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Abstract

Gaseous astrophysical media are splattered with solid agglomerates of molecules we
call cosmic dust. Dust ranges in size between a few Angstroms and a few microns.
While dust accounts only for one percent of the mass in the interstellar medium
(ISM) of a Milky Way-like galaxy, it reprocesses about a third of its starlight, mostly
in the UV and optical bands, and reemits it in the infrared. It is almost impossible
to interpret correctly the spectral energy distribution (SED) of a galaxy without
accounting for dust in some way. Dust affects not only the observation but also
the evolution of galaxies. In fact, its surface is a catalyst for the formation of
molecules, most important of which is Hy. These molecules are efficient gas coolants
and accelerate the gravitational collapse of molecular clouds, the cradles for star

formation.

Observations, in particular, are quite sensitive to dust properties such as compo-
sition and grain size. A need emerges to include dust within theoretical models
of galaxy and galaxy cluster evolution. The INAF Astronomical Observatory of
Trieste, among other things, has developed a custom state-of-the-art cosmological
N-body simulation of galaxy clusters based on the GADGET-3 code. The code cal-
culates dynamics with a tree-Particle-Mesh method, where the simulated ‘particles’
actually represent massive ensembles of substances of different types, specifically
dark matter, gas, stars, and black holes. The interactions between gas particles
are treated with Smoothed-Particle Hydrodynamics, there is also star formation,
radiative cooling, stellar and active galactic nuclei (AGN) feedback, and chemical

evolution by stellar nucleosynthesis.

Adding dust to this framework however has not been feasible until now. Tracing
the continuous grain size (or its discrete approximation) would burden with ad-
ditional dimensions the already heavy particle structure and calculations, slowing

down the runs to impractical rates. Dust was instead treated in post processing
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(Granato et al., 2015), and its properties were assumed a priori. Then Hirashita
(2015) proposed an approximation. Instead of computing the grain size continuum,
he postulated that dust grains are divided between large (nominally 0.1xm) and
small (nominally 0.01pm). He therefore adapted a comprehensive one-zone dust
evolution model (Asano et al., 2013) to this approximation. The binary grain size
distribution was selected for both observational and modeling reasons. When dust
grains are produced in the envelopes of evolved stars or in supernova remnants,
the dominant size is around 0.1xm. In the ISM however, smaller dust is often just
as prevalent or at times even dominant. This suggests that ISM evolution alters
the grain size distribution. The phenomenon is captured in the modeling. Some
processes are most efficient on one grain size over the other, or at times they have
opposite effects on each size domain.

We successfully adapted the Hirashita (2015) model to our custom GADGET-3 cos-
mological zoom-in simulation code, specifically we embedded the model so that each
simulated gas particle will trace, on top of the usual gas elements obtained from stel-
lar and supernovae yields, also small and large dust grains. We tested our method on
four massive ( two Mygy > 3 x 10 M, and two Mygy > x 105 M) galaxy clusters.
We also improved on previous dust production routines, which assumed a fixed dust
condensation efficiency for each element. Instead, we form the two most representa-
tive dust species observed in nature: carbonaceous dust and astrophysical silicates,
based on the element abundance produced by stellar or supernovae yields.

At the peak of star formation activity at z = 3 when proto-clusters start to assemble,
we find that the gas particles in our simulations are rich in dust, as expected. In order
to test the impact of dust processes on dust growth other than stellar production, we
ran simulations with dust production and destruction alone, without any grain-gas
or grain-grain interactions. Dust is enhanced by a factor of two to three due to the
processes occurring in the ISM. We investigated variations of the model through
different runs to understand the interdependence of all the processes.

We were able to reproduce the dust abundance to metallicity relations observed in
local galaxies, however we under-produced the dust content of galaxy clusters around
z < 0.5 observed by IRAS, Planck, and Herschel observations. This discrepancy can
be mended only by assuming a lower sputtering efficiency, which erodes dust grains
in the hot Intracluster Medium (ICM). The abundance of the two dust species,
silicates and carbonaceous dust, is also slightly different from the Milky Way average,
and from the common values adopted in calculations of dust reprocessing. These

differences may have a strong impact on the predicted SED. This method lays the
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groundwork for further developments, such as cosmological simulations of single
galaxies, , or the refinement of radiative cooling routines with Hy catalysis on grain

surfaces.
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Introduction

1.1 The role of dust in the cosmic evolution

Dust is a mixture of smoke-sized (10 A to a few pum) solid, sometimes icy, agglom-
erates of mostly carbon or silicon-based minerals. Dust constitutes about 1% of
the Interstellar Medium (ISM). However, on average it reprocesses 30% (Bernstein
et al., 2002) of starlight in local galaxies. The percentage can grow to up to 99%
(Clements et al., 1996) for ultra-luminous infrared high-redshift galaxies. It is esti-
mated that about 50% of all the starlight emitted across the history of the Universe
has been reprocessed by dust (Hauser and Dwek, 2001). In the past decades, there
has been a growing appreciation from both observational and theoretical studies for
the important role that dust plays in cosmic evolution as well as observations. Its
complex interplay with cosmic evolution, and more specifically with galaxy evolu-
tion, has to do with dust depletion but also production of important gas coolants.
On one hand, dust depletes the interstellar gas of about half of its metals such as
Carbon, Oxygen, and Iron. On the other hand, grain surfaces act as catalysts for
the formation of molecules such as Hs, also important gas coolants. Observationally,
the spectral energy distribution (SED) of various objects, especially galaxies, could
not be understood without accounting for dust. Dust is efficient at absorbing and
scattering UV and optical light, therefore obscuring the appearance of astrophysical
objects in the visible bands. Toward longer wavelengths into the infrared (IR), its
attenuation efficiency decreases gradually (See Figure 1.1). Instead, dust re-emits

the absorbed energy as thermal radiation from the IR all the way to the sub-mm.

Little explored is however the distribution of dust in the hot diffuse medium of galaxy
clusters. Estimates based on IR emission, extinctions or modeling of Intracluster
Medium (ICM) gas suggest dust should be capped at an abundance with upper limit
2 to 3 dex lower than within a Milky-Way-like ISM.

The present work aims at investigating the abundance evolution of dust in the gas
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of galaxy cluster simulations.

Figure 1.1: The dark cloud B68 photographed at different wavelengths from blue
(0.44pm) to NIR (2.16pm) the top 3 from right to left are observed in the BVI filters
from the FORS1 instrument at Very Large Telescope UT1, the bottom 3, from left to
right are observed in the JHK filters from the Sofl instrument at the New Technology
Telescope. The dust-rich cloud is located at a distance of 160 pc toward the Ophiucus
constellation. As the wavelength increases, the dust obscuration diminishes until it
nearly disappears in the NIR. [OEuropean Southern Observatory (1999)]

1.1.1 ISM Properties

The ISM is the inhomogeneous medium onto which stars are embedded and from
which they originate. Stars in turn feed energy and metal-enriched mass back to
the ISM, affecting its physical and chemical makeup and contributing to the ISM
complex evolution. A wide range of densities and temperatures characterize the
ISM. Eventually, the ISM will reach thermal pressure equilibrium in multiple phases
as listed in Table 1.1. A distinction was initially identified between two of these
phases: the Cold Neutral Medium (CNM) averaging at a temperature of 100 K,
and the Warm Neutral Medium (WNM), much warmer at 7' ~ 10*K. Field (1969)
predicted that gas at the intermediate temperatures 10> — 10°K is not thermally
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stable and, depending on its density and the magnetic fields present, will either
condense in the CNM or it will diffuse in the WNM. In the density/temperature
range of the WNM it is possible to find not only neutral but also ionized gas,
the Warm Ionized Medium (WIM), visible in the Galactic synchrotron background,
around radio signals from pulsars, and in the faint optical emissions of singly ionized
Oxygen and Nitrongen (OII and NII Mierkiewicz et al., 2006; Reynolds et al., 1973).
McKee and Ostriker (1977) noted that supernova explosions (SNe) would produce
bubbles of hot (T" ~ 10°K) ionized gas much hotter than WNM/WIM. However,
cooling times at 10°K are considerably longer than for lower, non fully ionized
regimes. Therefore, the temperature distribution in the range 10* < T < 10°K
should not be evenly distributed, rather it should be skewed to 10°K. This class of
ISM is called Hot Ionized Medium (HIM).

Component Temp. (K) | n (cm™3)
Molecular clouds (MC) 10-20 10% — 108
Cold Neutral Mdm (CNM) 50-100 20 — 50
Warm Neutral Mdm (WNM) | 6000-10000 0.2 -0.5
Warm Ionized Mdm (WIM) ~ 8000 0.2-0.5
Hot Ionized Mdm (HIM) ~ 10° ~ 6.5~ 1073

Table 1.1: Temperature (K) and number density (cm™3) for different components
of the ISM. [From Ferriere (2001)].

An example of the cooling rate efficiency, calculated assuming solar metallicity,
is reported in Figure 1.2 from Gnat and Ferland (2012) as a function of temper-
ature from the WNM all the way to the HIM. The first peak in cooling efficiency
around 2 ~ 10*K occurs due to hydrogen Ly« cooling. With increasing temperatures
the hydrogen neutral fraction decreases and with it its cooling efficiency. Thermal
bremsstrahlung by ions dominates cooling at higher temperatures. The thick grey
curve represents the total contribution from all the elements broken down with the
thinner lines at the bottom. The fine dashed line represents a computation with
slightly different prescriptions.

There is one last important phase of the ISM, the molecular cloud (MC), which
constitutes about 50% of the mass and 1-2% of the volume of the gas in the MW
(e.g. Blitz et al., 2007). MCs are hence a cold and dense phase of the ISM, rich in

molecules such as Hy and CO, mixed in varying relative ratios (e.g. Pineda et al.,
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Figure 1.2: An example of calculations for element-by-element cooling efficiencies
over temperature assuming solar elemental abundance. The cooling efficiencies are
computed with CLOUDY (Ferland et al., 2017). [From Gnat and Ferland (2012)].

2013). MCs are the only regions suited to undergo the gravitational collapse nec-
essary for star formation. Observationally, the rate at which the stars will form is
governed by the Schmidt-Kennicut relation (Schmidt, 1959) which states that the
star formation rate (SFR) is proportional to the total surface density of molecular
and atomic gas, or Xgrr o< X, .. A value of n = 1.4 4 0.15 best fits spiral and star-
burst galaxies, this is the n value commonly taken as representative for the relation
(Kennicutt, 1998), but the fit parameters may vary depending on the SFR tracer
(possible tracers are H,, Hy and CO, Kennicutt et al., 2007).

In reality, the distinction between all these pressure equilibrium phases of the ISM
is an idealized picture. Many observed ISM regions exhibit in fact intermediate
temperatures (e.g. Heiles and Troland, 2003), or a mix of ionization states. The ob-
served ISM is often unstable and undergoing turbulent dynamics owing to feedback
mechanisms or inflow of gas (For an overview, see Klessen and Glover, 2016).

ISM physical and chemical states are the factors which ultimately dictate ISM prop-
erties and behaviour. However, it is useful to classify the medium also depending

on its location relative to other astrophysical structures. The ISM of a galaxy will
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be surrounded by a hot (T ~ 10°K) diffuse ionized corona. While it is difficult to
identify or even define precise galaxy borders (Fukugita and Peebles, 2006), the gas
outside galaxies but within the galaxy’s Virial radius is called the Circumgalactic
Medium (CGM) (e.g., Tumlinson et al., 2017). The gas in between galaxies is
called IGM and in between clusters is the ICM, acronyms which stand respectively
for Intergalactic and Intracluster Medium. Each of these media plays a different role
as a probe for structure evolution. The CGM is an active component of galaxy for-
mation as it regulates gas inflow, galactic feedback and recycling. The IGM allows
to study the gas metallicity across cosmic times in the Lyman-alpha forest (Lyc)
absorption lines, and it is especially important at high (3 < z < 20) redshift to study
structure formation in the smallest comoving scales (Viel et al., 2005). Finally the
ICM, the tenuous hot reservoir of at least 80% of the baryonic mass of the cluster
(e.g., Finoguenov et al., 2003), emits in the X-ray, feature that has been used to
detect clusters out to z > 1 (Rosati et al., 2002). It is possible through X-ray obser-
vations of the ICM by Suzaku and XMM-Newton to the study of temperature and
metallicity gradients of nearby clusters (e.g. the Fornax cluster, Murakami et al.,
2011).

1.1.1.1 Gas Metallicity

Only 2% of the cosmic gas today is composed of elements heavier than Carbon
(included). Hydrogen contributes to the large bulk of the gas mass today at 70%,
followed by Helium at 28% (For a review, consult Matteucci, 2001). We call metal-
licity the mass of all the elements heavier than H and He divided by the total gas.
Elements from Carbon to Uranium are produced by stellar nucleosynthesis, elements
with atomic number between 5 and 8 are produced via the process of cosmic ray
spallation. The abundance of elements is highest in galactic centers, and decreases
with radius.

In Table 1.2 we report from Bocchio and Jones (2013) the element abundances of
Carbon, Nitrogen, Oxygen, Magnesium, Silicon, and Iron as observed in the line
of sight toward ¢ Ophiuchi. With the exception of Nitrogen, these are the most
common components of dust. ( Ophiuchi is a bright 09.5V star that has been
heavily studied over the decades. It is surrounded by a thick medium, and some
refractory elements are heavily depleted up to 2 dex. ¢ Oph is commonly studied
in absorption-line spectroscopy studies. As observational evidence suggests that, on

average, the ISM abundances are similar to the solar abundances (Asplund et al.,
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Table 1.2: Elemental abundances towards ¢ Oph. From Bocchio and Jones (2013)

X | (Nx/Nu)y | (Nxgas/Nu)® | (Ny qust/Nuo | 10°(Mx.gas/Mn)eo
(ppm) (ppm) (ppm)
C | 295436 135 4 33%¢ 160 =+ 49 1.92 +0.59°
85 4 204f 210 + 41 2.52 £ 0.497
N | 74.14+9.0 78 £ 139 —14+16 0
O | 537462 295 + 364 242 + 72 3.87+1.15
383° 154+ 8 2.46 +0.13
Mg | 43.74+4.2 4.5 +0.59 39+4 0.94 4 0.10
Si | 35.5+3.0 1.7+0.5" 34+3 0.95 4 0.08
Fe | 347433 | 0.1340.019 35+3 1.96 £0.17

2 Asplund et al. (2009)

b Assuming N(H) + 2N (Hy) = 1021:1320-03¢py =2

¢ Assuming No,dust/NH = 154 ppm (parts per million)
4 Cardelli et al. (1993),

° If f(Cp1)2325A) = 4.78 x 1078 (Morton, 2003).

FIf f(Crp]2325A) = 1 x 1077 (Sofia et al., 2011)

& Savage et al. (1992).

b Cardelli et al. (1994)

2009), by subtracting from the observed element abundance on the solar surface the
observed ISM abundance in the line of sight, we may obtain an estimate on how
many metals are locked into dust. Depletion is commonly expressed for an element

X with (for an overview, e.g., Jenkins, 2009):

(X s/ H] = log (%) ~log (;)@ (1.1)

Where (X/H) is the solar abundance, and N(X) is the number density of the
element (or hydrogen for N(H)).

For the Carbon abundance, two different values of oscillator strength! f are tested.
The latest come from COPERNICUS measurements (Sofia et al., 2011) and predict

less carbon than previous studies.

the dimensionless probability for an atom or molecule to absorb or emit radiation in transitions
between energy levels.
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1.1.2 Dust Observables and Properties

Dust models are inextricable from observational constraints. It is possible to model
various properties such as the chemical composition of dust, its total mass, the size
distribution of dust grains, and the evolution of all these quantities with time. The
bulk of our knowledge on dust comes from the analysis of electromagnetic radiation.
There are other techniques which provide valuable clues on dust modeling, such as
laboratory experiments which reproduce astrophysical ambient conditions, as well
as meteorite or solar grain direct capture. In this section we give an overview of the

essential dust features as interpreted by the leading dust models.

1.1.2.1 Extinction curves and UV /optical Absorptions

Wavelength (A)
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Figure 1.3: Average extinction curves from numerous lines of sight to the Small
Magellanic Cloud (SMC; large-dash, green), the Large Magellanic Clouds (LMC;
small-dash, blue), to the Milky Way (dots, pink), and to a sample of GRBs (dot-
dash, yellow Schady et al., 2011). The figure also shows the extinction curves best-fit
to the SED of GRB070802 (solid red Elfasdéttir et al., 2009), GRB080607 (blank-
dash black Perley et al., 2011) and the theoretical extinction law from SN produced
dust (dot-dot-dash orange Todini and Ferrara, 2001). [©Patricia Schady]
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Extinction curves such as the one in Figure 1.3 along with SEDs offer among the most
powerful observational constraints on dust. Also extinction curves depend strongly
on dust composition and grain size distribution. The extinction as a function of
wavelength A is defined as :

Ay = 2.5logy, (F£> (1.2)

Fy

where F) is the observed flux and FY is the flux of the same object if it were not, dust-
obscured (Draine, 2003). The value of FY is generally obtained via the identification
and observation of a similar object with little to no dust contamination. Extinction
is more efficient on bluer wavelengths, with the net total effect of making the optical
appearance of the dust-obscured object redder. The phenomenon is in fact named
reddening.
From Figure 1.3 we are able to appreciate dust extinction on a variety of objects. In
particular, our barred-spiral Milky Way (MW) has a prominent bump around 2175
A which is absent in the small irregular Small Magellanic Cloud. The source of the
bump is not yet completely clear, but models (Weingartner and Draine, 2001) point
to either small graphene grains (this has been the leading hypothesis for decades,
and it still is favored) or large agglomerates of Polycyclic Aromatic Hydrocarbons
(PAHs), a family of carbonaceous grains arranged in ring-like structures (explained
more in detail in Section 4.1.1.3). Either way, the signal has been attributed since
its discovery to the 7* excitations of sp*-bonded carbon sheets (Draine, 2011). The
smooth extinction trend that goes as A™! of the SMC can be obtained with models
excluding PAHs. The theoretical extinction law of supernovae (SNe) differs consid-
erably from the MW profile, which is a clear example of how much dust properties
vary over time and depending on the environment that hosts dust. Extinction curves
of GRBs offer the possibility to investigate far away young galaxies, widening the

otherwise small sample available in our Local Group.

1.1.2.2 IR Emission spectrum

The energy dust absorbs at UV /optical wavelengths is re-radiated thermally at
longer IR wavelengths. In the IR, dust opacity falls steeply. Observing an as-
tronomical object simultaneously in the UV /optical and in IR wavebands may help
constrain more tightly the "dustiness' of its medium than with extinction in UV /op-
tical alone (See Section 3.1). A dusty object which is otherwise dim in the optical,

will lighten up due to dust reprocessing in the IR.
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" Pillar’ and Stellé&r‘Jet in the Carina Nebula
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Figure 1.4: Hubble’'s Wide Field Camera 3 observed the Carina Nebula July 24
through July 30, 2009 in UV /optical (top) and IR (bottom) wavebands. The com-

posite image was made from filters that isolate emission from iron, magnesium,
oxygen, hydrogen, and sulfur. [ONASA, ESA, and the Hubble SM4 ERO Team]

Figure 1.4 is the HST observation with the Wide Field Camera (WFC3) of a pillar in
the Carina Nebula, located 7500 light years away in the Southern Hemisphere, taken
with UV /optical (top) and IR (bottom) filters. The nebula is a star formation (SF)
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site. The gas, rich in dust, obscures the radiation from the nearly formed stars as
well as the background. Colors represent different WFC3 filters fine-tuned to detect

the emission of various ionized gas-phase elements as indicated by the legend.
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Figure 1.5: Observed emission spectrum of diffuse interstellar dust in the Milky
Way. Crosses: IRAS (Boulanger and Perault, 1988); squares: COBE-FIRAS
Finkbeiner et al. (1999); diamonds: COBE-DIRBE (Arendt et al., 1998); heavy
curve for 3 — 4.5 pm and 5 — 11.5um: IRTS (Onaka et al., 1996; Tanaka et al.,
1996). The total power ~ 5.1 x 1072* ergs s~! /H is estimated from the interpolated
broken line. [From Draine (2004)]

It is possible to isolate the composite dust emission in the IR as shown in Fig-
ure 1.5 (Draine, 2004). The two spectroscopic portions are taken at mid-infrared
(MIR) wavelengths with the spectroscope IRTS (Onaka et al., 1996; Tanaka et al.,
1996) and they are based on observations of the galactic plane. The far-infrared
(FIR) measurements are taken at higher galactic latitudes with the all-sky IRAS
(Boulanger and Perault, 1988) and COBE (Arendt et al., 1998; Finkbeiner et al.,
1999) surveys.

The MIR spectroscopic signatures are common in other environments of the Milky

Way (MW) such as planetary nebulae, reflection nebulae (e.g. Cesarsky et al., 1996),
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molecular clouds, all of which are sites rich in freshly-produced new dust. Each of
these peaks is consistent and now generally attributed to bending and stretching
modes of PAH molecules in both neutral and ionized states. The PAH origin of the
MIR spectral profile is confirmed with the high sensitivity Spitzer Space Telescope
observations of the MW (Draine and Li, 2007), but had also been detected with
the Infrared Space Observatory (ISO) around evolved C-rich stars (Beintema et al.,
1996).

The MIR spectrum consists of only 21% of the total radiated power. 15% is the
power radiated between 12 and 50 ym. Radiation in this range is associated with
particles of grain size a < 100A. The remaining 65% is radiated in the FIR, which is
instead associated with larger grains a > 100A. Grain sizes fall within a wide range
of 50A to ~ 2um.

We have already mentioned Spitzer and ISO telescopes. Other breakthroughs were
possible thanks to the Herschel Space Observatory, operative between 2009 and 2013
(Pilbratt et al., 2010). It observed FIR (50pum 2 A 2 200um) and sub-millimeter
wavelengths (200um = A 2 1000pum). The Atacama Large Millimeter/sub-
millimeter Array (ALMA) is a ground-based telescope with 66 antennas fully opera-
tional since 2013 which managed to detect dust in high redshift galaxies up to z ~ 6
(Spilker et al., 2016; Scoville et al., 2016). They also unveiled the complex molecular
chemistry of the ISM in the MW (e.g. Lindberg et al., 2014; Zanardo et al., 2014)
as well as in nearby galaxies (e.g. Costagliola et al., 2015; Garrod et al., 2017). The
Stratospheric Observatory for Infrared Astronomy (SOFIA Young et al., 2012) is a
NASA airplane that provides higher angular resolutions with dust emission imaging

between 5 — 240pum.

1.1.2.2.1 Galaxy SED and absorption/emission fitting Models of the SED
continuum from UV to sub-mm offer useful constraints on various dust properties,
especially dust mass, grain size, and also chemical composition. Particularly inter-
esting is the SED of galaxies. The SED profiles will in fact change dramatically
depending on the morphology. Starburst galaxies, rich in young, dusty stars, have
most of their emitted starlight reprocessed in the IR. On the other hand, homo-
geneous elliptical galaxies display UV /optical SED profiles comparatively close to
their equivalent dust-unobscured starlights. Ellipticals are in fact characterized by
old stellar populations, therefore most of their dust should have eroded away by
destruction processes over long galactic histories. Models such as Silva et al. (1998)

have managed to fit the SED continuum of various galactic morphologies with high
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accuracy (Refer to Section 3.1 for an in-depth discussion).
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Figure 1.6: Intrinsic SED (dashed lines) and dust reprocessed SED (solid lines)
over wavelength for four different galaxy morphologies. The spiral galaxy (M100),
the starburst galaxy (M81), and the elliptical galaxy were computed in Silva et al.
(1998). The standard elliptical galaxy was extrapolated from the Arimoto (1996)
template combined with observations of ellipticals from the UV-to-FIR (Mazzei
et al., 1994; Impey et al., 1986). The standard irregular galaxy curves are computed
in Schurer et al. (2008), and are based on obervations of Spitzer Infrared Nearby
Galaxies Survey (SINGS Dale et al., 2007) of magellanic-type irregular galaxies.

With the large plethora of newly available data on dust, the DUSTPEDIA group
(Davies et al., 2017) undertook the task of employing Herschel, Planck, as well as
data from the Wide-field Infrared Survey Ezplorer (WISE Wright et al., 2010) and
the Galaxy Evolution Explorer (GALEX Bianchi, 2014) to evaluate the SED of over

a thousand galaxies.

1.1.2.3 Dust in the X-ray

Dust absorbs and scatters X-rays, making a point source appear to be surrounded by
a diffuse halo (Overbeck, 1965). Dust-scatted X-ray halos were observed for the first
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time by Rolf (1983) using the data of GX 339 + 4 with the IPC on Einstein. The
satellite ROSAT provided better resolutions, allowing Predehl and Schmitt (1995)
to examine 25 point sources and four supernova remnants. They found that the
majority of dust causing the halo formation should not reside in highly clumped
clouds, and that dust and gas must be largely cospatial. In the past two decades,
the two observatories Chandra and XMM-Newton, satellites developed respectively
by NASA and ESA, provided sufficient resolution to extract detailed information on
the chemistry of dust, ISM depletion (e.g. Costantini et al., 2005; Ueda et al., 2005)
as well as dust distributions (e.g. Yao et al., 2003) around X-ray sources. Future
missions like Athena will improve the hard ray (E > 1 keV) sensitivity, and it will
be possible to penetrate the dense environment of the Galactic center. Laboratory
measurements of synchrotron emissions have also been employed to constrain dust
abundances in astrophysical objects. For example, Zeegers et al. (2017) used the Si

innermost shell emission lines to obtain the silicate abundance around the low mass
X-ray binary GX 5-1.

1.1.2.4 Dust Composition

While our understanding of dust composition is far from complete and is due for
refinement (Jones, 2013), it is safe to affirm that the majority of dust is composed
of two species: silicates and carbonaceous dust. There are several tools that permit
a composition investigation. Spectral features can point to the presence of dust,
and the fitting of extinction curves and SEDs require assumptions on compositions,
constraining in turn dust properties. There are also direct methods such as the anal-
ysis of meteorites (Clayton et al., 1997) or the collection stratospheric smoke with
airplanes (Sandford, 1987). However, direct methods are hampered by necessary se-
lection effects due to the harsh environmental phenomena which might have altered
the samples either upon Earth contact or during the formation of our solar system.
These samples cannot be considered representative of the ISM dust (Draine, 2004).
Another indicator to the presence and composition of dust is metal depletion (Jenk-
ins, 2009). Metal depletion cannot provide information on the mineralogy of dust
(Jones, 2014), but it can help constrain dust stoichiometry, or the relative abundance
of the condensed elements. From nucleosynthesis studies, certain environments like
SN remnants or stellar atmospheres are expected to exhibit a given chemical com-
position. Instead, some elements are underabundant, and their depletion rates are

consistent with the element’s condensation temperature T, (Field, 1974; Savage and
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Sembach, 1996). The condensation temperature is the temperature below which at
least 50% of a certain gas-phase compound condenses into a solid-phase (Lodders,
2003). Elements with a high T, will condense sooner as a gas cools. Such elements
are called "refractory". Silicon, magnesium, and iron are considered refractory el-
ements. Those elements which condense at lower condensation temperatures are
called volatile. Examples are Zinc, Sulfur, and Phosphorous. The depletion of Si
and Mg, two major silicate constituents, aid into estimating the abundance of sili-
cates (Kemper et al., 2004; Ueda et al., 2005; Costantini et al., 2005; Zhukovska et al.,
2018, e.g.). Fe is another silicate constituent, but as its depletion ratio is higher than
Si or Mg, depletion suggests Fe is incorporated in dust species other than silicates,
such as oxides (e.g. Wickramasinghe and Wickramasinghe, 1993; Voshchinnikov and
Henning, 2010; Dwek, 2016).
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Figure 1.7: ISM cycle diagram.
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1.1.2.5 Dust Grain Size Distribution

From extinction curves as we mentioned earlier it is possible to guess the dust grain
size distribution. Mathis et al. (1977) famously reproduced the standard extinction
curve of the diffuse ISM from 0.1 —1um. To achieve the result, they assumed a
mixture of spherical graphite grains with other substances, predominantly silicates.
they derived the power law: N(a)da o< a=3°da for grains in the size range of 0.005
to 1um for graphites, and 0.025 — 2.5um for the other dust species. Improvements to
the model were subsequently found in other works, namely Kim and Martin (1994);
Weingartner and Draine (2001); Draine and Li (2007). An in-depth discussion can
be found in Section 5.3.2.1.

1.1.3 Dust Cycle

The life of a dust grain evolves as a function of the physical conditions of the
medium hosting the grains. Along with matter in the ISM, dust undergoes cycles of
production, evolution and destruction as listed in Figure 1.7. From dust production
channels, spreading mechanisms disperse dust cospatially within the ISM. Here,
depending on the fate of the ISM, dust will either grow in size and mass within
molecular clouds, or it will be eroded by photo-dissociation, supernova shocks, and
sputtering of highly energetic ions of the hot diffuse WIM/HIM plasma. While in
the ISM, interactions with other grains or with gas will alter its size distribution.
The process of star formation will naturally destroy any dust trapped in the ISM
collapsed to form a star.

Grains are first injected in the ISM via stellar winds of evolved low-mass stars such
as AGBs and SN explosions. Evidence that grains originate from stellar outflows
comes from the infrared emission in red giants and carbon stars. Oxygen-rich stars
also produce dust, and the 10um feature of their spectra match the expectation
that in their atmosphere’s condition where C'/O < 1, dust should mainly consist of
silicates (Draine, 2003). Carbon-rich stars with C'/O > 1 exhibit instead the 11.3um
feature attributed to SiC (Treffers and Cohen, 1974). Dust formed from supernova
ejecta is another prime candidate for the production of the bulk of supernova dust.
Specific well known supernovae such as SN 2010j1 (Gall et al., 2014) and SN 1987A
(Alp et al., 2018) will or have produced as much as 0.5M, in dust mass. However,
dust production mechanisms are still unclear (Sarangi et al., 2018) due to the wide
range of physical and chemical conditions governing each supernova type. Type

Ia SNe however seem to produce a reverse and forward shocks powerful enough to
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obliterate any nearby dust (Nozawa et al., 2011).

Once dust is spread to the ISM it has to survive destruction processes, including
grain erosion by sputtering, shattering by low-velocity grain-grain collisions, vapor-
ization by high-velocity grain-grain collisions, photolysis by UV starlight, irradiation
by cosmic rays and X-rays, and photodesorption of atoms and molecules from grain
surfaces (Draine, 2004). Draine and Salpeter (1979) and Jones et al. (1994) found
that the destruction lifetime is of the order of 10® years. In diffuse hot media such
as the ICM, dust has little chance to survive over longer timescales. In the ISM
however there is a mismatch between the observed depletion of certain elements
and the fraction of those elements which should have survived trapped in dust from
production. Draine (2004) makes the following argument: if we assume a certain
destruction rate of 7 ~ 10% yr, even if 100% of all Si atoms were trapped into dust,
the rate of Si abundance as determined from the equilibrium state of production
and destruction would normalize to a certain value, which Draine computes to be
~ 0.2. Instead, Si observations suggest that as much as 90% of silicon is condensed
into dust. The exceeding dust abundance compared to what we expect from produc-
tion alone hints at the fact that dust growth should be very efficient and significant
within the ISM. Most of recent literature is congruent with this result, even at high
redshift (e.g., De Cia, 2018). Candidate processes of dust evolution will be further
explored in Chapter 4.

Further evidence of ISM processing comes from the observation of lines of sight.
The extinction curves vary significantly from one sightline over the other, when one
expects instead for dust properties to average out if produced by a large population
of fairly well-mixed stars (Chen et al., 2018a).

1.2 Structure Formation

The small anisotropy of the Cosmic Microwave Background (CMB) around a tem-
perature of 2.725 K with fluctuations of order (ps)/{pr) ~ 107° is evidence of
primordial inhomogeneity. These minuscule fluctuations developed into galaxies
with overdensities of (ps)/(pr) ~ 10° — 107, voids, and the large scale structure
of present-epoch. Models of structure formation embark in the challenging task of
describing how those patterns of CMB anisotropy, usually assumed to be Gaussian,
evolved into our current Universe. As long as {(ps)/(py) < 1, or the contrast be-
tween the overdensity and the underlying background is smaller than unity, it is

possible to describe the evolution of the perturbations linearly with Jean’s theory of
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gravitational instability. Semi-analytical or numerical models however are needed
once the overdensities grow onto the non-linear and eventually into the highly non-
linear structures during their collapse of dark matter haloes (for an overview, e.g.
Weinberg, 1972; Mo et al., 2010).

For what concerns the assumed Standard ACDM (Cosmological constant and cold
dark matter) Cosmology, a few studies must be mentioned. Cold Dark Matter
gained favors in the community ever since N-body experiments (e.g. Frenk et al.,
1985; Efstathiou et al., 1988) supported a CDM scenario with effective slope of the
power spectrum P(k) o< k™ (Press and Schechter, 1974) on galactic mass scales
equal to nepp ~ —1.5 (e.g. Davis et al., 1985). The scenario that emerges from these
studies is a "bottom-up" hierarchy of cosmic structures, i.e. first smaller haloes will

form, then they merge into larger structures.

1.2.1 Clusters of Galaxies

Galaxy clusters are the largest gravitationally-bound cosmic structures that have
had the time to reach virialization. They reside at the nodes of the cosmic web, and
their typical mass inferred from X-ray observations ranges between 10%% — 10 M.
They uphold a very important position within cosmic hierarchy. In fact, if clusters
are treated with nothing but gravity, they are valid cosmological probes. In fact the
bulk properties of dust seem to depend mainly on its initial conditions, the cluster’s
dark matter as it dominates the mass budget, and the chosen model of gravity. In
fact, cosmological models which trace only the dissipationless collapse of dark matter
provide surprisingly accurate predictions of cluster properties. One such simple yet
accurate model is Kaiser (1986). These studies provided the baseline expectation
for how scaling relations in clusters are expected to evolve. In fact, studies of the
abundance and spatial distribution of clusters which use DM only and standard
cosmology exhibit statistics retaining exceptional memory of its initial conditions.
At the same time, at the scales of galaxy clusters, baryonic physics starts to become
important. Radiation, heating and dynamical flows occurring in the potential well
of galaxy clusters are regulated by the properties of the cluster environment. This
places galaxy clusters at a key position in the study of smaller-scale mechanisms
such as gas emission or galaxy evolution.

Clusters may contain between 10? to 10 galaxies, and their size is of the order of up
to a couple Mpc. Figure 1.8 shows the massive (~ 7x 10 M, (Gavazzi et al., 2009))
Coma Cluster (Abell 1656) in the optical band (left) and X-ray band. The Coma
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cluster is located at a distance of 103 Mpc (z = 0.0231), and it is visible pointing
toward the Coma Berenices constellation, far away from the Galactic plane and
therefore largely unobscured by the Galactic gas and dust. The Sunyaev-Zel’dovich
effect derived from the Planck image offers a map of the mass distribution of the
cluster. The X-ray observation shows that the galaxies of a cluster are immersed
in a very bright (10" — 10%° erg/s) hot (10" — 10® K) sparse (1072 — 107* cm™3)
mostly optically-thin plasma (Kellogg et al., 1972) just like the Coma cluster. The
gas mirrors the depth of the potential well (kT o« GM/R).

The X-ray emission in clusters is dominated by free-free radiation or thermal
Bremsstrahlung (for a review, e.g. Sarazin, 1988). Hydrogen and Helium are here
fully ionized. the ICM however presents emission lines from heavy elements, which
are also highly ionized. Their metal abundance is about 0.3Z, but dust abundance
is much more uncertain and has an upper limit of 2-3 dex the Galactic abundance
at low redshift.

The shape of the X-ray spectrum is dictated by the temperature of the emitting
plasma. Given the main feature of the spectrum of the Bremsstrahlung radiation
is the exponential cut-off at energies > k7T'. Hard X-rays therefore provide a more
reliable determination of the cluster temperature. The thermal structure of the
ICM, as it is not isothermal, can help costrain the merging history of the fluster as
well as galaxy formation within a certain cluster.

Cluster gas contains the majority (around 90%) of the baryonic matter of the whole
Universe. This percentage is high compared to the gas fraction in galaxies (~ 13%)
where most of the baryonic mass is instead locked up in stars (for a review, e.g.
Ferriere, 2001; Kravtsov and Borgani, 2012). Interestingly, the ICM gas of clusters
correlates with the cluster stellar mass, with a ratio log (M, 500/M,500) = —0.8£0.5,
where 500 refers to the mass measured within Rsgy, or the radius at which the
overdensity of the structure is at least 500 times larger than the critical mean density
of the Universe (p., = 3H(2)?/87G). Larger clusters tend to have a larger gas
fraction compared to smaller ones.

Within clusters, galaxies and ICM are nearly in equilibrium within a common gravi-
tational DM-dominated potential well, because ICM temperature is consistent with

the galaxy velocities. In terms of element abundance, the ICM plasma is dominated

2INASA, ESA, and the Hubble Heritage Team (STScI/AURA); Acknowledgment: D. Carter
(Liverpool John Moores University) and the Coma HST ACS Treasury Team.
2Planck image: ESA/ LFI & HFI Consortia; ROSAT image: Max-Planck-Institut fiir extrater-
restrische Physik; DSS image: NASA, ESA, and the Digitized Sky Survey 2. Acknowledgment:
Davide De Martin (ESA/Hubble)
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Figure 1.8: Images of the Coma Galaxy Cluster, (Abell 1656), taken by the HST
(left) and by Planck and ROSAT (right). | Credits®? ]

for the most part by electrons and protons, with a smaller number of Helium nuclei.
Heavier elements are only partially ionized and their abundance, decreasing with

radius, is a third of the solar metallicity (see Werner et al. 2008 for a review).

Worth mentioning is the impact of active galacic nuclei (AGN) feedback (See Section
2.4.4 for an explanation) in the evolution of galaxy clusters. AGNs are known to
reduce star formation in massive clusters. In small clusters or groups, AGNs has the
effect of stripping away the hot ICM gas from the structures (e.g. Puchwein et al.,
2008; Sijacki et al., 2007). Several theoretical studies indicate that AGN feedback is
the driving energy source which regulates the evolution of stellar masses of cluster
galaxies. AGNs are also responsible, along with other processes such as magnetic
fields, turbulence, injection of cosmic rays, and thermal instabilites, of suppressing

the cooling in cluster cores at low redshifts. The precise interplay of these processes
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is poorly understood, but it seems that AGN activity, originated from cooling, is a
key regulating mechanism that helps slow down cooling rates in a cluster, at least for
a few hundred Myr (for a review, e.g. Kravtsov and Borgani, 2012). The metallicity
profile of cluster simulations is also improved by AGN-induced large-scale winds at
high z (Fabjan et al., 2010; McCarthy et al., 2010).

Figure 1.9 from Martizzi et al. (2012) plots the stellar mass over the halo mass
for theoretical models (the solid line) and cosmological simulations (the symbols).
The solid back line represents the prediction from the Moster et al. (2010) model
capable of reproducing the stellar mass function, with the shaded regions being the
scatter around the average relation. From this model it is possible to see how, with
increasing halo mass, the star formation is inhibited. The data come from Naab
et al. (2009) (open triangle) and Feldmann et al. (2010) (open square). These pre-
dictions come from SPH simulations which exclude any AGN feedback model. They
overpredict the stellar-to-halo mass relation significantly. The solid triangle and
pentagon are simulation results from Martizzi et al. (2012), the pentagon excludes
AGN feedback and the triangle includes it. Including a model of AGN feedback

hampers star formation to the observed values.
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Figure 1.9: Comparison of the relation between stellar mass and total halo mass
as predicted by cosmological hydrodynamical simulations of four early-type galaxies
(symbols) (from Martizzi et al., 2012). The open triangle and square refer to
the simulations presented by Naab et al. (2009) and by Feldmann et al. (2010),
both based on the smoothed particle hydrodynamics codes and not including AGN
feedback. The filled symbols refer to the simulations by Martizzi et al. (2012) with
the brightest cluster galaxies forming at the center of a relatively poor cluster carried
out with an AMR code, both including (triangle) and excluding (pentagon) AGN
feedback. The red dotted line represents the relation expected for 20% efficiency
in the conversion of baryons into stars. The solid black line is the prediction from
Moster et al. (2010) of a model in which dark matter halos are populated with
stars in such a way as to reproduce the observed stellar mass function. The grey
shaded areas represent the 1-, 2- and 3-o scatter around the average relation. [From
Martizzi et al. (2012)]
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2

Cosmological Simulations of

Galaxy Clusters

Structure formation and evolution of cosmic structures is a complex matter, due to
the variety of physical processes and scales involved. The driving phenomena may
be simplified to gravitational dynamics, hydrodynamics, and radiative processes.
It is not possible to simulate the universe from first principles, not only because of
limitations in memory and computing power, but because some of the most essential
formulations, such as a full analytical treatment of non-linear gravity, have not
been found as of yet. Numerical methods and approximations have instead proven
useful in order to predict any observable (e.g., the cluster mass function, luminosity
function, gas fraction, star formation history, density profiles, etc.). The leading
approaches to cosmic evolution studies are N-body simulations, carried on parallel
supercomputers, and semi-analytic modeling (SAMs). SAMs do not solve explicitly
the dynamics of individual particles moving on a mesh, rather they implement flow
equations on bulk components (e.g. Somerville and Davé, 2015). It should be noted
that SAMs have been mainly developed in the context of galaxy formation. They
have the advantage of requiring much less computing time compared to N-body
simulations. Cosmological simulations proved to be very powerful tools in the past
decades. They have been successfully implemented both at smaller galactic scales
(a few kpc) and at full cluster scales (1 Gpc and above). There have also been
successful attempts at creating hybrid N-body/SAM models of hierarchical galaxy
formation (e.g. Hatton et al., 2003). N-body simulations are at the base of many
cosmological simulation codes, as very briefly summarised in Section 2.3.2.1. We
refer the reader to Benson (2010) for an overview on SAMs, and we proceed to

outline what are N-body simulations.

Implementing numerical methods on large N-body simulations is not an easy task.

Newtonian gravity alone (See Section 2.1.1) requires approximations for very sim-
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ple equations. If simulations were to use full GR, the complexity of the runs would
rapidly increase. Fortunately, it has been found (for a review, see Bernardeau et al.,
2002) that for scales smaller than the Hubble scale ¢/Hy, the GR contribution is
negligible compared to the Newtonian counterpart, so it is safe to use Newtonian
dynamics for scales < 1 Gpe. Cosmological simulations therefore run Newtonian
dynamics onto the comoving coordinates, and then attach the scale factor as de-
rived from the cosmology of choice, i.e. FLRW Stanrdard ACDM Cosmology. As
explained in the Introduction, the bulk properties of the large scale structure is
dominated by gravity and its most abundant component which is collisionless, non-
relativistic cold dark matter, commonly treated as a fluid. If interested in the evolu-
tion of collisional baryonic matter however, gravity is not sufficient. Hydrodynamics
must be computed. The most adopted numerical approach to hydrodynamical simu-
lations was called Smoothed Particle Hydrodynamics (Gingold and Monaghan, 1977;
Lucy, 1977), and it relies on a numerical solution to the equations of fluid dynamics
by replacing the continuous fluid by a finite number of particles (Monaghan, 2005;
Rosswog, 2009). A common approach we also adopt is that to compute some initial
conditions for the gas at the center of a larger dark matter gravitational potential
well. Simulations can be further refined implementing analytical models e.g. of
radiative cooling, star formation, chemical evolution, and AGN feedback. These
phenomena occur at scales smaller than the resolution achievable by simulations, so

they are commonly referred to as "subgrid" models, as they are not resolved.

2.1 N-body simulations (Gravity)

Large scale structure formation will be dictated mainly by gravity. For simplicity,
let us consider only gravity on CDM particles. We will describe the particles as
having mass m, position £ and momentum p. Many simulations involving the
largest of structures will contain only dark matter "particles". The term "particle'
in the simulation is a bit misleading. For dark matter and gas, particles represent a
discretization of their fluid. As we will later see with star particles, we do not refer
to the individual physical stars, because cosmological simulations are still far from
resolving those scales. In general, simulated particles are Monte Carlo realizations
of the mass distribution (Dolag et al., 2008). Gravity on these matter particles will
be computed on the background of an expanding universe. Any simulation that
does not test modified gravity will assume the Standard Model of Cosmology, and
therefore will employ the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric as
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the geometry of the universe, with a = 1/(1 4+ 2z). In other geometries, a can be
obtained from the Friedmann equation a = HO\/l + Qo(a=t = 1) + Qp(a® = 1) (for

a review, Peebles, 1980). The cosmological parameters have to be assumed, and

in recent times, simulations have adopted the WMAP estimates (Tegmark et al.,
2004) or the Planck estimates Planck Collaboration et al. (2014). The Planck
collaboration recently updated their final estimates in Planck Collaboration et al.
(2018).

If we define the proper mass density of matter as

pl@,t) = [ f(@.p,0)d% (2.1)

where f(x,p,t) is the phase-space distribution function and p = ma*x are the
momenta, the evolution of the phase-space distribution function will be described

by solving the Vlasov equation (for a review, Mo et al., 2010):

of _ p aof _

U S v W) 2.2
ot ma? Vi=mv op 0 (22)

coupled with the Poisson equation:
V2(a, ) = 4rGa® [p(, 1) — p(t)] (2.3)

where ® is the gravitational potential, and p(t) the mean background density.

As this is a high-dimensional IR® problem, it is usually solved either by applying the
equations of motion to a discrete sampling of f by means of N tracer particles, or
by solving the Poisson equation. The rest of the Section will introduce some of the

most common solution approaches.

2.1.1 Direct sum (Particle-Particle algorithm)

The most straightforward approach to calculating gravity would be a direct sum
of the contributions of each particle to the gravitational potential at coordinate r,
which is given by:

B(r)=-GY e

1
j (|'r — 7 +62)2

Where j represents every particle in the simulation. This equation is a modification

(2.4)

of the exact Newtonian potential as it introduces a gravitational softening e¢. This is
a trick introduced to address the numerical artifact that when particles get too close

to each other their gravitational force goes to infinity. N-body calculations treat a
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smooth collisionless medium (dark matter) as discretized into heavy (10° — 10° for
petascale computations, depending on the scale of the simulated box) particles that
treat the medium in bulk. The only way to increase the smoothness of the medium
is to increase the number of particles. The softening should be chosen small enough
as to not affect the physics of the system. The softening value is usually taken
between 0.02 and 0.05 of the mean distance between particles, and the dynamics
at scales smaller than 3¢ is not reliable (Dolag et al., 2008). This method has
prohibitive computational costs (N? operations per timestep, Binney and Tremaine,
1987, where N is the number of particles). Other techniques achieve acceptable

levels of accuracy with cheaper computational costs.

2.1.2 Trees

Figure 2.1: Schematic illustration of the Barnes et al. (1986) oct-tree in two dimen-
sions. The particles are first enclosed in a square (root node). This square is then
iteratively subdivided into four squares of half the size, until exactly one particle
is left in each final square (leaves of the tree). In the resulting tree structure, each
square can be the progenitor of up to four siblings. [From Springel et al. (2001)]

A faster method that reduces the number of operations to ~ Nlog N is the Tree
algorithm (Barnes et al., 1986). This method is approximated. It does not compute
the individual forces between each particle in the simulation. The first operation
carried out by the method is the construction of hierarchical trees that describe
the location of each particle within the simulation box. Afterwards, the cumulative
force on every particle is calculated. With the Tree method, the force computations
of distant particles are greatly simplified.

The hierarchical tree is constructed with the following procedure: The entire box of

the simulation, called root node, is divided recursively to form hierarchical grouping.
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Figure 2.1 is a two-dimensional equivalent of how the 3D subdivision is calculated.
This root node is divided into 8 octants by the 3 coordinate planes (or into 4 quad-
rants of the 2D case, as in the figure). These 8 octants (or quadrant in 2D) are
considered nodes one level up from the root. For each node the division is repeated
recursively. The last divided sub-domains will be the "leaf" nodes. Each leaf node
contains either a single particle or no particle at all. Within this scheme, particles
are grouped into hierarchies of nodes. The tree will store for each node at every
level (from root to leaf) information on the node, such as location of the center of
mass, the total mass of the node, and the side length s of each box cube (or square
in 2D).

The force calculation will then ensue for every single particle. A parameter 6 is
taken as threshold parameter and it will dictate the accuracy of the simulation. The
algorithm will start at the root node and travel up the tree. Through every level
up the tree, the algorithm will identify which node the particle belongs to, it will
calculate the distance d from the center of mass of every other node at that level
and the position of the particle. The condition for the Tree code is s/d < 6, so
if the ratio between the side length of the node and the distance of the particle
from the center of mass of the node is less than the parameter @, the algorithm will
compute the force between the particle of interest and the node. The particles in
every node are treated as a single body. If the condition is not met, the algorithm
will compute the force via the direct method. The process is repeated recursively,
so the algorithm will travel "up" the tree, in the progressive inner nodes to which
the particle belongs, until every particle is accounted for. A schematic side-by-side
comparison of the direct method on the left and the tree method on the right is

available in Figure 2.2.

2.1.3 Particle-Mesh

An even faster computation is delivered by particle-mesh (PM) methods (for an
overview, see Hockney and Eastwood, 1981). PM entails solving the Poisson equa-
tion V2¢ = 47Gp for a mesh of mass distributions. The simulated cube of side L is
divided into a mesh with spacing A = L/M and N, = M? number of grid points.
The simulation still contains Np number of particles. At each of the grid points,
the density p is estimated via a process called mass assignment. Several techniques
can be employed to obtain the mass assignment, from the simplest nearest grid

point (NGP), where simply the mass of each particle is assigned to the nearest mesh
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Figure 2.2: Left: Computation of the force for one of 100 particles (asterisks)
in two dimensions (for graphical simplicity) using direct summation: every line
corresponds to a single particle-particle force calculation. Right: approximate cal-
culation of the force for the same particle using the tree code. Cells opened are
shown as black squares with their centres z indicated by solid squares and their
sizes w by dotted circles. Every green line corresponds to a cell-particle interaction.
[From Dehnen and Read (2011)]

point. This technique is not favored as there is no interpolation involved, so the as-
signment creates discontinuity in the mesh. The cloud-in-cell (CIC) method solves
the discontinuity of the forces by interpolating the particle mass over the 23 =

nearest mesh points, but the derivatives of the forces are still discontinuous. The
triangular-shaped-cloud (TSC) method with its piecewise quadratic interpolation
provides a smooth continuous distribution of particle masses over the 3% = 27 near-
est points. Once the mass distribution is computed over the mesh, the distribution
is transformed into Fourier space where, using the Fast Fourier Transform technique
(FFT Cooley and Tukey, 1965) it is easy to solve the Poisson equation in Fourier
space and derive the gravitational potential ®. FFT changes the differential Poisson
equation into an algebraic one, with obvious gains in computation times and costs

(derivations available e.g. in Moscardini and Dolag, 2011).

PM computations are extremely efficient, with operation costs o< Np + N, log (IV,),
dependent therefore only on the number of particles and grid points. For a mesh
that is not too fine, this is the fastest algorithm of the ones presented so far. It used
to perform well in simulations of hot (relativistic) dark matter. Unfortunately, fast

computations come at the cost of resolution. PM methods cannot follow particle
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interactions at scales smaller than the intergrid distance at which the interpolations
are computed. It is also a memory-intensive algorithm. Some of the previous meth-
ods have complementary pros and cons. It is possible to combine them into hybrid

algorithms that contain the best of each.

2.1.4 Hybrid (AP?M, TreePM)

TrePM is a technique that combines tree and PM methods, and it has become quite
popular in cosmological simulations (Xu, 1995; Bode et al., 2000; Bagla, 2002). As
we’ve seen, the PM method underperforms at small scales. TreePM codes calcu-
late long ranges with the PM algorithm, whether the small range interactions are
evaluated via hierarchical trees. In TreePM, the potential is explicitly expressed as
the sum of long-range and short-range potentials in Fourier space. The method is
fast yet accurate. TreePM is used in GADGET-2 (Springel, 2005) and it is also the
preferred gravitational algorithm of our simulations along with many other groups.
The first attempt at hybrid algorithms was the P3M code, which, just like TreePM,
implements PM at larger scales, and the particle-particle direct method at small
scales. AP3M (Couchman, 1991) used in simulations such as Evrard et al. (2002) is
an improved version of the P3M algorithm implemented in adaptive mesh refinement
(AMR), where the grid spacing adapts at each timestep and becomes very fine in
high particle density regions.

2.2 Initial Conditions and Resolution

Once a certain cosmology is assumed, N-body simulations can produce observables
which, tested against observations, may verify or falsify data. The good performance
of the simulation is contingent upon reliable initial conditions, or upon a correct
initial distribution of the particles within the cosmological box. An initial condition
generator must create small density fluctuations with near Gaussian distribution in a
field defined by its power spectrum P(k). Power spectrum and Gaussian distribution
are calibrated to the constraints of high-precision cosmology, in particular CMB
observations.

At the times of the CMB, dark matter, and baryonic matter fluctuations coincided.
The initial conditions in our simulations were extracted from a larger low-resolution
N-body cosmological simulation. This parent simulation followed 1024% dark matter

particles within a periodic box of comoving size 1 h~!Gpc. A flat ACDM cosmology
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is assumed, with matter density parameter €2, = 0.28, of which , = 0.04 is the
baryon density and the remaining is DM. The value of the Hubble parameter is
taken to be h = 0.72, the normalization of the power spectrum og = 0.8 and
the primordial power spectral index is ny = 0.96. The Lagrangian regions identified
from the parent simulation is then re-simulated at higher resolution with the zoomed
initial conditions technique (Tormen et al., 1997). The chosen Lagrangian regions
are very large, so that within 5 Virial radii, the only particles present are high-
resolution. On the initial condition distribution runs our custom version of the
TreePM-SPH GADGET-3 code, improved from GADGET-2 (Springel, 2005), a code rich
in state-of-the-art subgrid physics as will be explained in section 2.4. The adopted

procedure to generate our IC is explained in in Bonafede et al. (2011).

Parameter Value
Initial N. of Gas Particles 2.32 x 10°
Initial N. of high-res DM Particles 8.59 x 10°
Gas particle mass 1.53 x 108Myh~t
DM particle mass 8.47 x 108 M h™!
Parent box size 1 Gpc
Gas softening 5.6 h=! kpc (phys coord)
BH softening 3.0 h™! kpc (phys coord)
Star softening 3.0 ! kpe (phys coord)
Dark Matter softening 16.7 h ! kpe !

Table 2.1: The assumed parameters in our simulation.

A summary of some of the adopted parameters in our simulation is reported in
Table 2.1. In the high-resolution region, the softening length is ¢ = 5.6h~! kpc in
physical units. Above z = 2 however, dark matter softening follows a softening of
fixed comoving length set to 16.8h~! kpc. The mass of DM particles for the high-
resolution region is 8.47 x 108h~'M,, and the initial mass of each gas particle is
1.53 x 108h~1 M.

!The Dark Matter softening is fixed in comoving coordinates for z > 2. For lower redshifts it
follows the physical coordinates like the gas.
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2.3 Hydrodynamics

Astrophysical observations depend strongly on their associated physical processes.
Therefore, in order to have a reliable simulation, gravity on dark matter particles
is not sufficient, and a reliable representation of baryons is necessary. This matter
component is modeled assuming it is an ideal fluid. The following three equations

describe its behaviour:

The continuity equation

dp _Op B
E—l—pVﬂv—a—i—V-(pv)—O (2.5)
Euler’s equation:
dv OJv 1
— == . =—-VP-V0o 2.
% = o + (v V)v pV \Y, (2.6)

The Energy equation (first law of thermodynamics):

Where P and u represent the pressure and internal energy per unit mass. For the
hydrogen-dominated monoatomic gas at the beginning of the simulation, P = 2/3pu
is the equation of state that connects these two parameters. At this stage, no
radiative process is taken into consideration.

These three equations have to be adapted to an expanding universe. After adding

the scale factor, they must be solved in the following form:

ov 1 a 1 1

P Velv=——VP - -Vd 9.

5 +a(v V)va'v apv aV (2.8)
ap 3a 1
PR — —_— . p— 2-
8t+ ap+aV (pv) =0 (2.9)

d(pu) 1 B 1 a

DU 40V (pu) = — (pu+ P) (av v+ 3a> (2.10)

This system of equations can either be solved with respect to the particles or on the
nodes of a grid. Codes which solve for particles are called Lagrangians, codes that

solve for grids are Eulerian.

Hydrodynamics entails self-interactions, adding a higher level of complexity com-
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pared to non-collisional gravity alone. Evolved density structures induce motions
often supersonic, characterized by shocks and discontinuities. Hydrodynamics traces
multiple physical quantities (temperature, pressure, etc.) and has to do so on a wide

range of scales and orders of magnitude.

2.3.1 Smoothed-Particle Hydrodynamics

Smoothed Particle Hydrodynamics (SPH) is, among Lagrangian methods, the most
widely used and also the easiest to couple with gravity. In SPH as we’ve mentioned
earlier in this chapter, the fluid is described by a finite set of mass elements, as
opposed to volume elements for Eulerian methods. As the mass resolution is kept
fixed, denser regions will have more particles and their average distance will be
smaller, therefore SPH is an adaptive code in spatial resolution (Monaghan, 1992).

To obtain a continuous fluid, it is necessary to define the kernel smoothing method:

() = [ Wz =l A dr® (2.11)

Here the continuous fluid is described by the functionA(r) and the kernel function

W has to be normalized, i.e.:
/W(|r—’r’|,h) dr =1 (2.12)

h is the SPH smoothing length. It is a variable parameter (Silverman, 1986). When
h approaches zero, the kernel collapses into a delta function. The most common

kernel is the Bs-spline:

1—6(£2+6(2)3 0<I<05
Wirh) = 28 2(1— ) 05< T <1 (2.13)
0 1<

v is the dimensionality (3 in 3D, 2 in 2D, etc.). ¢ is a normalization which varies

depending on v. In the 3D case, o = 8/.

A discrete representation of the continuous fluid quantity A may be represented by

the discretized SPH mass elements:

(Ai) = (A(ry)) =3 ?Ajwam — 7], h) (2.14)

i J
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Using the identity
(pV) A=V (p-A)—p-(VA) (2.15)

it is possible from the discretized representation of A to derive the fluid equation
and hence describe the motion of the particle.

The SPH method has a series of advantages and disadvantages. It conserves by
construction physical quantities such as mass, energy, momentum, and entropy.
It performs very efficiently in dense environments, where its resolution increases
due to the higher number of particles describing the dense region. However, for
this very same high density advantage, SPH underperforms in sparse regions (for a
review, e.g. Dolag et al., 2008). SPH also has trouble treating fluid instabilities and

discontinuities such as shocks.

2.3.2 Eulerian methods

Eulerian methods, or methods that separate the fluid spatially with a grid, perform
well both at high and low density regions, however they are limited in spatial resolu-
tion, and they may lead to inaccurate predictions of the thermal energy (Ryu et al.,
1993; Bryan et al., 1995). A first attempt at solving the 3 hydrodynamical equations
on a mesh was the central difference scheme (e.g. Cen, 1992). In these methods,
the relevant hydrodynamical quantities such as density, pressure, and velocity were
traced at the center of the mesh, and the derivatives were computed with a central
finite difference [f(z + 1h) — f(z — 1h)]/h. These methods however break down
at discontinuities, so artificial viscosities were introduce to treat shocks. Eulerian
methods are only first-order accurate as their error is directly proportional to h.
More recently, Eulerian methods have geared toward reconstruction approaches
which evolve a grid cell taking into consideration several of the neighboring cells
(e.g. Colella and Woodward, 1984; Harten, 1983). Reconstruction approaches do
not approximate hydrodynamical variables at specific points like the center of the
grid of central finite difference methods, rather they compute the cell average ,,:
2n+0.5
Uy = fou(z)de (2.16)
2,—0.5

Here, f,, () represents the shape of the reconstructed hydrodynamical quantity u,
n identifies the cell. A useful practice in the field is that to solve the Riemann prob-
lem, i.e. to find the solution to an initial value problem containing a conservation

equation, continuous boundaries, and a single discontinuity (e.g. a shock). The
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solution has to be found for each coordinate direction independently.

2.3.2.1 Leading Cosmological Simulation Codes

GADGET (GAlaxies with Dark matter and Gas intEracT, Springel et al., 2001;
Springel, 2005) and all its variations is among the most popular Lagrangian codes,
and the first one to become publicly available in its first two versions. It is also
the code of choice of the present work. GADGET is fully parallelized with the MPI
message-passing library. Notable are the Millennium II and Millennium XXL runs.
In its default mode, gadget uses TreePM to compute gravity, and it includes an SPH
prescription (ours follows the scheme by Beck et al., 2016). For what concerns Eule-
rian codes, ENZO (Bryan et al., 2014) is a popular approach which is written to run
in parallel with MPI on supercomputers. Gravity is treated with a PM algorithm
combined with a triangular-shaped-cell interpolation. The hydrodynamics is based
on Colella and Woodward (1984). Another approach which is gaining traction is
AREPO (Springel, 2010). Its gravity is a standard TreePM, but the hydrodynamics
is computed on a moving mesh obtained by fully-adaptive Voronoi tessellation, and
it is computed on a Galilean-invariant Eulerian code. It has the advantage of good

treatment of shocks.

2.4 Sub-grid Physics

As we have seen so far, cosmological simulations often require the discretization ei-
ther by mass or volume of the content of the Universe. Due to practical limitations
in CPU time and memory, the discrete elements of large scale simulations are coarse,
and cannot resolve the baryonic processes involved in astrophysical processes. These
processes can however still be included in simulations by means of sub-grid mod-
eling. The computations are carried out within individual particles. Prescriptions
will read the relevant information from within the gas particle, and they will update
the particle quantities (or generate new ones) as necessary. This section will out-
line the physical processes included in our simulation as subgrid models, with the
exception of dust modeling which is reserved to Chapter 5. The included processes
are as follows: the gas will dissipate energy and cool. If particles are cool and dense
enough, a fraction of their mass may be treated as molecular cloud. At this stage
a star particle may spawn. Stars provide feedback to the surrounding simulated

particles with either SN shocks, winds, or thermal feedback. From star particles, a
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Figure 2.3: Projected dark matter density for the 15 most massive MXXL haloes
(according to Masgo at z = 0.25). Each image corresponds to a region of dimensions
6 x 3.7h~! Mpc wide and 20 h~* Mpc deep. Note the large variation in shape and
internal structure among these clusters. In particular, the most massive cluster,
shown in the top-left corner, has no clear centre but rather displays several distinct
density peaks of similar amplitude.[From Angulo et al. (2012) of the Millennium-
XXL run]

35



2. Cosmological Simulations of Galaxy Clusters

prescription of chemical evolution produces metals, which are then spread to sur-
rounding gas particles, enriching the medium and affecting gas cooling. An efficient

implementation of AGN feedback is also included.

2.4.1 Radiative Cooling

When we presented Equation 2.3, the first law of thermodynamics, we specified that
we excluded radiative processes. Here we explain the cooling function, A(u,p) in
erg s~! ecm ™3, to be added to the equation. Cooling in cosmological simulations will
usually need to treat media which are hot (> 10* K) optically thin and in ionization
equilibrium. The gas is exposed to CMB radiation and UV /X-ray background radi-
ation from galaxies (we follow Haardt and Madau, 2001). The net cooling function
of a plasma will contain collisional line radiation, free-free and two-photon contin-
uum, recombination processes, photoionization heating, collisional ionization, and

Compton cooling (for an overview, Sutherland and Dopita, 1993):
Anet == Alines + Acont + Arec - Aphoto + Acoll + AC'ompt (217)

As an example, the Compton cooling function will read:

(IDUTTLe

Acompe = 4k(T, — T,){e.) (2.18)

MeC
Where @ is the radiation flux, o7 the Thompson cross section, (e.) the mean photon
energy, n., me, 1. are the electron number density, mass, and temperature, and 7,
is the temperature of the radiation. In Sutherland and Dopita (1993) all the other
terms are derived.

In practice, most codes will rely either on tabulations for cooling functions or they
will run large grids of photoionization models with packages such as CLOUDY (Fer-
land et al., 1998, 2017). As implemented by Wiersma et al. (2009) in our code:

A=Ay get D A (2.19)
i>He

Where the combined contributions from hydrogen and helium Ayy 1y, are obtained
via 4-dimensional interpolation of CLOUDY tables over logny, z: and np/np of
models that contain only H and He. The metals i included in our code are (H, He,
C, Ca, O, N, Ne, Mg, S, Si, Fe, Na, Al, Ar and Ni). These are the same traced

by chemical evolution. As the cooling functions for solar metallicity are already
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computed, it is possible to represent the elemental cooling functions in terms of
elemental number density n; and the free electron number density n. alone, other

than the interpolated grids:

A=A et X Ai,@wlo[i/fﬂ (2.20)
7 i>He (ne/na)®

Where 100/ = (n;/ng)/(ni/ng)e. The free electron density abundance depends
on the number density ratio between Hydrogen and Helium, and can be obtained by
interpolating ny./ny with the Hydrogen number denisty, the particle temperature,
and redshift.

If one has an incomplete set of elemental contributions, it is possible to use the less

accurate
Ne/Np

(ne/nm)o

that computes cooling rates in terms of the total metallicity.

A = AH, He —+ AZ, ® (2.21)

In our code, the metallicity field is smoothed in order to compute these cooling
rates, because our metallicity field is very noisy due to the fact that no process
diffuses metals to neighboring gas particles after a single gas particle is enriched.
The smoothing is implemented using the same kernels from the SPH computations
(Wiersma et al., 2010).

2.4.2 Star Formation and Feedback

A simple star formation (SF) recipe was introduced by Katz et al. (1996). In the
recipe, a gas particle is suited to form stars if its flow is convergent (Vv; < 0) and if
its density exceeds some threshold value, e.g. p; > 0.1 atoms cm~3. Furthermore,
the particle has to be Jeans unstable:

h; 1

e —— 2.22

& VAT G py, ( )
where h; is the SPH smoothing length (or the mesh size for Eulerian codes). ¢; is the
local sound speed. If the density condition is met, usually also the other conditions

are. Therefore, density is the decisive SF' parameter.

One last constraint is required to avoid that dense particles at high redshift are

mistakingly selected into a virialized halo they do not belong to:
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B 557 (2.23)
P

Where p is the average density of the Universe at a specific time. When all the
conditions are met, the gas particle will enter a state characterized by 2 phases
(referred to as multiphase), one phase is cold and treated with a subgrid function,
one is hot. We follow the recipe provided by Springel and Hernquist (2003), in
which the cold fraction, representative of molecular clouds and responsible for star

formation, is embedded in pressure equilibrium with the hot fraction.

The star formation rate (SFR) follows a Schmidt-type law (Schmidt, 1959):
My = fmg/ts, (2.24)

Where f is the cold gas fraction, my is the mass of the gas particle, and ¢, , is the
timescale t, , o< \/pw/p (Tornatore et al., 2007). From the Schmidt law follows the

mass expected to form in the interval At:
m, = My, (1= ef8t/tr) (2.25)

With Mg, being the stellar mass at the time the star particle was originated. M ,
will be a fraction of the progenitor gas particle. How much of the gas particle mass
will go into the newly generated star particle depends on the star generations N,.
In our code, My, = my/N, with N, = 3.

Whether a gas particle spawns a star particle or not depends on two factors. First,
it has to accumulate enough star formation before it is able to create a simulated

collisionless star particle. Second, the following probability must be considered:
P(t,) = N, (1 — e/21/10) (2.26)

If a random number taken between 0 and 1 is larger than P(t,), the gas particle will
generate a star particle.

The SF episodes are limited in most simulations to 2-3 stellar generations in order
to keep stellar and gas masses within at least the same order. If masses varied
wildly, numerical artifacts might emerge in the calculation of gravity. Some codes
do not split their gas particles, and one SF episode, or a single stellar generation, is

sufficient to convert the whole gas particle into a star particle.

Each star particle produced according to this model is described by a simple stellar
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population (SSP) characterized by an assumed initial mass function IMF. Under
the instantaneous recycling approximation (IRA) all stars with masses > 8M, (i.e.
Massive stars that explode as Type II supernovae) are taken to explode within a
single timestep. Timesteps in our simulations are of the order of 10 Myr. Given
that SNIIs explode within time intervals much shorter than this, with IRA we may
extrapolate the supernova input energy fed back into the gas by sypernovae explo-
sions, which are of the order of 10°! erg per supernova. Part of this feedback is
channeled into kinetic energy in our model Springel and Hernquist (2003) and it
fuels galactic outflows. It is a robust prescription, because increasing the simulation

resolution, the amount of stars formed converges.

2.4.3 Chemical Evolution

The chemical evolution routine was implemented in our simulations by Tornatore
et al. (2007). The routine generates metals at each timestep based on the properties
of individual star particles, and it will immediately spread said metals to nearby gas
particles following the SPH kernels of the spreading function.

The mass of the produced metals will depend on how many stars have died within a
certain time interval. The first information we need is that of stellar lifetimes 7,. For
one-zone models, the stellar lifetime depends on the mass of individual stars and
their metallicity. Our simulated particles do not contain individual stars, rather
a whole simple stellar population characterized by a certain initial mass function
(IMF, ¢(m)) and a certain metallicity. Our star particles inherit the metallicity Z
from the gas particle progenitor, and its value is not altered until the star particle’s
death.

By taking the inverse of the functions of stellar lifetimes, we can derive for a given
lifetime 7, and metallicity Z, what is the mass of the stars which will die by 7,. The
lifetime 7, may be expressed in terms of the time of the simulation. Let us take
two consecutive timesteps t;11 — t; = At. Using the inverse of stellar lifetimes we
will find the mass of the star population which will die at ¢; and t;.1: M; and M;,
respectively. If we integrate the star particle’s IMF in the interval (M;, M;.1), we
obtain the fraction of the star particle’s mass which has died in the time interval

At. Therefore, the mass of stars which have died in At is given by:

M1
Mdead = Mo.x / " IME () din! (2.27)

i

Part of this ejecta accounts for metals. For the element X, the ejected mass at each
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time interval is given by:

M;
mx = Mo, /M‘ T IMF(m)Y x (', Zo) dm! (2.28)

Where Y are the yields. Yields are commonly represented in tabulations, which
predict for each element (or isotope) what will be the mass ejected by a star based
on the star’s mass and metallicity. We consider 3 channels which contribute to mass
ejection: Asymptotic Giant Branch (AGB) winds, Type I, and Type la Supernovae.
For Type Ia SNe we adopted the yields provided by Thielemann et al. (2007). For
AGB stars, we follow Karakas and Lattanzio (2007). For SNII we take one of the
Romano et al. (2010) models which is a slight variant of Woosley and Weaver (1995).
The relevant yield is obtained via a linear interpolation between m’ and Z, for each
particle at each timestep for each element. We trace the 15 metals H, He, C, Ca, O,
N, Ne, Mg, S, Si, Fe, Na, Al, Ar and Ni.

In our simulations we implement the Chabrier IMF (Chabrier, 2003):

2

d(logm) o ¢~ (legm-logme)? 20 for M < 1M, (2.29)
d(m) oc m~ @03 for M > 1M (2.30)

Where the IMF slope x = 1.3 is practically the Salpeter index x = 1.35 for the
Salpeter IMF, ¢(m) oc m~(+2) (Salpeter, 1955). m¢ = 0.079M, and o = 0.69 are
good parameter fits to the Chabrier IMF for individual Galactic stars.

For the lifetime 7,, we use the timescale presented in Padovani and Matteucci (1993):

7. = 1.2m~ % 4 0.003 Gyr for M > 6.6M, (2.31)
7, = 10~ Vemdx(emlogmll/a _ g Gyy for M < 6.6M (2.32)

Where a = 0.1116, b = 1.338, 1.790, d = 0.2232, and e = 7.764. The two functions
are respectively derived in Matteucci and Greggio (1986) and Renzini and Buzzoni
(1986). However, our group is planning on updating this prescription in the near
future, because newer, more accurate models for stellar lifetimes depend not only

on the star’s mass, but also on its metallicity.
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2.4.4 AGN feedback

Another important role in galaxy evolution is played by Active Galactic Nuclei
(AGN) feedback. AGNs are the manifestation of gas accretion onto SuperMassive
Black Holes (SMBHs), and they are among the brightest observable astronomical
objects. The infalling gas gathers around the SMBH into an accretion disk (Krolik,
1999), which heats up as the inverse of the distance from the SMBH (Hickox and
Alexander, 2018), so that AGNs could be visible on a wide range of wavebands. As
the typical AGN gas temperature falls in the range 10* - 10°K, the majority of the
emission will occur in the UV /optical bands. Aside from emission by the accretion
disk itself, the angular momentum of the accretion disk and SMBH spin axis may
cause the emission of highly collimated relativistic jets shooting perpendicularly from
either side of the center of the accretion disk (See Figure 2.4). The giant jets cause
the formation of hot gas bubbles which may heat the halo gas (Fabian, 2012, for
a review). AGNs are also associated with high-velocity winds which may eject the
cold galactic ISM to outer regions. The SMBHs will eventually grow to sizes of 10° -
105M,,. Almost every medium-to-massive galaxy has a SMBH, especially ellipticals
and bulge-dominated spiral galaxies (Kormendy and Ho, 2013, for a review.). On
top of being so prevalent, the energy released in SMBH growth is often greater than
the gravitational binding energy of the host galaxy (Silk and Rees, 1998) so AGN

feedback is bound to play a key role in galaxy formation.

Some AGN feedback properties are well understood. One of these is the tight corre-
lation between the SMBH mass and the velocity dispersion of the host bulge (Fer-
rarese and Merritt, 2000). Theoretical motivations have been presented to explain
such a correlation, ranging from ambient conditions in the host galaxy (Adams et
al. 2001), to accretion of collisional dark matter (Ostriker 2000), or star captures
by the central accretion disc (Miralda-Escudé and Kollmeier, 2005)). A large class
of models (King, 2003, i.e.) propose that once the SMBH reaches a critical size,
the outflow winds sweep away ambient gas, thus suffocating further growth. The
mechanisms by which AGN interacts with the ISM affect these 3 major categories:
thermal feedback, or the heating of gas by AGN radiation (i.e., Compton heating),
kinetic feedback, or the generation of winds that causes gas outflows and shocks,

and radiative feedback, or the gas ionization and photo-dissociation of molecules.

In cosmological simulations, AGN feedback is being treated with sub-grid models.
Springel (2005) was one of the earliest works to include 3D simulations containing

AGN feedback, and it used the Bondi approach. More recently, hydrodynamic
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Figure 2.4: From Fabian (2012): (a) The Arms and weak shocks produced by the
jets of M87 (Forman et al., 2007). (b) The gigantic interaction of the radio lobes
and intracluster gas of MS0735.6 (McNamara et al., 2009). The figure shows the
inner 700 kpc of the cluster extending well beyond its cool core.

simulations including radiation pressure on dust (Debuhr et al., 2011) found that

these winds may modulate significantly SMBH and galaxy evolution.

2.4.4.1 1In the code

AGN feedback implemented in the simulations by the Trieste group has been exten-
sively described in Ragone-Figueroa et al. (2013) where the recipe is laid out, and

in Ragone-Figueroa et al. (2018) where some improvements are outlined.

The SMBH is generated in any massive (Mj ), > My, = 2.5 x 10"~ M) dark
matter halo identified with an on-the-fly FoF algorithm. Here, the gas particle with
the smallest gravitational potential energy is turned into a SMBH. Its velocity is
=5x 10"t M,

preserved, its mass is set to Mg,nq

BH grows at a rate which is the minimum between what we dub a-modified Bondi
rate (Bondi, 1952) and the Eddington rate:

Mgy = min(Mpondi.a, MEdd)

The Bondi rate defined by an a-modified Bondi equation (Bondi, 1952) improved
by Gaspari et al. (2013) with the denominator power of 2/3
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ArG* M3y p

o (2.33)

MBondi,a = 9 9
(2 +viy

where Mgy is the SMBH mass, vgpy its velocity relative to the surrounding gas bulk
motion, ¢ the sound velocity of the gas surrounding the BH, p is the gas density,
and « is the adimensional fudge factor necessary to produce a reasonable SMBH
mass by z = 0. Since Ragone-Figueroa et al. (2018), « varies depending on whether
the accreting gas is in a cold mode or a hot mode. The former has an « fudge factor
set to 100, the latter to 10, following Gaspari et al. (2013).

The Eddington accretion rate is

cGm,,

€-C2or

Mpgq = 47 Mg

where m,, is the proton mass, or the Thompson cross-section, ¢ the speed of light
and €, the radiative efficiency, giving the radiated energy in units of the energy
associated with the accreted mass.

We finally reach the assumption of how the coupling between IGM/ICM gas and
the energy irradiated by the AGN should occur:

Efeed = €76, Mppc®

Where €/ is the assumed fraction of irradiated energy that will couple with the gas.
AGNs are supposed to be short lived, and an intense first "quasar mode" will be
followed by a "radio mode". Our group follows the Sijacki et al. (2007) model. The
switch between two modes occurs at the limit Mgy / Mpqq = 1072, When this ratio
falls below this threshold, € is increased by a factor of 4. The reference value for €,
and €y is 0.2 (ey = 0.8 for the radio mode) as they reproduce in our simulations the

BH mass to stellar mass relation.
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3

Dust Observational Properties and
Modeling

As we have outlined in the introduction, the strongest constraints on dust come from
its interaction with the electromagnetic spectrum. Dust will scatter and polarize
the radiation of a bright source from the X-rays to the near-infrared (NIR). It
will attenuate the light from vacuum UV to mid-infrared (MIR) by absorbing and
scattering such wavelengths (~ 0.1-20um), and it will emit a thermal continuum
in the IR to mm. Bernstein et al. (2002) estimated that at least 30% of the local
Universe starlight is re-emitted in the infrared by dust. And studies such as Clements
et al. (1996) show that the percentage can raise to 99% in ultraluminous IR galaxies.
Other observational data come from the depletion of elements whose abundance is
lower than what is expected from nucleosynthesis, or from the analysis of presolar

grains preserved on meteorites.

3.1 Radiative Transfer

The physical and thermodynamic properties of dust can be inferred from observables
with the aid of solutions to the radiative transfer equation. The radiation field can
be entirely described by the specific intensity I, defined as the amount of energy dE
in the frequency beam dv that, originates from the solid angle df2 and crosses the

surface dA in the time dt:
dFE

T dQdAdy dt

Its observable is the specific flux F},, or the integral of the intensity over the solid

I, (3.1)

angle:
F,= [ 1I,cosfdf} (3.2)

Am

The units are erg cm~2s 'Hz~!. It should not be confused with the bolometric flux,
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3. Dust Observational Properties and Modeling

defined as the integrated flux over all frequencies: Fj,; = Oinf F,dv.

The interaction of a medium or body with electromagnetic radiation can be divided
into absorption, scattering, and emission. In the case of absorption, a fraction of
the incident flux is converted into internal energy of the absorbing material. In the
case of scattering, a fraction of the incident flux is reflected at a differnet solid angle
wbut with the same wavelength. Emission will be proportional to a quantity called
emissivity j,, and will depend on the physical characteristic and energy state of the

emitting material. Conservation of energy implies:

dE(em) _ dEabs — d Escatt
dl, = 3.3
dvdQdAdt (3:3)

from which follows the general equation of radiative transfer:

drl,
dl

Where £k, is the total opacity, given by the sum of the scattering and absorption

=7, — kI, (3.4)

opacities. If we define a source function S, as the ratio between the emissivity

and the total opacity, we can rewrirte the radiative transfer equation in its form:
dl,/dl =k, (S, — 1,). Or, by introducing the optical depth dr, = k, di:

df
Y=5,—1, 3.5
dr, (3.5)
From which the formal solution follows:
I(r,)=10)e™+ /_ ’ e(_T””':)S,,(T;) dT; (3.6)
0

3.2 Dust Extinction

The study of dust extinction in the 50s and 60s offered some first clues on the
chemical composition of dust. The reddening of starlight was best fit by graphite as
opposed to e.g. ices, which were then a leading candidate (for an overview, see Hoyle
and Wickramasinghe, 1962). In the introduction (Section 1.1.2.1) we mentioned the
2175A bump present in the average extinction curve of the Milky Way. This feature
was identified with large uncertainties for the first time by Stecher (1965), after
observing 5 pairs of dust-obscured and unobscured stars with similar MK spectral
classification. Later for one of these pairs, Stecher (1969) reported the extinction,

measured at intervals of 2A as seen in Figure 3.1. The work confirmed the existence
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3. Dust Observational Properties and Modeling

of the 2175A feature between this specific pair of stars. Stecher and Donn (1965)
and Wickramasinghe (1965) proposed that graphite might be again the culprit to
the feature, with the transitions of m-bonds between the sp? orbitals of adjacent
carbon atoms. Also PAHs possess this kind of bond and they have been put forward

as alternative candidates for the feature (e.g. Weingartner and Draine, 2001).
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Figure 3.1: Interstellar extinction in magnitudes as a function of inverse wavelength
determined from ¢ and e Persei. [From Stecher (1969)]

Subsequent studies investigated stars of different spectral classification, the Milky
Way’s extinction, averaged or along specific lines of sight, and the extinction in other
galaxies.

It is important to draw the distinction between extinction and attenuation. Ex-
tinction, or the phenomenon by which dust obscures starlight radiation in UV and
optical bands, is a combination of absorption and scattering (see e.g. Figure 3.6).
Both absorption (from the line of sight) and scattering (from and to the line of
sight) are wavelength-dependent processes. As extinction is stronger on bluer wave-

lengths, it will make an object appear redder than if it were not filtered by dust.
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For point sources like nearby stars observed through a single ISM screen, the ex-
tinction law can be modeled by taking into account the known properties of the star
(i.e. metallicity and spectral classification) and fitting dust properties. However, in
complex geometries like within galaxies, the radiation may flow through multiple
ISM environments with different dust populations. The observable is the net effect
of dust within the complex geometry of a galaxy, where light sources are scattered
within media at different depths. In galaxies, light is scattered out of and into the
line of sight, damping extinction features. So, while extinction refers exclusively to
absorption and scattering, it is a process that can be isolated only in simple envi-
ronments. Dimming by dust for objects where the geometrical distribution plays a
role is called attenuation.

In Figure 3.2 we see for example some attenuation curves obstained using the GRASIL
model (Granato et al., 2000) compared to the MW extinction, in the solid line, and
the empirical Calzetti attenuation law for starburst galaxies (Calzetti et al., 2000), in
the filled circles. The GRASIL model is able to reproduce the Calzetti attenuation law
with no fitting, only implementing different geometries and young stellar populations
representative of starburst galaxies. The assumed dust properties are identical to
the average values observed in the MW.

The UV dust extinction is not usually measured for wavelengths smaller than 912 A,
the Lyman limit, as for this wavebands hydrogen is very efficient at absorbing and
emitting radiation, so it becomes the major source of starlight dimming. As a re-
minder from the introduction, the extinction Ay is defined as Ay = 2.5log,, [FY/F\],
where F) is the observed flux, and FY is the intrinsic flux as expected if there were
no dust in the line of sight. Extinction is measured in magnitudes. A common

measure of the extinction slope is

Ay

BBV

(3.7)

Where Ap and Ay are the extinctions measured in the B (4405 A) and V (5470 AA)
photometric bands. F(B — V) = Ag — Ay is called reddening or color excess. On
average for the Milky Way, Ry = 3.1(Fitzpatrick, 1999).

Figure 3.3 from Fitzpatrick (1999) represents some estimates of the average Milky
Way extinction profile, with labels of its most important features for three model
variations, including Seaton (1979) and Cardelli et al. (1989). It can be broken down
in the following way. The extinction in the NIR to red-optical from 900 nm to 5um

can be described with a power law, which can be approximated with Ay oc A7%.
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Figure 3.2: Average dust attenuation curves for starlight in different classes of
galaxies [normal and starburst (SB)] in the Granato et al. (2000) GRASIL model
compared with the average MW extinction law (solid line) and with the Calzetti
attenuation law (filled circles Calzetti et al., 2000), with Rv=%%_ The attenuation
curves are all normalized to the net reddening of the stellar population, F(B — V).

The error bars show the dispersion of the models around the mean attenuation curve.
[From Granato et al. (2000)]

The most plausible § values are in a range between 1.61 and 1.8 (e.g. Rieke and
Lebofsky, 1985; Whittet et al., 1993). In the optical, the curve rolls over with a
slight knee, then there’s the 2175A near-UV bump, and finally the extinction rises

more steeply with a far-UV curvature.

Seaton (1979), which extends from the blue-optical to the far-UV, proposes a poly-
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Figure 3.3: Normalized interstellar extinction curves from the far-IR through the
UV. The solid and dotted curves are estimates for the MW-average case where Ry =
3.1 from the Fitzpatrick (1999) and the Cardelli et al. (1989) papers respectively.
The dashed curve shows the average Galactic UV extinction curve from Seaton
(1979). [From Fitzpatrick (1999).]

nomial fit given by a linear background term plus a Lorentz function. Cardelli et al.
(1989) proposes initially a 7-parameter fit to describe the extinction, one of the
parameters being Ry. They then show that all the other parameters (describing
the power law for > 3030A, the shape and prominence of the near-UV band, and
the slope and curvature at small wavelengths) can all be estimated using Ry-only.
However, the extinction is Ry-independent in the NIR range 0.7um < A < 8um for
diffuse clouds. The Fitzpatrick (1999) model can be described by 4 free parameters
hich make up for the Cardelli et al. (1989) shortcomings, e.g. the 2175A bump is
not correlated with R. While in the work has been only investigated for the MW,
averaged or at different lines of sight, is suited to describe most spiral galaxies. The
paper goes on to modify the extinction curve for a range of Ry between 2.2 and

5.8, which corresponds to the observed ranges of extinction slopes as measured by
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the International Ultraviolet Explorer (IUE) satellite, on which they based their
calibrations. Figure 3.4 plots the R-dependence of the Cardelli et al. (1989) model,
normalized to E(B — V).
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Figure 3.4: Far-IR-through-UV extinction curves for Cardelli et al. (1989). Cardelli
et al. (1989) found that extinction curves can be expressed approximately as a one-
parameter family that varies linearly with R~!, where R = A(V)/E(B—V) and has
a mean value in the diffuse interstellar medium of R = 3.1. Other 4 representative
R values are shown and labeled. [From Fitzpatrick (1999)]

3.3 Dust Emission

Dust emission is dominated by thermal radiation. In order to radiate thermally,
a body must be in thermal equilibrium and therefore posess uniform temperature.
When in thermal equilibrium, there is a balance between the energy absorbed by
the body and the energy emitted by the body. Kircchoft’s Law of thermal radiation
(Kirchhoff, 1860) in fact states that the ratio between the emission coefficient e,

and the absorption coefficient a®* of a body will be proportional to a function of

14

51



3. Dust Observational Properties and Modeling

wavelength and temperature only. This function was later found to be Planck’s
function B, (T). The emission coefficient, expressed in units of erg g=! s7' Hz ™!,
is the energy emitted spontaneously by the body per unit frequency per unit time
per unit mass. The absorption coefficient, expressed in units of cm ™!, represents the
loss of intensity in a beam as it travels a distance ds, i.e. dI, = —a, [, ds (see e.g.,

Rybicki and Lightman, 1979).

When dealing with fluid media it may be convenient to use the monochromatic!
spontaneous emission coefficient j, which has units of erg cm™3 s™1 ster™' Hz™!

instead of the mass-dependent emission coefficient. The two quantities are related
by:

_ QP
Jv = 47

(3.8)

Where p is the mass density of the emitting medium. From the emission coefficient
it is possible to obtain the emitted energy by integrating dE = j, dV dQ2dtdv. We

can express Kircchoft’s Law in his common form:

jy = a® B, (T) (3.9)

For microscopic particles with number density n and effective cross section o, it
is customary to relate the coefficient a, = no,. For dust grains specifically it is
common to write the effective cross section ¢, as a function of the geometrical cross

section 0 = 1a? (a being the grain radius):

Oy = Qu,ema = (Qu,abs + Qu,scatt) g (310)

Where Qp em, Quabs, and Qp scqre are the efficiencies for extinction, absorption, and
scattering respectively. In the UV /optical, to first order @, aps ~ Quscatr ~ 1, in the
IR, Quscatt K Quaps X A7 with 1.5 < < 2 (e.g., Draine and Lee, 1984). Similarly,
also the emission coefficient is composed of true emission and elastic scattering, i.e.
Jv = ®yem + Juscart- Both of these terms depend on the radiation field 7, scattering
emission will depend on the incident radiation angle, and true emission will depend

on the grain temperature.

!monochromatic refers to the fact that the quantity is wavelength-specific, i.e. the spontaneous

emission coefficient j is simply given by j = j, dv
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Figure 3.5: A day in the life of an interstellar grain: grain temperature vs. time
for 4 grain sizes, for grains heated by the average interstellar radiation field. Grains
with a 2 0.02um have a nearly constant temperature, but @ < 0.01pum grains show
conspicuous increases in temperature following each photon absorption, with gradual
cooling between photon absorption events. 7, is the mean time between photon
absorptions. [From Draine (2004)]

It is then necessary to understand to what extent a dust grain is in thermal equilib-
rium with its radiation field. If the grain is relatively large, the grain will be bom-
barded and absorb more frequently individual photons than smaller sized grains,
and it will be kept at its equilibrium temperature with the radiation. If the grain
is very small, the time in between photon absorptions will be longer on average.
Given their small size, small grains will have time to cool appreciably faster than
large grains. Moreover, small grains, having low thermal capacity, will be heated to
higher temperatures than larger grains after the absorption of a same photon. The

Figure shows that such small grains will fluctuate more than large grains.

This reasoning applies to a population of grains large enough to be characterized by a

single average temperature. The temperature of such large grains will be determined
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by the energy balance equation:

/Qu,absjy dv v Qy,absBu(T> dv (311)

Here the LHS is the absorption and the RHS the emission. We know that dust
absorption is most efficient in the UV /Optical where @, 45 ~ 1, and that dust emis-
sion is most efficient in the IR where @), s o< A™7. Approximating, it follows that
the temperature depends on the radiation energy according to the proportionality
relation 7" oc U4+, For the typical values of v between 1.5 and 2, it would take
a 60-fold increase in radiation energy to double the grain temperature.

Smaller grains whose temperature decreases appreciably in between photon absorp-
tion will require a distribution function to describe their spread in temperature. In
calculations, instead of a single Planck function, a population of small grains will be
described by the integral fii‘pﬁ? B,(Ty)P(T)dT where P(T) is a probability function
obtained e.g. in Guhathakurta and Draine (1989), to account for the temperature
distribution of small grains.

Figure 3.5 from Draine and Li (2001) helps us determine where to draw a rough
grain size separation between grains sufficiently large to remain in thermal equi-
librium with the radiation, or small to the point that they require a temperature
distribution function. The calculations assume carbonaceous grains, but similar be-
haviors hold for other dust species, e.g. silicates. The temperature distribution
function is presented in Draine and Li (2001). The figure plots grain temperature
vs time for 4 grain sizes subject to an average interstellar field. Up to 0.01um,
amid fluctuations, the grain temperature is sufficiently stable to approximate it to a
constant. Grains of 50A or below, however, may cool substantially before the next

photon heating.

3.3.0.0.1 Luminescence Thermal radiation, while vastly dominant, is not the
only form of radiation which dust can emit. In environments such as reflection
nebulae where starlight radiation is low and not sufficiently powerful to alter the
state of the ISM, scattering cannot account for all the radiation emitted by dust
in the wavelength range 6000 — 8000 A, and Witt and Vijh (2004) identifies red
luminescence as the suitable candidate for the excess emission. This luminescence
ensues after absorption at shorter wavelengths. Blue luminescence has also been
observed by Vijh et al. (2005). The authors suggest that neutral PAHs may be

responsible for the blue luminescence and ionized PAHs for the red, but the source
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has not been identified conclusively.
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Figure 3.6: Extinction and scattering calculated for Weingartner and Draine
(2001) with Ry = 3.1 for the Milky Way dust, with abundances reduced by factor
0.93 to match the MW reddening. [From Draine (2003)]
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On Dust Evolution and its models

In this chapter we will explore the environments in which dust forms, evolves, and
gets destroyed. Dust is injected into the ISM either by stellar winds or supernovae.
Once it is spread into the ISM, dust evolves in parallel with the gas lifecycle: de-
pending on the physical conditions of the gas phase, it will grow in mass and size,
or disintegrate at different rates. Dust will grow rapidly within clumps of molecular
clouds, the cradles for newly formed stars. While they reside in molecular clouds,
dust grains can agglutinate into larger structures, in a process commonly known as
coagulation. Gas-phase species will also aggregate on top of grain surfaces, hence
contributing to the dust mass growth. This process is known as accretion. In low
density regions characterized by high temperatures or highly energetic photons and
ions, dust will not survive long. We will examine collision or erosion processes which
either disrupt or destroy the grain. Notable are shattering, or a grain-grain frag-
mentary collision, SN explosions, and sputtering. Lastly, we will present a dust
evolution model which simplifies the grain size distribution to a binary, while still
providing reliable results. This is the model which inspired the work we developed

during the PhD program, presented in the next chapter.

4.1 Production

Freshly produced gas-phase metals reside mainly around certain star envelopes or in
SNe remnants. Dust forms in the proximity of such environments. The original grain
seed forms in a self-assembly process, known as nucleation. Nucleation rates will
depend on the monomer saturation of a given dust species, as well as its gas density
and temperature. Examples of grain nucleation are derived in Kriigel (2008), Section
7.5. The grain nucleation calculations must consider both physical clustering and
chemical reactions, which form strong valence bonds (e.g., Salpeter, 1974). Being a

stochastic process, nucleation usually generates highly disordered seeds. However,
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crystalline structures may form for species capable of forming at high temperatures
(Nuth, 1996).

Around the early 60s it was verified that the medium in the vicinity of stars is a
viable site for grain nucleation (for graphite and silicate grains respectively, Hoyle
and Wickramasinghe, 1962; Kamijo, 1963). It was found that stars with surface
temperatures below 3600 K may produce dust in the outskirts of their circumstellar
envelopes. Therefore, red supergiants, some red giants, and especially Asymptotic
Giant Branch stars (AGBs) have been investigated as primary contributors to the
dust enrichment (Figure 4.1). AGBs are now known to be one of the major dust
contributors, aside from SNe remnants. AGBs are particularly important in the
production of carbonaceous dust. While AGBs take longer than SNe to enrich the
metallicity of the medium, by present time they are the greatest contributors to the
carbon budget (Zijlstra, 2006).

Dust will begin to form at a certain distance from the star’s cold surface. In the
chromosphere, or the closest circumstellar layer to the star, temperatures may rise
for red giants to ~ 10*K as the density drops to 4 dex lower than the star’s surface
(Gail and Sedlmayr, 1987). From there on out however, temperature decreases
monotonically with radius (e.g., Glassgold et al., 1996). Closest to the star, gas-
phase molecules will form first. Eventually also dust is formed when the temperature
falls below the condensation threshold of a given dust species. If for example a
species condensates at 1000K, Bode (p. 73, Bailey and Williams, 1988) found that
dust may form at a distance 10 times the star radius. The outer boundary where
the stellar atmosphere dilutes into the ISM extends to 10%-10° times the star radius.
However, as dust production also depends on the dilution of its monomers into
the gas, dust production will be most significant closer to the star, in shells whose
temperature is below the condensation threshold, where the number density of the

gas is higher. A schematic representation is shown in Figure 4.2.

4.1.1 Production by AGB stars

AGBs are Red Giants in the final stages of their evolution, whose mass falls in the
range 0.8 < m < 8Mg. They are typically long-period variables with pulsation
timescales between tens of days to a couple of years. The shocks generated during
this pulsation instability, paired with the radiation field of the stars, induce signif-
icant mass losses over the course of the AGB lifetime. In the cooling winds that

ensue these episodes, gas-phase molecules will form first, followed by dust (Molster

58



4. On Dust Evolution and its models

108 p — 1 -
B I ]
B [ A ]
| | A -
- | .
A Red

10° | | i E
: __. Supergiants
B .]AA .
D - | -

= - A i

S | symptotic
(_LU 104 - [ ‘ Giant E
3 i . ¢ Branch .
- i Lo 1
--.'\1--L_r' ]

______ [
108 3 T Red 3
- ¢ Giants ]
i I i
B I ]
I
102 o

10°

Figure 4.1: From Fig 7.1, Whittet, 2003. Hertzsprung—Russell diagram. The solid
diagonal line represents the main sequence. The two evolutionary tracks follow post-
main-sequence stars of 5 and 15 M, (from Iben, 1967). Circles indicate the average
position of red giants (circles) and supergiants (triangles) in the Milky Way. The
vertical dashed line marks the temperature of 3600K. Stars below this temperature
may produce dust. Red Giants fluctuate to high temperatures so their radiation
destroys most of the newly formed dust. AGBs are the primary dust enrichment
channel of the three.
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Figure 4.2: AGB structure. ©Martha L. Boyer, NASA’s Goddard Space Flight
Center (2014) adapted from J. Hron, University of Vienna (2012)

et al., 2010). Aside from yielding most of the carbon in the Universe as previously
stated, AGBs may also produce silicates, never simultaneously to carbonaceous dust
(e.g. Zhukovska et al., 2008).

An AGB is made up of a degenerate inert carbon-oxygen core, enveloped by a thin
Helium shell, and finally a hydrogen convective envelope. Most of the time, known as
intershell period, the emitted luminosity of the AGB originates from the H-burning
shell. Periodically, the helium shell will ignite, but as the He burning is unstable,
it will cause thermal pulses in the interior of the AGB. Over the course of this
process, new carbon is produced. The mass loss rates can be as high as 107°M, yr—!
(Karakas, 2011) during helium burning. Mixing, known as third dredge up (TDU),
follows the helium burning and carries the yields, mostly carbon, to the atmosphere.
This causes the inversion of the C/O ratio. AGBs will instead produce silicates
during the hot bottom burning phase (HBB), activated when the temperature at
the bottom of the hydrogen envelope reaches 4 x 10’K (Garcia-Herndndez et al.,
2013). HBB AGBs will mainly produce silicates, and some oxides (Ventura et al.,
2012).

4.1.1.1 C/O ratio

Whether an AGB produces carbonaceous or silicate dust depends on which yield
is more prevalent between carbon and oxygen. The least abundant element will be

saturated in CO molecules, because the CO binding energy is exceptionally high
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(11.1 eV). The remaining excess element will be free to combine into dust or enrich
the gas metallicity. This is easily summarized in what is known as the Carbon-to-
Oxygen (C/0O) ratio (e.g. Dwek, 1998).

If there is a Carbon number excess, or C'/O > 1, carbonaceous dust will form, which
takes mainly the form of amorphous carbon, graphite, and Polycyclic Aromatic
Hydrocarbons (PAHs). This C/O ratio is prevalent in stars within the mass range
~ 1.5 —4Mg (Gail et al., 2009). If Oxygen is in excess, i.e. C'/O < 1, then silicates
(and in minor part, oxides) will dominate the newly produced dust. A C/O ratio
< 1 is typical of M-type stars and OH/IR AGBs, stars bright in the NIR with

spectroscopy signatures rich in OH radicals.

4.1.1.2 O-rich Stars

The most important monomers that lead to the production of non-carbonated dust
(e.g., Gail et al., 2009) are Fe, Mg, SiO, and H50O. Ices require sub-200 K tempera-
tures. With temperatures of 700 K or below, the majority of the metallic elements
will have condensed into dust. Most of the silicate condensation occurs at tempera-
tures between 800 and 1200 K. At temperatues above 1500 K the above monomers
are in the gas-phase, but some resilient (called refractory in literature) oxides such
as Al,O3 and CaTiOg, or tungsten, can condense already (Whittet, 2003). While
they contribute little to total dust mass, they may provide the starting seed for nu-
cleation (Onaka et al., 1989). Grains formed around these stars will therefore have
a layered structure, formed progressively as the winds cool. Around minor oxide
seeds, silicates mainly composed of O, Si, Mg, and Fe will form. A thin layer of
ices will coat the grain, but the ice will survive only in protoplanetery systems or
molecular clouds. A stable temperature-pressure phase diagram for species forma-
tion for oxygen-rich stars is shown in Figure 4.4a. The arrow indicates a typical
cooling flow for a red giant or AGB. Silicates form below the bold dot-dashed curve.
CO is stable above the thin dotted curve. Temperatures for the formation of ices,
iron oxide, and serpentine (a hydrous silicate) are relatively invariant with pressure.
Below the + curve for iron oxide, iron can be incorporated into silicates.

Spectra of O-rich AGB stars, planetary nebulae, and other evolved bodies (like
luminous blue variables) confirm this composition. In fact, a common feature of
all these stars are broadless, structureless bands at 10 to 18 um (Henning, 2010),
which are associated with amorphous silicates. Laboratory spectra of olivine-like
compounds, (MgFe),SiOy, fit these features well (Dorschner et al., 1995). It is
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important to note that, in order to reproduce these features, the dust species must
contain iron (Nanni et al., 2016).

Narrow features around 20 and 70 pm could also be caused by olivines and pyroxenes
(Jaeger et al., 1998; Molster et al., 2002). Each star however manifests significant
variability in the detailed chemical composition, grain size, or morphology. Crys-
talline silicates have been detected for the first time (Waters et al., 1996) thanks
to the spectroscopic breakthroughs of the Infrared Space Observatory (ISO), but
they make up only about 10-15% of planetary disks, and survive even less in diffuse
environments. Crystalline silicates are generally iron-poor (Molster et al., 2010),
but amorphous silicates contain Fe either within its chemical makeup (Dorschner
et al., 1995) or in the form of metallic iron, clumped to Mg-rich silicates (Ossenkopf
et al., 1992). The increased sensitivity provided by the Spitzer Infrared Telescope
allowed for dust spectroscopy around evolved stars to be extended to the Large and
Small Magellanic clouds (Kastner et al., 2006; Sloan et al., 2008). In Bressan et al.
(2006), the authors took advantage of Spitzer to detect silicate features due to AGB
stars in the integrated light of Elliptical galaxies.

Olivines, pyroxenes, crystalline or amorphous silicates Crystalline olivines
are thombic systems whose elemental cell is characterized by [SiO4]* interlocked
anion tetrahedra linked by divalent cations of either magnesium (Mgs;) or iron
(F82+). The general formula is Mgy, Fes 5,Si04, with x between 1 and 0. The
mixture of Mg and Fe can vary. Some treat olivine as a solid solution of Mg,SiO4
and FeySiOy.

Pyroxenes form as chains of [SiO3]*" anion tetrahedra. The silicon atom is shared
between two tetrahedra, while the oxygen triplet bonds with Mg or Fe so that these
cations act as links for the tetrahedra chain. The general formula is Mg,Fe; ,SiOs3,
with x again between 1 and 0. Lattice sheets of silicates can only form in aqueous
environments so they are out of the scope of this thesis. For a complete overview,
consult Henning (2010).

Amorphous silicates, while sharing the basic structural units with crystalline sili-
cates, form in a 3D disordered network. The incorporation of the Mg or Fe cations
or other impurities disrupts some of the oxygen bonds, leading to broader spectral
features. Sometimes, Mg can replace silicon in the SiOy4 tetrahedron. From cal-
culations of a stationary planetary disk model, Gail (2004) found that most of the
crystalline silicates will form under 10AU from the star, and that out to 100AU,

silicates will be completely amorphous. 90% will be olivine/pyroxene in a ratio
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roughly 3:1, and the rest will be amorphous quartz, or SiO, (see Figure 4.3). We
can expect this composition to be the one enriching the diffuse ISM with the original

dust grains which will undergo growth processes (see Section 4.3.1).
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Figure 4.3: From Henning (2010), it represents the abundance profile of the major
silicate species for their model of a stationary protoplanetary disk. Amorphous
olivine and pyroxine prevail in the outskirts of the system and are likely the species
to be injected into the diffuse ISM.

4.1.1.3 C-rich Stars

In Carbon-rich stars (C-stars), most of the oxygen is locked into CO molecules above
the pressure-temperature threshold, as marked with the faint dotted curve in Figure
4.4b. The most common monomers produced around red giants and AGBs are C,
Cq, C3, CyHy (acetylene), and CHy (e.g., Whittet, 2003). In the figure, the species
names are located in the regions where they are most likely to form. C-rich stars are
quite common. They derive from red giants of mass smaller than 4M,, and account
for 87% — 89% of the total dust output from cool evolved stars (Boyer et al., 2012).
While Spitzer observations of SMC/LMC stars suggested a dust-to-gas ratio of 0.005
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(a) Temperature-pressure phase dia-
gram illustrating stability zones of ma-
jor solids in an atmosphere of solar com-
position (adapted from Salpeter, 1974,
1977; Barshay and Lewis, 1976). Above
the thin dotted curve, gas-phase CO is
stable and essentially all the carbon is
locked up in this molecule. The most
abundant gas-phase reactants that lead
to the production of solids are Mg, SiO,
Fe and H20. The curved arrow indicates
the variation in physical conditions that
may occur in the outflow of a typical red
giant. Magnesium silicates and solid Fe
condense below the bold dot—dash curve.
At much lower temperatures, Fe is fully
oxidized to FeO (below the curve marked
+++) and may then become incorpo-
rated into silicates. Hydrous silicates
such as serpentine are stable below the
curve marked o o o. Finally, H20-ice
condenses below the continuous curve.
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(b) Temperature-pressure phase dia-
gram illustrating stability zones of solids
in a C-rich atmosphere (adapted from
Salpeter, 1974, 1977; Martin, 1978). So-
lar abundances are assumed except that
the abundance of carbon is enhanced to
exceed that of oxygen by 10%. Above
the dotted curve, gas-phase CO is stable
and essentially all the oxygen is locked
up in this molecule. Other gas-phase
carriers of carbon (C, C2, C3, C2H2,
CH4) are most abundant in the regions
labelled. The curved arrow indicates
the change in physical conditions as-
sociated with a typical outflow from a
red giant. Solid carbon is stable in the
region enclosed by the bold dot—dash
curve. Condensation curves for the car-
bides SiC and Fe3C are also shown. The
broken line above the centre represents
the probable condensation curve for a
hydrogen-deficient atmosphere in which
C, Cy and Cj rather than CyHy are the

primary monomers.

Figure 4.4: As it appears in Whittet (2003)

(e.g., Groenewegen et al., 2009), Nanni et al. (2018) found via SED fitting that the

range of possible dust outputs are wider,

depending on the AGB type. A value of

0.005 represents an upper limit for carbon stars in the VizieR Online Data Catalog
of SAGE SMC evolved stars candidates (Srinivasan et al., 2016), with a AGB-type-

dependent lower limit up to 5 times smaller. In hydrogen-poor atmospheres, like for
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the star R Coronae Borealis, Cy molecules may assemble into hexagonal ring clusters,
nearly devoid of hydrogen. The grains will nonetheless trap metal condensates from
the other elements yielded by the stars. SiC and FesC may act as nucleation centers
for grain condensation (Frenklach and Feigelson, 1989; Martin, 1978), but oxides and
silicates will not form, due to the absence of oxygen trapped in CO. Yet, crystalline
silicates are sometimes observed around carbon stars (Waters et al., 1998). They
are environmental contaminants of the C-star’s previous evolutionary phase as M
star (Vollmer et al., 2008).

For stars that are not severely hydrogen-depleted, acetylene is the main species to

form, especially around red giants.

Polycyclic Aromatic Hydrocarbons (PAHs) Frenklach and Feigelson (1989)
found that the kinetic motion in red giants would lead to the formation of hexagonal
carbon rings known as Polycyclic Aromatic Hydrocarbons (PAHs). The 6 carbons
are connected by alternating double and single bonds, and hydrogen atoms bond
with any remaining valence electron around the rings. In order for these structures
to form from acetylene, the hybridization of carbon atoms must change. In fact,
carbons in acetylene share a triple sp bond with each other, and a single bond
with hydrogen. If an hydrogen atom reacts with acetylene to form a hydrogen
molecule, the radical CoH (with double carbon bonds of sp® hybridization) may
form (Tielens, 1990). This radical is the unit necessary to form a stable aromatic
ring. Rings may grow by annexing more acetylene molecules in the place of hydrogen
atoms, eventually forming planar multi-ringed PAH molecules. As the sites of PAH
formation will be rich in other metals, non-aromatic units will bond with the growing
structure (Duley and Seahra, 1998). Therefore, instead of regular structures, also

PAHs are likely to grow into amorphous carbon dust.

4.1.2 Production by Supernovae

Supernovae are some of the most important dust production events, primarily for
silicates. However, given the large range of physical conditions affecting chemical
processes in various supernovae types, dust production mechanisms are still unclear
(Sarangi et al., 2018).

For example, pair-instability SNe are thought to be among the first enrichers of the
universe, believed to be common among Pop IIT and II massive (> 100M) stars

(e.g., Fryer et al., 2001). Using a chemical kinetic model, Cherchneff and Dwek
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(2009) predicts a dust mass production of 0.1 M, per pair-instability SNe.

Core-collapse SNe Core-collapse SNe occur when electron degeneracy pressure
cannot support the mass of a star core, once it exceeds the Chandrasekhar’s mass
limit of 1.4 M. Most Core-collapse SNe contain hydrogen in their spectra, they
are therefore classified as Supernovae Type II (SNII) (Filippenko, 1997). But also
Type Ib/c, while devoid of H, go supernova via the core-collapse mechanism. These
supernovae originate from massive stars (> 25M) stripped of their outer shell
hydrogen. There are numerous examples of dust production in Type Ib/c, the first
of which was observed by Elmhamdi et al. (2004). These SNe manifest dust within
50 to 500 days post explosion, depending on the cooling rate of the remnant (Nozawa
et al., 2008; Kankare et al., 2014). Their dust yield is quite high, 1.5 M in the case
of Type Ib SN2006jc, up to 0.7 of which is carbonaceous and at least 0.5 a mixture
of silicates and oxides (Nozawa et al., 2008). The must abundant SNII type in the
local universe is Type II-P. With progenitor’s mass in the range 8 — 25M,, their
massive ejecta travel slowly and are rich in gas metals and dust (Szalai and Vinkd,
2013).

There are specific SNII that have been very well studied by several groups in liter-
ature. SN 1987 A in the LMC, for example, is the first case in which newly formed
dust was observed in a supernova remnant (Danziger et al., 1989). Kozasa et al.
(1989) approached the famous SN with classical nucleation theory so to understand
its dust ejecta. From their work, they concluded that at least one third of all the
SN yields must have gone into dust. The species they identified were Mg,SiOy
(forsterite), FesO4, and Al,O3, with forsterite averaging the grain size of 1 pm and
the other two oxide 0.1 pm. Of the 0.23M dust mass formed in SN 1987A, forsterite

is the must abundant with a fraction larger than 0.8.

SN Ia Type la Supernovae (SNe Ia) are thermonuclear explosions of low mass stars
(< 8 M) whose spectra contain singly ionized silicon but no hydrogen. Clayton et al.
(1997) claims that the isotopic C and Si composition of contaminated silicon carbide
extracted from meteorites is characteristic of SNe Ia yields, as well as the relative
abundance of N, Mg, and Ca, and of C/Si isotopes. Hence they suggest that dust
may form in these type of SNe. According to, Nozawa et al. (2011), while it’s true
that SNe Ia may yield dust in the range of 3 x 10™* to 0.2M,, dust will not survive
until ISM injection, due to the powerful reverse and forward shocks of SNe Ia. In

their model, gas temperature evolves with time. A combination of drag forces and
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erosion due to inertial sputtering (see Section 5.2.4.7) destroys all the dust. Gomez
et al. (2012), however, has managed to observe dust around two SNe Ia Milky Way
remnants, Tycho, at a 3kpc exploded in 1572, and Kepler, at 6 kpc exploded in
1604. It remains to this day the only observational evidence of dust production
by SNe Ia. The SNe yielded respectively a high dust mass production of 8.6 and
~ 3.1 x 1073M,,. The authors used Herschel PACS and SPIRE photometry. In this
thesis we adopted a conservative approach akin to Dwek (1998). We assumed that
dust production and condensation efficiency of various dust species follow the same
trends of SNII dust formation.

4.1.3 Other sources

Grain production generally co-occurs with gas-phase metal production. Stars that
yield new metals may form at least trace amounts of dust. It is therefore necessary to
investigate any metal-producing star type as plausible candidate for dust enrichment.
This includes red supergiants and Wolf-Rayet stars. However, recent measurements
show that neither of the two types contributes significantly to the total dust budget.
For example, Boyer et al. (2012) estimated that the dust injection rate of Red
supergiants is 10 times lower than AGBs or SNe.

Wolf-Rayet stars (WRs), despite being some of the hottest stars in existence, do
produce dust far away from their surface, when their radiation field is sufficiently
diluted. One example of stars harboring dust are Carbon-type WRs. They were the
first among WRs to be observed (Allen et al., 1972). Their rate of dust injection is
expected to contribute even less than red supergiants to the ISM dust enrichment.
Breysacher et al. (1999) found, by observing 134 Wolf-Rayet stars in the Small
Magellanic Cloud (SMC), that the gas input rate of these massive stars is less
than 1073M yr~!. Williams (2011) estimated a lower amorphous carbon grain
mass of 1.5 x 107"M yr~! surrounding the Wolf-Rayet star (HD 36402) in the
Large Magellanic Cloud (LMC). In comparison, SNe range well above 1072M, yr—!
(Matsuura et al., 2011).

4.2 Grain-grain interactions

Dust will be subject to a variety of disruptive processes when it undergoes grain-grain
interactions. For example, Borkowski and Dwek (1995) differentiates impinging

projectiles causing grain erosion (a case of sputtering) from the partial grinding
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(vaporization) of a sizable chunk of grain (cratering), and from the catastrophic

fragmentation of the whole grain (shattering) (Figure 4.5a).

i

(a) From Borkowski and Dwek (1995):
A schematic representation of the grain-
grain processes considered in their
model. From top to bottom, sputtering,
cratering, and and catastrophic frag-
mentation (shattering). A similar ap-
proach with different formulation is con-

(b) From Iijima (1987): Electromicro-
graph showing coagulated spherical Si
particles, fabricated in a laboratory by a
gas evaporation method. A typical grain
has a diameter of 0.07um. There are
multiple cases of coagulation occurring
in this image.

sidered in Hirashita and Yan (2009).

On the other hand, laboratory experiments, e.g. Iijima (1987), found that silicate
spheres prepared with a gas evaporation method stick readily to each other in small
(< 0.1um) filaments like "pearls on a string'. They are examples of coagulation, or
sticking of low-velocity grains to each other (Figure 4.5b). The process was studied
in detail by Hertz in the beginning of the 19th Century. Low impact collisions
deform the grains in the region of contact, where van der Waals or chemical forces
bind the two grains, which in the presence of ice, grain growth of volatile molecules,
and more coagulation, stabilize them into larger grains (Tielens, 1989).

Similar structures are observed in extraterrestrial chondritic (stony, not melted,
or otherwise not differentiated from the parent body) porous interplanetary dust

particles retrieved in Antarctic ice and snow Noguchi et al. (2015), regarded as
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possible candidates for cometary dust (Bradley and Dai, 2004), and whose high
deuterium enrichment suggests formation in molecular clouds (7" < 20K).
Temperature and density conditions we will see are important determining factors in
the prevalence of one phenomenon or the other, as the processes are highly sensitive
to the impact velocity of grains, and hot diffuse gas is conducive to high velocities
(Yan et al., 2004) as opposed to cold dense clouds where there is no significant source
of momentum gain.

In this thesis we will follow a modeling of grain-grain processes that distills them into
the two dominant ones: shattering and coagulation. We shall assume that grains
are spherical.

We present in advance the general collisional timescale for the two processes, as it

appears in Aoyama et al. (2017):

1

oUNng

Teoll = (4.1)
Where o ~ ma? is the collisional cross section, v is the typical velocity dispersion,
ng = Dumgny/ %71'@38 is the number density of gas grains, with s being the material
density of dust, u = 1.4 the mean weight of gas particles per hydrogen atom, and
mpy and ng the hydrogen mass and hydrogen gas density respectively. In 7., the
gas and hydrogen number density are assumed to coincide. D is the dust-to-gas
ratio, later referred to as DtG. This all leads to:

4
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Teoll =

When deriving the timescales 7, for shattering and 7., for coagulation, we will
assume characteristic values for the parameters, representative of each process as
explained in these next sections. This parameter is simply the coefficient by which
we will divide a dust mass to obtain its rate of change due to the given process (See

the last section).

4.2.1 Shattering

Inspired by fragmentation theory on asteroids, Biermann and Harwit (1980) pro-
posed that also the grain distribution of dust in the ISM may undergo a similar
fragmentation due to high velocity particle-particle collisions. Tielens (1989) found
that grain disruption starts at velocities as small as 10 km s~!. We call this process

shattering. Shattering affects the continuous spectrum of grain sizes, but it is more
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efficient on grains of larger size (Hirashita, 2010). As we have mentioned in sec-
tion 1.1.2.5, the grain size distribution of the Milky Way and similar spiral galaxies
follows roughly the MRN power law oc a=3% (Mathis et al., 1977). However, dust
factories produce grains biased toward larger grains ~ 0.1pum. This is confirmed
observationally both within AGB envelopes and SNe remnants, as we have briefly

seen in the previous section.
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Figure 4.6: From Hirashita (2010). Based on the Hirashita and Yan (2009) dust
evolution model, The grain size distribution (y-azis). The dashed "initial" line in-
cludes only dust production, skewed to larger grain sizes as per observations from
Section 4.1. Solid and dashed-dotted line include shattering at 5 x 107 yr and 108
yr respectively for silicates (left) and graphites (right) in the WNM. The inclusion
of shattering leads to MW-like curves as represented by (MRN dotted curve). The
hotter WIM as shown in the paper increases the shattering efficiency up to a factor
of 3 for sizes < 0.1pum. Larger grain sizes are not affected.

The evidence is both observational and theoretical. For AGBs, the evidence of
larger sizes first came with Groenewegen (1997) who fitted the SEDs of 44 carbon
Mira variables with a dust radiative transfer model. Hofmann et al. (2001) found
greater variation of size distribution from a spectrograph of oxygen-rich AGBs, the
distribution was close to MRN in their dust-shell modeling. Theoretical studies
such as Winters et al. (1997) and Ventura et al. (2012) show that AGB stellar winds
should produce dust of size 2 0.1um. Another evidence in favor of larger dust species
produced by AGB winds comes from silicon carbide. The isotope composition of this

species suggests an AGB origin (Hoppe et al., 1994). From the analysis of primitive
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meteorites (Amari et al., 1994), the SiC grain size is also high (2 0.1um). Grains
larger than 0.3um surprisingly very close to the grain surface, at twice the stellar
radius, are also found around 3 extreme red giants, using polarimetric interferometry
Norris et al. (2012). For SNe it is reasonable for only large grains to survive, as the
reverse shock is most efficient at destroying smaller grains (e.g., Nozawa et al.,
2007). Case studies confirming the hypothesis of SNII large grain size bias is found
in Section 4.1.2.

Figure 4.6 represents the impact of a shattering model whose formulation is adapted
from Jones et al. (1996). Only in warm diffuse media such as the warm neutral
medium (WNM) and even better in the warm ionized medium (WIM) shattering is
efficient. In these regions there is a compound hydrodynamic and electromagnetic
effect. The drag of the warm gas increases the dust grain speed, but also elec-
tromagnetic fluctuations exacerbate the effect through resonant interactions (Yan
et al., 2004). The WIM physical conditions are such that the timescale, or the
parameter that governs the efficiency of a process, is as small as 10 million years
(Hirashita et al., 2010). In the WIM, it is possible for PAHs to form, as the grain
size distribution is bottom-heavy and exceeds MRN in the lower regimes. The H10
shattering equation treats the grain—grain collision rate and the redistribution of
shattered fragments in the grain size distribution. H10 assumes that grains collide
with each other under the velocity dispersion induced by dynamical coupling with

interstellar turbulence.

4.2.2 Coagulation

Coagulation is the other grain-grain interaction considered in this thesis. Also this
process acts essentially on the grain size distribution, and works in the opposite
direction to shattering, i.e. it bonds smaller grains into larger ones. These two
processes however work in mutually exclusive environments. As we’ve just seen,
shattering is only efficient in warm to highly ionized hot media. Coagulation on the
other hand occurs only in molecular clouds.

Chokshi et al. (1993) offers a detailed analysis of coagulation using elastic continuum
theory on a variety of dust species: quartz, polystyrene (an aromatic hydrocarbon
polymer), graphite, iron and ice. The most important parameter is the critical speed,
which will be material-dependent. The dust species will affect the material elasticity
as well as the interface energy for bonding. What does not cause significant changes

is the sphericity of the grain, as it affects very little the efficiency of coagulation.
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(a) The models turn shattering on (b) The models turn coagulation on
(dash-dotted lines) and off (dashed (dashed-triple dotted lines) and off

lines). Coagulation is always off. (dash-dotted lines, identical to Fig.
4.7a).  Shattering is included in all
curves.

Figure 4.7: From Asano et al. (2013). The grain abundance as a function of
grain size. The one-zone model treats dust evolution in MW-like galaxies. Both
plots include dust production by stellar channels, dust growth in the ISM, and dust
destruction by SN shocks. Curves are color-coded according to the age of the galaxy:
red is the youngest at 100 Myr old, blue is at 1 Gyr, Purple is the oldest at 10 Gyr.

Sphericity is a handy assumption in deriving the process timescales. Chokshi et al.
(1993) has found that the sticking efficiency increases by at least a factor of 3 if not
more for graphites and quartz (a crystalline silicate) in the presence of a thin ice
mantle on top of the refractory core. This is a common occurrence for molecular
gas grains whose average temperatures are 80 K (Table 1, Introduction, Krigel,
2008). Approximations and assumptions on grain size and material density simplify
the Chokshi et al. (1993) coagulation timescale to Eq. 4.2 for velocities below the
critical. We will assume a fiducial value of 0.1 km s™!. Aoyama et al. (2017) explored

a variation of this value, which does not affect the total dust mass production.

In Figure 4.7 we compare the effect of turning coagulation and shattering on and off
within the comprehensive one zone spiral galaxy model Asano et al. (2013) which
includes shattering, coagulation, accretion, SN destruction, and stellar winds. In
4.7a, the dashed curve is the lognormal dust production distribution for various
time intervals from red, 0.1 Gyr, to purple, 10 Gyr. Shattering of the dash-dotted

lines takes at least 1 Gyr to pile a bump of smaller grains of the same order to the
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larger production bump. The bump peaks at a small size of ~ 0.001um. After 10
Gyrs, smaller grains dominate by at least 2 dex over larger grains, and the grain
size peak shifts to a larger ~ 0.01um. Via the process of shattering, dust clusters
and behaves differently in two size regimes. One roughly below 0.03 pm, and one
above. Shattering is a disruptive process that, in a grain size distribution, drifts
larger grain sizes to smaller ones. Below 0.03um, shattering hardly has any such
effect, therefore it is only efficient in regimes above this limit.

In Fig. 4.7b the model with shattering is reproduced again with dash-dotted line
for the 3 galactic evolution times. In dash-triple dotted line we see how the model is
affected by coagulation. The abundance of larger sizes (> 0.2um) is never affected
by coagulation. In the model in fact larger grains are coupled with larger-scale
turbulence, causing them to gain high velocity dispersions above the critical velocity,
hence halting coagulation. We also do not observe significant changes due to the
coagulation contribution to smaller grains, as their abundance is low. At 10 Gyr,
shattering has had the time to produce sufficient small grains to render coagulation
effective, so coagulation shifts the peak of the small grain bump toward a larger
size, still below 0.1um. Here, the regime of coagulation efficiency is complementary
to shattering. In fact, it is primarily grains at the ~ 0.01um peak to drift to larger

sizes and has negligible effects on larger grains.

4.3 Gas-grain Interactions

Atoms colliding on the surface of a grain may attach (adsorb) and may migrate
on said surface, interacting with other atoms and desorbing. Gas-grain interactions
are also another major source of mass growth, via the process of accretion, or the
attachment of gas-phase molecules onto a grain surface. The process may be physical
or chemical. The physical attachment requires binding energies < 0.1 eV and are
driven by weak van der Waals forces (Whittet, 2003). The many lattice defects
and impurities enhance the chemical reactivity of dust species (Duley and Williams,
1984). However, this approach to accretion modeling is not practical. We will next

investigate an efficient way to model accretion while producing reliable results.

4.3.1 Accretion

Accretion is an important gas-grain growth mechanism that may increase by several

factors the total dust mass, and it is often a necessary mechanism to describe high
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redshift galaxies (Dwek, 1998; Zhukovska et al., 2008; Draine, 2009). It is the most
efficient in dense regions, like molecular clouds. It consists in the deposition of
gas-phase metals onto grain surfaces, hence enlarging thier size.

One of the best proofs for the existence of accretion consists in the flattening of the
extinction curve in molecular clouds (Mathis, 1990; Cardelli et al., 1989), justifiable
by a larger grain size in combination with significant depletion of gas-phase elements
(Voshchinnikov and Henning, 2010). Also this depletion is consistently observed in
molecular clouds (Savage and Sembach, 1996). In order for accretion to occur,
naturally the ISM has to be fairly enriched with refractory metals (Draine, 2009).
Volatile elements like nitrogen and oxygen may evaporate as quickly as they accrete,
whether refractory elements (with a high condensation temperature) will survive

beyond the cold molecular phase.

Whittet (2003) derives the timescale for accretion stating all the relevant assump-
tions, namely the kinetic temperature, density of the gas (Spitzer, 1978), the spheric-
ity of the grain, etc.. The mean speed of a particle in a Maxwellian distribution of

velocities is

U= (8”9) ’ (4.3)

m™m

where T}, is the gas temperature. As the principal adsorption concerns atomic hy-
drogen and the typical temperature of a molecular cloud is 80K (Table 1.1), equa-
tion (4.3) gives vy ~ 1.4 km s™1.

Chokshi et al. (1993) finds that the shape of a microscopic dust grain does not affect
significantly the grain-grain interaction, therefore it is safe to simply calculations by
considering grains of spherical radii. The collisions per second of hydrogen atoms
onto a grain of size a is given by ma’ny vy, where ny is the gas number density.
The colliding atom may be accreted or returned into the medium, with accretion
probability, the sticking coefficient, 0 < & < 1. Therefore the accretion timescale, or
its mean free time, will be given by the reciprocal of the number of atoms accreted

per second:

1

C malnpiy

o (4.4)

There is some debate on which value the sticking coefficient will take. The value
depends on the chemical species on the surface of the dust, on environmental con-

ditions and dust properties such as temperature. Some laboratory data suggest &
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values not larger than 0.1 (Nagahara and Ozawa, 1996) this value is adopted by i.e.
Nanni et al. (2016). Other works find that if the grain is amorphous, the sticking
coefficient will £ ~ 1 (Tielens and Allamandola, 1987).
Combining Equation 4.3 with the accretion rate equation we get:
dmg _ 2 1/2
prale Eman(8kTym/m) (4.5)

Where this time n is the number density of a dust population of identical masses

m. From here we can obtain the grain rate of growth:

% . 1 dmd
dt  4mwa?s dt

Where s is the density of the newly formed mantle. If the growth rate and s are

(4.6)

constant with time, integrating Equation 4.6 gives a = ay + Aa(t) where qq iss the
seed radius. The thickness of the mantle will then be Aa(t) = 0.4fns*1(kTgm)%t,
which is independent of the grain radius. With time, all grains will grow mantles
of equal thickness. Therefore, the dust mass growth will occur more efficiently on

dust of smaller size. We will use this observation in the next chapter.

4.3.2 Destruction

As seen in the previous section, several studies confirm that grain-grain collisions
are not a significant source of dust destruction, rather they mainly alter the grain
size distribution. The major source of destruction is sputtering, or the collision of
energetic particles with dust grains, slowly eroding the grain.

There are two forms of sputtering that concern dust, one non-thermal and the
thermal. If the charged particles velocity follows a Maxwell-Boltzmann distribution,
they are thermal. Otherwise they’re non-thermal. Usually, warm /ionized diffuse gas
( density < 0.25 cm~3, temperature > 10* K) is associated with thermal sputtering,
whether SNae shocks are the major source of non-thermal sputtering. Thermal
and non-thermal sputtering have characteristic velocities associated with each type,

I and

with thermal sputtering typically consisting of velocities above 150 km s~
non-thermal sputtering ranging 50 < vyoen—7n < 150 km s* (Tielens et al., 1994).
Sputtering will destroy dust, small grains more efficiently than larger, but will not
contribute significantly to the production of smaller grains (with grain radius smaller
than ~ 0.01 microns) from larger grains (Nozawa et al., 2006).

Physical sputtering generally refers to the process by which highly energetic ions
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bombard a surface, in our case the grain’s, to the point that the grain is eroded
away. Electrons are not capable of transferring energy efficiently during collisions
(Scalo, 1977) so they do not contribute to sputtering. Physical sputtering may be
thermal or non-thermal. Thermal sputtering is driven kinetically by a hot gas, non-
thermal sputtering occurs when dust and gas move rapidly with respect to each
other (for a review, Dwek and Arendt, 1992). Sputtering may also be chemical,
and consists in the gradual desorption of dust material from the grain surface in low
velocity collisions with particular molecules (i.e. Hy). This is not a process we have

considered in our present work.

4.3.2.1 Thermal sputtering

Hot (> 10° K) gas is a harsh environment for dust. Dust grains are subject to
collisions with highly energetic photons, as well as Helium ions. From the compu-
tations first of Draine and Salpeter (1979) and then of Tielens et al. (1994), Tsai
and Mathews (1995) adopted the analytic form of sputtering for both graphite and

da ([ p To\“ -

S=-h( L) |(3) +1 47

i = () () 47
This rate equation computes how fast a grain size a diminishes with time as a
4

silicate grains:

function of gas density p and temperature 7. The h = 3.2x 107'® cm* 57! parameter
depends on the grain density for grains and silicates. The equation is a well fit to
these two main dust species when w = 2.5 and Ty = 2 x 10° K.

From Eq. (4.7) Tsai and Mathews (1995) extrapolated the sputtering timescale as:

da|™

o (4.8)

Tsp = @

and therefore
a Tspo)w
o = Ts _ b7 1 4.9
Top T Tond (”gcw) [( T " ] (49)

4.4 'The Two-size approximation

To summarize the picture that emerges from the Asano et al. (2013) model, dust is

originally produced by SNII and AGBs. The grain size distribution for production
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Process Small grains | Large grains | Total
Stellar ejecta A N Ve
Accretion Ve A Va
Shock destruction Ny N Ny
Coagulation N Va —
Shattering N N —

Table 4.1: From Hirashita (2015), a summary table of the processes involved in
their model.

is high in the microns. When the system reaches a certain metallicity referred to
as critical metallicity, shattering efficiently produces grains of smaller size. Small
grains, having more total surface per unit mass, are efficient at accretion, which
dominates mass growth beyond the critical metallicity. Coagulation shifts back the

grains toward larger sizes.

The recurrent pattern in these processes is that each affects differently the two
size regimes. There is no fixed limit that divides the two size populations, as it is
dependent on parameter choices. However, the separation falls somewhere between
0.01 and 0.1 pm. With cosmological simulations in mind, Hirashita (2015) proposed
an approximation (Table 4.1) to the Asano et al. (2013) model. He questioned
whether a binary discretization of grain sizes could reproduce statistical properties

of galaxies.

Figure 4.8 displays a Monte Carlo simulation obtained by varying the timescales of
dust processes. The method was previously applied by Mattsson et al. (2014) to
predict the dust-to-gas ratio on a different model. Accretion and coagulation range
between 10° and 10® yrs, shattering between 107 and 10° yrs. On the log of each pa-
rameter is assumed a uniform distribution between the given ranges. The logarithm
of the metallicity is taken to be uniform as well. On top of the mentioned processes,
the Hirashita (2015) model also varies SN destruction, stellar ejecta condensation,
and star formation, all of them with uniform logarithmic distribution. On these
arrays, they computed 10° random parameter combinations, and ran the Hirashita
(2015) model to compute the dust-to-gas ratio vs metallicity tracks for the top
plot, and the ratio between small grain mass and large grain mass (Dg/Dy, where
Ds = Mg/M, is the small grain mass to total gas ratio, and similarly Dy, = M /M,

for large grains) vs metallicity Z for the lower plot. The color maps represent the
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Figure 4.8: From Hirashita (2015). Probability distribution on the D — Z and
Ds /D" Z planes for the Monte Carlo simulation with randomly selected values of
the parameters. The probability P at each metallicity is shown with the colour
maps. The scale is shown in the colour bar above the figures. For reference, we also
plot observational data for nearby galaxies taken from Rémy-Ruyer et al. (2014)
(diamonds with error bars). The arrows show the upper or lower limits depending
on the direction.
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probability of having evolutionary tracks on a given region of the phase space.

At low metallicity, the top plot is nearly constant. In this regime, only the stellar
ejecta condensation affects the D — Z relation. The condensation, being uniform,
leads to the uniform probability in the range of possibilities. At metallicities higher
than 0.1Z; accretion supersedes as dominant dust growth mechanism. Therefore,
the lower band up to Z/Z, = 1 is caused by stellar event production, and the upper
red band starting from 0.17/Z, is caused by accretion. On top of them in black is
the data of nearby galaxies from Rémy-Ruyer et al. (2014).

A m
1.0 0.5 0.3 B.LZ ] 0.15 0.12

! S MRN

| (2) :

.10 L MRN £ lognormal Va

(9] F ]

T : E

W e E

oo 10 E lognormal 3 _RE E

S : E

4 (b) 3

10729 ) ) 0k | | | I 3
0.001 0.010 0.100 1.000 0 2 4 6 8 10

a [pum] 1/X [pm™]

Figure 4.9: From Hirashita (2015): (a) Comparison between the two grain size
distribution models (MRN and lognormal models) with the same small-to-large grain
abundance ratio. The grain size distributions are presented after multiplying by
a* to show the mass distribution in each logarithmic bin of the grain radius a.
(b) Extinction curves calculated with the lognormal and MRN models (solid and
dotted lines, respectively). The extinction is normalized to the value for the V band
(0.55pum). The filled squares are the observed mean extinction curve of the Milky
Way taken from Pei (1992).

In Figure 4.9, Hirashita (2015) tests the two-size approximation on the Milky Way
extinction and against MRN (Mathis et al., 1977). They extrapolated from the

two grain sizes the continuous lognormal distribution using the following function,

adopted to ensure a lognormal mass distribution o< a®n;(a):
Ci [h’l (CL/CLOJ)]2

Where n;(a)da is the number of grains per hydrogen nucleus (between a and a+da).
i identifies small (i = S) or large (i = L) grains. ag, the grain radius (0.005um for
small and 0.1um for large) and o = 0.75 the standard deviation of the lognormal

distribution. C; is the normalization constant dictated by solving:
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o 4
/LmHDi:/O gwassni(a)da (4.11)

Which, as we’ve seen for Eq. 4.2 are p = 1.4, the gas mass per hydrogen nucleus.
my is the hydrogen atom mass, s is the material density of a dust grain. a mixing of
silicate to carbonaceous dust is assumed (0.54:0.46) as well as the small-to-large grain
abundance ratio of 0.30:0.70 from the MRN model, known to reproduce well the MW
distribution. MRN (o< a™3%) is plotted in the radius range of 0.001 — 0.25um.

In the grain distribution plot, the lognormal and MRN models are congruent except
for the lognormal small grain excess deriving from small graphite grains. This excess
also causes a deviation of less than 20% in the extinction curve bump around a

wavelength of ~ 0.22um.

These checks show that the two-size approximation is a viable alternative to a con-
tinuous grain size distribution, as it still produces meaningful dust abundances and
properties such as extinction and grain size distribution.

From the general collisional timescale (Eq. 4.2) we are now ready to obtain the
timescales for shattering and coagulation. As applied to the two-size approximation,
the dust-to-gas ratio will include only large grains for shattering and small grains
for coagulation. Shattering will depend on the gas number density of the warm
diffuse gas, whether coagulation, as we’ve seen, will be a function of the collisional
velocity. The normalization of the velocity is taken from the Yan et al. (2004) study
on magnetodynamic turbulence. From the same paper, the velocity of large grains
for shattering is taken to be 10 km s~!. The 1 cm~2 normalization is an upper limit
on the number density a gas may have in the WNM. The material density s from the
collisional timescale is taken to be 3 g cm™ for a typical dust grain of unspecified

composition.

4.4.0.0.1 Theoretical reference values In Figure 4.10 I plot a popular pre-
scription for the number density of the grain size distribution from Weingartner and
Draine (2001), the fourth line of table 2 in their paper. This grain size distribu-
tion provides an excellent fit for Milky-Way like extinction curve. I also assume
Ry = 3.1. The green/cyan curve refers to silicate dust, the red/blue line is car-
bon dust. The magenta vertical line separates the large and small grain sizes in
the Hirashita (2015) model. The mass ratios as shown in the legend, I compute
the integral of the two curves above and below the Hirashita threshold, and I then

combine them in different ratios of interest. In the next chapter, when I will present
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small and large grain evolution within our cosmological simulation, I will refer back
to these reference value to check how, without any calibration, our numbers hold

against these spiral galaxy like expected values.

Weingartner + Draine 01, model 4

102: T T TTTT T T TTTTT] T TTTTTT] T T TTTTH
- — C a<ay, — C a>a, .
| — Sil a<a — Sil a>ay |
oE' — — H15 cutoff .
S 101k _
i §
Fof 3
=
T:m B 7]
< o[ ]
g@ 10 = M(Cg4/Cp) ( d.): 0.201 =
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Figure 4.10: Grain size distributions for model 4 of Weingartner and Draine (2001),
split by dust species (graphite/carbonaceous dust - C, or Silicates - Sil), model
paramters to join the piecewise functions for graphite a;, = 0.0837um and silicates
ats = 0.171pum, and the Hirashita (2015) threshold of separation (magenta line)
between small grains and large grains of 0.03um. Labels show various significant
ratios such as small grain vs large grain mass ratios for C and Sil, total small grains
vs large grain mass ratio, total C over total Sil, and Carbon over total, as labelled.
These are the theoretical reference values against which we will compare the results
from our simulation.
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Dust evolution in Galaxy Cluster

Simulations

In this chapter we will explore a state-of-the-art treatment of the processes affecting
the production and ISM evolution of carbonaceous and silicate dust grains within
SPH simulations. We trace the dust grain size distribution by means of a two-
size approximation. We test our method on zoom-in simulations of four massive
(Mayyy > 3 x 10" M) galaxy clusters.

We predict that during the early stages of cluster assembly at z 2 3, where our
simulations peak in star formation activity, the proto-cluster regions are rich in
dusty gas. The processes occurring in the cold ISM enhance the dust content by a
factor 2 to 3 compared to the case where we include only production and destruc-
tion. Throughout their evolution, dust properties turn out to vary significantly from
those observationally derived in the average Milky Way, values which are commonly
adopted in calculations of dust reprocessing. We show that these differences may
have a strong impact on the predicted spectral energy distributions. At low redshift
in star forming regions, our model reproduces reasonably well the trend of dust
abundances over metallicity observed in local galaxies. However, we under-produce
by a factor of 2 to 3 the total dust content of clusters estimated observationally at
low redshift (z < 0.5) using IRAS, Planck and Herschel satellite data. This discrep-
ancy does not subsist if we assume a lower sputtering efficiency, which erodes dust
grains in the hot Intracluster Medium (ICM). !

!This Chapter is based on results appearing in the paper Gjergo et al. (2018). In this chapter
will converge all the concepts introduced or explored in the previous chapters.
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5.1 Introduction

A significant fraction of metals present in the interstellar medium (ISM) is depleted
from the gas phase and locked into small solid particles, the cosmic dust. The
size of these particles is distributed over a broad range, from a few tens of A up
to a few um. In the Milky Way, about 50% of the metal mass, or about 1% of
the ISM mass, is in dust. Theoretical works (e.g. Dwek, 1998) predict the first
percentage to be roughly constant, and as a consequence the second is approximately
proportional to the ambient gas metallicity Z,,,. This estimate is confirmed by
observations of metal-rich galaxies, but it is subject to a broad scatter. On the
other hand, low metallicity dwarf galaxies, having a low dust-to-gas (DtG) mass
ratio, deviate substatially (e.g. Galametz et al., 2011; Rémy-Ruyer et al., 2014). As
for the detailed chemical composition of dust, as a first approximation it is accepted
that dust consists of two major chemical classes: one carbon-based, and another
named “astronomical silicates", composed of essentially four elements, O, Si, Mg
and Fe. This is supported by depletion and dust-reprocessing studies (e.g. Draine,
2003; Jenkins, 2009, and references therein).

Despite this deceivingly reassuring summary of cosmic dust properties, it is clear
that the situation is much more complex (e.g. Jones, 2013, and references therein).
All the above mentioned properties of dust represent only the average at late cosmic
times. However, observations show significant deviations, both from galaxy to galaxy
in the local Universe, and within different environments of the Milky Way itself.
Moreover, observations suggest substantial differences at early cosmic times. From
a theoretical perspective, this is all but surprising. Indeed, dust grains constitute a
living component of the ISM. Once dust grain seeds are produced, mostly in stellar
outflows, they are subject to several evolutionary processes in the ambient gas,
whose effectiveness depends on the physical and chemical gas conditions, as well as
on the properties of the grains themselves. These processes, which we will describe
in Section 5.2.4, alter the abundance, chemical composition and size distribution of
dust grains.

Most galaxy properties cannot be described accurately without accounting for dust.
For instance, the chemical species that dust depletes are key ISM coolants. More-
over, dust surfaces catalyze the formation of molecular species such as Hy (e.g. Bar-
low and Silk, 1976). H, is the primary constituent of molecular clouds (MCs), the
star formation sites. Among all dust effects, the best studied is the dust reprocess-

ing of radiation emitted by astrophysical objects. Therefore, dust is of paramount
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importance in interpreting observations. Dust absorbs efficiently stellar (or AGN)
UV and optical light. The absorbed energy is thermally re-emitted in the IR, mostly
at A > a few pum, with a peak at about 100 pgm. In the local Universe, dust con-
tributes only to less than 1% of the ISM mass. Despite being so scarce, it reprocesses
about 30% of all the photons emitted by stars and AGNs (Soifer and Neugebauer,
1991). The reprocessed fraction increases as a function of the specific star formation
activity of galaxies (Sanders and Mirabel, 1996). This is because in star forming
objects, the primary radiative power originates from young stars, which are close or
still embedded in their parent MCs (Silva et al., 1998; Granato et al., 2000; Charlot
and Fall, 2000). Thus, IR turns out to be a very good observational tracer for star
formation (eg Kennicutt and Evans, 2012). It is worth noticing that the absorption
and scattering cross sections of grains depend not only on their composition but
also, and strongly, on their radius a?. Therefore, reliable galactic SED models must
take dust size distribution into account (Silva et al., 1998).

In this work, we implement within the GADGET-3 SPH code a state-of-the-art treat-
ment of the processes affecting the production, evolution and destruction of car-
bonaceous and silicate dust grains. We model the size distribution of dust grains
by means of the two-size approximation developed by Hirashita (2015). His work
demonstrates that it is possible to reproduce the broad results of a full grain-size
treatment just considering only two well-chosen representative sizes. The compu-
tation of this solution is not very demanding and therefore it is well-suited for
cosmological simulations. Moreover, the method can be generalized in the future to
increase the number of grain sizes.

While the GADGET-3 code is suitable for simulations of galaxy formation, we apply
it here to zoom-in simulations of two massive (~ 10™M,) and two smaller (~
5 x 10 M) galaxy clusters. We are mainly interested in the high redshift stages,
where the star formation activity is at its maximum, and the proto-cluster regions
are rich of cold dusty gas. The first aim of our dust evolution model is to couple it
in the near future with post-processing radiative transfer computations. We plan to
replace the uncertain assumptions on the dust content, chemical composition, and
size distribution, with estimates derived from the computation of these properties
in the simulated ISM. The presence of dust production and evolution will allow, at
a second stage, to account for the role of dust as a catalyst for the formation of
molecules; as well as the impact of gas heating and cooling due to dust (Montier
and Giard, 2004).

2Usually dust grains are simply approximated by spheres.
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A few groups have successfully included some aspects of the evolution of dust con-
tent of the ISM within hydrodynamical simulations (e.g. Bekki, 2013; McKinnon
et al., 2016, 2017; Aoyama et al., 2017; Hou et al., 2017).Another possibility is to
investigate the problem by means of post-processing computations (e.g. Zhukovska
et al., 2016) or within semi-analytic models Popping et al. (2017). However the
present work provides a more comprehensive description of dust as we predict both
the size distribution and the chemical composition of dust grains at the same time,
self consistently with a full treatment of the chemical evolution of the ISM. More-
over, while the focus of the aforementioned papers was on galactic disks, our work
represents the first attempt to trace the evolution of dust component in simulations

of galaxy clusters.

We follow Dwek (1998) in using a notation for metallicity that specifies when we
refer to metals in the gas form Z,,,, metals in the solid form, i.e. dust Zg,s, or the
sum of the two Z,;,;. This is not a standard convention as in other works dealing with
the evolution of the dust in the ISM, the symbol Z has been employed to refer to
the total metal fraction (metallicity) of the ISM (e.g. Calura et al., 2008; Hirashita,

2015), including both metals in gas and metals locked up in solid state grains.

This chapter is organized as follows: in Section 5.2 we describe the model. We give a
brief overview of our cosmological simulation set and we present our implementation
of the dust evolution model. In Section 5.3 we describe and analyze the outcome
of said dust model for a variety of global and internal properties. We also offer a

preliminary data comparison.

5.2 Model

After implementing a treatment of dust evolution, in this work we re-run and analyze
four zoom-in simulations for the formation of massive galaxy clusters, taken from
a sample already presented in a number of papers by our group. We recall briefly
in this section the main aspects of these simulations, while we refer the reader in
particular to Ragone-Figueroa et al. (2013) and Ragone-Figueroa et al. (2018) for
further numerical and technical details. The modifications introduced to take into

account the evolution of dust in the ISM are fully described in Section 5.2.4.
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5.2.1 The parent sample of simulated clusters

The full set of initial conditions describe 29 zoomed-in Lagrangian regions, selected
from a parent DM-only and low resolution simulation of a 1 h~! Gpc box. The
regions are built to safely contain the 24 dark matter halos with My > 8 x 10
and 5 smaller ones with Moy = [1 —4] x 10 3. We adopt the following cosmological
parameters: Q,, = 0.24, O, = 0.04, ny = 0.96, 05 = 0.8 and Hy = 72 kms—* Mpc!.
These regions are re-simulated with a custom version of the GADGET-3
code (Springel, 2005) to achieve better resolution and to include the baryonic
physics. The mass resolution for the DM and gas particles is mpy = 8.47 x 108 and
Mgas = 1.53 X 10%, respectively. Note that the latter value is the initial mass of gas
particles. However, as described in Section 5.2.1.1, during the simulation these par-
ticles can decrease their mass by spawning up to 4 stellar particles, to simulate star
formation. On the other hand, they can also gain mass due to gas ejecta produced
by neighborhood stellar particles. Thus the mass of each gas particle evolve with
time. At z = 0, the 5% and 95% percentiles of their mass distribution turns out to
be 0.6 and 1.06 the initial value respectively.

For the gravitational force, a Plummer-equivalent softening length of e = 5.6 h~1 kpc
is used for DM and gas particles, whereas ¢ = 3 h~! kpc for black hole and star par-
ticles. The DM softening length is kept fixed in comoving coordinates for z > 2 and
in physical coordinates at lower redshift. To treat hydrodynamical forces, we adopt
the SPH formulation by Beck et al. (2016), that includes artificial thermal diffusion
and a higher-order interpolation kernel, which improves the standard SPH perfor-
mance in its capability of treating discontinuities and following the development of

gas-dynamical instabilities.

5.2.1.1 Unresolved physics

Our simulations include a treatment of all the unresolved baryonic processes usually
taken into account in galaxy formation simulations. For details on the adopted im-
plementation of cooling, star formation (SF), and associated feedback, we refer the
reader to Planelles et al. (2014). In brief, the model of SF is an updated version of
the implementation by Springel and Hernquist (2003), in which gas particles with a
density above 0.1 cm ™ and a temperature below Ty p, = 5 x 10° K are classified as

multiphase. Multiphase particles consist of a cold and a hot-phase, in pressure equi-

3 Msgg (Ms00) is the mass enclosed by a sphere whose mean density is 200 (500) times the critical
density at the considered redshift.
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librium. The cold phase is the star formation reservoir. At each timestep, multiphase
particles can stochastically spawn non-collisional star particles, each representing a
simple stellar population, with expectation value consistent with the star formation
rate. The latter is computed on the basis of the physical state of the particle. Each
star-forming gas particle can generate up to N, (=4 in our simulations) star par-
ticles. The Ny-th event, when it occurs, consists in the complete conversion into a
star particle. We implement kinetic feedback following the prescription by Springel
and Hernquist (2003), in which a multiphase star-forming particle has a probability
to be loaded into galactic outflows (we assume v, = 350km s~* for the outflow ve-
locity). This probability is set to generate on average an outflow rate proportional

to the star formation rate, with a proportionality factor of 2.

A full account of the AGN feedback model can be found in Appendix A of Ragone-
Figueroa et al. (2013), with some modifications described in (Ragone-Figueroa et al.,
2018). We refer the reader to those papers for the numerical details. In short
the BHs are represented by collision-less particles, seeded at the center of a DM
halos when they become more massive than M, = 2.5 x 101'A~! Mg, and do not
already contain a SMBH. The initial BH mass at seeding is Meeq = 5 - 105h71 M.
We reposition at each time-step the SMBHs particle at the position of the nearby
particle, of whatever type, having the minimum value of the gravitational potential
within the gravitational softening. The SMBH grows with an accretion rate given
by the minimum between the a-modified Bondi accretion rate and the Eddington
limit. The formula for the a-modified Bondi accretion rate:
ArG* M3y p

e (5.1)

Moot =0 (c2+ vy
is applied separately to the hot and cold gas components. The threshold between
the two components is set at 7' = 5 x 10° K, and the adopted values of the fudge
factor o are 100 and 10 respectively. This distinction between cold and hot accretion
modes has been inspired by the result of high resolution AMR simulations of the
gas flowing to SMBHs (Gaspari et al., 2013). BHs particles merge when they fall
within the gravitational softening. The accretion of gas onto the SMBH produces
an energy determined by the radiative efficiency parameter €¢,. Another parameter
e defines the fraction of this energy that is thermally coupled to the surrounding
gas. We calibrated these parameters to reproduce the observed scaling relations of
SMBH mass in spheroids. Here we set €, = 0.07 and ¢; = 0.1, Finally, we assume

a transition from a quasar mode to a radio mode AGN feedback when the accretion
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rate becomes smaller than a given limit, M BH/ M pda = 1072, In this case, we

increase the feedback efficiency ey to 0.7.

5.2.2 The model for chemical enrichment

Stellar evolution and metal enrichment follow Tornatore et al. (2007). The produc-
tion of heavy elements considers separately contributions from Asymptotic Giant
Branch (AGB) stellar winds, Type Ia Supernovae (SNIa) and Type II Supernovae
(SNII), which is required also when implementing the production of dust from the
different stellar channels (Section 5.2.4.1). Whereas all three types of stars con-
tribute to the chemical enrichment, only SNIa and SNII provide thermal feedback.
In addition, as described in Springel and Hernquist (2003), kinetic feedback from
SNII is implemented as galactic outflows with a wind velocity of 350 km s~!. The
initial mass distribution for the star population is described by the initial mass func-
tion of Chabrier (2003). We assume the mass-dependent lifetimes of Padovani and

Matteucci (1993) to account for the different time-scales of stars of different masses.

To estimate the production of metals due to the evolution of stellar particles, we
consider different sets of stellar yields, as detailed in Biffi et al. (2017). We trace
the production and evolution of 15 chemical elements: H, He, C, Ca, O, N, Ne, Mg,
S, Si, Fe, Na, Al, Ar and Ni. Consistently, metallicity-dependent radiative cooling
of gas is calculated by taking into account the contribution of these 15 chemical
species. The code do not include any special treatment of metal diffusion, although
it accounts for the spreading of metals (both in gaseous and dust form, see below)
from star particles to the surrounding gas particles by using the same kernel of the
SPH interpolation. This is mainly done in order to avoid a noisy estimation of
metal-dependent cooling rates. Therefore heavy elements and dust can be spatially

distributed after that only via dynamical processes involving the metal-rich gas.

5.2.3 The test subsample for this work

To test our implementation of dust evolution we select 4 of the 29 zoomed-in regions.
Two of them, dubbed D2 and D3, belong to the small mass sample of 5 regions
discussed above, while the other 2, D1 and D6, are in the large mass sample. Their
respective Moo at z = 0 are 5.4, 6.8, 11.8, and 17.5 x 104 M. Most of the following

analysis refers to the main cluster of region D2.
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5.2.4 Dust formation and evolution

We implemented within our version of GADGET-3 a treatment of dust evolution sim-
ilar to that introduced by Hirashita (2015) and Aoyama et al. (2017), with some
modifications. We anticipate them here for the sake of clarity, before detailing our
approach in the rest of this section: (i) We take advantage of a detailed treatment
of chemical evolution (Section 5.2.2), which tracks individually several heavy ele-
ments instead of just the global metallicity. Therefore we can follow separately the
fate of the two distinct dust chemical phases which are believed to populate the
ISM, namely carbonaceous and silicate grains; (ii) rather than considering just the
instantaneous ISM dust pollution due to SNII explosions, we are able to properly
compute also the delayed effect of SNIa explosions and of AGB stars winds; (iii) we
take into account also the dust erosion caused by thermal sputtering, which becomes

dominant in the hot intra-cluster medium (ICM).

As for the chemical composition of dust, we adopt the standard view, supported
by depletion and radiative studies (e.g. Draine, 2003; Jenkins, 2009, and references
therein), that dust composition is dominated by C, O, Si, Mg and Fe. These el-
ements are believed to be organized in two major chemical classes, one composed
mostly by carbon and another one composed by "astronomical silicates", comprising
the four latter elements. More specifically, we accept that the former one is rea-
sonably well approximated for our purposes by pure C grains, and the latter one
by Olivine MgFeSiO, grains (Draine, 2003). We explicitly note that the majority
of radiative transfer computations in astrophysical dusty media are done adopting
optical properties of dust grains calculated according to these assumptions. How-
ever it is also worth pointing out that our treatment can be immediately adapted
to different dust composition models, as long as the relevant elements are included

in the chemical evolution treatment described in Section 5.2.2.

As in Aoyama et al. (2017), we account for the grain size using the two-size ap-
proximation proposed by Hirashita (2015), which has been derived from the full
treatment of grain size distribution put forward by Asano et al. (2013). In the two
size approach, just two discrete size populations are considered to represent the
whole continuum range of grain radii a. We refer to the two populations as large
and small grains. This is justified by the fact that the various processes affecting
dust population in the ISM act differently in these two representative populations.
The boundary between them is set by Hirashita (2015) at a ~ 0.03 yum. We thus

track four types of dust grains: large and small carbonaceous grains, and large and
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small silicates grains.

It is worth pointing out that specifying the grain size distribution, albeit minimal,
has a two-fold effect. It allows a more realistic treatment of the evolution of dust
population, and it is also useful for post-processing computations involving radiative
transfer that we plan to include in the next future. Indeed, the optical properties of
grains strongly depends on their size. The two-size approximation allows for such a
grain size treatment without affecting too heavily computation times and memory
requirements. In the present application the overhead of computing time arising
from the inclusion of dust evolution is limited to less than 20 per cent.

This two size approximation has been already adopted in previous simulations works
(Hou et al., 2016, 2017; Chen et al., 2018b) which also tracked separately carbon
and silicate dust. Note however that their simulations used a simplified treatment
of chemical evolution, the Instantaneous Recycling Approximation (IRA). As a con-
sequence, they included only SNII for the primary production of dust grains from
stars, neglecting both AGB and SNIa. According to our results, based on a full
treatment of chemical evolution, the SNII channel turns out to be insufficient to
properly predict the relative abundance of silicate and carbon grains, and thus the
radiative effect of dust (see 5.3.2.3).

Previous studies have identified the main processes that should be taken into account
to understand the dust content of galaxies. The life cycle of grains begins with dust
production in the ejecta of stars, including the relatively quiescent winds of AGB
stars, but also SNII and SNIa explosion. It can be assumed that dust production
affects directly only large grains. Indeed, SNae shocks are more efficient at the
destruction of small grains than of large grains, therefore over chemical evolution
timescales only the latter will survive (Nozawa et al., 2007; Bianchi and Schneider,
2007)). As for AGB winds, their infrared SEDs suggest that the typical grain size is
skewed toward large grains (Groenewegen, 1997; Gauger et al., 1999). These findings
are supported by expectations of models including dust formation in AGB winds
(e.g. Winters et al., 1997).

Once injected into the ISM, the grain population is subject to several evolutionary
processes. Metals from the surrounding gas can deposit on the grain surface, causing
the grains to gain mass, in a process named accretion (Dwek, 1998; Hirashita, 1999).
An important role of this process has been invoked to explain the remarkable amount
of dust in high-z quasars and starbursts (e.g. Michatowski et al., 2010; Rowlands
et al., 2014; Nozawa et al., 2015, and references therein), which cannot be accounted

by stellar production only. Being a surface process, it acts more efficiently on small
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grains, which have larger total surface per unit mass. However, accretion is not
efficient enough to increase significantly a small grain’s radius. Its effect is just to
increase the amount of small grains, while the evolution of small grains into large
grains by accretion is safely negligible. Grain-grain collision can either result in grain
coagulation or shattering. The former process dominates in dense ISM, and can be
regarded as a destruction mechanism for small grains and a formation mechanism for
large ones. The latter mechanism wins in the diffuse ISM, leading to the formation

of small grains and destruction of large ones.

Sputtering, also a surface process, consists of grain erosion due to collisions with
energetic ions. The eroded atoms are given back to the gas phase. It occurs both
when grains are swept by SNae shocks, and when they are subject to the harsh
ion collisions in the hot ICM. On top of SNae dust destruction, we include thermal
sputtering in the ICM, which is important only when grains are surrounded by hot
gas T 2> 10° K . Hirashita (2015) and Aoyama et al. (2017) did not consider ICM
thermal sputtering, because they were interested only in galactic ISM. We refer to

this process simply as sputtering, whether we call the former one SNae destruction.

Needless to say, when gas is turned into stars, its dust content is proportionally
subtracted from the ISM. This event is often referred to as astration. A visual
summary of how the various processes act on the components of a galaxy is provided

in Figure 5.1.

We implement this sequence of processes at the sub-grid level. A variable fraction
of every metal produced by star particles is given to neighbor gas particles in the
form of solid state dust rather than gas. Accordingly, we modified the gas particle
structure to trace two extra vectors along with the gas metals: one for large and one
for small grains. The three vectors have a length equal to the number of chemical
species we trace, which are 15 in this chapter. Thus a certain fraction of the mass
of each SPH "gas" particle, never exceeding a few %, is actually used to represent
metals which are locked up in solid grains. We still refer to them simply as SPH gas

particles.

For a SPH gas particle of total mass M., the time derivatives of the dust mass
content in the two size populations of small grains M, ¢ and large grains My can

be expressed as follows:
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Figure 5.1: Diagram of mass flows due to dust processes. Boxed in yellow are
gas metals, large and small dust, which belong to the gas particle structure. Boxed
in blue is the star particle, responsible for the production of metals in the subgrid
chemical evolution through AGB winds, SN Ia, and SN II. Star particles spread
metals to the surrounding gas particles by enriching gas metals and large dust alike.
When a gas particle is ready to form a star particle, all 3 of the gas particle metal
channels are depleted in proportion, in favor of the star particle. SN destruction
and sputtering subtract metals from both dust channels and enrich the gas metals.

dMg; dM,. Mg Mg B Mgyr, B M, B Mgy r,

= — —+ w
dt dt Tsh Teo TSN,L Tsp,L Mgas (5 2)
dMgs  Mys Mar Mas Mgs Mas Mas ’
= + — — — — w
dt Tace Tsh Teo TSN,S Tsp,S Mgas

where dj‘gtp* is the dust enrichment arising from production by stars, and local
timescales for the various dust processes occurring in the ISM are introduced: 74,
for shattering, 7., for coagulation, 7¢n  and 7gy,s for SN shock destruction, 7,
for sputtering and 7,.. for accretion. The last term of each equation represents the
dust mass loss due to star formation (astration), specifically 1) is the star formation
rate. These equations are applied separately for each element entering into the dust
grains. This implies that if a gas particle has gas-phase metals for accretion of sili-
cates but not gas phase C (a quite unlikely possibility, in particular at our relatively
coarse resolution), only the mass of small silicates is affected by accretion, but not
that of C grains. In the next subsections we give details on how each of these terms

is computed in our simulations.
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5.2.4.1 Dust production by stars

We adapt to each simulation star particle the formalism for dust production by stars
introduced by Dwek (1998), in the context of monolithic galaxy formation models.
However, we introduce an important modification related to our specific assumption

for the chemical composition of silicate grains.

Dust is produced by the same stellar enrichment channels which are responsible of
metals production, namely AGB winds, SNIa, and SNII. We assume that a certain
fraction of the elements concurring to dust formation is originally given to the ISM
locked to solid dust particles rather than in gaseous form. These elements are
C, Si, O, Mg, and Fe. This is because, as motivated at the beginning of Section
5.2.4, we consider carbon and silicate dust, and we approximate silicates with olivine
MgFeSiOy. In this exploratory work we maintain for simplicity the assumption that,
for each stellar channel the fraction dust elements that condense to dust does not
depend on stellar mass nor on metallicity. This approach, introduced in one-zone
models by Dwek (1998), has been adopted by many later computations (e.g. Calura
et al., 2008; Hirashita, 2015; Aoyama et al., 2017). However we point out that there
are several works that studied how dust condensation efficiencies actually depend
on stellar mass, metallicity and ambient gas density (see e.g. Nozawa et al., 2007;
Schneider et al., 2014, and references therein). In the future it will be relatively

straightforward to incorporate the results of such computations into our formalism.

5.2.4.2 AGB stars

As for AGB winds, following Dwek (1998) we assume that the formation of carbon
or silicate dust is mutually exclusive, and depends on the C/O number ratio in the
ejecta. When C/O> 1, all the oxygen is tied up in CO molecules and only carbon
dust is formed. If instead C/O< 1, all the carbon is consumed to form CO molecules,
while the excess oxygen will combine with Si, Mg and Fe to produce mainly silicate
grains. This view is broadly supported by many observations (e.g. Kastner et al.,
1993), and implies the assumption that AGB ejecta are mixed at microscopic level,

so that the maximum possible amount of CO is formed.

Let M, Q%B and M Q%B be the C and O masses ejected by a star particle through the
AGB enrichment channel during a given time-step. Carbon (silicate) grains form
when MAGP is greater (smaller) than 0.75M/ %7, where 0.75 is the ratio between

O and C atomic weights. Due to the C mass lost to CO, the mass of carbon dust
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produced during the time-step is given by

M3GP = max [5AGB,C (MS%B —0.75 MQ%B) ’ O} (5-3)

where d4¢p ¢ is a condensation efficiency of carbon grains in AGB winds, which we
set equal to 1, as in Dwek (1998) (see also Calura et al., 2008).

If M4GP < 0.75MA%7, silicate grains are instead produced. Dwek (1998) estimated
the masses of the elements going into silicate dust under the simple assumption that
for each atom of them, a single O atom will go into dust as well (see his equation
23). While we have implemented in our code also his formulation, we prefer a more
specific assumption on the chemical composition of silicates produced by stars, which
leads us to different formulae. As expected we have verified with our code that Dwek
(1998) approach leads to the production of ’silicate grains’ featuring very variable
mass ratios between the various elements, and typically very different from those
implicitly assumed by most radiative transfer computations. This is particularly
true for the SNIa channel, since these stellar events produce mostly iron, much in
excess to the quantity that can be bound directly with O in the SNae ejecta. When
we use the formalism by Dwek (1998), dust grains reach a mass fraction for Fe which
is double that of olivine. Mg is under-abundant by a factor of 3. Our method on

the other hand, described below, preserves the olivine-like mass fractions in the four

metal components at all redshifts.

Generalizing the notation introduced above, we indicate as M, GA}%B the masses ejected

by a star particle, through the AGB enrichment channel and during a given time-
step, in form of the X element which enters into the olivine compound. X stands
then for Mg, Fe, Si and O. We indicate NS5, as the number of "molecules" of
MgFeSiO4 that can be formed over the time-step. This is set to the least abundant
element, taking into account how many atoms of each element NX enter into the

ato
compound (1 for Mg, Fe, Si, and 4 for O). Then

NAGB

mol,sil — 5AGB»3il

MAGB
X ) (5.4)

min
Xe{Mg,Fe,Si,0} (ILLX NZ,

where px is the atomic weight of the X element, and we have introduced an efficiency

factor of condensation for silicate grains dacp i, set to 1 in our reference model.
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Therefore, the mass of the X element locked into silicate grains is given by

MAGB
AGB X ej,C
AGB Nmol,sil /,LX Nato fOl" MA.GB < 075
M = €30 2.5
dust, X :

0 otherwise

It is straightforward to adapt the above treatment to chemical compounds different

from olivine.

5.2.4.3 SNae II and Ia

Unlike AGB winds, it is reasonable to assume that the explosive outflows produced
by SNae are mixed only at a macroscopic level (e.g. Dwek, 1998, and references
therein), which implies that these channels can produce both carbon and silicate

dust at the same time. Hence:

SNz SNz
Mdust,C - 6SN:L“M€]',C (56)
SNz __ SNz X
Mdust,X = Nol,sil KX Nato (57)

NSNx

mol,sil — 5SNx,sil

MSNx
e X ) (5.8)

XE{MI;,I}?I;SLO} (MX NZ,
where SNz stands either for SNII or SNla, and Mf;]\)ff is the mass of the generic
element X ejected by a star particle through the SNz enrichment channel during
a given time-step. In the case of SNae we decrease the dust condensation efficiency
to dsnrrc = O0snia,c = 0.5 and dsnirsi = Osniasii = 0.8. These values are the same
as those adopted in Dwek (1998) and are meant to account for the grains destroyed

by the SN shock or incomplete condensation of available elements.

5.2.4.4 Shattering

In the diffuse gas, large grains tend to have high velocities (typically v = 10 km s~ *,

Yan et al. 2004) due to decoupling from small-scale turbulent motions (Hirashita
and Yan, 2009). Therefore in such environments, large grains are most prone to
shattering due to collision, forming small grains. In our framework, shattering is
the process which originates small grains, without directly affecting the total dust
mass. The growth of small grain mass occurs by accretion (Section 5.2.4.5). The
shattering timescale is derived following the prescription in Appendix B of Aoyama

et al. (2017). The gas environment diffuse enough to promote efficient shattering is
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identified by the condition ng.s < 1 cm™ (see Hirashita and Yan, 2009), in which

case:

0.01 lem™3
= T if g < 1 cm™> 5.9
Tsh Th70(DL><ngas >1ng cm (5.9)

where Dy, = Mayst../Myas is the dust to gas ratio for large grains. The value of the
proportionality constant suggested by Aoyama et al. (2017) is 7g,0 = 5.41 x 107yr,

obtained assuming the typical grain velocity dispersion quoted above v = 10 km s~ *,

a grain size of 0.1ym, and a material density of grains 3 g cm™3.

5.2.4.5 Accretion and Coagulation in dense molecular gas

Accretion of gas metals onto dust grains as well as coagulation of grains are pro-
cesses whose timescale is inversely proportional to the gas density, and become
significant only in the densest regions of molecular clouds, at ng > 10* — 103 cm ™3
(see Hirashita and Voshchinnikov, 2014, equations 7 and 8). These high densities
are unresolved in cosmological simulations, therefore we have to resort to a sub-
resolution prescription to estimate the fraction of gas fiense that is locally in this
condition. Aoyama et al. (2017) simply assumed a fixed fraction. Although for their
simulated galaxy the results are weakly sensitive to the adopted value, this solu-
tion could be in general unsatisfactory. In fact, fgense should depend on the local
condition of the gas and on the numerical resolution reached in a simulation. We
thus introduce a more flexible approach. According to the results of high resolution
(< 10 pe) simulations (e.g. Wada and Norman, 2007; Tasker and Tan, 2009) the
probability distribution functions of ISM density is well described by a log-normal
function, characterized by a dispersion o, found to lie in the range 2 to 3, and a

number density normalization parameter ny.

1 In(n/ng)”

202

fpa(n)dn = ] dlnn (5.10)

exp l—

Therefore the mass fraction f(> ny,) of ISM gas above a given density threshold ny,
is (Wada and Norman, 2007, equation 19)

ﬂ>mgzéb—a%@(mﬁ—nﬂw%fﬁ} (5.11)

o
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We use this equation in order to estimate fiense = f(> ng) for each SPH gas

3 in our fiducial model. In order to

particle, we adopt o = 2.5 and ny = 10% cm™
set the local value of the density normalization ng, we take into account that for the
distribution given by equation 5.10, the mass averaged density is (n)y = ng exp(20?)
and we identify (n),s with a suitable number density associated to the SPH particle.
Since conditions suitable for accretion and coagulation can only be achieved in star
forming multiphase particles (see Section 5.2.1), we set (n)y equal to the density
of the cold phase n.yq. In the multiphase models of SF by Springel and Hernquist
(2003) nMeoia is computed from the condition of pressure equilibrium between the
two phases, and assuming 7T.,4 = 1000 K, while the temperature of the ionized hot
phase T}, is the SPH gas temperature. In our simulations, both the median and the
standard deviation of n.ye distribution increases with redshift, and range (in cm_3)

from about ~ 1 to ~ 20 and from a few tens to a few hundreds respectively.

As already remarked, in the two size approximations, only small grains increase their
mass when gas metals deposit on their surface. Following Aoyama et al. (2017), we

use the following expression to estimate the corresponding timescale:

Tace = Tace (;;) Faenseleaa (5.12)
where f.q is the fraction of cold gas in multiphase particles (MP). Indeed this
equation does not apply to single-phase particles, nor to the hot phase of multiphase
particles, since their density is far too low for the process to occur. Aoyama et al.
(2017) set Tyeeo = 1.2 X 10%r.

In MP particles, small grains can also coagulate to form large grains. The timescale

is given by (see Aoyama et al., 2017)

0.01) (0.1 km s !

D ) faensefaa (5.13)

Teco = Teo,0 ( v
co

where Dg = Myyst,5/Mgyqes is the dust to gas ratio for small grains and v, is the

1'is adopted based

velocity dispersion of small grains, for which a value of 0.1 km s~
on calculations from Yan et al. (2004). Just like with 7,.., the equation has been
modified to consider only the cold phase of multiphase particles. Aoyama et al.
(2017) used 7.0 = 2.71 x 10°yr, a value derived assuming a typical size of small

grains of 0.005 um, a material density of 3 g cm™ and nges = 10% cm™3.
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run name  LC. M2 [10"M] production 7g,0 [Myr]  Teoo [MyT]  Taceo [Myr]  Topo [Myt]

fid D2 5.41 new 54.1 0.271 1.20 5.5
f-crsp ¢ v Y oft oft oft 5.5
f-nosp . ¢ Y 54.1 0.271 1.20 off
f-sp.2 Y v Y v v o 27.5
f-snIl ¢ ¢ SNII-only Y ¢ Y 5.5
f-dw ¢ v Dwek v o v v
£-D3 D3 6.80 new ¢ ¢ 1.20 ¢
f-D6 D6 15.5 v v v v v
f-D1 D1 17.5 v v v v v

Table 5.1: List of the test runs discussed in this chapter with their respective
parameters. Column 1 represents the run name used in the text. Column 2 is the
chosen initial condition region. Column 3 is the z = 0 My of the main cluster of
the region. Column 4 is the dust production method from stars: with "new" we refer
to the prescription presented in this chapter, assuring that dust grains at production
respect a given proportion of O, Mg, Fe and Si, namely that of olivine MgFeSiO,4
in this work, "dwek" is the prescription proposed by Dwek (1998) (see 5.2.4.1 for
details). Finally with "SNII-only" we refer to runs in which stellar dust production
is active only for the snll channel, as done by Aoyama et al. (2017). This is to test
the relative importance of the other two channels SNIa and AGB used in our full
implementation. Columns 5 to 9 are the normalization timescales defined in the
text for each ISM evolution process (5.2.4).

5.2.4.6 SNae destruction

Dust grains are efficiently destroyed by thermal and non-thermal sputtering in SNae
shocks (for a review see McKee, 1989). To avoid confusion, hereafter we refer to
destruction by SNae events as SNae destruction, and we reserve the term sputtering
to what we describe in Section 5.2.4.7. To treat this process we follow Aoyama et al.
(2017). Let Ngy be the number of supernovae exploding over a given integration
timestep At. For simplicity, we do not distinguish by now between the effects of
SNII and SNIa. However the code can be trivially adapted to take into account
different values of the relevant parameters for the two classes, since the respective
Ngn i1 and Ngp 1, are already computed separately. The timescale for the process

in the timestep can be written as

At

T (5.14)

TSN =
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where

1 = egy min (msw, 1) (5.15)
m

g9
In this expression m, is the gas mass of the SPH particle, mgw is the gas mass
swept by a single SN event?, and egy is the efficiency of grain destruction in the
shock, that we set to the same reference value 0.1 used by Aoyama et al. (2017).
The shocked gas mass has been estimated in McKee (1989) as:

ESN Vs -2
msw = 6800Me <1051erg> (100 km s—l) (5.16)

where Egy is the energy from a single SN explosion and v, the shock velocity. We
adopt the fiducial value of Egy = 10°! erg. McKee et al. (1987) give the for v, the

following expression

1/14

vy = 200 km s (no /1cm_3)1/ ' (Esn /107 erg) (5.17)

However, since the number density of ambient gas for single SN blasts is not resolved,

we simply set v = 200 km s~*. As a result, n = 170 M /M, in our simulations.

5.2.4.7 Thermal Sputtering

Dust grains can be efficiently eroded by collisions with energetic ions. This process
becomes important whenever the ambient gas is hot enough, 7, = 10° K, in which
case it is dubbed thermal sputtering. To describe it, we employ the analytical formula
given by Tsai and Mathews (1995). This is an accurate enough approximations
of detailed calculations for both carbonaceous and silicate grains, at least for gas
temperature smaller than a few times 107 K. Above this temperature the process
efficiency tends to stall (Tielens et al., 1994). Taking this into account and combining
equations (14) and (15) of Tsai and Mathews (1995) we get:

a 0.01 cm™® Tip.0 ¢
> =T ’ 1 5.18
Tep = Tep0 (0.1,um> ( g ) KmaX(Tg,:ax 107K)> - ] (5.18)

with Ty 0 = 2x 10°K, w = 2.5 and 7,0 = 5.5x 10%rs. In this equation n, = p/um,,

is the number density including both ions and electrons. To derive the normalization
constant 7y, o, we adopted the mean molecular weight ;1 = 0.59 of a mixture of 75%

H and 25% He, both fully ionized. Moreover, we have taken into account that for

4Tn our relative low resolution simulation m, << my.
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spherical grains the mass variations timescale is related to that for radius variations
by m/m = a/3a. We adopt a = 0.05um and a ten times smaller value for the
typical radii of large and small grains, respectively. The former is the average radius
for a power law size distribution with index —3.5, ranging from 0.03 gm (the adopted

boundary between small and large grains) to 0.25 um (e.g. Silva et al., 1998).

5.2.5 Fiducial run and its variations

In 5.1 we list a selection of interesting runs discussed in the chapter. Most of the
analysis refers to the "fiducial" run fid, for which we essentially adopted the same
parameters values as Aoyama et al. (2017). These authors simulated an isolated spi-
ral galaxy, and found results broadly consistent with spatially resolved observations
of nearby dusty galaxies. It is however worth pointing out that we are working at
resolutions lower by about three orders of magnitude in gas particle mass. More-
over, our model has two significant differences with respect to their work: we treat
separately the production and evolution of the two distinct chemical species of car-
bon and silicate grains, and we include a treatment of thermal sputtering in the hot
ICM. The latter process is crucial for galaxy cluster environments. Nevertheless, we
believe that the parameter values defined by Aoyama et al. (2017) are a good start-
ing point for our work. We will not explore the full dependence of dust properties
on the parameters. Such work is postponed to future papers. As for sputtering,
we adopt the fiducial run parameter value derived from the classic work by Tielens
et al. (1994).

In order to separate the other dust evolutionary processes from dust production and
sputtering, we performed runs f-crsp, where only the latter processes are turned
on, and f-nosp in which all processes but sputtering and SN destruction are active.
To compare our dust production method, conserving the element fraction of olivine,
to that by Dwek (1998) we run f-dw in which his method is instead employed. We
also performed a run £f-snII where only SNII contributes to dust production, but
not SNIa nor AGBs. With this run we test, and to some extent disprove, the claim
by Aoyama et al. (2017) that dust production by SNII is sufficient to predict the
dust properties. In f-sp.2 we increase the sputtering timescale by a factor 5, for
illustrative reasons discussed in Section 5.3.3. These different runs were performed
on the small mass region D2 of our set of initial conditions. The fiducial model was
also applied to the other three regions D3, D1 and D6 (See Section 5.2.3). Unless

otherwise specified, the analysis that follows applies to the fiducial run fid.
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Figure 5.2: For a gas particle in the fiducial run residing in a small, quiet, periph-
eral galaxy by z = 0: Top and bottom plots represent the time evolution (z-azis
ty time in Gyrs, with 0 being today) of various gas properties: (top plot) tem-
perature (left y-axis, blue solid line) and number density (right y-axis, red dashed
line). (bottom plot) Gas metallicity (left y-azis, dashed purple line), as well as the
Dust-to-Gas (DtG) for large dust grains (left y-axis, solid orange line) and small
dust grains (left y-azis, dot-dashed red line), total mass (right y-axis, dotted dark
blue line) of the gas particle. The stars mark the snapshots in which the gas particle

was captured in multiphase state (MP).
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5.3 Results

In this section we study the behavior of the dust model within the simulation. First
we follow the evolution of a couple token SPH gas particles representative of two
interesting environments. A single gas particle could be thought of as the ISM of
a one zone-model, such as those put forward by Dwek (1998) and Hirashita (2015).
Then we investigate the evolution of global properties of dust in the main cluster

region. We conclude with a preliminary comparison to observations.

5.3.1 Inside individual gas particles

In Figure 5.2 we follow the dust, gas metal, total mass, temperature, and density of
a simulated gas particle which by z = 0 is located within an isolated galaxy at the
periphery of a cluster in our fiducial run. This particle features a relatively quiet
evolution. It spawns two star particles, around a lookback time (¢;,) of 8.5 Gyr and 6
Gyr, as a consequence of its star forming state. The particle’s mass drops to about
75% and 50% of its original value during each episode (see Section 5.2.1; dotted
dark blue line of the bottom panel). It begins to be enriched in gas metals and large
grains by the neighboring stellar particles at a t;, of 8.5 Gyr, around the time of
star formation. Soon after that, shattering begins to produce a population of small
grains. Its growth rate is steady for the first 4 Gyrs, thanks to a fairly constant gas
density (red dashed line in the top panel). The gas temperature does not deviate
significantly from 10* K throughout its history, whether the gas density starts low
at 3 x 1072 cm ™2 and then fluctuates by 1 dex below 107! cm™2. The second star
particle formation episode at 6 Gyrs does not affect the DtG and metallicity, as
these quantities decrease proportionally to the mass loss.

While the particle is multiphase, accretion sticks gas metals onto small grains and
small grain coagulation in turn convert small grains to large ones. The seven mul-
tiphase snapshots are highlighted by a star symbol on the mass line of the bottom
panel. The last three ones, two around 4 Gyr in ¢;, and the third very recent, occurs
while the small grain abundance is within 1 dex to that of large grains. In this
case, coagulation prevails over accretion, and therefore a depletion of small grains
is visible, whilst a tiny bump in the large grains mass ratio can be recognized. Note
that it is possible that the particle underwent other multiphase periods between two
subsequent snapshots. Similar periods are not highlighted by star symbols in the
plot.
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Figure 5.3: Same as Figure 5.2 but for a gas particle residing in the BCG by z = 0.
The colorbar gradient for temperature is fixed for both of the lower plots in the two

figures.

Figure 5.3 represents the evolution of another particle which instead ends up in
the brightest cluster galaxy (BCG) by z = 0. This gas particle is first enriched

with gas metals and large grains as soon as it becomes multiphase and enters a
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cold overdensity of star forming gas. This period lasts a few hundred million years
around 10 Gyrs in t;. The particle density spikes, and with it shattering increases
and produces small grains. At 8 Gyr the particle temperature increases above 10°
K for a while, increasing the efficiency of sputtering enough to cause a small dip of
DtG, visible (almost) only for small grains. This is because the sputtering timescale
for small grains is 10 times smaller than that for large grains. At a t; of about
6.5 Gyrs the particle enters another cold overdensity. At this time the large grains
abundance approaches values, similar to the expected ISM values in galaxies (Li
and Draine, 2001), close to the gas metal abundance via coagulation, and also small
grains manage to rise via accretion. Shortly after, at 6 Gyrs in t;;, this gas particle
spawns a star particle. Soon after it enters in a hot state 7' > 107 K, where it
remains until the present time. In the hot state, sputtering becomes a strong source
of dust destruction. Notice again the steeper decay of small grains caused by the size
dependence of sputtering. The fluctuations in dust abundances after 8 Gyrs are due
to slight enrichments from the surrounding star particles. While these contributions
are negligible in the relatively high gas metals mass fraction, they are evident in

that of large grains, and even more so in that of small grains.

5.3.2 Evolution of the global properties of dust

5.3.2.1 Dust distribution in the cluster region

In this section we analyze the global evolution of dust distribution around the central
cluster. Figure 5.4 follows from top to bottom the redshifts z = 4,3,2, 1,0, and from
left to right the column densities of total gas mass, gas-phase metals, large dust and
small dust grains. At each redshift we project a physical cube of size 1 Mpc around
the main cluster’s progenitor. Regions in which the column density is lower than
10*80peak where 0peqr is the peak column density, are omitted.

The maps shows that gas-phase metals approximately mirror the total gas distribu-
tion at all redshifts. Large grains follow loosely a similar pattern until z ~ 2. At
lower z, this correlation breaks down since many particles reach T' 2 Ty, o = 2 x 10°
K, above which sputtering erodes grains effectively, particularly small ones. More-
over, small grains are less abundant than large ones at all times and do not grow
as rapidly, except in cold (T < Typn = 5 x 10° K) star forming gas over-densities,
where shattering and accretion work efficiently.

Figure 5.5 refers to the same 1 Mpc physical cube around the main progenitor. It

represents from left to right the star particle column density, the star formation
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rate (SFR) column density, the mass weighted mean temperature and mean number
density of gas particles. These maps help in interpreting the former ones. For in-
stance, it can be appreciated that the structures wherein dust survives and evolves
undisturbed by sputtering are characterized by low temperature. They feature SFR
between 0.01 and 0.1 Moyr—'kpc 2. As the cluster gains mass its average temper-

ature rises, and sputtering begins to destroy efficiently dust in the ICM.
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Figure 5.4: For the fid run, column density maps for total gas mass, gas-phase
metals, large dust grains, and small dust grains, in a box of 1 Mpc in physical size
over 5 redshifts (from top to bottom, z = 4, 3, 2, 1, and 0). The two colorbars are
fixed at all redshifts from total gas and gas metals and for large and small grains
respectively. Dust abundances trace gas mass distributions until about z = 2. After
z = 2 sputtering destroys dust. Small grains evolve to the point of reaching large
grains abundances only in cold overdensities, but they are destroyed more efficiently
than large grains in hot gas particles.

107



5. Dust evolution in Galaxy Cluster Simulations

M kpc™®> M _yr tkpc? K cm™3
44: u:u | E——m e
10* 10° 10® 107° 107! 10°10°10 1078 107* 10°
stars SFR T
I I I I I I ;
U 250 . Lk T = L™ = <
S o # -+ ¢ 11l
>_250— aF 1 5 N
| | | | | |
I I I I I I
250F Lot 4+ '

y [kpc]
o
1
|
1
an o

—250 C 4 :

250

'g_ :rl‘ '_ (@
X 0 L Il
r‘I' ] N
> 250 .
——
— 250 ;
J - N
~ Of it Il
N
> _250 = A
: —t—t
— 250
a o
~ 0 : Il
N
> 250 S
: | N R -

—-2500 250 -2500 250 —-2500 250 —-2500 250
X [kpc] x [kpc] x [kpc] x [kpc]

Figure 5.5: Similarly to 5.4 for the fid run, columns represent from left to right:
maps of stellar mass and SFR column densities, and of mean mass-weighted temper-
ature and mean number density in a box of 1 Mpc in physical size over 5 redshifts
(z =14, 3,2, 1, and 0). Both means are weighted with the gas particle masses. Star
formation occurs in cold overdensities mostly occupied by multiphase gas particles.
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Figure 5.6: Similarly to Figure 5.4, columns represent maps of the dust-to-gas-
metal ratio (left), small-to-large grain ratio (center) and silicates vs carbonaceous
dust (right) in a box of 1 Mpc in physical size over 5 redshifts (z = 4, 3, 2, 1, and
0).
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Figure 5.6 maps the average dust-to-gas-metal ratio (left), small-to-large grain ratio
(center) and silicates vs carbonaceous dust (right). At z > 3, when the SF activity
in the proto-cluster region is at its maximum and dust reprocessing is expected to be
important, dust properties are predicted to differ significantly from those derived for
the MW dust. The latter are almost always adopted in computations to account for
dust reprocessing (e.g. Dominguez-Tenreiro et al., 2014, and references therein). For
instance, compared to the dust models proposed for the MW by Weingartner and
Draine (2001), in the central 100 kpc at z=4 the mass ratio of small/large carbon
grains is more than 2 dex smaller, while the silicate/carbon mass ratio is about twice

smaller.
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Figure 5.7: Spectral energy distributions predicted by SKIRT (Camps and Baes,
2015) for the 100 kpc central box of the region D2 at z=4. The dotted blue line
has been computed adopting for the whole volume a "standard" dust mixture re-
producing the properties of dust in the diffuse ISM of the MW. The solid red line
instead takes into account the point to point variations predicted by the simulation
for the relative abundances of small and large grains, as well as those for silicate
and graphite grains. See Section 5.3.2.1 for more details.
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For the most commonly adopted model 4 by Weingartner and Draine (2001), the
mass ratio of small to large C grains is 0.34, while the mass ratio of Silicate to
Carbon grains is 2.5. The model proposed by Silva et al. (1998) for the MW dust,
usually adopted in GRASIL code features values not significantly different. We
illustrate the possible consequences of these differences on the predicted SEDs in
Figure 5.7. Here we show two SEDs computed with the public radiative transport
code SKIRT® (Camps and Baes, 2015). In one case we have simply used a dust
mixture similar to that adopted so far in most GRASIL (Silva et al., 1998) and
all GRASIL3D (Dominguez-Tenreiro et al., 2014) applications. These codes are
often employed to compute dust reprocessing in semi-analytic models and galaxy
formation simulations respectively. They both allow for custom variations of the
mixture, albeit this feature is seldom used due to lack of information. A spatial
dependence on these properties is not implemented in the present versions. Here,
the only information on dust derived from the simulation is the total dust content
of each SPH particle. In another computation we have instead exploited the full
information concerning the relative partition in the four categories of dust grains
(graphite and silicate, small and large), by locally adjusting the adopted mixture
at the position of each SPH particle, in order to reflect this partition. We fed
SKIRT with a superposition of four spatial distribution of dust densities, each one
to represent one of the four grain types followed by our model. The size distributions
for each of them, provided by suitable input parameters of SKIRT, were the same
as that proposed by Silva et al. (1998), but having 0.03 pum as the limiting size to
distinguish between small and large grains respectively. Moreover, the normalization
of each of the four distributions has been computed at each point according to the
local density of the corresponding grain type, as predicted by the simulation. As
it can be seen, the differences are important, particularly in the optical to mid-
IR regime. We plan to explore in detail the observational consequences of these
differences in the near future.

The ratio silicate-to-carbon dust takes some time to reach values close to those
adopted in "standard" dust mixtures. Actually the ratio arising from dust production
by stars is significantly lower in the model, and its increase occurs via dust evolution
in the ISM. The behavior can be appreciated from the maps shown in Fig.5.8. From
left to right, the three columns compare maps of the ratio for the fiducial run (£id),
the run including only dust production from stars and sputtering (f-crsp), and

the run in which the silicate dust is produced by stars adopting the prescription by

Shttp://www.skirt.ugent.be
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Dwek (1998) (f-dw, see Section 5.2.4.1) respectively.
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Figure 5.8: Similarly to Figure 5.6 right column, The three columns compare maps
of the ratio for the fiducial run (£fid), the run including only dust production from
stars and sputtering(f-crsp), and the run in which the silicate dust is produced by
stars adopting the prescription by Dwek (1998)

At early time z=4, the first two runs are virtually indistinguishable. It is also worth
noticing that the last one is characterized by substantially higher Sil-to-C ratios,
already closer to, or even higher than, the standard one. Indeed the prescription
put forward by Dwek (1998) is substantially more liberal in using the ejecta to
produce silicate dust. At lower redshift z=2, when evolution in the ISM has been
important (if included in the computation), the fiducial run has increased the ratio
in most of the region. This is not the case for the production and sputtering only
run (f-crsp, lacking all the processes causing dust evolution in the cold ISM). Also
the f-dw run does not show a sizable increment with respect to z=4, but in that case
it was already high. This is because it leaves by construction less silicate elements
in the gas phase at stellar production, meaning that gas accretion onto grains has

less to add. The time evolution of the silicate-to-carbon ratio, integrated over r9n
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is also shown in a later figure.
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Figure 5.9: 2D Histograms of the total DtG vs temperature for gas particles which
have spawned star particles in their past (left) and in the entire simulation (right)
for the fiducial run and over 5 redshifts (z = 4, 3, 2, 1, and 0). The magenta line
represents DtG =1072, close to the commonly accepted ISM dust abundance in the
MW.

5.3.2.2 Temperature dependence of dust contents

Additional insights on how and when the various processes affect the dust content of
the SPH gas particles can be obtained from inspection of Figure 5.9. Here we plot
2D histograms for DtG (y-axis) vs temperature (x-axis) over the usual 5 redshifts.
DtGs are separately shown for large and small grains. The figure on the right refers
to the entire simulation. That on the left includes instead only particles that have

spawned at least one stellar particle before. This is meant to select preferentially
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log, ,(DtG)
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Figure 5.10: 2D histogram of DtG vs temperature within the fid and f-crsp at
z = 2 including all gas particles.

gas particles which have spent a significant fraction of their life in a star forming

environment.

At z > 3 large grains show a peak in the two dimensional distributions at 7" < 104
and DtG ~ 107*. This last value is about two orders of magnitude below the
standard Galactic DtG of ~ 0.01, marked by horizontal magenta lines in the panels.
Indeed, at these early epochs the evolutionary processes in the ISM have not had
sufficient time to affect much the dust content of most SPH particles. We have
verified this by comparing with the run f-crsp. The major effect of ISM evolution
before z ~ 3 is the production of a certain amount of small grains by sputtering.
ISM evolution effects manifest appreciably at z = 2. A population of gas particles
featuring DtG close to 1072 for large grains and 102 for small ones shows up at
T < 105. The particles belonging to this population have undergone multiphase
periods, during which accretion onto small grains and their coagulation to form
large ones have raised the DtG up to values similar to the Galactic one. Indeed
these local peaks appears very similar in the right and in the left figures. As pointed
out, the latter is meant to select gas particles characterized by multiphase star

forming periods in their past. Moreover, in run f-crsp, gas particles featuring DtG
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> 1072 are not produced, as it can be seen in Figure 5.10. In this case the peak of
the DtG distribution remains 1 to 2 orders of magnitude lower even at z < 2, only

becoming more and more populated.

At still lower redshift the high temperatures reached by most SPH gas particles
promote efficient thermal sputtering. As a result, a well defined maximum in the
2D histograms of the entire simulation plots develops at 7" > 107 and at very low
DtG< 107° for large grains. The peak for small grains occurs at an even smaller

DtG, since they are more strongly disrupted by sputtering.
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Figure 5.11: M200 and R200 of the fiducial run for the D2, D3, D1, and D6
regions.
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Figure 5.12: Time evolution within Rygg of the main progenitor for a selection
of runs. (top 4 plots) masses of large grains, small grains, gas metals, total dust
mass and (bottom 6 plots) large-dust-to-gas-metal, small-dust-to-gas-metal, small-
to-large ratios, DtG for large and small grains, and lastly the mass ratio between
carbonaceous dust and silicates. Small grains are affected more strongly than large
grains by the timescales of the evolution processes.
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5.3.2.3 Evolution history of run variations

Figure 5.12 illustrates the evolutionary history of various masses computed within
Raqo, in the main progenitor of the z = 0 cluster. We include results for a selection
of run variations on the D2 region. The 4 top plots show the gas metal and dust
masses normalized to the evolving Mygg, while the 6 plots in the bottom show various
interesting ratios. In order to facilitate the interpretation, the evolution of Msy and

Rygp can be seen in Figure 5.11.

From the total dust panel we can appreciate that, excluding the run without sput-
tering f-nosp, the dust production is faster than or comparable to the increase of
the cluster mass only in the t; lapse between 11 and 9 Gyr and at ¢, < 4 Gyr.
In the former interval, this is achieved thanks to the combined effect of shattering,
accretion and coagulation occurring in the the gas, which enhance the dust content
by a factor ~ 2 — 3 after t;, ~ 10 Gyr, as can be understood by comparing the
runs fid with f-crsp. In the latter run, the three above mentioned processes are
switched off, and the ratio My,s;/Mago is monotonically decreasing down to low z.
The late t;, < 4 Gyr flattening of the evolution is instead related to slow down of
the Mgy increase and to the fact that sputtering has already destroyed most of the
dust in the hot ICM.

By adopting the (Dwek, 1998) recipe to compute the production rate of silicate
grains from stars (run f£-dw), more liberal than our fiducial method imposing the
chemical composition of olivine, we get about 50% more dust at early time t; = 9

Gyr, and a higher ratio M;/M¢ over the whole evolution.
It is interesting to note that by considering only the SNII channel for the produc-

tion of dust (run £-snII), the total dust content is somewhat under-predicted with
respect to the fiducial run by up to ~ 50%. But what is more important is that the
ratio Mg;/Mc is significantly over-predicted. Thus this approximation, sometimes
adopted in other works (e.g. Hou et al., 2016; Aoyama et al., 2017; Hou et al., 2017;
Chen et al., 2018b) seems to be insufficient at least for certain purposes, such as

computing the radiative effects of dust.

As we already pointed out, in the fiducial run the mass fraction of small grains at
high redshift, when SF is most active in the simulated region is much lower than
that of standard mixtures (~ 0.2). These mixtures are calibrated on the average
properties of MW dust. This result is quite robust, in the sense that occurs in all
the run variations we considered. On the other hand, the ratio Mg;/M¢ is not very

different from the standard value ~ 2 at early time, while it ends up significantly
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higher in most runs. The only exception are those runs with no or simply reduced
sputtering (runs f-nosp) and f-sp.2), in which the ratio increases less. The latter
run could be also more consistent than the fiducial one with recent estimates of dust
content in clusters at low redshift (see Section 5.3.3). On average, the total dust
surviving in f-sp.2 is a factor of 3 greater than in fid. This dust excess is almost
entirely due to the increased survival of large grains in the hot ICM, while small
grains do not deviate significantly in the two cases. This could seem at first sight
unexpected, since sputtering affects more promptly small grains than large ones
(Eq. 5.18). What happens is that increasing its timescale by a factor of 5 impacts
on the survival of large grains, but the process remains still sufficiently effective
to obliterate almost entirely small ones in the hot ICM. Consequently, in the hot
environment we predict that the small-to-large grain ratio is affected considerably.
In both fid and f-sp.2, the small grain content shown in Figure 5.12 comes from

regions characterized by gas temperature < 10° K.
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Figure 5.13: 2D histogram of the DtG vs gas metallicity for multiphase star
forming gas particles (left) and for all gas particles (right) in the standard run fid
within Rop9. The red dashed lines represent the relationship predicted by the one-
zone model by Hirashita (2015).

5.3.2.4 DtG and metallicity

Figure 5.13 presents 2D histograms of the DtG vs gas metallicity Zg.s at z = 4, 2,

and 0 for gas particles which are either multiphase in the entire simulated region
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(left) or within Rggp of the main cluster (right). In both cases we used the fid run.

Looking at the multiphase star forming particles, we notice that at an early time
of z = 4, the gas particles cluster along a linear relationship between DtG of large
grains and Z. Large grains dominate the dust content so this also represents the
total behaviour. In this initial phase, the often adopted approximation of a constant
ratio between dust and gas metal content is qualitatively good enough over the entire
metallicity range of star forming particles. Note that the normalization of this linear
relationship between DtG and Z is lower by a factor ~ 3 than that generally adopted
(i.e. DtG ~ 0.01 for Z ~ Z;). The linearity arises because initially the dominating
mechanism responsible for the presence of dust in the system is production by stars,
for which the basic assumption is that a certain fraction of produced metals goes
to the solid state rather than gaseous form. As time goes on, the ISM evolution
processes boost the dust content for a given metallicity. Accretion of gas metals onto
small grains provides sufficient mass to enhance the coagulation of small grains onto
large ones. Hence, coagulation dominates over shattering in dense regions. This
occurs only above a critical log Z ~ —2,5 for the fiducial parameters, producing
a more than linear increase of DtG with Z. However, at still 2-3 times higher
7, the DtG slope slows down again toward a linear relationship, now featuring a

normalization close to that given by standard MW values.

As noticed by Aoyama et al. (2017, see their figure 7), the overall result of this evo-
lution is that at late time z < 2 multiphase particles tend to concentrate in a region
whose shape resembles the line along which the one-zone model by Hirashita (2015)
evolves in time, shown in the figure with a black line. However when evaluating this
result one should keep in mind the very different nature of one-zone computations
and simulations. In the latter the gas and star density fields are sampled with a
certain resolution. In the one-zone model, both quantities reported in the 2D his-
tograms of Figure 5.13 are a function of time. In other words, the system moves
with time along the line. On the contrary, in the simulation at any given time
the gas particles have a broad distribution in the plane, albeit with well defined

concentrations.

The right panels of Figure 5.13 shows that when the 2D distributions are computed
for the main cluster of the region and including also non multiphase particles, a
population of particles characterized by very low values of DtG shows up. This
population becomes more and more dominant over time, because it is produced by
sputtering which efficiently destroy dust grains in the hot ICM at T' > 10° K.
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5.3.3 Observational consistency

5.3.3.1 Dust abundance vs metallicity

In Figure 5.14 we show the 2D distribution of DtG vs (gas) Oxygen abundances
of star forming multiphase particles at z = 0, for the four regions on which we
run our fiducial model. This information is similar to that already reported in
Figure 5.13, but now for all the regions considered in the present work, and in a
form more directly comparable with observations. We include in the figure data
on nearby galaxy samples from Kennicutt et al. (2011) and Madden et al. (2012).
It is apparent the broad similarity between the distribution of simulated and the
data points. Note however that the former refers to individual particles residing in
star forming regions rather than entire unresolved galaxies, which could explain the
larger dispersion. In any case, it is reassuring that the model reproduces reasonably

well the observed trend of dust abundance with metallicity.

5.3.3.2 Dust content at low redshift

In this section we briefly compare with the still limited reliable detections of global
dust content in galaxy clusters. Gutiérrez and Lépez-Corredoira (2017) analyzed 327
clusters of galaxies in the redshift range 0.06-0.70, using maps and catalogs from the
Herschel MerMES project. They reported average integrated fluxes of 118.2, 82.3
and 38.0 mJy within 5 arcmin of the cluster centers at 250 ym, 350 pym and 500 pm
respectively. Adopting their same assumptions on the dust optical properties and
temperature (essentially the same as the "average" MW dust), these fluxes translate
to a total dust mass of 1.7 x 10° My. Given that their average cluster mass is
1.1 x 10 M, within the same radius, the fraction of dust mass turns out to be
about 1.5 x 107°. For the main clusters in our four regions we predict an average
fraction in the same redshift range of 0.25 x 1075, Thus we are under-predicting
the dust content by a factor ~ 6. On one hand this discrepancy could be due at
least in part to the quite strong and uncertain assumptions entering into the masses
estimated from observations, such as the dust optical properties and (constant)
temperature. In particular, they adopted a long wavelength emissivity that scales
as A7, with 8 = 2, which is the standard result of first principle computations of
dust opacities by Draine and Lee (1984). There are several indications that dust
emission is better represented at long A by a shallower index § ~ 1.5, when it is
described by single T' blackbody (e.g. Planck Collaboration (XXII) et al., 2015).
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Figure 5.14: 2D histogram of the DtG vs Oxygen abundance at z = 0 compared
with galactic data from Kennicutt et al. (2011) (red diamonds) and Madden et al.
(2012) (black stars).
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Figure 5.15: For the the 4 different zoom-in cluster simulations considered in this
work (fid (D2), £-D3, f-D1, f-D6) we show the evolution of the ratio between
the dust mass within a 15 arcmin aperture and Msyy. For the region D2, we show

also the run with reduced sputtering, f-sp.2. These are
quantity as estimated in Planck Collaboration (XLIII) et

compared with the same
al. (2016), for the whole

sample (central point) and for the subsamples at z < 0.25 and z > 0.25. The

error-bars represent dispersions.
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From a physical point of view, this could be actually the result of a spread in dust
temperature. In any case, adopting a smaller § in interpreting observed fluxes would
lead to smaller dust masses in better agreement with our result. On the other hand
the dust content at low redshift in our model clusters is strongly dictated by the
sputtering efficiency. For instance, assuming a timescale longer than that favored by
existing literature (e.g. Tsai and Mathews, 1995, and references therein) by a factor
5 (Eq. 5.18), the final dust content increases by a factor ~ 3 (See Fig. 5.12).
Planck Collaboration (XLIII) et al. (2016) performed a stacking analysis of several
hundreds of clusters, wherein IRAS and Planck data are combined to provide a well
sampled FIR-submm average SED of clusters. Then they fit this SED with modified
black body models to derive dust masses and temperature simultaneously. For the
whole sample, whose mean redshift is 0.26 and mean total mass is Mgy = 5.6 x 104
Mo, the estimated dust mass is 1.1 x 10° M, adopting their preferred emissivity
index 8 = 1.5. Strictly speaking their dust mass refers to the radius of 15 arcmin
within which the fluxes have been integrated.

In Figure 5.15, the time evolution of the ratio My,s(r < 15")/Mag is shown indi-
vidually for the 4 clusters simulated with the fiducial set of parameters. This is
compared with the same ratio as derived from these Planck data. The comparison
is shown not only with the full sample, but also for the two subsample at z < 0.25
and z > 0.25, comprising 307 and 254 clusters respectively. This figure confirms
that our fiducial models under-predict the dust content of the clusters, albeit by a
smaller factor ~ 3. As such, the model with increased sputtering timescale turns

out to be in reasonable agreement with the data.
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Conclusion, summary, and future

prospects

6.1 In brief

In this work we have introduced a state of the art treatment of dust production
and evolution in our version of the simulation code GADGET-3. We take advantage
of the detailed description of chemical evolution already included in our version of
GADGET-3 to trace separately the two dust species that are believed to populate the
ISM, namely carbonaceous and silicate grains. We also trace at a basic level the
continuum size distribution of grains by means of the two-grain-size approximation
introduced and tested by Hirashita (2015). In our code, large (nominally 0.1um)
dust grains are originated by simulated star particles from three stellar channels,
AGB winds, core collapse SNae, and SNIa. Along with metals, these grains are
spread to the surrounding SPH gas particles. Within gas particles, we model other
ISM evolution processes that affect dust properties. In brief, large grains are shat-
tered onto small (nominally 0.01um) grains if the gas density is low enough. On
the other hand in dense star forming SPH gas particles, metals accrete onto small
grains and small grains coagulate onto large grains. We also take into account dust
destruction by SN shocks and by sputtering in the hot (7" > 10° K) ICM. We eval-
uate timescales for the above mentioned ISM processes as a function of the physical
conditions of the SPH particles, and within each we evolve the dust and gas metal
contents. As remarked above, the dust contents are divided into 4 types, namely
large carbon, small carbon, large silicates, and small silicates.

As a first test, we apply the method to cosmological zoom-in simulations of four
massive (Mg > 3 x 1014M,) galaxy clusters. During the early stages of assembly
of the cluster at z 2 3, where the star formation activity is at its maximum in our

simulations, the proto-cluster regions are rich of dusty gas (Figure 5.4). Compared
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to runs in which only dust production in stellar ejecta is active, runs including
processes occurring in the cold ISM enhance the dust content by a factor 2 — 3.
However, the dust properties in this stage turn out to be significantly different
than those observationally derived for the average Milky Way dust, and commonly
adopted in calculations of dust reprocessing (Figure 5.8). We stress that this results
is not unexpected. We show that these differences may have a strong impact on
the predicted spectral energy distributions (Figure 5.7). At low redshift our model
reproduces reasonably well the trend of dust abundances over metallicity as observed
in local galaxies (Figure 5.145.14). However we under-produce by a factor of 2
to 3 the total dust content of clusters estimated observationally at low-z < 0.5
using IRAS, Planck and Herschel satellites data. This discrepancy can be solved
by decreasing the efficiency of sputtering which erodes dust grains in the hot ICM
(Figure 5.15).

The most immediate purpose of our effort is to have enough information on the
simulated ISM/ICM to compute observational properties of simulated objects by
means of radiative transfer post processing. This is in line with what we already
achieved in Granato et al. (2015), but with less assumptions required on dust prop-
erties. However this work can be also regarded as a first step in the direction of
a more sophisticated prescriptions for the sub-resolution physics. For instance, it
will be possible to estimate the contribution of dust to the formation of molecular
gas. This estimate is a primary ingredient in more advanced implementations of

star formation in simulations (e.g. MUPPI, Murante et al., 2015).

6.2 Summary

Dust affects both galaxy evolution and observations. A combination of simula-
tions and radiative transfer computations can produce mock data, to be compared
with observations. Until now, however, dust properties have only been included
by means of post-processing assumptions, leaving room for uncertainties, which are
particularly significant at wavelengths shorter than 100 microns. To reduce these
uncertainties, we implemented a state-of-the-art treatment of the production and

evolution of dust grains within our simulation code, GADGET-3! , which we run to

!The group of numerical cosmology and extra-galactic astrophysics at the Astronomical Ob-
servatory of Trieste produces state-of-the art cosmological simulations, with a zoom-in technique
of selected Lagrangian regions on a custom version of GADGET-3. The simulation implemented
already Tree-PM dynamics, Smoothed-Particle Hydrodynamics, radiative cooling, star formation,
stellar and AGN feedback, chemical evolution.
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produce zoom-in simulations of massive (3 x 10 to 10° M) galaxy clusters. This
model traces the creation, evolution, and destruction of dust through a series of com-
prehensive processes. The model accounts for dust grain size, a crucial parameter
for grain reprocessing calculations, via a two-grain-size approximation (Hirashita,
2015). The approximation produces correct metallicities and dust abundances both
in the local Universe and in Ly-a emitters at high redshift (z ~ 5).

The processes work as follows: A diagram summarizing our method can be found
in Figure 5.1. Hirashita’s approximation was conceived as a one-zone interstellar
medium (ISM) analytical model, so we had to treat it with care to ensure we could
extend it to the Intracluster Medium (ICM) for simulations. The biggest change to
the method was the addition of sputtering, a destruction process caused by the colli-
sion of dust with highly-energetic particles in the hot, highly-ionized diffuse medium
in the outskirts of galaxies and clusters.

Another significant modification is a novel dust production mechanism. In our sim-
ulation we assume the existence of only two dust species, graphite and a silicate
species called olivine ((MgFe)SiOy). Most other dust production models assume a
fixed dust condensation efficiency for every element (or metal, in astrophysics). We
first establish what proportion each condensed metal must have with respect to the
other metals, and then we store these metals into dust, subtracting them from the

gas metals.

6.3 Introduction

A significant fraction of metals present in the interstellar medium (ISM) is depleted
from the gas phase and locked into small solid particles, the cosmic dust. The
size of these particles is distributed over a broad range, from a few tens of A up
to a few pum. In the Milky Way, about 50% of the metal mass, or about 1% of
the ISM mass, is in dust. Theoretical works (e.g. Dwek, 1998) predict the first
percentage to be roughly constant, and as a consequence the second is approximately
proportional to the ambient gas metallicity Z,,,. This estimate is confirmed by
observations of metal-rich galaxies, but it is subject to a broad scatter. On the
other hand, low metallicity dwarf galaxies, having a low dust-to-gas (DtG) mass
ratio, deviate substatially (e.g. Galametz et al., 2011; Rémy-Ruyer et al., 2014). As
for the detailed chemical composition of dust, as a first approximation it is accepted
that dust consists of two major chemical classes: one carbon-based, and another

named “astronomical silicates", composed of essentially four elements, O, Si, Mg
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and Fe. This is supported by depletion and dust-reprocessing studies (e.g. Draine,
2003; Jenkins, 2009, and references therein).

Despite this deceivingly reassuring summary of cosmic dust properties, it is clear
that the situation is much more complex (e.g. Jones, 2013, and references therein).
All the above mentioned properties of dust represent only the average at late cosmic
times. However, observations show significant deviations, both from galaxy to galaxy
in the local Universe, and within different environments of the Milky Way itself.
Moreover, observations suggest substantial differences at early cosmic times. From
a theoretical perspective, this is all but surprising. Indeed, dust grains constitute a
living component of the ISM. Once dust grain seeds are produced, mostly in stellar
outflows, they are subject to several evolutionary processes in the ambient gas, whose
effectiveness depends on the physical and chemical gas conditions, as well as on the
properties of the grains themselves. These processes, which we have described in
Section 5.2.4, alter the abundance, chemical composition and size distribution of
dust grains.

Most galaxy properties cannot be described accurately without accounting for dust.
For instance, the chemical species that dust depletes are key ISM coolants. More-
over, dust surfaces catalyze the formation of molecular species such as Hy (e.g. Bar-
low and Silk, 1976). Hs is the primary constituent of molecular clouds (MCs), the
star formation sites. Among all dust effects, the best studied is the dust reprocess-
ing of radiation emitted by astrophysical objects. Therefore, dust is of paramount
importance in interpreting observations. Dust absorbs efficiently stellar (or AGN)
UV and optical light. The absorbed energy is thermally re-emitted in the IR, mostly
at A\ > a few pum, with a peak at about 100 yum. In the local Universe, dust con-
tributes only to less than 1% of the ISM mass. Despite being so scarce, it reprocesses
about 30% of all the photons emitted by stars and AGNs (Soifer and Neugebauer,
1991). The reprocessed fraction increases as a function of the specific star formation
activity of galaxies (Sanders and Mirabel, 1996). This is because in star forming
objects, the primary radiative power originates from young stars, which are close or
still embedded in their parent MCs (Silva et al., 1998; Granato et al., 2000; Charlot
and Fall, 2000). Thus, IR turns out to be a very good observational tracer for star
formation (eg Kennicutt and Evans, 2012). It is worth noticing that the absorption
and scattering cross sections of grains depend not only on their composition but
also, and strongly, on their radius a®. Therefore, reliable galactic SED models must

take dust size distribution into account (Silva et al., 1998).

2Usually dust grains are simply approximated by spheres.
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In this work, we implement within the GADGET-3 SPH code a state-of-the-art treat-
ment of the processes affecting the production, evolution and destruction of car-
bonaceous and silicate dust grains. We model the size distribution of dust grains
by means of the two-size approximation developed by Hirashita (2015). His work
demonstrates that it is possible to reproduce the broad results of a full grain-size
treatment just considering only two well-chosen representative sizes. The compu-
tation of this solution is not very demanding and therefore it is well-suited for
cosmological simulations. Moreover, the method can be generalized in the future to
increase the number of grain sizes.

While the GADGET-3 code is suitable for simulations of galaxy formation, we apply
it here to zoom-in simulations of two massive (~ 10™M,) and two smaller (~
5 x 10 M) galaxy clusters. We are mainly interested in the high redshift stages,
where the star formation activity is at its maximum, and the proto-cluster regions
are rich of cold dusty gas. The first aim of our dust evolution model is to couple it
in the near future with post-processing radiative transfer computations. We plan to
replace the uncertain assumptions on the dust content, chemical composition, and
size distribution, with estimates derived from the computation of these properties
in the simulated ISM. The presence of dust production and evolution will allow, at
a second stage, to account for the role of dust as a catalyst for the formation of
molecules; as well as the impact of gas heating and cooling due to dust (Montier
and Giard, 2004).

A few groups have successfully included some aspects of the evolution of dust con-
tent of the ISM within hydrodynamical simulations (e.g. Bekki, 2013; McKinnon
et al., 2016, 2017; Aoyama et al., 2017; Hou et al., 2017).Another possibility is to
investigate the problem by means of post-processing computations (e.g. Zhukovska
et al., 2016) or within semi-analytic models Popping et al. (2017). However the
present work provides a more comprehensive description of dust as we predict both
the size distribution and the chemical composition of dust grains at the same time,
self consistently with a full treatment of the chemical evolution of the ISM. More-
over, while the focus of the aforementioned papers was on galactic disks, our work
represents the first attempt to trace the evolution of dust component in simulations
of galaxy clusters.

We follow Dwek (1998) in using a notation for metallicity that specifies when we
refer to metals in the gas form Z,,,, metals in the solid form, i.e. dust Zg,s, or the
sum of the two Z,,;. This is not a standard convention as in other works dealing with

the evolution of the dust in the ISM, the symbol Z has been employed to refer to
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the total metal fraction (metallicity) of the ISM (e.g. Calura et al., 2008; Hirashita,

2015), including both metals in gas and metals locked up in solid state grains.

6.4 Method

We implement a state-of-the-art treatment of the processes affecting the production
and Interstellar Medium (ISM) evolution of carbonaceous and silicate dust grains
within SPH simulations. We trace the dust grain size distribution by means of a
two-size approximation. We test our method on zoom-in simulations of four massive
(Magy > 3 x 101 M) galaxy clusters. We predict that during the early stages of
assembly of the cluster at z = 3, where the star formation activity is at its maximum
in our simulations, the proto-cluster regions are rich in dusty gas. Compared to the
case in which only dust production in stellar ejecta is active, if we include processes
occurring in the cold ISM,the dust content is enhanced by a factor 2 — 3. However,
the dust properties in this stage turn out to be significantly different from those
observationally derived for the average Milky Way dust, and commonly adopted
in calculations of dust reprocessing. We show that these differences may have a
strong impact on the predicted spectral energy distributions. At low redshift in star
forming regions our model reproduces reasonably well the trend of dust abundances
over metallicity as observed in local galaxies. However we under-produce by a factor
of 2 to 3 the total dust content of clusters estimated observationally at low redshift,
2z < 0.5 using IRAS, Planck and Herschel satellites data. This discrepancy does not
subsist by assuming a lower sputtering efficiency, which erodes dust grains in the

hot Intracluster Medium (ICM).

6.5 Results

In Figure 5.14 we show the 2D distribution of DtG vs (gas) Oxygen abundances
of star forming multiphase particles at z = 0, for the four regions on which we
run our fiducial model. We include in the figure data on nearby galaxy samples
from Kennicutt et al. (2011) and Madden et al. (2012). It is apparent the broad
similarity between the distribution of simulated and the data points. Note however
that the former refers to individual particles residing in star forming regions rather
than entire unresolved galaxies, which could explain the larger dispersion. In any

case, it is reassuring that the model reproduces reasonably well the observed trend
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of dust abundance with metallicity.

In Figure 5.15, the time evolution of the ratio My,s (r < 15')/Mag is shown indi-
vidually for the 4 clusters simulated with the fiducial set of parameters. This is
compared with the same ratio as derived from these Planck data. The comparison
is shown not only with the full sample, but also for the two subsample at z < 0.25
and z > 0.25, comprising 307 and 254 clusters respectively. This figure confirms
that our fiducial models under-predict the dust content of the clusters, albeit by a
smaller factor ~ 3. As such, the model with increased sputtering timescale turns

out to be in reasonable agreement with the data.

6.6 Conclusion

During my PhD we introduced a state of the art treatment of dust production and
evolution in our version of the simulation code GADGET-3. We take advantage of the
code’s detailed description of chemical evolution to trace the two dust species that
are believed to populate the ISM, namely carbonaceous and silicate grains. We also
trace the grain size distribution by means of the two-size approximation introduced
and tested by Hirashita (2015).

In our code, large (nominally 0.1xm) dust grains are originated by simulated stellar
particles from three stellar channels, AGB winds, core collapse SNae, and SNIa.
These grains are spread along with metals to the surrounding SPH gas particles,
where we allow for various ISM evolution processes affecting dust properties to
occur. Large grains are then shattered onto small (nominally 0.01xm) grains if
the gas density is sufficiently low. In dense star forming SPH gas particles, metals
accrete onto small grains and small grains coagulate onto large grains. We also take
into account dust destruction by SN shocks and by sputtering in the hot (7" > 10° K)
ICM. We evaluate timescales for the above mentioned ISM processes as a function
of the physical conditions of the SPH particles, and within each we evolve the dust
and gas metal contents.

As a first test, we applied the method to cosmological zoom-in simulations of four
massive (Mg > 3 x 1014M,) galaxy clusters. During the early stages of assembly
of the cluster at z = 3, where the star formation activity is at its maximum in
our simulations, the proto-cluster regions are rich of dusty gas. Compared to runs
in which only dust production in stellar ejecta is active, runs including processes
occurring in the cold ISM enhance the dust content by a factor of 2 to 3.

At low redshift our model reproduces reasonably well the trend of dust abundances
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over metallicity as observed in local galaxies (Figure 5.14). However we under-
produce by a factor of 2 to 3 the total dust content of clusters estimated obser-
vationally at low-z < 0.5 using IRAS, Planck and Herschel satellites data. This
discrepancy can be solved by decreasing the efficiency of sputtering which erodes
dust grains in the hot ICM (Figure 5.15).

6.7 Future Prospects

The efforts of this Doctoral project meant to gather detailed information on the
ISM/ICM composition and evolution. By taking advantage of these results, we
can improve past methods of mock data production developed at the Observatory,
such as the ones presented in Granato et al. (2015). In the paper, they used post
processing routines with radiative transfer on galaxy cluster simulations. Their tool
required assumptions on dust composition, abundance, and grain size. Now it will
be possible to read this information directly from the simulations.

The group also plans on porting and adapting our dust evolution model to the MUIti
Phase Particle Integrator model (e.g. MUPPI, Murante et al., 2015). MUPPI can
produce realistic galaxy populations inside cosmological volumes of low to medium
resolution with a sophisticated star formation method based on multi-phase gas
particles.

The cold fraction of molecular gas for multi-phase particles is currently computed us-
ing the phenomenological hydrostatic pressure relation Blitz and Rosolowsky (2006).
In the near future, this method will be improved with the Maio et al. (2007) molec-
ular network. We will extend it so that the network will account for the catalysis
of Hy molecules on grain surfaces. Dust production will also be improved by the
candidate’s latest research interests, geared on a dust composition in line with the

breakdown observed in local molecular clouds.
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