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SYNOPSIS

Introduction

The circumgalactic medium (CGM) is a vast reservoir of multiphase gas surrounding
galaxies. It regulates the inflow of material from the intergalactic medium (IGM) and
reprocesses gas expelled in galactic outflows. Depending on the physical processes at play
(heating/cooling), the gas may either remain in the CGM or accrete onto the interstellar
medium (ISM), where it can contribute to star formation. The CGM is therefore a key

component in shaping the evolutionary pathways of galaxies (Tumlinson et al. 2017).

Observations of the Milky Way’s (MW) CGM indicate multiphase gas with temper-
atures ranging from the cool phase (~ 10* K) to the warm-hot phase (~ 10° K). While
the origin and distribution of these phases are relatively well understood, the recent dis-
covery of an even hotter gas (~ 107 K) in the MW’s CGM is particularly intriguing. This
hot or ‘super-virial’ (SV) gas is detected in both X-ray emission (Das et al., 2019a) and
absorption (Das et al., 2019b). In X-ray emission, it is observed in both hemispheres, and
it covers ~ 80% of the sightlines along which it is looked for (Bluem et al., 2022; Gupta
et al., 2023). However, the X-ray absorption studies are limited to only three sightlines
(towards 1ES 15534113 (Das et al., 2019b), Mrk421 (Das et al., 2021), and NGC 3783
(McClain et al., 2024a); all in the northern hemisphere).

Observations also suggest that the emitting and absorbing hot X-ray gas have distinct
origins. Emission at ~ 1 keV is dominated by the K and L shell transitions of Fe
(Bhattacharyya et al., 2023), thereby Fe is abundant, whereas absorbing gas is found
to be a—enhanced. The inferred column density (o< nL) and emission measure (x n*L)
imply a ~Mpc length-scale, if both phases are assumed to originate from the same region,
far exceeding the possible size of the MW’s CGM. Thus, the emitting and absorbing hot
X-ray gas should be modeled separately. For my PhD thesis, in the first two projects,
I proposed models to explain the origin and spatial distribution of the emitting and
absorbing hot gas. In my third project, I developed a model of cool gas (~ 10* K) in the

CGM, treating it as a collection of ‘misty’ clouds embedded within the hotter medium.



This model explains the column density and equivalent width distribution of ions tracing
the cool gas, such as Mgll. In the fourth project, I used Chandra and XMM-Newton
grating data to detect the ions tracing the hot gas in the MW’s CGM towards the blazar
PKS 2155-304.

Origin of X-ray emitting ‘super-virial’ gas in the Cir-

cumgalactic medium of the Milky Way

In Bisht et al. 2024b, we proposed that a puffed-up, disk-like region around the Milky
Way, with a typical scale radius of ~ 5 kpc and a scale height of ~ 1 kpc, can explain the
observed properties of the hot X-ray emitting gas. Our disk model successfully reproduced
the observed correlation between the EM of the hot gas and that of the warm-hot or
virial-temperature (~ 10° K) gas along different sightlines. The mass of this hot phase,
estimated from the disk model, is ~ 4 x 107 M, significantly lower than that of the
mass-dominant warm—hot phase. To investigate the origin of the hot X-ray—emitting gas,
we performed an idealized 2D hydrodynamical simulation of the Milky Way using a toy
model of stellar outflows in the PLUTO code. Our simulation showed that disk-wide
stellar outflows can produce a puffed-up, disk-like region, suggesting that stellar feedback
could be a plausible origin of the hot X-ray emitting gas.

Can supernovae from Runaway stars mimic the signa-

tures of ‘super-virial’ gas in X-ray absorption?

In Bisht et al. 2024a, we modeled the hot X-ray absorbing gas observed along three lines
of sight. The absorbing gas is characterized by a high column density of highly ionized
species such as OVIII, NeX, and SiXIV, indicative of high temperatures, a-element en-
hancement, super-solar ionic abundance ratios, and significant non-thermal broadening.
We proposed that the shock-heated ejecta from core-collapse supernovae in the extra-
planar regions of the Milky Way can account for these observed properties, provided that
such remnants lie along the corresponding sightlines. The reverse shock in a supernova

remnant can heat the ejecta to super-virial temperatures, while the a-enriched compo-
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sition of the ejecta naturally explains the observed abundance patterns. Our models
suggest that a supernova with a blast energy of ~ 10°! erg, ejecta mass of ~ 10 M, and

ambient density of ~ 0.1 cm™3

can reproduce the observed high ion column densities on
timescales of a few ~ 100 kyr. Massive runaway stars located in the extra-planar regions
of the Milky Way are likely progenitors of such supernovae along the three sightlines.
However, the covering fraction of such events across the sky is estimated to be < 1%;
therefore, this model would face challenges if future observations reveal that the absorb-

ing gas has a large sky covering fraction.

Misty, patchy, and turbulent: constraining the cool

gas in the Circumgalactic medium

In Bisht et al. 2025, we modeled the cool gas (~ 10* K) in the CGM. Observations,
simulations, and theoretical studies consistently suggest that the cool gas occupies only
a tiny fraction of the CGM volume (< 1%). Observations of cool gas tracer ions such as
MglI, Call, and CII show a large scatter in column density at similar impact parameters.
A comparable scatter has also been observed in the CGM of M31 using multiple back-
ground quasars (Lehner et al., 2020). Motivated by these findings, we proposed that the
cool gas in the CGM exists in clumpy structures, referred to as cloud complexes (CCs),
each composed of numerous tiny cool cloudlets embedded within the hotter medium. We
further posited that adopting a ‘mist-limit’ assumption within a CC—i.e., assuming a
unit area covering fraction of cool gas—simplifies the computation of observables such as
EW and column density, which would otherwise be computationally expensive if the cool
cloudlets were modeled from first principles. Using Monte Carlo realizations of ~ 10* CCs
distributed throughout the CGM following a power-law distribution (dN¢c/dR o< R™1),
each with a characteristic size of ~ 10 kpc, we found that COS-Halos (Werk et al., 2013)
galaxies (Milky Way-like galaxies) typically have a cool gas mass of ~ 101 M,. We
also demonstrated that the blending of absorption lines from individual cloudlets along

a sightline with distinct line of sight velocities produces the turbulent broadening at the

CC scale.
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Detection of ‘super-virial’ gas in the Circumgalactic

medium of the Milky Way towards PKS 2155-304

Along with modeling hot gas in the CGM of the MW, we also observed hot gas using X-ray
absorption lines towards PKS 2155-304 using the archival grating data of Chandra and
XMM-Newton (Singh Bisht et al. 2025). We detected MgXII Ko for the first time in the
CGM of the MW and SiXIV Ka line, which are the tell-tale signatures of the absorbing hot
gas. With detected and non-detected ions, we inferred four distinct temperature phases
in the CGM of the MW along this sightline: SV or hot phase (&~ 5 x 10" K; MgXII,
SiXIV), ‘virial’ or warm-hot phase (= 2 x 10% K; OVII, NeIX), ‘sub-virial” or warm phase
(~ 2 x 10° K; CV, NVI), and cool phase (< 1.7 x 10° K; OIV, OV). We further found
that the low-ionization lines are blueshifted, whereas high-ionization lines are redshifted,
suggesting a scenario with infalling sub-virial gas, quasi-static virial gas, and outflowing
super-virial gas. As this sightline lies in the southern hemisphere (the previous three
were in the northern hemisphere), it likely indicates a widespread distribution of X-ray
absorbing hot gas. An order of magnitude variation in the inferred temperature and
distinct ions detected along different sightlines indicates an inhomogeneous nature of the

hot gas.
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green, magenta, and blue lines show the variation for § = 0,0.15,0.3 and

0.5 respectively. . . . . . ..o

Pressure, mass density, and radius profile as a function of M /M, at three
epochs in the characteristic unit. The solid and dashed line shows the case
with core+envelope (f = 0.5) and no core, respectively. The blue color
shows the mass density profile (right y-axis). The red and green color
shows the pressure and radius profile (left y-axis), respectively. The top
panel shows the initial setup at t* = 0.01. The middle panel shows the
profiles at t* = 0.34 when the reverse shock is about to hit the core for
core+envelope case. The bottom panel shows the profiles when the reverse
shock has hit the center of the ejecta at t* = 3.09 for core+envelope case.
For no core case, the reverse shock has already hit the center by ¢t* = 3.09
and the secondary shock wave has started traveling outwards, as can be
seen by the jump in pressure (dashed red line) and density profile (dashed

blue line). . . . . . ..
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3.3

3.4

3.5

3.6

3.7

Mean molecular weight profile as a function of M/M; calculated using
KEPLER. The black, green, blue, and red lines show the mean molecular

weight profile for 5 = 0,0.15,0.30, and 0.50, respectively. . . . . . . . ..

Temperature (solid lines) and velocity profiles (dashed lines) for different
values of 3 when the reverse shock hits the center of the ejecta in the
respective cases. Red, green, magenta, and blue colors show the cases
with = 0,0.15,0.3, and 0.5, respectively. The profiles are plotted for the
fiducial case with £ = 10°" erg, My = 10 M and ng = 0.1ecm™>. . . . . .

This figure shows the ratio of "minimum” radiative cooling, recombination,
and ionization timescale to the dynamical time as a function of time. The
"minimum” timescale corresponds to the mass shell which has minimum
radiative cooling/ionization/recombination time within M /Mg < 0.2 and
T > 4 x 10° K. The green line shows the ratio of radiative cooling to
dynamical time calculated using the cooling function for core composition
with cLouDpy (Ferland et al. 2017). The magenta and cyan lines show
the ratio of the recombination timescale (Verner & Ferland 1996) to the
dynamical timescale for OVII and OVIII, respectively. The purple and
red lines show the ratio of the ionization timescale (Voronov 1997) to the
dynamical time for OVI and OVII, respectively. The above timescales are

plotted for E = 10! erg, My = 10 Mg, ng = 0.1lem™® and f =0.3.. . . .

Mass fraction of different elements as a function of M/M,; obtained using
KEPLER. The magenta, red, blue, and green lines show Oxygen, Neon,
Magnesium, and Silicon mass fraction profiles, respectively. The solid,
dashed, and dotted lines refer to the case with g = 0.5,0.3 and 0.15 corre-
sponding to 25, 18, and 11 M, mass models, respectively. . . . . . . . ..

Evolution of Oxygen column density of the shocked ejecta with time for
density profiles with different core sizes of = 0,0.15,0.3, and 0.5 shown
in red, green, magenta, and blue, respectively. For no core case (f = 0),
we use a constant Oxygen mass fraction of 0.15 throughout the ejecta. The
dotted vertical lines in the respective color show the time when the reverse
shock hits the center of the ejecta. The curves correspond to the adopted
fiducial values of F = 10! erg, My = 10 My, and ng = 0.1em™3. . . . . .
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3.8

3.9

3.10

4.1

Ionization of a Oxygen gas at T = 5 keV with initial OI abundance of

0.001 cm™ and initial n, =10 em™2. . . . . .. ...

Column density of ions as a function of time for three lines of sight. The
top (a), middle (b) and bottom (c) panel shows the column density towards
Mrk421 (Das et al. 2021), IES1553+13 (Das et al. 2019b), and NGC3783
(McClain et al. 2024b) respectively. The magenta, green, and blue bands
show the column density range of OVIII, NeX, and SiXIV, respectively,
calculated from our model. The dashed lines in the same color show the

upper and lower limits of the observed column density of respective ions.

The final position of 1000 runaway massive stars where they explode as
core-collapse supernovae: (a) latitude b versus distance d from the Sun,

(b) Height z from the Galactic plane versus d, and (c) z versus b.

The line of sight (LOS) projected distribution of 10* CCs each of radius
10 kpc in the CGM of radius 280 kpc with a power-law CC distribution
of index o« = 1 (Eq. 4.7). Notice that there are numerous empty regions
towards the outer regions of CGM and comparatively fewer empty regions
in the center. The LOSs passing through CGM outskirts will, therefore,
not produce strong ion absorption in contrast with the central sightlines

intersecting multiple CCs. . . . . . . . . ... L o
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4.2

4.3

The top panel shows the mean Mgll column density as a function of nor-
malized impact parameter. The black line shows the baseline column den-
sity from D24. The blue line shows the mean Mgll column density for
uniform distribution, while magenta and orange lines show the same for
power-law distribution of CCs in the CGM with power-law index of 1 and
2 respectively (Egs. 4.6, 4.9). The baseline column density predicted by
D24 shows no trend with the impact parameter, while the uniform and
power-law distributions show a declining trend, which is observationally
observed. However, the column density values for the power-law index of
a = 1 (magenta line) better match the typical values from observations.
So we choose a power-law distribution with index o = 1 as our fiducial
parameter. The solid magenta line in the bottom panel shows the mean
MglI column density for the fiducial value of & = 1. The dotted magenta
lines show the expected standard deviation (see Appendix A.2) from the
average. The data points are from the COS-Halos survey (Werk et al.
2013). Even the data with smaller redshift (0.15 — 0.25) and stellar mass
bins (10.5 — 11 in log,y; encircled with black color) show intrinsic scatter

in the column density data. . . . . . .. .. ... oL

Variation in MglIl EW with MgII column density. The black lines show the
EW for various by, values. The solid blue, red, and magenta lines show the
analytical relation between EW and column density in the optically thin
limit, and in the flat and damped portions of the curve of growth. These
analytic relations are from Draine 2011 (see Chapter 9). We assume ther-
mal broadening at T = 10* K for MgllI, which gives bihermal = 2.6 kms™!.
In the flat portion (applicable to most of our CCs, see Fig. 4.2), the EW

increases with increasing turbulent broadening. . . . . . . ... .. ...
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4.4

4.5

Contours of equal (in logjo) maximum MglI column density (corresponding
to LOS passing through the center of a CC; black lines) and equivalent
width (magenta lines, in units of A) in the parameter space of N¢gc and
Rec for a single cloud complex with M, = 101°M,. For Mgll column
densities 2 10'3 cm™2, the EW saturates in the flat part of the curve
of growth (see Figure 4.3) and the curves of constant EW are no longer
parallel to the constant column density contours. The EW increases with

Rec for a fixed MglI column density because of a larger by,p oo (see Fig.
A.3).

Variation in the MgII column density along 10* sightlines with the cool gas
mass (top panels), and number and radius of CCs (bottom 3 x 3 panels)
for a power-law (o = 1) distribution of CCs in the CGM. Only non-zero
values are shown with circles, resulting in a smaller number of them when
the covering fraction is small. The data points shown in green color are
from the COS-Halos survey (Werk et al. 2013). It is evident from the top
panels that cool CGM mass of ~ 10'° M, best matches the observed data.
The bottom panels show the variation in Mgll column density with R¢c
and N¢c for a fixed cool gas mass of 10! M. Notice that the increase in
the size of CC results in less scatter in the column density because with
larger CCs, the volume fraction of CCs is larger, and a similar number of
CCs is intersected along different sightlines. A similar trend is observed
for a larger number of CCs in the CGM. For the range of parameters we
explored, Noc = 103 CCs with Roc = 10 kpe and Meoo = 10'1°M,, best

explain the observed MglIl column density distribution. . . . . . . . ..
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4.6

4.7

The top panel shows the MglIl EW distribution as a function of the nor-
malized impact parameter for our fiducial mCC model. The grey points
(note that empty sightlines are not shown) show the total Mgll EW as a
function of the impact parameter for 10* sightlines. The black solid line
shows the mean EW. The solid and dotted orange lines show the best-fit
relation and 1o spread based on observations from Huang et al. 2021. The
green points are the EW data points from the COS-Halos survey (Werk
et al. 2013). The bottom panel shows the covering fraction as a function of
the normalized impact parameter: the solid black line for an EW threshold
of 0.3 A and the dashed black line for 0.1 A. The orange points show the
covering fraction values from Huang et al. 2021 for the EW threshold of
0.3 A. Our mCC model with the fiducial parameters reproduces the EW

distribution and covering fractions. . . . . . .. ... L

The average Mgll column density as a function of the area covering frac-
tion of CCs for various combinations of the cool gas mass, Ncc and Rec
(see Figure 4.5). The colored points with solid, dashed, and dotted black
lines on their borders are for a cool gas mass of 10°, 10!, and 10 M
respectively. The error bars on each point show the standard deviation
on the column densities. The dotted, dashed, and solid black lines show
the contours of constant average Mgll column density times the covering
fraction for three different values (Nyom1) X 00 = 10M3,10'%3, and 10133
ecm ™2, respectively. The product of these two quantities closely tracks the
cool CGM mass and hence can be used as an observable proxy for the cool
CGM mass. To compute the above quantities, we selected 100 random
sightlines (so that the probability of selection is proportional to the pro-
jected CGM area) out of 10* to be statistically consistent with the typical
size of observational samples. The green point represents the result from
the COS-Halos (Werk et al. 2013) survey, the position of which indicates

a cool gas mass of ~ 10 M, for the COS-Halos galaxies. . . . . . . . ..
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4.8

4.9

The grey and blue points show the MglIl column density for the ‘basic’
and ‘advanced’ (considering the size, mass, and realistic radial distribution
of CCs in the CGM) models, respectively, along a total of 10? sightlines
(empty sightlines are not shown). The solid lines in the respective colors
show the average MglIl column density. The green data points are from
the COS-Halos survey (Werk et al. 2013). Notice a slight decrement in
the average column density for the ‘advanced’ model and therefore a larger
covering fraction, since the product of average column density and covering
fraction is fixed for the fixed total cool gas mass in the CGM. The scatter
is larger in the case of the ‘advanced’ model due to the size and mass

variation of the CCs. . . . . . . . . . .

Normalized MglII absorption profile for increasing (decreasing) number
(size) of cloudlets in a CC along a LOS. The dashed grey lines show the
absorption profile from individual intersected cloudlets. The orange lines
show the overall absorption profiles from the intersected cloudlets along
the LOS. The blue lines show the overall absorption profile smoothed with
a velocity resolution of 6kms™!. The magenta lines show the absorption
profile for the misty CC model along the sightline passing through the CC
center smoothed with a velocity resolution of 6kms™! (see section 4.3.4
on how to calculate the CC absorption profile in the mist limit). As the
size of cloudlets decreases from 10 to 0.1 pc (top to bottom panels), more
and more cloudlets are intersected along the LOS. With an increase in the
intersected cloudlets, the overall absorption profiles become broader with
fewer absorbing components. For cloudlet size < 0.1 pc, our misty CC
model (magenta line, smoothed to a resolution of 6 km s™!) is roughly

matching the total absorption profile. . . . . . . .. . ... ... ... ..
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4.10 In the top panel, the lines in different colors (total 16) show the Mgll ab-

4.11

sorption profile from individual cloudlets intersected along a LLOS through
a CC (same as top panel of Fig 4.9 except that we only consider 16 out
of 25 cloudlets for clarity). The solid orange line shows the overall/total
absorption profile from all the intersected cloudlets. Due to the blending
of absorption profiles, only 8 absorbing components are seen in the overall
absorption profile. In the bottom panel, we show the z coordinate and the
LOS velocity of the intersected cloudlets. The color of the points corre-
sponding to individual cloudlets is consistent with the top panel. Based
on the position and velocity distribution, the cloudlets will be blended in
the absorption spectrum. This illustration shows that cloudlets that are
far apart in physical space may be blended due to similar LOS velocity,
whereas cloudlets that are very close in physical space may have disparate
LOS velocities, which makes it very difficult to infer 3D information from

the 2D observations. . . . . . . . . ..

LOS projected distribution of CCs and cloudlets in the CGM for M., =
101°Mg, Nee = 103, and o = 1. Due to the power-law nature of the
distribution of CCs and the projection effect, more CCs are found in the
central region than in the outskirts. The inset shows the cloudlets within
one of a CC for § = 0 and v = 1 (fiducial parameters; see Table 4.2).
In this fiducial case, ~ 5 x 108 total cloudlets are generated, with ~ 5 x
105 cloudlets per CC. Note that we only show 2 x 10% cloudlets in the
inset to better highlight the variety of cloudlets with different sizes and
orientations. Also, we do not explicitly show the distribution of cloudlets
within all the CCs. The distribution of these cloudlets shows qualitative
similarity to Figure 7 of Ramesh & Nelson 2024 that shows a snapshot
from a high-resolution simulation of a Milky Way-like CGM. . . . . . ..
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4.12

4.13

4.14

The top panel shows the normalized histogram of the number of intersected
cloudlets, log,q Nygrr, and MgIl EW along 10* LOSs (empty sightlines are
not shown for number of intersected cloudlets and column density although
they are taken into account for normalization). The blue, magenta, and
grey colors correspond to v = 0,1, 2, the power-law index of the semi-
axes distribution of ellipsoidal cloudlets. Note that the larger the ~, the
larger the number of cloudlets, keeping other parameters fixed. The total
number of cloudlets generated for v = 0,1,2 is ~ 5 x 10%,5 x 107, 10°
respectively. The rightmost panel shows the Mgll covering fraction as a
function of normalized impact parameter for an EW threshold of 0.3 A.
The data points are from Huang et al. 2021 while the dotted black line is
from our misty CC model (see Fig. 4.6) with fiducial parameters. In the
bottom panel, the colored scatter points show the total EW along all the
LOSs as a function of the normalized impact parameter for the different
values of v, respectively. The color of the points is consistent with the top
panel. The solid black lines show the mean EW, while the dotted black
line in the middle panel shows the mean EW for our fiducial misty CC
model (see top panel of Fig. 4.6). The solid orange and dashed lines show
the best-fit relation and 1o uncertainty from Huang et al. 2021 while data
points in green are from the COS-Halos survey (Werk et al. 2013). The

observed EW trend and covering fraction match better for the v =1 case.

This figure shows the histograms of the number of intersected cloudlets,
MglI column density, MgIl EW, and MglII covering fraction (same as the
top left panels in Figure 4.12) to show variation with different parameters.
We vary a single set of parameters for each row and hold the other param-

eters fixed to their fiducial values. . . . . . . . . . . .. . ... ... ...

Column density distribution of OVI along 10 sightlines, as predicted by
our fiducial CC model with a simple prescription for warm gas (see section
4.6.2). Moreover, we assume the OVI ion fraction from photo-+collisional
ionization equilibrium at 10%° K, and assume similar cool and warm gas
masses. The observed data points are from the COS-Halos (Werk et al.
2013) survey. The spread of OVI columns from our Monte Carlo model

matches well with the observed spread. . . . . . .. ... .. ... ....
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5.1

5.2

5.3

5.4

5.5

Normalized absorption profile of the detected (green) and non-detected
(red) ions. The dotted black vertical line in each panel shows the z = 0
value of the line center of the respective ions. The shaded blue region in
each panel indicates the resolution element of the respective instrument

relative to the z = 0 value of the line center of the ion. . . . . . . . . ..

Temperature ranges estimated from the column density ratio of two adja-
cent ions of the same metal probed in X-ray absorption. It clearly shows
the multiphase nature of the CGM with temperature valleys (hatched re-
gion) in between. The dashed magenta and purple lines show the temper-
ature estimated from the column density ratios of O vI (detected in UV
absorptions by Collins et al. 2004), O v (non-detection in this work), and
O v1r (this work), O vr (Collins et al., 2004) respectively. . . . . . . . ..

Individual contribution of different temperature phases for detected ions.
The grey color shows the best-fit PHASE model, while blue, green, and red
colors show the contribution of sub-virial (7}), virial (73), and super-virial

(T3) phases, respectively. . . . . . . .. ... L

Comparison of best-fit temperatures and associated 1o uncertainties from
previous studies along various lines of sight (Mrk421, green, Das et al.
2021; stacked, grey, Lara-DI et al. 2024a; 1ES 15534113, yellow, Das et al.
2019b; NGC 3783, red, McClain et al. 2024b). The temperature ranges
from our study (PKS2155-304) are plotted in blue. The left arrow shows
the cool gas temperature estimated from the column density ratios of
OV (non-detections) and O1v (detections) in our study. Therefore, we
detect four temperature phases along PKS 2155-304. This is the first time
that 4 temperature phases are inferred in such studies using X-ray absorp-
tion lines. This plot shows the multiphase nature of CGM along various

lines of sight and within specific phases as well. . . . . . ... ... ...

Non-solar abundance ratios of C, Ne, Mg, and Si relative to O in the

respective phases. . . . . . .. ..
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5.6

5.7

Al

A2

Top panel: The green line shows the normalized spectrum for the Solar
abundance ratio of Ne to Fe in the warm-hot phase. Bottom panel: The
dotted, dashed, and dashed-dotted red lines show the normalized spectrum
for solar abundance ratios of O to Fe, Mg to Fe, and Si to Fe in the hot

phase. This shows the a—enhancement in virial and super-virial phases. .

line of sight velocity of detected ions . . . . . ... ... ... ... ...

Projected cloudlet distribution (top 3x3 panels) in a cubical volume with
Ng cubical cloudlets uniformly covering a volume fraction fy,. The size
of vacancies equals the cloudlet size. As expected from simple estimates,
the area covering fraction becomes of order unity when Ny 2> f;,°. The
panels farther from the diagonal (toward the bottom-left) are deeper into
the mist limit. The bottom panels show the normalized histogram of the
number of cloudlets along different sightlines. The histogram is very well fit
by a Poisson distribution (shown by dashed lines) with a mean f?/ 3Ncll/ 5,
Note that the number of sightlines with zero and one cloudlet becomes

comparable for N, ~ f‘;Q, corresponding to the approach toward the mist

limit with a unity area covering fraction. . . . . . . . .. ... ... ...

MglI ion fraction as a function of total number density at 10* K. The purple
line shows the Mgll fraction for the Collisional Ionization Equilibrium,
while the green, blue, and orange colors show the values for Photoionization
Equilibrium at the redshifts of 0.1, 0.2, and 0.3, respectively. The solid
and dashed colored line shows the ion fraction with the HM12 (Haardt &
Madau 2012) and KS18 (Khaire & Srianand 2019) background radiation
field. We computed the ion fraction values using the radiative transfer
code CLOUDY (Ferland et al. 2017). MglI ion fraction values vary by ~ 2

orders of magnitude from =~ 0.01-0.6 for n ~ 1073-10~tcm ™2 at z ~ 0.2. .
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Chapter 1

Introduction

1.1 Circumgalactic Medium

The Universe is believed to be homogeneous and isotropic on large scales. This fea-
ture of spatial homogeneity and isotropy, which is a fundamental postulate of Cosmol-
ogy, provides the foundation for describing the Universe using the Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric within the framework of General Relativity (Weinberg,
1972). The scale of homogeneity has been tested using various galaxy surveys. For exam-
ple, Yadav et al. 2005 analyzed the Sloan Digital Sky Survey SDSS DR1 galaxy survey
using multifractal analysis and found that the galaxy distribution is homogeneous on
scales larger than 60 — 70h~! Mpc, where h = Hy/(100 km s™! Mpc™!) and Hy is the
Hubble constant. Considering h to be 0.674 £ 0.005 (Planck Collaboration et al., 2020),
the typical scale of homogeneity is 2 100 Mpc.

The widely accepted ACDM model of Cosmology consists of three major constituents
of the Universe: matter (comprising pressureless dark matter and baryonic matter), ra-
diation, and dark energy, where dark energy currently dominates the energy budget of
the Universe (Planck Collaboration et al., 2020). While this background model of the
universe works well with many observations, for example, that of the Cosmic Microwave
Background Radiation (CMBR), a monotonically decreasing uniform density field cannot
account for the formation of various structures in the Universe, such as galaxies, the cos-
mic web, and the cosmic voids that are observed today. It is believed that these structures

in the Universe have formed due to fluctuations in the density field. These fluctuations



produce over-dense and under-dense regions, which become the sites for structures at
different scales. The origin of these density fluctuations remains uncertain, although it is
widely believed that primordial perturbations in the early Universe, during the inflation-

ary era, seeded these density fluctuations at all scales (Peebles, 1980).

Over time, overdense regions are unable to keep up with the expansion of the Universe
and eventually collapse under their own gravity. Overdense regions with larger density
contrast compared to the background density collapse at earlier epochs, while less over-
dense regions collapse at later times. During this collapse, particles in these regions
approach equilibrium through a process known as ‘violent relaxation’, ultimately leading
to the formation of a self-gravitating dark matter halo. Baryons, which interact gravita-
tionally with dark matter, fall into the potential wells of dark matter halos and eventually
reach virial equilibrium (Mo et al., 2010). The baryonic temperature is then determined
by the virial theorem, 2K E + PE = 0, where KFE and PFE denote the kinetic and po-
tential energies, respectively. Baryons, unlike dark matter, can dissipate energy through
radiative processes. The typical cooling time of a thermal plasma is teoo o< 7'/ (nA(T)),
where n?A is the radiative cooling efficiency (with the dimensions of energy lost per
unit time per unit volume), and n is the particle number density of plasma. At z 2 7,
the Compton cooling of energetic electrons by CMBR photons is also significant. The
gaseous system for which the cooling time is shorter than the gravitational free-fall time
(tg o< 1/4/Gp) can cool and collapse further. The ratio of the cooling time to the free-fall
time sets the limits on the characteristic sizes and masses of galaxies (Rees & Ostriker,
1977; Silk, 1977; Binney, 1977). Thus, within these dark matter halos, galaxies—- which
are the building blocks of the Universe—are formed. Over cosmic time, galaxies grow
in mass and size through mergers with other galaxies (Lacey & Cole, 1993), as well as

through cosmological gas accretion (Dekel & Birnboim, 2006; Tollet et al., 2022).

Baryons, which serve as the fuel for star formation, undergo further cooling in the
central regions of galaxies via molecular cooling processes. This enables the gravitational
collapse of molecular clouds, leading to the formation of stars. The resulting stellar popu-
lations constitute the visible component of a galaxy, typically concentrated in the central
regions of the dark matter halo. For example, the half-light radius of the Milky Way is
observed to be 5.75 £ 0.38 kpc (Lian et al., 2024), while its virial radius is ~ 210 kpc,
considering its virial mass to be 10'2M, (Bland-Hawthorn & Gerhard, 2016). Tradition-

ally, the size of a galaxy— referring to its visible component—has been associated with



the extent of its stellar disk, largely because early observations were limited to telescopes
operating in the optical band. However, multi-wavelength observations in radio, infrared,
and X-rays have revealed more extended structures, such as neutral hydrogen (HI) disks,

stellar halos, and gas in the much larger dark matter halos in which galaxies are embed-

ded.

In particular, X-ray telescopes have uncovered the presence of an extended and mas-
sive hot gaseous medium surrounding the MW, commonly referred to as the Circum-
galactic medium (CGM) (Tumlinson et al., 2017; Faucher-Giguere & Oh, 2023). It is
reasonable to expect that a similar medium is present around other galaxies as well, as
evidenced by absorption line studies in external galaxies. It was Spitzer 1956 who first
drew attention to the fact that gas in the MW extends far beyond the stellar disk after
having detected the presence of OVI and CIV absorption lines at high Galactic latitudes,
which he called ‘galactic corona’. Observational evidence indicates that gaseous halos
not only exist around galaxies but also contain a large reservoir of mass that can account
for the so-called ‘missing baryons’. The term ‘missing baryons’ refers to the discrepancy
between the observed baryon content within galaxies and the cosmic baryon fraction.
In the framework of ACDM cosmology, the baryon density and total matter density are
Qph? = 0.0224 £ 0.0001 and €, = 0.315 £ 0.007, respectively (Planck Collaboration
et al., 2020), corresponding to a cosmological baryon fraction of f, ~ 0.16. However, the
total baryonic inventory within galaxies—including stars, interstellar gas, and dust—falls
significantly short of this value. This discrepancy, together with observational evidence,
suggests that a significant fraction of baryons resides in the CGM, which thus serves as

a natural reservoir for the missing baryons.

Although its boundaries are not well defined, the CGM is typically considered to
extend from the stellar and gaseous disk out to the virial radius of the halo. In systems
with strong outflows—driven by stellar feedback or active galactic nucleus (AGN) activ-
ity—the CGM may even extend beyond the virial radius (Shull, 2014). By contrast, in
galaxies with low star-formation activity and quiescent SMBH, such as the present-day
Milky Way, the CGM is generally assumed to be confined within the virial radius. The
CGM plays a crucial role in galaxy evolution, acting as both a reservoir of baryons and

a regulator of gas inflows and outflows that shape the galaxies over cosmic time.

The gas in the CGM is multiphase and diffuse, as suggested by observations, theo-

retical works, and numerical simulations. In order to systematically study the physical



Gas accretion from IGM

Figure 1.1: CGM illustration. The CGM contains both inflowing gas from the inter-
galactic medium (IGM), which supplies fuel for star formation, and outflowing gas from

galaxies, which can heat and enrich the existing circumgalactic gas.

state of the CGM, it is typically divided into various temperature phases. These include
the warm-hot phase (virial phase; ~ 10° K), warm phase (~ 105 K), and cool phase
(~ 10* K), etc. While these are the temperature phases of typical MW-like CGM, similar
phases are expected to be present in the CGM of other galaxies as well. The number
density of gas in the CGM also varies by ~ 2 — 3 orders of magnitude, typically ranging
between 1075-10~1 cm ™2 across various phases. Clearly, the CGM is tenuous compared
to the ISM. This diffuse nature of this tenuous gas makes it harder to observe in emission
since the detected flux scales as n?L, where n is the density of gas and L is the extent
of the emitting region. Therefore, sensitive telescopes are required to detect this gas in
Optical/UV /X-rays. However, CGM is routinely observed in X-ray/optical/UV absorp-
tion, as absorption depends on the column density of the ion, which scales as N, X nion L,
where n;o, is the number density of ion and L is the size of the system harbouring these
ions. Even though n;,, is small, L can be large enough (of the order of a few 100 kpc),
so that the product of these two quantities can be significant for the ion to be detected

in absorption.



1.2 Observations

1.2.1 X-ray emission

Several X-ray observatories have been set up in space to observe and study various astro-
physical objects in the universe, such as galaxy clusters, Active Galactic Nuclei (AGN),
X-ray binaries, etc, including the diffuse gas in the CGM. These observatories include
Chandra (Weisskopf et al., 2000), XMM-Newton (Jansen et al., 2001), Suzaku (Mitsuda
et al., 2007), HaloSat (Kaaret et al., 2019), eROSITA (Predehl et al., 2021), XRISM
(Tashiro et al., 2025), etc, and future observatories like ATHENA, HUBS (Bregman
et al., 2023), etc. These X-ray probes have detected the presence of CGM gas in both

emission and absorption, as described below.

X-ray emission

Although it is natural for the ‘virial’ or warm-hot phase (~ 10° K) of the MW’s CGM
to emit X-rays, detecting this emission is challenging due to the low gas density, as the
flux scales with the square of the density. However, with the advent of more sensitive
X-ray observatories, this diffuse emission has recently become detectable. The total
emission is primarily dominated by metal line emission, while free—free (Bremsstrahlung)
processes contribute to the underlying continuum. Owing to the limited energy resolution
of Charge-Coupled Device (CCD) detectors used in these observatories, most individual
emission lines remain unresolved (except for the brightest ones), causing the total emission

to appear as a ‘quasi-continuum’ rather than a true continuum.

The total X-ray emission observed along a given line of sight, or over a region of the
sky, arises from multiple components in addition to the CGM emission (Ponti et al., 2023).
To isolate the diffuse CGM contribution, these components need to be carefully modeled.
The total flux includes emission from the Local Hot Bubble (LHB; Liu et al. 2017), the
soft X-ray background (SXB; McCammon & Sanders 1990), variable solar wind charge
exchange (SWCX; Kuntz 2019), and the instrumental background. After accounting for
or subtracting these components, the residual signal represents the intrinsic emission from
the diffuse CGM of the Milky Way. Contributions from bright point sources within the

Galaxy and from extragalactic sources are also removed to avoid contamination.
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The diffuse gas emission is modeled using a single temperature collisionally ionized
plasma model APEC (Astrophysical Plasma Emission Code; Smith et al. 2001) in software
such as XSPEC (Arnaud et al.,; 1999). This emission model has three parameters: tem-
perature, metallicity, and normalization. Normalization is proportional to the product of
the solid angle subtended in the given patch of the sky by the telescope and the Emission
Measure (EM = f los nen;dl; where n, and n; are the electron and ion number densities).
Since the solid angle is fixed by the telescope’s field of view, one gets the best-fit temper-
ature and EM from the analysis. Metallicity is usually fixed to either solar or 0.3 solar
(Prochaska et al., 2017) in such analysis, since typical ~ ks duration observations cannot
constrain the metallicity. X-ray emission studies can thus constrain the temperature and
EM along various lines of sight, which can be further used to constrain the analytical
models of the CGM of the MW. Apart from the total emission, lines of highly emissive
ions at the virial temperature, such as OVII, have also been observed by various authors
and used to constrain the density and temperature of the CGM. These X-ray emission

analysis results along various lines of sight are therefore key in constraining the models

of the CGM.

Henley & Shelton 2013 detected the presence of warm-hot or virial gas in the MW'’s
CGM using XMM-Newton along 110 sightlines and inferred the median temperature to be
2.22x10° K (interquartile range 0.63x 10° K) and EM that varies by an order of magnitude
0.4-7 x 1072 cm~% pc between different sightlines. Nakashima et al. 2018 observed the
MW’s CGM along 107 sightlines using Suzaku and found the median temperature to be
3.0 x 10% K. They also showed that the observed EM is better modeled with a disk and
an extended profile morphology. They further showed using the OVII, FeXVII lines that

the median [O/Fe| is ~ 0.25, which signifies enrichment due to core-collapse supernovae.

Kaaret et al. 2020 analyzed the HaloSat (a CubeSat-based X-ray observatory with
a field of view of 10°, especially optimized to study diffuse X-ray emitting gas; Kaaret
et al. 2019) data along various fields in the CGM of the MW in the Southern hemisphere.
They found that the EM is best modeled by a disk component along with an extended
halo profile as previously suggested by Nakashima et al. 2018. The extended halo profile
is required in order to explain the high column density of ions detected in absorption
studies. They explored various disk models along with various extended halo models (see
their Extended Data Fig. 4). Moreover, they showed that the CGM is clumpy on angular

scales of ~ 10°.



All of these observations were analyzed assuming emission from a single temperature
thermal plasma, and the best-fit temperature obtained in these studies is roughly the
warm-hot or virial temperature of the MW. However, Das et al. 2019a, for the first
time, modeled the total emission from the MW’s CGM using a two-temperature thermal
plasma model in the direction of the blazar 1ES 15534113 using XMM-Newton. The best-
fit two temperatures correspond to the virial (warm-hot; 1052° —10%4? K) and super-virial
(hot; 10568 — 10%9? K) phases. Thus, they found the presence of an additional higher
temperature gas than the virial gas in the CGM of the MW. They also performed the
F-test analysis and found that this additional temperature component is required with
very high confidence to better fit the data. According to them, this is strong evidence
for X-ray emitting super-virial or hot gas in the CGM of MW along 1ES 1553+113.

A similar analysis with two temperature components has then been carried out by
various authors along a large number of sightlines. Gupta et al. 2021 used Suzaku and
Chandra observations along 4 sightlines to characterize the X-ray emitting gas in the
MW’s CGM. They again found that the emitting X-ray gas is well fitted by a two-
temperature plasma model with the best-fit virial temperature of 0.176 + 0.008 keV and
super-virial temperature in the range 0.65 — 0.90 keV. Using HaloSat data, Bluem et al.
2022 analyzed a large number of sightlines in the Northern and Southern hemispheres of
the MW’s CGM, and modeled the emission using two APEC models. They also found that
a second component was required along a large number of sightlines (80% of the total
sightlines) to better fit the emission data. For the warm-hot gas, they obtained an average
temperature of 0.1797399 keV and 0.184 + 0.009 keV in the Northern and Southern
latitudes, respectively. For the hot gas, the average temperatures in the Northern and
Southern hemispheres are 0.697005 and 0.75 & 0.08 keV, respectively. This result also
showed that the average temperature in the Southern hemisphere was larger than in the
Northern hemisphere. With data from a larger number of sightlines, they found a strong
correlation between the EM of the warm-hot and hot gas (see Fig. 1.2). Note that such

a correlation does not exist between the warm-hot and hot gas temperatures.

Ponti et al. 2023 observed the MW halo in the eFEDS field (I ~ 220°-235°,b ~
20°-40°) using eROSITA. Unlike other studies, where metallicity is fixed, they allowed
a variation in metallicity. Their best-fit results showed that the warm-hot gas metal-
licity is 0.068 Zg, less than 0.3 Zg, which is often considered to be a typical value in
CGM (Prochaska et al., 2017). However, they fixed 0.7 solar metallicity for the hot gas.



Figure 10. from

Jesse Bluem et al 2022 Astrophys. J. 936 doi:10.3847/1538-4357/ac8662
https://dx.doi.org/10.3847/1538-4357/ac8662

© 2022. The Author(s). Published by the American Astronomical Society.

-

1077 W H '_II'T — T 3
2 —ff g
© T =
1S = I—I—T—q r—I—| 3l
o -
> B e e e 2
sl

.
: TH
= 1073+ f e _‘J
S = [ . L .
2 1
5 T l
£
11
1074 T
1072

Warm Emission Measure (cm~® pc)

Figure 1.2: EM correlation of the warm-hot (x-axis) and hot (y-axis) gas for various lines

of sight from Bluem et al. 2022 using HaloSat.

Bhattacharyya et al. 2023 used XMM-Newton observation towards the Blazar Mrk 421
(I =179°.83,b = 65°.03) and 5 other fields near the blazar to study the X-ray emitting
CGM. They found the temperature of two phases to be 0.14-0.192 keV and 0.66-1.14
keV. They further found the correlation in the EM of the two phases, whereas such a
correlation was absent for the temperatures. They also showed that at the hot gas tem-
peratures (~ 107 K), emission was dominated by Fe emission lines. This suggested that

the hot gas in emission was Fe-abundant.

Further, Sugiyvama et al. 2023 used 130 Suzaku observations to study the diffuse gas in
CGM. They found the median EM of the hot gas to be 3x 10~ cm™ pc with (1-8)x107°
cm % pc as 16" and 84" percentile range. Lastly, Gupta et al. 2023 using 230 Suzaku
archival observations, found that the temperature of warm-hot and hot gas to be ~ 0.2
and ~ 0.4 — 1.1 keV, respectively. All these observations show the presence of a hot
phase in the MW’s CGM for most of the sightlines, along with widespread warm-hot gas.
This confirms the ubiquitous nature of X-ray-emitting hot gas across the Northern and
Southern hemispheres. The EMs of the warm-hot and hot gas show a strong correlation,
whereas the temperatures of the warm-hot and hot gas are uncorrelated. This correlation
in EM suggests a correlation in the density structure of the two gaseous phases, as the

emission is dominated by the nearby region.



X-ray absorption

Apart from X-ray emission, the CGM of the MW has also been studied in X-ray absorp-
tion using the tracer ions. The warm-hot or ‘virial’ gas (~ 10° K) is traced mainly using
the absorption lines of OVII Kev (21.61 A), OVII K3 (18.63 A), and OVIII Ko (18.97 A).
Figure A.2 shows the ion fraction of H and He-like ions of various elements as a function
of temperature for Collisional Ionization equilibrium (CIE), computed using the radiative
transfer code CLOUDY (Ferland et al., 2017). It can be inferred from the figure that OVII
is the ideal tracer of warm-hot gas in the CGM, whereas OVIII traces a slightly higher
temperature gas in CIE. Oxygen lines are easily detected in X-ray absorption because of
the relatively higher abundance of Oxygen relative to the other elements, even though the
ionic fraction of different ions is significant at the warm-hot temperatures. These z = 0
absorption lines from the CGM of the MW have been detected in the spectra of bright
background sources, typically quasars along various sightlines. The transmission grating
in Chandra (HETG, LETG) and the reflection grating in XMM-Newton (RGS1, RGS2)
have been mainly used to detect X-ray absorption lines. However, even with the current
X-ray gratings, these absorption profiles cannot be resolved, although the line itself can
be detected. For example, the resolution element of HEG in Chandra is AX = 0.012 A,
which corresponds to the velocity resolution of &~ 170 km s for OVII Ka at 21.6 A. The
Doppler b parameter (\/m ; where T is the temperature and m; is the mass of the
ion) for OVII at 10° K is ~ 33 km s™!. Since the widths of these absorption lines are
generally smaller than the velocity resolution of the instruments, the absorption profiles

cannot be resolved.

Several authors observed the MW’s CGM using X-ray absorption lines of OVII, OVIII,
NelX, etc, together with UV observations to study the temperature and density structure
in the CGM along various lines of sight (Nicastro et al., 2002; Williams et al., 2005;
Fang et al., 2006; Gupta et al., 2012). Unlike emission, the CGM of external galaxies is
also probed using X-ray absorption (Mathur et al., 2023). All these observations were
focused on detecting the warm-hot gas in the CGM. However, Das et al. 2019b using
the grating data of XMM-Newton detected the presence of z = 0 NeX absorption line
along with other ions in the spectra of 1ES 1553+113 (I = 21°.91,b = 43°.96). Detection
of NeX suggests the presence of hotter temperature gas than the warm-hot gas in the
MW’s CGM. This can be noted from Fig. A.2, where NeX traces a higher temperature
gas than warm-hot gas in CIE. Further using the PHASE model (models of collisionally
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Figure 1.3: Ion fraction of H and He like ions of various elements in Collisional Ionization
Equilibrium (CIE) computed using the radiative transfer code CLOUDY (Ferland et al.,
2017).

ionized gas perturbed by photoionization by the meta-galactic radiation field, at a given
redshift), they found the temperatures of the warm-hot and hot gas to be 1.2973%L x 108
K and 1.15%589 x 107 K, respectively. The corresponding equivalent Hydrogen column
density (for solar metallicity of Oxygen) for the warm-hot and hot gas is 13.3752 x 10'®
and 2.972% x 10% cm™? respectively. Additionally, they inferred that the hot gas is
a—enriched with [O/Fe] = 0.9%)% which suggests the enrichment due to core-collapse
supernovae. Note that the hot gas detected in emission was inferred to be Fe-abundant.
Therefore, absorbing and emitting X-ray hot gas appear to have distinct origins. These

authors also found non-solar composition from the ratio of ions.

Next, Das et al. 2021 analyzed the deep high S/N Chandra data along Mrk421.
They detected various absorption lines of H and He-like ions along with NeX and SiXIV
absorption lines, which trace the hot gas in the CGM, assuming CIE. Using these ab-
sorption lines, they inferred three distinct temperature phases, namely, the virial phase,
super-virial phase, and sub-virial phase. Again, they found the super-solar composition
of the ratio of ions and a-enhancement in both virial and super-virial phases. McClain
et al. 2024b followed a similar analysis towards NGC 3783 and found the presence of
super-virial gas along with virial gas. They detected NeX along with other ions. Lastly,
Lara-DI et al. 2023 detected SiXIV and SXVI absorption lines by stacking the X-ray data
along 47 lines of sight. In the follow-up paper (Lara-DI et al., 2024b), they inferred three

10



temperature phases (virial, super-virial, and sub-virial) from the stacked data, which is

similar to what is inferred along Mrk 421.

A few points regarding the nature of the ~ 107 K gas detected in X-ray emission
and absorption are as follows: Unlike hot gas in emission, which is detected in ~ 80%
of the sightlines, the X-ray absorbing hot gas is detected only along three lines of sight
(1IES 15534113, Mrk 421, and NGC 3783). Hot X-ray emission has a significant contribu-
tion from Fe line emission, while the absorbing X-ray hot gas is found to be a-enhanced.
Moreover, the absorbing hot gas is inferred to have a super-solar composition of the ratios
of ions with dominant non-thermal broadening. The typical EM and equivalent H column
density values obtained from these studies suggest a length scale of a few Mpc, if both
emission and absorption are assumed to come from the same region! Thus, the X-ray
emitting hot gas and X-ray absorbing hot gas ought to have distinct origins. Therefore,
these two phases have to be treated and modeled distinctly.

1.2.2 Optical/ UV

The CGM is also routinely observed in Optical/UV using absorption lines. These absorp-
tion lines include MglI, Sill, Call, CIV, OVI, etc. Depending on the ionization conditions
in the CGM, these ions trace various phases of the CGM, namely, the cool (~ 10* K)
and warm phase (~ 10° K). Unlike warm-hot or virial gas in the CGM, which is believed
to be in CIE, the lower temperature gas (~ 1075 K) is likely to be in Photo-ionization
equilibrium (PIE). Therefore, the density of cool and warm gas is a key parameter in
determining the ion fraction, unlike in CIE, where the ion fraction depends exclusively
on the temperature. Background radiation fields such as HM12 (Haardt & Madau, 2012)
and KS18 (Khaire & Srianand, 2019) are typically used to estimate the ion fraction in
PIE.

Using optical and UV telescopes, the CGM of external galaxies has been extensively
studied through absorption-line spectroscopy. Several surveys have been conducted to
probe the photoionized cool and warm gas in the CGM of external galaxies. In these
studies, quasars are observed spectroscopically, and their spectra are analyzed to identify
absorption lines of various ions. Once the absorbers are detected at specific redshifts,
they are associated with nearby galaxies by cross-matching with galaxy surveys to find

the galaxy that lies closest to the absorber in both redshift and sky position. This
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gas in the CGM.

method—where quasars are observed first, absorbers are identified, and then matched
with galaxies—is known as the ‘absorber-centric’ approach. In contrast, the ‘galaxy-
centric’ approach begins by selecting a galaxy and then searching for quasars whose
sightlines pass close to it, followed by a search for absorption lines at the galaxy’s red-
shift. Because multiple quasar sightlines intersecting the CGM of the same galaxy are
rare, it remains challenging to map the CGM of a single galaxy using absorption-line
observations. Consequently, most studies rely on identifying individual (foreground)

galaxy—(background) quasar pairs.

These surveys and database include MAGIICAT (Nielsen et al., 2013), COS-Halos
survey (Tumlinson et al., 2011), MAGG (Dutta et al., 2020), SDSS DR16 (Anand et al.,
2021), M3 Halo project (Huang et al., 2021), CUBS (Qu et al., 2023), MEGAFLOW
(Cherrey et al.,; 2025), etc. The cool gas in the CGM is mainly observed using MglI
doublet AA2796, 2803 because of its wavelength advantage and its considerable oscillator
strength. The Cosmic Origins Spectrograph (COS) onboard the Hubble Space Telescope
(HST), operating in the UV band, enables the detection of Mgll absorption lines up
to a redshift of z ~ 0.14. At higher redshifts, Mgll becomes accessible in the optical
regime and is routinely observed using instruments such as MUSE (z ~ 0.7-2.3). Owing
to this broad redshift coverage by various instruments, Mgll absorption is among the

most commonly detected tracers in the cool CGM surveys. The galaxies associated with
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absorbers in these surveys span a wide range in redshift, stellar mass, galaxy type (star-
forming or quiescent), and orientation angle with respect to the major axis of the galaxy.
Consequently, a large spectroscopic survey such as DESI (DESI Collaboration et al.,
2025) is essential to systematically investigate the distribution of cool gas in the CGM

as a function of galaxy properties, including stellar mass, redshift, and galaxy type.

The primary observable in absorption-line analysis is the equivalent width (EW),
which is subsequently converted into the column density of the absorbing ion using various
techniques. The commonly employed techniques include the curve of growth analysis,
which relates EW to column density; Voigt-profile fitting, where the absorption profile is
modeled by convolving thermal and natural broadening effects; and the apparent optical
depth (AOD) method, which derives the column density directly from the observed optical
depth as a function of velocity. In the curve-of-growth (COG) analysis, if the measured
EW is below a threshold value (EWj), the linear (optically thin) regime of the curve is
used to convert EW into column density. For stronger lines with EW larger than E'W,,
the flat (saturated) portion of the curve is applicable, where the derived column density
depends sensitively on the Doppler b-parameter, which accounts for both thermal and

non-thermal (turbulent) broadening of the line. The expression for EW) is

b A
EWy ~ 4.1 x (1kms_1) (1000A) mA (1.1)

where A is the transition wavelength of the ion. If the b parameter is unknown, then an

extrapolation of the linear part of the COG is used to estimate column density from the
EW instead of the flat part of the COG. This results in an upper limit on the column
density. Multiple ions detected for a single galaxy can be used to obtain the physical
conditions of the gas bearing these ions in a detailed modeling (Sameer et al., 2024).
Such a detailed model includes photoionization at the observed redshift to obtain the ion
fraction, temperature, number density of H, H column density, and metallicity. Then a
Bayesian analysis is performed to obtain the minimum number of clouds with best-fit

parameters to explain the observation of all the detected ions.

This analysis yields the typical size of the clouds (along the line of sight) in the CGM
(I ~ Ny /ny), where Ny is the column density and ny is the number density of hydrogen.
It is, however, difficult to determine the transverse size of clouds directly from the ob-
servations. This makes it challenging to infer the 3D information of cool gas clouds from
the 2D information using the absorption lines. However, with an extended background

source and integral field spectroscopy instruments such as MUSE, it is possible to esti-
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mate the coherence length of absorbers. In a rare case of a gravitationally lensed system,
using background gravitational arcs, Dutta et al. 2024b measured the coherence length
of Mg II absorbers to be approximately ~ 10 kpc. This represents a characteristic size
of MglI absorbing clouds in the CGM. Nevertheless, such systems are exceedingly rare,
and it remains infeasible to map the CGM of an external galaxy using absorption-line

measurements alone.

1.2.3 Radio

Apart from X-rays, optical, and UV, the CGM of MW has also been probed and studied
in the radio band. Fast Radio Bursts (FRBs; Petroff et al. 2019), which are typically
millisecond-duration radio bursts, can be used to study the CGM of the MW. These
radio bursts, when travelling through the CGM of MW, get dispersed by free electrons
in it. This ‘dispersion’ results in higher frequency photons reaching earlier than photons
with lower frequencies. Effectively, the oscillations of free electrons in the CGM slow
down the waves with lower frequencies more than those with higher frequencies. This
dispersion is quantified by a parameter known as ‘Dispersion Measure’ or DM, which is
the line of sight integral of free electrons ([ fos nedl). Free electrons are contributed by
the various thermal phases of the CGM; therefore, FRBs cannot be used to disentangle
the individual phases of the CGM. However, they provide a powerful probe to constrain
the total baryonic mass contained within the CGM (Ravi, 2019; Ravi et al., 2025).

Since most of the FRBs are extra-galactic in origin, the total DM observed has con-

tributions from several components along the line of sight. These include the following:
DM,or = DMgource + D Mpost + DMicn + DMyw,rsv + DMyw,cam (1.2)

where, DMy, i the contribution of the source that gives rise to these radio pulses,
DMy, is the contribution of the host galaxy, DM;jgys is the contribution of IGM,
DMyrw rsam is the contribution of ISM of MW, and DMymw,caum is the contribution
of CGM of the MW. Once the contribution of the individual components is known, the
contribution of the CGM of the MW can be obtained. However, it is difficult to obtain
the contribution of the individual components. Therefore, only nearby FRBs can be used
to put tighter limits on the DM contribution of the CGM of MW since the contribution of
the IGM is minimal in these cases. Similarly, Rotation Measure (RM = [ n.Bdl) can be

used to constrain the (line-of-sight component of) magnetic field in the CGM. Moreover,

14



the radio signals from FRBs can also be used to estimate the size of cool clouds in the

CGM as a result of scintillation (Mas-Ribas et al., 2025).

1.3 Simulations

The CGM has been extensively studied using numerical simulations, including large-
scale cosmological simulations such as Illustris-TNG, SIMBA, FIRE, ROMULUS, and
EAGLE, as well as various idealized simulations designed to isolate specific physical pro-
cesses. Cosmological simulations generally start at very high redshifts with appropriate
initial conditions and are evolved forward to the present epoch. The simulation out-
puts at different redshifts are then analyzed to study the evolution of galaxies and their
CGM. These studies typically find that the CGM is primarily shaped by outflows driven
by SMBH activity and stellar feedback, in addition to being influenced by cosmologi-
cal gas accretion and galaxy mergers. However, due to limitations in dynamic range,
large-volume cosmological simulations (with box sizes of order ~ (100 Mpc)?) cannot

adequately resolve the ISM of individual galaxies.

The implementation of AGN feedback varies among different simulations. Typically,
AGN feedback is modeled in two modes: the thermal (or quasar) mode and the kinetic (or
radio) mode. The radio mode corresponds to a low-accretion state, during which jets are
launched, while the thermal mode operates during high BH accretion rates, where large
amounts of energy are thermally deposited into the surrounding gas. In both modes, mass
and energy are injected into the CGM, altering its thermal structure. Since the CGM
serves as a reservoir of cold gas that replenishes the ISM and fuels star formation, AGN
feedback significantly influences the star formation activity within galaxies. The feedback-
driven heating of the CGM increases its radiative cooling time, thereby suppressing gas
inflow into the galaxy. As a result, the galaxy becomes quenched, typically characterized

by a specific star formation rate (sSFR) below ~ 107! yr—1.

In general, stellar feedback is primarily responsible for quenching galaxies at the low-
mass end, while AGN feedback dominates the quenching of massive galaxies with halo
masses =~ 102 M. Because different cosmological simulations implement AGN feedback
in distinct ways, the effects on star formation and galaxy quenching also vary among

them. Zinger et al. 2020 investigated the impact of AGN feedback on the CGM of massive
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galaxies at z = 0 in the TNG100 and TNG300 simulations, and found that the entropy
of the CGM gas is a sensitive indicator of the feedback energy injection. They concluded
that AGN feedback in the TNG operates in both an ‘ejective’ and a ‘preventative’ manner:
it is ejective in the sense that it expels cold gas from the ISM-—thereby depleting the
fuel for star formation—and preventative, because it heats the CGM gas, increasing its

radiative cooling time and thus suppressing the accretion or condensation of gas back

into the ISM.

Terrazas et al. 2020 studied AGN feedback in the TNG100 simulation as a function
of sSFR, stellar mass, and black hole mass. They found that the sSFR sharply decreases
once the energy of the kinetic winds from the SMBH exceeds the gravitational binding
energy of the gas within the stellar radius of the galaxy. This transition occurs above a
threshold black hole mass, beyond which galaxies become ‘quenched’. Ayromlou et al.
2023 investigated the effect of feedback on the redistribution of baryons in the CGM
and beyond, comparing results from the TNG, EAGLE, and SIMBA simulations. They
found that SMBH feedback can eject baryons to distances up to several tens of virial radii,
thereby reducing the baryon fraction within the virial radius of galaxies. To quantify this,
they defined a ‘closure radius’ (R.) as the radius within which the cumulative baryon
fraction equals the cosmic baryon fraction (= 0.16), and derived a relation between R,

and Mog. for individual halos, groups, and clusters across the three simulations.

Thus, AGN feedback can redistribute baryons within and beyond the CGM (see Fig.
1.5), influencing observables such as the thermal and kinematic Sunyaev—Zel’dovich (tSZ
and kSZ) effects, X-ray emission, and ion column densities at distances extending far
beyond the virial radius. This redistribution also drives mass and metal flows into the
IGM, thereby enriching its chemical composition and altering its thermodynamic struc-
ture, depending on the strength of the outflows. Morgan & Bailin 2025 examined the
mass and metal flows in TNG galaxies under different feedback conditions—classified by
radio mode (radio-quiet or radio-loud), sSFR, and galaxy morphology. By analyzing the
mass flow rates, metal flow rates, and mass accumulation rates as functions of galacto-
centric radius, they identified a characteristic radius of ~ 0.2 R, (where R, is the virial
radius) that marks a transition region where significant dynamical changes occur. This
radius effectively separates the inner and outer regions of galaxies. Consistent with these
findings, several other cosmological simulations also emphasize the key role of AGN feed-

back in driving and regulating baryon redistribution in galaxies.
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Figure 1.5: Baryon fraction as a function of normalized radial distance from the halo
center for different halo masses (Msg.) and simulations, adapted from Ayromlou et al.
2023. Feedback processes redistribute baryons to much larger distances, extending well

beyond the virial radius of the galaxy.
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Apart from cosmological simulations, various idealized simulations have also been
conducted to study the impact of feedback on the ISM and CGM. These simulations help
to establish sub-grid prescriptions for mass and energy loading factors that are imple-
mented in large-scale cosmological simulations, where the ISM cannot be fully resolved.
Li & Bryan 2020 compiled recent small-box simulation results, after quantifying the mass,
energy, and metal loading factors of supernova (SN)-driven outflows into the ISM and
CGM. They found that hot outflows are substantially stronger than cool outflows, carry-
ing higher specific energy and energy flux. Furthermore, they showed that hot outflows
cannot escape from dark matter halos with masses > 102 M, thereby reinforcing the
picture that AGN feedback, rather than stellar feedback, is primarily responsible for

quenching star formation in massive halos.

Li & Tonnesen 2020 performed an idealized simulation of an MW-like galaxy, incor-
porating stellar feedback over a period of 8 Gyr. The stellar feedback prescription was
based on results from small-box simulations, including the mass, energy, and metal load-
ing factors. They found that at low specific star formation rate densities, stellar feedback
cannot drive outflows that escape the halo, instead producing a fountain-like structure
around the galactic disk. At later times, the hot outflows become saturated, as the radia-
tive cooling rate balances the outflow rate, resulting in the formation of a metal-enriched
halo with a universal density profile. The total baryon and metal masses in the CGM
were found to be lower than the cosmic baryon and metal fractions, suggesting that past
feedback episodes may have ejected baryons and metals to much larger distances. Vijayan
& Li 2022 further analyzed this simulation to study the X-ray spectra and, by comparing
with observations, found that the spectra are best described by a log-normal temperature
distribution. Their results also revealed the presence of super-virial gas (~ 10" K) in the
CGM of an MW-like galaxy, but with a high SFR of ~ 10 M yr~!, significantly higher
than the current MW value (Elia et al., 2022).

Other idealized simulations have focused on large-scale Galactic structures. Sarkar
et al. 2015, 2017 used central energy injection to model the MW’s Fermi and eROSITA
bubbles, concluding that star formation activity in the Galactic center can reproduce the
observed bubble characteristics. Vijayan et al. 2018 studied disk-wide stellar outflows,
finding that they create a chimney-like structure near the disk. The mass and energy
ejection rates were tied to the SFR, computed via the Kennicutt—Schmidt relation (Ken-

nicutt, 1998).
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Apart from large-scale and idealized simulations, small-scale simulations have been
conducted to study the survival of cool gas clouds (~ 10 K) in the CGM. As these clouds
travel through the hot CGM (~ 10°® K), they are subject to various hydrodynamical insta-
bilities (Gronke et al., 2022; Das & Gronke, 2024; Tan & Fielding, 2024). Complementary
studies using zoom-in cosmological simulations have investigated the morphology, mass,
size, and density distribution of cool clouds in the CGM (Ramesh & Nelson, 2024; Ramesh
et al., 2025). However, these works are still limited by resolution, making it challenging

to accurately constrain the properties of lower-mass and smaller-size clouds.

1.4 Analytical models

In order to interpret the various observational signatures of the CGM, to predict how
these signatures vary along different sightlines, and to constrain its underlying physical
conditions, analytical models have been constructed. In such models, the CGM is com-
monly assumed to be in hydrostatic equilibrium with the dark matter halo and to be
spherically symmetric. While these assumptions are idealized, they provide a tractable
framework for linking theoretical predictions with observations. The differential equation

for hydrostatic equilibrium in one-dimensional spherical coordinates is given by:

db(r) dg(r)

“ar —P(T)7 (1.3)

where P is the total pressure, including contributions from thermal gas, cosmic rays,
magnetic fields, etc.; p is the gas mass density; and ¢ is the gravitational potential of the
dark matter halo. The self-gravity of the gas is neglected for simplicity. The dark matter
density profile is generally assumed to follow the NFW profile (Navarro et al., 1997) or a
modified NFW profile. Assuming only thermal gas pressure and an ideal gas, the above

equation can be written as,

dT d d
L AL

—p— 1.4
dr dr pdr (1.4)

where n is the particle number density and kg is the Boltzmann constant. For a polytropic

gas, the pressure and density are related by:
P=Kp" (1.5)

where K is often referred to as the entropy of the gas, and I' is the polytropic index. A

value of I' = 1 corresponds to an isothermal gas, while I' = 5/3 represents an adiabatic
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gas. Using the polytropic relation, the hydrostatic equilibrium equation becomes:

Pt KTp' ' = —p—= 1.6
pdr+ p dr pdr (1.6)

This equation can be solved to obtain the density profile of the gas, assuming constant
entropy (K=constant) or when the entropy profile is known. Once the density profile
is known, the pressure and temperature profiles can be computed using the polytropic
relation and the ideal gas equation. From this starting point, various analytical CGM
models can be constructed based on additional assumptions, such as isothermal CGM,
adiabatic CGM, or precipitation models. The simplest case is the isothermal model (for
example Sarkar et al. 2015), in which the CGM gas is assumed to have a fixed tem-
perature—typically corresponding to the mass- and volume-dominated warm-hot phase.
Solving the isothermal model results in exponentially decaying profiles for both pressure
and density. However, because the temperature is fixed—typically at the virial temper-
ature—the model cannot reproduce lower-temperature observables, such as the column

densities of ions tracing the cool and warm phases of the CGM.

To account for temperature variations in the CGM, a relation between pressure and
gas density is often assumed, either in the polytropic or adiabatic form (Maller & Bul-
lock, 2004; Faerman et al., 2020), or an entropy profile is specified (Voit et al., 2017).
These modifications naturally produce radial variations in temperature, along with cor-
responding pressure and density profiles. Typically, the temperature decreases smoothly
from the virial temperature (e.g., ~ 10° K for the Milky Way) in the inner CGM to
~ 10° K at the halo boundary, with the temperature being fixed at a given radius. Such
models can reproduce observations of the warm and warm-hot phases, for example, the
column densities of OVI (warm phase) and OVII (warm-hot phase). However, they still
do not capture the full multiphase nature of the CGM, which spans from the cool to the

warm-hot phase.

At a given radius, the CGM may exhibit a multiphase structure, with gas temperature
varying from the cool (~ 10? K) to the hot phase (~ 10" K). To capture this multiphase
nature, temperature fluctuations can be introduced around a background value, result-
ing in a range of temperatures at each radial shell. Faerman et al. 2017 modeled the
CGM with log-normal temperature fluctuations around a fixed background temperature.
In this framework, the pressure is constant (isobaric), so the density distribution is also
log-normal (P o nT'). This model could reproduce several observables, but it was limited

to isobaric fluctuations and only two phases—the warm and warm-hot components. In
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Figure 1.6: Log-normal temperature probability distribution function at a radial distance
of 20 kpc from the center of a galaxy (Dutta et al., 2024a). The two peaks correspond
to the warm-hot and warm phases. Similarly, multiple peaks can be constructed corre-

sponding to the individual phases of the CGM.

principle, one could extend this approach by considering a multi-peaked log-normal tem-
perature distribution, allowing for pressure fluctuations and different background profiles
in pressure, temperature, and density. Dutta et al. 2024a generalized the Faerman et al.
2017 model by incorporating non-isobaric fluctuations and alternative background profiles
(e.g., adiabatic models). They also implemented a three-phase log-normal distribution to
include the cool phase and applied it to a TNG galaxy, and found that the CGM volume
is dominated by warm-hot gas, while luminosity is dominated by the cool and warm-hot
phases. In this generalized model, the mean temperature of the log-normal distribution
varies with radius, in contrast to the fixed temperature in the original isothermal frame-

work.

This probabilistic approach produces the multiphase nature of the CGM at all radii,
providing a more realistic representation of the CGM. A comprehensive comparison of
warm-hot gas models of the CGM was carried out by Singh et al. 2024. Beyond hy-
drostatic models, several alternative models have been developed to interpret CGM ob-
servables. These include the beta model (Miller & Bregman, 2013), modified beta model
(Miller & Bregman, 2015), and rotating CGM models that account for halo rotation (Sor-
mani et al., 2018). Cooling flow solutions (Stern et al., 2019), which represent steady-state
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inflows with radiative cooling, have also been used to model the CGM. To reproduce the
X-ray emission from the MW’s CGM, disk models (either exponential or empirical) are
often introduced (Nakashima et al., 2018; Kaaret et al., 2020), as hydrostatic models
alone cannot match the observed X-ray EM. While disk components fit the X-ray EM
well, they are sub-dominant in mass and thus cannot reproduce the column densities of
ions like OVII and OVIII, which trace the mass-dominant warm-hot CGM. Combining a
disk model with an extended halo component provides a better match to all multiphase
observables. However, these models are degenerate and must be tested against all observ-
ables—such as DM, ion column densities, and X-ray EM—along multiple sightlines. The
basic idea is that through such comprehensive comparisons, models that fail to reproduce

the full set of observations across different sightlines can be ruled out.

The models described above work well for the volume and mass-dominated warm-hot
CGM. However, the cool and warm phases are neither volume nor mass dominant. These
cooler phases are expected to be highly clumpy, occupying only a tiny volume fraction
(< 1%) of the CGM. In particular, the cool phase (~ 10 K) is typically modeled in
the form of clouds. As these clouds move through the hot ambient medium, they are
subject to shear instabilities and potential disruption (Lan & Mo, 2019), requiring them
to be sufficiently large and dense to survive and produce observable signatures. Several
models of the cool CGM exist in the literature (Stern et al., 2016; Faerman & Werk,
2023; Hummels et al., 2024; Yang et al., 2025)

Stern et al. 2016 used a hierarchical model in which larger-density clouds are em-
bedded within smaller-density clouds. Their model was constrained by observed column
densities of ions tracing the cool phase. Faerman & Werk 2023 extended the adiabatic
CGM model of Faerman et al. 2020 to include cool gas in the CGM of star-forming
galaxies, constraining their parameters using the COS-Halos sample (Werk et al., 2013).
Hummels et al. 2024 modeled cool clouds from first principles by generating cool cloudlets
within each cloud, varying their mass, size, and velocity structure, and computing ob-
servables such as column densities, EWs, and covering fractions as a function of impact
parameter. They compared their predictions with survey data from MAGG (Dutta et al.,
2020) and the M3 Halo project (Huang et al., 2021). Yang et al. 2025 also modeled the
cool CGM in the form of clouds, incorporating the observed intrinsic scatter in the par-
ticle number density at each radius and using a probabilistic approach. Their model was

constrained using the EW distributions of Lya and MglIl from multiple surveys. With
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their best-fit parameters, they estimated the mass of cool gas in the CGM of L* galaxies
to be 10.01 + 0.06 My, (in logyo).

1.5 Motivation of the thesis

From the preceding discussions, it is clear that many questions regarding the CGM remain

unanswered. In this thesis, we will focus on a few of these questions.

o What is the origin and spatial distribution of ‘super-virial’ gas detected in X-ray

emission?

While the ‘virial’ or warm-hot component of the MW’s CGM (~ 10° K) is rela-
tively well studied with theoretical models and simulations, the origin and spatial
distribution of a recently detected ‘super-virial’ or hot X-ray—emitting component
(~ 107 K) remain unclear. Key questions are: what is the mass content of this hot
gas, and how important is it for Galaxy evolution? Does stellar feedback or AGN
activity primarily produce this component in the CGM? These questions motivate
us to develop a model that can explain and reproduce the observed X-ray properties
and predict the mass, energetics, and spatial extent of the ‘super-virial” emitting

gas.

o What physical process gives rise to ‘super-virial’ gas detected in X-ray absorption

along the three sightlines?

Observations indicate that the emitting and absorbing components of the ‘super-
virial’ gas are distinct, implying that the absorbing hot phase must be modeled
separately. This gas exhibits highly ionized species with unusually large column
densities of ions such as OVIII, NeX, and SiXIV, and appears to be a—enriched
with dominant non-thermal line broadening. Along the three sightlines, different
sets of ions with varying relative abundances are detected, showing super-solar ionic
ratios. These unusual characteristics motivate us to model the absorbing ‘super-

virial’ gas and to explain the observed differences among the three sightlines.

e How is the cool gas distributed throughout the CGM, and how does this distribution

influence the observed properties?
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The cool phase (~ 10* K) of the CGM is observed to occupy only a tiny fraction
(< 1%) of its total volume. The covering fraction of cool gas tracer ions such as
Mgll is relatively high in the inner regions of the CGM but decreases toward larger
impact parameters. Observations of the column densities of these ions also show
a large scatter (spanning ~1-3 orders of magnitude), with both upper and lower
limits measured at similar impact parameters. These observational trends motivate
us to model the spatial distribution of the cool gas and to estimate its total mass,

which remains uncertain due to the clumpy and patchy nature of this phase.

o [s the ‘super-virial’ gas detected in X-ray absorption widespread in the CGM?

The detection and characteristics of the ‘super-virial’ gas in X-ray absorption are
particularly intriguing. Unlike the X-ray-emitting hot gas, which is detected along
~ 80% of the sightlines examined, absorption detections are currently limited to
only three sightlines. This scarcity primarily arises from the requirement of bright
background quasars, in whose spectra the high-ionization absorption lines tracing
the hot gas can be identified. In addition, most existing observations of such quasars
are relatively shallow, making these weak absorption features difficult to detect
with confidence. A key question, therefore, is whether the absorbing hot gas is
as widespread as the emitting hot gas. If it is, what is the mass content of this
phase, and how does it influence Galactic evolution? Addressing these questions
requires searching for X-ray absorption signatures of the hot gas along multiple
sightlines, at least using the currently available archival data. Motivated by this,
we investigate the presence of ‘super-virial’ gas in absorption toward PKS 2155-304,

a bright background quasar located in the Southern hemisphere.

1.6 Structure of the thesis

This thesis is arranged according to the chapters as follows:

In Chapter 2, we focus on the ‘super-virial’ gas detected in X-ray emission. We
propose that this gas originates from a puffed-up, disk-like region surrounding the MW.
Using the observed data, we derive a scale radius and scale height of ~ 5 and ~ 1
kpc, respectively, for this disk-like structure. With these parameters, we successfully

reproduce the observed correlation between the EMs of the warm—hot and hot phases.
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The total mass of the ‘super-virial’ emitting phase, estimated from the disk model, is
~ 4 x 107 M, which is negligible compared to the mass of the warm-hot phase in
the MW’s CGM. Furthermore, we describe the results of an idealized hydrodynamical
simulation of a Milky Way-type galaxy with disk-wide stellar outflows to investigate the
possible origin of this hot, X-ray—emitting phase.

In Chapter 3, we propose a model that explains the observational signatures of
the ‘super-virial’ gas detected in X-ray absorption. We demonstrate that shock-heated
ejecta in core-collapse supernova, with typical blast energy of ~ 105! erg, ejecta mass of

3 can produce ‘super-virial’ temperatures

~ 10 M, and ambient density of ~ 0.1 cm™
and high column densities of ions such as OVIII, NeX, and SiXIV on timescales of a
few ~ 100 kyr. The observed a-enrichment and super-solar ionic ratios naturally arise
from core-collapse supernova nucleosynthesis. Massive runaway stars in the extra-planar
regions of the MW are plausible progenitors of such supernovae along the three observed

sightlines.

In Chapter 4, we present our model for the distribution of cool gas (~ 10* K) in
the CGM. Based on the observational signatures of cool gas tracer ions such as Mgll,
we propose that the cool gas resides in clumpy structures, which we refer to as ‘cloud
complexes’ (CCs). Each CC contains numerous small cloudlets, and the CCs themselves
are distributed according to a power-law as a function of galactocentric distance. By
further assuming a ‘mist limit’ (unit-area covering fraction) within each CC, we are able
to reproduce the observed large scatter in column density, the trends in covering fraction,
and the EW distribution of Mgll. We also demonstrate that the blending of absorption
lines from individual cloudlets intersected along a line of sight, each with a different line-

of-sight velocity, naturally produces turbulent broadening at the scale of the CC.

In Chapter 5, we present the results of our X-ray absorption analysis toward the
blazar PKS 2155-304. We utilized archival grating data of Chandra and XMM-Newton
to search for z = 0 absorption lines of H and He like ions of C, N, O, Ne, Mg, and
Si. We report, for the first time, the detection of the MgXII line in the MW’s CGM,
along with the SiXIV line, which are the tell-tale signatures of the ‘super-virial’ absorbing
gas. Based on the detections and non-detections of various ions, we infer the presence
of four distinct temperature phases along this sightline: ‘super-virial’ (~ 5 x 107 K),
‘virial” (~ 2 x 10° K), ‘sub-virial’ (~ 2 x 10° K), and cool phase (< 1.5 x 10° K). Since

this sightline lies in the southern hemisphere—whereas the previous three detections
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were in the north—the detection of hot gas here suggests that the super-virial absorbing
component is likely widespread. Moreover, the detection of distinct ions and the large
variation in the inferred super-virial temperatures, spanning nearly an order of magnitude
across different sightlines, indicate that the absorbing hot gas is highly inhomogeneous

in nature.
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Chapter 2

On the Origin of the 10’ K Hot
Emitting Gas in the Circumgalactic

Medium of the Milky Way

Based on :
Bisht, M. S., Nath, B. B., & Mathur, S. 2024, ApJ, 975, 49B
doi: 10.3847/1538-4357 /ad77c0
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Main Results

A puffed-up, disk-like region around the Milky Way can explain the observed char-

acteristics of the ‘super-virial’ X-ray—emitting gas.

Fitting this disk model to the observational data suggests a scale radius of ~ 5 kpc

and a scale height of ~ 1 kpc.

The disk model successfully reproduces the observed correlation between the emis-

sion measures of the virial and super-virial gas components.

The total mass of this phase, estimated from the disk model, is ~ 4 x 107 M,

significantly smaller than that of the mass-dominant warm-hot phase.

Disk-wide stellar outflows could plausibly be responsible for the origin of this phase,
which is further supported by hydrodynamical simulations using a toy model of

stellar outflows.
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2.1 Introduction

The gas surrounding the stellar disk and the Interstellar medium (ISM) of a galaxy is
referred to as the ‘Circumgalactic medium’ (CGM) (for a review see Tumlinson et al.
2017, Mathur 2022, Faucher-Giguere & Oh 2023). Observations of the CGM of the Milky
Way (MW) and other galaxies, as well as numerical simulations, suggest the presence
of multiphase gas in the CGM, with a large range in density and temperature. The gas
temperature varies from the cold phase (~ 10* K) to the virial phase (~ 10° K). The
‘virial gas’ (~ 10° K or 0.2 keV), so called because its temperature is comparable to
the MW virial temperature, is the volume-filling and the most massive component of
the CGM, and is detected in X-rays in both absorption and emission Gupta et al. 2012.
Gas in the cold (10* K) and warm (10° K) phases is detected in the optical/UV band in

absorption using bright background sources (typically a quasar).

Recent observations have, however, indicated the presence of ~ 107 K (0.8 keV) gas
in addition to the gas at lower temperatures. Following Das et al. 2021, we refer to this
~ 107 K gas as the ‘super-virial’ gas (instead of ‘coronal’ or ‘hot’ gas, to avoid confusion
with the ~ 10° K gas). We will make further distinctions regarding this phase, as follows.
We will refer to the ‘super-virial’ phase that has been detected using SiXIV and NeX
absorption lines in the X-ray spectra of background quasars along a few lines of sight
(Das et al. 2019b, Das et al. 2021, McClain et al. 2024b, Lara-DI et al. 2023), Lara-DI
et al. 2024b, as ‘SV absorption’. And by ‘SV emission” we will refer to the hot gas that
has been detected in the emission studies of the MW CGM in many fields across the sky,
in addition to the virial phase. In this paper, we will focus on the ‘SV emission’ phase,

and the case of SV absorption will be dealt with in a separate paper.

Several X-ray observatories (eg, Chandra (Weisskopf et al. 2000), XMM-Newton
(Jansen et al. 2001), Suzaku (Mitsuda et al. 2007), HaloSat (Kaaret et al. 2019), eROSITA
(Predehl et al. 2021)) have been put into service for these emission observations. Das et al.
2019a detected the super-virial phase in the MW CGM using XMM-Newton observation
towards the Blazar 1ES 1553+113 (I = 21°.91,b = 43°.96) in emission. They fitted the
total emission from the CGM with a two-temperature thermal plasma model. Assuming
solar metallicity, their best-fitted values of two temperatures are 0.15—0.23 and 0.41—0.72
keV. Gupta et al. 2021 used Suzaku and Chandra observations of the MW halo to char-

acterize the emission along four sightlines. Again, for solar metallicity, they found the
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two temperatures to be 0.176 4+ 0.008 keV and 0.65-0.90 keV. Bhattacharyya et al. 2023
used XMM-Newton observation towards the Blazar Mrk 421 ((I = 179°.83,b = 65°.03))
and 5 other sightlines near the Blazar field to study the emission from MW CGM. Using
solar metallicity to analyze their observation, they found the temperature of two phases
to be 0.14-0.192 keV and 0.66-1.14 keV. Bluem et al. 2022 used HaloSat all-sky survey
to study the emission from the MW halo. Assuming 0.3 solar metallicity, they obtained
the average temperature of 0.17970002 and 0.184 4 0.009 keV for northern and southern
virial gas, respectively. For the super-virial gas, the average temperature is 0.69f8:82 and
0.7540.08 keV, respectively. Ponti et al. 2023 observed the MW halo in the eFEDDS field
using eROSITA. Their best-fit metallicity was 0.068 Zg for the virial phase, much less
than the value of 0.3 Zs that is often used in CGM studies. However, they used 0.7 solar
metallicity for the super-virial gas. Sugiyama et al. 2023 studied emission from the MW
Halo with Suzaku using 130 observations. They used solar metallicity in the super-virial
phase for their analysis. Lastly, Gupta et al. 2023 analyzed the X-ray emitting gas in the
CGM using 230 Suzaku archival observations. Assuming solar metallicity, they found the
temperature of virial and super-virial gas to be ~ 0.2 and ~ 0.4 — 1.1 keV, respectively.
All these observations show that the super-virial hot phase of MW CGM, as observed in
emission, is ubiquitous across the sky. While a 2-temperature model provided the best
fit to all these data, there is clearly some scatter in the temperature of both virial and

super-virial phases, suggesting a multiphase nature of the CGM.

Recently Fuller et al. 2023 observed and analyzed the emission from the Orion-
Eridanus Superbubble (OES) and found the temperature and EMs of the gas in this
region to be similar to the bulk gas in the CGM elsewhere. This result suggests that
the super-virial gas is likely associated with core-collapse SNe-driven outflow from the
galactic disk. In this paper, we model the super-virial gas (~ 107 K) and the virial gas
(~ 10° K) with disk-like profiles, in addition to the extended CGM at the virial temper-
ature. The unique feature of our model is the extraplanar disk-shaped region containing
both super-virial and virial gas. These two gas phases need not be in hydrostatic equi-
librium and are likely to be in a dynamical state. We explain the physical nature of the
co-existence of these two phases around the disk, using an idealized numerical simulation
of star-formation-driven outflows in an MW-type galaxy. This chapter is organized as
follows. Section 2.2 introduces our model, followed by a description of the simulation
set-up and results in Sections 2.3 and 2.4. We discuss the implications in Section 5.4 and

finally summarise our work in Section 4.7.
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Figure 2.1: The Emission Measure (EM) data from various authors (Bluem et al.
2022,Bhattacharyya et al. 2023, Gupta et al. 2021,Ponti et al. 2023, and Gupta et al.
2023) is plotted as a function of sin(b), where b is the galactic latitude. The figure con-
tains two sets of data. The top set of points, with EM ~ 1072 —10~! cm~° pc, corresponds
to the virial phase while lower data points with EM ~ 10~> — 102 ¢cm~° pc correspond
to the super-virial phase. The solid black lines show the mean EM calculated in a bin
size of Asin(b) = 0.1 for both virial and super-virial datasets. Note the anti-correlation
between EM and sin(b) for both virial and super-virial phases as can be seen by the trend

in the black solid lines.
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Figure 2.2: The cartoon representation of the structure of the gaseous components of the
MW. The blue region in the center shows the Interstellar medium (ISM). The magenta
and the yellow regions show the extent of the super-virial and virial temperature-emitting
disks, respectively. The extended region in green shows the Galactic virialized Halo. Note
that the size of different regions is not to scale; it simply represents the overall structure

of the extraplanar gas around the MW.
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Figure 2.3: This figure shows the results of the MCMC analysis. The left and right
panel shows the corner plot of parameters for virial and super-virial phases, respectively.
The three vertical dashed black lines in the 1-D histogram mark the 16", 50", and 84"
percentiles of the samples. The three contour levels plotted with black solid lines contain
32, 64, and 96 percent of the samples, respectively. The blue line shows the initial guess
value and is visible only in the case of z, as the guess values for other parameters are out
of the plot ranges. The values on the top of each 1-D histogram show the 50" percentile
value (median) and the error shown corresponds to 16" and 84" percentile which is
equal to 1o error if the resulting 1-D histogram is Gaussian which is the case for most
of the parameters. We performed the analysis using 32 walkers and 50,000 steps with
Gaussian priors for all the parameters. We ensured the convergence of samples as the
total number of steps is larger than 50 times the autocorrelation time. Note that the
width in the Gaussian prior (see Table 2.1) is sufficiently larger than the width in the
resulting histogram of the respective parameters. This shows that the resulting values

are well-constrained.
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2.2 Disk-shaped profile of the virial and super-virial

gas

To begin with, we seek clues for the possible geometric shape of the region occupied by
the ‘SV emission’ phase. Kaaret et al. 2020; Locatelli et al. 2024; Dutta et al. 2023 and
Nakashima et al. 2018 have argued that the CGM emission is best described by a disky
extraplanar component. In figure 2.1 we have plotted the observed Emission Measures
(EM) of the virial and the super-virial temperature gas as a function of sin(b), where b
is the Galactic latitude for various observations. The black solid lines show the mean
EM for both virial and super-virial phases calculated in a bin size of Asin(b) = 0.1. We
see an anticorrelation of EM with sin(b), as expected for a disk-shaped region, for both
virial and super-virial phases, as depicted by the trend in black solid lines. We have
performed Kendall’s tau test to quantify the anticorrelation. For the virial phase, we
obtain 7 = —0.20 and a p-value = 107%, where 7 is the correlation coefficient and the
p-value signifies the probability of the null hypothesis. 7/p-value = 1/0 signifies strong
correlation while 7/p-value = 0/1 signifies no correlation. For the super-virial phase,
we obtain 7 = —0.18 and p-value= 5 x 107%. The finite negative 7 values signify the

anticorrelation.

Bluem et al. 2022 and Bhattacharyya et al. 2023 have shown that the EMs of the
super-virial and virial phases are correlated, suggesting that they are co-spatial. Thus, it
appears that both virial and super-virial phase emission may arise in an extra-planar disk
around the Galactic disk. A disk-like profile of the super-virial phase is also a natural
outcome of the stellar activities in the disk of the MW, as we show in §4. However,
in order to understand the virial phase absorption, an extended diffuse component is

required (Gupta et al. 2012, 2014).

With this in mind, we set up our geometric model as shown in Figure 2.2. It shows
a schematic representation of our model of the extra-planar gas around the MW. The
blue slab shows the Galactic ISM. The regions with magenta and yellow colors show the
extent of the super-virial and virial disks, respectively. The extended spherical green
region shows the virial temperature CGM in the Galactic Halo. Note that the regions
in the Figure are not to scale and are only schematic in nature. In what follows, we

determine the parameters of these three geometric shapes.
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First, let us consider the volume-filling diffuse gas in the Galactic halo at the virial
Consider the halo gas in hydrostatic equilibrium with the dark matter

potential of the MW, for which we use the NFW profile (Navarro et al. 1997). We further

temperature.

assume the halo gas to be at a uniform temperature of 3 x 10% K (isothermal sphere), for
simplicity. Although other halo profiles are also possible (Faerman et al. 2020; Voit 2019;
Maller & Bullock 2004; Miller & Bregman 2013), we use the simplest model to minimize

the number of free parameters.

Parameter Virial (V) | Super-virial (SV)

Allowed Range

logyo[n (cm™?)] [—5,-0.1]
R (kpc) [1,15]
z (kpe) [0.1,10]

Initial Guess

logo[n (cm™3)] -2.0 -3.0
R (kpc) 4.5 6.0
z (kpc) 1.5 2.0

Gaussian Prior (Center / Half Width)

logip[n (em™)] | —1.5/5 —25/5
R (kpc) 5.0 / 10 4.0 /10
2 (kpe) 1.0 / 10 1.5 /10

MCMC Results

logyg[n (cm_3)]

R (kpc)

z (kpc)

—1.6475:93
5.0001

1.421008

—2.20751
4.870

107008

Table 2.1: Parameters, allowed ranges, Gaussian priors, and MCMC results for the virial
(V) and super-virial (SV) phases. The reported values correspond to the median (50"

percentile) with 1o uncertainties given by the 16" and 84" percentiles.

We obtain the following equation for the halo gas density profile

In(1 + )

il

n(r) = ng exp l_fo {1 - (2.1)
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where x = r/rs (rs is the scale radius in the NFW profile), ng is the density at the
centre and fo = Gum, M, /[kgTr{ln(1+ C) — C/(1+ C)}] (C being the concentration
parameter). We use M, = 10" My, C = 12, ry;, = 260 kpe (Klypin et al. 2002) and
T = 3x10° K, for which fy = 3. The central density ng is obtained from the normalization
condition that the total baryonic mass in the CGM (1.2 x 10! M) is 75% of the total
baryonic mass in MW (Prochaska & Zheng 2019), assuming a cosmic baryonic fraction

of 0.16. This gives ng = 8.8 x 10~* cm 3.

With this, we calculate the Emission Measure (EM = [ n.nydl) of the virial temper-
ature halo gas. We used = 0.67, p. = 1.18 and py = 1.22 such that nu = nepte = nypn.
We then subtract the halo EM from the total EM of the virial temperature gas to deter-
mine the EM from the disk component. We note that the halo contributes only 30% on
average to the total EM of the virial phase.

The disk-like model for the extra-planar profile of the virial temperature gas is given

R < Ry

) X . (2.2)
v exp (= [F5]); B> Ry

where ny is the total number density at the Galactic center for the virial phase, zy is
the scale height, and Ry is the scale radius. Note that the density profile is exponential
in the z-direction only below Ry, while above Ry, it is exponential in both R and z

directions, where R and z are the cylindrical coordinates.

Similarly, we model the extra-planar super-virial gas profile with a disk-like shape,

as follows:

z
nsv(R, z) = ngy exp <—u)

1; R < Rgy
X (2.3)

exp (= [=55¥]); R > Roy

where ngy is the total number density at the Galactic center for the super-virial

phase, zgy is the scale height, and Rgy is the scale radius.

To determine the parameters of the disk profiles of both phases, we perform MCMC

36



analysis using emcee (Foreman-Mackey et al. 2013) for the observed EMs reported in the
literature (Das et al. 2019a; Gupta et al. 2021; Bluem et al. 2022; Ponti et al. 2023; Gupta
et al. 2023 and Bhattacharyya et al. 2023). To obtain the parameters for the extra-planar
virial gas, we subtract the EM contribution from the extended halo virial gas profile (see
Equation 2.1, isothermal profile) and use the residual EM values as the observed data,
as discussed earlier in the section. We assume 0.3 solar metallicity for the virial phase
(Toft et al. 2002,Sommer-Larsen 2006, Prochaska et al. 2017) and solar metallicity for the
super-virial phase (motivated by the fact that the super-virial phase is likely the result of
outflows from core-collapse SNe in the MW disk). We accordingly scale the observed EM
values as EM(Z) = EM(Zy) X (Z/Z)~*. We performed MCMC analysis separately for the
extra-planar virial and super-virial gas. We use Gaussian priors for all the parameters
with 32 walkers and 50,000 steps. We ensured the convergence of the samples as the
number of steps (50,000 in this case) is larger than 50 times the autocorrelation time.
In Table 2.1, we show the allowed range, initial guess value, line center, and width of
the Gaussian priors, and the results of all the parameters in MCMC analysis for both
virial and super-virial phases. Figure 2.3 shows the corner plot of MCMC analysis. We
find that the parameters of the extra-planar profiles for both SV and virial phases are
similar, with comparable values for the scale heights and scale radii, although densities
are different. The virial phase emission is significantly brighter (higher EM) compared
to the SV phase, resulting in a higher density for the virial phase.

Using the results of the MCMC analysis for the disk-shaped virial and super-virial
gas and the extended volume-filling halo virial gas using Equation 2.1, we calculated the
EMs for both virial and super-virial phases along the observed lines of sight. Figure 2.4
shows the EM correlation of the two phases. The black open circles show the correlation
with the halo virial profile, along with extra-planar super-virial gas. The blue circles
correspond to the extra-planar virial and super-virial gas (and no halo gas). The circles
in cyan show the correlation in the presence of a halo virial, extra-planar virial, and extra-
planar super-virial gas. The observed EM from various authors is plotted with different
colors; Bluem et al. 2022 in maroon, Gupta et al. 2023 in green, Bhattacharyya et al.
2023 in red, Gupta et al. 2021 in olive, Ponti et al. 2023 in peru, and Das et al. 2019a in

magenta.

It is clear from Figure 2.4 that the model without extra-planar virial gas (black

open circles) cannot explain the observed data; a disk-like extraplanar region with virial
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Figure 2.4: The correlation between the Emission Measure (EM) of the virial temperature
gas and the EM of the super-virial temperature gas based on our models overplotted on
observed EM. The black open circles show the EM correlation for the virial halo profile
and super-virial gas in the disk. The blue circles show the EM correlation with the virial
and super-virial gas around the disk. The circles in cyan correspond to the virial gas in
the halo 4 the virial gas in the disk and the super-virial gas in the disk. The EM values
from our model are plotted for the observed lines of sight. The observational data points
from various authors are shown in other colors with error bars. All the observed EM
values are rescaled to the metallicity of 0.3 solar for virial gas and solar for super-virial
gas. The narrow range in the black points compared to cyan points along the X-axis

shows the importance of having a ‘disk-shaped’ virial phase profile.
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temperature gas is required. The observed correlation is well explained by the extra-
planar super-virial and virial gas model with an extended virial halo profile (cyan-colored
circles). The total mass in the disk-like extra-planar region (Equation 2.3, 2.2) is M =
10® X ng20(8 + 4Ry + R2) My, where ng is the central density in cm™3, 2y and Ry are the
scale height and scale radius in kpc respectively. We calculated the mass in the extra-
planar virial and the super-virial phase using the best-fit parameters from Table 2.1. We
obtain 1.7 x 108 Mg and 3.5 x 107 M, for the two phases, respectively. Note that this
is insignificant compared to the mass of the virial gas in the halo, and, therefore, does
not affect the hydrostatic equilibrium that was assumed to obtain Equation 2.1. The
baryonic mass of the CGM is dominated by the extended, diffuse gas filling the Galactic
halo.

2.3 Simulation setup

In §2, we determined the location of the virial and super-virial phases in emission, mea-
sured the parameters of the extra-planar disks, measured the density profiles, calculated
the EMs, and determined masses in these phases. This answers the question “where is
the hot gas?”. However, this does not tell us why. A likely answer is the feedback from
the stellar disk. To understand the origin of the SV-phase gas, we have built a model of
the outflows from the OB associations in the MW disk. We perform a hydrodynamical
simulation of outflows from the MW disk and show that the extra-planar super-virial gas

may indeed arise from the feedback.

We performed our simulation in 2-D Cylindrical coordinates (R and z), using the pub-
licly available hydrodynamical code PLUTO (Mignone et al. 2007). Our initial Galactic
setup is similar to Sarkar et al. 2015 with a rotating [ISM and non-rotating isothermal
CGM, in the gravitational field of a Navarro-Frenk-White halo (Navarro et al. 1997) and
Miyamoto-Nagai disk (Miyamoto & Nagai 1975). The temperature, density, and pressure
initial conditions are as shown in Figure 2.5. The cold ISM is at T' = 4 x 10* K and the
CGM is at T' = 3 x 10° K. The temperature gradient, as shown in Figure 2.5 allows for a
stable thermal configuration, for the gravitational forces to be supported by gas pressure
and rotation, as discussed in Sarkar et al. 2015. We use the HLL Riemann solver and

resolve the time using the Runge-Kutta 2nd order scheme.
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Figure 2.5: The initial temperature, density, and pressure maps. There are temperature
and density gradients in both R and z directions, as a result of the hydrostatic equilibrium
in which the gravitational force is balanced by gas pressure combined with the rotation

of the gas.

Grid: We define our simulation box from 10 pc to 30 kpc along the R direction. We
take a uniform grid from 10 pc to 10 kpc (450 grid points) and a logarithmic grid from
10 kpc to 30 kpe (62 grid points). In the z direction, we define our computational box
from 1 pc to 30 kpc with a uniform grid from 1 pc to 10 pc (20 grid points) and then
logarithmic grids from 10 pc to 30 kpe (236 grid points).

Boundary condition: We use reflective boundary conditions for inner boundaries in
both R and z directions. For the outer boundary in both R and z, pressure and density
values are set to initial equilibrium values, whereas velocity values are copied from the

nearest active zones. We set an ‘axisymmetric’ boundary condition in the ¢ direction.

Cooling: We do not allow the Galactic ISM (R < 15 kpc and z < 2 kpc) to cool.
However, we allow the injected and CGM gas to cool, using a radiative cooling func-
tion. The metallicity for the injected material and CGM gas is set at 1 Z, and 0.3 Z
respectively. We set the cooling to be TABULATED and use the radiative transfer code
CLOUDY (Ferland et al., 2017) to obtain the cooling rates.

Various studies have shown that star-forming regions of the MW are not concentrated
in the Galactic center but are distributed in rings in the Galactic plane with a peak of star
formation around 4-5 kpc (e.g. Elia et al. 2022). Motivated by these observations, we
injected mass and energy into the Galactic disk rather than solely in the Galactic center.

The star formation rate density has been measured in concentric rings of widths 0.5 kpc
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Figure 2.6: Temperature maps at three epochs, at 5, 10 and 15 Myr, from left to right. As
the energy is injected in the disk, the hot SV-temperature gas is pushed up, generating an
extraplanar region (shown in blue). Above this region, a virial temperature extraplanar
region is formed (shown in yellow-green). Shock heating of the halo gas leads to another

hot region at higher z (shown in light green).

by Elia et al. 2022 (see their Figure 6). For our calculation, we use these measurements
in rings up to 10 kpc. We computed the star formation rate (SFR) in each bin using the
observed star formation rate density and the relevant area of the ring. The estimated
SFR in the rings, starting from the center, is 0.035, 0.018, 0.011, 0.016, 0.015, 0.038,
0.048, 0.093, 0.174, 0.201, 0.170, 0.158, 0.184, 0.125, 0.079, 0.074, 0.076, 0.068, 0.045 and
0.055 M, yr—! respectively.

Energy and mass injection: We inject mass and energy in 20 cylindrical rings (of
height 10 pc and width 0.5 kpc) up to 10 kpec centered around 0.25,0.75,...9.25 and
9.75 kpc. The amount of mass and energy injected in each bin depends on the SFR of
the bin (as mentioned above). Note that this is similar to Vijayan et al. 2018 except
that we use the observed SFR in each bin from Elia et al. 2022, whereas Vijayan et al.
2018 used gas density to infer the SFR using the Kennicutt-Schmidt relation (Kennicutt
1998). Assuming that each SN releases 10°! erg of energy, the relation between mechanical

luminosity and SFR is,
L =10  erg x ngy % € x SFR(Mg yr™1) (2.4)

where ngy is the number of SNe per unit mass of the stars formed, and € is the heating
efficiency of the gas. Assuming Salpeter IMF (Salpeter 1955) between lower and upper
limit on stellar mass of 0.1 and 100 M, respectively, we get ngy = 7.6 x 1073, Thus, the
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Figure 2.7: This figure shows the simulation results at 15 Myr. The top left and right
panels show the temperature and particle number density maps, respectively. The bottom

left and right panels show the pressure and metallicity maps, respectively.

relation becomes,

L=24x10"ergs™ x e x SFR(Mgyr™") (2.5)

We assume € = 0.3, which takes into account the radiative loss of energy (Vasiliev et al.,
2015; Yadav et al., 2017). This quantifies the amount of energy being injected in each

bin. We inject total energy in the thermal form.

The corresponding mass injection rate is quantified by the ‘returned fraction’ of stellar
mass that is returned to the ISM during the stellar evolutionary process. We use a value
0.1 for this returned fraction (Tinsley, 1980) and inject mass in each bin with the rate

Minj = 0.1 x SFR. We continuously inject mass and energy for 30 Myr.
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2.4 Simulation Results

We post-process the simulation data to characterize the extra-planar super-virial and
virial gas. In Figure 2.6, we show the temperature evolution at three epochs (5, 10, and
15 Myr). For the Salpeter Initial Mass Function (IMF) (Salpeter 1955), the average mass
of supernova progenitors is &~ 18 My, (using a threshold of 8 Mg, for SN progenitors, and
stellar masses being distributed from 0.1 to 100 M). The main sequence lifetime of a
18M, progenitor star is ~ 15 Myr. In other words, the typical time scale for the effects of
star-formation-driven perturbations to manifest themselves is ~ 15 Myr. This estimate

has motivated our choice of epochs to be showcased here.

The blue region in Figure 2.6 shows the hot injected gas with super-virial temperature
(T > 5x10° K); as time evolves, the SV gas phase extends to higher z values. The extra-
planar region at the SV temperature is thus formed, with a height of about 1 kpc at 10
Myr and about 2 kpc at 15 Myr.

As the injected gas pushes up from the ISM, it heats the gas initially at T' = 10° K
(red region in the left panel of Figure 2.5), eventually reaching 7' ~ 10° K, in 10 Myr
(yellow—green region in Figure 2.6. We identify this extraplanar region with the disk
emitting at the virial temperature. At even larger heights, we see a ‘light green region’

at T = (4 — 5) x 10° K. This region is discussed further in §4.1.

Figure 2.7 shows the details of our results at 15 Myr with temperature, particle
number density, pressure, and metallicity maps. As in Figure 2.6, we see that the SV
hot phase is extended out to about 2 kpc (light blue region in the top left panel). The
density in this region is &~ 1073 cm ™ (as seen in the top right panel). The region above
this SV-phase, identified with an extraplanar region with virial temperature (yellow-green
region in the top left panel), has a higher density of ~ 1072 cm™ (green region in the

top right panel).

The bottom left panel shows the pressure map. We clearly see the high-pressure re-
gions beyond R = 4 kpc, showing outflow from the disk. The final pressure is significantly
higher than the initial pressure, showing that the virial and super-virial gas in the disk is
out of hydrostatic equilibrium and dynamically evolving. Note that we do not see strong

outflows from the inner regions ( 0-3 kpc) of the disk as compared to outer regions. The
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reason is that the SFR has a Gaussian-like profile along the disk with peak SF'R occurring
around =~ 4-5 kpc. The other reason is that the ambient density in the inner regions is
higher than that in the outer regions (see middle panel of Figure 2.5). The high density
in the inner regions provides high resistance to the outflowing gas, whereas the outflow

can penetrate the low-density environment in outer regions for approximately the same

SFR.

The bottom right panel shows the metallicity map. The enriched and high-metallicity
gas in the outflow mixes with the low-metallicity ambient gas, thus contaminating the
chemical composition of the injected gas. We have used tracers for the CGM gas and the
injected gas to trace the corresponding metallicity. Tracers follow the advection equation
for the respective gases. Thus, the tracer tracks the gas and accounts for the amount
of mixing of the gases with different tracer values. The tracer value in the mixed gas is
the mass-weighted value of the individual gas tracers; thus, it can be used as a proxy for
metallicity. Recall that the CGM metallicity is assumed to be 0.3 Z while the injected
material has solar metallicity. The map shows that the outflow lifts the high metallicity
gas out to the extraplanar region with a height of about 2 kpc; this is the region where
we have the SV hot gas. Thus, we see that the hot gas is metal-enriched. Beyond the
extraplanar region, we see the mixing of the high metallicity gas from the outflow and
the low metallicity CGM gas, with the average metallicity decreasing with z. Beyond

z = 4 kpc, we see the low-metallicity of the CGM, without any mixing from the outflow.

2.4.1 Hot gas in the extra-planar region

The temperature map presented in Figure 2.7 shows the gas in the extra-planar region
to have a range of temperatures. It is also instructive to compare the metallicity map
(bottom-right panel of the same Figure) with the top-left panel to understand the origin
of gas with various temperatures within this extra-planar region. Recall that the initial
gas profile has warm (~ 10° K) gas hovering above the disk, joining smoothly into the
virial gas in the halo (Figure 2.5). This parcel of gas is seen in red color in the metallicity
map. As the collective gaseous disturbances triggered by SNe rise above the disk, this
warm gas gets heated to temperatures comparable to that of the virial gas in the halo, as
shown by the light-green colored gas in the temperature map. This likely corresponds to

the extra-planar virial temperature gas discussed in Section 2.2. A similar temperature
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structure of the outflowing gas from a disk-wide star formation process was also seen in

Vijayan et al. 2018.

The temperature map (top-left panel of Figure 2.7) also shows an additional hot
region at z ~ 4-6 kpc with T = (4 — 5) x 10° K (shown with light green colour). We
see in the bottom right panel of Figure 2.7 that this region has the original metallicity of
the CGM, with no mixing from the outflow. Thus, the hot gas in this region is not the
hot SN-driven outflowing gas. We find that this phase has been created by mild shock
heating, as the outflowing gas hits the virial gas in the halo, with speed ~ 300400 km
s~ (note the advancement of the outflow in z-direction between the snapshots shown
in Figure 2.6). Given the virial temperature of the halo gas, the shock has a low Mach
number (of order ~ 2). The corresponding density jump is ~ 2-3; this is consistent
with the density variations seen in the top-right panel of Figure 2.7. The corresponding

temperature jump is also by a factor of &~ 2, as seen in the temperature map.

2.5 Discussion

For our fiducial model of the halo density profile, we have taken M,;, = 102 M, C' = 12
(Klypin et al. 2002) and T' = 3 x 10° K. However, there is a scatter around these values. In
order to determine how these parameters affect our results of the disk parameters (scale
height, scale radius, and central density), we varied the halo parameters. We considered
the following range in these parameters; M, = (0.9 — 1.2) x 102 M, C' = 10 — 14 and
T = (2—3) x 10° K. As a result of these variations, the scale height changes by +0.4/—0.3
kpc from the fiducial value of 1.4 kpc. The scale radius changes by +0.1/—0.9 kpc from
the fiducial value of 5.0 kpc. The central density changes by +0.8/—0.5 (x107% cm™?)
from the fiducial value of 2.3 x 1072 cm~3. As such, the variation in the halo parameters

does not change the results of the disk parameters significantly.

To test the convergence of our simulation, we performed a higher-resolution run. We
doubled the resolution compared to the resolution of (R X z) 512 x 256 in our fiducial
run. We found that the main results show essentially no difference, signifying convergence;

they were similar to the fiducial runs shown in Figure 2.7.

With our model, we have demonstrated the presence of extra-planar super-virial and

virial temperature gas around the Galactic disk. The model also has higher density in
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the virial temperature disk than in the SV disk, as observed (§2), and the likely high
metallicity of the super-virial gas. In the initial discovery papers, the CGM was modeled
as a two-temperature plasma in both absorption and emission studies (§1). Over the
years, it was realized that the CGM actually has a range of temperature even in the
X-ray band (Bhattacharyya et al., 2023; McClain et al., 2024b). The model we present
here naturally explains this range of temperature. We have shown that the CGM in the
vicinity of the disk has these characteristics for ~ 5-15 Myr, which is the timescale of
manifestations of SNe-triggered outflows after the onset of star formation. It then follows
that such is likely to be the case even in the case of self-sustained star formation in the

disk for a much longer time.

In this paper, we have provided a possible explanation for the super-virial phase that
has been detected in emission studies. As noted in the Introduction, a few lines of sight
have also detected the hot gas in absorption. The observed Oxygen column densities, are
(0.8 — 5.7) x 1017, (4.9 — 12.9) x 10'7, and (2.2 — 6.8) x 106 cm~2 along IES 1553+113
(Das et al. 2019b), Mrk 421 (Das et al. 2021), and NGC 3783 (McClain et al. 2024Db)
respectively. Note that we calculated the Oxygen column density from the observed
column density of OVII and OVIII, assuming Collisional Ionization Equilibrium (CIE) at
the observed temperatures along the respective lines of sight. Can we explain the column
density of the absorbing hot gas with our model? To answer this question, we estimated
the Oxygen column density along three observed lines of sight using our disk-like model
for the super-virial phase. The model predicted total column densities of 1.1 x 109,

3.8 x 10*® and 1.2 x 10! em~2 along IES 15534113, Mrk 421 and NGC 3783 respectively.

Therefore, to match the predicted and observed column densities, we need the Oxy-
gen mass fraction (fp) of at least 0.2, and 0.05, along IES 15534113 and NGC 3783,
respectively. This is much higher than the Solar Oxygen abundance of 4 x 10~* (Asplund
et al. 2009). Incidentally, the Oxygen mass fraction in the typical supernova ejecta is
~ 0.1 (Nomoto et al. 2006), which is comparable to that required to explain the observa-
tions along two sightlines. However, the Oxygen mass fraction is likely to be lower due
to the mixing of the gas from supernovae ejecta (a-enriched) and the gas in the CGM
with sub-solar metallicity. The Oxygen column density along Mrk 421 is so high that it
requires exceptional explanation, and our disk model cannot explain such a high column
density. To conclude, it is difficult to explain the absorption observations with our model,

and therefore, the origin of the ‘SV emission’ phase is likely to be different than that of
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the ‘SV absorption’ phase, and they should be treated separately.

2.6 Summary

In this work, we have proposed a new model for the origin and extent of the gas emitting
at the super-virial temperature (~ 107 K) in the CGM of the Milky Way. We suggest
that the origin of the super-virial gas observed in emission is connected to outflows from
star-forming regions in the MW disk. A disk-like profile is thus naturally expected from
the extended outflows in the disk. Moreover, we posit that this super-virial disk profile
co-exists with a disk-shaped profile of virial gas. Together they can explain the Emission
Measure (EM) correlation of the virial (~ 10° K) and the super-virial phase (~ 107 K)
(see Figure 2.4).

To support our model, we have performed a hydrodynamical numerical simulation
of an MW-type disk in which star-forming regions are located. Our simulation results
show that the extra-planar super-virial gas has roughly a ‘puffed-up’ disk-like feature,
along with a similarly shaped region for the virial gas. Moreover, the composition of the
super-virial gas is shown to be unmixed with the halo CGM gas and is thus likely to
retain its high metallicity signature of SNe-enriched gas, which are at the root of this

super-virial phase.
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Chapter 3

Can Supernovae from Runaway
Stars Mimic the Signs of Absorbing

“Supervirial” (Gas?

Based on :
Bisht, M. S., Banerjee, P., Nath, B. B., & Shchekinov, Y. 2024, ApJ, 975, 26B
doi: 10.3847/1538-4357/ad77be
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Main Results

e Shock-heated ejecta from core-collapse supernovae can account for the high ‘super-
virial’ temperatures and unusually high ionic column densities observed in X-ray

absorption along three sightlines.

e The ejecta from core-collapse supernovae can naturally explain the observed charac-
teristics of the absorbing ‘super-virial’ gas, namely a— enrichment and super-solar

ionic abundance ratios.

e Supernova explosions with typical blast energy ~ 10°' erg, ejecta mass ~ 10 My,

3

and ambient density ~ 0.1 cm™ can reproduce these characteristics within a

timescale of a few ~ 100 Kyr.

e Massive runaway stars could serve as plausible progenitors of such supernovae oc-

curring in the extra-planar regions of the MW along these three sightlines.
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3.1 Introduction

Circumgalactic medium (CGM) is the gaseous component surrounding the stellar disk and
the interstellar medium (ISM) of the Galaxy (Tumlinson et al. 2017; Faucher-Giguere &
Oh 2023). The gas in the CGM is multiphase, as suggested by observations and numerical
simulations, and the gas temperature varies from ~ 10* K (cold phase), ~ 10° K (warm
phase) to ~ 10% K (virial phase or hot phase). However, a few recent observations have
reported the existence of an additional phase called the ‘super-virial’ phase (~ 107 K)
in the CGM of MW. This has been detected by using absorption lines of Hydrogen and
Helium-like ions of Si, Ne, and Mg in the X-ray spectra of bright quasars along various
sight lines. Das et al. 2019b used XMM-Newton observations towards the Blazar TES
15534113 (I = 21.91°, b = 43.96°) to discover this phase through NeIX and NeX ions in
a rather high S/N spectra. They also detected other ions (see their Table 1) and found
the super-virial phase to be a-enhanced, with super-solar values of the ratios of ions (see

their Table 2) indicating enrichment by core-collapse supernovae (CCSNe).

Further observation by Das et al. 2021 towards Mrk 421 (I = 179.83°, b = 65.03°) also
detected the super-virial phase using Si and Mg ions. They detected a variety of other
ions in the virial and lower temperature phases as well (see their Table 1). The super-
virial phase was again found to be a-enhanced, with super-solar values of the abundance
ratio of ions (see their Table 2). In addition, they inferred the dominance of non-thermal
broadening in this phase. More recently, McClain et al. 2024b used Chandra observations
towards the quasar NGC 3783 (I = 287.46°, b = 22.95°) to study the gas in absorption.
They detected the super-virial phase with Ne ions (see their Table 1). Stacking Chandra
observations along 46 lines of sight Lara-DI et al. 2023 has also detected SiXIV and

2

SXVI absorption lines with an average column density 8.7 x 10'® and 1.5 x 106 cm™2,

respectively, with super-virial temperatures (Lara-DI et al.; 2024b).

Table 3.1 summarizes the absorption data for the SV absorbing phase from these
observations for various ions. Observers had also modeled the absorption systems as
consisting of gas at multiple temperatures, then used collisional ionization equilibrium
(CIE) to deduce the temperature and ionic column densities of the multiple phases using
the PHASE model (Krongold et al. 2003). These quantities are modeled, and the derived
inferences depend on various assumptions. In the following, we work with the column

densities mentioned in Table 3.1, which are directly observed, and compare our model
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predictions with them. This is particularly important because in our proposed scenario
that will be discussed later, CIE is not applicable, and the super-viral nature of gas is
implied due to high observed column densities of H-like ions such as OVIII, NeX, and
SiXIV. We will refer to gas at T > 10° K as the super-virial phase below. Note that
He-like ions from these elements may have contributions from lower temperatures as well,

which is why we focus on the H-like ions in this paper.

The signature of a ~ 107 K gas phase has also been seen in X-ray emission over the
entire sky and has been modeled as an additional component along with the virial phase
(Das et al., 2019a; Gupta et al., 2021; Bluem et al., 2022; Bhattacharyya et al., 2023; Ponti
et al., 2023; Sugiyama et al., 2023). The typical emission measure (EM) of this phase is
of order ~ 1073 cm™% pc. The corresponding (equivalent Hydrogen) column density of
this gas can be estimated as N ~ (L x EM)'/2, where L is the size of the region occupied
by hot gas. If this hot gas that is seen in emission also causes the absorption signatures,
then the typical length scale would be L ~ N?/EM. Using the reported column densities
(of order 10?* em™2 (e.g., Das et al. 2021) in absorption studies, the length scale turns
out to be exceedingly large (>> Mpc). This implies that the ~ 107 K gas that is seen in
emission cannot explain the absorption observations. It is therefore reasonable to assume
that the hot gas seen in emission and absorption has different origins. In this paper, we
focus on an explanation of 7' > 10° K gas seen in absorption studies, and refer to it as

the ‘SV absorbing’ phase.

We propose a novel explanation for the absorption line from the SV absorbing phase,
and argue that it could be due to a supernova remnant (SNR) above the Galactic disk.
Several observations have detected stars in the ‘extra-planar’ region of the MW that is
occupied by the CGM. These stars are ejected from the Galactic disk through various
processes. Stars can get a kick velocity if one of the stars in a binary system explodes
as a supernova (Blaauw, 1961) or through dynamical interaction in large open clusters
(Poveda et al., 1967). These processes can launch a star into the CGM with speeds
of < 400kms~! which is less than the escape velocity. They are called runaway stars
(Silva & Napiwotzki, 2011). The massive stars among these runaway stars can explode

as CCSNe above the Galactic disk, in the extra-planar region.

We demonstrate that the column density along observed lines of sight can be produced
by extra-planar supernovae if the lines of sight pass through them. The reverse shock can

heat up gas (shocked ejecta) to the super-virial temperatures (~ 107 K). This reverse-

51



shocked ejecta can explain the observed chemical properties of the super-virial phase,
since it is a-enriched and has a super-solar abundance ratio of ions (Nomoto et al., 2006;
Woosley & Heger, 2007). Our proposal, therefore, unburdens one from trying to explain
the absorption lines in the context of MW-wide phenomena, the difficulty of which is
illustrated by the estimates mentioned above. While the proposal is admittedly offbeat,
our guiding principle is the old adage that after exhausting other possibilities, even an
unusual idea, if deemed plausible, is worth pursuing. Our goal in this paper is to show

the plausibility of the proposed scenario, along with offering a testable prediction.

This chapter is organized as follows. Section 3.2 describes the details of modeling
of massive stars and core-collapse supernova and the associated evolution of the non-
radiative supernova remnant, followed by results in Section 5.3. We discuss our results

and their implications in Section 5.4 and end with a summary in Section 4.7.

3.2 Simulation of Core-Collapse Supernova and Evo-

lution of the Remnant

We first give a brief description of the simulation of the evolution of massive stars and

the associated nucleosynthesis leading up to and including the CCSNe.

3.2.1 Modelling Massive Star Evolution and Nucleosynthesis in
CCSNe

We use the 1D hydrodynamic code KEPLER (Weaver et al., 1978; Rauscher et al., 2003)
to simulate the detailed evolution of non-rotating massive stars with an initial solar
composition adopted from Asplund et al. 2009. We adopt the default procedures as
the ones described in detail in Woosley & Heger 2007 with the detailed stellar physics
described in Woosley et al. 2002. Briefly, we follow the evolution starting from the star’s
birth just before the zero-age main sequence to the eventual endpoint of its life where
the star explodes via CCSN. At all stages of evolution, the detailed nucleosynthesis is
followed by a large adaptive co-processing network. Convective mixing is modelled using

the mixing length theory with the Ledoux criteria for stability, along with semiconvection
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NOVHI NNeX NSiXIV

Reference
(x10 cm™2)
Das et al. (2019b) (IES1553+-113) 34+14 158+ 4.6 -
Das et al. (2021) (Mrk421) 2.24 4 0.44 2.1270:10 7.48 4 2.08

McClain et al. (2024b) (NGC3783) 9.661359 15.28 £ 3.37 < 35.26

Table 3.1: This table shows the observed column density of OVIII, NeX, and SiXIV
from Das et al. 2019b, Das et al. 2021, and McClain et al. 2024b towards IES1553+113,
Mrk421, and NGC3783, respectively.

and overshoot for convective boundaries (Woosley & Weaver, 1988). Mass loss via wind,
which has a large impact on massive star evolution, is included with mass loss rates
adapted from Nieuwenhuijzen & de Jager 1990 for the main sequence and red giant
phase. The explosion due to core-collapse supernova is modelled by driving a piston from
the base of the mass shell where the entropy per baryon exceeds 4 kg, which roughly
coincides with the base of the Oxygen shell (Woosley & Heger, 2007; Heger & Woosley,
2010). The acceleration of the piston is adjusted so that the final kinetic energy matches
the desired explosion energy. We consider models of mass ranging from 11-30 M., with
a fiducial explosion energy of 1.2 x 10°! erg. The amount of mass ejected during CCSN,
M, depends on the mass left over following the mass lost in the wind. Since mass loss
is stronger in more massive progenitors, lower mass models have very little mass loss,
whereas more massive models lose a substantial part of their mass. For example, the
11 M models loses only ~ 0.35 M whereas a 25 Mg model loses ~ 10 M. The final
values of M; varies between ~ 9-13 M. On the other hand, the mass of the core M,
defined as the part excluding the envelope where almost all the metals synthesized in the

star are contained, also increases with the progenitor, which varies between 1.25-8 M.

3.2.2 Modelling the Supernova Remnant

We simulate the evolution of nonradiative SNR starting from the early ejecta-dominated
(ED) phase to the Sedov-Taylor (ST) phase by using a simple 1D hydrodynamics code
following the exact prescription of Truelove & McKee 1999. The code solves the Euler

equations of hydrodynamics in Lagrangian form, assuming spherical symmetry, using a
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finite difference method for an equation of state of an ideal monoatomic gas (y = 5/3).
The ambient medium is assumed to be cold (zero thermal pressure) and of uniform
density pg. The ejecta, following free expansion for a few years after the explosion, is
also assumed to be cold, which is a very good approximation as indicated by KEPLER
models. Instead of using an exact density profile from a freely expanding ejecta from
the CCCN simulation discussed above, following Truelove & McKee 1999, we consider
density profiles that do not introduce any length scales and allow us to write the Euler
equations in terms of characteristic length, mass, and time scales such that the solution
is dimensionless in characteristic units. The solution of the Euler equations in such cases
is referred to as unified solutions by (Truelove & McKee, 1999). The characteristic units
depend on the total ejecta mass M, ambient density po, and the explosion energy F.
Thus, for a given ejecta density profile, the solution for different values of M, py, and E
can be found from a single unique solution in terms of the characteristic units which are

given by (Truelove & McKee, 1999);

Ry, = ij/?’pgl/ 3

1/3 _a\ 1/3
—14.73 <1(§W—MJ®> (012—:‘> pe, (3.1)
ta, = E72M p
— 6.43 (1051 erg) v (%)5/6 (—0'1 Cm_g) v kyr (3.2)
E 10 M, no ’
My = M,
=1.99 x 10* (HJ)M—MJ@) g, (3.3)

where ng is the ambient atomic number density. We adopt a mean atomic number
A = 1.276 for the ambient medium corresponding to a gas of solar composition from
Asplund et al. 2009 such that ng = py/(Amy), where my is the mass of a hydrogen atom.

Based on the above characteristic quantities, we can also define the characteristic velocity
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Uen, density pe,, and pressure Py, as

v = X /2
Zfch R
E \Y? /10 M\ V?
—=2.24 x 10® (1051 erg) ( i .Q) cms™! (3.4)
ej
_ Mch o
Pch = Rgh = pPo
_ no _
=212 x 10 25 <m) gcm 3 (35)
Mch 1
P, = =FEM
E 10 M, un
— 1.07 x 10~% © ( ) d -2 3.6
8 <1O51 erg) ( M, > 0.lcm—3/ e (3:6)

Initial velocity profiles

The initial velocity profile is adopted assuming a freely expanding ejecta given by (Tru-

elove & McKee, 1999)

v(r) = 3=, 1< Ry (3.7)
— 0, >Ry (3.8)

where R, is the radius of the expanding ejecta at the initial starting time ¢;,;. This agrees

very well with the simulated velocity profile from CCSN models from KEPLER.

Density profile without a core

For the density profile, we first consider an idealized ejecta with a constant density p
without any core, corresponding to the n = 0 power-law density profile discussed in

Truelove & McKee 1999 given by

plr) = gl <Ry (3.9)
= po, T> Ry (3.10)

The value of R,; for a given t;,; depends only on M; and E. In order to find this depen-
dence, it is useful to define v;, which is the maximum velocity of the ejecta corresponding

to the outermost surface of the ejecta, i.e., v(r = Rej) = Rej/timi. Using the fact that
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E=05 fORej 47t pr2v?dr we find

10\ "/? _
w(3) e

FE 1/2 10 M, 1/2
— 8 © -1
=4.09 x 10 (1051 erg) < ; ) cms (3.11)

Thus, for a given t;,;, the velocity and density profile are uniquely determined by M,;
and E. Similar to Truelove & McKee 1999, we use the % symbol to denote quantities

in characteristic units such that t* = t/teq,, p* = p/pen, etc. We adopt tf, = 0.01 as

ini

the default value. In characteristic units, however, the velocity and density profiles are

independent of M,;, £/, and ny and only depend on ¢ ;. For the adopted density profile,

ini*

we have a constant vy = 1.8259 and Ry = 1.8259¢;. The velocity and density profiles

ini*

in characteristic units are given by

U*(T’*) — %’ r* S R:j (312)
= O, T* > R:j’ (313)
and
)= M SR (219
= 1, >R (3.15)

Density profiles with a core

We next consider more realistic density profiles that have a core. We adopt cores of
constant density p. of mass M, surrounded by a lower density envelope of constant density
Penv- The ratio f = M./M; and n = p./peny are parameters that are varied depending
on the progenitor profile. The profile without any core discussed above corresponds to
B =0 and n = 1. This parametrization of the density profile is roughly consistent with
detailed density profiles from the CCSN ejecta from KEPLER following free expansion.
The values of 8 and n from the CCSN models range from ~ 0.14-0.6 and ~ 10-20,
respectively. Although this parametrization of the density profile introduces two new
parameters, because it does not introduce any new length scales, it can still be written

in characteristic units to yield unified solutions for fixed values of g and n. The density
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Figure 3.1: Temporal evolution of the position of the reverse shock front in Eulerian
coordinate rrg (dashed lines) and Lagrangian coordinate mgg (solid lines) for the different
density profiles in characteristic coordinates. The red, green, magenta, and blue lines

show the variation for 5 = 0,0.15,0.3 and 0.5 respectively.

profile is given by

plr)= g, r <R (3.16)
- jﬁg R. <7 < Ry (3.17)
= L0, r> Rej, (318)

where k1 = n(1 — ) + . The radius of the core R, is related to Re; by

ﬁ 1/3
RC = <—> Rej = HzRej (319)

R1
The above expression for density is very similar to the expression for a profile without a
core in Eq. 3.10, but with the additional factors of 1, 7, and k. In this case, R.; for a
given t;,; depends on 3 and 7 in addition to M, and E. As before, R.; can be calculated

for a given value of t;,; from v,; which is given by

10 1/2
Vej = (§> ks BV, (3.20)
where 12
PR (U —— (3.21)
k1 (n—1)K5+1



The expression for ve; above is almost identical to the expression for the profile with no
core given in Eq. 3.11 but with the additional factor of k3 which depends on 5 and 7.
The density profile for a fixed § and 7 can again be written in characteristic coordinates
with the solution being independent of E and M,;. As before, we adopt ¢}; = 0.01. We

explore values of 5 = 0.15,0.30, and 0.50 that cover the range of mass models. We adopt

a value of n = 15 that is roughly consistent with all the models.

3.3 Results

3.3.1 Overall Evolution of the Ejecta

As described in (Truelove & McKee, 1999), because the freely expanding ejecta has a
velocity that is orders of magnitude larger than the sound speed of the ambient medium,
a forward blast wave is launched into the ambient medium that leads to compression
and heating. This, in turn, exerts pressure back on the freely expanding ejecta that
compresses the ejecta and launches a reverse shock. The shocked ejecta (due to reverse
shock) is always separated from the less dense shocked ambient medium by the con-
tact discontinuity at M = M,;. The reverse shock continues to travel inwards (in mass
coordinates) and results in the heating up of the shocked ejecta due to compression. Be-
cause the velocity of the initial freely expanding ejecta decreases with radius, the reverse
shock progressively encounters slower ejecta velocities as it moves inward. The reverse
shock eventually reverses the direction of the expanding ejecta, leading to an implosion
at t* 2 1. This can be seen clearly from Fig. 3.1, where the dashed and solid red lines
show the evolution of the position of the reverse shock in Eulerian coordinates (rgrs) and
Lagrangian coordinates (mgg), respectively, for the density profile without a core. We
note here that the location of the reverse shock front is defined as the coordinate where
the pressure jumps from zero (corresponding to unshocked ejecta) to a non-zero value
(corresponding to shocked ejecta). By this time, the forward blast wave in the ambient
medium transitions to the ST phase. Eventually, the reverse shock reaches the center at
t* 2 2, leading to an outward-going secondary blast-wave shock referred to as the bounce.
As mentioned in Truelove & McKee 1999, the secondary blast-wave shock reverses the

direction of the infalling material that was previously shocked by the reverse shock.
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Figure 3.2: Pressure, mass density, and radius profile as a function of M/M,; at three
epochs in the characteristic unit. The solid and dashed line shows the case with
core+envelope (8 = 0.5) and no core, respectively. The blue color shows the mass density
profile (right y-axis). The red and green color shows the pressure and radius profile (left
y-axis), respectively. The top panel shows the initial setup at ¢* = 0.01. The middle
panel shows the profiles at ¢t* = 0.34 when the reverse shock is about to hit the core for
core+envelope case. The bottom panel shows the profiles when the reverse shock has hit
the center of the ejecta at t* = 3.09 for core+envelope case. For no core case, the reverse
shock has already hit the center by ¢* = 3.09 and the secondary shock wave has started
traveling outwards, as can be seen by the jump in pressure (dashed red line) and density

profile (dashed blue line).
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Figure 3.3: Mean molecular weight profile as a function of M /M, calculated using KE-
PLER. The black, green, blue, and red lines show the mean molecular weight profile for

£ =0,0.15,0.30, and 0.50, respectively.

The propagation of the reverse shock discussed above applies only to density pro-
files without a core. In the case of the density profiles with a core, when the reverse
shock reaches the core-envelope boundary, the large density gradient causes a bounce
and launches a forward secondary blast-wave shock wave that travels outwards. The cor-
responding position of the reverse shock for the various values of 3 is shown in Fig. 3.1.
As can be seen from the figure, the reverse shock is heavily slowed down by the bounce at
the core—envelope boundary, and starts to move out again in Eulerian coordinates (dashed
green, magenta, and blue lines) even though it continues to move inwards in Lagrangian
coordinates (solid green, magenta, and blue lines). In the case of density profiles with
cores, the reverse takes longer to reach the center, with profiles with the smallest core tak-
ing the longest (see Fig. 3.1). When the secondary blast-wave shock reaches the contact
discontinuity, another secondary reverse shock is launched, and the process repeats itself.
During this, the original reverse shock in the core eventually reaches the center, leading

to a bounce, and is helped along by subsequent arrivals of secondary reverse shocks.

In all cases, we end our simulation at t* = 10, well after the reverse shock has
reached the center. Following bounce when reverse shock reaches the center, 3D effects

such as inhomogeneities and turbulent mixing due to Raleigh-Taylor instabilities become
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Figure 3.4: Temperature (solid lines) and velocity profiles (dashed lines) for different
values of 8 when the reverse shock hits the center of the ejecta in the respective cases.
Red, green, magenta, and blue colors show the cases with § = 0,0.15,0.3, and 0.5,

respectively. The profiles are plotted for the fiducial case with £ = 10°! erg, My = 10 M,

and ng = 0.1cm™3.
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increasingly important at the contact discontinuity with multiple cycles of secondary
shock waves resulting in the contact discontinuity being erased and the flow subsequently

evolves as an ST solution throughout the remnant (Truelove & McKee, 1999).

3.3.2 Evolution of Pressure, Density, and Temperature of Shocked

Ejecta

In order to illustrate the evolution of the structure of the ejecta, we consider the den-
sity profiles with 8 of 0 and 0.5. Figure 3.2 shows the pressure and density profiles in
characteristic coordinates as a function of the mass coordinate at various instants of the
evolution, ranging from the initial to the final stage when the reverse shock reaches the
center. The radial (Eulerian) coordinate r is also plotted as a function of the mass coor-
dinate. The evolution of pressure and density for both profiles is largely similar, where
the compression due to the reverse shock leads to a pressurized ejecta with a relatively
flat pressure profile in terms of the mass coordinate. The density of the shocked ejecta is
highest at the contact discontinuity at m* = 1 and decreases with decreasing m* as the

reverse shock moves inwards.

By the time the reverse shock has reached the center, the central density is lower by
~ four orders of magnitude compared to the highest density at the contact discontinuity.
By this time, all the matter in the ejecta is compressed into a thin shell in Eulerian
coordinates, and almost all of the ejecta is confined to a narrow range of radial coordinates.
In profiles with a core, the jump in density due to the core and the associated slowdown
of the reverse shock discussed earlier leads to a shallower density gradient in the core by

the time the reverse shock has reached the center.

The temperature T can be calculated from the pressure and density, assuming an

ideal gas law given by

u PP
YT (3.22)
ks p*pen

where p is the mean molecular weight of the ejecta, m, is the atomic mass unit, and

kg is the Boltzmann constant. Because of the metallicity gradient with an increasing
amount of metals in the core, for a given progenitor, y increases with decreasing mass.
Figure 3.3 shows the variation of ;1 with mass coordinate for a 11,18, and 25 M models

corresponding to 3 of 0.15,0.3, and 0.5, respectively, assuming a fully ionised ejecta. For
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the profile without a core, i.e., f = 0, we adopt a constant p = 0.8 which corresponds
to the mass-averaged value for a typical CCSN progenitor over the ejecta mass. Because
the unified solution in characteristic coordinates for a given density and p profile remains
unchanged, T' x Pu,/pen = EM . Figure 3.4 shows the temperature and velocity for
E = 10" erg, My = 10 Mg, and ng = 0.1cm™! when the reverse shock has reached the
center for the various density profiles. As can be seen from the figure, for density profiles
with a core, the temperature (solid green, magenta, and blue lines) of the shocked ejecta
in the core is > 6 x 10°K in all cases. For the density profile without a core (solid red
line), the inner ~ 40% of the inner ejecta lies above this temperature. The maximum
temperature occurs at the center due to a combination of lowest density and highest p
with a maximum temperature of ~ 6 x 107 K. Because T < E, for a given density profile,
increasing E by some factor will lead to an overall increase in T" by the same factor. For
example, for £ = 10°? erg, T' will increase by a factor of 10 compared to what is plotted
in Fig. 3.4. The corresponding velocity profiles for the various values of § are also shown
in Fig. 3.4 (dashed lines). As mentioned earlier, by the time the reverse shock reaches
the center, the explosion turns into an implosion and the velocity of the entire ejecta

1

is negative with values of < 0 and < —300kms™" at the contact discontinuity and the

center, respectively.

3.3.3 Comparing Timescales

Before we discuss column densities, it is important to consider the ionization, recom-
bination, and cooling timescales of the shocked heated ejecta relative to the dynamical
time. The radiative cooling time for the gas in the ejecta is t. = 3kgT/(2nion\), where
A (erg cm? s_l) is the cooling function and nj,, is the total number density of ions. The
recombination timescale for an ion is t,e = 1/(neion(T)), where o, (T) is the recom-
bination coefficient of the ion at temperature T (Verner & Ferland 1996) and n. is the
number density of electrons. The ionization timescale for an ion due to thermal electrons
iS tion = 1/(neq;(T')) where ¢; is the ionization coefficient of the ion (Voronov 1997). Fig-
ure 3.5 shows the minimum ionization and recombination timescales for OVI/OVII and
OVII/OVIII, along with the cooling timescale relative to the dynamical timescale of the
material in the inner core of the ejecta with 8 = 0.3 that contains almost all of the metals.
As can be seen from the figure, the fastest cooling time is an order of magnitude longer

than the dynamical time, implying that cooling is essentially negligible on dynamical
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Figure 3.5: This figure shows the ratio of "minimum” radiative cooling, recombina-
tion, and ionization timescale to the dynamical time as a function of time. The ”min-
imum” timescale corresponds to the mass shell which has minimum radiative cool-
ing/ionization/recombination time within M/M < 0.2 and T > 4 x 10° K. The green
line shows the ratio of radiative cooling to dynamical time calculated using the cooling
function for core composition with cLoupy (Ferland et al. 2017). The magenta and
cyan lines show the ratio of the recombination timescale (Verner & Ferland 1996) to the
dynamical timescale for OVII and OVIII, respectively. The purple and red lines show
the ratio of the ionization timescale (Voronov 1997) to the dynamical time for OVI and
OVII, respectively. The above timescales are plotted for E = 10°! erg, M. = 10 Mo,
no = 0.1em™3 and 3 = 0.3.
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Figure 3.6: Mass fraction of different elements as a function of M /M, obtained using
KEPLER. The magenta, red, blue, and green lines show Oxygen, Neon, Magnesium, and
Silicon mass fraction profiles, respectively. The solid, dashed, and dotted lines refer to
the case with f = 0.5,0.3 and 0.15 corresponding to 25, 18, and 11 My mass models,

respectively.

timescales. This justifies our assumption of neglecting the cooling of the shocked ejecta.

The ionization timescale, on the other hand, is shorter than the dynamical timescale,
whereas the recombination timescales are more than two orders of magnitude longer.
Thus, even though ionization can occur as the reverse shock heats up the ejecta, re-
combination is essentially negligible. Consequently, CIE does not apply to the reverse
shock-heated ejecta and cannot be applied for estimating the abundance of ions. On the
other hand, because recombination is negligible, the time evolution of the ionization of the
ejecta can be easily calculated, which can then be used to calculate the column density of
different ionization states for an element and compared directly with the observed values
(Table 3.1). However, in order to calculate the column densities of different ionization
states, we need to first calculate the total column density of the corresponding element.

We discuss this in detail in the following section.
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Figure 3.7: Evolution of Oxygen column density of the shocked ejecta with time for
density profiles with different core sizes of 5 = 0,0.15,0.3, and 0.5 shown in red, green,
magenta, and blue, respectively. For no core case (8 = 0), we use a constant Oxygen mass
fraction of 0.15 throughout the ejecta. The dotted vertical lines in the respective color
show the time when the reverse shock hits the center of the ejecta. The curves correspond

to the adopted fiducial values of E = 10°! erg, My = 10 M, and ny = 0.1 cm™>.
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3.3.4 Evolution of Column Density

We calculate the time evolution of the total elemental column densities across all ioniza-
tion states for Oxygen, Neon, and Silicon in the shock-heated ejecta. The column density
N at time t for any element in the shocked ejecta is given by

Rej(t)
Xp(t)
N(t) =2 —=d 3.23
(*) /0 myA " ( )

where X is the mass fraction of the element and A is the mass number. The factor of 2
is to account for the fact that light from a background source traverses the material in
the shell formed by the SNR twice before reaching Earth. We note here that for realistic
density profiles, i.e., with cores, almost the entire contribution to column density for a
metal is from the shocked core with negligible contribution from the envelope. We note
here that because the shocked core has temperatures > 10° K for all the density profiles
as discussed in the previous section, the contribution to the column density is essentially

from the SV phase.

Since the characteristic solution remains unchanged for a given density profile and
N has the dimensions of number density multiplied by distance, the scaling relation
for N o penRen = pg/ 3Melj/ ?. Because M, varies only slightly from 9-13 M across all
progenitors with a dependence of N Melj/ 3, column density is effectively independent of
the ejecta mass. The ambient density py is the only parameter that can potentially have
an appreciable effect on NV for a given density profile. The nature of the progenitor also
affects the column density, primarily due to the size of the core and the slightly different
metal fractions in the core. Figure 3.6 shows the elemental mass fraction profile for the
progenitors with different core sizes corresponding to different progenitor masses. The
mass fraction of metals is slightly higher in more massive models that have larger cores.

This leads to an overall enhancement of the column density of metal as it directly scales

with the mass fraction (see Eq. 3.23 above).

To illustrate the evolution of column density with time for various progenitors, we
adopt the fiducial £ = 10 erg, My = 10 Mg, and ng = 0.1cm™® corresponding to
ton = 6.2kyr. Figure 3.7 shows the evolution of the Oxygen column density of the shocked
ejecta for density profiles with different core sizes. As can be seen from the figure, the
column density starts with a relatively high value due to the high initial density near the

contact discontinuity, but starts to decrease as the shocked ejecta keeps expanding. The
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column density eventually increases with time as the reverse shock moves inward and more
metal is heated up. The increase is particularly dramatic for density profiles with cores,
where the column density starts to rise rapidly when the reverse shock reaches the core,
which takes longer for profiles with smaller cores. The instant when the reverse shock hits
the center is shown using dotted vertical color lines in figure 3.7 for various values of 3. As
mentioned earlier, by this time the ejecta to temperatures of > 6 x 10° K corresponding to
‘super-virial’ temperatures. Even after the shock reaches the center, the column density
increases slightly due to the increased density due to implosion. Following the bounce at
the center, the column density effectively plateaus out and remains roughly constant until
the end of the simulation. This is primarily because almost all of the ejecta is confined
to a narrow range of radius by the time the shock reaches the center. Consequently, to

zeroth order, all the material in the ejecta is roughly at the same radius R.. This implies

that n "
i i dm M.
N dr = =~ . 3.24
> /0 par /0 Arr? 4AmR? (3:24)

Following the bounce at the center, the implosion is gradually turned into an explosion

after multiple secondary blast waves are generated, as described earlier. The average
velocity of the shocked ejecta vej, however, remains very low, including being negative
during some intervals during a series of implosions and explosions. As a result, R, and
consequently N change slowly on timescales of > t,. For example, compared to the peak
value after the bounce t* ~ 3, the value of N decreases by a factor of 2.7, 4.4, 2.2, and 2.2,
for density profiles with g of 0, 0.15, 0.3, and 0.5, respectively, by t* = 10. It is important
to note that after bounce, due to repeated cycles of implosions and explosions, the column
density does not decrease monotonically with time, as can be seen from Fig. 3.7. So, the
effective timescale during which the column density changes is even longer than what is

estimated above (t* = 10).

3.3.5 Comparison with Observations

We now compare the theoretical column densities for Oxygen, Silicon, and Neon ions
with the observed range of values. Because N is not very sensitive to 2 and M, we
consider the fiducial values of 10°! erg and 10 M, respectively. We consider an ambient
density of ng = 0.1cm™2 for the three profiles with cores. Here, we do not consider the

profile without a core as it does not correspond to any physical model.
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Figure 3.8: Ionization of a Oxygen gas at 7" = 5 keV with initial OI abundance of

0.001 cm~? and initial n, = 10~° cm™3.

In order to compare our results with the observed column density of ions, the ion
fraction of OVIII, NeX, and SiXIV is required, for which we use the following procedure.
Since the recombination timescale is much larger than the dynamical time (cyan and
magenta lines in figure 3.5), the recombination of ions is neglected in our calculation. We
solve the system of coupled linear differential equations governing the ionization equation
to find the abundance of various ionization states of various elements as a function of
time, starting from the neutral to the fully ionized state. The rate of change of the
abundance of the i*" state of ionization of an atom depends on the rate of ionization of
the i*" to (i + 1)™ state. This is counteracted by the production of the i*® state by the
ionization of the (i — 1)™ state. We adopt the ionization rates from Voronov 1997 and
consider ionization due to thermal electrons. The ionization parameter ¢, depends only

on the temperature of the electrons.

The ionization essentially occurs after the reverse shock heats up all the metal in the
ejecta, i.e., after bounce. As discussed earlier, the mass density of the shocked ejecta varies
very slowly after bounce. Moreover, the cooling timescale is an order of magnitude longer
than the dynamical timescale (green line in figure 3.5). For this reason, for simplicity,
we assume that the temperature and mass density remain constant while solving for the

ionization. We adopt njon ~ 0.001-0.002 cm ™3, which is taken from the density profile of
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the ejecta after the reverse shock has hit the center (¢ ~ 20 kyr). Since the temperature
of the shocked core varies somewhat with the density profile, we take a range of 3-10
keV for Oxygen, Magnesium, and Neon and 10-18 keV for Silicon. These numbers are
adopted directly from the range of temperatures found in the inner part of the ejecta

(M/ Mg < 0.2) as can be seen in Fig. 3.4.

For illustration, we show the evolution of the ionization for a gas composed of Oxygen
with an initial OI abundance of 0.00lcm™ and initial n, = 107> corresponding to an
initial ionization fraction of ~ 0.1%. Figure 3.8 shows the evolution of OI-OIX along
with n., for an electron temperature of 5 keV. As can be seen from the figure, n. increases
rapidly on timescales of ~ kyr and reaches an ionization fraction of ~ 80% within 40 kyr
as Oxygen gets progressively more ionized. Beyond this epoch, the gas is primarily

composed of OVII-OIX, and full ionization is reached by ~ 200 kyr.

Since we are interested in H-like, i.e., almost fully ionized ions, we fix the value of
n. of the gas assuming it is almost fully ionized. This does not affect the evolution of
highly ionized atoms but allows us to readily calculate the fractional abundance of any
ion for different atoms, independent of the composition. We adopt n. = 0.01 cm ™3 for
Oxygen, Neon, and n, = 0.005 cm 3 for Silicon, corresponding to almost fully ionized gas
for the estimated values of n;,, from simulations. The resulting values of ion fractions
of an element are computed for the range of temperatures mentioned above, yielding a
range of ion fractions for each ion. This range of ion fractions for each ion of an element,
when folded with the range of total elemental column densities found in various density
profiles, results in a band of ion column density as a function of time. We consider total
column densities of (1 — 6) x 10, (2 — 8) x 10", and (1 — 5) x 10" cm™2 for Oxygen,
Neon, and Silicon, respectively, corresponding to the range of values found in all the
density profiles. Figure 3.9 shows the calculated band of column density of OVIII, NeX,
and SiXIV, superposed with the observed column densities of respective ions towards
Mrk421, TES1553+113, and NGC3783 (see Table 3.1). The dashed lines in the respective
colors show the observed upper and lower limits. The curved bands show the ionic column

densities from our model.
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Figure 3.9: Column density of ions as a function of time for three lines of sight. The top
(a), middle (b) and bottom (c) panel shows the column density towards Mrk421 (Das et al.
2021), IES1553+13 (Das et al. 2019b), and NGC3783 (McClain et al. 2024b) respectively.
The magenta, green, and blue bands show the column density range of OVIII, NeX, and
SiXIV, respectively, calculated from our model. The dashed lines in the same color show

the upper and lower limits of the observed column density of respective ions.
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Mrk 421

The top panel of Figure 3.9 compares the results for our fiducial case with the observations
towards Mrk 421 Das et al. 2021. Interestingly, the colored bands of our model prediction
for all three ions (OVIII, NeX, and SiXIV) show an overlap at ~ 200-300 kyr, which also
approximately matches the observed bands for OVIII and NeX. There is a slight shortfall
in the SiXIV column density, by a factor of &~ 2, which can be potentially explained by

variations in supernova yields.

IES1553+113

The middle panel of Figure 3.9 shows the comparison with observed column densities of
OVIII and NeX towards [ES1553+113 Das et al. 2019b. We again find an overlapping
region for OVIII and NeX column densities, around ¢ ~ 100-400 kyr, and it matches the
observed column density of OVIII to a large extent. The predicted NeX column density
falls short of the observed values, again by a factor & 2, which can be due to uncertainties

in SN yield.

NGC 3783

We show the comparison of our results with the observations towards NGC 3783 McClain
et al. 2024b in the bottom panel of Figure 3.9. Again, there is an overlap between the
column densities of OVIII and NeX for similar timescales as in the previous case. In this
case, the OVIII column densities can explain the observed values, and for NeX as well,
if the yield is increased by a factor of ~ 2 or the ambient density is increased to ~ 0.3

cm ™3,

3.4 Discussion

We have shown that the observed column density of OVIII, NeX, and SiXIV can be
naturally explained if the line of sight passes through the reverse shocked gas in a non-
radiative SNR in the extra-planar region of MW within ~ 100-400 kyr from the time of

the explosion. We have explored the variation of column density and temperature with
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reasonable values of ejecta mass, blast energy, and ambient density. As mentioned in
the introduction, such supernova explosions far from the Galactic plane can naturally
be explained by massive runaway stars. However, to evaluate the feasibility of runaway
massive stars exploding as supernovae above the Galactic plane as the primary source
for the observed events, it is important to compare the frequency of such events with
the observed frequency. In the solar neighbourhood, among massive stars that end their
life as CCSNe, i.e., O stars and some B stars, ~ 30% of O stars and ~ 10% of B stars
are found to be runaway stars (Gies & Bolton, 1986; Stone, 1991). On the other hand,
the frequency of Galactic CCSN within the last < 1 Myr is constrained to be 1.9 4+ 1.1
per century from the observed 7-ray emission from 26Al (Diehl et al., 2006). Based on
the results presented in Section 3.3.5, the observed column densities of OVIII, NeX, and
SiXIV can be explained if the explosion occurred ~ 100400 kyr ago. Assuming ~ 20% of
all CCSNe are due to runaway OB stars with a total rate of ~ 2 per century, the number of

such progenitors that were born during an interval of A ~ 250 kyr is Nyynaway (A) ~ 1000.

In order to estimate the final location of the supernova from runaway stars, the
motion of the star after it is ejected from the Galactic disk needs to be simulated. We
use GALPY (Bovy, 2015) to simulate the motion of runaway stars within the Galactic
potential. Runaway OB stars can have large ejection velocities of up to ~ 400kms™*
from the disc that can be modelled by a Maxwellian distribution as found in Silva &
Napiwotzki 2011. Following their result, we adopt a Maxwellian velocity distribution
with a mean velocity of 150kms™! for the ejection velocity from the Galactic disk whose
direction is assumed to be isotropic. Each runaway star is considered to have travelled
a period of 7 before it explodes as a supernova. The runaway star can be ejected either
during the early phase of its life via the dynamical ejection mechanism from young open
clusters (Poveda et al., 1967) or during the later phase via the binary ejection mechanism
when one of the stars in a binary explodes as a supernova (Blaauw, 1961). We choose the
value of 7 from a uniform distribution ranging from 1-10 Myr to account for both early
and late ejection. The initial radial coordinate of birth location is assumed to follow the
stellar mass distribution from McMillan 2017. We use MWPotential2014 in GALPY as the
model for the MW potential with the circular velocity ve(Rs = 8.21kpc) = 233.1kms™!
adapted from the best-fit values for the MW from McMillan 2017.

Figure 3.10a-b shows the final location of supernova explosion for a given realization

of 1000 runaway stars in terms of their latitude b and height 2z above the Galactic plane as
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a function of their distance d from the Sun. Fig. 3.10c shows the corresponding locations
in the 2-b plane. As can be seen from Fig. 3.10b, a majority (~ 93%) of the supernovae
from runaway stars are confined to |z|< 1kpc and almost all of them at |z|< 2kpe with
d < 25kpe. Because of the low value of z, the overwhelming majority of ~ 98.5% of
the sources have |b|<S 15° where the sources with lower values of d tend to have higher
b. However, there are still ~ 15 events that occur at high latitudes of > 15° with values
of up to ~ 60°, out of which ~ 9 and ~ 5 occur at low heights of |z|< 1kpc and
|z|< 0.5kpe, respectively. These low z and high b sources are ideally suited to be the
ones that correspond to observed sources that can satisfy the observed high values of b
along with high ambient densities. The cold neutral medium (CNM) and warm neutral
medium (WNM) have mid-plane densities of ~ 0.3 and 0.1 cm ™3, with a scale height of
~ 0.15 and 0.40 kpc, respectively (Kalberla & Kerp, 2009). Thus, WNM in particular
can provide the assumed fiducial ambient density of 0.1cm™3. As a consequence of low
|z|< 1kpe, sources with high latitudes are also constrained to be confined to relatively
low values of d ranging from ~ 0.75-1.5kpc. In particular, sources at highest latitudes

of ~ 60° are also the closest sources at d ~ 0.75-0.83 kpc.

We note that recently, Lara-DI et al. 2023 have reported very high average column
density of SiXIV of (8.741.6) x 10'° cm ™2, implying supervirial gas with 7' > 107 K, using
stacked spectra from Chandra along 46 different Quasar sightlines. We note here that the
‘average’ column density of SiXIV reported by Lara-DI et al. 2023 is that obtained from
the stacked ‘line’, and is not the total column density divided by the number of sightlines
used in stacking. A follow-up work found three distinct phases similar to Das et al.
2019b, including a very hot phase with T ~ 3.2 x 10" K from the same stacked sources
(Lara-DI et al., 2024b). Even though these results do provide hints that supervirial
gas with high column densities for H-like ions like SiXIV is possibly widespread in the
CGM, currently, there is no robust observational constraint on the covering fraction of
the absorbing hot gas. Future detections of high column density along a large number of
individual sightlines are required to determine the covering fraction. In this regard, it is
important to note here that 10" K gas seen in emission needs to be differentiated from
that seen in absorption, and although the covering fraction of emitting ‘super-virial’ gas

is large, the case of the gas seen in absorption is likely different.

With regard to the scenario presented here, assuming the size of shocked gas from

each SNR to be ~ 30 pc, the covering fraction for high latitude (b > 15°) sources ranges
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from ~ 0.015-0.030 steradian corresponding to < 0.25% of the sky whereas the covering
fraction for low latitude (b < 15°) sources ranges from 0.05-0.07 steradian corresponding
< 0.7% of the sky. Thus, although the current scenario of CCSN from runaway stars can
explain the high column density of highly ionized H-like ions like SiXIV along individual
sightlines, they cannot account for a widespread CGM-wide distribution. It is important
to note that regardless of whether superviral gas is present along particular sightlines or
spread throughout the Galaxy, SNR from massive runaway stars will be present along
multiple sightlines, including high altitudes that would have a high column density of
highly ionized H-like ions. In this regard, it is interesting to note that at least 7 and
17 sources out of the total 46 sources in Lara-DI et al. 2023 have |b|< 20° and |b|< 30°,

respectively. Some of these sources could be due to CCSN from runaway massive stars.

Besides runaway stars, there are also other types of stars above the Galactic disk,
although their numbers are relatively much smaller. Binary stars through dynamical
interaction with a super-massive black hole (SMBH) in the center of MW can also eject
one of the stars with a speed more than the escape velocity of the MW, thus producing
hyper-velocity stars (Brown 2015). Some of the hypervelocity stars in the extra-planar
region might have an external origin as well (Giilzow et al. 2023). Apart from being
launched into the extra-planar region, stars are also formed in situ above the disk (Tiill-
mann et al., 2003; Martinez-Delgado et al., 2021; Howk et al., 2018). We do not consider

these categories of stars important for our discussion because of their small numbers.

We should also like to mention the possibility of the ambient density being comparable
to or even larger than the fiducial value of 0.1 cm™3 at a height > 0.5 kpc above the disk.
It is known that there are HI clouds above the disk, up to a height of ~ 1.5 kpc, and with
average densities ~ 0.3 cm ™2 and diameters of ~ 20-30 pc Lockman 2002. The current
understanding is that these clouds originate in the disk and have moved up owing to their
large vertical velocities. They also appear to have large turbulent speed, of order ~ 75

km s~ !

Kalberla & Dedes 2008, which is estimated from fitting the emission spectrum.
According to Lockman 2002, as much as half the mass of the HI halo of the MW could
be contained in such ‘halo clumps’. These clouds are likely to be supported against the
gravitational potential by random turbulent speeds, with which they can reach a height
up to a few kpc Kalberla & Kerp 2009. It is difficult to estimate the volume filling factor
of such clouds from their observed incidence rate (on average, one cloud per two square

degrees) because of projection effects. However, the observed gas densities and the typical
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Figure 3.10: The final position of 1000 runaway massive stars where they explode as
core-collapse supernovae: (a) latitude b versus distance d from the Sun, (b) Height =

from the Galactic plane versus d, and (c) z versus b.
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heights of these clouds are within the ranges required in our scenario. It is possible that
the SNe discussed here could go off inside one such clump above the disk, in which case

our assumption of ambient density would be quite reasonable.

Can these SNe be detected by other means, or do they leave any other signature?
SNe produce radioactive 26 Al which 3-decays to excited states of 2Mg that subsequently
emits the well known 1.809 MeV ~-ray (Diehl et al., 2006). The yield of °Al in massive
stars of 10-30 M, range from ~ (0.3-1.5) x 10~* My, (Tur et al., 2010). This corresponds
to a photon flux of F, < 1.8 x 107%ycm 257! for a source at a distance of 1kpec. This is
more than an order of magnitude less than the line sensitivity of INTEGRAL at 1 MeV of
2.4x107%ycm~2s~1. This implies that even for the highest latitude sources that are also
the nearest at d ~ 1kpc, INTEGRAL cannot detect v-rays from 2°Al. However, future
proposed v-ray detectors such as GRAMS (Aramaki et al., 2020), that has a proposed
line sensitivity of (1.3-7.2) x 107" yem 257! for the 1.809 MeV 7-ray, would have a very

good chance of detecting such sources.

The radio luminosity of SNRs at, say, 1.4 GHz can be estimated, using Equation 2
of Leahy et al. 2022, as,
Lyy ~ 1.7 x 10% erg sT1Hz !

" (5 XZO*”’) (2(])?;0)3 <30011Tm/s>3.2 (3.25)

where Ry, v, are forward shock distance and velocity, and 7 is a parameter that encodes

various physical processes, such as the fraction of supernovae energy going into relativistic
electrons, the efficiency of magnetic field amplification, etc. For our fiducial case, the
forward shock has a speed of ~ 300 km s~! when the forward shock reaches ~ 20 pc.
Leahy et al. 2022 have found, after comparison with observations, the value of n to lie
between 107°-10~!. Its value is likely to be on the lower side, given the weak magnetic
field expected above the Galactic disc. If we require the radio flux at 1.4 GHz from
an SNR at a distance of 1 kpc to be comparable to the observed flux of, say, Mrk 421
Blazejowski et al. 2005 (vF, ~ 5 x 107 erg cm™2), then the value of 7 & 2 x 107>, which
is the acceptable range, as mentioned above. In other words, the radio signature of the
proposed SNR would be indistinguishable from or swamped by the background source,
provided the supernova goes off at a distance of a kpc. However, at lower frequencies,
while the synchrotron emission from SNR is expected to have a spectral index of ~ —0.5,
that of the background blazar typically has a flatter index (with an average radio spectral

index of 0.03, see Fig. 25 of Abdo et al. 2010) , that extends down to ~ 300 MHz Nori
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et al. 2014, below which the index becomes positive due to self-absorption (Mooney et al.,
2019). Therefore, a low-frequency observation of these blazars may be able to pick up the
emission from the foreground SNR, which is brighter than the blazar at these frequencies.
However, the radio spectral indices of blazars vary, and so do those of SNRs, from ~ —0.85
(shell-type) to ~ 0 (filled-center type) (Ranasinghe & Leahy 2023, their Fig. 7), and such

variations may make it difficult to detect a foreground SNR in radio.

Finally, we note that a key difference between the scenario proposed in this work
from the analysis used to infer super-virial gas in studies such as Das et al. 2019a, 2021;
Lara-DI et al. 2024b, is the assumption of CIE. As mentioned in Section 3.3.3, the usual
assumption of CIE is not at all applicable for the ejecta heated by the reverse shock
described in this work. The abundance of ions is not in equilibrium but changes with
time due to ionization, and eventually, all atoms become fully ionized. However, the
timescale for ionization is different for each element, with longer timescales for heavier
atoms. In our scenario, although a temperature cannot be assigned from an observed
absorption line due to a lack of CIE, the super-viral nature of the gas is directly implied
from large column densities observed for highly ionized H-like ions such as OVIII, NeX,

and SiXIV.

3.5 Summary

Observations of the CGM of the MW in absorption along three lines of sight indicate
rather large values of the column density of highly ionized H-like ions (Table 3.1) with
temperatures larger than the virial temperature of the MW. In this paper, we argue that
the observed column density of H-like ions such as OVIII, NeX, and SiXIV, implying
super-virial temperatures exceeding a few million degrees K, can be naturally produced by
supernovae remnants redfrom runaway stars above the Galactic disk, because of heating
of metal-enriched ejecta by reverse shock. We show that observed column density is
achievable with reasonable values of ejecta mass of 10 My, blast energy of 10°! erg, and
the ambient density of ~ 0.1 cm™3. We would like to propose that if the ‘super-virial’
phase with high column density of H-like ions is found to be limited to a few lines of sight
rather than being widespread throughout the CGM, it is likely caused by the chance
coincidence of supernovae remnants of runaway stars in the lines of sight to background

sources.
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Chapter 4

Misty, patchy, and turbulent:
constraining the cool circumgalactic

medium with mCC

Based on :
Bisht, M. S., Sharma, P., Dutta, A., & Nath, B. B. 2025, MNRAS, 542, 1573B
doi: 10.1093 /mnras/staf1319
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Main Results

e The patchy, clumpy distribution of cool CGM gas distributed in the form of cloud
complexes (CCs) naturally reproduces the observed scatter in the column densities

of tracer ions such as MglI at similar impact parameters.

e A population of ~ 10% CCs, each with a size of ~ 10 kpc and following a power-law
radial distribution (dNcc/dR oc R™1), can reproduce the COS-Halos observations
(Werk et al., 2013) with a total cool gas mass of ~ 101° M.

e The blending of absorption lines from multiple cool cloudlets intersected along a
single line of sight, each with distinct line-of-sight velocities within a CC, gives rise

to turbulent broadening on the CC scale.

e Assuming the mist limit (i.e., a unit area covering fraction) within a CC simplifies

the computation of observables such as column density and equivalent width.
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4.1 Introduction

The circumgalactic medium (CGM) is the vast reservoir of gas surrounding the stellar
disk and the interstellar medium (ISM) of galaxies (Tumlinson et al., 2017; Faucher-
Giguere & Oh, 2023). Various observations and numerical simulations suggest CGM to
be multiphase with gas temperature varying by ~ 2-3 orders of magnitude (~ 10%-10” K
for Milky Way-like galaxies). Unlike the intracluster medium (ICM) of massive clusters
of galaxies, which has been mapped extensively in X-ray emission (a recent review is
Donahue & Voit 2022), the hot CGM in Milky Way-like galaxies (like X-ray emitting
ICM, also likely to be the mass/volume dominant phase) is too dilute and compact to
be mapped in emission. The cool/warm gas (~ 1077 K) in the CGM of foreground
external galaxies is detected in absorption lines of low/intermediate ionization metal ions
like MglI, Call, Sill, CII, CIV, OVI in the spectra of bright background sources (typically
quasars; Srianand & Khare 1993; Charlton et al. 2003; Chen et al. 2010; Bordoloi et al.
2011). Cool gas has recently been observed even in emission (Mgll emission; Burchett
et al. 2021; Zabl et al. 2021; Guo et al. 2023; Pessa et al. 2024), but emission is most

sensitive to the densest cool gas.

A fundamental but unconstrained physical property of the CGM (unless qualified, we
refer to the CGM of Milky Way-like galaxies) is its mass fraction in the cool phase. Al-
though the cool ion (e.g., Mg II) column density (inferred from absorption lines) directly
counts the number of ions along the sightline, the cool CGM mass is highly uncertain
because of the limited number of quasars behind most intervening galaxies. Additionally,
a significant variation in the inferred column density at similar impact parameters intro-
duces uncertainty in estimating the cool gas mass. A key result of this paper is that the
combination of the average column density and the area covering fraction (both observa-
tionally available quantities) provides a robust estimate of the cool gas mass in the CGM
(~ 10'°M, for Milky Way-like galaxies). Metal ion absorption is also affected by the
elemental abundances, the photoionizing background, non-equilibrium effects, and dust
depletion. Since the dispersion measure provides column density of free electrons, which
is not affected by these complications, fast radio bursts (FRBs) are promising probes of
the total CGM mass (Prochaska & Zheng 2019; Cook et al. 2023). However, we cannot

distinguish the various thermal phases of the CGM from FRB dispersion measures.
The cool gas in the CGM likely has various formation channels (Decataldo et al. 2024),
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including, e.g, cooling from hot gas in the CGM due to thermal instabilities (McCourt
et al. 2012; Voit et al. 2017), cosmological accretion onto the galaxy (Rahmani et al.
2018; Afruni et al. 2019), stellar and AGN outflows (Augustin et al. 2021; Burchett et al.
2021), and stripping from satellite galaxies (Rubin et al. 2012; Roy et al. 2024). Cool gas
clouds are also disrupted by shear instabilities, potentially leading to their evaporation
in the presence of a surrounding hot medium (Lan & Mo 2019). Several theoretical and
semi-analytical studies have attempted to investigate the structure and distribution of
cool gas within the CGM (Stern et al. 2016; Hummels et al. 2024; Faerman & Werk 2023;
Yang et al. 2025). The models presented in this paper are agnostic to the specific cool gas
formation and disruption mechanisms but provide a tool for building phenomenological

models of the mass and radial distribution of the cool gas in the CGM.

The cool gas is observed to have an area covering fraction of order unity (Dutta et al.
2020; Huang et al. 2021), while the volume fraction is expected to be < 1% (Faerman
& Werk 2023; Dutta et al. 2024a). This suggests that the cool gas is not uniformly
distributed in the CGM, unlike the hot gas, but rather distributed in clumpy structures
dispersed in the hot CGM.

Recently, Dutta et al. 2024a (hereafter D24) modeled the cool gas with a three-
phase, one-zone CGM model. This model fills all the cool CGM gas uniformly as a mist
of numerous cloudlets, with a small volume filling fraction but a unity area covering
fraction, in the entire CGM. We refer to this as the mCGM (misty CGM) model. They
modeled the cool gas in one of the TNG50-1 halos and predicted the baseline column
density of MgII to be ~ 103 ecm™2 (the solid cyan line in their Fig. 11). This is smaller
than the typical observed column density, despite the large scatter in observed values and
several stringent upper limits, suggesting that the cool gas does not block all sightlines
uniformly. In the mCGM model, the cool gas is distributed throughout the CGM volume,
resulting in a low number density and therefore a low column density. To explain the
empty sightlines and the observed scatter in the column density, the cool gas ought to be
distributed in a smaller volume than the entire CGM. This will result in a higher particle
number density and a larger column density for sightlines passing through cool clouds
and non-detection along the empty sightlines. One can distribute the cool gas in several
cloud complexes (CCs) rather than uniformly throughout the entire CGM and better
explain the observations. In this paper, we extend the work of D24, moving beyond a

completely misty CGM to a more realistic CGM filled with misty cloud complexes. We
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refer to our model based on CCs as mCC' model, which stands for misty cloud complex.

Another closely related work to ours is the CloudFlex model (Hummels et al. 2024;
hereafter HR24). They generated numerous (= 10°) cloudlets within a CC, modeled
absorption profiles, and based on their analytic halo scale model for cool gas mass distri-
bution, predicted the equivalent width (EW) distribution of the MglI line. The CCs in
the CGM are analogous to terrestrial clouds that are made up of an astronomical number
of tiny water droplets. The CGM observations of individual absorption components at
high-velocity resolution suggest the cloudlets to be < 1 pe (e.g., Fig. 17 of Sameer et al.
2024 and Fig. 3 of Chen et al. 2023). It is impossible to computationally model such an
enormous number of cloudlets within a CC from first principles®. Instead, in this work
(section 4.3) we present a computationally tractable approach complementary to HR24,
treating the cloudlets within a CC analytically in the mist limit and generating Monte

Carlo realizations of a manageable number (103~*) of CCs throughout the CGM.

We put our mCC model in the context of mCGM (D24) and CloudFlex (HR24)
models. Following HR24, we create Monte Carlo realizations of cloudlets within a single
CC in section 4.4, with an increasing number of smaller cloudlets to show that the misty
CC approximation provides a satisfactory description of the otherwise computationally
intractable realization of an enormous number of cloudlets within a CC. Later in section
4.5, we generate Monte Carlo realizations of not only individual cloudlets within a single
CC but also the distribution of CCs across the CGM. In this computationally prohibitive
model, we cannot reach the mist limit, but we compare the distribution of EWs and obtain
the best model parameters. To conclude, our mCC model not only acts as a tractable
bridge between the simple misty CGM model of D24 and the realistic but computationally
expensive CloudFlex model (HR24), but also provides an intuitive understanding of the

complex distribution of cool gas in the CGM.

The MglI doublet metal transition A\ 2796, 2803 is well observed and studied in the
absorption of quasar light from the intervening CGM of external galaxies. In this work, we
focus on Mgll A\2796, but our model can also be used to analyze other cool ions like Sill,
Call, and CII, and with simple extension, also intermediate ions such as CIV and OVI
(c.f. section 4.6.2). Starting with MglI observational data in section 4.2, we present our

misty cloud complex (mCC) model in section 4.3. In section 4.4, we zoom in on a single

If 1 pc is the typical cloudlet size, we would need ~ 103 cloudlets to make up 10!°M, in the cool
CGM.
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Figure 4.1: The line of sight (LOS) projected distribution of 10> CCs each of radius 10
kpc in the CGM of radius 280 kpc with a power-law CC distribution of index aw = 1 (Eq.
4.7). Notice that there are numerous empty regions towards the outer regions of CGM
and comparatively fewer empty regions in the center. The LOSs passing through CGM
outskirts will, therefore, not produce strong ion absorption in contrast with the central

sightlines intersecting multiple CCs.

CC to verify the mist limit, particularly in velocity space. In section 4.5 we consider the
distribution of cloudlets within CCs (rather than assuming the mist limit), distributed
non-uniformly in the CGM. We end with a discussion and summary in sections 5.4 and

4.7, respectively.

4.2 Observational Data

Several surveys have been conducted to study cool gas in the CGM in the last ~ 2-3
decades over several redshift and stellar mass ranges, eg, MAGIICAT (Nielsen et al. 2013),
MAGG (Dutta et al. 2020), SDSS DR16 (Anand et al. 2021), CUBS (Qu et al. 2023), and
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MEGAFLOW (Cherrey et al. 2025), etc. For uniformity in redshift and stellar masses, in
our work, we compare our model results with the COS-Halos (Werk et al. 2012) survey
and the Magellan MagE Mg II (M3) Halo project (Huang et al. 2021). The COS-Halos
survey comprises 44 ~ L* galaxies with stellar mass in the range 10°°-10'!® M., with a
median of 101%° M, at the impact parameter of 15-160 kpc. The redshift range of these
galaxies is 0.1-0.4 with a median redshift of 0.22. We obtained the MglI column density
and equivalent width data from Werk et al. 2013 and the corresponding normalized impact
parameter values from Werk et al. 2014. The M3 Halo project comprises 211 isolated
galaxies with an impact parameter of 9 — 497 kpc, with a median of 94 kpc. The redshift
range is 0.1 — 0.48 with a median of 0.21. These galaxies span a wide range in stellar
mass of 2 x 10® — 4 x 10'* M, with a median stellar mass of 4 x 10'° M. They obtained
the best-fit log-log relation between the MgII equivalent width Ws796 and the impact

parameter (R ) for the isolated galaxy sample as,

o

log Wazgg(A) = (1.35 4 0.25) — (1.05 + 0.17)log R..
+(0.21 £ 0.08) x (log M%, — 10.3). (4.1)

They have also estimated the covering fraction at various impact parameter ranges with
various equivalent width thresholds, which we will compare with our model prediction

later.

Note that the two surveys have similar median stellar mass and redshift. Therefore,
we use the observational data from both surveys to compare the MgII column density,
EW, and covering fraction with our model predictions. Since the median redshift of these
surveys is ~ 0.2, we compute the MgII ion fraction at the redshift of 0.2 for our model.
Our model can also be compared with observations from other surveys with different

redshift ranges, provided that the ion fraction is computed at that redshift.

4.3 Misty cloud complexes in the CGM

Motivated by observations and simulations (area covering fraction and volume fraction),
we assume that the cool gas resides in cloudy structures rather than filling the entire
CGM volume (D24). We refer to these structures as ‘cloud complexes’ (CCs) following
HR24. These CCs are filled with tiny cool gas cloudlets. One of the caveats of the misty
CGM model of D24 is that it predicts cool gas along all LOSs, which is inconsistent with
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observations. If, instead, the cool gas is spread non-uniformly in these CCs, there will
be sightlines not covered by cool gas. For illustration, in Figure 4.1, we show the line of
sight (LOS) projected distribution of CCs in the CGM where the number density of CCs
as a function of distance from the center follows a power-law profile with a power-law
index of 1. There are 10® CCs in total, each of radius 10 kpc, distributed in the CGM of
radius 280 kpc. There are numerous empty regions without any CCs. The LOSs passing
through these regions will result in no detection of cool gas (corresponding to the upper
limits on the Mgll column). These empty regions are everywhere in the CGM (fewer
in the central region than in the outskirts). The LOSs passing through multiple CCs
will result in a higher column density of cool ions. Therefore, an intrinsic scatter in the
column density at a similar impact parameter is a natural outcome of the distribution of

cool gas in CCs rather than uniformly in the entire CGM.

We consider the CCs to be misty (the mist limit is attained for numerous enough
tiny cloudlets; see Appendix A), with the area covering fraction of cloudlets within a
CC equal to unity (f$ = 1). The area covering fraction of CCs (f{¢ different from

<) is the fraction of the CGM area occupied by CCs. This cannot exceed unity if we
do not separately count the areas of overlapping CCs; otherwise, it may exceed unity.
Assuming the mist limit within each CC, we distribute the CCs in the CGM, compute
the observables (column density, equivalent width distributions, covering fraction), and
compare them with observations. For concreteness, we compare average quantities for a

uniform and a power-law distribution of CCs.

If Moo and N are the total cool gas mass and the total number of CCs in the CGM,
respectively, then the mass of each CC is Mce = Meoo1/Nee, assuming (for simplicity)
that all the CCs have the same mass. The average number density of cool gas in each CC
(distinet from the physical density of the cool gas) is then (ng.s) = 3Mcc/(4 TREq pmy),
where Rcc is the radius of CC and pm,, is the mean molecular weight which we assume
to be 0.6m, (m, is proton mass) since hydrogen is mostly ionized even in cool CGM. We
fix the mass and radius of CCs and refer to this model as the ‘basic’ model. Later, in
Sec. 4.3.8, we consider the size and mass distribution of CCs in the CGM and refer to it

as the ‘advanced’ model.
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4.3.1 Analytical estimates

Before examining the Monte Carlo realization of CCs distributed across the CGM, it is
helpful to provide analytic estimates of the average number of CCs and the mean ion

column density along a LOS to facilitate a better understanding of the model.

Uniform distribution of cloud complexes

We begin with a uniform distribution of CCs in the CGM. So, the average number density
of CCs is (ncc) = 3Noc/(4 TR qy),> where Rogy is the CGM radius. The average
number of CCs intersected along a given LOS (see Table 4.1 for a list of commonly used

symbols) at an impact parameter R, is
<NCC,LOS>(RL> == 2/ <nCC>7TR2CCdSa (42)
0

where ds is the line element along the LOS and syax = /Régy — R%. This trivial
integral gives the average number of CCs encountered along a LOS,

(NocLos)(RL) =
2R o

Ry — R3. (4.3)

The area covering fraction of CCs in a CGM starts to approach unity when the average
number of CCs along a LOS exceeds unity, i.e., (Nocos) 2 1. For fiducial parameters
(Roc = 10 kpe, Reagm = 280 kpe), this happens when Nee 2 500. The average column

density of an ion is

(Nign) (R1) = 2 / " (nee) wREods) ((mian) (R)(LY), (4.4)

where the terms in the first bracket count the average number of CCs intersected along
ds and the terms in the second bracket represent the average column density of an ion
from a single CC. Here (njo,)(R) is the average number density of an ion in a CC at
a distance R from the center, which equals (ng.s) X fion(R), where fion(R) is the ion
fraction that depends on the physical number density of the cool gas for a given redshift

and metallicity and (ng,s) is the average number density of cool gas in a CC (distinct

2Note that we do not consider the inner 10 kpc region of the galaxy. The average number density of
CCs ({(ncc)) does not vary significantly if we consider only the CGM volume excluding the ISM, since
R¥ > (10 kpe)?.
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Symbol Meaning
Rcam Radius of CGM
Rce Radius of a cloud complex
R, Impact parameter
Mool Total cool gas mass in the CGM
Mece Mass of a cloud complex
Ncc Number of cloud complexes in the CGM
! Power-law index of CC radial distribution
Ny Number of cloudlets in a CC
Tel Radius of a cloudlet
¢ Area covering fraction of CCs in CGM
< Area covering fraction of cloudlets in a CC
(NceLos) | Average number of CCs intersected along a sightline
(Nion) Average column density of an ion along a sightline
fv Volume filling fraction of cool gas in a CC
oC Volume filling fraction of CCs in CGM
Mool Physical number density of cool gas
(Ngas) Average density of gas in a misty CC
(nce) Average number density of CCs
(Nion) Average number density of an ion
Jion Ion fraction
bthermal Thermal broadening
beurb.cC Turbulent broadening across a CC
biot Total broadening
Warge Equivalent Width of Mgl
ULOS

LOS velocity

Table 4.1: Symbols used in this paper and their description. Our fiducial parameters are
RCGM = 280 kpC, RCC =10 kpC, Mc001 = 1010M®, NCC = 103, and o = 1.
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from physical density of cool gas)®, (L) is the area-averaged path length across a CC,

(1) — Jo < 2mbdb2y/RE — 0 4
Ji¥eC 2bdb 3

Therefore, we get the following expression for the average column density of an ion along

which is equal to,

Rec. (4.5)

the LOS at an impact parameter of R,

Rec \° /RCGM RdR
Nion)(R1) = 2N, a5 ion(R) —. 4.6
i) (1) =2 ( ) tn) [ pn(B) e a9

Power-law distribution of cloud complexes

Next, we use a power-law distribution of the number of CCs as a function of r of the

form

(nec)(7) =na (7 ) ()

Rcoam

where « is the power-law index and ng is obtained using the normalization condition
Noc = [{nce)(R)AnR*dR. We get the following expressions for the average number of
CCs intersected and the column density of an ion along a LOS at an impact parameter

RLa
Rcam Rot!

_ 2 «
(Nccros) (R1) = 2nom Rec Ry W JRE R T dR, (4.8)
and
iR Reins) [ )R (49)
Nion R) = cngm C Ngas ion B . .
( )(R1) g0 icctoam Tt . -

In addition to the average column density, we also calculate the standard deviation

using estimates derived in Appendix A.2.

Volume & mass fraction of cool gas in CCs

The mass fraction of CGM in the cool (~ 10* K) phase is subdominant compared to the
volume-filling hot phase (e.g., D24, Faerman & Werk 2023). The volume fraction is even
smaller since cool gas is denser. Table 3 in D24 quotes a cool mass fraction of 11.9% and

a volume fraction of 0.16% for a Milky Way-like TNG50 halo. Since in our CC model,

3Physical density is the true or the local density of the cool gas whereas the average density is the

global average density taking into account the full available volume (see Figure 2 of D24).
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cool gas is confined only within CCs, we expect the volume and mass fraction of cool gas

within a CC to be higher than the whole CGM.

The volume fraction of cool gas within a CC is

f o Mcool — 0.016 Mcool
Vo Necpimpnen (4TRE/3) 1010 M,
Nec\ ™ Neool )1 Ree \7°

4.10

X(mi‘») (10*2cm*3 10kpe) (4.10)

and the mass fraction is,

_ Mcc
Mcc + (1 — fv)umpnpes(4m R /3)

fu (4.11)

which equals 0.62 for our fiducial parameters (assuming ny,; = 107* cm™ for hot gas in
pressure equilibrium with cool clouds). As expected, the volume and mass fraction of
cool gas within CCs are higher than in the full CGM. The volume fraction of CCs within
the CGM is

R 3 N, R /R -3
CC _ N, C ) =005 =C cC oM . 4.12
v “C\ Roau 103 ) \10kpc 280 kpc (4.12)

However, the volume fraction of cool gas in the CGM as a whole would be tiny, f7°x fi, ~

0.08 %, consistent with Table 3 of D24 based on a Milky Way-like TNG50 halo. The

volume fraction of CCs is typically small, yet the area covering fraction can be substantial
because of projection along the LOS (e.g., see Figure 4.1). This also means that the
probability for the overlap of two CCs is small (~ 5%), implying that such overlapping
CCs do not affect our statistics. Therefore, we do not bother about ensuring that CCs

do not overlap.

4.3.2 Physical number density profile of cool gas

The pressure of the cool gas is expected to be higher in the central regions than in the
outskirts. This pressure variation will result in density variation across the CGM, with
higher density in the center and lower density in the outskirts. Motivated by Stern et al.
2016, who modeled the cool photoionized CGM gas and found that the mean cool gas
density scales as R™1%03 (see also, Faerman et al. 2025), we assume the following cool

gas density profile,

RO\
Neool(R) = 1072 x ( ) cm ™, (4.13)



A similar density scaling with radius is also found by Werk et al. 2014 for the COS-Halos
sample. The CGM is expected to have a shallower density profile compared to the dark
matter density because of feedback (e.g., see Fig. 2 in Sharma et al. 2012 for the hot
gas density profiles inferred in groups and clusters), and we try this specific form to test
the impact of varying n..o, with radius. The variation in the physical density of cool gas
only changes the ion fraction (fion; see Appendix A.1) as a function of radius at a given

redshift and for a given metallicity.

4.3.3 Understanding analytical results

Using the analytical estimates and the physical density of cool gas, we calculate and
compare the mean MgIl column density for various parameters. We adopt M.y, =
10'° My, Roe = 10 kpe, Noe = 103, and Rogy = 280 kpe as our fiducial values. There
are several observational studies of the coherence length of the metal-bearing cool gas in
the CGM. Afruni et al. 2023 and Shaban et al. 2025 found the coherence length of MglI
to be ~ 5 and 2.7 kpc respectively while Dutta et al. 2024b estimated it to be ~ 10 kpc.
Therefore, we choose 10 kpc as our fiducial value for the radius of CC. To obtain the Mgl
ion fraction, we consider Eq. 4.13 for the cool gas density profile. We compute the Mgl
ion fraction using CLOUDY (Ferland et al. 2017) at a redshift of 0.2 and a temperature
of 10* K. We choose KS18 (Khaire & Srianand 2019) as the background radiation field
(see Figure A.2). We also consider a constant metallicity of 0.3 solar (Prochaska et al.

2017) to compute the MgII column density.

In the top panel of Figure 4.2, we show the average Mgl column density as a function
of the normalized impact parameter for various models. The black line shows the baseline
MglI column density from the misty CGM model of D24. We choose the parameters
similar to (but not identical to; in particular, our CGM extent of 280 kpc is smaller than
their choice of 333 kpc) what D24 found for one of the Milky Way-like TNG50 halos. The
blue line shows the average Mgll column density for uniform distribution (Eq. 4.6) while
magenta and orange lines show the column density for power-law distribution with power-
law index of & = 1 and 2 respectively (Eq. 4.9). The column density profile from D24

shows no trend with impact parameter,® while uniform and power-law distributions of

4This is due to constant ion fraction values assumed at all radii. In Fig. 11 of D24, they assume a
constant fagir = Nmgrr/Mmg, Which gives a flatter MgII column density compared to a self-consistent

model that allows faerr to vary with pressure (e.g., see Fig. 6 of Faerman & Werk 2023).
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Figure 4.2: The top panel shows the mean MglII column density as a function of normal-
ized impact parameter. The black line shows the baseline column density from D24. The
blue line shows the mean MglII column density for uniform distribution, while magenta
and orange lines show the same for power-law distribution of CCs in the CGM with
power-law index of 1 and 2 respectively (Eqs. 4.6, 4.9). The baseline column density
predicted by D24 shows no trend with the impact parameter, while the uniform and
power-law distributions show a declining trend, which is observationally observed. How-
ever, the column density values for the power-law index of & = 1 (magenta line) better
match the typical values from observations. So we choose a power-law distribution with
index o = 1 as our fiducial parameter. The solid magenta line in the bottom panel shows
the mean MgllI column density for the fiducial value of &« = 1. The dotted magenta lines
show the expected standard deviation (see Appendix A.2) from the average. The data
points are from the COS-Halos survey (Werk et al. 2013). Even the data with smaller
redshift (0.15 — 0.25) and stellar mass bins (10.5 — 11 in log;,; encircled with black color)

show intrinsic scatter in the column density data.
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CCs in CGM show a declining trend with the impact parameter, which is what is observed.
This declining trend has contributions from both the power-law distribution of CCs and
the variable ion fraction with radius. Clearly, uniform and power-law distributions with
a = 2, respectively, under- and over-predict the typical MgIl column density values.

Therefore, we choose a power-law distribution with index ae = 1 as our fiducial model.

In the bottom panel, the solid magenta line shows the mean Mgll column density
for our fiducial model (o = 1). The dotted magenta lines show the expected spread
(standard deviation) in column density (see Eq. A.4), which is computed by taking care
of the variation in the number of CCs along a LOS and the deviation in the intersected
length of a CC. To estimate the standard deviation, we choose the MglI ion fraction value
at the smallest 3D distance (equal to the impact parameter) at a given impact parameter.
Also plotted are the observations from the COS-Halos (Werk et al. 2013) survey. The
circles show detections, while the upper and lower triangles show the lower and upper
limits, respectively. The data points encircled with black color are the sub-samples with
a narrower redshift range of 0.15 — 0.25 and stellar mass range of 10.5 — 11.0 (in log10).
The observationally inferred column densities are typically the total column density along

a LOS, summing over the individually detected components.

Notice a larger scatter in the observed Mgll column density values at similar im-
pact parameters. The large scatter can arise due to various possibilities like a broad
range in the halo/stellar masses of galaxies, a range in redshifts, different galaxy types
(quiescent /star-forming), and orientation. However, the sub-samples (points encircled
with black color) with a narrow range in stellar mass and redshift also show significant
scatter. Therefore, there must be an intrinsic or true scatter in the column densities of
ions tracing the cool CGM. The true scatter most likely arises due to the clumpy nature
of the cool gas, projection effects, and intrinsic scatter in the cool gas number density
at similar impact parameters (Yang et al. 2025). Using absorption line measurements
in the spectra of multiple background quasars at different impact parameters, Rao et al.
2013 and Lehner et al. 2020 mapped the CGM of M31 and found a clear scatter in the
column densities of ions tracing its cool gas. By combining the observed column densities
of Sill, Silll, and SilV, Lehner et al. 2020 showed that the total silicon column density
also exhibits scatter (see their Fig. 10), indicating the clumpy nature of the cool gas.
The true scatter would be clearer from future observations/surveys (e.g., Ng et al. 2025)

with a larger sample of galaxies having similar stellar mass, redshift, and types. Our
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analytical expressions (Eqs. 4.6, 4.9) pass through the general scatter of the observa-
tions. The average column density does not provide stringent constraints on the nature
and distribution of CCs because of a large spread and scattered upper/lower limits in the
observationally inferred MglI column density. These observations motivate our Misty CC

model.

4.3.4 Monte Carlo realizations of CCs in the CGM

The analytical estimates of the mean column density and its deviation provide an excel-
lent framework to compare the trends in observed column density. However, to compare
the possible intrinsic spread in observed Mgll column densities and EW with the model
prediction, we need to create a Monte Carlo realization of CCs in the CGM. The intrin-
sic scatter in the observed column density values at similar impact parameters can be
reproduced by limiting the cool gas to misty CCs rather than filling the entire CGM by

cool mist (as in D24).

To generate a Monte Carlo realization of CCs in the CGM, we populate Noc number
of CCs each of radius Roc in the CGM for power-law distributions with index o = 1.
We first sample the radial distance r of the center of CC from the power-law distribution
(see Eq. 4.7). We then draw a uniform deviate in ¢ ranging from 0 to 27 and in cos @
from —1 to 1. Using these r, ¢ and 6, we compute the z,y, z coordinates. We ensure that
the CCs are not populated beyond the CGM boundary (Rcgm) by recomputing the CC

coordinates in case they are.

After generating the centers of CCs, we shoot 10* LOSs (spaced uniformly in log;, R )
through the CGM in the z direction. We then compute the z,y coordinates of the LOS
by drawing a random value of ¢ uniformly between 0 and 27 and calculate the number of
CCs intersected and the corresponding intersected lengths along each LOS. We calculate
the total column density for each intersected CC using the intersected length, the average
cool gas density in the CC ((ngs)), and the Mgll ion fraction. To calculate the MglII
column density, we calculate the MglI ion fraction using the physical cool gas density
(Eq. 4.13) and the ion fraction at a redshift of 0.2, assuming a cool gas temperature of 10*
K, metallicity of 0.3, and KS18 as background radiation field (see Appendix A.1). Recall
that our CCs are assumed to be uniform and in the mist limit. In the observations,

column density is typically derived from the Equivalent Width (EW) based on Voigt
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profile modeling of various absorption components in the background quasar continuum
produced by the intervening CGM. In our model, we first calculate the column density
and then the corresponding EW, assuming a velocity field in the CGM and turbulent

broadening across a CC, which we discuss below in detail.

Computing Equivalent Width

We can compute the EW using the column density estimated above using the curve
of growth and assuming a reasonable b-parameter (that characterizes the thermal and
turbulent broadening of the absorption line; Draine 2011). For a Mgl column density
> 10" cm™2, the EW will be lower than the linear extrapolation of the flat portion of the
curve of growth (see Figure 4.3). For example, if we have 10 CCs (coinciding in LOS and
turbulent velocities so that they produce a single absorption feature) along a LOS, each
with a MgII column density ~ 10'® cm™2, then the EW computed using the total column
density will be lower than the sum of EWs computed for each CC individually. However,
summing the EWs is appropriate when the LOS CCs are kinematically non-overlapping.
The correct EW along a LOS lies between these two extremes and depends on the details

of the LOS and the turbulent velocities of cloud complexes.

Ansatz for turbulent broadening across a CC

To compute EW, we consider both thermal and turbulent broadening across a CC. We
assume the temperature of the cool gas to be 10* K, which gives thermal broadening
of bihermal = \/W = 2.6kms~! for MglIl. We also consider the contribution
of turbulent broadening (byub,cc; across a CC) for each CC. We compute by cc in as
follows. Assuming that turbulence is driven at CGM global scales with velocity dispersion
owrb,com that cascades down to CC scale without loss,” the velocity dispersion at CC
1/3

scale is given by Goub.cc = Tturb,cam X (Rec/Ream)'?. Therefore, the total broadening is

biot = \/ b2 ol bfurb,CC (in the micro-turbulent limit; Mihalas 1978), where by cc =

\/§Uturb,CC- To estimate Oty com, We assume the turbulent Mach number of the hot

(~ 2 x 10° K), volume-filling CGM to be ~ 0.5 (e.g., Schmidt et al. 2021; Mohapatra

5In Kolmogorov-like turbulence, kinetic energy cascades without loss across inertial scales with the
turbulent velocity at scales I and L related as v; = vy, (I/L)/3, down to the small viscous scale at which

it dissipates (Kolmogorov 1991).
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Figure 4.3: Variation in Mgll EW with MglI column density. The black lines show the
EW for various by, values. The solid blue, red, and magenta lines show the analytical
relation between EW and column density in the optically thin limit, and in the flat and
damped portions of the curve of growth. These analytic relations are from Draine 2011
(see Chapter 9). We assume thermal broadening at T' = 10* K for MglI, which gives

1

bihermal = 2.6 kms™'. In the flat portion (applicable to most of our CCs, see Fig. 4.2),

the EW increases with increasing turbulent broadening.
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et al. 2022a).% These assumptions give o3piubcom ~ 107kms™. For Roe = 10 kpe and

Rcam = 280 kpe, we get o3prub.cc = 35kms™.

Thus, the 1D turbulent dispersion is
Tturb,CC = O3Dturb,CC/ V3 =20kms~'. For simplicity, we choose the turbulent broadening

parameter to be the same for all intersected lengths across the CC.

Figure 4.4 shows the contour plot of the maximum MglI column density (black lines
indicate log,,Nygrr; corresponding to the LOS passing through the center of a CC) and
equivalent width (in 1&; magenta lines) for a single CC in the Noc — Roc parameter space
for a fixed total cool gas mass M., = 10 M. The MgII column density for a LOS
passing through the center of a CC is (nyg) X 2R, which simplifies to

Moo N, - R -
NMgH,maX =9.2x 1012 Cm_2 ( l ) ( CC) ( cC ) . (414)

1010 M, 103 10kpc

To compute the MglIl column density above, for simplicity, we assume the MgII
ion fraction to be 0.2. Note that Mgll fraction of 0.2 correspond to the gas density
of ~ 1072cm™ at redshift of ~ 0.2 (see Fig. A.2). We first generate the normalized
absorption profile (I, = exp[—7,], where 7, & Nyigrr is the frequency-dependent optical
depth; see Eq. 9.5 in Draine 2011) and then compute the area under the normalized
absorption profile as the definition of EW. In the linear regime of the curve of growth
(Nygnn < 102 em™?; see Fig. 4.4), the EW and column density contours run parallel
to each other, which suggests a single value of EW for a given value of column density

(Eq. 4.14). At higher column densities, Ny = 102 cm™2, for a fixed column density

the EW increases with an increase in Roc as byub,cc is larger for a larger CC according
to our ansatz for CGM turbulence (see Figure 4.3). This regime lies in the flat part of
the curve of growth. Therefore, to obtain a higher column density and EW per CC, one
needs larger and fewer CCs. Thus, the observed column density and EW distributions

can constrain the cool CGM mass and the CC numbers and sizes.

Ansatz for LOS velocity of CCs

To compute the absorption spectrum along a LOS, we require the LOS velocities of

the intersected CCs. We assign a 3D velocity field with a Gaussian distribution and a

SDirect observations of turbulence in the hot CGM are not available for Milky Way mass halos. The
CGM is expected to have a larger turbulent Mach number than the intracluster medium, for which the

hot phase turbulence is subsonic with a turbulent Mach number ~ 0.2 (Hitomi Collaboration et al. 2016).
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Figure 4.4: Contours of equal (in log;g) maximum MgII column density (corresponding
to LOS passing through the center of a CC; black lines) and equivalent width (magenta
lines, in units of A) in the parameter space of Noc and Rgc for a single cloud complex
with Moo = 1019M,. For MgII column densities 2> 103 cm ™2, the EW saturates in the
flat part of the curve of growth (see Figure 4.3) and the curves of constant EW are no
longer parallel to the constant column density contours. The EW increases with Rcc for

a fixed MglI column density because of a larger by, cc (see Fig. 4.3).
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Kolmogorov power spectrum’. (v; oc ['/3) on a 1800% grid across the entire CGM. Every
CC is assigned the velocity from the closest grid cell. The turbulent velocity field has zero
mean and standard deviation o3pgybcom = 107 km g1 (assuming our ansatz for global
CGM turbulence). In addition to this bulk velocity, each CC also has a Gaussian spread
in its internal velocities (oyum cc), as mentioned earlier. To generate the absorption profile
along each LOS, we consider the blending of absorption profiles from all intersected CCs.
The optical depth along a LOS is computed as the sum of the optical depths from each
intersected CC, 7(v) = >, 7;(v), where the summation goes over all the intersected CCs.
Thus, the normalized absorption profile is given as I(r) = exp[—7(v)] and the area under

it gives the total EW along a LOS.

4.3.5 Comparing Mgll column density with observations

The top panels of Figure 4.5 show the column density distribution along 10* sightlines
(empty sightlines are not shown) across the CGM with 10® CCs and a CC radius Roc = 10
kpe, but with the cool gas mass of 10, 10*° and 10 M ; we choose the power-law index
a = 1. The data points shown in green color are from the COS-Halos survey (Werk
et al. 2013). The average Mgll column density varies linearly with the cool gas mass,
which suggests that the column density distribution of cool gas tracers (like MglI) is a
quantitative indicator of the cool gas mass in the CGM. The trend and average Mgl
column density are most consistent with a cool CGM mass ~ 10 M. The distribution
of MglII column density from our Monte Carlo-generated LOSs is too small (large) for

10°(10') My, in the cool CGM.

The bottom 3 x 3 panels of Figure 4.5 show the variation in MgII column density
for cool CGM mass of 10" M, with a variation of the number of CCs (Ngc across rows)
and the CC radius (R¢c across columns). For small Rec and N¢g, the detected column
densities are much larger, but the covering fraction is small since most sightlines do
not encounter cool gas. Since we only show detections, the cases with a small covering
fraction will have a smaller number of grey circles. For larger Rcc, the covering fraction
increases, and the individual LOS column densities are smaller. With an increasing

number of CCs and CC sizes (bottom right panels), the scatter in Mgl column density

“Chen et al. 2023 found that the Kolmogorov scaling is consistent with the observations for clouds
with sizes < 1 kpe. The same scaling holds at a much larger scale in extended QSO nubulae (Chen et al.,
2024)
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Figure 4.5: Variation in the MglI column density along 10* sightlines with the cool gas
mass (top panels), and number and radius of CCs (bottom 3 x 3 panels) for a power-law
(v = 1) distribution of CCs in the CGM. Only non-zero values are shown with circles,
resulting in a smaller number of them when the covering fraction is small. The data points
shown in green color are from the COS-Halos survey (Werk et al. 2013). It is evident
from the top panels that cool CGM mass of ~ 10'% M, best matches the observed data.
The bottom panels show the variation in MgIl column density with Rcc and Ng¢ for
a fixed cool gas mass of 10’ M. Notice that the increase in the size of CC results in
less scatter in the column density because with larger CCs, the volume fraction of CCs
is larger, and a similar number of CCs is intersected along different sightlines. A similar
trend is observed for a larger number of CCs in the CGM. For the range of parameters
we explored, Noc = 10® CCs with Rec = 10 kpe and M, = 10'°M, best explain the

observed MgII column density distribution.
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decreases. The observed spread in the inferred column densities of cool/warm gas can
thus help us constrain cool/warm CGM parameters such as M.y, Noc, and Roe. The
observed column density distribution is most consistent with the simulated distribution
for Noc = 103, Rec = 10 kpe, Moo = 101°M,,, and with the power-law index of a = 1

(see Fig. 4.2), so we adopt these as our fiducial values.

4.3.6 Comparing MglII Equivalent Width and covering fraction

with observations

For each LOS, we quote a single EW, corresponding to the area under the absorption
spectrum across velocities, and do not separate different absorption components. Most
of the observational works quote a single EW along a LOS, adding EWs of multiple
absorption components if present, implicitly assuming a single absorption component in
the curve of growth modeling. The advancement of high-resolution spectrographs and
precise modeling will make it possible to model the total absorption on a component-
by-component basis, a method currently being applied in a few limited studies (Sameer

et al. 2024).

The top panel of figure 4.6 shows the Mgll EW for our fiducial mCC model. The
grey scatter points show the EW distribution from Monte Carlo realizations of CCs along
various LOSs; empty sightlines are not shown, and the black line shows the mean EW.
The observed relation of EW with impact parameter (R, ) from Huang et al. 2021 is
shown using an orange line, with the dotted lines showing the 1o uncertainty. The green
data points are from the COS-Halos survey (Werk et al. 2013). The EW distribution
from our model matches the COS-Halos samples (though there is a large scatter in the
observed EWs). Even though our model predicts EW values slightly less than the fits from
Huang et al. 2021, the values are consistent within the 1o limit. Moreover, observational
distribution is likely to be biased toward higher values because of the difficulty in detecting
weak absorption features. The log-log EW-impact parameter relation from Huang et al.
2021 predicts larger EW, especially at lower and higher impact parameters. However,
adopting a log-linear relation between the EW and impact parameter will result in the
mean EW distribution shape, which resembles our model (see figure 12 of Dutta et al.
2020). In the bottom panel, the solid and dashed black lines show the Mgll covering

fraction as a function of the normalized impact parameter from our model for the EW
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thresholds of 0.3 A and 0.1 A, respectively. The orange data points are from Huang
ot al. 2021 with an EW threshold of 0.3 A. Our misty CC model with fiducial parameters

effectively reproduces the covering fraction and equivalent width (EW) distributions.

4.3.7 Estimating cool gas mass in the CGM

One of the fundamental physical properties of the CGM is its mass distribution across
different temperature phases. While the volume-filling hot phase is difficult to observe,
quasar absorption lines from cool and warm CGM ions are commonly observed. However,
there are large variations in the inferred column densities and several upper and lower
limits (e.g., see Fig. 4.2). Because of these wild variations, it is hard to estimate the
cool and warm gas masses. The large variations and scatter in the column density carry
important information that can help us infer the physical properties of the cool/warm

CGM.

Relation between average column density & covering fraction

For the same cool CGM mass, the CCs can be arranged in different physical configurations
— compact CCs with smaller Rgc or fewer CCs. With compact CCs and fewer of them, we
expect to encounter several empty sightlines, resulting in a small covering fraction. But
whenever a LOS encounters a CC, in this case, it is with a large column density (e.g.,
compare the second-left column of Figure 4.5 with the bottom-left column). One can
easily verify that the product of the average column density (averaged over detections)
and the covering fraction is roughly the same for the same cool CGM mass. Figure 4.7
shows the correlation between the average Mgll column density and the covering fraction
of CCs in the CGM for various combinations of Rcc, Noc, and Me.o. We chose 100
random samples (with selection probability proportional to the projected area from a
total of 10* (see Figure 4.5) to be statistically consistent with observations and compute
the average MglI column density and covering fraction (defined as the ratio of non-empty
sightlines and the total number of sightlines [100]) for these.® The colored points with

solid, dashed, and dotted black lines on their borders correspond to the cool gas mass

8We bin the projected CGM into 10 radial annuli of equal areas and then select 10 LOSs randomly
from each annulus, resulting in a total of 100 LOSs. This ensures that the probability of the selection of

a LOS is proportional to the area of the annulus to which it belongs.
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Figure 4.6: The top panel shows the Mgll EW distribution as a function of the normal-

ized impact parameter for our fiducial mCC model. The grey points (note that empty

sightlines are not shown) show the total Mgll EW as a function of the impact parameter

for 10* sightlines. The black solid line shows the mean EW. The solid and dotted orange

lines show the best-fit relation and 1o spread based on observations from Huang et al.

2021. The green points are the EW data points from the COS-Halos survey (Werk et al.

2013). The bottom panel shows the covering fraction as a function of the normalized

impact parameter: the solid black line for an EW threshold of 0.3 A and the dashed

black line for 0.1 A. The orange points show the covering fraction values from Huang

et al. 2021 for the EW threshold of 0.3 A. Our mCC model with the fiducial parameters

reproduces the EW distribution and covering fractions.
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Figure 4.7: The average MglI column density as a function of the area covering fraction
of CCs for various combinations of the cool gas mass, Noc and Rec (see Figure 4.5). The
colored points with solid, dashed, and dotted black lines on their borders are for a cool
gas mass of 10%, 10'° and 10! M, respectively. The error bars on each point show the
standard deviation on the column densities. The dotted, dashed, and solid black lines
show the contours of constant average Mgll column density times the covering fraction
for three different values (Npgr) X f§¢ = 10113,10'%3 and 10'3 cm™2, respectively. The
product of these two quantities closely tracks the cool CGM mass and hence can be used
as an observable proxy for the cool CGM mass. To compute the above quantities, we
selected 100 random sightlines (so that the probability of selection is proportional to the
projected CGM area) out of 10* to be statistically consistent with the typical size of
observational samples. The green point represents the result from the COS-Halos (Werk
et al. 2013) survey, the position of which indicates a cool gas mass of ~ 10'° M, for the

COS-Halos galaxies.
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of 10%,10'% and 10 M, respectively. The error bar shows the standard deviation in
the column densities. The dotted, dashed, and solid black lines show the contours of
a constant average column density times the covering fraction for the three cases with
(Npgrr) % L€ =10113,10'%3 and 1033 cm?. The points corresponding to the same cool
CGM mass have a similar value of (Nygrr) X fgc, regardless of Roc and Nge. The green
point shows the result from the COS-Halos (Werk et al. 2013) survey. The positions
of the data point indicate a cool gas mass of approximately ~ 10 My for COS-Halos
galaxies. We calculate the covering fraction from COS-Halos data by dividing the number
of detected LOSs by the total number of observed sightlines, excluding lower limits. A
more accurate statistical analysis of the data is beyond the scope of our paper. Thus, we
have shown that the combination of the covering fraction and average column density can
constrain the mass of the cool CGM. Moreover, the intrinsic spread in column density

distribution constrains the number of CCs and their sizes.

4.3.8 ‘Advanced’ Model: varying size and mass of CCs

So far, we have considered the ‘basic’ model, where we consider a fixed radius and cool
gas mass of cloud complexes. However, cool clouds in the CGM are observed to have a
range of sizes and masses, from ~ pc size (Hsu et al. 2011) to ~ kpc size (Dutta et al.
2024b) and mass varying from ~ 10* to ~ 10% M. A large variation in size and mass of
cool clouds is also seen in cosmological simulations (Nelson et al. 2020; Ramesh & Nelson
2024; Ramesh et al. 2025) and idealized simulations (Gronke et al. 2022; Das & Gronke
2024; Tan & Fielding 2024). Galactic feedback processes also affect the distribution of
clouds in the inner CGM, making the radial distribution profiles shallower in the inner
region of the CGM, and even a turnover in the index can occur at lower radii (Nelson
et al. 2020; Augustin et al. 2025). Therefore, in this subsection, we move beyond our
‘basic’ model with fixed size and mass of CCs in the CGM, and introduce a size and mass
distribution of CCs, examining the impact of these modifications on the observables.
Along with these modifications, we also incorporate a realistic radial distribution of CCs
in the CGM to mimic the effect of galactic feedback processes. We refer to this modified

model as the ‘advanced’ model.

Motivated by the observations and simulations mentioned above, we adopt a power-
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law distribution of the radius of spherical CCs in the CGM as.

dRcc

Gronke et al. 2022; Das & Gronke 2024; Tan & Fielding 2024 in their idealized simula-

x Rgl, (4.15)

tion consistently found that the volume distribution of cool clouds follows a power-law
behaviour V=1, where V is the volume of cool clouds. Therefore the size distribution,

assuming r oc V13, also follows a power-law distribution with .

The power-law be-
haviour of the size distribution of cool clouds is also found in cosmological simulations
with index ~ 1.5 (as can be inferred from Figs. 10 and 3 of Ramesh & Nelson 2024 and
Ramesh et al. 2025 respectively). Therefore, we choose the fiducial value of the power-law
index n as 1. Apart from the power-law behavior, simulations show a turnover at smaller
sizes (Figs. 10 and 3 of Ramesh & Nelson 2024 and Ramesh et al. 2025 respectively, and
Fig. 12 of Gronke et al. 2022), likely due to the resolution limit. Therefore, we choose the
lower and higher cutoffs of 100 pc and 10 kpc on the size distribution of CCs. Similarly,

we consider a power-law mass distribution of the CCs.

dNcc

Like the size distribution, the idealized simulations (Gronke et al., 2022; Das & Gronke,

o< Mg (4.16)

2024; Tan & Fielding, 2024) show a power-law mass distribution of cool clouds with index
2, while the cosmological simulations show a power-law with index ~ 1 (Fig. 9 of Ramesh
& Nelson 2024). Therefore, we adopt the fiducial value of the power-law index ( as 2
and lower and upper cutoffs of 10° and 107 M. For the radial distribution of CCs in
the CGM, we adopt a broken power-law profile to mimic the effect of galactic feedback
processes on the distribution of clouds in the following form.

dR

x R, R < Ry
x R™*2: R > R, (4.17)

The broken power-law distribution is seen in simulations (Fig. 9 in Nelson et al. 2020
and Fig. 11 in Ramesh & Nelson 2024). We adopt the shallower (inner regions) and
steeper (outer regions) indices to be a; = 0.1 and ap = 1, respectively. Morgan & Bailin
2025 analyzed the isolated galaxies in the TN (G100 simulation and found a characteristic
scale of 0.2 times the virial radius, corresponding to the size of outflows. Motivated by

this result, we choose the break point of the broken power-law to be Ry = 50 kpc.

With these modifications, we generate CCs in the CGM so that the total CC mass
reaches the total cool gas mass in the CGM, which we have taken to be 10'° M. Note
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that in this ‘advanced’ model with the fiducial parameters, we generate a larger number
of CCs (21,622) than 10%, our fiducial value in the ‘basic’ model. We also ensure that
the average number density of cool gas in each CC is less than the physical density (see
Eq. 4.13) at the radial location of the CC by regenerating the mass of the CC, where
the average/global density is 3Mcc /(47 R cpumy). The above condition also ensures that
the cool gas volume fraction within each CC is less than unity. After generating the CCs
of variable size and mass, we follow similar steps as in our ‘basic’ model to compute the

observables.

In Fig. 4.8, we show the Mgll column density as a function of normalized impact
parameter for both ‘basic’ (grey points) and ‘advanced’ (blue points) models for 10*
sightlines (empty sightlines are not shown). The green data points are from the COS-
Halos survey (Werk et al. 2013). The solid grey and blue lines show the average Mgll
column density for the ‘basic’ and ‘advanced’ models, respectively. The average column
density shows a similar declining trend in both the ‘basic’ and ‘advanced” models. The
‘advanced” model shows a larger scatter in column density values compared to the ‘basic’
model due to variation in size and mass of CCs, which effectively generates a larger
number of CCs. The overall covering fraction is also higher in the case of the ‘advanced’
model due to a smaller size (larger number) of CCs, the overall average column density is
lower, such that the product of average column density and covering fraction is constant

for the fixed cool gas mass in the CGM as compared to the ‘basic’ model.

The highest column density is also larger for the ‘advanced’ model due to these
variations. Varying the upper/lower limits and slope of the CCs’ size, mass, and radial
distribution has a similar impact on the column density distribution as in the case of the
‘basic’ model (see Fig. 4.5). The parameter variation that produces a larger number of
CCs (larger index and smaller lower /upper cutoff on size and mass distribution), results
in the larger covering fraction, and smaller scatter in the column density and smaller
average column density value, since the area covering fraction times the average column
density is constant for the fixed cool gas mass in the CGM. For example, changing the
power-law index of mass distribution to 3/1 from the fiducial value of 2 results in a
total of 50,789/4,165 CCs, which results in a smaller/larger scatter and smaller/larger
average Mgll column density. Similarly, increasing the broken power-law index to 2
(outer regions) from 1 results in a larger number of CCs in the central region and fewer

in the outskirts. This results in a smaller scatter and covering fraction at inner regions
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Figure 4.8: The grey and blue points show the MgII column density for the ‘basic’
and ‘advanced’ (considering the size, mass, and realistic radial distribution of CCs in
the CGM) models, respectively, along a total of 10* sightlines (empty sightlines are not
shown). The solid lines in the respective colors show the average MgII column density.
The green data points are from the COS-Halos survey (Werk et al. 2013). Notice a slight
decrement in the average column density for the ‘advanced” model and therefore a larger
covering fraction, since the product of average column density and covering fraction is
fixed for the fixed total cool gas mass in the CGM. The scatter is larger in the case of

the ‘advanced’ model due to the size and mass variation of the CCs.

and thereby a larger average column density. Changing the break point from 50 kpc
to 100 kpc does not affect the distribution significantly. Although the above results
are generally valid, noticeable variation in column density occurs only when there is a

substantial change in these parameters.

4.4 Line blending with smaller cloudlets

In the last section, we analyzed the distribution of misty CCs in the CGM. Mist limit
refers to a unit area covering fraction within a CC with an enormous number (N, — 00)

of tiny (rq — 0) cloudlets. In this section, we investigate the mist limit kinematically
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using the Mgll absorption profile by generating a large number of cloudlets (of small
size) within a CC. Therefore, we look for the convergence of the MglI absorption profile
from tiny cloudlets within a CC and compare it with the misty CC model in the previous
section. To do so, following HR24, we zoom in on a single CC, generate spherical cloudlets
within it, and assign velocity to each cloudlet. We assume turbulent broadening across
a cloudlet (in a similar manner as done in the previous section) along with thermal
broadening, even though turbulent broadening across a ~ parsec size cloudlet is smaller
than thermal broadening and the LOS velocity spread of cloudlets across the CC. We
show that turbulent broadening across a CC emerges due to the blending of absorption
profiles of individual cloudlets intersected along a LOS, which are typically closely spaced
in the LOS velocity space.

Instead of generating cloudlets throughout the entire CC (Mcc = 107 Mg, Rec = 10
kpc), which would yield an excessively large number of cloudlets (~ 10'° for r4 = 1 pc),
we focus on a smaller cylindrical region along the LOS to keep the total cloudlet count
computationally manageable. We select a cylinder with a radius of 40 pc and a height of
20 kpc, positioning it at the center of the CC. This allows us to generate and analyze fewer
cloudlets in a reduced volume. We uniformly populate cloudlets in the cylindrical volume
and ensure that the cloudlets are within the cylinder by regenerating the coordinates of
the cloudlets that lie outside it. We vary the size of spherical cloudlets with r,, = 10, 1, and
0.1 pc and a fixed ol = 1072 cm™3. Once we generate the coordinates of all cloudlets,
we create a 3D realization of the velocity field following the Kolmogorov spectrum at the
CC scale over a grid of 200%. Each cloudlet is assigned this background velocity field
based on the nearest grid to the cloudlet. The velocity field has zero mean and standard
deviation o3piwb.cc = T3pturb.cam X (Ree/Ream)? = 35kms™ for Roc = 10 kpe and

I estimated in the previous section. We

Receym = 280 kpC with O3Dturb,CGM = 107km s~
then shoot a LOS through the center of the cylinder/CC and compute the number of
intersected cloudlets, the respective column densities, the LOS velocities (z component

of velocity), and the absorption profile.

Note that we also consider turbulent broadening across a cloudlet following Section
4.3.4, which further broadens the absorption profile compared to purely thermal broad-
ening. Though for smaller size cloudlets (< pc), this effect is negligible, and thermal
broadening dominates over turbulent broadening. We assume the temperature of the

cool gas to be 10* K, which corresponds to bgpermal = 2.6 kms™! for MgII. To obtain the
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column density of MglI from the total column density (calculated using the intercepted
cloudlet length) of the individual intersected cloudlets, we adopt fug, of 0.2 assuming a

0.3 solar metallicity (see Appendix A.1 and figure A.2).

Figure 4.9 shows the impact of smaller cloudlets and, therefore, a larger number of
cloudlets in a CC on the overall absorption profile along a LOS. Using total broadening
(thermal and turbulent), MglII column density and LOS velocity (z component of velocity)
of the individual intersected cloudlets, we generate the absorption profiles of intersected
cloudlets as shown with dashed grey lines in Figure 4.9. The orange line shows the total
absorption profile from all the intersected cloudlets, calculated similarly as done in the
previous section for misty CCs across the whole CGM. The blue line shows the overall

absorption profile smoothed with a velocity resolution of 6 km s—*.

The magenta line
shows the absorption profile from our fiducial misty CC model with Mcc = 107 My,
Rcc = 10 kpe, and neo = 1072em ™ along a LOS passing through the center of CC

smoothed with a velocity resolution of 6 km s~!.

As the cloudlet size decreases, more cloudlets are generated to maintain the same
cool gas mass in a CC. This results in more intersected cloudlets along a LOS (25, 260,
and 2411 cloudlets for r, = 10,1, and 0.1 pc). The larger number of intersected cloudlets
results in an overall broad absorption profile. The overall absorption profiles for < 0.1 pc
size cloudlets (bottom panel of Fig. 4.9) roughly match the absorption profile predicted
by our misty CC model (magenta line). Decreasing the radius of cloudlets further will
result in lesser and fewer components in the blue absorption line and a closer match
with the mist-limit. This signifies that the turbulent velocity of individual tiny cloudlets

results in the turbulent broadening across a CC, well modeled by our misty CC ansatz.

Figure 4.10 shows the impact of position and LOS velocity distribution of the cloudlets
on the blending of the absorption profiles along a LOS. The lines in the top panel with
different colors show the individual MgII absorption profiles along a LOS similar to the top
panel of Fig. 4.9. Note that we only show 16 cloudlets out of 25 intersected cloudlets for
clarity. The solid orange line shows the overall absorption profile from all the intersected
cloudlets. Depending on the LOS velocity of the intersected cloudlets, the absorption
profiles may be blended. In the bottom panel, we show the z coordinate of the intersected
cloudlets on the y-axis and the LOS velocity on the x-axis (same as in the top panel).
The color of the points in the bottom panel is consistent with the absorption profile of

the cloudlets in the top panel. The cloudlet at the leftmost side on the LOS velocity
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Figure 4.9: Normalized MglI absorption profile for increasing (decreasing) number (size)
of cloudlets in a CC along a LOS. The dashed grey lines show the absorption profile from
individual intersected cloudlets. The orange lines show the overall absorption profiles
from the intersected cloudlets along the LOS. The blue lines show the overall absorp-

1

tion profile smoothed with a velocity resolution of 6kms™". The magenta lines show

the absorption profile for the misty CC model along the sightline passing through the

' (see section 4.3.4 on how to

CC center smoothed with a velocity resolution of 6 kms™
calculate the CC absorption profile in the mist limit). As the size of cloudlets decreases
from 10 to 0.1 pc (top to bottom panels), more and more cloudlets are intersected along
the LOS. With an increase in the intersected cloudlets, the overall absorption profiles
become broader with fewer absorbing components. For cloudlet size < 0.1 pc, our misty
CC model (magenta line, smoothed to a resolution of 6 km s™') is roughly matching the

total absorption profile.
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Figure 4.10: In the top panel, the lines in different colors (total 16) show the Mgll
absorption profile from individual cloudlets intersected along a LOS through a CC (same
as top panel of Fig 4.9 except that we only consider 16 out of 25 cloudlets for clarity).
The solid orange line shows the overall/total absorption profile from all the intersected
cloudlets. Due to the blending of absorption profiles, only 8 absorbing components are
seen in the overall absorption profile. In the bottom panel, we show the z coordinate and
the LOS velocity of the intersected cloudlets. The color of the points corresponding
to individual cloudlets is consistent with the top panel. Based on the position and
velocity distribution, the cloudlets will be blended in the absorption spectrum. This
illustration shows that cloudlets that are far apart in physical space may be blended due
to similar LOS velocity, whereas cloudlets that are very close in physical space may have
disparate LOS velocities, which makes it very difficult to infer 3D information from the

2D observations.
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space with z ~ -7.5 kpc and v,05 ~ -40km s~ is not blended with other cloudlets as
can be seen with the absorption profile in the top panel. The two cloudlets around
vpos ~ —15kms™! (green and red points in the bottom panel) are blended, as can be
seen with the overlapping absorption profiles in the top panel, but are separated by ~ 16
kpc in physical space. This signifies that the cloudlets far away in physical space can
be blended due to similar LOS velocity. This makes it extremely challenging to extract
the 3D information of the cool cloud components from 2D observational information. In
contrast, the two cloudlets, which are around vpog & -10 km s™! (red and yellow points
in the bottom panel) are close in both velocity and physical space and are also blended

as seen in the absorption profile in the top panel.

4.5 Direct modeling of cloudlets & CCs across CGM

In Section 4.3, we assumed that CCs are misty and focused on the distribution of CCs in
the CGM. In this section, rather than assuming the mist limit, we extend the work further
and distribute the cool cloudlets explicitly within all the CCs across the entire CGM. We
analyze the distribution of cloudlets within CCs and CCs across the CGM and check
for the parameters that best match the observations within computational limitations.
The exercise in section 4.4 allowed us to investigate the impact of minuscule cloudlets
on the observed absorption spectrum. Because of the computational cost, such small
cloudlets cannot be populated across the entire CGM. This section takes an approach
similar to CloudFlez (HR24) and similarly cannot easily reach the mist limit because of
computational limitations. In fact, our approach in this section is even more expensive
because the distribution functions of various observables from a single CC were combined
analytically in HR24, but here we also treat the distribution of CCs from first principles.
The range of investigations in this work allows us to understand the relations between

these various related approaches, namely, mCGM, mCC| and CloudFlex.

Generation of C'Cs across the CGM: We first generate the centers of Ncc number of
CCs with a power-law distribution in R with an index «, as done in Section 4.3 (see Eq.
4.7). To determine the 3D coordinates of the centers of each CC, we follow the procedure
described in section 4.3.4. The lower and upper limits of radial (galactocentric) distances
of the centers of these CCs are R,;, = 10 kpc and Ry, = 280 kpc, respectively. For the

fiducial case, we adopt Noc = 10® and a = 1 (as in our fiducial mCC model), but also
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Figure 4.11: LOS projected distribution of CCs and cloudlets in the CGM for M., =
101°Mg, Nee = 103, and a = 1. Due to the power-law nature of the distribution of
CCs and the projection effect, more CCs are found in the central region than in the
outskirts. The inset shows the cloudlets within one of a CC for § = 0 and y = 1 (fiducial
parameters; see Table 4.2). In this fiducial case, =~ 5 x 10® total cloudlets are generated,
with ~ 5 x 10° cloudlets per CC. Note that we only show 2 x 10? cloudlets in the inset
to better highlight the variety of cloudlets with different sizes and orientations. Also, we
do not explicitly show the distribution of cloudlets within all the CCs. The distribution
of these cloudlets shows qualitative similarity to Figure 7 of Ramesh & Nelson 2024 that
shows a snapshot from a high-resolution simulation of a Milky Way-like CGM.
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check the variation with Noc = 10%* and a = 0,2 (see Table 4.2).

Location of Cloudlets: After generating all the CCs, we populate cool cloudlets in
each of them until the total cloudlet mass reaches the total cool gas mass Mo (our
fiducial value is 101°M). As in our mCC model, we follow the same cool gas number
density profile (see section 4.3.2)° To obtain the mass of each cloudlet and the column
density. We use a power-law distribution of index [ for the distribution of cloudlets
within a CC as a function of radial distance from the center of each CC. This is similar
to what we did for distributing CCs across the CGM. The lower and upper limits of
distances of the centers of cloudlets from a CC center are ry;, and .y, respectively. To
determine the 3D location of the centers of each cloudlet, we follow the same procedure as
adopted for determining the centers of CCs in the CGM. For the fiducial case, we adopt
Meoor = 101 My, B =0, Tmax = 10 kpc, rmin = 0.1 kpe. We also check the variation in

observables due to variation in these parameters (see Table 4.2).

Shape and size of cloudlets: We assume the cloudlets to be ellipsoidal since they are
expected to be non-spherical in general. The ellipsoidal cloudlets have three semi-axes
and three rotation angles as parameters. We generate the semi-axes from a power-law
distribution with index . The lower and upper limits of the semi-axes are i, and ayax
respectively. The three rotation angles are generated from a uniform distribution between
0 and 27. For our fiducial case, we adopt v = 1, @i, = 0.01 kpc, and an.e = 0.5 kpe.

We vary these parameters to check their impact on the observables.

We assign 3D velocity to each cloudlet following the same method as done for misty
CCs in section 4.3. The velocity fields are generated on a 600® grid across the entire
CGM. Table 4.2 lists all the parameters, their fiducial values, and the variations that
we tried. We allow cloudlets to overlap as ensuring non-overlapping cloudlets is very
expensive, and it has a minimal impact on the results (see section 2.2.1 in HR24). The
total number of cloudlets generated will depend on various parameters. Decreasing a iy,
Gmax, and increasing v, Mo, While holding other parameters fixed, will result in more

cloudlets.

Once we generate all the CCs and cloudlets, we shoot 10* sightlines (uniformly spaced

in log,, R, ) into the CGM. Fig. 4.11 shows the LOS projected distribution of cool gas

9We use the physical or the local density in this section. The average or the global density concept

does not apply here due to the non-mist limit.
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cloudlets in the CGM for the fiducial parameters. The circular regions show the CCs
within which ellipsoidal cloudlets are distributed. There are more CCs in the central
region than in the outskirts due to the power-law distribution in r (o = 1) and the
projection effect. The inset shows the LOS projected distribution of cloudlets in one of
the CCs. We only show 2 x 10? cloudlets (total &~ 5 x 10° cloudlets per CC) to better

highlight the range in sizes and orientations of the ellipsoidal cloudlets.

Next, we calculate the number of cloudlets intersected and the intersected lengths
along all the 10* LOSs. We then calculate Mgll column density using the length inter-
sected through individual cloudlets along a sightline. To determine the total Mgll EW
along a sightline, we first generate the total absorption profile due to all the intersected
cloudlets along a LOS. We then calculate the area under the total absorption profile as
the total EW along a LOS (as done in section 4.3 for misty CC). Note that simply adding
EWs from individual intersected cloudlets results in a higher total EW. We assume the
temperature of the cool gas to be 10* K, corresponding to the Doppler b parameter of
2.6 km s~! for MglIl. In this section, we do not consider turbulent broadening across a
cloudlet. The turbulent broadening across the ~ pc scale cloudlet is typically less than
or equal to thermal broadening, so it does not significantly affect our EW and covering

fraction results.

4.5.1 Comparing with observations

Figure 4.12 shows the various observable statistics with the variation in v, the power-
law index of cloudlets’ semi-axis length distribution (size distribution). We fix the other
parameters to the fiducial values (see Table 4.2). In the top panel, we show the normalized
histogram of the number of intersected cloudlets, log,q Nygrr, and EWyerr along 10*
LOSs (empty sightlines are not shown for number of intersected cloudlets and column
density although they are considered in normalization). Note that we quote total column
density and EW along a LOS. The blue, magenta, and grey lines show the variation
with v = 0, 1, 2, respectively. As 7 increases, the size distribution becomes steeper and
therefore a larger number of cloudlets (smaller in size) are generated to keep the same cool
gas mass. The total number of cloudlets generated for v = 0,1,2is ~ 5 x 105, 5 x 107, 10?
respectively. Due to the larger number of cloudlets, the number of intersected cloudlets is

also high (top left panel), which results in a higher column density and thereby a higher
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Figure 4.12: The top panel shows the normalized histogram of the number of intersected
cloudlets, log;y Nygir, and Mgll EW along 10* LOSs (empty sightlines are not shown
for number of intersected cloudlets and column density although they are taken into
account for normalization). The blue, magenta, and grey colors correspond to v = 0, 1, 2,
the power-law index of the semi-axes distribution of ellipsoidal cloudlets. Note that the
larger the v, the larger the number of cloudlets, keeping other parameters fixed. The
total number of cloudlets generated for v = 0,1,2 is ~ 5 x 10%,5 x 107, 10° respectively.
The rightmost panel shows the MglI covering fraction as a function of normalized impact
parameter for an EW threshold of 0.3 A. The data points are from Huang et al. 2021 while
the dotted black line is from our misty CC model (see Fig. 4.6) with fiducial parameters.
In the bottom panel, the colored scatter points show the total EW along all the LOSs as
a function of the normalized impact parameter for the different values of ~, respectively.
The color of the points is consistent with the top panel. The solid black lines show the
mean EW/ while the dotted black line in the middle panel shows the mean EW for our
fiducial misty CC model (see top panel of Fig. 4.6). The solid orange and dashed lines
show the best-fit relation and 1o uncertainty from Huang et al. 2021 while data points
in green are from the COS-Halos survey (Werk et al. 2013). The observed EW trend and

covering fraction match better for the v = 1 case.
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Figure 4.13: This figure shows the histograms of the number of intersected cloudlets,
MglI column density, MgIl EW, and Mgl covering fraction (same as the top left panels
in Figure 4.12) to show variation with different parameters. We vary a single set of

parameters for each row and hold the other parameters fixed to their fiducial values.
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equivalent width. The maximum EW is higher for higher values of v, because adding
EWs of a larger number of kinematic components results in larger EW along a LOS
due to the flat part of the curve of growth (Fig. 4.3). The rightmost top panel shows
the MglI covering fraction as a function of the normalized impact parameter for an EW
threshold of 0.3 A. The data points are from Huang et al. 2021. The dotted black line
shows the covering fraction from the misty CC model (section 4.3; see Fig. 4.6). The
covering fraction increases with increasing v (larger number of cloudlets) as EW is larger

for larger values of v (see EW distribution).

In the bottom panels of Fig. 4.12, we show the MglIl EW distribution as a function
of the normalized impact parameter for 10* LOSs. The scatter points are the total
EW values along each LOS (empty sightlines are not shown). The blue (left panel),
magenta (middle panel), and grey (right panel) colors show the EW values for v = 0, 1, 2,
respectively. The green data points are from the COS-Halos survey (Werk et al. 2013).
The solid and dotted orange lines show the best-fit EW-impact parameter relation and 1o
scatter of the observed data from Huang et al. 2021. The solid black line shows the mean
EW profile in each panel, while the dotted black line in the middle panel shows the average
EW value from the fiducial misty CC model. As we see from left to right, the mean EW
increases with increasing v (larger number of cloudlets). It shows that v = 1 with other
parameters set to their fiducial values matches the observed range. Note that the v =1
model with other parameters fixed to their fiducial value generates ~ 5 x 107 cloudlets
while the v = 2 case generates ~ 10° cloudlets, which is computationally expensive, and
therefore we choose v = 1 as our fiducial value even though v = 2 also closely matches
the observations. The fiducial number of CCs is 10®, which means that each CC has
~ 5 x 10* cloudlets. This is less than the number of cloudlets ~ 107 generated in a single
CC for achieving the mist limit (especially in velocity space; see Fig. 4.9) in section
4.4. Therefore, the cloudlets are not completely in the mist limit within a CC for these
fiducial parameters. To attain the mist limit within each 10* CC, one needs to generate
a total of ~ 100 cloudlets in the CGM, which is computationally prohibitive. Therefore,
we are limited to generating and analyzing ~ 10% cloudlets in the entire CGM, which
corresponds to ~ 10° cloudlets in each CC. Although our CCs are not entirely in the
mist limit in this section for most parameter combinations in Table 4.2, some of the key
observables like the distribution and the covering fraction appear reasonably converged

(see Fig. 4.12).
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In Figure 4.13, we show the results similar to the top panels of Figure 4.12 by varying
cool gas mass (Mool ), power-law index of radial distribution of CCs («), power-law index
of distribution of cloudlets within CC (), the size of CC (rpax), and number of CCs
(Nce). While showing the variation with a parameter, we fix the other parameters to

their fiducial values.

The first row in Fig. 4.13 shows the variation with M., = 10° — 10 M. As the
cool gas mass increases, the number of cloudlets increases, leading to more intersected
cloudlets along LOSs, which in turn raises the Mgll column density, EW, and covering
fraction. The dotted black line shows the covering fraction from the misty CC model.
The covering fraction values are better matched with the 10'*° M, model. The second row
shows the variation with «, the power-law index of the radial distribution of CCs. The
number of cloudlets is the same for all the values of a. As « increases, the CCs become
more concentrated toward the inner regions of the CGM. This leads to a higher number
of intersected cloudlets along the sightlines in the center, resulting in a larger column
density, EW, and covering fraction. Our fiducial case with o = 1 (magenta line) matches

the covering fraction better than other values of a.

The third row in Fig. 4.13 shows the variation with §, the power-law index for the
radial distribution of cloudlets within a CC. Even in this case, the number of cloudlets is
the same. A larger value of § suggests that the cloudlets are more concentrated towards
the center of a CC. This results in more intersected cloudlets along a LOS passing close to
the center of the CC. The column density does not show significant variation with 3, while
EW decreases with increasing 5 due to the close packing of cloudlets in velocity space.
The blending of absorption lines from cloudlets results in fewer kinematic components
(see section 4.4), which results in a lower EW than having more kinematic components.
The covering fraction values predicted from all values of [ are nearly the same. The
fourth row shows the variation with r.,, the CC size. For larger CC, the cloudlets
are more dispersed, while for smaller r,,,, the cloudlets are tightly packed in a CC.
The smaller CC results in a higher number of intersected cloudlets and a larger column
density. The EW shows an opposite trend with the size of CC, as cloudlets are closely
packed in velocity space for a much smaller size CC, which results in smaller EW values
due to fewer kinematic components along a LOS, as discussed previously. The column
density and EW values are very similar for 10 and 20 kpc CCs, whereas the covering

fraction better matches the 10 kpc CC model.
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The fifth row shows the variation with the number of CCs (N¢¢). The total number
of cloudlets is roughly the same for all three cases, with a larger number of cloudlets
per CC in the case of a smaller number of CCs and vice versa. The number of cloudlets
intersected is larger for a smaller number of CCs, while the column density and EW are
larger for a larger number of CCs due to the higher probability of intersection of more
CCs along LOSs. However, the covering fraction is well matched by 10 CCs in the CGM.
Encouragingly, on comparing with observations, the fiducial parameters from the mCC
model and first principles modeling of cloudlets and CCs are the same (namely, Roc = 10

kpC7 NCC = 103, a = 1, Mcool = 1010M@).

4.6 Discussion

Now we discuss the various implications of our models in modeling and understanding
the multiphase CGM revealed by multi-wavelength observations. Our models and other
similar approaches (e.g., D24; HR24, Yang et al. 2025) for the cool CGM go beyond
the traditional hydrostatic models describing the hot CGM. The primary aim of these
models is to provide robust physical insights rather than precisely matching the quasar

absorption data (which are still biased by spectra quality and analysis methods).

4.6.1 Utility of CC-like approaches to model multiphase CGM

While an extreme idealization, CCs are useful building blocks of a multiphase CGM.
Unlike the complete mist limit, CCs can give a non-unity covering fraction of cool and
warm gas as probed by quasar sightlines. Moreover, the statistics of column densities
and their covering fractions can constrain the mass of the cool gas, typical sizes of CCs,

their numbers, and their occurrence with the distance from the center.

Most importantly, since the number of cloudlets in a CC is expected to be much larger
than the number of CCs filling the CGM, it is computationally efficient to model CCs
analytically in the mist limit and then populate their Monte Carlo realization to compare
the post-processed column density and equivalent width statistics with observational

inferences.

Our work demonstrates that the observationally inferred distribution of MglI column
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density and equivalent width can be reproduced by the misty CC model with several
cloudlets along each LOS across a single CC. This translates into a cloudlet size of < pc,
which is beyond the reach of even the highest resolution galaxy formation simulations
(e.g., see Ramesh & Nelson 2024). A small cloudlet size is also required for the cool CGM
gas, in the form of cloudlets, to be suspended in long-lived CCs (see section A.0.1); large

enough cloudlets will simply precipitate towards the galactic center.

Comparison with D24

A large variation in EW and column density at the same distance from the galactic center
implies that the misty cool gas does not fill the entire CGM uniformly, as assumed by
D24. A more accurate description is in terms of misty CCs that fill the CGM sporadically.
Such a model can naturally explain the large variation in column density along different
sightlines (see Fig. 4.5). Unlike D24, here we explore the distribution of direct observables
such as EWs. With different levels of modeling of CCs and cloudlets within them, we
explore the connections between the misty CGM model and the more computationally

intensive models like CloudFlez.

Comparison with HR24

HR24 computes the statistical properties of CCs from first principles by populating them
with cloudlets with a range of masses (assuming a power-law distribution in the cloudlet
mass, dN/dmg < m;‘s). For a constant density cloudlet, this corresponds to a size dis-
tribution of dN/drq o TC_136+2 (ry* for their fiducial § = 2; corresponds to many more

small cloudlets compared to the big ones). The mass/volume distribution of cloudlets
dV/dre oc ridN/drq oc r’7*; the area distribution dA/dry o< r3dN/drq oc v . Simi-
larly, the column density distribution dN¢o1/dre o rqdN/dry. For HR24’s fiducial value
of § = 2, the mass/volume, area, and column densities (even more so than mass) are all
dominated by the smallest cloudlets. For power-law distributions, the average properties
are typically dominated by either the higher or the lower (as in the present case) cutoff.
This justifies our misty-CC model in which CCs are made up of infinitesimal cloudlets

(section 4.3) that provide a computationally inexpensive way to produce observables from

just thousands of CCs that can be compared efficiently with observations.
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HR24 carried out a comprehensive study of the variation of various parameters of
their model of cloudlets within CCs. However, they were limited by computational cost
in generating an enormous number of small cloudlets for their models approaching the
mist limit. They found that the cool gas mass, the smallest cloudlet mass, the cool
gas density, and the CC size most affected the column density and EW distributions.
The variation of other parameters within a reasonable range, such as the cloudlet size
distribution, their radial distribution within CC, and turbulent velocity parameters, had
a relatively minor impact. Their comprehensive exploration allows us to focus on the
complementary aspects in our work. In addition to the misty CC model (section 4.3), we
study the observational properties of CCs populated with tiny (up to 0.1 pc) cloudlets
and their implications for the realistic modeling of the multiphase CGM. In particular,
we study how the cloudlets within a CC start to overlap increasingly in velocity space
with a decreasing cloudlet size (section 4.4). This further motivates our misty CC model,
in which we approximate the spread in LOS velocity of numerous cloudlets with a single
turbulent broadening parameter (see Fig. 4.9). Further, we model ellipsoidal (as opposed
to spherical in CloudFlex) cloudlets from first principles and populate the entire CGM
with these. This approach is even more expensive than HR24’s approach but produces

results largely consistent with them.

4.6.2 Modeling intermediate temperature gas

The primary focus of this paper is on modeling the cool gas. In principle, the same setup
can also be applied to the intermediate temperature (warm) gas with few modifications.
The warm gas is also expected to reside in clumpy structures like CCs, but with a larger
volume fraction as compared to cool gas because of its lower (physical) density. To model
the warm gas, we consider the misty cool CCs in the CGM. Each cool CC is assumed
to have not only cool cloudlets but also warm and hot gas inside it. The warm gas is
expected to envelop the cloudlets within a CC (see Fig. 8 in Armillotta et al. 2017). The
cool cloudlet volume fraction within a CC is small (~ 0.016; see Eq. 4.10). Being 10-30
times lower in density, the warm gas (traced by OVI) will occupy a larger volume by a
similar factor, assuming a similar mass in warm and cool gas (a similar cool and warm
gas mass is suggested by Table 3 in D24). This implies a volume fraction of the warm
phase in a CC ~ 20 —50%; the majority of volume, even within a CC, is in the hot phase.

We assume our CCs to be misty even in the warm phase with the same size as cool CCs
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and the same total cool and warm gas masses, shoot lines of sight through the CGM, and
compute the column density of OVI using the photo (PIE) + collisional (CIE) ionization
equilibrium OVT fraction at 10°5 K and redshift of 0.2 (the fraction of OVI is roughly
constant ~ 0.24 over wide a density range). Note that OVI is a good tracer of ~ 10°° K
warm gas in the CGM under CIE. There can, however, be a significant amount of OVI
produced by the lower temperature gas (< 10° K) under PIE depending on the strength
of the radiation field (Werk et al. 2016).

Figure 4.14 shows the column density distribution of OVI tracing the warm (10°°
K) gas along 10* sightlines (empty sightlines are not shown). The observational data
points in green color are from the COS-Halos (Werk et al. 2013) survey. Predictions from
our simple Misty CC model agree well with the observed distribution of OVI column
density, including the upper and lower limits. This simple exercise shows the predictive
power, flexibility, and computational efficiency of our Misty CC model for studying the
multiphase CGM. Just as the combination of the covering fraction and the average column
density provides an unbiased estimate of the cool CGM mass, the same observables for
OVI can be applied easily to estimate the warm CGM mass. However, warm gas may not
always be associated with cool clouds, and there can be extended structures possibly due
to the various formation channels like cosmological accretion (McQuinn & Werk 2018),
and galactic processes (Shapiro & Field 1976), etc. Therefore, this simple modeling of
warm gas in the form of spherical cloud complexes does not reflect the expected diverse

morphology of warm gas in the CGM.

4.6.3 Astrophysical Implications

The majority of the baryonic mass in the universe is in the diffuse intergalactic and
circumgalactic medium. While the IGM dominates the global baryonic mass budget of
the local Universe, even within galactic halos, the majority of baryons reside in the diffuse
CGM and not in the dense interstellar medium and stars. Being major matter reservoirs,

the CGM controls star formation in galaxies across cosmological timescales.

Fundamental questions in CGM research are regarding the fraction of baryons in the
CGM as a function of halo mass, its spatial extent, and the distribution of the CGM mass
across different temperature phases. While direct observations of the volume-filling hot

CGM are rare (being volume-filling and close to hydrostatic, the hot CGM is easier to
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Figure 4.14: Column density distribution of OVI along 10* sightlines, as predicted by our
fiducial CC model with a simple prescription for warm gas (see section 4.6.2). Moreover,
we assume the OVI ion fraction from photo+-collisional ionization equilibrium at 105 K,
and assume similar cool and warm gas masses. The observed data points are from the
COS-Halos (Werk et al. 2013) survey. The spread of OVI columns from our Monte Carlo

model matches well with the observed spread.
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model), the cool and warm phases are routinely probed through quasar absorption lines.
However, since cool and warm CGM phases are not volume-filling and occur in the form
of clouds, the inferred column densities show a large scatter even in a uniform galaxy

sample, which prevents us from drawing robust conclusions about their mass budget.

We show that a large variation in the column density of the cool/warm ions is natural
in a CGM in which these phases are not spread uniformly throughout the CGM, but are
instead confined to thousands of ~ 10 kpc CCs spread sporadically throughout the CGM
(see Figs. 4.5, & 4.14). Moreover, the average column density and the area covering
fraction in a uniform galaxy+quasar sample can constrain the mass of the cool and warm

phases of the CGM, as illustrated in Fig. 4.7.

Inferring cool CGM mass from quasar absorption

One of the ultimate goals of our (and similar) models is to obtain a robust estimate
of the cool/warm CGM mass from observations. Fig. 4.7 shows that a combination of
the area-averaged Mgll column density and the area covering fraction provides a robust
proxy for the mass in cool CGM. Both ion column density and covering fraction can be
inferred from observational samples of galaxies probed by quasar sightlines. However,
the primary observable in these studies is the transmitted flux spectrum, which at high
resolution can have many components separated by small centroid velocity shifts for the
same sightline. Each of these resolved components (depending on the spectral resolution
of the spectrograph) can be modeled as a misty and turbulent CC along the LOS, each
composed of numerous cloudlets. Physically distinct CCs may coincide in velocity space,
and similarly, cloudlets within a CC may be distinct in velocity (e.g., Fig. 4.10). Since
the column density essentially counts all the ions along the LOS, this complication does

not affect the cool CGM mass estimate.

There are different approaches to analyzing absorption spectra. The most reliable
technique with high spectral resolution (< 10 km s™!) is to fit the absorption profile
with a number of absorption components with Voigt profiles. The best fit Voigt profile
can give us the turbulent broadening parameter by, (particularly in the presence of
multiple ions tracing the same phase that coincide kinematically) and column density for
each component. We can add the column densities of all components along the LOS to

obtain the total column density along it. For low-resolution spectra, the Voigt profile
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fitting of components fails, and most studies employ the AOD (apparent optical depth)
method (Savage & Sembach 1991). Under this, we obtain the optical depth spectrum
and convert it into a column density spectrum (assuming that the absorption lines are
not saturated). The column density spectrum is integrated to give the total ion column
along the LOS. This popular method may underestimate the column density because of
saturation and unresolved substructure. Section 4.4 essentially shows that both Voigt
profile fitting and even fitting a single turbulent broadened misty CC model (implying
that AOD method will also work well; large cloudlets without much internal turbulence
can become saturated, reducing the accuracy of the AOD/mCC method) give a good
estimate of the true column density of cloudlets along a LOS even with extreme blending

in velocity due to thousands of cloudlets along the LOS.

Fig. 4.7, which plots the covering fraction versus the average column density, shows
that a combination of these two observables provides a good estimate of the cool CGM
mass. The column density along different sightlines can give us the average column
density that should be plotted on the y-axis of Fig. 4.7. All spectrographs have a finite
sensitivity and will inevitably miss out on weak absorption components, giving us a lower
limit on the LOS column density. Similarly, saturated lines can give us a lower limit
on the column density (e.g., see COS-Halos markers in Fig. 4.2). We calculate the
covering fraction on the x-axis of Fig. 4.7 as the fraction of LOSs with EW larger than
a small enough value (say 0.3 A) so that the bulk of the EW distribution is sampled by
observations. If these conditions are satisfied, Fig. 4.7 provides a robust way to estimate

the cool gas mass in the diffuse CGM.

Quasar absorption lines versus other CGM probes

Emission is weighted toward the highest density in the CGM, so it cannot typically probe
the diffuse outer CGM (except through stacking; e.g., Zhang et al. 2019), which holds
most of the CGM mass (e.g., Nielsen et al. 2024). Thus, emission gives a biased estimate
of the CGM mass. FRBs are sensitive to the total number of electrons along the LOS,
including the contribution of IGM, FRB host galaxy, and the Milky Way (e.g., Macquart
et al. 2020; Connor et al. 2025), and the CGM contribution is typically subdominant.
Moreover, while FRBs may be an unbiased probe of total CGM mass, one cannot separate

the contribution from different temperature phases.
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Similarly, the thermal Sunyaev-Zeldovich (tSZ) effect probes the integrated pressure
along the LOS and, like FRBs, cannot distinguish between different CGM phases. More-
over, the signal is too small to be detected in individual galaxies and requires stacking of
similar mass galaxies (e.g., Singh et al. 2015; Bregman et al. 2022; Das et al. 2023). The
kinetic SZ signal is proportional to the product of the LOS velocity of the galaxy halo
(determining which requires large galaxy surveys) and the electron column density, but
stacking is necessary to detect the signal averaged over the whole CGM (e.g., see Schaan

et al. 2021).

Therefore, quasar absorption line studies are the only means to study the various
phases of the CGM. With an increasingly large number of background quasar-galaxy
pairs, improving spatial and spectral resolution, and availability of a range of ions tracing
a range of temperatures, quasar absorption lines have a unique position as the probe of
the multiphase CGM. However, the modeling of the cool/warm phase is nontrivial, and
more accurate models, going beyond the models presented in this work, are necessary to

derive unbiased physical properties from observations.

Carefully combining the results from different observational probes from the CGM
while being mindful of biases inherent in different techniques is the best way of obtaining
robust physical constraints on the physical properties of the CGM. For this, we need
robust phenomenological models of the multiphase CGM that can make testable pre-
dictions. While simulations of the CGM are steadily increasing in resolution and the
included physics (Ramesh & Nelson 2024), we are still some way off from getting robust
predictions from them because of insufficient spatial/mass resolution (we need a resolu-
tion better than a few pc in the cool phase to obtain converged results for Mgll EW
distribution; e.g., see section 4.4 & Figs. 4.9 & 4.12) and because of ambiguities related
to feedback and sub-grid physics. The gap between expensive cosmological simulations
and high-resolution observations can be filled by novel phenomenological models such as

ours.

4.6.4 Caveats & future directions

The observational distribution of EWs and column densities of cool ion tracers in the
CGM suggests a patchy distribution of cool gas in cloud complexes rather than uni-

formly throughout the CGM, as assumed in D24. But our assumption of spherical CCs
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with a constant cloudlet size, a uniform distribution of cloudlets within a CC, a fixed
turbulent broadening across a CC across all sightlines, etc., are extreme idealization. In
our ‘advanced’ model, we have varied the size, mass, and radial distribution of CCs and
shown that the trends are the same for both models. We have also considered the ellip-
soidal cloudlets to roughly mimic the true shape of cloudlets in the CGM in Sec. 4.5.
The distribution of cloudlets within a CC does not affect the results significantly (third
row in Fig. 4.13). Consideration of the broadening based on the intersected length across
a CC also does not significantly impact the EW distribution and covering fraction, since
broadening is proportional to the cube root of the length scale. However, the column
density and EW distribution with a range of CC models (e.g., see Fig. 4.5,4.6) follow ob-
servations, highlighting the utility and computational tractability of the misty CC model.
We assumed spherical CCs, but they are likely to have a head-tail structure. Moreover,
with a range of cloudlets, the large ones may not be dragged enough (e.g., see Eq. A.1)
to remain in a turbulent CC but can instead precipitate towards the center replenishing
the ISM, as required by the star formation histories over cosmological timescales (e.g.,

see Bera et al. 2023).

Our misty CC model can easily include an intrinsic scatter (Yang et al. 2025) within
a CC as well for different phases. Moreover, similar to D24, which populates the whole
CGM with a log-normal temperature (or 2-D density temperature) distribution, we can
easily extend our misty CCs to have a range of temperatures and densities (which can also
be adjusted according to the ambient pressure profile). These temperature and density
distributions and the multiphase turbulence properties of CCs can be calibrated with
detailed simulations of multiphase CGM patches (e.g., Mohapatra et al. 2022b). These
models can also accommodate warm/cool gas within CCs that is mainly supported by
nonthermal pressure of cosmic rays or magnetic fields, as suggested by some simulations
(e.g., Sharma et al. 2010; Nelson et al. 2020; Butsky et al. 2020). The biggest advantages of
the mCC model presented in section 4.3 are their flexibility and much lower computational
cost relative to models that model the cloudlets from first principles (e.g., HR24, our

models in section 4.5).

Misty CCs may also provide a useful recipe for modeling unresolved multiphase gas
phenomenologically in galaxy simulations that typically lack sufficient resolution to re-
solve realistic CGM cloudlets (e.g., see Weinberger & Hernquist 2023; Butsky et al. 2024

for recent works along these lines). We can populate CCs aware of their origins in differ-
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ent parts of the CGM, such as the high-pressure galactic outflows, low-metallicity IGM
filaments, galactic fountains, and high-velocity clouds, etc., and produce observables to
match more sophisticated observational samples that test anisotropies of CGM absorbers
relative to the galaxy’s minor axis and distance from the galactic center. The low com-
putational cost, realism, and flexibility of our mCC model allow us to adapt it to produce

observable distributions for a range of model variations.

4.7 Summary
Here we provide a summary of the salient aspects of this paper.

1. We present the misty cloud-complex (mCC) model to understand and match the
observed distribution of column densities, equivalent widths (EWs), and covering
fractions of cool ions such as Mgll (Fig. 4.5, 4.6) and warm ions like OVI (Fig.
4.14). This model further expands and explores the connections between the misty
CGM models of Dutta et al. 2024a and the CloudFlexr model presented by Hummels
et al. 2024. The former model assumes that the cool/warm gas is uniformly spread
throughout the CGM, producing a smooth variation of cool gas column density. The
CloudFlex model assumes the CGM cool gas to be spread across cloud complexes
(CCs) and quantifies the distribution of column densities and equivalent widths
across sightlines through these CCs, which are populated by ~ 108 cloudlets (it is
computationally difficult to increase the number of cloudlets per CC much beyond
this). Like CloudFlex, our misty CC model also assumes the cool gas to be spread
over CCs but models the cool cloudlets analytically in the mist limit (analogous to
D24). This makes our model analytically tractable and computationally inexpensive
compared to CloudFlex (which has a hard time reaching the mist limit due to
computational limitations). With only ~ 10 CCs spread over the CGM, our mCC
model can satisfactorily reproduce the observational spread of Mgll EWs and other

observables (e.g., see Figs. 4.5 & 4.6).

2. Beyond our ‘basic’ misty CC model, where we assume fixed CC size and mass, we
consider more realistic mass, size, and radial distribution of CCs in the CGM in our
‘advanced’ model, motivated by observations and simulations. Both models show

similar qualitative features, but the scatter in the column density is larger for the

131



‘advanced” model due to size and mass variation of CCs, which results in a larger

number of CCs than in the ‘basic’ model.

. We demonstrate that the combination of the average CGM column density and
covering fraction provides a robust estimate of the cool CGM mass (see Fig. 4.7).
The observed distribution of the inferred MgII column density and EW from the
COS-Halos survey (Werk et al. 2013; Milky Way-like galaxies) suggests a cool CGM
mass ~ 10'°M, (see Fig. 4.5, 4.6). Further, about ~ 10* CCs each of ~ 10 kpc
seems to match the observed distribution of Mgll column density and equivalent
width well. Encouragingly, these parameters are consistent with our mCC model

and with the first principles modeling of cloudlets across the CGM.

. We quantify the mist limit within a CC for the parameters quantifying a CC (see
Appendix A): the volume fraction of cool gas within CC (fy/) and the number of
cloudlets (N.). We find that the mist limit, for which a typical sightline encounters
at least one cloudlet, starts to be approached for Ny 2 f;, 2. Further, we show that
~ pc scale cloudlets within CCs produce extreme blending in absorption spectra,
but the total absorption spectrum requires only a few components that can be well
fit by the mCC ansatz for the scaling of turbulent broadening with the CC size
(see Fig. 4.9) We also show that it is impossible to unambiguously infer the 3D

information of cool cloud components from absorption spectra (see Fig. 4.10).

. In section 4.5, we directly generate cloudlets in all CCs spread throughout the CGM.
We confirm that it is computationally challenging to approach the mist limit for a
small number (< 10°) of cloudlets within a CC. The observed MgIT EW distribution
and covering fraction (COS-Halos sample; Werk et al. 2013) match with our direct
modeling of cloudlets for ~ 10® CCs with a total cool CGM mass of ~ 10*°M and
a typical size ~ 10 kpc, distributed radially with a power-law with index o = 1 (see

Fig. 4.12 and 4.13).

To conclude, this paper bridges the gap between quasar absorption studies, simpler

phenomenological modeling of cool CGM, and the first-principles cosmological galaxy

formation simulations that typically severely lack the resolution to resolve cool cloudlets.

The flexibility and ease in creating various observables from our simple, robust, but

realistic model will help improve the modeling of the cool CGM.
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4.8 Data Availability

We have made all the codes and data used in this work public in the GitHub repo mCC'°,
Any other data associated with this article is available upon reasonable request to the

corresponding author.

Ohttps://github.com/mukeshrri/mCC
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Chapter 5

Detection of ‘super-virial’ gas in the

Circumgalactic medium of the Milky

Way towards PKS 2155-304

Based on :
Bisht, M.S., Das, S., Mathur, S., Roy, M., Krongold, Y., Gupta, A. 2025, submitted to
ApJ [under review]

doi: 10.48550/arXiv.2509.02019
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Main Results

e We detected 2 = 0 CGM absorption lines of various ions in the X-ray spectra of

PKS 2155-304 using Chandra and XMM-Newton grating data.

e For the first time, we detected Mg X1l Ka line in the CGM of the MW along with
Six1v Ka, which are the tell-tale signatures of the ‘super-virial’ gas (~ 107 K) in

X-ray absorption.

e Using model-independent analysis and hybrid-ionization modeling, we inferred four
distinct temperature phases along this direction, namely ‘super-virial’ or hot phase
(= 5 x 107 K), “virial’ or warm-hot phase (~ 2 x 10° K), ‘sub-virial’ or warm phase

(=~ 2 x 10° K), and cool phase (< 1.7 x 10° K).

e We found that the hot phase has a super-solar composition of [Mg/O] and [Si/O],

and is a-enriched, consistent with previous such studies along different sightlines.

e This study marks the first investigation of its kind at southern Galactic latitude and

provides clear evidence that the super-virial absorbing phase is likely widespread.
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5.1 Introduction

Galaxy disks are surrounded by the vast reservoir of gas known as the Circumgalactic
medium (CGM; Tumlinson et al. 2017). The circumgalactic gas plays a vital role in
galactic evolution, as it includes both inflowing material from the intergalactic medium
(IGM), which serves as fuel for star formation, and outflowing gas expelled by stellar
feedback and active galactic nucleus (AGN) activity. Depending on the physical processes
at play in the CGM (Donahue & Voit 2022; Faucher-Giguere & Oh 2023), the gas may
either remain in the halo for extended periods due to long cooling times or cool and

condense, eventually falling back onto the galactic disk to fuel future star formation.

The CGM of the Milky Way (MW) is diffuse and multiphase with temperatures
ranging from the cool (~ 10* K), warm (~ 105 K), to the warm-hot phase at the virial
temperature (~ 10° K) and number density varying by 2 — 3 orders of magnitude ~
107%* — 107 em™3. The most massive and the most volume-filling phase is the warm-
hot phase (Mathur 2022). The cool and warm gas in the CGM is typically detected as
UV /optical absorption in the spectra of the bright background sources like quasars using
tracers like Mg11 , C11, Carr , Sitt, Sitv , C1v , Ovi , etc. The warm-hot virial phase
is detected in both X-ray absorption (Nicastro et al. 2002; Williams et al. 2005; Gupta
et al. 2012, 2014; Nicastro et al. 2016; Gupta et al. 2017; Gatuzz & Churazov 2018) and
X-ray emission (Kuntz & Snowden 2000; Yoshino et al. 2009; Henley & Shelton 2010,
2013; Henley et al. 2015; Nakashima et al. 2018; Kaaret et al. 2020).

Recently, even hotter (~ 107 K) ‘super-virial’ gas has been detected in the CGM of
the MW coexisting with the virial phase. This hot gas has been found in X-ray absorption
(Das et al. 2019b, 2021; Lara-DI et al. 2023; McClain et al. 2024b; Lara-DI et al. 2024a)
and X-ray emission (Das et al. 2019a; Gupta et al. 2021; Bluem et al. 2022; Bhattacharyya
et al. 2023; Ponti et al. 2023; Sugiyama et al. 2023; Gupta et al. 2023). By studying and
analyzing the X-ray data toward the Galactic X-ray Binaries (XRBs), Lara-DI et al.
2024c¢ and Roy et al. 2025 concluded that indeed the hot gas or the ‘super-virial’ gas
detected in absorption has an origin beyond the Galactic disk, from the extra-planar
region or the extended medium. Using ‘shadow observations’ with Suzaku, Gupta et al.
2025 conclusively showed that the hot gas in emission is also from regions beyond the
Galactic disk. However, the temperature and chemical composition in emission differ

from those in absorption; thus, the super-virial temperature gas detected in absorption
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and emission is not the same phase, even though both phases may exist in the extra-

planar region of the Galaxy.

In X-ray absorption, the super-virial gas is detected along three individual sightlines
with high quality grating spectra, 1ES 1553+113 (Das et al. 2019b; [ = 21.21°,b = 43.96°),
Mrk 421 (Das et al. 2021; [ = 179.83°,b = 65.03°), and NGC 3783 (McClain et al. 2024b;
[ = 287.46°,b = 22.95°) using the absorption lines of Hydrogen-like and Helium-like ions
of Carbon, Nitrogen, Oxygen, Neon, Magnesium, and Silicon in the continuum of the
background quasar. These three sightlines probed the ‘super-virial’ gas in the Northern
hemisphere. Lara-DI et al. 2023, 2024a stacked 47 sightlines across the sky and detected
this super-virial phase using SiXIv and SXVI absorption lines. In this work, we have
extended the search for the hot gas in X-ray absorption towards another sightline with

high-quality grating spectra, PKS 2155-304 that lies in the Southern latitudes.

PKS 2155-304 is well observed by Chandra (Weisskopf et al. 2000) and XMM-Newton
(Jansen et al. 2001) for calibration purposes and studying the blazar itself. The deep
archival data obtained from these sensitive instruments across multiple sightlines offer
a valuable opportunity to study the Milky Way CGM using X-ray absorption line spec-
troscopy (Mathur 2022), allowing tighter constraints on its physical properties. We utilize
archival data for our study and searched for absorption lines of Hydrogen and Helium-like

ions of Carbon, Nitrogen, Oxygen, Neon, Magnesium, and Silicon.

In Section 5.2, we discuss our data reduction and analysis method, followed by results

in Section 5.3. Finally, we discuss and conclude this work in Sections 5.4 and 5.5.

5.2 Data Reduction and Analysis

PKS 2155-304 is a well-studied Blazar (I = 17.7°, b = —52.2°) at z = 0.116 (Falomo et al.
1993). There are several archival Chandra® and XMM-Newton? observations available
towards this sightline. We use the grating data of these observatories to look for z = 0
absorption lines of H-like and He-like metal ions. We analyze ACIS-MEG, ACIS-LETG,
and HRC-LETG data of Chandra and RGS1 and RGS2 data of XMM-Newton.

'https://cda.harvard.edu/chaser/
2https://heasarc.gsfc.nasa.gov/docs/archive.html
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Table 5.1: Detected /non-detected ions and their EW for various instruments.

EW (mA)
Ton Transition | Ao (A)
HRC-LETG | ACIS-LETG |ACIS-MEG | RGS1 RGS2
(1) (2) (3) (4) (5) (6) (7) (8)
Cv Ka 40.267 | 7.3+£3.3 - - - —
Cv1 Ko 33.736| <9.8 6.3+3.1 ~ 6.277% | 5.9+ 1.6
N VI Ko 28.787| 52420 <10.5 — cool pixel | < 6.6
NvII Ka 24.781| <53 32+14 - chip gap | < 4.3
O1v Ko 22.741| 5872 49+1.6 - node gap |dead CCD
Oov Ko 22.370| < 9.0 < 4.2 <154 <56 |dead CCD
O vir Ka 21.601 | 10.6 +1.9 9.5 135731 | 154717 |dead CCD
K3 18.627| <175 2.1172 <9.0 47719 <18
O vIII Ka 18.969 | 5.1%07% 364+1.1 | 6.6+2.0 | cool pixel | 7.6+ 1.1
NeIx Ko 13.447|  6.6717 < 4.0 3471 ldead CCD| 7.0%12
Nex Ka 12.134 <79 <3.3 < 3.4 dead CCD| < 4.0
Mg X1 Ka 9.169 <72 <1.6 < 0.7 <4.3 5.7+ 1.7
Mg x11 Ka 8.421 < 8.2 <26 1.5£0.6 <59 <91
Si X111 Ka 6.648 < 3.1 <24 < 2.5 < 6.3 < 8.5
SixIv Ka 6.182 | 3.7+1.8 <25 <26 <188 <24.9
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5.2.1 Data Reduction

We extract all the archival data of ACIS-LETG?, HRC-LETG*, ACIS-MEG?® and RGS1/RGS2°

for our analysis.

For Chandra data, we process and reduce the data for each observation with the
latest calibration database of CIAQ v4.16 using the Chandra repro command. We com-
bine the positive 15 order spectra for all the observations and similarly, the negative 15
order spectra for all the observations. We then combine the co-added positive and nega-
tive order spectra individually for ACIS-LETG, HRC-LETG, and ACIS-MEG using the
combine_grating spectra command. In HRC-LETG, the spectrum is the combination
of all the orders (15 to 8), as HRC cannot resolve the individual diffracted orders. To
account for the contribution of all the orders, we add the positive and negative order RMF
and ARF files of all the observations for each order (1 to 8) using addresp command.

We load the response files corresponding to all the orders for our HRC-LETG analysis.

For XMM-Newton RGS1/RGS2 data, we use the latest calibration data CALDB v4.11.2
and reduce the data using the rgsproc command. We then determine the Good Time
Interval (GTI) using the tabgtigen command by removing time intervals where the
background count rate exceeds 0.1cnts~!. After obtaining GTI, we combine the first-
order spectra of all the observations using the rgscombine command separately for RGS1
and RGS2. We only consider the 15~ order spectra for all the instruments (except HRC-

LETG), as the effective area is lower for higher-order spectra.

After obtaining all the spectra (3 from Chandra and 2 from XMM-Newton), back-
ground spectra, response matrix file (RMF), and ancillary response file (ARF), we load
them in XSPEC v12.13.0 for further analysis. The total exposure times for ACIS-LETG,
HRC-LETG, ACIS-MEG, RGS1/RGS2 are 718.1,319.5,289.4, and 1981 Ks, respectively.

80bsID: 1015, 1703, 1790, 1795, 1796, 1797, 2323, 2324, 2335, 3168, 3667, 3668, 3669, 3707, 4416,
6090, 6091, 6874, 6924, 6927, 7293, 8388, 9704, 9706, 9708, 9710, 9713, 10662, 11965, 13096, 15475, and

16423.
40bsID: 331, 1013, 1704, 3166, 3709, 4406, 5172, 6922, 6923, 7294, 7295, 8379, 9707, 9709, and 9711.
50bsID: 337, 1014, 1705, 3167, 3706, 3708, 5173, 6926, 7291, 8380, 8436, 9705, and 9712.
6ObsID: 0080940101, 0080940301, 0080940401, 0124930101, 0124930201, 0124930301, 0124930501,

0124930601, 0158960101, 0158960901, 0158961001, 0158961101, 0158961301, 0158961401, 0411780101,
0411780201, 0411780301, 0411780401, 0411780501, 0411780601, 0411780701, 0411780801, 0411781301,
0411781701, 0411782101, 0727770101, 0727770501, 0727770901, and 0727771301.
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We use x? statistics for our analysis throughout the work. We quote 1o error for detec-

tions and 3o upper limit for non-detections.

5.2.2 Data Analysis

After obtaining the spectra, we model the continuum with a power-law absorbed by our
Galactic disk using Tuebingen-Boulder ISM absorption model tbabsxpowerlaw. tbabs
calculates the cross section for X-ray absorption by the ISM as the sum of the cross
sections for X-ray absorption due to the gas-phase ISM, the grain-phase ISM, and the
molecules in the ISM. We fix the equivalent Hydrogen column density for tbabs model
to Ng = 1.3 x 10*°cm~2 (HI4PI Collaboration et al., 2016). We let the index and
normalization of the power-law vary. Next, we search for the H/He-like ions of Carbon,
Nitrogen, Oxygen, Neon, Magnesium, and Silicon. To do so, we select ~ +2 A wavelength
range around the z = 0 values of strong lines of these metals. To account for the metal
absorption line, we add an absorbing Gaussian model (agauss). Therefore, our overall
model is tbabs*(pot+agauss). For the line center of the Gaussian, we start with the
z = 0 value of the absorption line and allow it to vary within the resolution element” of
the respective grating. We fix the width of the Gaussian to 107> A as the absorption lines
are not expected to be resolved. We allow the normalization of the Gaussian to vary. We
calculate the equivalent width (EW) of the absorption line using the eqw command. To
calculate the 1o uncertainty in EW, we first calculate 1o error in normalization of the
Gaussian using the error command. We then fix the normalization of the Gaussian to
the 1o upper and lower values and calculate the EW corresponding to these values, which
is the 1o uncertainty in EW. We call it a detection if the significance of EW is more than
20,8, otherwise, we quote a 30 upper limit on the EW. We repeat the above analysis for

strong lines of each ion and each instrument and list our results in Table 5.1.

We show the EW of detected and non-detected ions in Table 5.1 for all the instru-
ments. We detect (significance > 20) several absorption lines in different instruments.
There is no wavelength coverage in MEG for C and N lines. Cv Ka is detected only
in HRC-LETG, as there is no wavelength coverage in other instruments. Cvi Ka de-
tection in ACIS-LETG, RGS1, and RGS2 are consistent with each other within 1o un-
certainty, while the 30 upper limit from HRC-LETG is also consistent with different

"Resolution element (AX, FWHM) of 23, 50, and 70 mA for MEG, LETG, and RGS, respectively.
8Gignificance is defined as the ratio of best-fit EW to the 1o error on the lower side
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Figure 5.1: Normalized absorption profile of the detected (green) and non-detected (red)
ions. The dotted black vertical line in each panel shows the z = 0 value of the line center
of the respective ions. The shaded blue region in each panel indicates the resolution
element of the respective instrument relative to the z = 0 value of the line center of the

ion.
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instruments. N VI Ka is detected only in HRC-LETG, while ACIS-LETG and RGS2
show non-detection. For RGS1, there is a cool pixel at the corresponding wavelength.
Detection and non-detections are consistent with each other. We detect N viI Ka only
in ACIS-LETG, while HRC-LETG and RGS2 show non-detection, and in RGS1, there
is a chip gap at this wavelength. Again, detections and non-detections are consistent
across instruments. O1v Ko is detected in HRC-LETG and ACIS-LETG, and they are
consistent with each other. We do not detect O v in any of the instruments. O vil Ka is
detected in all the instruments except for RGS2 due to a dead CCD (~ 20-24 A). The
EW value in ACIS-LETG is the lowest among all the instruments and is consistent only
with HRC-LETG within 1o uncertainty. The EW values in RGS1 and MEG are high
and are consistent with each other, but not with other instruments together. O vit Kg
is detected in ACIS-LETG and RGS1, while there is no detection in other instruments,
which are consistent with each other within error bars except for RGS1. O viir Ka shows

a similar trend as O Vil Ka, whereas there is cool pixel at this wavelength for RGS1.

Neix Ka is detected in HRC-LETG, MEG, and RGS2, while ACIS-LETG shows
non-detection. The values are not consistent across instruments. Neon lines cannot be
detected in RGS1 due to a dead CCD at ~ 10-14 A. Nex Ka is not detected in any of
the instruments. Mg X1 Ka is not detected in any of the instruments except in RGS2.
MEG, which is most sensitive at these wavelengths, shows a non-detection with a 3o
upper limit of 0.7 mA, while the EW obtained using RGS2 is very high. This could be
due to the effect of a nearby cool pixel. Mg X1l Ko is detected in the CGM of the MW
for the first time. It is detected in MEG, and the upper limits from other instruments
are consistent with detection. SiXIll Ka is not detected in any instruments. However,
SixX1v Ka is detected in HRC-LETG, with non-detection in other instruments, which are

consistent with detection within 1o uncertainty.

Thus, we see that for most lines the measured EWs, either detections/non-detections,
are consistent across instruments within 1o uncertainties. The only exceptions are the
Ovilt Ka and K@, Ovir Ka, Neix Ka, and Mgx1 Ka. The inconsistencies in the
EW values across instruments may be attributed to the impact of cool pixels in the

surrounding wavelength regions, most notably in RGS1 and RGS2.
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5.2.3 Model-independent Analysis

In Table 5.2, we show the detected line details in the selected instrument for each ion
based on the sensitivity at the respective wavelength value and significance of detection.
We use these wavelength ranges for the specific instruments in our further analysis. The
detections in the respective mentioned instruments are: Cv Ka (2.20), Cvi Ka (3.70),
Nvi Ka (2.60), O1v Ka (3.16) Ovil Ka (5.10), Ovil K5 (2.10), Ovil Ka (3.20),
Neix Ka (4.00), Mgxit Ka (2.40), and Sixiv Ka (2.10). We use the detected/non-
detected ions in the mentioned instruments for our further analysis. In Figure5.1, we
show the normalized absorption profile (uncolvolved spectra with continuum normalized
to unity) of the detected and non-detected ions in green and red colors, respectively.
The black dotted line in each panel shows the z = 0 wavelength value, and the blue
band shows the resolution element of the instrument. The best-fit wavelength within the

resolution element for all the ions is shifted from the z = 0 value.

By fitting the metal absorption line using the Gaussian profile, we obtain the Equiva-
lent Width (EW), which we then convert into column density using the linear part of the
curve of growth (Draine 2011). We also detect the K line of O viI along with the Ko
line. Therefore, we obtain the Doppler b parameter and the saturation corrected column
density for O viI by combining the EW from Ko and Kf lines using the flat part of the

curve of growth.

The Doppler b parameter and the column density ratio of detected H to He-like ions
of the same element can be used to estimate the temperature of the gas bearing these ions
under Collisional Ionization Equilibrium (CIE), assuming the ions exist in the same phase.
The upper limit (non-detection) on the column density also provides useful constraints

on the physical conditions of the gas bearing these ions, assuming CIE.

The temperature estimated from the column density ratio of C vito C v is 9.6723 x 10°
K, Nvir to Nviis < 1.770% x 105 K, O1v to Ov is < 1.7 x 10° K, OV to OVII is
> 3.3 x 10° K, Oviir to Ovir is 1.6703 x 10% K, NeX to NeIx is < 3.3 4 0.5 x 10°
K, Mgxir to MgXr is > 1.2 4 0.2 x 107 K, and Six1v to Sixi is > 1.6703 x 107 K
under CIE. These model-independent temperature estimates suggest the presence of the
‘super-virial” or hot gas along with expected virial or warm-hot and ‘sub-virial’ or warm

gas as shown in Figure5.2. A further lower temperature cool gas is also indicated by the
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column density ratios of Ov and O1v . This cool phase is observed for the first time
in X-ray studies. The dashed magenta and purple lines show the temperature estimated
from the column density ratios of O vI (detected by Collins et al. 2004 in UV), Ov (X-
ray non-detection in this work), and O viI (X-ray detection in this work), O vi (Collins
et al., 2004) respectively. The limits on the estimated temperature also demonstrate
the presence of a temperature valley (hatched region in Figureb5.2) between the virial
gas (~ 10% K) and the super-virial gas (~ 107 K). A temperature valley is also present

between the sub-virial (warm) and cool phase.

These model-independent results show the multiphase nature of the CGM with tem-
perature valleys in between, which roughly mimics the ‘multi-peaked’ log-normal distri-
bution in temperature in the CGM (Dutta et al., 2024a). A ‘Multi-peaked’ log-normal
distribution is obtained by adding multiple log-normal distributions with different peaks,
heights, and widths. The multiple peaks may correspond to our model-independent
temperature estimates, suggesting different temperature phases in the CGM. These esti-
mated temperatures, along with the column density of the ions, can be used to estimate
the abundance ratios of the elements. This abundance ratio can then be used to compare
with the solar abundance ratio of the respective elements to check the solar/non-solar
mixture of the abundance ratios of the elements. Since we have only upper limits on
temperature using Ne and N ions, we assume that Nye > Nyeix and Ny > Nyvi - There-
fore, we get a lower limit on [N/O] and [Ne/O] abundance ratios. The abundance ratio
for [N/O] is > —0.297017. [Ne/O] is > 0.377033. These values clearly show that Neon is
super-solar relative to Oxygen, while N is in solar mixture with O, assuming they exist
in the same phase. These estimates clearly show the complex metal mixing and different

temperature phases of the CGM of the Milky Way.

The b parameter obtained for O vir is 48.8*1;’s km s~! that correspond to a tempera-
ture of 2.370-5 x 10 K assuming no non-thermal broadening. This temperature estimate
is consistent with the temperature obtained from the column density ratios of O viil and

O vI1I within 1o error.

5.2.4 PHASE model

To model all the detected and non-detected absorption lines self-consistently using the

Voigt profiles, we fit the observed spectra with the PHASE model (Krongold et al. 2003;
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Nicastro et al. 2018; Das et al. 2019b, 2021). PHASE model is a hybrid-ionization model
based on collisional ionization and photo-ionization. The parameters of the PHASE model
are temperature, equivalent hydrogen column density, the relative abundance of elements,
non-thermal broadening, photo-ionization parameter (U), and redshift (equivalent to the
line of sight velocity that shifts the line center). The abundance of elements is set to
a solar value by default, but can be varied independently for He, C, N, O, Ne, Mg,
Al, Si, S, Ar, Ca, Fe, and Ni. Therefore, the PHASE model can be used to disentangle
various temperature phases and chemical composition of the CGM based on the observed

absorption lines.

To fit with the PHASE model, we adopt the same wavelength range and continuum
for each ion as used to detect it in a model-independent way in Sec. 5.2.2 and Table 5.2
for the respective instruments. We freeze the photo-ionization parameter U to its lowest
value of 10739 assuming photo-ionization is negligible. Since the detected absorption
line centers are consistent with the resolution element of the respective instruments, we
fix the redshift parameter z to 0 initially. We assume purely thermal broadening of the
absorption lines, as shown by Das & Gronke 2024, that the non-thermal broadening along

this sightline is insignificant.

We use the power-law continuum with the same index and normalization over the
specified wavelength range for each ion, as discussed previously, and freeze these param-
eters for further analysis. The continuum model results in x?/dof of 5354.35/5620. We
then add a single temperature PHASE model with solar composition, which improves the

fit (x?/dof of 5202.63/5618) but cannot reproduce all the detected ions.

To check the importance of the non-solar composition of various elements relative to
O, we allow the composition of C, N, Ne, Mg, and Fe to vary in a single temperature PHASE
model, which results in a significant improvement in the fit with x?/dof of 5179.24/5612
with null-hypothesis probability of 0.03%. It suggests the importance of the non-solar

chemical composition. We refer to this virial warm-hot phase as PHASE A or 7T5.

However, this single temperature phase model with non-solar composition could not
reproduce the column density of high ionization species like Mgxir and SixX1v , and
under-predicts the O VIl column density. It indicates the presence of an additional,
higher-temperature phase. Therefore, we add another temperature PHASE model to fit
the data. We do not force any parameters of the two-temperature PHASE model to be the

147



same, except that we tie the relative abundance of [C/O] and [N/O] to be the same in
both phases, as the observed ions of C and N are not expected to contribute significantly

in the hot phase.

For the higher temperature phase, we vary the relative abundance of Ne, Si, Mg, and
Fe. The two-temperature non-solar PHASE model results in x?/dof of 5166.68/5606 with
null-hypothesis probability of 3.4%, which is an improvement over the single-temperature
non-solar phase model and successfully produces the Mg X11 , Si X1v , and total O VIII col-

umn density. We refer to this ‘super-virial’ hot phase as PHASE B or T3.

The primary motivation of this work is to detect the hot super-virial phase along with
the virial phase, which is successfully recovered using our PHASE_A and PHASE B models
discussed above. But these two-temperature phases under-predict the column density
of Cv Ka and NvI Ka lines. To account for the observed excess column density of
Cv and NI lines, we add another PHASE model. We refer to this phase as PHASE C or
Ty or sub-virial phase. We allow the temperature and equivalent H column density to
vary, and we tie the C and N abundances in this phase to the virial phase. We fix the
other metal abundances to the default solar value in this phase, which resulted in x?/dof
of 5162.39/5604 with null-hypothesis probability of 9.8%. However, the ions tracing
the sub-virial phase (Cv and NVI ) are blue-shifted; therefore, we vary the redshift
parameter (equivalent to line-of-sight velocity) in the PHASE_C. This improved the fit-
statistics further with x?/dof of 5156.53/5603 with null-hypothesis probability of 1.2%.
This additional phase successfully reproduces the excess Cv Ka and N vi Ka column
density. Therefore, all the observed column density values are well reproduced by our
final best-fit PHASE model: PHASE_A*PHASE_B*PHASE_C. We show the results of our best-fit
PHASE model in Table 5.3 with 1o uncertainties.

Since we did not detect Mg X1 , which traces the warm-hot gas, and NeX , which
traces the hot gas, do we require a non-solar composition of Mg in the warm-hot phase
and Ne in the hot phase? To check the significance of non-solar composition of [Mg/O] in
warm-hot phase, we freeze all the parameters in our best-fit PHASE model except T, Ny,
and Mg composition in warm-hot phase, with x?/dof of 5156.53/5617. We then freeze
the [Mg/O] composition to solar value, which resulted in x?/dof of 5156.55/5618. We
calculated F-test statistics and found the null hypothesis probability of 88%. Similarly, we
carried out the above analysis for Ne in the hot phase, which resulted in a null hypothesis

probability of 38%. These results indicate that the non-solar compositions of Mg in the
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Parameter | PHASE_C (7)) |PHASE_A (T,)| PHASE.B (T3)
T[K] [2240.5x10°|1.8703 x 109| 5.4733 x 107
Ny [em™2] | 1.9708 x 10 [8.8%32 x 108 2.5707 x 10%
Vies [km s7Y]|  — 9572 — -
[C/O] |tied to PHASE_A| 0.23%0%% |tied to PHASE_A
[N/O] |tied to PHASE-A| 0.3570%0  |tied to PHASE_A
[Ne/O] - 1.0275:33 -
[Mg/O] - - 0.43%5:3
Si/O] - - 0.9370%
[O/Fe] — > —0.30 > 1.0
[Ne/Fe] - > (.72 -
[Mg/Fe] - - > 1.43
[Si/Fe] - - > 1.93

Table 5.3: Best fit PHASE model parameters.

warm-hot phase and Ne in the hot phase are statistically not required.

Further, we carry out statistical tests to verify if the line of sight velocity is consistent
with 0 km s™! in both the hot and warm-hot phases. To do so, we freeze all the parameters
except T and Ny in the respective test phase. We then vary the redshift parameter
(equivalent to line of sight velocity) in the respective phase and calculate the significance
of non-zero line of sight velocity. For the hot phase, we obtain x?/dof of 5155.77/5617
with null-hypothesis probability of 36%. Similarly, for the warm-hot phase, we obtain
x?2/dof of 5154.82/5617, with null-hypothesis probability of 17%. Therefore, the line-of-

sight velocity is consistent with zero in both warm-hot and hot phases.

5.3 Results

Using the PHASE model analysis, we infer three temperature phases of the CGM using the
X-ray absorption lines towards PKS 2155-304. As expected from the model-independent
temperature results, we detect virial, super-virial, and sub-virial phases from the PHASE
model. In Table 5.3, we show the results of our best-fit PHASE model with 1o error.
In Table 5.2, the first column shows the ion, the second column shows the transition,

the third column shows the instrument used to detect it, the fourth column shows the
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equivalent width in mA, the ninth column shows the column density computed assuming
linear part of the curve of growth, the fifth, sixth, seventh, and eighth columns show the
column density predicted from PHASE C (Nr,), PHASE_A (Np,), PHASE B (Np,) and total
from all the three phases respectively. Therefore, the eighth and ninth columns can be
compared with each other. The total column density predicted from the PHASE model
is consistent with detection within 1o error bars and 3o upper limits for non-detections.
For Ovi1 , we detected both the Ko and K3 lines. The ninth column for O viI in Table
5.2 shows the saturation corrected column density for O vil (line through the column
density value). The saturation corrected column density cannot be used for analysis as

both the warm-hot and warm phases contribute to the column density of O vir .

In Figure 5.3, we show the contribution of different phases for all the detected ions
from our best-fit PHASE model. The blue dotted, green dashed, and red dashed-dotted
lines show the contribution of warm (77), warm-hot (73), and hot (73) phases, respec-
tively. Our analysis indicates that Mgxi1 and SiXIV originate exclusively from the hot
phase, whereas Ne X comes from the warm-hot phase. O VIII has a significant contribu-
tion from both warm-hot and hot gas, while O vII has contributions from warm-hot and
warm phases. This suggests that the observed O vil and O vIiI column density ratios
cannot be used exclusively to estimate the temperature of the gas in the CGM, as they
contribute significantly to different temperature phases. CVI comes from the warm-hot
phase with a contribution from the hot phase, and N vI comes from both the warm and
warm-hot phase. CV has a predominant contribution from the warm phase (see Table
5.2). Therefore, a similar conclusion holds for estimating temperature using the column

density ratios of Cvi and Cv .

5.3.1 Temperature

For the virial, super-virial, and sub-virial phases, we obtain the best-fit temperature of
1.8103 x 105 K, 5.4%5% x 107K, and 2.2 4 0.5 x 10° K, respectively. The best-fit virial
temperature along 1ES1553+113 (Das et al., 2019b), Mrk421 (Das et al., 2021), and
NGC 3783 (McClain et al., 2024b) is 1.2975-16 x 10 K, 1.540.06 x 105K, 6.76 779 x 10° K,
while the super-virial temperature is 1.154-0.26 x 107 K, 3.2*0%] x 107K, and 4.0773:2, x
10 K respectively. The sub-virial temperature along Mrk 421 is 3.0 £ 0.25 x 10° K. The

best-fit virial, super-virial, and sub-virial temperatures for the stacked sightlines (Lara-DI
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Figure 5.3: Individual contribution of different temperature phases for detected ions.
The grey color shows the best-fit PHASE model, while blue, green, and red colors show

the contribution of sub-virial (77), virial (73), and super-virial (73) phases, respectively.
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et al., 2024a) are 1.557023 x 10, 3.1675:53 x 107, and 2.45705% x 10° K, respectively.

Figure 5.4 shows the best-fit temperature and 1o uncertainties from previous stud-
ies along various lines of sight (Mrk421, green; stacked, grey; 1ES1553+113, yellow;
NGC 3783, red). The temperature ranges from this work (along PKS 2155-304) are plot-
ted in blue. The left arrow shows the cool phase temperature estimated using O v (non-
detection) and O1v (detection) line ratios. This marks the first time that cool gas has
been detected via X-ray absorption lines in such studies. The three points in each row
(same color) show the temperature for the sub-virial, virial, and super-virial phases along
PKS 2155-304, Mrk 421, and stacked sightlines, while along 1ES 15534113 and NGC 3783,
the two points show virial and super-virial phases. For a given sightline, the temperatures
of different phases show no overlap, considering the 1o variation, which points to the ro-
bust detection of these distinct phases and a temperature valley in between. There is no
overlap between the hot and warm-hot temperatures from all the observations within 1o
uncertainties. This shows the clear demarcation between virial and super-virial phases.
Similarly, the sub-virial and virial phases are distinct, as there is no overlap between
the temperatures of these two phases within 1o error. The temperature values in the
sub-virial phase are consistent with each other within 1o uncertainty. This temperature

comparison plot indicates the multiphase nature of CGM along all directions.

We detected four distinct temperature phases along PKS 2155-304 for the first time.
Along Mrk 421, Das et al. 2021 found three temperature phases. Since Das et al. 2021
did not look for O1v and O v X-ray absorption lines, a cooler temperature gas may also
be present along Mrk421. Similarly, a cooler temperature gas may also exist in stacked
sightlines (Lara-DI et al., 2024a). Along 1ES 15534113, Das et al. 2019b detected warm-
hot and hot gas using RGS1/RGS2 in XMM-Newton. However, they could not detect
a lower temperature gas because of the limited wavelength coverage of RGS1/RGS2.
Their hot gas temperature is also lower than the hot gas temperature among other sight-
lines (except NGC3783). This is again because of the limited wavelength coverage of
RGS1/RGS2 at lower wavelengths. They detected Ne X as a tracer of hot gas. Other hot
gas tracer ions like Mg X11 and SiX1v , which fall at lower wavelengths, might be present
along this sightline, which can further modify the hot gas temperature to higher values,

but could not be detected.

The warm-hot gas temperature along NGC 3783 is the lowest among other sightlines.

This could be the weighted average temperature of warm-hot and warm gas. McClain
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et al. 2024b only used MEG for their study and did not look for ions tracing the lower
temperature gas due to the limited wavelength coverage of MEG. As a hot gas tracer, they
only detected Ne X and could not detect other ions. The limited number of detected ions
for warm-hot and hot gas may not reflect the true temperature distribution along a given
sightline, which can result in average temperatures between two temperature phases.
This could be the case along NGC 3783. A large range in the inferred temperature along
various sightlines also points towards the temperature inhomogeneities in the CGM. The
inhomogeneity is larger for the hot phase, which could be the result of scattered stellar

outflows from the Galactic disk.

5.3.2 Equivalent H column density

Virial, super-virial, and sub-virial phases have an equivalent H column density (relative to
solar abundance of Oxygen in that phase) of 8.8722x 108, 2.570-7 x 10!, and 1.975:3 x 108
cm~? respectively. Equivalent H column density towards 1ES 1553+113, Mrk421, and
NGC 3783 for virial phase is 13.373% x 10'®) 8.4 + 0.8 x 10'®, 1.267053 x 10%, while
for super-virial phase is 2.9737 x 1020, 9.1737 x 10%°, and 4.47739% x 10! cm™2. The
equivalent H column density for the sub-virial phase towards Mrk421 is 1.1753 x 10'®
cm~2. Note that the uncertainties along Mrk421 and 1ES 1553+113 are with 90% and
99.73% confidence levels, respectively, while others are with 1o. The temperature and
equivalent H column density for the super-virial phase predicted by our best-fit PHASE
model are maximum along this line of sight compared to the other three lines of sight
(Das et al. 2019b, 2021; McClain et al. 2024b) and stacked sightlines (Lara-DI et al.,
2024a). A large variation in inferred temperature and equivalent H column density for

the hot phase across different sightlines suggests the inhomogeneous nature of this phase.

5.3.3 Abundance Ratios

We find that the abundance ratios of the ions in the warm-hot and hot phases are non-
solar. C and Ne are super-solar relative to Oxygen in the virial phase. Mg and Si
are super-solar relative to Oxygen in the super-virial phase. In Fig. 5.5, we show the
importance of non-solar composition of the abundance ratio of ions. The dotted colored

line in subplots shows the normalized absorption profile of various ions for solar abundance
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Figure 5.5: Non-solar abundance ratios of C, Ne, Mg, and Si relative to O in the respective

phases.

ratios of the respective element relative to O in various phases.

Along with these elements, we have also varied the composition of Iron in both virial
and super-virial phases. We find a-enhancement in both the virial and super-virial phases,
which is in line with all the previous studies along different sightlines. In the top panel of
Fig. 5.6, the green line shows the normalized spectrum for [Ne/Fe] in the virial phase. In
the bottom panel, the dotted, dashed, and dashed-dotted red lines show the normalized
spectrum for [O/Fe|,, [Mg/Fe]s, and [Si/Fe|q, respectively, in the hot phase. The virial

and super-virial phases are a-enhanced as evident from this plot.
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Figure 5.6: Top panel: The green line shows the normalized spectrum for the Solar

abundance ratio of Ne to Fe in the warm-hot phase. Bottom panel: The dotted, dashed,

and dashed-dotted red lines show the normalized spectrum for solar abundance ratios of

O to Fe, Mg to Fe, and Si to Fe in the hot phase. This shows the a—enhancement in

virial and super-virial phases.
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5.4 Discussion

5.4.1 Comparison with previous studies

X-ray

Nevalainen et al. 2017 studied and analyzed the z = 0 absorption lines in the spectra of
PKS 2155-304. They detected various ions individually in the spectra of RGS1, RGS2,
LETG/HRC, and LETG/ACIS (see their Figure2). Since their motivation was to study
the X-ray counterpart of the far-ultraviolet observations, which revealed a transition
temperature along this sightline, they did not look for the ions tracing very hot gas in
the CGM. Therefore, they did not analyze the MEG/ACIS data, which is sensitive to
detecting such ionic transitions. They have reported a detection of the O v line in RGS1
and LETG/HRC; however, we did not detect it (see Figure5.1) in any of the instruments.
The 30 and 20 upper limits on the EW from our analysis are 5.6 and 4.3 mA respectively,
which is consistent with their detection of 3.0+ 1.5 mA for RGS1. However, the number
of observations used in our analysis is larger than that analyzed in Nevalainen et al. 2017.
Our analysis has a total exposure time of 1.98 Ms, compared to 1.7 Ms in Nevalainen

et al. 2017 for RGS1.

A similar study is carried out along various other lines of sight, including 1ES 15534113
(Das et al. 2019a), Mrk 421 (Das et al. 2021), and NGC 3783 (McClain et al. 2024b). This
is the first study that is conducted in the southern latitude (b = —52.2°), which indi-
cates the presence of super-virial in the southern Galactic latitude as well. Mrk421
(I = 179.83°) lies in the Galactic anti-center direction, while PKS2155-304 is towards
the Galactic center (I = 17.7°). Das et al. 2021 inferred three temperature phases along
Mrk 421, which is similar to three temperature phases (hot/warm-hot/warm) along this
sightline. The temperature, equivalent H column density, and abundance pattern are
similar along both lines of sight, even though they lie completely in opposite directions.
This suggests that the super-virial gas detected in X-ray absorption studies is likely
widespread. Further observations with high signal-to-noise grating data across a broader
array of sightlines are necessary to clarify and characterize the properties of the hot gas

observed in X-ray absorption studies.
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There is observational evidence of highly ionized High Velocity Clouds (HVC) towards
PKS 2155-304. Collins et al. 2004 used the Hubble Space Telescope (HST) and the Far Ul-
traviolet Spectroscopic Explorer (FUSE) to study the UV absorption towards PKS 2155-
304. They detected two absorbing components at Vigr of —140 and —270 km s~ ! in
Ovi and C1v . These negative LSR velocities are also consistent with our blue-shifted
detection of ions like Cv ; Cvi, and N VI (see Figure5.1 and 5.7), which possibly have

a significant contribution from the HVCs.

In Figure 5.7, we show the line of sight velocity for each ion calculated from the best
fit and theoretically predicted z = 0 wavelength value. The blue and red colors show
blueshift and redshift, respectively, and the error bars in the respective colors show the
resolution element around the best-fit values. The error bars in black color show the
measured 1o error about the best fit value. The two black points on the left side of the
Figure 5.7 correspond to the two velocity components of the UV High Velocity Clouds
(HVCs) (Collins et al., 2004). Cv and N VI lines, which are the tracers of the warm/cool
phase, are blue-shifted. O vil and O VvIiI lines are roughly consistent with zero velocity
as these ions trace the virial gas, which is expected to be in hydrostatic equilibrium with
the dark matter Halo. The SiX1v line, which traces hot gas, is red-shifted. It shows that
the hot gas is probably outflowing due to feedback from the Galactic disk and Galactic
center. The MgXII line is also expected to be red-shifted as a tracer of the hot gas, but
is rather blue-shifted. This shows the complex and inhomogeneous mixing of inflowing
and outflowing gas in the CGM. McClain et al. 2024b also detected the blueshifted and
redshifted absorption lines in their analysis towards NGC 3783. They found O vi1 Ka,
O v KB, and Neix Ka lines to be redshifted, while O viit Ka and Ne X Ka lines were
blueshifted (see their Figurel and Table 1). However, they did not claim detections of
inflow /outflow because the available evidence was scarce and based on a limited set of

tracer ions.

Along with various other lines, Collins et al. 2004 detected the O vI line (1031.93 A)
with column densities of 13.80 + 0.03 and 13.56 &+ 0.06 (in logyo) in the two absorbing
components. Since X-ray instruments cannot resolve these two components, we add the

two column densities to compare with our analysis. The total O VI column density is

therefore 9.94739% x 10" cm~2. Since the O vi Ko (22.02 A) line is highly blended with
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the O K@ line in X-ray (Mathur et al. 2017), we cannot independently compute the
O VI column density from X-ray. However, the O vI column density predicted from our
best-fit PHASE model is 1.0679:57 x 10" ecm~2, which is consistent with the UV measure-

ments within 1o uncertainties.

The O VI column density predicted from X-ray along Mrk 421 was 1.8270 37 x 10 cm 2
which was smaller by a factor of & 2 than the observed UV value of (2.66 — 3.15) x 10
cm~?2 along that direction. Even photo-ionization in the warm phase could not account
for the excess O VI observed along this sightline in UV, which suggests the effect of other
processes like radiative cooling or non-thermal sources (Das et al., 2021) deviating from
CIE. However, along PKS 2155-304, the consistency in O VI column density between X-
ray and UV suggests that the warm phase is in CIE. Thus, the ionization conditions along

the two sightlines are different for the warm gas traced by O vI1 .

The total C1v (1548.20 A) column density from the UV observation is 7.229%2 x 1013
cm~2. The C1v column density predicted by the PHASE model is 2.857358 x 10'% cm~2,
which is less than the UV measurements. The excess C1v is therefore, N(C1v )yy—N(C1v ) x
= 437729 % 10'® cm™2. This ‘missing’ C1v in X-rays might come from a further lower
temperature gas, as suggested by the temperature estimated from the column density
ratios of O v and O 1v (see Figure5.2). The observed UV and inferred X-ray C1v column
density along Mrk 421 were consistent with each other within 20, but the X-ray C1v col-
umn density was larger than what was observed in UV. The excess column density in
that case would come from low /intermediate velocity clouds (LVC/IVC) in the disk/halo.
However, along PKS 2155-304, the C1v UV column density is larger than what is pre-

dicted from our X-ray analysis. Therefore, the two lines of sight are also different in

C1v properties.

5.4.2 Origin of the super-virial gas

The X-ray emitting and absorbing super-virial gas is believed to have distinct origins.
Bhattacharyya et al. 2023 showed that the emitting super-virial gas has a dominant
contribution from Fe line emission, whereas the absorbing super-virial gas is found to

be a-enhanced. Bisht et al. 2024b also showed that the absorbing and emitting super-

0Estimated from the best-fit wavelength and the z = 0 rest wavelength using v/c = (A — Xg)/)o, as

shown in Figure5.1.
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Figure 5.7: The line of sight velocity!® of the detected transitions. The blue and red
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(Collins et al., 2004).
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virial gas has to be treated separately, based on the typical value of Emission Measure
(EM) and column density. The emitting super-virial gas is ubiquitous across the CGM,
and Bisht et al. 2024b showed that a puffed up disk-like geometry with a typical scale
radius and scale height of ~ 5, and 1, respectively, can match the characteristics of this
gas. Bisht et al. 2024b further showed that the disk-wide stellar outflows from the MW
central disk can give rise to such a puffed-up disk with super-virial temperatures using
hydrodynamical simulations of stellar outflows. However, this puffed-up disk-shaped gas

cannot account for the extremely high column density of ions detected in absorption.

Vijayan & Li 2022 in their hydrodynamical simulations of star-forming galaxies also
found hot gas (~ 107 K; see their Figure7). But the star formation rate (SFR) they
considered, 10 Mg yr~! is higher than the SFR of MW (Elia et al., 2025). The signatures
of super-virial gas are also found by Roy et al. 2024 as a result of compressive heating
of infalling gas into a galaxy in their simulation. However, their temperature values
are significantly lower than those inferred from X-ray absorption studies, and they have
not quantified the characteristics of super-virial gas (super-solar abundance ratios, a-

enrichment) beyond temperature.

Based on the properties of the absorbing super-virial gas (high temperature, super-
solar abundances, and a—enrichment), Bisht et al. 2024a showed that the core collapse
supernovae from runaway stars in the extra-planar regions along these specific sightlines
can give rise to these characteristics around ~ 100 kyr timescale. They showed that
the reverse shock in the supernova remnant (SNR) can heat the ejecta to super-virial
temperatures, and the extremely high column density detected along these sightlines can
be matched with a typical blast energy of 10°! erg, ejecta mass of ~ 10 M, and ambient

density of ~ 0.1 em ™3,

The ejecta of a core-collapse supernova is a-enhanced and has
super-solar composition, which naturally explains these findings. However, the covering
fraction of such objects in the sky is < 1% and therefore cannot account for super-virial

gas along all the detected lines of sight.

We further investigate whether the newly detected Mg X11 Ko line could arise from
the ISM of the Galaxy, instead of the extended region. Following Lara-DI et al. 2024c;
Roy et al. 2025, we looked for the Mg X11 Ko line in the XRB sightlines. Out of 27 XRBs,
4 sources exhibit a statistically significant (> 30) detection of the MgXI1 absorption
line. The absorption lines in two of the four sightlines are broad, suggesting an origin

in the immediate environment of the source XRB. Thus, only in 2 out of 27 sightlines,
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corresponding to a fraction of ~ 7.5%, the Mgx11 Ka may arise in the ISM. This small
fraction, together with the Lara-DI et al. (2024¢); Roy et al. (2025) results on other lines
related to the hot gas, suggests that the super-virial phase likely resides in the extra-

planar region.

5.5 Conclusion

In this work, we have investigated the highly ionized metal absorption lines at z = 0 in
the Galactic halo using the X-ray grating data of Chandra and XMM-Newton toward the
Blazar PKS 2155-304 and obtained the following results:

1. We detect Hydrogen-like and Helium-like ions of various elements, and for the first
time, detect the Mgx1 Ka absorption line in the MW CGM (see Fig. 5.1 and
Table 5.1 and 5.2).

2. For the first time, we identify four thermal phases using X-ray absorption lines
(see Figs. 5.2 and 5.4). Our detection of highly ionized metals like MgXi1 and
Si X1V confirms the existence of super-virial hot gas (=~ 5x 107 K) along this sightline
(see Table 5.3). The temperatures of the warm-hot (virial) and warm (sub-virial)
phases are ~ 2 x 10% and ~ 2 x 10° K, respectively. The 4'® phase (cool phase;
T < 1.7x 10° K) is detected using the column density ratios of O v (non-detection)
and O 1v (detection). This extends the previous detections of two (Das et al., 2019b;
McClain et al., 2024b) and three (Das et al., 2021; Lara-DI et al., 2023) thermal

phases.

3. The hot gas has a super-solar composition of [Mg/O] and [Si/O] and is a~enhanced,
which is in line with the previous studies along other lines of sight. [C/O] and [Ne/O]
are super-solar in the sub-virial and virial phases, respectively (see Fig. 5.5 and

5.6).

4. For the first time, we have also gained kinematic insights in the highly ionized
phases of the CGM. Tracers of the sub-virial phase are blue-shifted (vi,s ~ —100
km s71), while tracers of the super-virial phase may be red-shifted, indicating a
scenario with cool inflowing and hot outflowing gas embedded in the quasi-static

warm-hot gas along this sightline (see Fig. 5.7).
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5. This is the fourth individual sightline along which the super-virial hot phase has
been looked for and been detected. It suggests that this phase is likely widespread in
the Galactic halo. A statistically large number of sightlines is required to determine

its true covering fraction and subsequently, mass.

6. We find the presence of a temperature valley between the warm-hot and hot phases,
and another temperature valley between the sub-virial and cool phases (see Fig.
5.2). This indicates the multi-peaked temperature distribution in the highly ionized
CGM of the MW. A large variation (an order of magnitude) in the temperature
and equivalent Hydrogen column density of the hot gas across different sightlines

suggests it is thermally and chemically inhomogeneous.
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Chapter 6

Conclusion & Future Directions

This thesis presents a comprehensive investigation of the multiphase circumgalactic medium,
with an emphasis on understanding the origin, thermal/chemical structure, and spatial
distribution of the recently discovered hot or ‘super-virial’ phase (~ 107 K) in the cir-
cumgalactic medium of the Milky Way. Through a combination of analytical model-
ing, hydrodynamical simulations, Monte Carlo realizations, and X-ray absorption-line
observations, the work captures the CGM’s complexity across its full temperature spec-
trum-—from cool phase (~ 10* K) to highly ionized X-ray gas (~ 107 K). A key outcome
is the identification and characterization of the ‘super-virial’ phase, including its first

observed detection in the southern Galactic hemisphere.

6.1 Origin of X-ray Emitting Super-Virial Gas

We demonstrated that the X-ray emitting and the X-ray absorbing hot phases cannot
have the same origin, due to inconsistent length scales implied by emission measure and
column density measurements. Using an analytical model, we showed that a puffed-up
disk-like region with a scale radius of ~ 5 kpc and a scale height of &~ 1 kpc can explain
the observed characteristics of the ‘super-virial’ emitting gas. Using an idealized 2D
hydrodynamical simulation, we showed that the disk-like region naturally arises from
disk-wide stellar feedback, which could be the possible origin of this phase. This model
successfully matches the observed sky variation of the emission measure and provides

a physically plausible explanation for the widespread hot X-ray emission. The inferred
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mass of this component (4 x 107 M) is ~ 4 orders of magnitude less than the mass-

dominated warm-hot or ‘virial” phase.

6.2 Supernovae From Runaway Stars as Sources of

X-ray Absorbing Super-Virial Gas

The X-ray absorbing ‘super-virial’ gas detected along three northern-hemisphere sight-
lines in the CGM of the MW shows high column density of highly ionized species such
as OVIII, NeX, and SiXIV, high temperatures, a-enhanced, and dominant non-thermal
broadening. We demonstrated that these characteristics can be explained by shock-
heated ejecta from core-collapse supernovae occurring in the extra-planar regions of the
MW. In particular, reverse-shocked supernova ejecta with explosion energy E ~ 10
erg and ejecta mass My ~ 10 Mg, expanding into a medium with number density of
n ~ 1073 cm™3 reproduce the observed ion column densities on timescales of ~ 10°
years. However, the scarcity of massive runaway progenitors implies an intrinsically low
sky covering fraction (< 1%), suggesting that this mechanism alone cannot account for

‘super-virial” absorbing gas, if detected along a large number of sightlines in the future.

6.3 Structure of the Cool CGM: Misty Cloud Com-
plexes (mCC)

We developed a physically motivated model for the cool (~ 10* K) CGM composed of
clumpy cloud complexes (CCs) filled with tiny cloudlets in the “mist limit” (unit area
covering fraction within a cloud complex). Using Monte Carlo realizations of CCs in
the CGM, we demonstrated that the large scatter in observed MgII column densities at
similar impact parameters arises naturally in our model. We showed that the COS-Halos
MglII column density (Werk et al., 2013) can be explained with a total cool gas mass
of ~ 109 M, ~ 10® CCs each with a radius of ~ 10 kpc. We further showed that the
combination of area covering fraction and average Mgll column density, both of which
are observationally available, can be used to constrain the mass of the cool phase in the

CGM. Using a simple exercise, we demonstrated that the blending of absorption lines of
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individual intersected cloudlets with distinct line of sight velocities within a CC gives rise

to turbulent broadening at the CC scale.

6.4 Detection of Super-Virial Gas Toward PKS 2155-
304

Using Chandra and XMM-Newton archival gratings, we detected Mg X11 Ka and Si X1v Ko
in the CGM of the MW towards PKS 2155-304—the first such detection in the south-
ern Galactic hemisphere. Our model-independent analysis and hybrid-ionization model-
ing revealed four distinct temperature phases along this sightline, namely ‘super-virial’
(= 5x107 K), ‘virial’ (& 2x 10° K), ‘sub-virial’ (~ 2 x 10° K), and cool phase (< 1.7 x 10°
K). This work demonstrated that the ‘super-virial’ absorbing phase is not confined to the

northern hemisphere and is likely widespread and thermally /chemically inhomogeneous.

6.5 Future Directions

The detection of ‘super-virial” absorption in only a handful of directions limits our ability
to assess its global properties and origin. Expanding the number of high-S/N sightlines
with Chandra and XMM-Newton is crucial to determine its covering fraction, its relation
to Galactic structures (Fermi Bubbles, superbubbles), extra-planar SN, and its connection
to accretion or feedback events. Upcoming missions like NewAthena, Arcus, and Lynx

will be transformative.

Idealized 3D simulations with outflows incorporating chemical enrichment will help
understand the origin of ‘super-virial’ emitting and absorbing gas. This will refine the

baryon census estimates and test metal-transport models.
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Appendix A

The mist limit

It is important to recall the meaning of the mist limit within a CC. Here we extend the
discussion in section 4.2 of D24, which uses cubical cloudlets (geometry only introduces
order unity factors without altering the scaling relations with the parameters) of uniform
size. The parameters for such a CC, also assumed to be a cubical, are the volume filling
fraction fy, the number of cloudlets N, and the CC size L. The column density of
the cool gas in the mist limit is given by ncoo L fiy, where ngo is the physical number
density of the cool gas. The area covering fraction is unity provided the average number
11/3

of cloudlets along a sightline ff/ 3]\7C exceeds unity, that is, when Ny 2> f‘jz.

To test the above scaling borrowed from D24, we carry out a simple Monte Carlo
experiment (see Figure A.1). We divide a uniform cubical volume L? into equal cubical
cells of size | = L f‘l// °N; '3 of our cubical cloudlets. Ny cloudlets, which occupy a volume
fraction fy of the available volume, fill these available cells with uniform probability. In
this arrangement, either the cell is fully occupied or unoccupied (there is no partial
occupation). The number distribution of cloudlets along a LOS is Poisson, with a mean

‘2,/ 3Ncll/ % and a standard deviation equaling the square root of the mean (as expected
for a Poisson distribution). A Poisson distribution is expected for a uniform cloudlet

distribution. These mist estimates provide a useful benchmark to compare with more

sophisticated models.
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Figure A.1: Projected cloudlet distribution (top 3x3 panels) in a cubical volume with
Ng cubical cloudlets uniformly covering a volume fraction fy,. The size of vacancies
equals the cloudlet size. As expected from simple estimates, the area covering fraction
becomes of order unity when N 2> f,,%. The panels farther from the diagonal (toward
the bottom-left) are deeper into the mist limit. The bottom panels show the normalized
histogram of the number of cloudlets along different sightlines. The histogram is very well
fit by a Poisson distribution (shown by dashed lines) with a mean f‘Q,/ 3Ncll/ ®. Note that
the number of sightlines with zero and one cloudlet becomes comparable for N, ~ f‘}2,

corresponding to the approach toward the mist limit with a unity area covering fraction.
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A.0.1 Terminal velocity of cloudlets within a CC

We can estimate the terminal velocity of a cloudlet within a CC by balancing the gravi-
tational force and the drag force experienced by a cloudlet. The standard expression in

the Rayleigh/turbulent drag regime is given by

cl _ 4XTC1
Uterm = V 3CpRcem Ve

~ 48 km st (25)" (WRCGM)W (=) » (A1)

100 4x10—4

where xy &~ 100 is the density contrast between the cool and hot CGM phases, Cp ~ 1

is the drag coefficient, and v, ~ 220 km s !

is the circular velocity of a Milky Way-
like galaxy. For rq = 100 pc (best resolution achievable by current cosmological galaxy
formation simulations) and Rcgy = 280 kpe, the above expression gives a terminal
velocity ~ 48 km s™!, higher than the turbulent velocity across a CC (~ 35 km s™!; see
section 4.3.4). For cloudlets to be suspended in the CGM, and for mist description to
be appropriate (as motivated by observations), the cloudlet terminal velocity should be
< 35 km s™! (turbulent velocity within a CC), or equivalently, the cloudlet size should
be < a few pc! This simple argument emphasizes the importance of phenomenological
models like ours, given the computational intractability of modeling realistic suspended

CGM cloudlets from first principles.

A.1 Mgll ion fraction estimates

The number density of MglI is given by

Z nm NMglt
=uX | = —= . cool A2
NMgll = W (Z@) (nH)@(nMg>n 1 ( )

where X = 0.74 (Asplund et al. 2009) is the hydrogen mass fraction, ¢ = 0.6 is the

mean molecular weight, Z = 0.3Z; (Prochaska et al. 2017) is the metallicity of the gas,
(nmg/nn)e = 3.47 x 107° (Ferland et al. 2017; Holweger 2001) is the solar abundance of
Mg, and (nagrr/nvg) is the fraction of Mgll. Figure A.2 shows the MglI ion fraction as a
function of the total number density. The purple line shows the ion fraction in Collisional
Ionization Equilibrium (CIE). The green, blue, and orange lines show the ion fraction at

three different redshifts in Photoionization Equilibrium (PIE).
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Figure A.2: MgII ion fraction as a function of total number density at 10* K. The purple
line shows the MglI fraction for the Collisional Ionization Equilibrium, while the green,
blue, and orange colors show the values for Photoionization Equilibrium at the redshifts
of 0.1, 0.2, and 0.3, respectively. The solid and dashed colored line shows the ion fraction
with the HM12 (Haardt & Madau 2012) and KS18 (Khaire & Srianand 2019) background
radiation field. We computed the ion fraction values using the radiative transfer code
CLOUDY (Ferland et al. 2017). MglI ion fraction values vary by ~ 2 orders of magnitude
from =~ 0.01-0.6 for n ~ 1073-10~tecm =2 at z ~ 0.2.
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A.2 Standard deviation estimates

Just as we can calculate the average number of CCs along a LOS and the average path

length along a CC, we can also calculate the standard deviation of these quantities.

For average CC density, which is only a function of the distance r and independent
of 6 and ¢, the distribution of CCs in a radial shell is expected to be Poisson, with the
variance equal to the mean number of clouds. For the number of CCs encountered along a
LOS, this means that the variance in the number of CCs along a LOS equals the average
number of CCs. Thus, the standard deviation in the number of CCs along a LOS is

simply the square root of the average number of clouds encountered.

The deviation in the length along a single CC is given by o, = /(L?) — (L)?, with

_ [ ombdb 4(R2 e — b°)
[ 2mbdb

(L?) = 2RZ. (A.3)

Combining this, and Eq. 4.5 gives, o7, = v2Rcc/3.

Both the number of clouds encountered along a LOS and the path length through
a CC are random variables. Thus, the variation in column density along a LOS will
have contributions due to both of these random variables. Adding all the deviations in
quadrature (and assuming Nccpos and L to be independent random variables), we can

write

012\, = 012Vcc%Los <L>2 -+ <NCC,LOS>2U% + O—JQVCC,LOSO_%' (A4)

Here, the column density N = > (nion);L; = Nce,LosLnion 1s a sum over CCs along

the LOS Recall that <N> = <NCC,LOS><L> (nion), UNCC,LOS/<NCC,LOS> = 1/\/ <NCC,LOS>
and o7 /(L) = v/2/4. These estimates are used to show (using dotted lines) the expected

deviation from average column density in the bottom panel of Fig. 4.2.
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