GRB explosion takes place also entails
analysing the gas composition. As new stars emerge in the presence of molecular
gas (e.g. Fumagalli et al. 2009; Carilli & Walter 2013; Rafelski et al. 2016), the inflow
of gas into a galaxy from the intergalactic medium can stimulate a burst of star for-
mation. Michatowski et al. (2018b) investigated and characterised new and archival
molecular gas within 12 host galaxies of long GRBs. The examined sample exhibits
molecular characteristics in line with those observed in other galaxies, e.g. SFR-CO
luminosity relation, suggesting these host galaxies can serve as representative examples
of star-forming galaxies.

Molecular gas is not the only gaseous component observed in or in the vicinity of
galaxies hosting GRB explosions. Michatowski et al. (2015) analysed atomic hydrogen
emission coming from galaxies that experienced GRBs. Extensive atomic gas reservoirs,
coupled with minimal molecular gas mass in studied galaxies suggest that the star
formation process may be initiated by the direct impact of atomic gas inflow from
the intergalactic medium. Analysis of the spatial and velocity distribution of atomic
emission from the GRB 980425 host galaxy, conducted by Arabsalmani et al. (2015),
unveils a perturbed rotating gas disc. This indicates that the galaxy has experienced
a recent minor merger, disrupting its rotational dynamics. It can be inferred that the
merger likely contributed to the burst of star formation, in the place where this long
GRB detection was made.

The study of the environment in which the GRB explosion occurred can be consid-
ered as the study of the matter from which the progenitor was created, during the short
time of evolution of a massive star. Massive stars that shed their outer layers during
the final phases of their lives are low-metallicity stars. The rate of mass loss depends
on the metallicity (M o Z%%, Vink & de Koter (2005)). By implementing the single
progenitor model, it becomes apparent that to maintain the spinning cores essential
for GRB formation, the metallicity must not exceed a few x 0.1Zg (e.g. Hirschi et al.
2005; Woosley & Heger 2006). Therefore, the metallicity of the environment, from
which the progenitor of a long GRB originates, cannot be overlooked. In instances of
higher metallicity, there is a risk of excessive angular momentum removal, making it
difficult to form an accretion disk.

Synchrotron emission of galaxies occurs when electrons accelerated by core-collapse
SN events are moving in a spiral motion around the magnetic field lines of the host
galaxy (Condon 1992). This phenomenon manifests itself as detectable radio continuum
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emission, serving as a convenient, unobscured, indicator of star formation activity in
galaxies. Investigations into the detection of radio emissions in GRB host galaxies
have yielded positive results (e.g. Perley et al. 2015, 2016; Klose et al. 2019). The
SEFR derived from radio typically yields significantly higher values compared to those
obtained through UV /optical studies (Christensen et al. 2004; Michatowski et al. 2012).

1.3.2 Long GRBs with no SN detection

Nearly all long GRBs subjected to extensive spectroscopic observations are found
to be accompanied by the SN type Ic with broad lines Hjorth & Bloom 2012). In
recent years, studies have been conducted on distinctive long GRBs in which no ac-
companying SN was observed. In 2006 two long GRBs were detected within about a
month. GRB 060505 and 060614 (Fynbo et al. 2006; Della Valle et al. 2006; Gal-Yam
et al. 2006) and were found to be located in two galaxies at low redshifts, z = 0.089
and z = 0.125 respectively, based on their optical afterglows. Both GRBs were lo-
cated within galaxies undergoing active star formation. In the case of GRB 060505,
only one detection in the optical was made, which was followed by deep upper limits.
R-band magnitude analysis showed the difference between these two explosions and
other recorded SNe accompanying long GRBs (SNe 1998bw, 2002ap, and 2006aj). SN
components of GRB 060505 and 060614 would need to be at least 80 times fainter than
a prototypical SN 1998bw. Galactic extinction also cannot be responsible for the lack
of detection, since it amounts only to E(B~V') = 0.02 (Schlegel et al. 1998). All of the
above leads to the conclusion that GRB 060505 and 060614 were not associated with
significant SN emission.

Based on their multi-wavelength analysis, Michalowski et al. (2018c) described
GRB111005A as the third case of a SN-less long GRB and the second-closest GRB
known to date. The GRB is located in a star-forming galaxy, ESO 580-49. Obser-
vations in the optical, NIR, and MIR failed to detect SN emission, implying that it
would need to be at least 20 times fainter than SNe associated with other long GRBs.
Moreover, the radio afterglow light curve displayed a plateau phase lasting a month,
followed by a remarkably rapid decay. Such characteristics have not been observed
previously in a GRB. The region of the explosion is characterised by 1-2 times solar
metallicity, which is inconsistent with the core-collapse progenitor model.

GRB 060505, 060614, and 111005A have become an enigmatic subgroup of long
GRBs. Further high-resolution observations of the environment in low-z host galaxies
of these unique events may contribute to a more accurate description of the mechanisms
leading to these explosions.
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1.4 The aims of this thesis

The first aim of this dissertation is to explore the underlying mechanism behind
the production of dust in galaxies of the early Universe. To investigate potential
mechanisms, a sample of galaxies with redshifts exceeding 6 will be assembled. For
all collected galaxies dust emission must be detected. The study will focus on two
prominent sources of stellar dust production: AGB stars and SNe. Subsequently, dust
yield calculations for selected galaxies will be conducted, using already published data
on total stellar mass, gas mass, dust mass, and dynamical mass. This approach will
enable the determination of the necessary dust mass production per AGB star or SN
to account for the observed total dust mass in the examined galaxies. Results of this
research are presented in Chapter 2.

The mechanism of dust removal from galaxies has not been completely understood
yet. The enigma of how galaxies cease star formation and transition into passive ones
continues to perplex scientists. The second aim of this thesis is to define the mecha-
nisms involved in the removal of dust in ETGs and to explore how these mechanisms
vary on physical and environmental factors. To address these puzzles and explore po-
tential processes involved in depleting one of the cold ISM components in galaxies, a
sample of dusty ETGs will be chosen. This sample will be significantly different from
previous tests, containing several thousand detected objects. An analysis of the phys-
ical and observational parameters of the ETGs will allow the examination of possible
dependencies between the dust evolution and parameters such as total stellar mass,
SFR, total dust mass, the galactic environment, and redshift. Results of this research
are presented in Chapter 3.

One of the most powerful phenomena in the Universe, long gamma-ray bursts are
believed to result from the explosions of highly massive stars. However, recent ob-
servations of GRBs challenge this hypothesis. The final objective of this thesis is to
conduct comprehensive environmental investigations of GRB 111005A. Previous studies
indicate that this particular event deviates from its expected type and overall charac-
teristics. Therefore, utilizing new HI data and previously published optical parameters
for GRB111005A, an analysis of its observed environment will be undertaken. Ex-
ploring the distribution of matter within the host galaxy concerning its centre will
contribute to a better understanding of the prevailing conditions in the galaxy, and
therefore, describe the possible mechanisms that led to this GRB explosion. Results
of this research are presented in Chapter 4.
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Chapter 2

Dust production in the first billion years of the
Universe

The following Chapter published as Le$niewska and Michalowski 2019, Dust production
scenarios in galaxies at z ~6-8.3, A&A, 624, L13.

Abstract

Context: The mechanism of dust formation in galaxies at high redshift is still unknown.
Asymptotic giant branch (AGB) stars and explosions of supernovae (SNe) are possible
dust producers, and non-stellar processes may substantially contribute to dust produc-
tion, for example grain growth in the interstellar medium (ISM).

Aims: Our aim is to determine the contribution to dust production of AGB stars and
SNe in nine galaxies at z ~ 6-8.3, for which observations of dust have been recently
attempted.

Methods: In order to determine the origin of the observed dust we have determined
dust yields per AGB star and SN required to explain the total amounts of dust in these
galaxies.

Results: We find that AGB stars were not able to produce the amounts of dust ob-
served in the galaxies in our sample. In order to explain these dust masses, SNe would
have to have maximum efficiency and not destroy the dust which they formed.
Conclusions: Therefore, the observed amounts of dust in the galaxies in the early Uni-
verse were formed either by efficient supernovae or by a non-stellar mechanism, for
instance the grain growth in the interstellar medium.

2.1 Introduction

Dust in the Universe can absorb and re-emit up to 30% of starlight in the infrared
(Hauser & Dwek 2001). Hence, the formation of dust has become one of the most
important topics in galaxy evolution.

It is well known that there are two types of stellar sources that produce dust.
Asymptotic giant branch (AGB) stars, which are evolved stars with initial masses of
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0.8-8.0 M, create dust in their cooling dense ejecta. This process is associated with an
intense phase of mass loss due to stellar winds, up to 107* Mg, yr ~! (Bowen & Willson
1991). They can dominate dust production as long as a burst of star formation took
place at least 400 Myr prior to observations (Dwek et al. 2007; Valiante et al. 2009;
Dwek & Cherchneff 2011). One AGB star is able to produce 107> — 1072 M, of dust
(Morgan & Edmunds 2003; Ferrarotti & Gail 2006; Ventura et al. 2012; Nanni et al.
2013, 2014; Schneider et al. 2014).

Supernovae (SNe) are another stellar source of dust. Dust formation takes place in
the expanding ejecta a few hundred or thousand days after the explosion, and stellar
progenitors have initial masses of 8-40 M. Observations of SN1987A in the Large
Magellanic Cloud have revealed that during such an event, up to 0.7 My of dust could
be created (Matsuura et al. 2011). Similarly, a large amount of dust, ~ 0.5M, has
been reported for several supernovae (Gall et al. 2014; Owen & Barlow 2015; Bevan
et al. 2017; De Looze et al. 2017; Temim et al. 2017; Rho et al. 2018; Chawner et al.
2019). This means that in the early galaxies a large amount of dust can be formed by
SNe (e.g. Gall & Hjorth 2018). However, it is possible that SNe destroy most of the
dust they form by reverse shock waves (Temim et al. 2015; Bianchi & Schneider 2007;
Cherchneff & Dwek 2010; Gall et al. 2011c; Laki¢evié et al. 2015), but it is debated how
much of the new and pre-existing dust is destroyed by a supernova as SN dust grains
may be large and distributed in clumps (Gall et al. 2014; Lau et al. 2015; Wesson et al.
2015; Bevan & Barlow 2016; Micelotta et al. 2016; Gall & Hjorth 2018; Matsuura et al.
2019).

Dust grains formed by AGB stars and SNe can act as seeds that grow in the ISM,
and this process can lead to a significant increase in the total dust mass (Draine &
Salpeter 1979; Dwek & Scalo 1980; Dwek et al. 2007; Draine 2009). However, it is not
clear if this process is efficient and quick enough, especially at high redshift. Ferrara
et al. (2016) show that it is too slow in the diffuse ISM, and probably prohibited in
molecular clouds because of icy mantles forming on the gas grains.

In this work we investigate a sample of galaxies at 6 < z < 8.4 (900 — 600 Myr after
the Big Bang) with the latest observational constraints on dust masses. Our aim is to
test whether AGB stars or SNe are able to explain the observed amounts of dust in
these galaxies, or whether dust accumulation must have also happened by a different
(non-stellar) mechanism, for example grain growth in the ISM. We use a cosmological
model with Hy = 70 km s=! Mpc™t, Qp = 0.7, and Q,, = 0.3.

2.2 Sample

We have selected all galaxies at z > 6 for which observations of dust continuum have
been attempted, except those for which a similar method has already been applied:
quasars J1048+4637, J1148+5251, and J2054-0005 (Michatowski et al. 2010b), and
galaxies analysed in Michatowski (2015). We describe below the measurements used
to estimate the dust and stellar masses needed for our analysis.

HATLAS J090045.4+-004125 (hereafter HATLAS; Zavala et al. 2018) is one of a few
submillimetre galaxies above z = 6 (together with that reported by Riechers et al.
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2013). HATLAS was selected using the Herschel Space Observatory within the Her-
schel Astrophysical Terahertz Large Area Survey (Eales et al. 2010; Bourne et al. 2016;
Valiante et al. 2016). Emission lines for '2CO(6-5) and '2CO(5-4) and the 1 mm con-
tinuum were detected by the Large Millimeter Telescope (Zavala et al. 2018). The
mass of molecular gas was determined from the CO lines, whereas the dust mass was
calculated in two ways: based on fitting photometric measurements to modified black-
body function and via modelling using the MAGPHYS SED code (Table 2.1; Zavala
et al. 2018). The dynamical mass was calculated using the isotropic virial estimator
(equation 5 in Zavala et al. 2018).

Discovered with the Subaru telescope at redshift z~5.95, HIMIKO was at that
moment the most luminous Lya emitter (Ouchi et al. 2009). Recent observations of
this object using ALMA in band 6 revealed the presence of three clumps. From the [CII]
detections the size of HIMIKO and the velocity linewidth were measured (Hirashita
et al. 2017). The upper limit on the continuum emission of S158um < 27 pJy was
also reported. This is deeper than the previous ALMA data for this galaxy reported
in Ouchi et al. (2013).

Cosmos Redshift 7 (CR7) located at z = 6.6 is the most luminous Ly« emitter,
discovered using the Subaru Telescope (Matthee et al. 2015; Sobral et al. 2015). From
the ALMA [CII] line detection and dust continuum upper limit, Matthee et al. (2017)
estimated the dynamical masses and dust masses found in two regions of this galaxy,

Clump A and Clump C-2 (Table 2.1).

SPT-S J031132-5823.4 (SPT0311-58) was discovered using the South Pole Tele-
scope (Mocanu et al. 2013), and confirmed at a redshift of 6.9 (Strandet et al. 2017).
With high-resolution ALMA observations, Marrone et al. (2018) detected continuum,
[CII] 158 pm and [OIII] 88 pm lines of two components of SPT0311-58, named East
and West, and determined their gas and dust masses. Only for SPT0311-58 East
was the stellar mass determined because no stellar emission was detected for the West
component.

SXDF-N1006-2 was discovered during a survey for Lya Emitters (LAEs) by the
Subaru Telescope (Shibuya et al. 2012) and is located at z = 7.2. Inoue et al. (2016)
used ALMA to detect the |OIII| 88 um emission line and, assuming that the galaxy
is a circular disk, determined its dynamical mass (Table 2.1). The upper limit on the
continuum flux at band 6 (1.33 mm) of < 0.042 mJy was also obtained.

J1342+0928 is a quasar located at z = 7.54, first detected by Banados et al. (2018).
The detection of the [CII] 158 um line emission allowed Venemans et al. (2017) to
determine the dynamical mass of this galaxy based on the virial theorem, and the
assumption that the [CII| emission comes from a rotating disk. From the detection of
the 223.5 GHz continuum, the mass of dust in this galaxy was determined (Table 2.1).
The limit on the molecular gas mass was derived from the observations of the CO(3-2)
line (Table 2.1).

MACS0416 Y1 is one of the brightest Lyman Break Galaxies (LBGs) at z ~ 8
(Infante et al. 2015; Laporte et al. 2015). Using the detection of the [OIII] 88 um
line and the dust continuum, Tamura et al. (2019) confirmed its redshift as 8.3118,
and measured its dust mass (assuming a dust temperature of 40 and 50 K). From the
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optical emission the stellar mass was determined (Table 2.1). In our analysis, the lower
error bar for the stellar mass was modified disregarding model solutions with ages lower
than one million years (Y. Tamura, private communication).

A2744 YD4 at z = 8.38 is an LBG lensed by the Pandora Cluster. This object
was observed in the Hubble Frontier Fields (HFF) by Zheng et al. (2014). The ALMA
detection of the [OIII] 88 pm line allowed the confirmation of its redshift (Laporte et al.
2017). Based on the dust continuum detection and the optical emission, Laporte et al.
(2017) estimated the mass of dust and stars in this galaxy (Table 2.1).

2.3 Method

We calculated the dynamical masses for galaxies with emission line detections for
which this was not reported. This was the case for HIMIKO and SPT0311-58. Based on
the detection of the [CII| emission line (Carniani et al. 2018; Marrone et al. 2018), the
sizes of these galaxies were measured as 3.94+1.1 x 1.7+1.1 kpc for HIMIKO, 2.2 kpc
for SPT0311-58E, and 7.5 x 2.0 kpc for SPT0311-58W. The [CII] linewidths were
measured as 180450 kms~! for HIMIKO, 500 kms~! for SPT0311-58E, and 1000 kms~!
for SPT0311-58W. In order to calculate the dynamical masses we used eq. 5 in Zavala
et al. (2018), based on the isotropic virial estimator. The results of these calculations
are flagged in Table 2.1 with dagger symbols ().

Dust masses were not reported for HIMIKO and SXDF. We used the reported
dust continuum upper limits to estimate the upper limits of the dust masses of these
galaxies, assuming the dust temperature of 40 K and using eq. (5) in Michatowski et al.
(2009), based on Taylor et al. (2005) and Hildebrand (1983). A value of the emissivity
index of f = 2 was assumed. This gives conservatively low dust masses (see Fig. 3 in
Michatowski et al. 2010a). In particular, if we adopted 5 = 1.5, then we would obtain
dust masses 2.7 times higher, which would make the stellar dust producers even less
likely. If we used this method for all galaxies, not only for those whose dust masses
have not been calculated elsewhere, we would obtain masses a factor of 0.84 4+ 0.33
higher. This would not change any of our conclusions. The results of our adopted dust
mass calculations are flagged in Table 2.1 with dagger symbols ().

Using the same methodology as presented by Michatowski et al. (2010c) and Michatowski
(2015), we determined the amount of dust that one star would have to produce in
order to explain the observed amount of dust in every galaxy. The number of dust-
producing stars was estimated from the stellar masses in the studied galaxies. The
stellar masses were estimated in three ways: (1) as equal to Mg, to obtain the max-
imum possible value, (2) as equal to My, - My.s, and (3) from SED modelling. The
number of stars with masses between M, and M; can be calculated by the integra-
tion of the stellar initial mass function (IMF), according to the formula N(My— M;) =
Mtetiar ]\]Zl E(M)YAM/ [, §(M)MAM, where §(M) is an IMF parametrised as M.
We assumed M,,;,, = 0.15, M0 = 120 M., and three types of IMFs: the Salpeter
(1955) IMF with o = 2.35, the Kroupa (2001) IMF with o = 1.3 in the mass range
0.15- 0.5 My and o = 2.3 in the mass range 0.5 - 120 M, and a top-heavy IMF with
a = 1.5. The dust yield per star required to explain dust observed in a galaxy is then
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Table 2.1: List of physical properties of the galaxies in our sample.
z Z&QS Z&:mﬁ ngm Zmﬁm:@ﬁ Ref
(1019 Mg) (10" Mg) (101 Mg) (10° Mg)

HATLAS 6.027 2.6 19+4 4247 0.16£0.06 — 1
HIMIKO 6.595 1.168 T <0.16 T — 35150 2,3
CR7 6.604 — — — 20 4
CR7 Clump A 6.601 3.941.7 <0.81 — — 5
CR7 Clump C-2  6.598 2.4+1.9 <0.81 — — 5
SPT0311-58E 6.9 7771 40420 0.4+0.2 35 +15 6
SPT0311-58W 6.9 54.222 1 2504160 2.7+1.7 — 6
SXDF 7.2 5 <0.29 T — 0.34770 %% 7
J1342+0928 754 <15 <32 24.54+18.5 <0.12 — 8
MACS0416_Y1 8.3118 — 0.36+0.07  0.8240.16 — 48708 51715 9
A2744_YD4 8.38 — 0.55" 318 — 1.97 560 10

1 indicates the value determined in this work. (1) Zavala et al. (2018); (2) Carniani et al. (2018); (3) Ouchi et al. (2009); (4) Sobral et al. (2015); (5)
Matthee et al. (2017); (6) Marrone et al. (2018); (7) Inoue et al. (2016); (8) Venemans et al. (2017); (9) Tamura et al. (2019); (10) Laporte et al. (2017).
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Mdust/N(MO - Ml)

At the redshifts of the studied galaxies the time since the Big Bang was short,
such that low-mass stars had not had time to leave the main sequence and start pro-
ducing dust during the AGB phase. Based on a lifetime on the main sequence of
10" x [M/Mg]~%5 (Kippenhahn & Weigert 1990), we assumed that at z < 7.0 only
stars with masses between 3 to 8 M would have had time to enter the AGB phase,
whereas at z > 7.0 the range of 3.5-8 My was assumed. For SNe we assumed that
their progenitors had masses in the range of 8-40 M.

2.4 Results and discussion

Figure 2.1 shows the dust yield per star required to explain the dust mass for a given
galaxy, using all possible combinations of dust and stellar masses. Galaxies considered
elsewhere (Michatowski et al. 2010b; Michatowski 2015) are shown as grey symbols.
The top and bottom panels assume that the dust is produced by SNe and AGB stars,
respectively. Some regions have been highlighted. In the top panel are shown the
theoretical dust yield per SN without dust destruction (< 1.3 My; Todini & Ferrara
2001; Nozawa et al. 2003) and with ~ 90% dust destruction (< 0.1 M; Bianchi &
Schneider 2007; Cherchneff & Dwek 2010; Gall et al. 2011c; Lakic¢evié et al. 2015). We
note that it is difficult to constrain the fraction of newly formed dust destroyed by a
reverse shock (Micelotta et al. 2016), so a weaker dust destruction is also possible. In
the bottom panel the maximum theoretical dust yield per AGB star is shown (0.04M;
Morgan & Edmunds 2003; Ferrarotti & Gail 2006; Ventura et al. 2012; Nanni et al.
2013, 2014; Schneider et al. 2014).

Depending on the data available, the stellar mass was obtained in various ways:
as Mayn-Myqs, as Mgy, and from SED modelling. Only for one object, SPT0311-58E,
was it possible to determine the required dust yield per star with the three different
assumptions on stellar mass, and they do not differ from each other by more than their
uncertainties. For this galaxy the required dust yield per SN is about 0.1-1M,. This is
close to the maximum dust yield predicted by simulations and to the highest observed
values. Therefore, it is in principle possible that dust in this galaxy was formed by SNe,
but that would require weak dust destruction and very efficient production. We cannot
accept a similar conclusion for AGB stars. One AGB star would need to create between
0.1 to 1M, of dust to explain the dust mass in SPT0311-58E, which is significantly
higher than the allowed values.

The dust yield per SN required to explain dust in the HATLAS galaxy is close to
1M, so if they are responsible for the bulk of the dust production, then they would
need to be maximally efficient and not to destroy any dust. AGB stars cannot be
responsible for the dust production in this galaxy because the required dust yield per
star is more than 10 times higher than the theoretical value.

In the case of galaxies SPT0311-58W, J1342-+0928, and A2744 YD4 it is possible
that SNe are responsible for the observed dust. Some dust destruction, but not a
significant amount, by SNe would be allowed in these cases as the derived dust yields
are above 0.1Mg. This is in line with the result of Gall & Hjorth (2018) that dust
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Figure 2.1: Dust yield per SN (top) and AGB star (bottom) required to explain the dust masses in galaxies in our sample.
Three forms of the initial mass function are assumed: top-heavy (red), Kroupa (green), and Salpeter (blue). The stellar mass was
determined in various ways: Mgy,-Myqs (cross), Mgy, (open circle), and SED modelling (filled circle). In addition, galaxies with
upper limits of dust masses are indicated by down-pointing triangles. Multiple points with the same shape and colour for a galaxy
are for different dust or stellar mass estimates. Galaxies considered elsewhere (Michatowski et al. 2010b; Michatowski 2015) are
shown as grey symbols. For SNe two regions have been defined: below the maximum theoretical dust yield without dust destruction
of 1.3M,, (yellow) and below the limit of 0.1M, including ~ 90% dust destruction (vertical orange stripes). For AGB stars the

theoretically allowed dust yields are indicated (light blue).
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in distant galaxies (including A2744 YD4) was formed by SNe, which requires very
little dust destruction. Again, the required dust yields per AGB star for these three
galaxies are significantly above the theoretical limit, so AGB stars have not contributed
substantially to the dust production in these galaxies.

For the remaining four galaxies in our sample the data are of insufficient quality
to constrain the dust production mechanism. HIMIKO, CR7, and SXDF only have
upper limits for the mass of dust, so we cannot rule out either SNe or AGB stars as
dust producers. We can only conclude that one SN in these galaxies could not produce
more than 0.01M, of dust. This indicates that SNe in the early Universe are much
less efficient than the maximum theoretical values, and casts doubts on the efficient SN
dust production in the remaining galaxies in our sample (see also Hirashita et al. 2014).
Our limit is two times deeper than that obtained by Hirashita et al. (2014) because we
used stellar masses that are two times higher. For the last galaxy, MACS0416 Y1, we
also cannot rule out the dust production mechanism because the large uncertainty on
the measurement of its stellar mass results in a derived dust yield consistent with zero.

In summary, AGB stars were not able to form dust in the majority of z > 6 galaxies.
Our results are conservative (leading to low required dust yields) because we include
all stars that in principle could contribute to dust production. Stars with the masses
close to our AGB lower limit (3 or 3.5 M) could have reached the AGB phase, but
only if they were all born at the beginning of the galaxy evolution.

Supernovae would need to be maximally efficient and not to destroy the dust they
formed (as in Hjorth et al. 2014; Gall & Hjorth 2018). One of the recent observations of
SN 1987A indicates that dust can re-form and re-grow in post-shock region after being
destroyed by the shock (Matsuura et al. 2019, but see Biscaro & Cherchneff 2014).
This is consistent with high dust production efficiency of SNe. Similarly, the detection
of SN dust in a 10000 year old SN remnant (Lau et al. 2015; Chawner et al. 2019)
indicates that dust is not efficiently destroyed by SNe.

It is unclear, however, whether all SNe can produce close to 1 M, of dust. If this is
not the case, then some non-stellar mechanism is required, for example grain growth
in the ISM. Asano et al. (2013) found that dust mass accumulation is dominated by
the grain growth in the ISM if the metallicity is higher than a threshold value of 0.3
solar metallicity (or less if the star formation timescale is longer). This is likely for very
dusty galaxies in our sample (HATLAS, SPT0311-58, J1342+0928), but more normal
galaxies (MACS0416 Y1, A2744 YD4) may have lower metallicities. However, for
A2744 YD4 we derived very high required dust yields per star, so either its metallicity
is above this threshold or grain growth is always efficient below it.

We consider AGB stars and SNe separately, but in reality both contribute to dust
production at the same time. However, this does not affect our conclusions because
for the detected galaxies the required dust yields for AGB stars are approximately ten
times higher than the allowed value. This means that AGB stars could produce at
most 10% of the dust in these galaxies, and thus considering AGB stars and SNe at
the same time would lead to revising down the required dust yield per SN by only 10%.

The question remains of the source of heavy elements building the dust grains in
these galaxies. Theoretical work has shown that each SN can produce around 1 M

33



of heavy elements (Todini & Ferrara 2001; Nozawa et al. 2003; Bianchi & Schneider
2007; Cherchneff & Dwek 2009). This is close to the required dust yields per SN in
our sample, so, as do Michalowski et al. (2010b), we conclude that SNe are efficient
enough to produce heavy elements needed to build dust grains in these galaxies, even
if they do not directly form most of the dust.

2.5 Conclusions

We determined the dust yield per AGB star and SN required to explain the observed
amount of dust in galaxies at redshift 6 < z < 8.4. We obtained very high required
dust yields per AGB stars, so they were not able to produce the majority of the dust in
these galaxies. In most cases we accepted the hypothesis about the formation of dust
by SNe, but they would need to be maximally efficient and not to destroy much dust.
This suggests either that supernovae were efficient in producing dust in these galaxies
or that a non-stellar mechanism was responsible for a significant fraction of dust mass
accumulation, for example grain growth in the ISM.

2.6 PhD candidate contribution

In this publication, I was responsible for collecting the entire sample, calculating
all required parameters for the analysis, performing required calculations, presenting
the results in the figure and table, and preparing the text of this publication, after
discussions with the supervisor.
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Chapter 3

Observational evidence for morphological quenching
in early-type galaxies

The following Chapter published as Le$niewska et al. 2023, The Fate of the Inter-
stellar Medium in Farly-type Galaxies. II. Observational Evidence for Morphological
Quenching, ApJ, 953, 27.

Abstract

The mechanism by which galaxies stop forming stars and get rid of their interstellar
medium (ISM) remains elusive. Here, we study a sample of more than two thousand el-
liptical galaxies in which dust emission has been detected. This is the largest sample of
such galaxies ever analysed. We infer the timescale for removal of dust in these galaxies
and investigate its dependency on physical and environmental properties. We obtain
a dust removal timescale in elliptical galaxies of 7 = 2.26 + 0.18 Gyr, corresponding
to a half-life time of 1.57 + 0.12 Gyr. This timescale does not depend on environment,
stellar mass or redshift. We observe a departure of dusty elliptical galaxies from the
star formation rate vs. dust mass relation. This is caused by the star-formation rates
declining faster than the dust masses and indicates that there exists an internal mecha-
nism, which affects star formation, but leaves the ISM intact. Morphological quenching
together with ionisation or outflows caused by older stellar populations (supernova type
Ia or planetary nebulae) are consistent with these observations.

3.1 Introduction

Dust influences the evolution of galaxies by acting as catalyst of molecule formation
and providing shielding from interstellar radiation. Its emission can also be used as
a diagnostic for interstellar medium (ISM) properties (Scoville et al. 2016). There
are several processes that can contribute to dust removal from galaxies. Dust can be
incorporated in newly formed stars (astration; Gall & Hjorth 2018), or destroyed by
active galactic nucleus (AGN) feedback (Fabian 2012). Supernovae (SNe) may destroy
newly-formed and pre-existing dust by forward and reverse shock waves (Temim et al.
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2015; Bianchi & Schneider 2007; Cherchneff & Dwek 2010; Gall et al. 2011b; Lakicevi¢
et al. 2015). Dust can be also destroyed by planetary nebulae. This is due to heating of
gas by shocks from colliding planetary nebulae (Conroy et al. 2015). Galactic outflows
contribute to dust removal and can be very effective due to radiation pressure-driven
dusty flows (Bianchi & Ferrara 2005). Hot gas (~ 10° K) present in some regions of ISM
can also cause erosion of dust particles. The smallest grains are the most vulnerable
to this mechanism (Bocchio et al. 2012).

Over the past decades, many theoretical works have been developed to model the
formation, evolution and destruction of dust in galaxies. Among the first research
dealing with dust evolution is Dwek & Scalo (1980), who emphasized the importance
of SNe. Barlow (1978) studied sputtering of dust grains in HII regions, inter-cloud
medium, cloud-cloud collisions shock waves, and SN remnants, concluding that the
latter dominates this process. Gall et al. (2011b) developed a numerical model of
galactic chemical evolution and studied the effect of galaxy properties on the evolution
of dust. Dust destruction was described in the model as being caused by SN shocks.
The tested properties of dust evolution depend very strongly on the initial mass func-
tion. Slavin et al. (2015) focused on dust destruction by SNe, which resulted in a dust
removal timescale of 2-3 Gyr.

Recent studies of high-redshift (z ~ 1.6-3.3) lensed quiescent galaxies have shown
that their dust-to-stellar mass ratios are of order 10~* (Whitaker et al. 2021). Similarly,
Blanquez-Sesé et al. (2023) showed that high-redshift galaxies are characterized by an
order of magnitude higher gas fractions than what is detected in the local Universe.

In order to separate the processes of dust formation and removal, it is an advantage
to study galaxies with little dust formation, but with detectable ISM. Therefore, dusty
early-type galaxies (ETG; ellipticals and lenticulars) form a suitable sample for such
endeavour. The dust emission of only several dozen of such galaxies has been analysed
(Smith et al. 2012; Rowlands et al. 2012; Agius et al. 2013, 2015; di Serego Alighieri
et al. 2013; Hjorth et al. 2014; Dariush et al. 2016; Michatowski et al. 2019a; Magdis
et al. 2021). Hjorth et al. (2014) showed that dusty early-type galaxies do not follow
the relation between the star formation rates (SFRs) and dust masses (da Cunha et al.
2010) and discussed formation or quenching scenarios. (Michatowski et al. 2019a,
submitted 2023) revealed an exponential decline of the dust-to-stellar and gas-to-stellar
mass ratios with galaxy age and measured the timescale of this process to be 2.5 +
0.4 Gyr. To date, this is the only measurement of the dust removal timescale in dusty
early-type galaxies and is based on a sample of 61 galaxies.

Dusty elliptical galaxies are quite rare. Hence, far-infrared /submillimeter surveys
need to cover a large area to detect a high number of galaxies to build a significant
sample. The ESA Herschel Space Observatory (henceforth Herschel, Pilbratt et al.
2010) has provided deep infrared observations of hundreds of square degrees of the sky.
Its large field of view, 4 x &', and sensitivity has led to the detection of dust in millions
of galaxies.

One of the major cosmological and galaxy evolution observation projects, Galaxy
And Mass Assembly (GAMA; Driver et al. 2011, 2016; Baldry et al. 2018; Smith et al.
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20111), brings together the latest generation of instruments and surveys, such as the
Anglo-Australian Telescope (AAT), Sloan Digital Sky Survey (SDSS), and Herschel.
These datasets were combined in a database of several hundred thousand galaxies, with
a magnitude limit in the » band of 19.8 mag. Such an extensive catalog not only allows
the examination of the relationships between individual quantities, but also gives the
possibility of additional sampling into bins of various parameters.

In this paper we study a large sample of more than two thousand elliptical galaxies
in which dust was detected. The sample size allows us to investigate dust evolution
as a function of various galaxy properties. We focus on relationships between their
physical and environmental parameters. The objective of this paper is to distinguish
the mechanisms contributing to the removal of dust in elliptical galaxies and investigate
its dependency on physical and environmental properties.

We use a cosmological model with Hy = 70 km s=! Mpc™t, Q4 = 0.7, and ©,, = 0.3.
We assume the Chabrier (2003b) initial mass function.

3.2 Data and Sample

3.2.1 GAMA Catalog

Herschel covered an area of 161.6 deg? of the GAMA fields and provided information
on dust emission at 250, 350, and 500 ym. The GAMA catalog for these fields contains
properties of 120,114 galaxies based on modeling of spectral energy distributions with
the Multi-wavelength Analysis of Galaxy Physical Properties (MAGPHYS; da Cunha
et al. 2008). This includes dust masses, stellar masses, star formation rates, and
luminosity-weighted stellar ages. The values of these parameters were obtained by the
GAMA project and are presented in their MagPhys catalogue?. We also obtained a
wide range of parameters related to photometry, a single-Sérsic fit to SDSS 2D surface
brightness distribution (Kelvin et al. 2012) and local environment of galaxies such
as surface galaxy density (X) calculated based on the distance to the fifth nearest
neighbour within a velocity difference of +£1000 kms™! (Brough et al. 2013).

3.2.2 Sample

We used the r-band Sérsic index (Sérsic 1963), n, to select elliptical galaxies by
requiring that n > 4. This resulted in 22,571 galaxies.

From this set of galaxies we selected dusty ellipticals with a minimum signal-to-
noise ratio at the Herschel SPIRE (Griffin et al. 2010) 250 pm filter of 3. This step
resulted in 2,956 galaxies, so 13% of elliptical galaxies are detected by Herschel. This
is higher than the detection rate of 5.5% obtained by Rowlands et al. (2012) for similar
galaxies, who required a higher significance of 5o at 250 um.

"http://www.gama-survey.org
2 .
http://www.gama-survey.org/dr3/data/cat/MagPhys/
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Rowlands et al. (2012) visually classified galaxies to the early-type category at
redshifts 0.01 < z < 0.32. We selected galaxies in the same redshift range. At higher
redshifts the morphological classification is uncertain (de Albernaz Ferreira & Ferrari
2018) and the sample could contain compact high star-forming (not elliptical) galaxies.
Our final selection, including the redshift cut, resulted in 2050 galaxies. Our selection
roughly corresponds to a flux-limited sample above 20.7 mJy at the SPIRE 250 pm,
although adopting that limit would result in 17% of galaxies having a signal-to-noise
ratio less than 3. Selection of galaxies based on SPIRE 250 ym flux > 20.7 mJy does
not affect our results.

The uncertainties of the physical properties are the following, measured separately
for MS and below-MS subsamples: 0.12-0.14 dex for stellar age, 0.1-0.3 dex for SFR,
0.15-0.22 dex for My,s, 0.1 dex for Mejiqr, where the higher values correspond to the
galaxies below the main sequence.

Rowlands et al. (2012) estimated that 2% of dusty early-type galaxies in their
sample are likely chance projections of a dust-free galaxy and a background dusty
galaxy. Our selection criteria are similar: we used the updated GAMA archive (DR3),
Sérsic index > 4 instead of visual classification, and the same redshift range, so we
expect a similar fraction, which does not affect our analysis. The main difference is the
area over which the galaxies were selected, resulting in a much larger sample of 2050
objects as compared to the 44 galaxies studied in Rowlands et al. (2012).

3.3 Results

3.3.1 Main Sequence

We divided the selected galaxies into two groups: galaxies within and below the
main sequence (MS) of star forming galaxies. Fig. 3.1 (top) presents a comparison of
our galaxies with a redshift-dependent MS as measured by Speagle et al. (2014, eq.
28). We adopted a measured MS width of 0.2 dex (Speagle et al. 2014), independent of
redshift. Any galaxy below the MS by more than 0.2 dex is assigned to the ‘below-MS’
group in this paper. Our sample covers the redshift range uniformly with a sensitivity
< 100 times below the MS at all redshifts. This resulted in 722 MS dusty elliptical
galaxies and 1328 below-MS galaxies.

We tested the validity of the Speagle MS for our data using late-type galaxies from
GAMA, which have been selected based on Sérsic index < 2.5, 0.1 < z < 0.15, and S/N
> 3 at S250. We find an agreement between the Speagle MS and the MS estimated
using the selected LTGs, in particular in the stellar mass range covered by our ETG
sample.

3.3.2 Dust Removal Timescale

Figure 3.1 presents dust-to-stellar mass ratio as a function of luminosity-weighted
stellar age (middle panel). There is an evident decline in the mass ratio as galaxies

38



evolve over time. Fitting an exponential function to this plane, as in Michalowski
et al. (2019a), allows us to evaluate the timescale of the dust mass removal for different

galaxy properties:
Mdust

M,

where A is the normalisation constant and 7 is the dust removal timescale. We ob-
tained a dust removal timescale for all elliptical galaxies of 7 = 2.26 + 0.18 Gyr with
the corresponding half-life time of 1.57 £ 0.12 Gyr. The values of the dust removal
timescale, half-life time and the normalisation constant are presented in Table 4.1. To
our knowledge, this is the first determination of the dust removal timescale for such a
large sample and for different galaxy properties.

— A em9eT (3.1)

We also fit the exponential function separately to galaxies on and below the MS.
The elliptical galaxies below the MS (red line) follow the fit obtained by (Michalowski
et al. 2019a, lime green line), whereas the elliptical galaxies on the MS (blue line) are
characterized by a faster dust mass decline. The results of our fitting are given in Table
4.1.

One of the basic parameters which is useful for subdivision into smaller bins is
stellar mass, because galaxies of different masses may evolve differently. The three top
panels in Fig. 3.2 show the dust-to-stellar mass ratio as a function of age for three
stellar mass bins between 10 < log(Mgtenar/Me) < 11.5, with a 0.5 dex width. The
fits for these stellar mass bins are consistent with each other within the error bars
(Table 4.1). Therefore, we conclude that the dust mass decline with time does not
depend on stellar mass in the analysed range.

The most massive group with 11.5 < log(Msenar/ M) < 12.2, does not contain MS
galaxies, and includes only galaxies with high ages and low dust-to-stellar mass ratios.
It is not possible to fit an exponential function to the galaxies in this group because
the dynamical range of both properties is too small. However, these galaxies are still
consistent with the fitted dust removal function obtained for galaxies at lower masses.

Other galaxies in the close proximity of elliptical galaxies can affect their ISM.
Therefore, we studied the role of the galaxy environment. The GAMA catalog provides
surface galaxy density, 3, in the G15 field for galaxies at z < 0.18 (Brough et al. 2013).
There are 384 of our dusty ETGs satisfying these criteria and for 373 of them (97%)
> has been measured. The dust decline as a function of age in bins of ¥ is presented
in Fig. 3.2 (middle row). It is evident that the decline in dust mass is independent of
the galaxy environment. We reached the same conclusion when we analysed the effect
of environment in narrower ranges of stellar mass.

Our sample spans a redshift range 0.01-0.32, corresponding to 3.6 Gyr of the evo-
lution of the Universe. Fig. 3.2 (bottom) shows that the dust removal does not depend
on redshift, as galaxies follow the same dust removal trend at each redshift bin.

3.3.3 Dust Masses vs Star Formation Rates

Figure 3.1 (bottom) presents the SFR-Mg,g relation for our 2050 dusty elliptical
galaxies. It is evident that our MS elliptical galaxies follow the da Cunha et al. (2010)
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relation (black line). Hence for MS elliptical galaxies the decrease in SFR is accompa-
nied by a similar decrease in the dust mass, so they stay on the relation. However, as
first shown by Hjorth et al. (2014), elliptical galaxies below the MS are found above the
da Cunha et al. (2010) relation with higher dust masses than what their SFRs imply.

3.3.4 Central Surface Luminosity

From the GAMA light profile catalog we used the values of the central surface
brightness and converted them to central surface luminosities (luminosity per kpc?).
We find that the decrease of dust mass with the age of the elliptical galaxies does not
depend on the central surface luminosity.

3.3.5 Quenching

To study the evolution of dusty elliptical galaxies, we divided our sample into eight
bins of stellar age. Figure 3.3 (top) presents SFR vs. stellar mass with the addition of
the median values in age bins, separately for the MS and below-MS elliptical galaxies.
These medians are presented in Table 4.2 in the Appendix. The medians of SFRs and
stellar masses of MS elliptical galaxies are (as expected) close to the MS. For elliptical
galaxies below the MS, with increasing age the medians move away from the MS toward
lower SFRs. The youngest below-MS elliptical galaxies are ~ 0.6dex below the MS
and the oldest have more than 10 times lower SFRs than the youngest.

Figure 3.3 (bottom) presents dust mass vs. SFR with the medians in age bins for
the MS and below-MS elliptical galaxies (Table 4.2). The medians for MS ellipticals
are located close to each other and to the da Cunha et al. (2010) relation (black line),
with no clear evolution. Elliptical galaxies below the MS have higher dust masses
for their SFRs than what the da Cunha et al. (2010) relation implies. We fitted a
power-law function to the medians of the galaxies below the MS (red line), resulting
in log(Mgus:) = (0.55%51%) - log(SFR) + (7.89370050). This is shallower than the slope
of the da Cunha et al. (2010) relation of 1.1.

From Fig. 3.3 (bottom) it is evident that the elliptical galaxies below the MS move
away from the da Cunha et al. (2010) relation as they are getting older. The youngest of
the below-MS galaxies have SFRs around 1 M, yr~! and dust masses around 10”? M
(0.8 dex above the relation). With increasing age, their SFRs decrease faster than their
dust masses. This results in the oldest galaxies having SFR around 0.1 My yr~! (a
factor of 10 decrease) and dust mass of 1073 My, (a factor of 4 decrease), placing them
1.3 dex above the relation.

3.3.6 Sample Evaluation
To ensure that our selection is robust, we studied a subsample of galaxies with at
least two detections among 5 Herschel bands (S/N > 3). This resulted in 1430 galaxies.

The exponential curve fitting gives the same results as the original sample within the

40



2F # MS galaxies; 722 gl o T S =
o  below-MS; 1,328 . *
= dF
TL
>
(o]
s 0
g
w
v -1t
o
o
-2
° & ° . oo
o
7 8 9 10 11 12
109(Mstertar / Mo)
LY *
* -4
_1 - . = " & -
§-2( ) .
:E —
g
g =3F * «
3 = all galaxies
— MS galaxies
=4[ e DelOW-MS
== « Michatowski et al. 2019a
Nadolny et al. (submitted), Millenium Simulation . A
~378.00 8.25 8.50 8.75 9.00 9.25 9.50 9.75 10.00
log(age) / yr
10
ok J
°
= 8t b
5 T 1
o
6+ J
5_3 3

log(SFR /Mg yr=1)

Figure 3.1: (Top) SFR as a function of stellar mass. Color coding distinguishes MS
galaxies (blue stars) and galaxies below the MS (red circles). The star formation main
sequence at z = 0.32, 0.18, and 0.01 (black lines) based on Speagle et al. (2014) are
shown. The numbers of selected MS and below-MS galaxies are presented in the legend.
(Middle) Dust-to-stellar mass ratio as a function of stellar age. The exponential fits
are for galaxies within the MS (blue line), galaxies below the MS (red line), all galaxies
(black line), that obtained by Michatowski et al. (2019a) (lime green dashed line),
and by Nadolny et al. (submitted) with the Millenium Simulation (yellow dashed line)
within the age range 9.0— 10.1 Gyr. (Bottom) Dust mass as a function of SFR with
the da Cunha et al. (2010) relation (black line). Median errorbars for the MS and
below-MS galaxies are shown as blue and red crosses, respectively. 41
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Figure 3.2: Dust-to-stellar mass ratio as a function of stellar age and other galaxy
properties. The MS galaxies are marked as blue stars and galaxies below the MS are
marked as red open circles. The numbers of selected MS and below-MS galaxies in
each panel are shown. The exponential fits are for all 2050 studied galaxies (black line)
and for galaxies plotted on individual panel (violet line). The division into three stellar
mass bins (top row), galaxy surface density based on the distance to the 5th nearest
neighbour (middle row), and redshift (bottom row) are shown.
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Figure 3.3: SFR as a function of stellar mass (top) and dust mass as a function
of SFR (bottom). Color coding distinguishes MS galaxies (blue stars) and galaxies
below the MS (red circles). The star formation main sequence at z = 0.18 based on
Speagle et al. (2014) and the da Cunha et al. (2010) relation are shown (black lines).
The median values of SFR, stellar age, and dust mass for eight galaxy age ranges are
marked as filled crosses for the MS galaxies, and as filled circles for galaxies below the
MS. In addition to the color-coding, the size of the symbol increases with age. The red
line shows a power-law fit to the median values of the galaxies below the MS in a form
log(Mayst) = (0.557019) - log(SFR) + (7.89375:039).
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error limits of these parameters. This shows that increasing the number of required
band detections does not change our results and conclusions.

In order to check the correctness of the stellar ages calculated by the GAMA project,
we analyzed average spectral energy distribution (SED) for eight stellar age bins defined
in previous section. There is a clear correlation between the bin age and the relative
normalised (in the near-infrared) flux. The oldest bin shows lower flux at the blue part
of the SED, while the youngest bin shows the most prominent blue part of the SED that
corresponds to the young stellar population of massive and hot OB stars. Normalisation
in the near-infrared (equivalent to a stellar mass normalisation, as considered above),
gives a clear luminosity decrease in the far-infrared with increasing age, equivalent to
the dust-to-stellar decrease.

The GAMA project database also contains information about the D4000 break
(Cardiel et al. 1998; Balogh et al. 1999). The strength of this break as a function of
luminosity-weighted age for the below-MS galaxies from our sample shows that older
galaxies have higher D4000, consistent with the determined age of the galaxies. The
Spearman’s rank correlation is 0.47 and the probability of the null hypothesis of no
correlation is 10770,

3.4 Discussion

Our key result is the confirmation of the exponential decrease of the dust mass with
age using unprecedentedly large sample. We also found that SFRs of dusty ellipticals
below the MS decline faster with age than their dust masses and the dust mass decline
is independent of stellar mass, environment, redshift and central surface luminosity. As
suggested by Hjorth et al. (2014) and Michatowski et al. (2019a, 2024), morphological
quenching is a potential mechanism for departing from the da Cunha et al. (2010)
relation. This is consistent with our findings. The process may be responsible for
the gravitational stability that stops the collapse of gas clouds, resulting in a slower
rate of star formation. At the same time, the process does not change the amount
of gas, which means that the dust mass observed in these galaxies does not decrease
proportionally with the SFR. Other processes must be responsible for the decline of
the dust masses, e.g., the destruction of dust by feedback from older stellar populations
(see Michatowski et al. (2024)). This includes SNe Type la (Li et al. 2020) or planetary
nebulae (Conroy et al. 2015).

AGN feedback is also one of the potential mechanism of the ISM removal (Fabian
2012). Recent studies suggest that quenching is connected with integrated AGN feed-
back over the lifetime of a galaxy, which is correlated with the supermassive black
hole mass, not the instantaneous AGN luminosity (Bluck et al. 2020b,a, 2022, 2023;
Piotrowska et al. 2022). This mass is correlated with the bulge mass (Magorrian et al.
1998; Haring & Rix 2004), which can be approximated by the galaxy central surface
luminosity. We did not detect any dependence on the dust decline on this parame-
ter (Section 3.3.4), which suggests that integrated AGN feedback is not a dominating
mechanism of the dust removal. This is because if the integrated feedback was re-
sponsible for the dust removal in our galaxies then galaxies with higher central surface
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luminosities (more massive black holes and therefore stronger feedback) would exhibit
a faster ISM decline. This finding is consistent with our study of the Baldwin, Phillips,
& Terlevich (1981, BPT) diagram which shows that only up to 15% of galaxies in
our sample host AGNs, which means that they cannot have any significant effect on
reducing the dust amount in these galaxies (Ryzhov et al. in prep.).

We did not find any redshift dependency or environmental influence on dust re-
moval, which is inconsistent with external mechanisms of dust removal. The dust re-
moval also does not depend on the stellar mass [in the explored range of log( Miiepar/ Me) =
10-11.5], so the process linearly scales with mass (a bigger galaxy has proportionally
more dust and proportionally more efficient dust removal).

We note that the lack of the below-MS elliptical galaxies at or even below the SFR-
Mg, relation is not due to a detection limit at My,g. It is 10%2 My at z = 0.05 and
10%7 My at z = 0.3 (Michalowski et al. 2019a), so if such galaxies existed, they would
be detected.

3.5 Conclusions

We analysed ISM and stellar properties of 2050 dusty elliptical galaxies which has
never been done before on such a large sample. Our findings support the morphological
quenching as a mechanism behind their SFR decline, as proposed by Hjorth et al.
(2014). This is because the galaxies below the MS do not follow the da Cunha et al.
(2010) SFR-Mgys relation, having higher dust masses for a given SFR. We also found
that they evolve away from this relation as they age, with SFRs decreasing faster than
dust masses.

We obtained a dust removal timescale for dusty elliptical galaxies of 2.26 4+ 0.18 Gyr,
which is consistent with the value of 2.5 + 0.4 Gyr found by Michatowski et al. (2019a).
The dust mass decline does not depend on stellar mass, implying a linear scaling of this
effect with galaxy mass. Moreover there is no dependence of the decrease in dust mass
on the galaxy environment or redshift, so the dust mass decline is of an internal nature.
The independence of the dust decline on the central surface luminosity (a proxy for
integrated black hole activity) suggests that AGN feedback is not responsible for the
ISM decline.

3.6 PhD candidate contribution

In this publication, I was responsible for collecting and combining several tables
from the GAMA database in order to obtain the final sample, selecting galaxies for the
final analysis, performing required calculations and fittings, presenting the results in
all figures and tables, and preparing the text of this publication, after discussions with
other co-authors.
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Appendix
A. Numerical values from figures

Table 3.1: Dust removal timescale 7, half life-times, and normalisations from fitting
exponential functions to the middle panel of Figure 3.1 and all panels from Figure 3.2.
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‘ 7 |Gyr] 712 |Gyr] A
MS galaxies 1.53 £0.22 1.06 £0.15 —2.16 £+ 0.04
below-MS 236 £0.22 1.64 +£0.15 —2.33 £ 0.03
all galaxies 226 £ 0.18 1.57 £0.12 —2.31 £ 0.02
log(Mgieitar /M)

10.0 — 10.5 271 £0.72 1.88 £0.50 —2.34 £+ 0.05
10.5 -11.0 3.03 £040 2.10+0.27 —-2.51 £+ 0.03
11.0 - 11.5 298 £0.59 2.07 £041 —-2.56 £ 0.05

Y /Mpc™>
< 0.3 240 £ 0.81 1.66 £ 0.56 —2.45 4+ 0.08
0.3-0.8 236 £ 087 1.63 +£0.60 —2.48 +£0.10
> 0.8 1.97 £ 057 1.36 £040 —-2.33 £ 0.11

z

0.01 - 0.12 202 £0.28 140+ 0.19 —2.38 +£0.05
0.12 - 0.25 264 £033 1.83 023 —2.37 +0.03
0.25 -0.32 264 £052 1.83+036 —2.31+0.04
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Chapter 4

A long-duration GRB and its uncommon environment

The following Chapter published as Lesniewska et al. 2022, The Interstellar Medium
in the Environment of the Supernova-less Long-duration GRB 111005A, ApJS, 259, 67.

Abstract

Long (> 2s) gamma ray bursts (GRBs) are associated with explosions of massive
stars, although in three instances, supernovae (SNe) have not been detected, despite
deep observations. With new HI line and archival optical integral field spectroscopy
data, we characterize the interstellar medium (ISM) of the host galaxy of one of these
events, GRB 111005A, in order to shed light on the unclear nature of these peculiar
objects.

We found that the atomic gas, radio continuum, and rotational patterns are in
general very smooth throughout the galaxy, which does not indicate a recent gas inflow
or outflow. There is also no gas concentration around the GRB position. The ISM in
this galaxy differs from that in hosts of other GRBs and SNe, which may suggest that
the progenitor of GRB111005A was not an explosion of a very massive star (e.g. a
compact object merger).

However, there are subtle irregularities of the GRB 111005A host (most at a 20
level), which may point to a weak gas inflow or interaction. Since in the SE part of
the host there is 15% more atomic gas and twice less molecular gas than in NW part,
the molecular gas fraction is low. In the SE part there is also a region with very high
Ha equivalent width. There is more continuum 1.4 GHz emission to the SE and an S-
shaped warp in the UV. Finally, there is also a low-metallicity region 3.5"(1kpc) from
the GRB position. Two galaxies within 300 kpc or a past merger can be responsible
for these irregularities.
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4.1 Introduction

It is well established that there are two types of gamma-ray bursts (GRBs) and they
are divided based on the duration of their prompt emission (Kouveliotou et al. 1993).
Those lasting less than 2 seconds are called short GRBs, with the cause of the explosion
being the collision of compact objects (two neutron stars or a neutron star and a black
hole; Abbott et al. 2017). The second group, longer than 2 seconds (long GRBs) are
the result of the core collapse of very massive stars (Hjorth et al. 2003; Stanek et al.
2003) and take place in galaxies with ongoing star-formation (Christensen et al. 2004;
Castro Cer6n et al. 2006, 2010; Michatowski et al. 2008; Savaglio et al. 2009; Perley
et al. 2013, 2015; Hunt et al. 2014).

Almost all long GRBs for which deep spectroscopic observations were carried out are
accompanied by the explosion of supernovae type Ic (SN Ic; with no hydrogen, helium,
or silicon lines in the spectrum; Hjorth & Bloom 2012). There are three exceptions
for which the existence of a SN was ruled out down to deep limits: GRB 060505,
060614 (Fynbo et al. 2006; Della Valle et al. 2006; Gal-Yam et al. 2006), and 111005A
(Michatowski et al. 2018c).

The most important question regarding these three objects is what their nature and
their progenitors were. Some clues on the nature of unusual explosions can be obtained
from the properties of gas in their environment (as was done for the enigmatic transient
AT 2018cow; Michatowski et al. 2019b; Roychowdhury et al. 2019; Morokuma-Matsui
et al. 2019). In this paper we focus on GRB111005A. The current gas data for its
host have too poor resolution to attempt this. Michatowski et al. (2018b) obtained a
detection of the CO(2-1) line in three pointings and noticed that ESO 580-49, the host
galaxy of GRB 1110054, is not symmetrically filled with molecular gas. The central
and NW regions are molecule-rich for their star formation rates (SFR), but the SE
region turned out to be molecule-deficient. The total molecular gas mass turned out
to be similar as that of other galaxies with similar redshift, star formation rate (SFR),
and stellar mass (Michatowski et al. 2018b; Hatsukade et al. 2020). Michatowski et al.
(2015) examined the HI line in five GRB host galaxies at z < 0.12, including the
GRB 111005A host using archival HI line from the Nangay radio telescope (Theureau
et al. 1998; Springob et al. 2005). Due to poor spatial resolution, only the total atomic
gas mass MHr tot single—dish Was measured, and it turned out to be typical for the SFR
and stellar mass of this galaxy.

The objective of this paper is to establish the properties of the interstellar medium
(ISM) in the host of GRB111005A, in order to help shed light on the nature of the
progenitor. We use new HI and archival integral spectroscopy data to investigate both
the atomic and the ionised gas.

We use a cosmological model with Hy = 70 km s~ Mpc™t, Q4 = 0.7, and ©Q,, = 0.3.
At the redshift of GRB 111005A of 0.01326 this corresponds to a scale of 0.27 kpc per
1",
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4.2 GRB111005A and its host

On October 5 2011 GRB111005A was detected by the Burst Alert Telescope
(BAT, Barthelmy et al. 2005), onboard the Swift satellite. With a burst duration of
26 4+ 7 sec (Barthelmy et al. 2011), it was classified as a long GRB. Machine-learning
classification that successfully distinguishes between long and short GRBs, shows that
GRB 111005A is in the long GRB part of the diagram, in common with other supernova-
less long GRBs as well (Jespersen et al. 2020). In this analysis, GRB 111005A lies far
from the short-duration group in a densely populated area, making it unlikely that it
could belong to the short-duration group. This is consistent with its duration, putting
it in the long category.

Michatowski et al. (2018c) carried out an analysis of the GRB afterglow and ex-
plosion environment based on new and archival radio, optical and mid-infrared data.
With Very Long Baseline Array (VLBA) data the position of the radio afterglow was
determined to be o = 14:53:07.8078276, 6 = —19:44:11.995387 (J2000), with a 1o error
of 0.2 mas. The GRB was found to be associated with the galaxy ESO 580-49 at a
redshift of z = 0.01326, exploding ~ 1” from its centre, as defined on the 3.6 image
(Michatowski et al. 2018c). The radio afterglow lightcurve turned out to be atypical.
The afterglow exhibited a plateau phase lasting a month with a very rapid subsequent
decay. These properties have never been observed before in a GRB. The host galaxy
has been classified as Sbc in HyperLeda! with an edge-on inclination of 90° (Makarov
et al. 2014). Based on full spectral energy distribution (SED) modelling including far-
infrared data, Michalowski et al. (2018c) determined a star formation rate (SFR) of
0.42 1008 Myyr—! and stellar mass of log(M, /M) = 9.68 545 which is within the
range of both long and short GRBs hosts (Savaglio et al. 2009; Castro Cerén et al.
2010; Perley et al. 2016; Fong et al. 2013; Berger 2014; Klose et al. 2019). Michatowski
et al. (2018¢c) and Tanga et al. (2018) rejected the characterisation of the host galaxy
as an active galactic nucleus (AGN) based on the Baldwin-Phillips-Terlevich (BPT)
diagram (Baldwin et al. 1981).

Another rare feature of GRB 111005A was that no supernova was detected in the
optical, near- and mid-infrared, down to an absolute magnitude of —12mag at 3.6 pum,
~ 20 times fainter than SNe associated with long GRBs. This cannot be explained
by dust extinction, because in the mid-infrared its influence would be minor. This is
similar to GRBs 060505 and 060614 (Fynbo et al. 2006; Della Valle et al. 2006; Gal-Yam
et al. 2006).

Moreover, Michatowski et al. (2018¢c) showed that the explosion occurred in an
environment with about solar metallicity. A very similar conclusion was reached by
Tanga et al. (2018) based on integral field spectroscopy. They found that the host
galaxy is metal-rich (near solar metallicity) and that there is little star formation
at the GRB position. There are about twenty known GRBs that have exploded in
environments with high (solar or super-solar) metallicity, (measured from absorption
spectroscopy) (Prochaska et al. 2009; Kriihler et al. 2012, 2015; Savaglio et al. 2012;
Elliott et al. 2013; Schulze et al. 2014; Hashimoto et al. 2015; Schady et al. 2015;
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Stanway et al. 2015). Metallicity is dependent on the galaxy stellar mass, so massive
GRB hosts without metalliticty measurements may also have high metallicity. Perley
et al. (2016) presented an analysis of 119 galaxies up to redshift 6, of which about 10%
are massive galaxies (stellar masses larger than 10'%%), which imply solar metallicity.
However, all of them are at z > 1, whereas the GRB 111005A host is at a low redshift.
GRB 130925A was also similar to GRB 111005A with respect to its proximity to the
host centre (0.12” or 600 pc in projection; Schady et al. 2015). The lack of a SN, an
atypical lightcurve, and the high (around solar) metallicity were used to claim that the
explosion mechanism of GRB 111005A was different from that of the majority of GRBs
(Michatowski et al. 2018¢; Tanga et al. 2018).

4.3 Data

4.3.1 GMRT observations

In May and June 2016 the field of GRB 111005A was observed for 2 x 3 hrs with
the Giant Metrewave Radio Telescope (GMRT)?. For calibration of the flux and the
bandpass 3C286 was observed for 15 min at the start and the end of the runs. For
the phase calibration 1522-275 was observed every 30 min on one day and 1448-163
the other day with the same temporal spacing. The correlator was setup with 16 Mhz
bandwidth and 512 channels centred around 1400 MHz.

The data were reduced with a range of data reduction packages. We downloaded
the fits files with the raw data from the GMRT archive. These fits files were then loaded
into CASA (McMullin et al. 2007) with the IMPORTGMRT task without applying the
online flags. Further data reduction was done with the CARACAL? pipeline which
is being developed for HI data reduction of MeerKAT data. The pipeline is setup
in a modular fashion using the platform-independent radio interferometry scripting
framework STIMELA*. In practice this means that the calibrator data are initially
flagged with AOFLAGGER (Offringa 2010) and calibrated and transferred to the target
with CASA. After this the target is split out of the measurement set, further flagged
with AOFLAGGER, imaged with WSCLEAN (Offringa et al. 2014) in Stokes I, using
WSCLEAN’s auto and fits masking feature after which this clean model is used in
CuBICAL® (Kenyon et al. 2018) for the self-calibration. This step is repeated until
a phase-only self-calibration no longer improves the image and then subsequently an
amplitude and phase self-calibration is performed where the solution interval for the
amplitude and phase can differ.

After calibration the data for the two separate days were mapped onto the same
channel grid with the CASA task MSTRANSFORM and the continuum was subtracted
with UVCONTSUB. At this stage the data were also Doppler corrected and projected
onto a barycentric velocity frame. As the data for the two separate days had opposite

2Project no. 30035, PI: M. Michatowski
3https://github.com/caracal-pipeline/caracal
‘https://github.com/SpheMakh/Stimela/wiki
Shttps://github.com/ratt-ru/CubiCal
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sign frequency increment, the pipeline’s more advanced WSCLEAN tasks could not be
used to invert the visibilities into an HI data cube. For this reason we did this final step
manually in CASA. TCLEAN was used to transform the visibilities of the 60 channels
covering the HI emission into a data cube. The visibilities were weighted according to
a Briggs weighting scheme with the “robust” parameter set to 0 and a uvtaper of 7,
17, and 40 kA resulting in data cubes of different resolution. The dirty cubes were
cleaned with TCLEAN’s multiscale clean algorithm, at scales of 1, 2 and 5 beams.
The cleaning was performed in an iterative process in which we first cleaned the cube
to a threshold of 10 in the first iteration. From this first “cleaned" cube a mask was
constructed with SOFIA (Serra et al. 2015) and then the emission in this mask was
cleaned down to 0.5¢0 and a new mask was created. This last step was repeated until
successive iterations showed no changes in the mask and all the visible emission was
captured in the mask.

The final cubes had resolutions of FWHM = 16.8"x12.9", 7.4"x5.7", and
4.0"x2.8"and a channel width of 32.5 kHz (7kms™! at the HI frequency). The rms
is 1.0, 0.7, and 0.6 mJy beam ™! per channel. The frequency axis was converted into a
velocity axis using the relativistic definition which results in a channel width of 6.96
km s~! with an error of ~ 0.005 kms~! on the outermost channels of the cube.

We also imaged the line-free channels to construct continuum images at the fre-
quency of 1.4 GHz. We applied a uvtaper of 40, 17 and 5k\ resulting in a resolution
of 4.7"x3.2", 8.4"x6.5"and 29.7"x22.5"and an rms of 40, 66 and 178 uJy beam ™!, re-
spectively. For the flux scale we note that the usual 10% calibration error applies for
GMRT data.

4.3.2 MUSE data

We also used optical data obtained by Tanga et al. (2018). The galaxy in which
GRB 111005A occurred was observed on the 23 August 2014 by the ESO Very Large
Telescope equipped with the panoramic integral-field spectrograph working in the vis-
ible range, the Multi-Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010).

The MUSE optical data obtained by Tanga et al. (2018) has previously been used
in order to study the dust reddening E(B — V), velocity map based on the Ha line,
equivalent width of the Ha line, star formation rate surface density, and metallicity
based on the Pettini & Pagel (2004, O3N2) and Dopita et al. (2016, D16) calibrations.

4.4 Tilted ring modelling

Due to the projection effects that are caused by the almost edge-on (i > 85°)
orientation of ESO 580-49 the rotation curve cannot be extracted from the velocity
field. Therefore, in order to get a better understanding of the distribution and dynamics
of the H1 in ESO 580-49 we fit a tilted ring model (Rogstad et al. 1974) to the GMRT
observations. The Fully Automated TiRiFiC (FAT, Kamphuis et al. 2015) fits the
titlted ring model directly to the data cube and thus can also accurately model the
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Figure 4.1: (Left) Hi line emission of the GRB 111005A host (black contours) detected
by GMRT with three different resolutions from top to bottom: 16.8"x12.9", 7.4" x5.7",
and 4.0"x2.8" (the beams are shown as grey dotted ellipses). The contours start at 0.7,
0.04, and 0.03 Jybeam ' kms~' from top to bottom. The lowest contours correspond
to column densities of 3.7, 1.1, and 3.0 x 10?* cm?. The background is the UV image
from Michatowski et al. (2018c). (Right) HI 1** moment maps, with respect to the
redshift z = 0.01326. The position of GRB 111005A is marked by the red arrow. The
image size is 2.5"x2.5’corresponding to 40.5 kpc x 40.5 kpc.
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Figure 4.2: Profiles of the atomic gas mass derived from the HI maps shown on Fig.
4.1, as a function of distance from the galaxy centre (top) and the rotation curve from
the velocity field of Hr (bottom). For both panels the galaxy centre is marked as the
red dashed line. The points on the top panel for which uncertainties are not shown
represent upper limits.
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Figure 4.3: GMRT interferometric spectrum (black dots) at three different resolutions
and the single-dish spectrum (red dots; Theureau et al. 1998). The velocity axis is with
respect to the redshift z = 0.01326.
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Figure 4.4: Rotation curves from the tilted ring modeling at two different resolutions
as a function of distance from the galaxy centre.
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Table 4.1: Properties of regions in the GRB 111005A host (Center, NW, and SE; see Fig. 4.10) and of the entire galaxy.

Reg RA/Dec Mpu Mir/MH tot molecular Z SFR
. (109 Mg) (%) gas fraction (%) 12 +1og(O/H) (Mg yr™1)
14.85" 6.55" 34" 14.85" 6.55" 3.4" 14.85" 6.55" 34" D16 O3N2

Center  14:53:7.8 0.90 1.08 1.17 160 188 194 382 343 325 839 855 0.12
-19:44:10.97 + 0.02  0.03 0.03 0.7 0.8 0.8 1.8 1.6 1.6

NW 14:53:6.2 0.80 095 1.03 141 165 17.1 204 177 16.5 823 849 0.03
-19:43:56.03 + 0.02  0.02 0.03 0.6 0.7 0.8 1.6 1.8 20

SE 14:53:9.2 096 1.16 125 17.0 203  20.8 10.0 84 79 838 845 0.04
-19:44:29.04 + 0.03  0.03 0.03 0.7 0.9 0.9 1.7 24 22

Total 566 573 6.01 94.4f 956' 10037 247 215 202 837 851 0.19

+ 0.19 0.20 0.22 4.4 4.6 4.9 1.5 1.5 1.5

Atomic gas masses (Mpyy), percentages of Mpyy relative to the total mass of Myr in the host galaxy (from the ‘Total’ row), percentages of molecular
gas fractions (Mpa/Mgas) based on the Hy masses obtained by Michatowski et al. (2018b), metallicities determined from the Dopita et al. (2016, D16) and
Pettini & Pagel (2004, O3N2) methods, and Ha based star formation rates. The HI properties are given in three columns corresponding to three different
resolutions, indicated in arcsec.

1 indicates the ratio between the total amount of atomic gas from the GMRT data and the total amount of atomic gas measured by Michatowski et al.
(2015) based on single-dish data.
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Figure 4.5: 1.4GHz continuum emission of the GRB111005A host (black con-
tours) at three different resolutions: 29.7"x22.5"(top left), 8.4"x6.5" (top right), and
4.7"x3.2"(bottom; the beams are shown as grey dotted ellipses). The contours are 3,
5, 7, and 90, where o = 176, 66, and 40 pJybeam™ for low-, medium-, and high-
resolution images, respectively. The background is the UV image from Michatowski
et al. (2018¢). The position of GRB 111005A is marked by the arrow. The image size
is 2.5’x2.5’corresponding to 40.5 kpc x 40.5 kpc.
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Figure 4.6: 1.4 GHz continuum emission profiles of the GRB 111005A host, using the
maps with a resolution of 29.7" x22.5", 8.4"x6.5", and 4.7" x3.2".

observed HI of discs with high inclination (Jozsa et al. 2007).

FAT fits all the parameters relating to the orientation and position of the disc. As
such it determines the central coordinates and scale height of the disc as a whole for
the model and allows for radial variations in the position angle (PA), inclination, rota-
tional velocity, dispersion and surface brightness profile. We run FAT on the different
resolution data cubes independently.

For the highest resolution data (FWHM = 4.0"x 2.8") FAT was unable to find
enough flux in the data cube to reliably initiate the fitting process and hence no model
was created. The lower resolutions were successfully fitted and all parameters are
consistent between the two models at medium and low resolutions. No radial variations
are found in the dispersion, inclination, and PA.

4.5 Results

Our GMRT H1 data, the measurements made by MUSE (Tanga et al. 2018) and the
ultraviolet (UV) image (Michatowski et al. 2018c) of the host galaxy of GRB 111005A
are presented in Figures 4.1-4.8. We show the intensity maps as well as profiles along
the galaxy. The profiles were constructed for all maps by measuring the signal in
rectangular apertures perpendicular to the galaxy disk with a width of 6" and height
of 17", encompassing together the entire detectable emission. Fig. 4.9 in the appendix
show the color-scale images of the moment 0 and continuum maps.
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Figure 4.7: Atomic gas emission of the GRB 111005A host from GMRT with a res-
olution of 7.4"x5.7"(black contours) overlayed on maps of physical properties derived
from MUSE observations by Tanga et al. (2018). (Top left) Dust reddening E(B-V).
(Top right) Velocity map (1st moment) based on the Ha line, with respect to the red-
shift z = 0.01326. (Middle left) Equivalent width of Ha. (Middle right) Star formation
rate surface density derived from the Ha emission. (Bottom left) Metallicity using
the diagnostic of Dopita et al. (2016). (Bottom right) Metallicity based on the O3N2
method (Pettini & Pagel 2004). The position of GRB 111005A is marked by the red
arrow. The beam of HI observations is shown as a grey dotted ellipse. The image size
is 2.5’ x2.5’corresponding to 40.5 kpc x 40.5 kpc.
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The host has a clear S-shaped (‘integral sign’) warp in the UV image, which was
not discussed in Michatowski et al. (2018c).

4.5.1 Residual scaling correction

The HI and radio continuum fluxes in a given region appears to increase with
increasing resolution of the cube. This is counter-intuitive, because usually better
resolution leads to more flux being missed. First, we stress that for the most of the
apertures the increase is less significant than 1o and the maximum significance is only
20. We however investigated the reason of this behaviour. In order to confirm that the
masking does not introduce biases we performed cleaning at all resolution with a fixed
masked defined by the emission from a low-resolution cube tapered at 5 kA and by
just drawing a rectangle around the visible emission. In both cases we obtained similar
results to our original analysis. We also repeated the analysis without the TCLEAN’s
multiscale clean algorithm, again obtaining similar results.

We conclude that the flux increase with resolution is due to a higher fraction of
uncleaned flux and stronger sidelobes in the dirty beam at higher resolutions. This
makes the conversions from Jy beam™! to Jy pixel™! increasingly uncertain, because
the uncleaned emission is not distributed according to a clean Gaussian beam with
which the conversion is defined. We verified that this is the case by noting that the
flux increase towards the highest resolution is proportional to the difference between
the areas of the dirty and cleaned beams.

Hence, all H1 and radio continuum flux measurements were corrected for this effect
using the method presented in Novak et al. (2019, 2020), which is based on scaling the
residual map by the ratio of areas of the clean and dirty beams. For a given map and
aperture size, this ratio can be found as ¢ = C/(D — R), where C, D, and R are the
measurements in this aperture with the clean component map, the dirty image and the
residual image. Then the true flux is C' 4+ eR. In this way the residuals are scaled so
that their unit matches that of the clean component map.

As expected, in this way the difference between fluxes at different resolutions de-
creased to a level less than 1o for all the measurements except of the difference between
the HI measurements at the coarsest and middle resolutions for the circular apertures
(Table 4.1). The difference is less than 0.50 for the same cubes for larger apertures
encompassing the entire galaxy (the last row of Table 4.1) or halves of the galaxy
(Table 4.2), so it is likely because the small circular apertures (matching the CO aper-
tures) are too small and comparable with the beam size at the coarsest resolution,
so the residual correction method works less efficiently for them. Hence, the HI flux
measurements in small circular apertures for the low-resolution cube are less reliable.

4.5.2 Atomic and molecular gas
The left panels of Fig. 4.1 show the contours of the HI line (moment 0 maps) at three

different resolutions overlayed on the UV image. Atomic gas is smoothly distributed in
the disk without any significant off-centre concentrations, plumes, or extra-planar gas,
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which could have suggested a recent inflow /outflow of gas or environmental interactions.
Specifically, there is no concentration of atomic gas at the GRB position. There is
however ~15% more atomic gas in the SE part of the galaxy, which is visible at all
resolutions. The ratios of the atomic gas mass in the SE and NW halves are 1.16 +
0.04 (14.85"), 1.15 £ 0.04 (6.55"), and 1.14 + 0.05 (3.4"). The difference in the extent
of the UV emission and atomic gas is clearly visible, with the atomic disk extending
beyond the UV disk, which is common for spiral galaxies (e.g. Wang et al. 2013).

The right panels of Fig. 4.1 show the intensity weighted mean velocity maps. The
velocity pattern is regular, as expected for a non-disturbed rotating disk.

Fig. 4.2 presents the profiles of the HI emission along the galaxy. The top panel
shows the HI mass distribution, which is relatively symmetric, but in the NW part the
Hi profile falls off faster. The lower panel presents the rotation curves derived from the
mean velocity (moment 1) maps. We explored this to search for any irregularities in
the moment 1 maps, which we did not find. We note that the rotation curves derived
from the tilted ring modelling (see below) are more accurate. The full velocity width
is around 250 kms™!.

Michatowski et al. (2018b) analysed the CO distribution in three regions in the
host galaxy (see their Fig. 1) and we performed analysis of atomic gas and properties
derived from MUSE data at the same locations. The total signal from each region
was measured using the Starlink package (Currie et al. 2014) with an aperture radius
of 13.6", matching the beam size of the CO observations. From the total HI fluxes
we measured the HI masses (Mpy) based on eq. 2 in Devereux & Young (1990). The
positions of the apertures on our HI map is shown on Fig. 4.10 in the appendix. We
also used an elliptical aperture encompassing the entire galaxy to calculate the total
atomic gas mass (Mprtot). Table 4.1 lists the results of these aperture photometry
measurements.

The distribution of atomic gas is slightly asymmetric: there is around 15£5% more
gas in the SE region than in the the NW region. This was suggested by Michalowski
et al. (2018c) based on the asymmetry of the HI line shape. We also calculated the
molecular gas fraction using the molecular masses obtained by Michatowski et al.
(2018b). The SE region has twice lower molecular gas mass and higher atomic gas
mass than the NW region, so the molecular gas fraction is low [Mua/Mg.s ~ (8.5£2)%,
or Mys /My ~ 0.1, see Table 4.1]. This region encompasses one third of the host, but
such low ratios are only found at the very outskirts of other galaxies (Leroy et al. 2008,
their Fig. 17).

For the entire galaxy the atomic hydrogen mass was calculated using an elliptical
aperture encompassing all the detected emission. The value measured here is consistent
(M1,tot / MHItot single—dish ~ (97 £ 4)%) with the measurement reported in Michatowski
et al. (2015) based on the single-dish spectrum from Theureau et al. (1998), especially
taking into account the 10% flux calibration uncertainty. Fig. 4.3 shows the comparison
of this single-dish HI spectrum and our GMRT observations at three spatial resolutions.
The spectra are consistent with each other indicating that GMRT did not miss any
extended emission.
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4.5.3 Kinematic modelling

Table 4.3 presents the properties of the GRB 111005A host based on the tilted
ring modelling (Sect. 4.4) of low- and medium-resolution HI cubes. Inclination values
confirm that the model is consistent with a nearly edge-on orientation. The position
of the galaxy centre determined in the modelling is consistent with the position of
GRB 111005A within 1-20. The GRB position is 0.1" and 2.1" away from the centre
in the low-resolution cube in right ascension and declination, respectively, whereas the
errors of the centre position are 0.2" and 2.5". For the medium-resolution cube the
distance is 0.2" and 2.8" and the errors are 0.1" and 1.1".

The rotation curves derived from the tilted ring modelling are shown in Fig. 4.4 for
data with resolutions of 16.8"x12.9" and 7.4"x5.7". They present a flattening at large
radii, typical for spiral galaxies (e.g. Rubin et al. 1980), which signals a dominant dark
matter contribution. Based on the maximum rotational velocity we calculated a total
dynamical mass of the galaxy of 10.8 x10'® My, (the 14.85" data) and 9.7 x10' M, (the
6.55" data). Subtracting the total HI mass from Table 4.1, Hy mass from Michatowski
et al. (2018b), and stellar mass from Michatowski et al. (2018¢c), we estimated a dark
matter mass of 9.7x10'° M, (14.85") and 8.6x10'° M, (6.55"). This corresponds to
a dark matter fraction around 90%, so this galaxy is dark-matter dominated.

The ratios of the HI masses included in these models and the HI masses measured
directly from the GMRT data show that the model is able to explain (83 £ 3)% and
(70 + 3)% of the emission in low- and mid-resolution cubes, respectively. We also
compared the GRB 111005A host with the very tight relation between My; and Dy of
Wang et al. (2016, their eq. 2). With a diameter of 178.9"and 158.8" (after deconvolving
the beam, at a surface density of 1 M, pc™2), this relation predicts the HI mass of
6.9x10% M, and 5.4x10° My, respectively, factor of 1.33 £ 0.04 and 1.03 4= 0.03 above
the measured value. Hence, the host galaxy is 0.13 or 0.02 dex below this relation. The
scatter of the relation is 0.06 dex, so the GRB 111005A host galaxy is located at most
2 sigma away from it.

4.5.4 Radio continuum

Radio continuum emission at 1.4 GHz presented in Fig. 4.5 reflects the star for-
mation rate in the host galaxy and has a similar extent to the UV emission. To first
order, the maps at the three different resolutions show a symmetrical structure. How-
ever, they all show slightly more emission to the SE of the galaxy, with (64 + 54)%
more in the SE part at the lowest resolution.

Radio 1.4 GHz continuum profiles are shown in Fig. 4.6. The data show a hint
of asymmetry at all resolutions, with the peak brightness shifted to the SE from the
optical galaxy centre and the emission extending further in the SE direction. However,
the sizes of error bars and the beam sizes prevent drawing a definite conclusion on this.
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4.5.5 Stars, ionised gas and dust

The Ha SFR is corrected for dust extinction assuming the Calzetti et al. (1994)
attenuation law with Rv=4.05. It is based on the Ha flux to SFR conversion described
in Kennicutt (1998) but assuming a Chabrier IMF (Chabrier 2003b), which reduces
the SFR by a factor of ~1.7 compared to a Salpeter IMF.

Regardless of the differences in gas content, the Ha-based SFRs in the NW and
SE regions are very similar (Table 4.1). Using a hybrid calibration combining Ha
with IR luminosities (Kennicutt & Evans 2012), we obtained an SFR of 0.43 M yr—,
which is consistent with that presented by Michatowski et al. (2018c) based on infrared
luminosity. The total SFR determined from the Ho alone is 0.19 M yr~!, two times
smaller than the IR-based SFR determined by Michatowski et al. (2018c). Similarly,
the total radio continuum flux (Table 4.2) implies an SFR of 0.15 Mg yr~! (with the
callibration of Bell 2003). The factor of two difference between these estimates and the
IR SFR is within the typical calibration uncertainty, but indicates a contribution of
evolved stars to dust heating, making the IR estimate too large. However, we cannot
rule out the possibility that the Ha estimate is underestimated due to dust extinction
and the radio estimate is underestimated due to age effects.

Fig. 4.7 shows physical quantities derived from MUSE data (Tanga et al. 2018)
superimposed on the HI moment zero map. We show the full 1’ extent of the data,
whereas Tanga et al. (2018) showed the central 20”. We present the SFR and the
O3N2 metallicity maps for the first time. We infer the following results from these
data. Similarly to the HI observations, the Ha velocity map shows a regular rotational
pattern, also noted by Tanga et al. (2018). Dust reddening F(B-V) is highest along the
middle of the disk, as expected given the prominent dust lanes (Fig. 15 of Michatowski
et al. 2018c¢). These central regions are also much more active than regions further from
the disk plane, given the SFR surface density map based on the Ha emission. The Ha
equivalent width is a proxy of the age of a stellar population in young (~ 10 Myr)
starbursts (Stasiiska & Leitherer 1996; Fernandes et al. 2003). There are several
regions with higher equivalent widths (~ 200 and resulting lower ages), mostly at both
ends of the disk and 3.5” (1kpc) north-east of the centre (the latter was discussed
by Tanga et al. 2018). Two methods were used by Tanga et al. (2018) to measure
metallicity in the host galaxy. Both diagnostics show a typical radial behaviour with
metallicity declining towards the outskirts. The region north-east of the galaxy centre
does not fit into this pattern because it has as low metallicity as the regions at a similar
height above the disk, but located much further from the centre (12+1log(O/H) = 8.1~
8.2). The diagnostic of Dopita et al. (2016) resulted in the NW region being the
most metal-poor, but this is not reflected in the O3N2 method (Pettini & Pagel 2004).
Consistently with each other, both methods result in low metallicity for the SE part.

Fig. 4.8 shows the profiles of six parameters calculated based on the MUSE data.
Such analysis was not done by Tanga et al. 2018. Dust reddening, E(B — V'), shows
the largest value in the centre of the host galaxy decreasing with distance. The NW
region is more reddened, with E(B — V') decreasing less than in the SE half. The Ha
velocity profile is very symmetrical. The Ha equivalent width is relatively flat, but the
outermost region towards the SE reaches 150 A and clearly stands out from the other
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locations. The highest value of the star formation density is found in the centre of the
galaxy, near the GRB 111005A position, generally declining outwards. For metallicities
derived with both the D16 and O3N2 methods, the highest value occurs in the second
aperture, 6” from the centre towards SE. This behaviour seems similar to the case of
the 1.4 GHz profiles presented in Fig.4.6. This is because of the low-metallicity region
north-east of the galaxy centre, lowering the average metallicity in the central aperture.
An asymmetry is also evident in both metallicity profiles. The D16 metallicity in the
SE half is higher than in the NW half, while we see the opposite for the O3N2 method.

We made similar measurements as in Table 4.1 to investigate the differences between
the two halves (SE and NW) of the galaxy. In Table 4.2 we show the results of
the aperture photometry on GMRT and MUSE maps with two apertures together
encompassing the entire galaxy. There is more atomic gas in the SE half and this is
true for each resolution, but the difference is significant only at a ~ 20 level. A similar
difference is apparent for the radio continuum flux. The average dust reddening for
both halves is similar, unlike what the profile suggests (Fig. 4.8). This is because the
average value is dominated by a large number of pixels with low E(B — V). Due to
regions with high Ha equivalent widths in the SE end of the galaxy, the corresponding
half has a high average value of this parameter. The total Ha SFRs of the galaxy halves
are comparable. In the case of metallicity, we again see differences in results depending
on the method used. For D16 the average metallicity of the SE half is higher, whereas
the O3N2 method results in similar values for both halves.

4.5.6 Large-scale environment

We also analysed the large-scale environment around the GRB 111005A host us-
ing the NASA /TPAC Extragalactic Database (NED). The closest galaxies are WISEA
J145239.17-192125.8 and ESO 580-G052, 24’ and 30’ (321 kpc and 301 kpc) away, re-
spectively. Within 1 Mpc in projection and Av = #1500 kms~! there are 6 galaxies.
Moreover, 1.37 Mpc (1.4 deg) away from the GRB 111005A host there is a galaxy group
with NGC 5791 as the brightest member (Crook et al. 2007; Diaz-Giménez et al. 2012).
The GRB 111005A host appears to lie in the outskirts of this group.

We note that the SN-less GRB 060505 was found 4 Mpc from a galaxy cluster (Thone
et al. 2008), whereas the relativistic SN 2009bb was found 600 kpc from a galaxy group
(Michatowski et al. 2018a). The small number of such studies prevents drawing firm
conclusions.

4.6 Discussion

The host of GRB111005A displays many regular features: largely symmetrical
atomic gas (Fig. 4.1 and 4.2, Table 4.2) and radio continuum (Fig. 4.5 and 4.6, Ta-
ble 4.2) distributions, and rotational patterns derived from both HI and Ha lines
(Fig. 4.7 and 4.8). There are only small deviations from this regularity, which will be
discussed below.
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Hence, there is no evidence of strong and recent gas inflow /outflow or environmen-
tal interactions. This is different from the irregular ISM distributions in the hosts of
GRBs, broad-lined type Ic (Ic-BL) SNe, and fast radio bursts (FRBs). Four such ex-
plosions were found near the most significant concentration of atomic gas: GRB 980425
(Arabsalmani et al. 2015, 2019; Michalowski et al. 2015), GRB 060505 (Michatowski
et al. 2015), SN 2009bb (Michatowski et al. 2018a), and SN 2002ap (Michatowski et al.
2020a). Moreover, GRB 980425 (Michatowski et al. 2014, 2016), GRB 060505 (Thone
et al. 2008, 2014), GRB 100316D (Izzo et al. 2017), and SN 2009bb (Michatowski et al.
2018a) exploded close to the region that is the brightest in the infrared, radio, He,
and [OI]. Similarly, the HI line profiles of two FRB hosts for which such measurement
is possible were found to be extremely asymmetric, compared to those of the general
population of galaxies (Michalowski 2021). On the other hand the ISM was found to
be more regular for the host of SNe type Ib (Michalowski et al. 2020b) and the tran-
sient AT 2018cow (Michatowski et al. 2019b). However, Roychowdhury et al. (2019)
reported AT 2018cow in a distorted dense HI ring-like structure.

Most long nearby GRBs for which deep spectral observations are possible are as-
sociated with SNe type Ic-BL (Hjorth & Bloom 2012), exhibit sub-solar metallicities
in their environments (Leloudas et al. 2011; Modjaz et al. 2011; Japelj et al. 2016),
and exploded in galaxies with irregular ISM distributions (see above). On the other
hand, GRB 111005A was not associated with an SN, exploded in a region with solar
metallicity, and its host has a regular ISM distribution. These properties may suggest
that the progenitor of GRB 111005A is different from that of most long GRBs. This
could be a compact object merger (Wang et al. 2017; Michatowski et al. 2018¢c; Tanga
et al. 2018; Yue et al. 2018; Dado & Dar 2018). Indeed, the host galaxy of the neutron
star merger GW 170817 has a regular ISM distribution with only minor irregularities
(Levan et al. 2017). Low numbers of GRB hosts with characterised ISM properties
precludes drawing conclusions from the ISM distribution alone.

There are a few more subtle irregularities of the GRB 111005A host, which may
point to a weak gas inflow or interaction. We note that these irregularities are weak
and the significance of most of them is around 20, so deeper observations are needed to
investigate this topic. However, these irregularities were found in independent datasets,
so their combined significance is higher. We also note that these features can in prin-
ciple be explained by different mechanisms.

The S-shape of the galaxy, clear on the UV image (Fig. 4.5), 20 asymmetry in
the 1.4 GHz continuum image (Figs. 4.5 and 4.6, Table 4.2), and the asymmetric H1
profile (Fig. 4.3) suggests an interaction. S-shaped warps in stellar (Reshetnikov &
Combes 1999; Reshetnikov et al. 2016; Ann & Park 2006) and HI1 (Sancisi et al. 2008)
distributions are common and were claimed to be indications of tidal interaction or
gas accretion. Similarly, S-shapes in simulations have been induced by interactions, or
by gas accretion, and can be sustained several Gyr after such events (Kim et al. 2014;
Gomez et al. 2016, 2017; Semczuk et al. 2020). Such a long timescale makes the GRB
event unlikely to be connected with a potential interaction. Ram pressure stripping can
also induce S-shaped warps (Haan & Braun 2014), but this probably does not apply
to the GRB 111005A host because it is more than 1 Mpc away from a galaxy group,
so the intragroup medium density is unlikely to be high at its position and any infall
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velocity must be low.

Asymmetric HI spectrum (Michatowski et al. 2018c; Fig. 4.3) resulting from more
atomic gas in the SE part of the galaxy (Table 4.2) also indicates external influence,
e.g. tidal interaction or gas inflow. Indeed, Watts et al. (2020) found that galaxies
with asymmetric HI line profiles generally contain 29% less HI than their symmetric
counterparts, and this is due to gas removal during the interaction with galaxy environ-
ment (see also Reynolds et al. 2020; Hu et al. 2021). Indeed, the host of GRB 111005A
contains (35+4)% less atomic gas than predicted from the relation between the atomic
gas and size (see Sect. 4.5.3).

We quantified the HI line asymmetry of the GRB 111005A host using the diagnostics
defined by Reynolds et al. (2020). The GRB 111005A host has a difference between the
flux-weighted velocity and the midpoint velocity at 50% of the peak flux of AV, =
2.6kms™! (eq. 4 in Reynolds et al. 2020); the integrated flux ratio between the left
and right halves of the spectrum of Ag,x = 1.24 (eq. 6); the flux ratio between the
left and right peaks of the spectrum of A,ea = 1.31 (eq. 7); and the residual from the
subtraction of the spectrum flipped around the flux-weighted velocity from the original
spectrum of Ag,ec = 0.26 (eq. 8). We compared these values with measurements for
galaxies with stellar masses of 9 < log(Mr/Ms) < 10 from the Local Volume Hi
Survey (LVHIS; Koribalski et al. 2018) and the VLA Imaging of Virgo in Atomic
Gas (VIVA; Chung et al. 2009), with low and high environmental density respectively
(see Fig. 8 and Table 3 of Reynolds et al. 2020). All asymmetry diagnostics for the
GRB 111005A host, except Agpec, are 1-2 standard deviations higher than the mean
for the low-density LVHIS galaxies and consistent with the mean for the high-density
VIVA galaxies. Hence, the HI spectrum of the GRB 111005A host is at the highest end
of asymmetry for galaxies in the low-density environments and is similarly asymmetric
as spectra of galaxies in a cluster. This supports the hypothesis that this asymmetry
is related to the interaction with the environment (gas inflow, merger, etc.).

The SE part of the galaxy also shows some features, which may suggest gas accre-
tion. There is twice less molecular gas (Michalowski et al. 2018b) and more atomic
gas than in the NW part, so the molecular gas fraction is approximately a factor of
two lower, but this is significant only at a 20 level (Tables 4.1 and 4.2). The radio
continuum emission is also stronger in the SE than in the NW (Figs. 4.5, 4.6 and Ta-
ble 4.2), again significant at a 20 level. If these differences are confirmed with deeper
data, then they can be explained by either interaction or gas inflow. Both processes
can lead to higher atomic gas density in a part of a galaxy (either directly during inflow
or by rearranging gas distribution during interaction). This can can also enhance the
SFR at that position due to a higher gas density, explaining stronger radio emission.
If this process was recent, then the HI to Hy conversion has not taken place yet. The
metallicity effect could in principle explain low CO emission (Bolatto et al. 2013), but
we measured a similar metallicity in the CO-rich north-western part (Fig. 4.7, 4.8 and
Table 4.1), so this is not the case for the SE region.

Similarly, the region just outside of the galaxy centre, 3.5" (1kpc) to the north-
east has unusual properties (see Figs. 5-7 of Tanga et al. 2018 for a zoom-in view
of the MUSE data). It has untypically low metallicity (8.15 for the D16 calibration
and 8.25 for the O3N2 calibration), compared to other regions at similar galactocentric
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distances, and exhibits high Ha equivalent width (~ 200), suggesting a very young
stellar population (Fig. 4.7). These properties are consistent with gas flowing from the
intergalactic medium and enhancing star formation (see also Sanchez Almeida et al.
2013, 2014b,a, 2015). However, only the detection of a stream of gas extending outside
the galaxy would provide strong evidence supporting this conclusion. If this is correct,
then the birth of the progenitor of GRB 111005A may be related to this process.

On the other hand, we did not find any definitive signature of outflows. The MUSE
spectrum at the GRB 111005A position does not show any deviation from a single Gaus-
sian profile. Conversely, Thone et al. (2021) found that all long GRB hosts experience
strong outflows, based on the existence of broad mostly blueshifted Ha components,
kinematically decoupled from narrow components. However, in our case, even if such
an outflow is present, we would not be able to detect it in the spectra, because it would
likely be directed perpendicular to the line-of-sight for this edge-on galaxy.

With our radio continuum image (Fig. 4.5) we can also test for the presence of a
radio-loud AGN. We did not detect a strong point source in the centre, so we rule out
this possibility.

The reason for the discrepancy between the metallicity measurements using the D16
and 0302 methods (Fig. 4.8 and Table 4.1) is likely the same as described in Kriihler
et al. (2012). Namely the O3N2 method misinterprets highly ionised regions for having
low metallicity. The D16 method takes ionisation into account and therefore is more
accurate.

Interaction with two nearby galaxies 300 kpc away (in projection) may be respon-
sible for the S-shape of the GRB 111005A host, if in the past they were closer. The
distortion may also be due to a past minor merger. On the other hand the projected
distance to the NGC 5791 galaxy group of 1.37 Mpc makes it unlikely that inter-
action with the group can significantly modify the distribution of gas or stars the
GRB111005A host. However, the proximity to the group implies the presence of a
supply of intergalactic gas to be accreted by the GRB 111005A host. A similar situa-
tion was found for the SN 2009bb host (Michalowski et al. 2018a). The projected virial
radius of the NGC 5791 group is 0.24 Mpc (Crook et al. 2007, based on the separations
of the group members). Hot, X-ray emitting gas has been detected out to more than
0.5 Mpc from group centres (Rasmussen & Ponman 2007; Mernier et al. 2017). Hence,
the GRB 111005A host is not a member of this group, but at its position, i.e. at the
distance of 3—4 times the group radius, one can expect some gas from the group.

4.7 Conclusions

Based on new GMRT and archival MUSE observations of the host galaxy of the
unusual long GRB 111005A, we have characterized the interstellar medium properties of
the host across the galaxy and in the vicinity of the GRB explosion. Deep observations
of SN-less GRB hosts are scarce and hence this study contributes significantly to the
understanding of ISM properties in such galaxies.

The host galaxy of GRB 111005A is characterized by regular largely symmetrical
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Figure 4.8: Profiles of properties derived using the MUSE data (Fig. 4.7) as a function
of the distance from the galaxy centre (red dashed line).
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Table 4.3: Properties of the host galaxy of GRB111005A determined from HI cubes at two resolutions, 14.85"and 6.55", using
tilted ring modelling.

Res. RA Dec incl.  Viot,max D1 D fuxor Muimod  MHLmod /
(hh:mm:ss) (dd:imm:ss) (°) (kms™!) (arcsec) (kpc) (Jy kms™) (10° My) Mpur

14.85"  14:53:07.92 -19:44:14.08 85 125 179 48.4 6.36 4.7 0.83+0.03

6.55"  14:53:07.98 -19:44:14.75 83 129 159 43.0 5.48 4.0 0.70+£0.03

The coordinates of the galaxy centre (RA, Dec), inclination of the galaxy with respect to the line-of-sight (incl.), maximum rotational velocity (Viot,max);
diameter of the HI disc at a surface density of 1 Mg pc™2 (Dpi), total HI line flux density (flux¢ot), atomic gas mass in the model (Mpr moa), and ratio
between Mur moa and the HI mass derived directly from the GMRT data (Mpur, see Table 4.1).
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atomic gas, radio continuum distribution, and rotational patterns with only small de-
viations from this regularity. This is different from the irregular ISM distributions seen
in the hosts of long GRBs and type Ic SN, which may suggest that the progenitor of
GRB 111005A is different from the explosion of a very massive star, consistent with
the fact that no SN was found to be associated with the GRB.

Subtle irregularities include a warped S-shape in the UV image, asymmetry in the
H1 and radio continuum distribution, a low-metallicity region close to the GRB posi-
tion, and a region with very high Ho EW. This suggests weak interaction with inflowing
gas or tidal forces with another galaxy. We note that these irregularities are weak and
the significance of most of them is around 20, so deeper observations are needed to in-
vestigate this topic. However, these irregularities were found in independent datasets,
so their combined significance is higher.

Two other galaxies are present within 300 kpc and they can be responsible for the
S-shape of the GRB 111005A host. Additionally there is a group of galaxies 1.37 Mpc
away, whose intergalactic medium may fuel frequent gas inflows into the GRB host.

4.8 PhD candidate contribution

In this publication, I was responsible for calculating all required parameters for the
analysis, performing atomic and molecular gas calculations, radio continuum and phys-
ical properties calculations, large-scale environment calculations, calculations required
to plot results in fig. 4.2, 4.3, 4.6, 4.8 and all tables, and preparing the text of this
publication, after discussions with other co-authors.
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Appendix

A. Color-scale maps

Below we present color-scale images of the moment 0 and continuum maps.

B. Positions of regions

Below we show the positions of regions analysed in CO in Michalowski et al. (2018b).
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Figure 4.9: (Left) Color-scale images of moment 0 maps of the GRB 111005A host
detected by GMRT with three different resolutions from top to bottom: 16.8"x12.9",
7.4"x5.7" and 4.0" x2.8" (the beams are shown as grey dotted ellipses). (Right) Color-
scale images of 1.4 GHz continuum emission of the GRB 111005A host at three different
resolutions: 29.7"x22.5"(top), 8.4"x6.5"(middle), and 4.7"x3.2" (bottom; the beams
are shown as grey dotted ellipses).
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Figure 4.10: Positions of regions analysed in CO in Michatowski et al. (2018b, dot-
ted circles) on our HI contours with a resolution of 7.4"x5.7". The radii are 13.6",
corresponding to the beam size of the CO observations. These apertures were used to
calculate the properties shown in Table 4.1.
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Chapter 5

Summary and conclusion

5.1 Dust production scenarios in galaxies
at z ~ 6-8.3

An analysis of dust production scenarios in nine galaxies in the early Universe at
redshift ~ 6-8.3 has been presented in Chapter 2. This redshift range corresponds
to 900-600 Myr after the Big Bang. This work aimed at describing the mechanism
responsible for the observed dust amount in these galaxies.

The analysis was performed on the latest dust mass constraints obtained by ALMA;
HATLAS (Zavala et al. 2018), HIMIKO (Carniani et al. 2018; Ouchi et al. 2009), CR7
Clump A (Matthee et al. 2017), CR7 Clump C-2 (Matthee et al. 2017), SPT0311-
58E (Marrone et al. 2018), SPT0311-58W (Marrone et al. 2018), SXDF (Inoue et al.
2016), J1342+0928 (Venemans et al. 2017), MACS0416 Y1 (Tamura et al. 2019), and
A2733 YD4 (Laporte et al. 2017). A similar methodology was used to determine
the dust yield as in Michatowski et al. (2010c); Michatowski (2015) and consisted of
calculating the number of stars capable of producing dust based on their observed
stellar mass. Due to the lack of all the necessary parameters, we performed our own
dust mass and dynamical mass calculations for several galaxies. Based on the above-
mentioned parameters, the dust yield was calculated as observed dust mass divided by
the number of dust-producing stars in the galaxy.

The dust yield for AGB stars and SNe in nine early Universe galaxies has been
obtained. Based on these calculations it is possible to conclude that AGB stars would
require effectiveness exceeding theoretical predictions. Consequently, these stars were
not responsible for producing the observed amount of dust. We might consider SNe
as dust producers, but their production efficiency would have to approach maximum
levels. This indicates either that in the early Universe, SNe must have been very
efficient in producing dust or that some non-stellar mechanism took place, e.g. grain
growth in the ISM.

In their multi-object spectroscopic studies with the JWST NIRSpec, Witstok et al.
(2023) reported the presence of carbonaceous grains, based on 2175 absorption feature,
in a galaxy at z = 6.71. This grain presence indicates some rapid formation of dust
grains, as the Universe was only a billion years old at that point, and the authors
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indicated evolved stars (Wolf-Rayet stars or SNe) as dust producers. The advent of
observations carried out with JWST marked the establishment of a new observational
frontier of faint galaxies up to z < 16 (e.g. Austin et al. 2023; Bouwens et al. 2023).
Analyses of several recent observations have unveiled galaxy candidates at redshifts
exceeding 10. These candidates exhibit minimal dust content, with remarkably low
levels of dust attenuation (e.g. Castellano et al. 2022; Finkelstein et al. 2022). Studying
the dust present in these galaxies, as well as investigating the potential stellar or non-
stellar origins of the grains, will enhance our understanding of the evolution of this
ISM component.

5.2 The fate of the interstellar medium in early-type
galaxies. II. Observational evidence for morpho-
logical quenching

Chapter 3 presents studies on 2050 dusty elliptical galaxies. These galaxies were
observed by the ESA Herschel Space Observatory, (Pilbratt et al. 2010)) as a part
of one of the major cosmological and galaxy evolution observation projects, Galaxy
And Mass Assembly (GAMA; Driver et al. 2011, 2016; Baldry et al. 2018; Smith et al.
20111).

Dusty early-type galaxies were selected from among 120,000 galaxies archived by
the GAMA project. The final sample of 2050 galaxies has been divided into two groups
based on their SFR and redshift applying the Speagle et al. (2014) redshift-dependent
Main Sequence. Any galaxy with SFR 0.2dex below the MS at a given redshift is as-
signed to be called a below-MS galaxy. The implementation of this distinction resulted
in 722 MS ETGs and 1,328 below-MS galaxies.

One of the main results is the dust removal timescale estimation of 2.26 4+ 0.18
Gyr obtained by fitting an exponential function, as in Michalowski et al. (2019a),
to the dust-to-stellar mass ration vs. luminosity-weighted stellar age plane. We can
state that dust decline visible in the GAMA data must have an internal nature due
to no dependencies on the galaxy environment. Dust removal is not dependent on
the stellar mass of a galaxy, because the rate is the same for less and more massive
galaxies. Also, the redshift at which the studied galaxies are located does not affect
the previously mentioned quantity, because the rate remains the same with increasing
redshift. Moreover, the departure of below-MS dusty ETGs from the da Cunha et al.
(2010) relation was observed for the first time. In their work, Martig et al. (2009)
presented morphological quenching, a mechanism that would be responsible for ceasing
star formation processes. This process results in ETGs becoming red, even in the
absence of cold gas removal. The transition from a rotating stellar disk to a pressure-
dominated spheroid assures the stability of the gas against star formation.

Michatowski et al. (2024) studied 13 Herschel-detected ETGs with new CO and
HI data. ISM components (dust and gas) decreased at similar rates. The timescale

‘http://www.gama-survey.org

76


http://www.gama-survey.org

of gas removal from these galaxies is slower than the decline in star formation rates.
This shows that the efficiency of the new star formation process is not sufficient. It
implies that the quenching of these galaxies is not solely due to gas depletion, but
rather indicates a stabilization mechanism preventing the formation of new stars, for
example, morphological quenching, turbulence, or magnetic fields. Many mechanisms
were dismissed as primary ISM removers (such as outflows, astration, a reduction in
the number of AGBs, environmental influence, mergers, and more). Ionisation from
evolved low-mass stars, ionisation/outflows caused by SNIa, or AGNs might impact
the ISM removal.

5.3 The interstellar medium in the environment of
the supernova-less long-duration GRB 111005A

An environmental study of long GRB 111005A host galaxy with new HI line and
archival MUSE data has been presented in Chapter 4. Detected by Barthelmy et al.
(2011) with a burst duration of 26 + 7 s, GRB111005A was assigned as a long GRB.
Based on previous studies on the GRB afterglow by Michalowski et al. (2018c) we know
that this object has an atypical radio lightcurve with a month-lasting plateau phase
and a very rapid decay after and no SN was found to be associated with the GRB. It
was the first time when such a nature was observed. Hence further research on this
object seemed promising.

To analyse the ISM in the host galaxy we used HI line data obtained by the Giant
Metrewave Radio Telescope (GMRT)? and already published optical data obtained by
the ESO Very Large Telescope (Tanga et al. 2018), equipped with the Multi-Unit Spec-
troscopic Explorer (MUSE; Bacon et al. 2010). The host galaxy of GRB 111005A is
characterised by many regular features: symmetrical atomic gas and radio continuum
distribution on a galactic scale, and both HI Ha lines have symmetrical rotational
patterns. Based on this symmetry we can conclude that there is no evidence of re-
cent and strong gas inflow or outflow or any other environmental interactions. This
observational fact alone distinguishes our object from other GRBs, whose hosts have
irregular distributions of their ISM. Smaller regions showing weak irregularities in the
distribution of matter are distinguishable and may suggest some weak interaction or
inflow: an asymmetry in the HI spectrum profile with more atomic gas in the SE part
of the host galaxy, 20 asymmetry in the 1.4 GHz continuum, and a region close to
the GRB position with low-metallicity. Another interesting feature is the previously
undescribed S-shape clear on the UV image.

Based on the above descriptions of the ISM in the host galaxy we state that the
studied long GRB must have a different progenitor than the explosion of a massive
star, e.g. compact object merger.

In 2021, a long GRB has been observed and persisted for about 51 seconds. The
investigation of GRB211211A by Rastinejad et al. (2022) involved multi-wavelength
analysis. Spectroscopic observations carried out with the Nordic Optical Telescope

2Project no. 30 035, PI: M. Michalowski
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revealed no evidence of a SN emission to deep limits (a SN would be expected to be
roughly 200 times brighter than limits). Consequently, the conventional model positing
the explosion of a massive star as the progenitor of this GRB has been ruled out. The
K-band luminosity 4.1 days after the burst and light curve fading closely resembled
that of AT2017gfo, a well-known prominent kilonova linked with the gravitational
wave event GW 170817 (Abbott et al. 2017). Another instance demonstrating the
association between a long GRB and a compact object merger is GRB 230307A which
characteristics resemble GRB 211211A. Levan et al. (2024) examined spectroscopic data
obtained from the JWST and dismissed the possibility of a SN. These events confirm
our earlier conjectures regarding the correlation between compact mergers and long
GRBs lacking supernovae signatures.
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