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The interstellar medium is the medium that occupies the space between stars,
and it is the host for new star formation. Molecular hydrogen H, is the most
abundant molecule of interstellar gas. However, due to the lack of permanent
dipole moment, the H, cannot be detected directly and is traced by the second
most abundant molecule CO. H; self-shields itself from UV radiation. In con-
trast, the CO fails to self-shield itself, and the gas phase carbon will be present in
C or CT. Thus, some amount of H, has not been traced by CO, known as "CO-
dark gas". 10M resolution region of the fiducial Milky Way model, which is
produced by the high-resolution simulations using a moving AREPO code, has
been adopted to perform this thesis which aims to investigate the amount of CO-
dark gas mass present in this region at 50pc, 100pc,250pc,500pc, and 1kpc spatial
resolution of the AREPO image.

It is observed that as the spatial resolution is increased, more CO is detected for
H, column densities > 10?Y cm 2. This affects the globally averaged CO-H, con-
version factor (Xco) up to a factor of 3. The standard value for CO integrated
intensity threshold (W 1, threshold to distinguish between CO dark and CO
bright gas) less than 10 K kms~! does not hold good for 50pc, 100pc, and 250pc
spatial resolutions. At these spatial resolutions, CO tends to be bright before
reaching the Wco ¢, and new CO integrated intensity threshold (Wco newth) less
than 1 K kms™! provides the better estimation of CO-dark gas fraction. CO-dark
gas fraction varies along with the spatial resolution of the AREPO image. At
high resolution, we miss 1% - 34% (50pc), 15% - 32% (100pc), 10% - 24% (250pc),
22%(500pc) and 36%(1kpc) of Hy mass the 10M;, resolution region. For the sub-
regions, the amount of H, mass that is missed varies on the spatial resolution.
CO-dark gas fraction found at 10" em™2 < Nco < 107 em™2, 1018 em ™2 < NH,
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<102 cm2,10% ecm=2 < Nigr < 102 em ™2 and 102 em =2 < Ngp < 1022 cm 2
for all the spatial resolutions, but at the poor spatial resolution the CO-dark gas
fraction is obscured. A huge scatter is observed along with these column densi-
ties in the CO-dark gas distribution. By the use of box plots where CO-dark gas
fraction is limited to a maximum of 0.98, it is found that in the binned intervals
of 10%° cm™2 in the range (which is stated above) for Ny, Ny1, Ngp the CO-dark
gas fraction distribution is both left and right skewed showing no uniform vari-
ations in the mean CO-dark gas fractions of the binned column densities. For a
given column density, the mean of CO-dark gas fraction varies at different spa-
tial resolutions. Hence, no correlation is found between CO-dark gas fraction
and either of Ny, Nyy or Ngp.

CO-H; conversion factor also varies depending on the spatial resolution as more
CO is detected at high spatial resolutions. However, at low Ny, each subregions
have high globally averaged Xco values and decreases as Ny, increases. Never-

theless, Xco is sensitive to the spatial resolution for a given Ny,
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Chapter 1

Introduction

1.1 Interstellar Medium

The space between stars seemed empty, i.e., the dark patches in between the
stars in the photographic atlas of the Milky Way by E.E.Barnard. However, these
dark patches seemed not to be empty; instead, the light by stars(starlight) was
obscured by the dust present between them. This process is known as "Inter-
stellar Reddening". Thus, the space between the stars was concluded not to be
empty; instead consists of a medium known as "Interstellar Medium"(ISM). Simi-
larly, the medium between the galaxies is known as the "Inter-Galactic Medium."
(IGM) (Kwok (2007)). Hydrogen is the main constituent of ISM (70%) followed
by Helium (28%), heavier atoms (1%), and remaining is the dust(1%) which is
mainly a composition of silicates (Si, O, H), oxides (O, Fe, Al), icy mantles (H,O,
CO, CO;) and carbonaceous (C, H, N) materials in the solid phase (Cartagena
(2020)).

Being the medium between stars, the interstellar medium is also the birth-
place of stars. The interstellar medium is the vault of ashes of previous gener-
ation stars, boosted by the products of nucleosynthesis produced during star’s
evolution. The nucleosynthesis products are injected into the interstellar medium
either by a supernova explosion or by stellar winds. As the nucleosynthesis
products are injected more and more, the interstellar medium becomes richer
(an increase of abundance) of heavier elements which is a part of the stellar evo-
lution of a galaxy, and thus interstellar medium becomes the progenitor of new
stars(Tielens (2010)).

A continual flow of energy through the interstellar medium and the inter-
change of materials within itself and stars form a cycle and drives the evolution
of the galaxy (Burton et al. (2013)). Some part of interstellar gas from the inter-

galactic medium (IGM) is added to the interstellar medium, which increases its
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mass. Table 1.1 show that interstellar medium exists as a multiphase medium

that differs in density and temperature and the nature of the constituents.

TABLE 1.1: Multiphase ISM (Draine (2011))

Medium Temperature(K) Density(cm ) Properties

Hot Ionized > 10°° 0.004 Shock waves heat the gas,

Medium (HIM) and ionization is due to col-
lision with OVI ions.

Warm Ionized 10% 0.3-10* Hydrogen Gas is heated

Medium (WIM) by ultraviolet photons pro-
duced by the newborn O-
type stars

Warm Neutral ~ 5000 0.6 Hydrogen is found in neu-

Medium (WNM) tral form with a small frac-
tion of ionization

Cold Neutral ~ 100 30 Dense with hydrogen in the

Medium (CNM) neutral form

Diffuse molecular ~ 50 ~ 100 Similar to CNM but with

gas large column densities, pro-
viding self-shielding of hy-
drogen

Dense Molecular 10-50 103 — 106 Found in gravitationally

Gas bound clouds with very

high densities consisting
of dust grains coated with

mantles.
occurs in these clouds

Star formation

The interstellar medium matter is diversely distributed in well-defined phases.
The interstellar medium has multiphase because it is not stationary, and due to
the interstellar medium being dynamic, the baryons undergo several changes
from one phase to another, like ionizing photons from stars, which can ionize the
cold molecular gas to hot ionized hydrogen (HII) and similarly, radiative cooling
can allow hot ionized gas to cool at low temperatures, where ions and electrons
can recombine to form atoms and further atoms can recombine to form a Hj
molecule.

The naked eye cannot directly detect the matter present in the interstellar medium.
The emission or absorption of radiation by atoms, ions, or molecules present
in interstellar gas is used to observe the interstellar medium. In an interstellar
medium (ISM) the stars are formed in Giant Molecular Clouds (GMCs). The
name itself suggests that it is entirely molecular. It cannot be said that all GMCs
form stars, but at least it is scarce in the solar vicinity of the non-star-forming

GMCs to be found. Appearing as descriptive and having precise boundaries
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are the main description of GMCs, and they are gravitationally bound. Though
it is known that star formation occurs in GMCs, the formation and what pre-
cisely a GMC has is yet to have a generally accepted definition. There is a small
amount of variance regarding the classification of a giant cloud as GMC, but it
is unaccepted, including all the definitions of GMC(Blitz (1993)). Having precise
boundaries suggests that at the edges of the molecular cloud, there is an occur-
rence of phase transition. It is apparent that a molecular cloud is associated with
atomic hydrogen envelopes of the same mass as the molecular cloud. For the
complete description and details of formation GMC (see Blitz (1993) and Pringle
et al. (2001)).

1.2 Hydrogen

Asstated in 1.1, hydrogen is the most abundant element in the interstellar medium.
So, understanding the physics of hydrogen and its phases is of great importance
to understanding the process in the interstellar medium. The discovery of spec-
tral lines from HT, H-atoms, H, molecules, H,™ and H3" from the interstellar
medium has made a significant impact in the study of ISM (Islam (2010)).

1.2.1 Early Universe Hydrogen

In the period known as the "Recombination Era", i.e., after 3 x 10° years after
the Big Bang, the first hydrogen and helium atoms were formed by electrons
and protons. Ever since, the formation of hydrogen in atomic and molecular
forms has showcased itself in the primary role of shaping the universe. After
the Big Bang, the universe was extremely hot, around 1000K, under which the
hydrogen atoms can ionize and radiate the heat once cooled. This leads to the
gravitational collapse to form stars and galaxies. Cooling of gas is an important
mechanism that allows gravitational collapse as the effect of the pressure of the
hot gas resisting any more contraction unless the heat is radiated away.

Once the neutral hydrogen is formed, the molecular ions such as Hy™ and HD
were formed due to radiative reactions. Ion-Molecule exchange reaction, which
includes electrons and protons, leads to forming of the first hydrogen molecule
(Hy). A typical ion-molecule exchange reaction is as follows: (Islam (2010)):

H4+e —H +hv
H +H—Hy+e

(1.1)
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or

H+H"™ - H,™ + hv

(1.2)
H,"+H—->H,+H"

1.2.2 Neutral Atomic Hydrogen(HI)

Hydrogen in the form of neutral atomic is the form in which the interstellar
medium in the disk of galaxies is present. Neutral atomic hydrogen gas can
be present in thermal equilibrium at temperatures less than few 100K, known as
Cold Neutral Medium (CNM), and at temperatures less than a few 1000K, which
is known as Warm Neutral Medium (WNM). In the interstellar medium, neutral
atomic hydrogen is a two-phase medium where CNM and WNM can co-exist in
pressure equilibrium. The electron’s spin in the electronic ground state of a hy-
drogen atom can be parallel or antiparallel, with higher and lower energy levels,
respectively. The magnetic fields of electron and proton, which are produced due
to the spins, form a coupling that results in the "hyperfine splitting" of the hydro-
gen atom. When an electron returns to its ground state, a photon of wavelength
A =21.1 cm is emitted. The spectral line of this wavelength is known as the 21
cm line, which is uniquely emitted by HI. Hence, neutral atomic hydrogen (HI)
is detected by this spectral line. The distribution of this form of hydrogen in the
interstellar medium is referred to as "HI regions". The number density n(HI) is 1
atom cm 3. More than 95 percent of the interstellar medium is probably believed
to be in hydrogen and helium neutral phases(Spitzer (1998)). The study of a 21
cm line from atomic hydrogen has been a significant impact in mapping the HI
distribution in Milky Way and other galaxies (Draine (2011)). In the Interstellar
medium, atomic hydrogen (HI) is present in Warm Neutral Medium(WNM) and
Cold Neutral Medium(CNM), where the cooling processes are by optical line
and fine-structure line emission for WNM and only fine-structure line emission
for CNM (Draine (2011)).

1.2.3 Ionised Hydrogen

The most luminous, most massive, and with high surface temperatures, stars like
types O and B release an ultraviolet photon during their evolution with energies
higher than 13.6ev (ionization energy for hydrogen). So, as the released photon
reaches, the hydrogen atoms surrounding or present near the stars are ionized,

and this process of ionization is known as photoionization. The region of such
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FIGURE 1.1: All sky HI 21 cm line intensity from LAB survey. The Galactic centre is
in the middle (Kalberla et al. (2005))

ionized hydrogen is known as the "HII region". The radio-recombination lines
and emissions at different wavelengths like the Balmer lines and the Balmer con-
tinuum, continuum emission at infrared and radio frequencies are used to study
the HII regions (Spitzer (1998)). During the star’s lifetime, which is responsi-
ble for ionization, the HII regions do not tend to travel more from the regions
where they are formed. Hence, studying HII regions is of great importance to
understanding the ISM. The ionizing photons from O and B stars escape these
HII regions and are responsible for the ionization in a Warm Ionized Medium
(WIM) (Luisi (2019)).

FIGURE 1.2: The Trifid Nebula (M20). A single O7 star powers the optical image

of an HII region. The bright region is the HII region (red) in Ha, and the starlight

scattered by dust is the blue haze in the North (Draine (2011)). The image is taken
from Astronomy Picture of the Day.https:/ /apod.nasa.gov/apod/ap210812.html
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1.2.4 Molecular Hydrogen

Hydrogen in the molecular form (Hy) is the most abundant molecule in the uni-
verse (Draine (2011)), which is the dominant molecule of the mass budget of
gas in star-forming regions (Cazaux & Tielens (2002)). Star formation occurs in
denser and cold molecular clouds, where the transformation of atomic gas (dif-
fuse) to molecular gas (dense) is considered the most crucial step in the star for-
mation process in ISM (Busch et al. (2019a)). As the transformation is essential
in the cooling mechanism of the interstellar medium, it regulates the star forma-
tion in galaxies (Glover & Abel (2008)). It is expected that there is a possibility of
the very first generations of stars, molecular gas fuels the star formation (Bolatto
et al. (2013))

The theory of the formation of molecular hydrogen in the interstellar medium
that is widely accepted is the formation of H; on the surface of the dust grains in
the interstellar medium via heterogeneous catalysis. Van de Hulst first suggested
this in 1948, and Salpeter and Gould modeled it in 1963. In this type of formation,
all the H-atoms that are absorbed into the dust grains leave as part of a Hy, and
hence this process is thought to be highly efficient. In this process, the molecu-
lar hydrogen may be formed in three ways: i) The absorbed H-atom on the dust
grain surface is reacted with another H-atom, which is still in the gas phase, and
molecular hydrogen (H») is formed and desorbed from the surface. This pro-
cess is also known as Eley-Rideal (ER) mechanism; ii) Two absorbed H-atoms on
the surface of dust grains are synthesized to molecular hydrogen (Hy), then des-
orbed. This is known as Langmuir-Hinshelwood (LH) mechanism. These two
mechanisms are the extremes, whereas the third one is the intermediate of these
two; iii) An absorbed H-atom is bound to the surface and thermalized with the
surface. However, the second H-atom does not thermalize with the surface and
reacts with the fully thermalized H-atom to form molecular hydrogen (H;). This
is known as the hot atom mechanism (Islam (2010)). The molecular hydrogen
in warm molecular gas is observed using higher ] rotational states (Goldsmith
et al. (2010)), but where the bulk of molecular hydrogen lies is cold molecular
gas which does not have energies required for the observation from higher J ro-

tational states.
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1.3 Numerical Simulations

Numerical simulations are a vital tool for studying the astrophysical problems
of structure formation. Numerical simulations are of crucial importance for the-
oretical research on galaxy formation. Numerical simulations have played an
essential role in the vitality of cosmogony establishment, and they predict the
non-linear outcomes of fully specified initial conditions of standard A cold mat-
ter cosmology. In hydrodynamical cosmology, a range of numerical methods is in
use. Lagrangian smoothed particle hydrodynamics (SPH) Lucy (1977), Gingold
& Monaghan (1977) and Eulerian mesh-based hydrodynamics (Stone & Norman
(1992)) with or without mesh refinement process (AMR) Berger & Colella (1989)
and also treating hydrodynamics through an approximation of the collisional
Boltzmann equation (Xu (1997), Slyz & Prendergast (1999)) are the most well-
known numerical methods. These numerical methods yield conflicting results,
though the radiative transfer is not included.

SPH has poor shock resolution and provides low order accuracy for treating
contact discontinuities. Moreover, they suppress the fluid instabilities under a
few conditions, which results in spurious surface tension. Though it is possible
to avoid these effects by introducing heat conduction (Wadsley et al. (2008), Price
(2008)) or a modified treatment of the artificial viscosity, it is not confident that it
would provide a universal solution. Eulerian methods also lack Galilean invari-
ance, which makes the results insensitive to bulk velocities (Tasker et al. (2008)).
This is a severe concern in the simulations of galaxy formation, where the galax-
ies move with significant speeds (often the order of magnitude greater than the
speed of the dense interstellar medium) relative to each other.

A better approach is to let the mesh move. Gnedin et al. (2009a) and Pen
(1998) have successfully presented the moving mesh hydrodynamic algorithms
(that rely on the Cartesian grids) which are applied for a range of cosmological
problems. However, the need to limit maximum grid distortions severely limits
the flexibility of the codes when the mesh is heavily distorted. Therefore, an
unstructured moving mesh algorithm (mesh defined as Voronoi tessellation of a
set of discrete mesh-generating points, which are in principle allowed to move
freely) known as AREPO code is proposed by (Springel (2010a)). This code is a
moving mesh compromise between SPH and AMR. The use of this AREPO code

to produce the model on which this study is carried out is explained in Section 3.



18

Chapter 2

Literature Review

2.1 Photo - Dominated Region

In the evolution of a galaxy, the interstellar gas is responsible for supplying the
power required for star formation in the giant molecular clouds by reserving the
materials discharged by the stars (Langer et al. (2010a)). Some Giant molecular
clouds slowly convert to stellar nurseries and are identified by the boundaries,
which define the transition between the atomic and molecular phases of the in-
terstellar gas. The ionization and heating for these transitions are dominated
by far-ultraviolet radiation (FUV). Hence, these boundary regions are known as
"Photo-Dissociation Regions" or "Photo-Dominated Regions"(PDR). The photo-
dominated regions are formed when far-ultraviolet radiation produced by the
young O and B-type stars penetrates through the molecular cloud and dissociates
the molecules, which results in the heating of the gas and dust (Escalante (1991)).
This makes the Photodissociation region an alliance or sandwiched region in be-
tween the ionized region (HII region) (where this FUV is also responsible for the
ionization of hydrogen) and the molecular gas region (Bisbas et al. (2021)). Fig-
ure 2.1 is a schematic representation of a PDR, where the FUV photons enter the
molecular clouds, dissociate the molecules, and form a PDR. In these regions,
the H atoms ionizing photons are absorbed into a thin transition zone where the
structure changes to almost fully neutral from being fully ionized, and the far-
ultraviolet (FUV) photons with energies less than 13.6 eV dissociate the molecu-
lar hydrogen and then ionize carbon, which leads to the formation of the HI/CII
region. (Tielens (2010)).
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FIGURE 2.1: Schematic view of a photodissociation region. The PDR is illuminated
from the left by a strong FUV field (Tielens (2010))

2.1.1 H, and CO in interstellar medium

The most abundant molecule in the interstellar medium (Cazaux & Tielens (2004),
Hall, Stanimirovi¢, Lee, Wolfire & Goldsmith (Hall et al.), Bolatto et al. (2013),
Burgh et al. (2007)) molecular hydrogen (Hj) is a diatomic molecule with iden-
tical nuclei, is formed at a temperature of few 10K. As a result of consisting of
identical nuclei, Hy does not possess a permanent dipole moment and dipolar
rotational transitions. In the infrared at A = 28.22 ym and shorter wavelengths,
the lower-level energy transitions are purely rotational quadrupole transitions,
which are weak. Also, the upper-level energy of the lowest para and ortho hy-
drogen transitions are at 510K and 1015K above the ground state. Thus, Hj is ex-
cited in gas with temperatures > 100K (Dabrowski (1984)), and the excitation of
the lowest vibrational transition is difficult. As a result, all these properties of Hj
are concealed in emission in the interstellar (Bolatto et al. (2013)) medium, mak-
ing it not detected directly in the cold medium. Though Hjis the most abundant
molecule, the interstellar gas consists of heavier elements like oxygen, carbon,
and nitrogen.

CO is the second most abundant molecule in the interstellar medium (den
Brok et al. (2021)). Because of its high abundance (though with low excitation
temperature), CO is considered to be the common tracer of Hy. H; interacts with
CO via collisions which provide an advantage for CO line intensities and shapes
to be a quantitative measure of Hy volume density and kinetic gas temperature
(Kalberla et al. (2020)). CO has strong ground-state transitions, which produce
detectable emission lines at radio wavelengths. The molecular gas mass, which
is estimated by the observation of 12CO (J=1-0) spectral line in its lowest energy
level corresponds to a wavelength of A = 2.6 mm (Planck Collaboration et al.
(2011a)). This spectral line is optically thick, and, in these limits, the information
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that provides molecular gas mass is the line width. The emission line from CO
is observed in the units of Kkms™!, which is known as velocity integrated line
intensity (Wcp). Along with W an empirically derived factor generally known
as the conversion factor (Xcp) with units of cm™2K~'km~!s is multiplied to ob-
tain the molecular hydrogen column density (Shetty et al. (2011);Bolatto et al.
(2013)).i.e

Np, = Xco x Wco cm ™2 (2.1)

where Ny, is known as molecular hydrogen column density

As CO is the second most abundant molecule, it is excited at very low tem-
peratures, which is a disadvantage for detecting H; in the interstellar medium
as H excitation temperatures are very high, i.e., It shields itself from the dust
from UV photo-dissociation of CO (Luo et al. (2020)). The far-ultraviolet rays
photo dissociates CO and reduces its abundances in the region with intermedi-
ate extinctions ((Ay ~ 0.2 — 2magnitude) see Li et al. (2018)). Moreover, thus, CO
photo dissociates, and much of carbon presumably is present in the form of C*
(Hollenbach et al. (2009); Goldsmith et al. (2008)). This CO property makes it a
partial Hy tracer as some amount of H, cannot be traced.

2.2 CO-dark gas

This has been observed in the analysis of the results of Gamma-ray observations
from COS-B (Bloemen et al. (1986)) and the Energetic Gamma-Ray Experiment
Telescope ( Strong & Mattox (1996)) experiments which were conducted to esti-
mate the mass of molecular hydrogen in the interstellar medium. The analysis
of these experiments indicated that more hydrogen mass is present in the inter-
stellar gas, which is not seen in either HI or CO emission. Furthermore, the dust
column density maps of the Galaxy from DIRBE and maps of the Two Micron
All Sky Survey (2MASS) J-K extinction provide evidence of additional gas that
is present and is part of interstellar gas, which is presumably in the molecular
form, which is not seen by either HI or CO emission (Grenier et al. (2005)).

This molecular hydrogen gas not traced by CO is termed as "dark gas" by
Grenier et al. (2005). The ratio of molecular hydrogen mass that is not traced by
CO to overall molecular hydrogen mass is defined as the "CO-dark gas fraction"
in this thesis. A hypothesis is that nearly 30% of the molecular hydrogen may
not be traced by CO, i.e., 30% is dark gas in the molecular clouds (Busch et al.
(2019b)). Knowing the great importance of molecular hydrogen in the study

of star formation, knowing the amount of hydrogen in the molecular form to
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be known completely, is of great importance. Hence, precisely determining or

estimating the CO-dark gas fraction in the molecular gas is crucial.

2.3 Aim and Motivation

The theoretical study on CO-dark fraction conducted by Wolfire et al. (2010) on a
1D PDR model estimates that CO-dark gas fraction is a function of mean extinc-
tion with characteristics of observed GMC(, i.e., as the mean extinction increases
the CO-dark gas value decreases and the CO dark-gas fraction is 0.3 with little
dependence on CO mass or interstellar radiation field strength. The CO-dark
gas fraction has been quantified observationally by many researchers. Grenier
et al. (2005) have used large-scale maps of dust emission and extinction v -ray
emission and HI and CO emission with the primary objective of proving that a
significant fraction of gas that was traced in dust emission and absorption and
in the 7 - ray emission but was not seen either in HI emission or CO emission.
They quantified the dark gas fraction as 0.33-0.5. In order to interpret the mass of
CO-dark gas compared to CO bright gas Planck Collaboration et al. (2011b) have
constructed the all-sky map of dust temperature and optical depth along with co-
relating them with HI and CO emission. They have estimated that CO-dark gas
is 18% times CO-bright gas at high galactic latitudes by mass, and the CO-dark
gas fraction value is 0.54. Paradis et al. (2012) have used dust extinction maps
instead of Plank far-infrared maps and have estimated the CO-dark gas fraction
as 0.62 but considering only at high galactic latitudes and also proclaimed that
the CO-dark gas fraction varies for the inner and outer galaxy (the inner galaxy
has a CO-dark gas fraction value of 0.71 and the outer galaxy has the value of
0.43). In the molecular phase of the Milky Way, the CO-dark gas component
has been calculated to be approximately 30%. Also, it has been interpreted that
the CO-dark gas component is not constant but varies with Galactocentric dis-
tance (Rg). For Rg = 3 kpc of the Galactic Centre, the CO-dark gas fraction is
essentially zero, but for Rg = 10 kpc, the value of the CO-dark gas fraction is in
the range of 0.6-0.8. This has been achieved by Pineda et al. (2013) by studying
the [CII] emission by using the GOT C+ (Galactic Observations of Terahertz C*)
survey Langer et al. (2010b) and determining the excess emission which is not de-
duced by either HI or CO emissions produced by co-relating the [CII] emission
with HI and CO emission. In terms of numerical simulations, modeling groups
like Dobbs et al. (2008a); Gnedin et al. (2009b); Christensen et al. (2012) have
modeled a large-scale dynamical simulation of the interstellar medium. Nev-
ertheless, such models only consist of resolutions that allow one to study giant
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molecular clouds(GMCs) individually. Moreover, small, scale resolution models
produced by groups like Glover et al. (2010); Glover & Clark (2012a) do not con-
sist of sufficient dynamical range for the formation of cloud self-consistently. By
using a three-dimensional PDR code 3D-PDR (Bisbas et al. (2012)) Offner et al.
(2013) have estimated the CO-dark component to be found in the temperature
range of 30K-70K.

As we know the importance of Hj in understanding the star formation region
and evolution of the interstellar medium, it is vital to know the total budget of
H; in the interstellar medium. Since the Hy cannot be entirely detected by CO
as a tracer, estimating the CO-dark gas fraction is of more importance. All the
above-stated previous works to determine the CO-dark gas fraction are based
on the different interstellar medium conditions but not on the resolution quality.
All the above factors motivate this thesis to be focused on the behavior of CO-
dark gas fraction in the fiducial Milky Way simulation (with the considerations
of large-scale galactic effects supernova feedbacks and differential rotations) on
different sizes of the AREPO cells.

This thesis aims to investigate the CO-dark gas fraction and determine the
CO-H; conversion factor Xco at different spatial resolutions for the 10M, res-
olution region and its subregions of the potential dominated region from the
fiducial Milky Way simulation. Furthermore, to evaluate whether the CO-dark
gas fraction can be determined on our knowledge of Ny, Ny and Ngp.

The structure of this thesis is like this: In chapter 3, I have described the
model of the fiducial Milky Way, using which this thesis carried out. Then, in
chapter 4, I have explained in detail the methods used to determine the column
densities of CO (Nco), Hy (Np,0, HI (Ng;), total (Nsp) and also the CO-dark gas
fraction and the methods used to compare the behavior of CO-dark gas fraction
on different aperture sizes. In chapter 5, I have discussed the results obtained
from the methods used to achieve the aim of this thesis and have discussed the
sources of uncertainties and caveats. Then, in chapter 6, I have compared the
results obtained in this thesis with theoretical and observational works. Finally,

I have concluded my thesis in chapter 7.
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Chapter 3

Model

A model of the interstellar medium is necessary to compute the CO-dark gas
fraction. An ideal model for this purpose will comprise the dynamical evolu-
tion of the interstellar medium and the chemical evolution (like heating, cooling,
and ionization states which are the significant factors that modify the proper-
ties of the interstellar medium) in a self-consistent fashion. The evolution of the
interstellar medium is indicated in high dynamical range 3D simulation by in-
cluding the H, and CO chemistry. Few research groups have produced the mod-
els by 3D simulations of an interstellar medium with different criteria. Some
research groups like Dobbs et al. (2008b); Gnedin et al. (2009b) ; Christensen
et al. (2012) have developed large-scale dynamical simulation which accounts
for the Hy formation (CO chemistry is not included), but it is not consistent for
the study of individual giant molecular cloud as it does not provide the reso-
lution required for it. Small scale models are produced by Glover et al. (2010);
Glover & Clark (2012a) represents the formation of H, and CO in the turbulent
interstellar medium but lacks the dynamical range required to model the clouds
self-consistently. Hence, combining large-scale dynamical 3D simulations, small-
scale gas cooling physics, and chemistry of the interstellar medium is required.
Smith et al. (2020) have produced such models (Potential dominated and clus-

tered supernova feedback).

This model is generated using a modified version of AREPO code (Springel
(2010b) ;Pakmor et al. (2016)) which includes the custom interstellar medium
physics modules. AREPO is a well-tested cosmological code that uses Voronoi
mesh to solve the (M)HD equations by combining the strengths of grid-based
Eulerian hydrodynamical codes and smoothed particle hydrodynamics (SPH).
AREPO mesh is adaptive, and thus it can provide high-resolution mass refine-
ment at the places of interest. This high-resolution mass refinement feature of
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AREPO helps address the challenges involving extreme dynamic range and dis-
continuous and fluid instabilities without specific geometry. Furthermore, the
performance of AREPO is better than standard SPH for modeling the subsonic
turbulence (Bauer & Springel (2012)) and highly multiphase flows (Sijacki et al.
(2012)). These properties of AREPO make it an ideal tool for observing the com-
plexes like star formation in galaxies with an extensive dynamic range. The ini-
tial conditions, properties, and the environment in which the simulation is per-

formed is discussed in the following sections.

3.1 Galactic Potential

The author’s primary objective of Smith et al. (2020) is to produce the simula-
tion of a spiral galaxy and study the behavior of interstellar medium present in
that galaxy with large-scale galactic effects. Therefore, it was chosen to system-
atically model the large-scale galactic potential to minimize the computational
effort. A logarithmic potential (produces a flat rotation curve of vy = 220kms ')
(Binney & Tremaine (1987)) and the potential for the outer halo from Caldwell
& Ostriker (1981) are combined, and the spiral perturbations are also included
to the potential of the model, which is a four-armed component upon a disc of
gas without self-gravity with pitch angle « = 15° and a pattern speed of 2 x 1078
rad yr~! adapted from Cox & Gémez (2002). Using the Arepo gravitational tree
(Springel (2010b)), the self-gravity of the gas is calculated. The most significant
fitting potential from McMillan (2017a) has been used for the axisymmetric part
of gravitational potential, which is generated to be accordant with the various
theoretical and observational constraints for the Milky Way. It is an addition of
the halo, bulge, and disc component (For the detailed description, see Smith et al.
(2020); Smith et al. (2014)).

3.2 Gas Chemistry

The formation of hydrogen molecule (H;) on grains and destruction by photodis-
sociation, cosmic-ray ionization, and collisional dissociation of atomic hydrogen
and recombination on grain surfaces and in the gas phase of H™ is included for
hydrogen gas chemistry along with using the hydrogen gas chemistry of Glover
& Mac Low (2007a) and Glover & Mac Low (2007b). Nelson & Langer (1997)
is a simplified chemical model that assumes the direct conversion of C* to CO
or vice-versa without taking into account of the intermediate reactions (like the

formation of C). It is assumed that the conversion of C* to CO is initiated by the
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formation of an intermediate hydrocarbon radical by the radiative association
reaction C* + H, — CH3J + photon with a reaction rate coefficient kg. This ion
molecule rapidly converts to carbon radicals (CH or CHj) via ion-molecule re-
actions H, and dissociative recombination with electrons. These radicals either
react with atomic oxygen to form CO with a reaction rate coefficient (k;) or un-
dergo photo-dissociation. Once CO is formed, C and O are yielded by CO only
via photo-dissociation, and the formed C is converted to C* immediately by in-
stant photoionization. The equation that they have provided, which describes
the rate of production or destruction, is:

dn(CO)
dt

= kOnC+nH2,B - Fconco (31)

where n.+ is the number density of C* ions and ny, is the number density of
hydrogen molecules. kg =5 x107'¢ cm? s~ and T'co is CO photodissociation
rate (10719 G, exp(-2.5 Ay) s H(Nelson & Langer (1997)). Using this model is
the same as the NL97 model from Glover & Clark (2012c), and it also describes
the complete details of the combined network and terms of speed and accuracy.

The incident far-ultraviolet radiation field and density govern the structure of
PDR. These are expressed in terms of interstellar radiation field (Tielens (2010)).
The interstellar radiation field (ISRF) is assumed to have the same spectral shape
and strength as the solar neighborhood, which is derived by Draine (1978) and
it is equivalent to 1.7 times field strength derived by Habing (1968). TreeCol al-
gorithm developed by Clark et al. (2012) is used to treat the attenuation of ISRF
caused by Hj self-shielding, CO self-shielding, the shielding of CO by Hj, and by
also dust absorption. The 47t steradian map of dust extinction, CO, and H; col-
umn densities surrounding each AREPO cell are carried out using this TreeCol
algorithm. For simulations of large-scale galactic potential, using the TreeCol
algorithm overestimates the column densities. Thus, to prevent the overestima-
tion of column densities, a shielding length (Lg},) of 30pc (which approximately
corresponds to the nearest O or B star in the solar neighborhood (Reed (2000)) is
defined such that the contributions of the gas at length L < Ly}, from each AREPO
cell is only considered. This field does not explicitly include ionizing radiation

from massive stars. It only represents the general background radiation field.
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3.3 Gas Cooling

The cooling function of atomic and molecular gas from radiative processes is de-
scribed in Clark et al. (2019). Using H and e~ abundances directly from the non-
equilibrium chemical model, modeling the cooling function of high-temperature
gas (T > 10*K) via atomic hydrogen line emission is achieved. Assuming that he-
lium and metals are in collisional ionization equilibrium using values from Gnat
& Ferland (2012) high-temperature cooling for helium and metals are computed.
Cosmic ray ionization rate is taken as 3 x 10~17s for atomic hydrogen and molec-
ular hydrogen twice this value. Metal abundance is assumed to be the same as
solar metal abundance, and the gas-to-dust ratio is 100:1.

3.4 Supernova feedback

The stellar feedback in the interstellar medium includes stellar winds, jets, pho-
toionization regions, and supernovae feedback. The authors of Smith et al. (2020)
have considered only supernovae feedback due to high complexity at galactic
scale simulation, including all the effects (which is a caveat of their work). Super-
novae feedback injects both momentum and thermal energy into the neighboring
gas. They have adopted two types of supernovae feedback, i) purely random su-
pernovae explosions and ii) supernovae tied to sinks. This thesis is carried out
on the model, which is produced by considering purely random supernovae ex-
plosions. It is assumed as one supernova explosion per 50 years, which is typical
for the Milky Way, and the sample points are randomly chosen from the initial
gas density profile for the disk.

3.5 Simulations

Inspired by the Milky Way gas disc model from McMillan (2017b) (which con-
sists of two density distributions for HI and H; at large radii it exponentially
declines), the simulations for this model are started by setting up of a gas disc.
Both conditions are included as the initial condition for the simulation, and the
simulation starts from an atomic state. The main study is based on the molecular
gas, forming from the atomic gas phase as the disc evolves.

The gas distribution is let to respond to the large-scale potential for the first 150
Myr, and spiral arms are developed with purely random feedback without the
self-gravity of the gas. For the mass refinement process, 1000 M, is defined as
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the target mass in each AREPO cell for the efficiency of the simulations. The mid-
dle phase for 70 Myr begins after 150 Myr, where a high-resolution box is created
between two spiral arms within 3kpc that co-rotates with gas when the steady
state is achieved after 150 Myr. The formation timescale of Hj in the interstellar
medium is approximately, @ where 'n’ is the number density (cm~3) Hollen-
back & McCray (1975). The characteristic mean number density for most giant
molecular clouds is 100 cm 3, which shows that the approximate H, formation
time in a giant molecular cloud is 10Myr Blitz & Shu (1980). Thus, for the middle
phase, the gas mass resolution target is initially set to 100 M, once the middle
phase crosses 60 Myr. The target mass resolution is set to 10 My, for the last
10Myr as it resembles the surface density value of the Milky Way (hereafter, this
region is mentioned as 10M, resolution region). In this gas phase, self-gravity is
turned on, and sink particles are formed. Since the supernova feedback is purely
random, the gas dynamics in this model can be determined by the gravitational
potential of large scales. As the random feedback is not efficient for moving
around the dense gas, the dynamics are dominated by the gravitational poten-
tial of large scales, which leads to the clear, sharp spiral arm. Figure 3.1 repre-
sents the overall view of the potential dominated model produced by Smith et al.
(2020). The color bar represents the surface density of the model.

This thesis is accomplished on the black square box region shown in Figure
3.1. This region is the 10M resolution region, which is obtained by the mass
refinement process at the mid-phase of the simulation.
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FIGURE 3.1: Simulation of the potential dominated model. The black square box
indicates the region of 10 M, resolution (image credit: Smith et al. (2014)).
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Chapter 4

Methodology

4.1 Data

The overall specifications and the properties of the potential dominated model
in which a particular region is considered, and this thesis is performed, are dis-
cussed in section3. Smith et al. (2020) work aims to study the molecular gas
in molecular clouds in the form of filaments. Furthermore, these filaments are
formed away from the disc, and this region in the potential-dominated model is
produced by Smith et al. (2020) and Smith et al. (2014) with the mass refinement
of each AREPO cell with the target mass of 10 M. This is the ground on which
the 10 M, resolution region is considered for this thesis. The dimensions of the
AREPO cell for this region are 3kpc and are shown in Figure 4.1. The letters A
and B in Figure 4.1 represent the location of cloud complexes in the potential
dominated region, on which Smith et al. (2020) group has studied the impact of
the galactic-scale forces on the filament network formed in these and the other
two cloud complexes (Supernova feedback region in their paper). The AREPO
simulation data of this 10 M, resolution region is provided by Rowan.].Smith,
and the coding part of this thesis is performed using arepy packages and other
basic packages (available to the public) in Python-Jupyter Notebook. The overall
3D 10 Mg, resolution region is divided into nine equal-sized boxes of size 1kpc
(hereafter, it is mentioned as subregion/subregions). Each subregion is of a size

of 400 pixels along each axis.

4,2 Method

As the initial step of the thesis, given 3D model data is converted to 2D (en-
ables comparison with the observational data), which is achieved by projecting
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FIGURE 4.1: Zoom image of 10 M, resolution regions of potential dominated model
(image credit:Smith et al. (2020)).

the 3D data onto the grid along the line of sight (z-axis). Then, equation 4.1 is
used to calculate the molecule’s mass or the element of which the 2D data is de-
termined. For example, if the mass of CO is required, then the number density
of CO molecules and CO molecular weight is used, and the mass of CO is de-
termined. Once the mass of the required form of gas is achieved, the column
density of the required gas is obtained using equation 4.2 where x denotes the
particular molecule or element, and density-weighted temperature is calculated.
By using this procedure, the quantities Total Column density (Ngp), Hy column
density (Ng,), CO column density (Ncp) and atomic hydrogen (HI) column den-
sity (Npyy) are determined.

My, = n Vp p mp (grams) 4.1)

where x is the element or the molecule, i’ is the number of AREPO pixel, 'n’
is the number density [cm 3] (which is derived from the AREPO density grids
by multiplying with internal AREPO density units and diving by mp), 'u’ is the
weight of the corresponding molecule, "V, is the pixel volume of the image, "A;’
is the pixel area of the image [em™2], ‘mp’ is mass of a proton (1.6726231 x 10%

grams)

i=400
= Lisi nxaVp cm 2 4.2)

Ny
Xj Ap

where x,, is the fractional abundance of the molecule.
Figures 4.2,4.3, 4.4 and 4.5 and represents the AREPO images of Nsp, Nco,

Np, and Ny for all the subregions respectively. From Figures 4.3 and 4.4 it can
be observed that there are some regions with no CO at but Hj is present. This
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indicates the presence of CO-dark gas.

From Table 1.1, it can be noted that as the gas temperature increases, the den-
sity of the interstellar gas decreases and vice-versa. The interstellar gas at low
temperatures will be in the molecular phase, at high temperatures in the ionized
state, and at intermediate temperatures in the neutral phase. Figure 4.6 repre-
sents the mass-weighted 2D histogram, i.e., the Log of number density(n, in the
unit cm %) against the Log of temperature (T, in K) of the subregions, which
helps in understanding the chemical state of the gas, and it is observed that at
the temperatures of range 10K to 10? K the interstellar gas is dense, and the gas
is molecular.

Fractional molecular hydrogen abundance is calculated using the expression
ty, = % Figure 4.7 presents the plot of fy, as a function of Ngg. It is
observed that 50pc and 100pc spatial resolutions show the fractional molecular
hydrogen abundance relative to total hydrogen to be little less than 250pc and
500pc spatial resolutions at column densities 10'® - 10! cm 2. However, at col-
umn densities between 102 and 10! cm 2 the fractional H, abundance increases
dramatically as Hy self shielding begins and the fractional H, abundance is con-
stant for column densities between 10?! and 10?> cm 2. Such dramatical rise in
H, fractional abundance is also observed in Leroy et al. (2007) and Wolfire et al.
(2008). This trend of fy, is in good agreement with Gnedin et al. (2009a) where
a galactic scale model of molecular hydrogen formation is presented. These ob-
servations were used to calibrate a clumping factor, accounted for small-scale,
unresolved resolved density fluctuations, and tuned to ensure that the model
matched observations. However, Ngp is lower for a given value of fy, than ob-
servational data (e.g., Savage et al. (1977)) whose observations were considered
along long sight-lines within the galactic disc which consists of high column den-
sities than in face on the disc which is used in my observations.

Figure 4.8 shows the 2D histogram of Nco and Ny, for the 10 M, resolution
region which in good agreement with Figure 6 of Smith et al. (2014) where it
is specified that at Np, > 10?! cm ™2 the simulation produces slightly more CO
than by the observations of Sheffer et al. (2008). The large difference between
their simulations and the observations are observed at Nco < 10'° cm 2. As the
gas at low column densities do not produce much of CO emission, the produced
CO column densities do not affect the results. To compare the simulation outputs
with the observational data, the CO abundance relative to H» is determined. The
column-averaged CO abundance relative to H; is denoted by Zco and defined
as i}—;j. As the initial conditions for the fiducial Milky Way simulations, the max-
imum CO abundance is assumed and defined as 1.4 x 10~*. Figure 4.9 shows the
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2D histogram of the relation of Zco and Ny, (The characteristic Ny, for CO-dark
regions are in the range of 10% < Ny, < 10*! cm~2 (see Figure 6 in Smith et al.
(2014)). Thus, the Ny, is set to the lower limit of 10'® cm~2 in the image to study
the relation in detail in both Figures 4.8 and 4.9). At Ny, > 10*! cm ™2 there is
slightly high CO produced than estimated by Sheffer et al. (2008) (some upper
limits are included here also) from their UV absorption (note: even some upper
limits are included). This is due to the use of Nelson & Langer (1997) chemical
network, which overproduces CO in dense clouds Glover & Clark (2012b). At
lower column densities, an increasingly large discrepancy developed between
the observed and simulated CO column densities. Many authors have discussed
the difficulties present in deriving the observed Nco - Ny, relation at low Ny,
with standard PDR models. However, a large difference between the results pre-
sented in this thesis and Sheffer et al. (2008) observations are only for Nco < 10'°
cm 2. In Figure 4.9 it is seen that where the molecular gas tends to be dark (i.e.,
at Ny, < 102! em™2) Z¢o is very much lower than 1.4 x 10~* which is gener-
ally assumed value for GMC. There is scatter seen in the distribution of Zcg at
Np, > 10% cm™2, shows that there is considerable variability in column density
regime. Such similar variations in Zcg is also observed in diffused gas clouds by
Liszt & Pety (2012).
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To determine CO-dark gas, a sense of where the bulk of CO emission is
produced is to be known. Choosing the simplified curve of growth approach
(Pineda et al. (2008),Glover & Mac Low (2011)) the regions of bulk CO emis-
sion are determined. This curve growth method is not fully radio-transferred.
However, it helps to estimate velocity-integrated intensity (Wco) Kkm ™! in the
J=1—0 line of CO, which is estimated using equation 4.3.

Wco = 2TcoAv /OTIO B(t)dt (K kms_l) 4.3)

where Tco is the CO temperature [K], T is the optical depth in the observed
CO line and B(7) is the photon escape probability. Tco is defined by the equa-
tion 4.4 where Ao is the fractional abundance of CO and T; is the temperature
in i cell —assuming that CO is in local thermodynamic equilibrium (LTE) the
excitation temperature (Tex) of CO is equivalent to CO abundance temperature
(Tco). The high column density sight lines in this study are primarily probe re-
gions with high gas densities and high optical depths in the CO lines and hence
the assumption of Tex = Tco is reasonable. However, Tco < 100K is only con-
sidered because Smith et al. (2014) as shown that CO becomes optically thick at
a temperature of few 10K. The optical depth in the CO J=1—0 line is determined

by using the equation 4.5.
i=400 T ,
To = izt _l1Aco; (4.4)
Yic1 Acoi
Aoc® g1 { (—Elo)} Nco
Ti0 = °=fo |1 —ex 4.5
10 87v3, 8o 0 P KTex Av (4.5)

where Aj is the spontaneous radiative transition rate for the ] =1—0 transi-
tion, vy is the frequency of the transition, E1g = hvyg is the corresponding energy,
go and g are the statistical weights of the ] = 0 and ] = 1 levels, respectively, and
fo is the fractional level population of the ] = 0 level. A9 and vyg values are taken
from Lieden Atomic and Molecular Database (Schoier et al. (2005)). The assump-
tion of CO in LTE provides the value of fy, which is inversely proportional to the
partition function of the CO molecule (Z(T)). The velocity dispersion (Av) of the
gas is estimated by virial theorem and following the arguments provided by Bo-
latto et al. (2013). The observations of CO bright clouds show that the velocity
distributions of the gas in these clouds have velocity dispersions close enough
to the velocity dispersions that would have in virial equilibrium. However, it
is not necessary that one can conclude that the clouds are in virial equilibrium
(Ballesteros-Paredes (2006)). Nevertheless, the clouds that are produced by the
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simulations are not in equilibrium. However, the virial theorem supports esti-
mating the velocity dispersion in the simulated clouds by the expression,Av =
\/% where rp;y is the radius of the AREPO pixel.
B(7) is approximated by the assumption that it is the same as for a plane
parallel uniform slab (Tielens & Hollenbach (1985).)
[1—exp(—2.347)]/47 ift <7

—1
(4T ln(\/iE)) ift >7
Once Wco is determined, CO dark gas fraction can be estimated by distin-

B(t) =

guishing between CO bright and CO dark gas, which is not immediately obvious
how to perform (i.e., from a gas cloud how much faint the CO emission should
be to term it as CO dark). Instead of adopting an arbitrary threshold value to
distinguish between CO dark and CO bright gas, the CO-dark gas fraction is de-
rived as a function of the choice of threshold. CO dark gas fraction is defined by
the equation 4.6 and represented as fy,. With the exact definition for fq; Smith
et al. (2014) have clearly shown that 42% of the total molecular mass is present
where Wco < 0.1 K Kms™! (i.e., little or no CO emission) and 55% of the total
molecular mass in their simulation is present where Wco > 10 K Kms~!. More-
over, thus only a few percent of total molecular gas is present in this intermediate
range, and the threshold can be taken in this range. Using this threshold defini-
tion of CO dark and CO bright gas, I have considered Wco < 10 K Kms ! as the
threshold to differentiate CO-dark and CO-bright gas. Figure 5.3 shows that the
derived value of {4 is not particularly sensitive to the threshold taken (black line
representing lkpc spatial resolution)
i
— 2
fag = 1 MO (4.6)
where MIX{2 is the mass of Hj in the pixels below an intensity of x = Wco and
MEIS is the mass H where CO is bright (Wco > Wco ).

Once all the quantities are determined for 10M, resolution region and sub-
regions at 1kpc resolution, the spatial resolutions are increased. The quantities
and CO-dark gas fraction are determined, and their behavior is studied. I have
increased the spatial resolution of the AREPO image from 1lkpc to 50pc of the
subregion in regular intervals to study if the CO-dark gas fraction is sensitive to
the spatial resolution of the AREPO image that is studied. The spatial resolu-
tions of the AREPO image considered for this work are 500pc, 250pc,100pc, and
50pc. This is achieved by dividing the 1kpc subregion (consisting of 400 AREPO
cells in each) into four parts consisting equal number of AREPO cells in each
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part, which results in the subregion of 500pc spatial resolution. Similarly, the
1kpc subregion is divided into 16, 100, and 200 parts consisting an equal num-
ber of AREPO cells in each to achieve 250pc, 100pc, and 50pc spatial resolutions
of the subregions. The spatial resolutions for all the subregions are achieved in
the same fashion. The column densities of CO, H;, HI, and total column density
are determined for the subregions at respective spatial resolutions by averaging
over the AREPO cells pixel area, and the CO-dark gas fraction is estimated. The
CO-dark gas fraction’s behavior relative to the determined column densities is
studied, and the sensitivity of the CO-dark gas fraction with the spatial resolu-
tions of the AREPO image is investigated.

The mean of CO-dark gas fraction for different spatial resolutions relative to
different column densities is presented using box plots (as the data set of the CO-
dark gas fraction is randomly scattered), with 10%°> cm~2 intervals by considering
fqg maximum of 0.98 (i.e., fgg = 1, indicates that the complete H; is CO-dark).
Then using equation 2.1, the CO to H; conversion factor is estimated for all the
subregions at different resolutions. From Smith et al. (2020), Subregions 1, 4, and
7 represent the inter-arm, and Subregions 3, 6, and 9 represent the spiral arm of
the simulation. Subregions 2, 5, and 8 represent the arm between the spiral arm
and inter-arm; hence, it is called mid-arm regions in this thesis. The analysis and

the outcomes of these methods are discussed in Section 5
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Chapter 5

Results and discussion

5.1 CO observations

The velocity-integrated intensity is required to investigate the amount of H gas
that is not traced by CO(1-0). Using equation 4.3 the integrated intensity (Wco) is
determined. Figure 5.1 shows the plot of W, where the color-scale represents
thelogjo Wco K kms~!. The region where Wcq is less than 0.1 K kms~! indicates
the CO-dark gas. From Figure 4.4 and Figure 5.1, it can be seen that the CO-dark
gas surrounds the CO-bright gas in envelopes, especially in the mid-arm subre-
gions. In inter-arm subregions, CO-dark gas is found in filamentary form, and in
spiral-arm CO-dark gas is found in extended filamentary form and does not sur-
round the CO-bright gas regions. With the help of Figure 4.10, which shows the
distribution of column-averaged CO abundance for all the sub-regions, it can be
seen that the region with Zco ~ 10~* we observe more CO emission from those
regions (Figure 5.1). However, for subregion 3, Zco is seen to be high at the edges
of the arm, for which we observe less CO-emission. There is some inconsistency
for subregion 3, for which the origin is unknown.

The relation of velocity integrated CO(1-0) intensity (Wco) relative to N,
is shown in Figure 5.2, where it is observed that for all the subregions for Ny,

0%l em—2 Wco

> 10" cm ™2 there is a strong increase in Wco and for Ny, > 1
reaches the maximum CO intensity for all spatial resolutions. This is good agree-
ment with the observations of Federman et al. (1980), Liszt & Lucas (1998) and
Sheffer et al. (2008)). In general, it is observed that as the spatial resolution is
increased, more CO is observed (CO-bright gas) in the subregions. From Figure
4.10 Subregion 4 and Subregion 7 has a very little Zco for which in Figure 5.2 it
is observed that Wcq is around 10 Kkms~! for Subregion 4 at low Ny, (& 10

cm~2) and for Subregion 7 W¢o is much less than 0.001 K kms~1.
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FIGURE 5.1: Logig Wco K kms~! from each subregions which 1kpc across. Wco >

10 K kms™! is CO-bright gas and Wco < 10 K kms™! is CO-dark gas. The image

resolution of each subregion is 1kpc. CO-dark gas surrounds the CO-bright gas

regions in the mid-arm subregions especially. In the inter-arm subregions, CO dark

regions are in filamentary form. In sprial-arm subregions, CO-dark gas does not
entirely surround the CO-bright gas in the form of an envelope.
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51.1 CO-dark gas fraction

H, molecular gas fraction, which is not traced by CO (CO-dark gas fraction),
is calculated using the equation 4.6. The velocity-integrated CO(1-0) intensity
visibility limit is discussed in the previous section (4.2). Figure 5.3 shows the
CO-dark gas fraction as a function of Wg for all spatial resolutions for the over-
all 10Mg. It is observed that the qualitative shape of the curve remains the same
only for 500pc and 1kpc resolutions and not for 250pc, 100pc, and 50pc spa-
tial resolutions, where the curve starts increasing before reaching Wco ¢, < 10
K kms~!. The total molecular gas mass between the Wco > 0.1 K kms~! and
Wecom < 10K kms~! is around 75%, 65% and 55% for 50pc, 100pc and 250pc
spatial resolutions. Thus, assumption of Wcom < 10 K kms~! depends on the
spatial resolution. If the new threshold value is considered as W newth < 1 K
kms~!, it is found that between the sensitivity limit (Wcom < 0.1 K kms~!) and
Wco newth is around 3%, 5% and 4% of the total molecular mass is present. As-
suming the new integrated intensity threshold as Wco newth <1 K kms~! (shown
in grey line in Figure 5.3) the CO-dark gas fraction are 0.01 - 0.34, 0.15- 0.32, 0.1
- 0.24, 0.22 and 0.36 for 50pc, 100pc, 250pc, 500pc, and 1kpc spatial resolutions
respectively for the overall 10M, resolution region. The choice of the threshold
influences the CO-dark gas fraction.

Figure 5.4 shows the variation of H, mass below the W¢( for the subregions,
by adopting W newth (shown in grey line in the Figure). From Figure 5.2, it is
clear that more CO is detected in subregions for high spatial resolutions. Table
5.1 shows that as the spatial resolution increases, the range of CO-dark gas frac-
tion varies in huge amounts. It is seen that the lower limit of the CO-dark gas
fraction range increases as the spatial resolution is decreased for all the spatial
resolutions.

TABLE 5.1: H, mass below Wco newth < 1 K kms™! for all spatial resolutions. Subre-

gion 7 shows 100 % CO-dark gas mass as there is much less CO emission observed
in this subregion.

Region 50pc 100pc 250pc 500pc 1kpc
Subregion 1 8% 14% 25 % 32% 39%
Subregion 2 6% -20% 10 %-20% 21% 35% 97%
Subregion 3 15% -30% 51% -60% 90% 98% 99%
Subregion 4 64% -90% 69% -90% 86% 91% 94%
Subregion 5 0.1% 5% -10% 5% 19% 25%-62%
Subregion 6 6%-30% 25% 42% 66% 66%
Subregion 7 100% 100% 100% 100% 100%
Subregion 8 2.1% 10% 22% 57% 46%
Subregion 9 15%-22% 31% -40% 41% 59% 56%
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for N, < 102! cm~2 i.e, where the CO-dark gas is found generally. This holds true
for all the spatial resolutions where 50pc and 100pc spatial resolutions saturates at
higher Ny, cm 2. Subregion 7 as CO-dark gas at much low Ny, (< 10%) cm 2
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FIGURE 5.3: Hy mass below W¢o for 10M, region for different spatial resolutions.
For 1kpc and 500pc spatial resolution, CO dark gas mass remains almost the same
upto Weo th- Weo newth is indicated by grey line.

5.2 CO-dark gas fraction’s relation with column den-
sities

CO-dark gas fraction’s behavior, along with the column densities, is investigated
by plotting fdg against the column densities. Figures 5.5, 5.6, 5.7 and 5.8 show
the relation of CO-dark gas fraction with CO column density (Nco), Hy column
density (Np,), HI column density (Nyy) and total column density (Nsp) for 50pc
(top left),100pc (top right), 250pc (middle left), 500pc (middle right) and 1kpc
(bottom) spatial resolutions for the respected figures.

From Figure 5.5 it is observed that between the CO column densities of 10'°-
107 cm~?2 there is a variation of CO-dark gas fraction that is being observed.
This is in good agreement with the findings of Smith et al. (2014) that there is
no significant CO emission for CO column densities less than 10'® cm~2. This is
the column density range in which we can expect the CO-dark gas fraction to be
found. Figure 5.6 it can be seen that for Ny, values in the range from 10'8 — 10%
cm 2 for all the resolutions. This is in good agreement with the values of Planck
Collaboration et al. (2011a). They have found that the CO-dark gas fraction is
found at 102 cm 2 <Np, <10%! cm~2. It is observed that from Figure 5.7 that
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the scatter in CO-dark gas fraction is huge for Ny in the range 1020 cm 2 - 10?2
cm~2. From Figure 5.8, CO-dark gas fraction is found to be high at the lower
surface density of the interstellar gas and scattered for Ngq in the range 102 cm—2
-10?2 cm~2. This is because the shielding of the molecular gas reduces along with
the surface density, which results in CO photodissociation. All these plots show
that as the spatial resolution of the AREPO image is decreased, the CO-dark gas

fraction is not observed completely.

5.2.1 Box plots of Ny,, Nur and Ngp

CO-dark gas fraction scattered along with column densities (Figures 5.5 - 5.8)
where it is not possible to arrive at the general relation between the column den-
sities and CO-dark gas fraction. Thus, to understand the behavior of CO-dark
gas fraction, the column densities values are binned in 10%5 cm—2 intervals, and
the box plots for these intervals are plotted, 1kpc spatial resolution sub-regions
have one data-value per subregion (by the definition of increasing the spatial
resolution), and hence, this method is implied for 1kpc spatial resolution. Fig-
ures 5.9, 5.10 and 5.11 represents the boxplots of 4, relative to Np,, Ny and Ngg
respectively for 50pc, 100pc, 250pc and 500pc resolution.

The width of each box indicates the interval’s size, and the box plots” length
shows the variation of fg, in the intervals. If the box is absent, then it means that
there is no variation in fy, value (i.e., there is only one f4, value in that interval).
The green triangle and the green line in the box plot are the mean and median
of fge in the respective intervals. The small circles in the plots are the outliers
which show that there might be some {4 present at that value. The red color
square box indicates the +1c¢, and the blue color square box represents the -1c
value meaning that the 66% of the fq, present considering mean of the data set
as the center value. If the median is present above the mean, it is known as left
skewed; if the mean is above the median, it is known as right skewed. The data
set is not symmetrical if the data is either right-skewed or left-skewed.

From Figure 5.9, it is seen that there is a huge variation in the fy, in each in-
terval. For 50pc spatial resolution, the {4 is left skewed up to Ny, = 10%%° cm—2
meaning that the fyg values are closer above the median whereas it is spread at
below the median. For Ny, = 10?! cm ™2 and 10?}>cm 2 fqg is equally distributed
above and below the median. For 100pc spatial resolution, the data is left skewed
lower column densities. For 250pc the data is right skewed and at Ny, = 1018
cm 2 and 10 ecm ™2 there is no variation in fdg. For 500pc, The data is almost
symmetrical. It can be seen that as the spatial resolution of the subregions is



Chapter 5. Results and discussion

50

]_0 N B - - ]_G 'W
(] ' “ [ ] . . » ot
. T "o
) ﬂ.. - .
(ER I o T 0.8 =3 2
. ” at e & B
Subregion 1 e - o Subre 5 1 " L ] =
06 - ! %ﬂ 3 0.6 - gion . 5
@ Subregion 2 r @ Subregion 2
) @ Subregion 3 L } 5 @ Subregion 3 2%,
pa{ @ Subregion 4 L] » 044 @ Subregiond - -
@ Subregion 5 [ ] - ‘ii @ Subregion s “
® Subregion 6 » ® Subregion 6 -
024 e Subregicn7 .‘:w‘ 2, > 024 @ Subregion7 ® q:"
Subregion 8 .:"'.'t Subregion 8 & : L]
& Subregion 9 ."’q & Subregion 9 L] &
I}.G T T T T “i‘ D.O T T T T T
1013 1D14 1015 1016 1D1? 101& 1919 1013 1014 1015 1D16 101? 1013 1019
Meolem 2] Meolcm—2]
(A) 50pc (B) 100pc
L0 oy e d 10 -
L » s - Subregion 1 = . o Subregion 1
] * . . @ Subregion 2 L] @ Subregion 2
0.8 A @ Subregion 3 0.8 1 L4 ® Subregion 3
't & Subregion 4 L ® Subregion 4
. @ Subregicn 5 @ Subregicn 5
0.6 4 ® Subregicn & 0.6 [ ® Subregion &
= . . & Subregion 7 I b & Subregion 7
ha o Subregion 8 s L] Subregion 8
0.4 1 . @ Subregion 9 0.4 1 @ Subregion 9
o L
0.2 b : 0.2 4 =
[
L]
L ]
D.G T T T T T D.U T T T T T
1013 1D14 1015 1016 1D1? 101& 1919 1013 1014 1015 1D16 101? 1013 1019
Meolem—2] Meolcm 2]
(C) 250pc (D) 500pc
10 — *
o Subregion 1
@& Subregion 2
0.8 1 & Subregion 3
@& Subregicn 4
L] @ Subregicn 5
0.6 . ® Subregion &
= & Subregion 7
ha Subregion 8
044 @ Subregion 9
L]
0.2 1
D.G T T T T T
1013 1'}14 1015 1016 lul? 101& 1'}19
Neolem™?]
(E) 1kpc

FIGURE 5.5: CO-dark gas fraction against Nco[cm 2] for all 9 subregions at different

spatial resolutions.



Chapter 5. Results and discussion

51

]_0 ___t-_-_w ]_0 . W
. - ® [ 4 [
L . ® \. [ ]
0 o S pode Gag e
08 1 Subregion 1 Pt { 0.8 1 - e
® Subregion 2 e ¢ [ : + o 5
2 . a
|| Subregion 3 7 4 .~.f‘ i Subregion 1 . e ‘e
. Subregion 1 L Rl ® Subregion2 &
3 ® Subregion5 o o 8 ® Subregion 3 e
pal ® Subregiont L a 04 ® Subregion4 L)
® Subregion 7 ® " ® Subregion 5 &
Sul:lreg!unﬁ J)‘ ® Subregion & R
p2{ ® Subregiond 8 @ 3 02{ ® Subregion7 [ ,,".,
- * S0 Subregion 8 : e
v e ® Subregion 9 ® Y
0.0 ; ; — 0.0 ; ; ;
10 10 1070 1071 10° 10 10% 1020 102! 107
Ny [em™2] My [em~2]
(A) 50pc (B) 100pc
new
10 —_———— — = - —_——— I I — -
Subregicn 1 * 0 " o . Subregion 1
#® Subregion 2 % * #® Subregion 2
084 @ Subregion3 " 0.8 1 . @ Subregion 3
@ Subregion 4 * . @ Subregion 4
® Subregion 5 . * ® Subregion 5
0.6 1 [ ] Suhregiun [ 0.6 ] . Suhregiu.n [
= & Subregion 7 o . E:] @ Subregion 7
ha Subregion 8 = s s L] Subregion 8
041 @ Subregion 9 044 ® Subregion 9
e ®
02 1 . : . 02 1 .
L ]
®
D.G T T T D.U T T T
1018 1049 1029 102! 1022 10 100° 10°? 10°! 1022
Ny, [em™?] Ny [em™2]
(c) 250pc (D) 500pc
10 A ® L J
.- Subragion 1
@& Subregicn 2
0.8 1 ® Subregion 3
& Subregion 4
. @ Subregion 5
0.6 1 . @& Subregion 6
= @& Subregion 7
= Subregion 8
0.4 1 ® Subregion 9
®
0.2 1
D.G T T T
10 10 1070 1071 10°
Ny [em™2]
(E) 1kpc

FIGURE 5.6: CO-dark gas fraction against Ny, [cm 2] for all 9 subregions at different

spatial resolutions.



Chapter 5. Results and discussion 52
10 10 - e
Subregion 1 4 .a“ "E'o. Py - Jr‘"
® Subregion2 ® " * L o ..
081 @ Subregion3 p ~ 08 8 L
. £ [ ] *
® Subregion 4 e e 3
3 ® cve L [
® Subregion 5 & S * - . ®
061 @ Subregioné . Lo o 06 4 Subregion 1 ® ™ > -
Subregi > ™ @ Subregion 2
= ® Subregion 7 = ° g : L] . *
4= i » = @ Subregion 3 L ] T ®
Subregion 8 0 v : ®
044 @ Subregion? b - 'a; 04 ® Subregion4 .. 8o
. *.5% @ 5 @ Subregion 5 * L,
™ ":b.o @ Subregion @ ..
0.2 4 bt ™ } > : " 02{ e Subregion7 . Sl
b el N, . Subragion 8 L . L] "
oﬁ ® z.p 3 1 & Subregion 9 ] e
0.0 T i - 0.0 .
10°° 107 1072 107° 10° 10°2
Nplcm=?] Mylcm—2]
(A) 50pc (B) 100pc
10 qw - ——T 10 S— .
- - - Subragion 1
L ®e . ® Subregion 2
0.8 1 ® 0.5 ® @ Subregion3
g = ® Subregion 4
o* @ Subregion 5
0.6 1 by 1 0.6 1 . ® Subregion &
@ Subregion 2 [ ] [ ] Subregion 7
il ; . 5 ® Subregion
uwE ® Subregion 3 “= L] Subregion 8
i .
041 : :3;:3:2:; & 0.4 1 ® Subregion 9
® Subregion 6 b -
02{ ® Subregion7 ® o’ b 02 4 .
Subregicn 8 [ ] "
@ Subregion 9 .
0.0 T 0.0 T
10°° 107 1072 107° 107 10°2
Nplem=?] Mplcm=2]
(C) 250pc (D) 500pc
10 - —
L] Subregion 1
@& Subregion 2
0.8 1 & Subregion 3
@& Subregicn 4
[ ] & Subregion 5
0.6 1 ° ® Subregion &
g & Subregion 7
M- :
Subregion 8
0.4 1 #® Subregion 9
L]
0.2 1
0.0 T
102 102 1022
Nplem=2]
(E) 1kpc

FIGURE 5.7: CO-dark gas fraction against Nyj;[cm 2] for all 9 subregions at different

spatial resolutions.



Chapter 5. Results and discussion 53
14 10 =
i m Subregion 1 .*0““"-‘ Subregion 1
s . o :e‘ @ Subregion 2 “,L . ® Subregion 2
0.8 '\,-l @& Subregion 3 0.8 ‘ - @ Subregion 3
. g a0 ® Subregion 4 * e ® Subregion 4
. L L @ Subregicn 5 X e % @ Subregicn 5
0.6 .’...( @ Subregion & 0.6 L T ® Subrzgion &
oz o 3 @ Subregion 7 g ® ® Subregion 7
= 4 Subregion & = °® Subregion 8
4 ol _Ins gion. . ubregion
0.4 1 . s @ Subregion 9 0.4 1 st e @ Subregion 9
. ] .
3 ;,‘ T
0.2 | delte @ - 02 4 o' %%
. . 5 ania
;.: 5 ® .. >
0.0 : Ko 0.0 . :
107 107 1072 1073 1070 107! 10% 1073
Msplem—?] Mzplem—2]
(A) 50pc (B) 100pc
10 S— 10 P
IR‘ v Subregion 1 . Subregion 1
.. @ Subregion 2 L] @ Subregion 2
UER ® ® Subregion 3 0.8 4 L ® Subregion 3
t & Subregion 4 . ® Subregion 4
** @ Subregicn 5 @ Subregicn 5
0.6 - @ Subregion 6 0.6 1 ] ® Subregion &
= . . & Subregion 7 I . & Subregion 7
ha N Subregion 8 s Subregion 8
0.4 1 - @ Subregion 9 0.4 1 @ Subregion 9
. L]
[ ] L ]
02 | . . 02 |
®
®
L ]
D.U T T D.U T T
107 107 1072 1073 1070 107! 10° 1073
Msplem—2] Mzplem—2]
(C) 250pc (D) 500pc
10 - L J
L] Subregion 1
@& Subregion 2
0.8 1 & Subregion 3
@& Subregicn 4
L & Subregion 5
0.6 - . & Subregion 6
= & Subregion 7
o2 z
Subregion 8
044 @ Subregion 9
L]
0.2 1
D.U T T
107 107 10° 1073
Nsplem—2]
(E) 1kpc

FIGURE 5.8: CO-dark gas fraction against Nsp[cm 2] for all 9 subregions at different

spatial resolutions.



Chapter 5. Results and discussion 54

increased, the fy, is spread over a wide range of Ny,. However, as the spatial
resolution is decreased, the variation of fdg is observed at 102 cm—2 < Ny, <
10%! cm~2. The data at high column densities of each interval the data is sym-
metrical. At a given Ny,, it is observed that CO-dark gas fraction varies without
any general trend. Hence, by these plots, it can be said that there is no general
behavior of {4, with Ny, between these spatial resolutions or in other words f4,
is dependent on the spatial resolution of the AREPO image with no general trend
between the spatial resolutions.

Figure 5.10 represents the box plots for fy, relative to Nyj. For 50pc spa-
tial resolution, the mean values are almost consistent, and the fdg is both right
and left-skewed. For 100pc spatial resolution, the mean values decrease as the
column density increases. For 250pc and 500pc spatial resolutions fg, are left
skewed for Ny = 10*! ecm™2 and symmetrical for Ny = 10%° cm~2. The mean
values of CO-dark gas fraction remain close to each other for 50pc and 100pc
spatial resolution, whereas for 250pc and 500pc spatial resolution, the mean CO-
dark gas fraction shows a similar trend. From Figures, 4.4 and 4.5, the regions
with high H; column densities consist of high HI column densities as well. As
the spatial resolution increases, we observe more gas consisting of HI and CO.
However, for a given Ny, the mean CO-dark gas fraction varies depending on
the spatial resolution.

Figure 5.11 represents the box plots for fy, relative to Ngq intervals. For 50pc
spatial resolution, all the data sets are right skewed, and for 100pc spatial reso-
lution, the data is both right and left skewed. For 250pc and 500pc spatial res-
olutions fy,is left skewed for Ngg < 10! em~2 whereas for Ngg = 10?! cm ™2 the
data are symmetrical. From Figure 4.7, it is noticed that at the spatial resolution
is increased, the fraction abundance of H, reduces to less than 0.5. We know that
at high spatial resolutions, we detect more CO. This leads to the variation of CO-
dark gas fraction along Ngq such that at a given Ngq CO bright gas is observed
more and Hj fractional abundance is less at high spatial resolutions.

Overall for all these box plots, it can be understood that fy, is dependent
on the spatial resolutions of the AREPO images, and there is no general trend
between different resolutions. At higher Np,, Ny and Ngq f4g is symmetrical or
close to symmetry.

5.3 CO to H, conversion factor (Xco)

The observed velocity integrated CO emission is used to determine Xco using
the equation 2.1. Xco is calculated here by considering Wco greater than 0.1 K
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kms~! (CO is visible). The standard Xco for Milky Way is adopted as Xco,gal =
2 x 102 em 2K~ 'km~!s in each pixel (Bolatto et al. (2013)). However, on a pixel
basis, it is seen that the distribution of integrated intensities differs from a simple
estimate of Xco. Hp column density increases Xco decreases, which means that
at low Hy column densities, less CO emission is observed as the effect of CO-
photodissociation. Such variation of the distribution of integrated intensities
have been identified by Shetty et al. (2011) and individual GMCs observations
by Pineda et al. (2008), where it has been presented that Xco is a meaningtful
quantity when the emission and the H; column density on scales comparable to
or larger than the typical size scale of individual GMCs (see the discussion on
this statement from Bolatto et al. (2013)). Accordingly, when the emission and
Hj column density is averaged for over all 10 M, resolution region the Xco val-
ues that are obtained are 3.4 x 10%Y cm 2K~ !'km™!s for 50pc spatial resolution,
2.5 x 10%° cm 2K~ 'km~!s for 100pc resolution, 1.4 x 10*! cm~2K~'km!s for
250pc resolution, 1.7 x 102 em~2K~'km~!s for 500pc resolution and 1.9 x 10%
cm 2K~ tkm~!s for 1kpc resolution.

Figure 5.12 shows the variation of Xco cm 2K ~'km~!s along with Ny, cm 2.
In section 5.1, it was observed that at the spatial resolution, there is high CO
emission observed (Figure 5.2) which affects the CO-H; conversion factor. From
Figure 5.12 it is seen that Xco varies along the spatial resolution for a given H,
column density. Table 5.2 consists of the globally averaged Xco values for each
subregion at different resolutions. Xco values increase as the spatial resolution
is decreased. For 50pc and 100pc resolutions, Xco are closer to the canonical
Galactic value for the Milky Way, Xco = 2.2 X102 em 2K ~'km~!s, whereas for
other spatial resolutions Xco values are approximately higher by a factor of 1-
3. This variation of Xco is in good agreement with the observational results of
galactic and extragalactic MCs (Blitz & Shu (1980), Leroy et al. (2007), Scoville
et al. (1987), Strong & Mattox (1996), Lombardi et al. (2006), Nieten et al. (2006)).
For subregion 4 the derived globally averaged Xco is one order magnitude lower
than the Xco ga1 at all resolution because it is observed that CO is detected at low
N,
averaged Xco is found to be 1-3 orders of magnitude lower than Xco g, this is
due to the obscuration of Ny, (5.6) at this resolution and CO (5.2). It is observed
that for all the subregions, the Xco values depend on the spatial resolution ob-

and for 1kpc spatial resolution of all the subregions, the derived globally

served for a given Hy column density.
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FIGURE 5.12: Globally averaged Xco as a function of Ny, for all subregions at dif-
ferent spatial resolutions. For subregion 4 and subregion 7 Wco is much less tha 0.1
K kms™!. Therefore, the Xco is not seen.
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TABLE 5.2: Xco values for all the subregions for different spatial resolutions by
considering only the integrated intensities Wco > 0.1 K kms™! where CO is visible.
For subregion 7 there is no Xco determined as this subregion shows no CO emission
> 0.1 K kms~! (see Figure 5.2)

Region 50pc 100pc 250pc 500pc 1kpc
Subregion1 23 x10® 2.6 x10°°  3.17 x10® 5 x10% 5.3 x10®
Subregion2 2.3 x10% 2.4 x10% 2.6 x10%° 3.7 x10%° 3 x10%
Subregion3 2.3 x10% 2.5 x10% 3.1 x10% 1 x10% 7 x1018
Subregion4 1 x10% 1 x10" 1 x10" 1 x10Y 1.4 x10Y7
Subregion5 2.1 x10%° 22 x10%° = 25x10%° = 31 x10®¥ = 25 x10Y
Subregion6 2.3 x10% 2.6 x10%° 3.7 x10% 1 x10Y 6.3 x10'8
Subregion7 - - - - -
Subregion8 2.1 x10%° 2.2 x10% 2.3 x10% 3.1 x10% 2.5 x10"
Subregion9 2.3 x10%  25x10%° = 3.7 x10% 5 x10% 6.9 x10'8

5.4 Sources of uncertainties

The potential uncertainties in the simulation of the model are as follows: The
assumption of uniform interstellar radiation field (ISRF) is false for the regions
closer to massive star formation on small scales; however, it is a reasonable as-
sumption on large scales as it is being taken in a region within a few kpc of the
Solar Galactocentric radius Wollfire et al. (2010). Another assumption of constant
shielding length of 30pc between the gas and the radiation source for the overall
simulation. If the star formation is clustered, the cluster mass increases with star
formation, for which a constant shielding length is a reasonable approximation.
However, if the star formation density is constant, this shielding length will be
smaller for higher field strengths and converse. For Milky Way, there are some
questions regarding the assumption that this shielding length might be shorter
for spiral arms. To perform a full parameter study, the simulation is too expen-
sive computationally; however, a first estimate of the local shielding length may
be represented by the shielding length assumed for this simulation. A constant
metallicity and dust-to-gas ratio are assumed for the simulation, but the Milky
Way galaxy has a slight gradient in the metallicity with a Galactocentric radius.
The model on which this thesis is performed uses an external potential to pro-
duce tightly wound spiral arms and does not include the effects of self-gravity
or stellar feedback, which is an idealized treatment of the galaxy. The plausi-
ble explanation for why the Galaxy’s star formation efficiency is so low is due
to maintaining the molecular clouds in a gravitationally unbound state by the
energy input from stellar feedback Dobbs et al. (2008a).

Additional uncertainty might be produced because of the treatment of CO
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chemistry, which is approximate and tends to underpredict the actual CO abun-
dance along the very low column density sight lines, which leads to the approx-
imate method for determining Wco. However, neither of these uncertainties
do strongly affect the results that are derived for CO-dark gas fraction. This is
because there is a substantial increase in the CO emission from CO-bright com-
pared to CO-dark gas, which is far beyond the uncertainties.

5.5 Caveats

Magnetism is an essential physical process that is not included in the simulation
of the model. It is known that molecular clouds (Crutcher (2012)) and galaxies
(Beck et al. (2013) have of magnetic fields which affect the cloud formation and
fragmentation within them. Therefore, not including the magnetic fields is an
important caveat. Another caveat is that only supernova feedback is only used.
At the same time, it is known that stellar winds, photoionization, and radiation
pressure also play essential roles in shaping the cold interstellar medium. Sim-
ulations produced by Hopkins et al. (2012) where these processes are included
do not follow the cold molecular phase of the ISM in detail at the resolution in
which the simulations are carried out to produce the model that is used in this
thesis. Therefore, for simplicity and computational efficiency, these processes are

neglected in the simulation model used in this thesis.
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Chapter 6
Comparison with previous work

For individual clouds Wolfire et al. (2010) have used PDR models of the spher-
ical clouds to estimate the amount of H; that is present in the CO-dark cloud
envelope. Wolfire et al. (2010) have arrived at the value of f4; as 0.3 with the
exact definition of f4y as in this thesis, which is slightly sensitive to mass or in-
terstellar radiation field for the cloud which has mean extinctions characteristic
of observed GMC’s. The value of f44 = 0.36 for 1kpc spatial resolution for overall
10Mg, resolution region is in good agreement with this. Wollfire et al. (2010) also
shown that fdg is a function of visual extinction of the cloud, i.e., fdg increases
as the mean extinction decreases. In the Milky Way simulation, which produces
the model used in this thesis, a significant amount of total H; gas is located in
the long filamentary clouds, as the effect of their geometry it tends to have low
visual extinction and hence high 4, as the spatial resolution is increased. As the
spatial resolution is decreased, these regions of clouds are also included, which
provides a similar result with Wolfire et al. (2010)

One of the observational attempts to determine the f4qg is done by Grenier et al.
(2005), where large-scale maps of HI and CO emission, dust emission, and extinc-
tion and y-ray emission are used. They have estimated that a significant fraction
of gas is traced by dust emission and absorption and also by - ray emission but
was not traced by HI or CO emission. They derived that the total mass of {44 to
be 50% - 100% of the mass in CO-bright clouds. The definition for f4, is as same
as in this thesis. It corresponds to the f4; values in the range 0.33-0.5. This is in
good agreement for the fyy arrived in this thesis for 1kpc resolution of overall
10M resolution region.

By constructing an all-sky map of dust temperature and optical depth and
correlating this with HI and CO emission Planck Collaboration et al. (2011a) have
investigated the CO-dark fraction (different definition for f4, from the definition
used in this thesis). The excess from the dust emission and comparing it with
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the emission from the above tracers was estimated as the CO-dark gas. They
have shown that this CO-dark gas was 118 % times that of the CO-bright gas
(no clouds near the Galactic mid-plane is considered). This corresponds to the
fqg value of 0.54 when the definition for fy, from this thesis is assumed. As the
spatial resolution is increased we see the clouds more in-depth far away from the
Galactic mid-plane which is probably a reasonable explanation for the variation
of CO-dark gas fraction values as the spatial resolution is increased.
Furthermore, Paradis et al. (2012) have also performed a dust-based study using
dust extinction maps rather than Plank far-infrared maps. They have estimated
the CO-dark gas fraction of 0.62 (for high latitudes, |b| > 10 °). However, they
have also shown that for inner galaxy fq, is 0.71 and for outer galaxy fq is 0.43.
My {4y values for overall 10M with poor spatial resolutions are in good agree-
ment.
Using [CII] emission as a tracer for CO-dark gas Pineda et al. (2013) have per-
formed an observational study to look for the structures in the distribution of
CO-dark gas fraction. They have used GOT C+ (Galactic Observations of Tera-
hertz C*) survey (Langer et al. (2010b) to study the distribution of [CII] emission
in the Milky Way. With utilising the Heterodyne Instrument for the Far Infrared
(de Graauw, Th. et al. (2010)) on board Herschelspace telescope (Pilbratt et al.
(2010)), they have collected 500 evenly distributed lines of sight in the Galac-
tic plane, which were observed at 158 ym and by correlating the detected [CII]
emission with complementary maps of HI and CO emission they have recog-
nized the regions with excess [CII] emission which was not explained from the
atomic cloud or CO-bright molecular clouds. This excess [CII] emission is inter-
preted as emission from CO-dark clouds. By averaging their complete survey,
they estimated fq as 0.3 and also determined that it varies substantially with
Galactocentric distance. They have also shown that the Galactocentric distance
around 10kpc f4g is around 0.6-0.8. The results in this thesis for f4s are in good
agreement with this that it is observed that as the spiral-arms subregions have
high f4, values which are around 7kpc away. Also, they have shown that the
increase in fgg is due to the different mean extinctions as the Galactic metallic-
ity gradient influence the clouds with similar column densities in the inner and
outer galaxy. At high resolutions, the mean extinction varies from subregion to
subregion, which is why high fg.

Overall the results in this thesis are in reasonable agreement with the findings

of observational and theoretical works.
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Chapter 7
Conclusion

I have performed an investigation of CO-dark molecular gas fraction in the spe-
cific 10Mg resolution region of fiducial Milky Way model produced by Smith
et al. (2020) (Figure 4.1). To produce this model Smith et al. (2020) have used a
moving mesh AREPO code which includes a self-consistent treatment of inter-
stellar medium chemistry and performed a high-resolution simulation in which
a mass resolution of 4Mg, is reached in the most highly refined portion of the
simulation. The simulations are evolved for 261.1 Myr (which corresponds to
the six spiral arm passages).

This thesis is carried out on the overall 10M, resolution potential dominated
region and its corresponding nine subregions at 50pc, 100pc, 250pc, 500pc, and
1kpc spatial resolutions. The desired spatial resolution is achieved by dividing
the data and averaging the values over the pixels. Using equation 4.2 CO column
density (Nco), Hy column density (Np,), HI column density (Nyg) and Total
Column density (Ngp) are calculated, and their respective AREPO images are
shown in the Figures 4.3, 4.4, 4.5 and 4.2.

CO (1-0) emission is determined by using equation 4.3. CO-dark gas fraction
(fag) is estimated by considering the velocity integrated CO (1-0) intensity typical
sensitivity limit (Wcp) less than 0.1 K kms ™! (4.6) and the threshold as Wco 1, <
10 K kms™! (Wcou, is the adopted boundary between CO-dark and CO-bright
gas). CO-dark gas surrounds the CO-bright gas in the form of an envelope. At
high resolutions, it is found that the standard assumed value of Weoy, < 10 K
kms~! does not hold good for 50pc, 100pc and 250pc resolutions. i.e., the curve
starts increasing and reaches f;, value 1 before Wco 4, (Figure 5.3). Considering
the new Wco pewth < 1K kms~! the total molecular mass between the sensitiv-
ity limit (Wco < 0.1 K kms™!) and Wco newth is found to be only few percent.
Hence, adopting this Wco newth value the CO-dark gas fraction for the overall
10Mg, resolution region 0.01 - 0.34, 0.15 - 0.32, 0.1 - 0.24, 0.22 and 0.36 for 50pc,
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100pc, 250pc, 500pc, and 1kpc spatial resolutions respectively. Hence, one should
consider Wco ¢, with care at different resolutions in order to determine the ex-
act amount of Hp mass in dark gas. It is found that at high spatial resolutions,
more CO (1-0) emission is observed (see Figure5.2) compared to low spatial res-
olutions for all the subregions. By adopting the value of Wco g, < 10 K kms ™1,
for the overall 10M, resolution region, CO-dark gas fraction is found to be 0.01
- 0.9 for 50pc spatial resolution, 0.15 - 0.9 for 100pc spatial resolution, 0.5 - 0.56
for 250pc spatial resolution, 0.22 for 500pc spatial resolution and 0.36 for 1kpc
spatial resolution. For subregions f4, is also found to vary along with the spatial
resolutions (5.1).

An attempt to determine the relation between f4; and the column densities
for the overall 10Mg, resolution region has been made. When {4, is plotted along
the column densities, a huge scatter in the data is observed, which is highly sen-
sitive to the spatial resolutions. As the spatial resolution is increased for each
subregion which is initially 1kpc, the resolution is divided, and the data is aver-
aged over the pixels. Thus, it is observed to consist of more data at high than low
resolutions. For N¢g in the range 10'°-10'7 cm~2 CO-dark gas fraction variation

022 cm~? the variation in CO-dark gas

is observed. For Ny, in the range 1018 — 1
fraction is observed. For Ny in the range 10?0 cm~2 - 102 cm~? CO-dark gas
is observed to vary. These are observed for all the spatial resolutions. No gen-
eral trend is observed to estimate the relation between f4; and column densities.
Therefore, I have binned the column densities for 10%° cm~2 intervals and es-
timated the mean fy, values in the binned column density values. The fy, has
both right and left-skewed data, and no general trend is observed over different
resolutions. For a given Ny, more CO is observed as the spatial resolution is
increased, and at poor spatial resolutions, Ny, data is obscured (Figure 5.6). For
a given Ny HI is observed at high values along with Hj as the spatial resolution
increases (Figures 4.4 and 4.5). At a given Ngq the fractional abundance of H;
decreases as the spatial resolution increases (Figure 4.7). Hence, no co-relation
is found for f4qg along with Ny, Nyy and Ngg at different spatial resolutions are
found by using this method.

The CO-H; conversion factor (Xcp) is calculated using equation 2.1 by con-
sidering the CO (1-0) integrated intensities of Wco > 0.1 K kms™!. For the
overall 10M, resolution region the globally averaged Xco is found to be 3.4
x 10?0 cm 2K~ 'km~!s for 50pc spatial resolution, 2.5 x 10 cm 2K~ 'km~!s
for 100pc resolution, 1.4 x 102! cm 2K ~!'km~!s for 250pc resolution, 1.7 x 10%
cm 2K ~'km~!s for 500pc resolution and 1.9 x 10?° cm 2K~ 'km~!s for 1kpc res-

olution. Globally averaged Xco is found to be 1-3 orders of magnitude lower
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than Xco ga1, this is due to the obscuration of Np,. These Xco values are close to

the standard adopted Galactic value for Milky Way Xco ga1 = 2.2 X 102 cm 2K~ 'kms.
Finally, with the help of the above conclusions, I conclude that CO-dark gas

fraction varies along with the observed spatial resolution of the AREPO image,

which affects the estimation of the overall H, mass budget in a particular region.
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