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ABSTRACT OF DISSERTATION

UNDERSTANDING THE PHYSICS OF GALAXY CLUSTERS OUT TO THEIR
VIRIAL RADIT AND BEYOND

In the hierarchical structure formation model, galaxy clusters grow and evolve via
mergers and accretion from the surrounding cosmic web, leaving distinctive marks in
the gas properties, metallicity, and dynamical state at the outskirts of clusters, which
needs to be probed to better understand the growth of a cluster. I probed the gas
properties of four nearby galaxy groups MKW4, Antlia, RXJ1159, and ESO3060170
out to their virial radii using deep Suzaku and mostly snapshot Chandra observations.
I found the gas entropy profiles of MKW4 follow a power-law at its outskirts - as
expected from purely gravitational structure formation model. I measured an enclosed
baryon fraction of 11% at the outskirts of MKW4, remarkably smaller than the cosmic
baryon fraction of 15%, suggesting galaxy groups due to their shallow gravitation
potential are vulnerable to baryon loss. I measured the average Fe abundance of
four groups at their outskirts, which is remarkably uniform and strikingly similar
to that of massive clusters and fully consistent with the numerical predictions from
the HlustrisTNG cosmological simulation. This result support an early-enrichment
scenario among galactic systems over an order of magnitude in mass even before
their formation. I also studied the gas dynamics of a early-stage merging galaxy
cluster, Abell 98, using deep Chandra observations. I reported the first unambiguous
detection of an axial merger shock, which unveils a critical epoch in the formation of
a massive galaxy cluster when two subclusters are caught in the early phase of the
merging process. | also detected X-ray emission from the the warm-hot intergalactic
medium (WHIM) filament, lies between two subclusters of Abell 98.
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Chapter 1 Introduction

Clusters of galaxies or galaxy clusters are the massive structures in our Universe that
consist of hundreds if not thousands of galaxies bound together by gravity. They typ-
ically have masses between 10'3-10' M. Thus, they are the largest gravitationally
bound systems in our Universe. Galaxy clusters sit at the crossroads between cos-
mology and astrophysics and offer powerful probes of the expansion of the Universe
and the growth of large-scale structures. According to the most successful structure
formation models, the cosmological constant dominated cold dark matter models,
structures form in our Universe through gravitational instabilities (citation). This
model predicts that galaxy clusters form and grow hierarchically by the mergers and
accretion of smaller groups and clusters.

Even though the name is “galaxy” cluster, galaxies only make up about 5% of
the total mass of a cluster. Meanwhile, about 80% of the mass in a cluster comes
from dark matter, which holds everything else together. One of the critical features
of galaxy clusters is the intra-cluster medium (ICM) since it makes up 15% of the
total mass, the second most massive contribution to cluster mass. ICM hosts most of
the visible matter in the Universe in the form of hot, X-ray emitting plasma, which
permeates much of the space between galaxies.

1.1 Why X-ray?

Due to their massive structures, the gas trapped inside galaxy clusters heats up to a
temperature where the electrons have been stripped from their atoms, making ICM
in the form of hot plasma. The typical ICM gas temperature lies in 105-10% K. At
this temperature, ICM shines brightly in X-ray. Most X-ray emissions from the ICM
arise in a physical process called Bremsstrahlung radiation - a type of electromagnetic
radiation produced when a charged particle is accelerated caused by an electric field
or another charged particle. The total power radiated in this process can be estimated
by

o ™\ 2
B PRI (ﬁé)
P = —6moc 8.5+ 7 | (1.1)

veloctiy of charged particle (v) 6 is
speed of light (c) ’
the time derivative of 3, -y is the Lorentz factor, and ¢; is the vacuum permittivity. In

the ICM, the free electrons are accelerated by the ions in the plasma, which produces
continuum X-ray photons, as seen in Figure . Since most of the electrons in the
ICM follow Maxwellian velocity distribution, the X-ray emission from ICM refers to
thermal Bremsstrahlung emission. X-ray emission from galaxy clusters also contain
emission lines from partially ionized atoms, which can be used to probe the chemical
composition, and certain physical properties of the ICM.

where, q is the charge of the accelerated particle, g =



Figure 1.1: Artistic diagram of Bremsstrahlung radiation in the ICM, where X-ray
photons are emitted due to the acceleration of electrons caused by ions. Figure is
taken from wikipedia.

Using X-ray observations of galaxy clusters one can measure the flux density
F(z,y), as a function of direction, =, v, in the sky. The F(z,y) is related to the
X-ray emissivity, €, as follows (Molnax, 2016)

va/(142)
F dz'd 1.2
)= gopr [ / A, Ty Zua)ie'd, (1.2

where Dy, is the luminosity distance to the cluster at redshift z, p(r), T,(r), and Z,
are the gas density, temperature, and the abundance of heavy elements, respectively.
The inner integral of Equation is along the line of sight (along z axis) and the
outer integral is over the observed frequency band. The emissivity, €,, at a given
frequency v, depends on electron, and ion number densities and gas temperature as
follows

& (. Ty, Zar) = ne Y iz N(Te, Zy), (1.3)

i.Z

where n.(r), n; z(r), and A, (7%, Z;) are the electron, ion number densities, and cooling
function, respectively. In practice, one can assume a simple geometry for cluster, e.g.,
spherical or ellipsoidal, but such approximation breaks down for dynamically active
clusters, which impacts significantly on the ICM properties. X-ray observations of
ICM, therefore, provides plethora of information on gas properties (e.g., temperature,
density), chemical composition, and the geometry of the cluster itself.



Figure 1.2: Fully integrated Suzaku satellite before launch.

1.2 Telescopes

X-rays from astrophysical sources can not reach Earth’s surface since they are eas-
ily absorbed by the Earth’s atmosphere. Earth’s atmosphere contains water vapor,
which is opaque to X-rays. This is good for all the life forms on the Earth, as large
doses of X-rays are dangerous and can cause cell mutations. However, this also means
it is impossible to observe X-rays from astrophysical sources with ground-based in-
struments. We must get into Earth’s orbit to detect those X-rays coming from space.
After decades long endeavors, On December 12, 1970, an X-ray satellite named X-ray
Explorar was launched into a 500-mile high orbit from Earth’s surface. Later, the
X-ray Explorar was renamed Uhuru - a Swahili word that means “freedom”. That was
the beginning. In the last half of a century, several X-ray telescopes with advanced
capabilities have been sent into Earth’s orbit, which has led to exciting discoveries.
For my thesis, [ analyzed X-ray observations of ICM of several galaxy clusters/groups
using two telescopes, Suzaku (now defunct) and Chandra (currently operating).

1.2.1 Suzaku

Suzaku (named after mythical Vermilion bird of the south) was developed jointly by
JAXA (Japanese space agency) and NASA to probe high energy X-ray sources, as
seen in Figure [1.2. It was launched on July 10, 2005 into a low earth orbit - 550 km
from the earth surface. Suzaku carries four X-ray Imaging Spectrometers (XIS), one



Figure 1.3: A photo of one of the four XIS camera onboard Suzaku.

high resolution X-ray Spectrometer (XRS), and one Hard X-ray Detector (HXD). The
prime instrument on this mission, XRS, was inoperable due to a cryogen (coolant)
loss on July 29, 2005. However, other two instruments were fully operable.

XIS consists of four charge coupled devices (CCD) X-ray imaging spectrometers
- XISO, 1, 2, and 3. Figure shows a XIS camera onboard Suzaku. The XIS
operates in photon-counting mode, in which X-ray event is discriminated from the
others and its arrival time, position, and energy are recorded. They provide X-
ray images of the source over an 18 x 18 region in the energy range 0.4-10 keV
with a typical energy resolution of 120 eV. For observing faint X-ray emission from
ICM, T primarily use Suzaku XIS observation, as described in next chapters. X-ray
observations of faint ICM greatly suffers from particle background - a type of X-ray
emission caused by the interaction between the chemical composition of spacecraft
body and highly energetic charged particles in solar flare and in cosmic rays. This
type of background X-ray photons are very hard to distinguish from the actual X-
ray photons that comes from astrophysics sources. Due to the low earth orbit of
Suzaku, most of the highly energetic charged particles are shielded off by the earth
atmosphere, only few reaching to the telescope. This greatly reduces the particle
background. Also Suzaku has far better spectral sensitivity at ~ 1 keV than any of
its predecessors, enabling us to precisely measure the gas properties and chemical
composition of the ICM at the faintest part of the galaxy clusters.
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Figure 1.4: Assembly of the Chandra telescope.

1.2.2 Chandra

Chandra X-ray observatory has been NASA’s flagship mission for X-ray astronomy
since its launch on July 23, 1999. Figure shows the telescope assembly. It carries
four major scientific instruments - a High Resolution Camera (HRC), one Advanced
CCD Imaging Spectrometer (ACIS), two Transmission Grating Spectrometers. ACIS
consists of an array of CCDs, as seen in Figure [L.5, are capable of producing high
resolution X-ray images and as well as spectrum. With a angular resolution of 0.5”,
ACIS is about 100 times more sensitive to the faint X-ray sources and produces
detailed image of the sources compared to any of the previous X-ray telescopes. It
collects X-ray photons in a 18 x 18 region over an energy range of 0.2-10 keV.

Figure 1.5: Advanced CCD Imaging Spectrometer (ACIS) onboard Chandra.

Due to its superb angular resolution, Chandra is extremely useful in analysing
gas properties and gas dynamics in smaller scale with unprecedented details and in
resolving Cosmic X-ray Background. Cosmic X-ray background (CXB) is a type of
sky X-ray background emission from the distant AGNs, which dominates in 2-10 keV



energy range. Thus, one needs to carefully distinguish the CXB emission from the
ICM emission, otherwise it causes large systematic uncertainties in the measuring the
gas properties and chemical composition of the ICM. Chandra’s improved sensitivity
than any of its predecessors makes possible to study black holes, supernovae, galaxy
clusters in detail and advance our understanding of the origin, evolution, and destiny
of our Universe.

Copyright® Arnab Sarkar, 2022



Chapter 2 Joint Suzaku and Chandra observations of the MKW4 galaxy
group out to the virial radius

2.1 Introduction

A significant fraction of all the baryons of the Universe, including more than half of
the galaxies, reside in groups and low mass clusters (e.g., Eke et al), 2004; Springel and
Hernquisti, 2003). In the standard CDM structure formation model, clusters continue
to grow and evolve through mergers and accretions, largely along cosmic filaments,
in their outer regions (Walker et all, 2019). These processes may leave distinctive
marks in the gas properties at cluster outskirts, including inhomogeneous gas density
distributions, turbulent gas motions, and electrons that are not in thermodynamic
equilibrium with the ions in the intra-cluster medium (ICM). Groups are expected
to be more evolved than massive clusters, as their sound crossing times are short
compared to the Hubble time (0.1-0.5 Hy', Paul et all, 2017). However, due to their
shallower gravitational potential wells, groups are more sensitive to non-gravitational
processes, such as galactic winds, star formation, and feedback from active galactic
nuclei (AGN, e.g., Lovisari et all, 2015; Pratt et al,, 2010; Mathews and Gud, 2011;
Humphrey et al), 2012; Tholken et al,, 2016). Probing the gas properties of galaxy
groups out to their virial radii thus provides a powerful approach to investigating
their growth and evolution.

In galaxy cluster studies, entropy, as a function of radius, records the thermal
history of the ICM (e.g., Borgani et al), 2005; McCarthy et al), 2010).  Entropy
is empirically defined as K(r)=T/ nZ/ ® where n. and T are the electron density and
gas temperature, respectively. A growing number of X-ray observations have been
made for cluster outskirts (e.g., Simionescu et al, 2017; Ghirardini et al, 2018). The
majority of these works study the properties of massive galaxy clusters (Tx > 3 keV),
while there is a lack of detailed studies of the outskirts of galaxy groups.  The
studies of massive clusters have brought up unexpected results (e.g., Urban et alJ,
2014; Simionescu et al), 2017; Ghirardini et al,, 2018) such as the flattening or even
a drop of entropy profiles between Rsgoll and Ry relative to the expectation from
numerical simulations of the gravitational collapse model (Voit et al), 2005). Several
explanations have been proposed to explain the deviation of entropy profiles from
the self-similar value, e.g., the breakdown of thermal equilibrium between electrons
and protons (Akamatsu et al), 2011) or inhomogeneous gas density distribution (gas
clumping) at cluster outskirts (Nagai and Lau, 2011). Accretion shocks at the cluster
outskirts tend to heat the heavier ions faster than electrons, causing thermal non-
equilibrium between electrons and ions and leading to a lower gas entropy (e.g.,
Akamatsu et _al., 2011; Hoshino et all, 2010).  Unresolved cool gas clumps were
invoked by Simionescu et al| (2011) and Nagai and Lau (2011) to explain the observed
entropy flattening, since the denser, cooler clumps have a higher emissivity than the

fra = radius from cluster core where matter density is A times the critical density of the
Universe.



local ICM. The clumping factor is defined as

(ng)

C= W, (2.1)
where 1, is the electron density. Simionescu et al) (2011) estimate a clumping factor
of C & 16 for the Perseus cluster. Bonamente et al] (2013) and Walker et all (2012)
report C = 7 for Abell 1835 and C &~ 9 for PKS 0745-191, respectively. In contrast,
a handful of observations have indicated that low mass clusters (Tx < 3 keV) show
little to no flattening in their entropy profiles (e.g., RXJ1159, Su et al| 2015; A1750,
Bulbul et al| 2016a; UGC 03957, Tholken et al| 2016), presumably because groups
have lower clumping factors at their outskirts. Galaxy groups may provide essential
constraints on whether their entropy profiles behave in a self-similar way compared
to galaxy clusters.

MKW is a cool core cluster at z ~ 0.02 with a global temperature of 1.6 keV
(Sun et al), 2009). It contains nearly 50 member galaxies, including NGC 4073,
the brightest group galaxy (BGG). The NGC 4073 is about 1.5 times brighter than
the second-brightest galaxy in the group (O’Sullivan et all, 2003). Unlike massive
clusters, the outskirts of galaxy groups are relatively unexplored due to their low
surface brightness. The typical ICM surface brightness in group outskirts falls
below 20% of the total emission. The measurement of their gas properties is therefore
extremely challenging. The now-defunct Suzaku X-ray telescope with its low particle
background helped unravel this new frontier. However, Suzaku can only resolve point
sources down to a flux level of 107" erg cm™2 s™! due to its modest PSF (~ 3'),
which causes significant statistical and systematic uncertainties in the measurement
of gas properties at the group outskirts. Thanks to the superb angular resolution of
Chandra, even with the modest exposures it increases the number of detected point
sources by 1 dex, which allows tighter constrains on the cosmic X-ray background
(CXB) uncertainties (Miller et al), 2012).

We utilize deep Suzaku and snapshot Chandra observations to probe the thermal
properties of MKW4 out to its virial radius in multiple directions, which we present
in this paper. The metallicity distribution of MKW4 will be presented in a following
paper. Using NASA /IPAC Extragalactic Dautabase,B we calculate a luminosity dis-
tance of 83 Mpc (1”7 = 0.443 kpc) for z = 0.02, adopting a cosmology of Hy = 70 km
s7! Mpc™t, Qx4 = 0.7, and Q,,, = 0.3. All reported uncertainties in this paper are at
1o confidence level unless mentioned otherwise.

2.2 Observations and data reduction

MKW4 has been mapped with 6 Suzaku pointings from its center out to the virial radii
in the north, east, and north-east directions, as shown in Figure El] It has also been
observed with a deep Chandra ACIS-S observation at its center and three snapshot
Chandra ACIS-I observations overlapping with the three outer Suzaku pointings in
three directions. Below we describe the data reduction processes and spectral fitting
for each of the observations.

thttp://ned.ipac.caltech.edu
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Figure 2.1: Left: Suzaku mosaic image of MWK4 in the 0.5-2 keV energy band with
NXB subtracted and exposure corrected. Green annuli represent the regions used for
spectra extraction. Magenta circle indicates Rgogo = 33.2" (884 kpc). Right: Chandra
mosaic image of MKW4 center (ACIS-S3) and three outer regions (ACIS-I) in the
0.5-2.0 keV energy band. The image of MKW4 is smoothed with a Gaussian kernel
and a number of radii of 30. Blue boxes represent the Suzaku FOV. Green elliptical
regions are the resolved point sources. Magenta circle indicates Rogg.

Table 2.1: Observational log

Name Obs Id Instrument Obs Date Exposure time (ks) RA (°) DEC (°) P.L

Suzaku central 808066010 XIS0, XIS1, XIS3 2013 Dec 30 34.6 181.1346 1.9097 F. Gastaldello
Suzaku Offset 1 805081010 XIS0, XIS1, XIS3 2010 Nov 30 77.23 181.1270 2.2181 F. Gastaldello
Suzaku N2 808067010 XIS0, XIS1, XIS3 2010 Nov 30 97 181.1504  2.5206 Y. Su

Suzaku Offset 2 805082010 XIS0, XIS1, XIS3 2010 Nov 30 80 181.4270 1.8972 Y. Su

Suzaku E1 808065010 XIS0, XIS1, XIS3 2013 Dec 29 100 181.7142 1.8506 F. Gastaldello
Suzaku NE 809062010 XIS0, XIS1, XIS3 2013 Dec 29 87.5 181.4583 2.3361 Y. Su
Chandra central 3234 ACIS-S 2002 Nov 24 30 181.1283 1.9286 Y. Fukazawa
Chandra N 20593 ACIS-I 2019 Feb 25 14 181.1369  2.5209 Y. Su
Chandra E 20592 ACIS-I 2018 Nov 17 15 181.7146 1.8715 Y. Su
Chandra NE 20591 ACIS-T 2019 Mar 08 14 181.4548 2.3585 Y. Su

2.2.1 Suzaku

MKW4 has been mapped with three X-ray Imaging Spectrometer (XIS) instru-
ments onboard Suzaku — two front-illuminated CCDs (XIS0, XIS3), and one back-
illuminated CCD (XIS1). The observation logs are summarized in Table @ All
three XIS instruments were in the normal clocking mode without window and burst
options during the observations.

Data reduction

The Suzaku data was reduced using HEAsoft 6.25, CIAO 4.11, and the XIS calibration
database (CALDB) version 20181010. We followed a standard data reduction thread



B0 process all the event files. The 5x5 mode event files were converted to the 3x3
mode event files and combined with the other 3x3 mode event files. The resulting
event files were filtered for calibration source regions and bad pixels with cleansis.
We selected events with GRADE 0, 2, 3, 4, and 6. Light curves were filtered for flares
using the 1c_clean task of CIAO 4.11. The resolved point sources were identified
visually. We did not exclude those sources while extracting spectra, because exclusion
would result in a very low photon count available for the spectral analysis. We
instead took the advantage of Chandra observations to estimate their position, flux
and incorporated them in the background fit (discussed in Section B.2).

We extracted spectra from four concentric annuli, 0'—2', 2'—4', 4'—6', and 6' — 8.6
for the central pointing. We extracted spectra from two partial annuli 12.4" — 29’
29" — 48.3' for the pointings in the north direction and from 8.6" — 26', 26" — 45’ for
the pointings in the east direction. For the north-east direction, we extracted spectra
from a partial annulus of 27" — 42’. All annuli had widths ranging from 8 kpc at the
central region to 223 kpc at the outermost bin. We generated redistribution matrix
files (RMF) for all regions and detectors using FTOOL xisrmfgen and instrumen-
tal background files (NXB) using FTOOL xisnxbgen. The ancillary response files
(ARF) were generated using xissimarfgen by providing an appropriate S-image de-
rived from the Chandra surface brightness profile of MKW4 at the central region.
Another ARF was produced to model the X-ray background by considering uniform
sky emission in a circular region of 20’ radius. An exposure corrected and NXB sub-
tracted mosaic image of MKW4 in the 0.5-2 keV energy band is shown in Figure Ell
We obtained Suzaku surface brightness profiles of MKW4 in three different directions,
as shown in Figure @ We fitted the profiles with a single S-model (Cavaliere and
Fusco-Femiano, 1976; Arnaud, 2009):

97 —3B+1/2
r
1+ (—) ] : (2.2)
Te

which yielded the best-fit (3, r.) = (0.515 £+ 0.001, 30 £ 2.5 kpc).

S(I‘) = So

Spectral analysis

Spectral analysis was performed using XSPEC--12.10.1 and C-statistics. Each spec-
trum was rebinned to guarantee 20 photons per bin to aid the convergence and the
computational speed. Spectra extracted from the XIS0, XIS1, and XIS3 were simul-
taneously fitted. The spectral fitting was restricted to the 0.4 - 7.0 keV_energy band
for XIS1, and to the 0.6 - 7.0 keV energy band for XIS0 and XIS3 (e.g., Mitsuda et al.,
2007). We fitted each spectrum with an ICM emission model plus a multi-component
X-ray background model. The ICM emission model contains a thermal apec compo-
nent associated with a photoelectric absorption (phabs) component - phabs X apec,
as shown in Figure R.3. The temperature, abundance, and normalization of the apec
component were allowed to vary independently for regions at the group center and

Shttps://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/

10


https://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/

R [kpc]

0 10 250 500 750 1000 1250
Rsoo 1 Ra00 i
= i !
! 1 1
3 \ ! ! North
? 0.01f ! !
5 \ | | East
" \ i i North-East
2 L} ! !
= 1073} \ ! !
2] 1 1
2 ) : :
g | :
< i i
CD 1 1
= -4l I I
5 10 : :
: | |
ug i i
& ! :
107°F | i
1 1
1 1
. L . H .
0 10 20 30 40 50

R [arcmin]

Figure 2.2: Surface brightness profiles of MKW4 derived from the Suzaku XIS image
in the 0.5 - 2.0 keV energy band in three different directions. The profiles have
been corrected for exposure, instrumental background (NXB), and the point sources
detected with Chandra. Black solid line is the best-fit S-profile.

at the intermediate radii. For those three regions at Ragy, we find it necessary to fix
their abundances at 0.2 Z,. _Similar metallicity was observed at Rggy for the RX
J1159+-5531 group (Su et alJ, 2015). We discuss the systematic uncertainties caused
by this choice of abundance in Section P.4.
To model the X-ray background, we adopted phabs X (powyesolved CXB + POWunresolved CXB

+ apecyw) + apecrup, Where powresolved cxB and POWynresolved cxB are the power-law
components to model the resolved CXB and unresolved CXB, respectively. The
thermal apecyw and apecyyp represent two foreground components to account for
emissions from the Milky Way (MW) and Local Hot Bubble (LHB), respectively.
We made use of the Chandra observations that cover the Suzaku pointings of the
outskirts of MKW4 to mitigate much of the CXB contribution. We detected a total
of 78 point sources with Chandra (see Figure @) Point sources that fall onto the
ACIS-S1, S2, and S4 chips are not included in our analysis. The faintest point source
was detected at a flux of 8.1 x 1071° erg em™2 s7!. We converted the count rates
of resolved point sources to the fluxes assuming a power-law model with a photon
index of 1.41 (De Luca and Molendi, 2004). We produced mock Suzaku observations
for the resolved point sources using xissim, based on their positions and fluxes de-
termined with Chandra. An exposure time of 100 ks was set to ensure good photon
statistics. We extracted spectra from the mock Suzaku observations using the same
extraction regions used for the actual Suzaku observations. Figure @ (left) compares
the surface brightnesses of the actual point sources resolved by Chandra and that of
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Figure 2.3: Suzaku XIS 1 spectra of MKW4 for representative regions of central
and two outer bins in north and east directions. Black dots are the data points.
Cyan, red, black, green, and yellow lines are the best-fit ICM emission, resolved
CXB, unresolved CXB, MW, and LHB components, respectively. Magenta line is the
model of the best-fit ICM emission and X-ray background components together.
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Figure 2.4: Left: Triangle down: surface brightness of point sources resolved by
Chandra. Triangle up: surface brightness of point sources obtained from mock Suzaku
sky. Magenta dotted: total surface brightness limit of resolved+unresolved point
sources taken from Moretti et al| (2009). Cyan dashed: expected surface brightness
limit of unresolved point sources with 1o error (shaded) calculated using Equations
and 2.4 Star: estimated surface brightness of unresolved point sources from Suzaku
fitting. Right: Blue: spectroscopic temperature profile of MKW4 in the north-east
direction obtained from spectral fitting of the Suzaku data only. Red: same profile
obtained from the joint fitting of Suzaku and Chandra data. Magenta dashed line
indicates Rogg of MKWA4.

the simulated Suzaku observations, which are in good agreement with each other.
We fitted the mock spectra with an absorbed power-law model (phabs x pow) with
a photon index of 1.41. The resulting best-fit normalizations were used as the nor-
malizations of the resolved component (pow,esoved cxp) in the background model and
kept frozen. Figure (right) compares the spectral temperature profiles (discussed
in Section R.3) obtained with Suzaku observations alone and with joint Suzaku and
Chandra observations of MKW4 in the north-east direction. The significant improve-
ment of uncertainties demonstrates that the addition of Chandra observations can
help to constrain the CXB and increase the accuracy of the measurement of ICM
properties at the outskirts (e.g., Miller et alj, 2012). For the regions with no Chandra
coverages (two regions of intermediate radii in north and east directions), we let the
normalizations of pow,esolved cxB cOmMponent to vary independently.

The normalizations of powynresolved cxp component were allowed to vary collec-
tively for different regions, assuming little fluctuations in the surface brightness of
the remaining unresolved point sources. We obtained a best-fit normalization of 4.2
x 10712 erg ecm™2 s7! deg™? for the unresolved point sources in the 2.0 - 10.0 keV
energy band, as shown in Figure R.4. The normalization of unresolved CXB can be
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Table 2.2: X-ray background components of outer regions?®

Name CXBP LHB¢ MW4
Suzaku East 11.25J_r8:%§ 13.9ﬂ:§ 6.211“8:%?
Suzaku North 9.517013 - —

Suzaku North-East 8.63f8jg - -

@ Results for the normalizations of various components (non-instrumental) of X-ray
background for a circular region with 20’ radii. The LHB and MW components for
Suzaku North and Suzaku North-East directions are linked to the Suzaku East.
> Normalization of power-law component (I'=1.41) for resolved + unresolved cosmic
X-ray background in the units of 10~* photons s™! ecm™2 keV ! at 1 keV.
¢ Normalization of the unabsorbed apec thermal component (kT = 0.08 keV,
abun= 1Z;) integrated over line of sight, 1/47[D4(1+ z)]* [ neny dV in the units of
10718 ecm 5.

4 Normalization of the absorbed apec thermal component (kT = 0.2 keV, abun=
1Z) integrated over line of sight, 1/47w[Da(1 + 2z)]* [ neng dV in the units of 1078
cm™°.

estimated as (Moretti et al), 2009) -

Smax dN
Fexg = 2.18 £0.13 x 107 — / (E) x SdS, (2.3)

in units of erg cm~2 s7! deg~?2, assuming a total CXB surface brightness of 2.18 +

0.13 x 107 erg ecm =2 s~ deg2 in the 2.0 - 10.0 keV energy band. We adopted an
analytical form of the integral source flux distribution from Moretti et al| (2003) -

(2 x 107 1?)*sem
N(> S) = NS(H) a Q1S(H)—%2,5(H) qa (2.4>
S1NHL+SOﬁ ) S2,8(H)
where oy sy = 1.577000, aasmy = 0.447073, Son = 4.5727 x 107" erg em ™2 571,

and Ngan) = 530013500 are the best-fit parameters with a 68% confidence level. We
estimated the flux limit for unresolved point sources to be 6.61 &= 3.68 x 1072 erg
em~2 s7! deg™2. This flux is consistent with the flux obtained from spectral fitting.
To constrain the temperature and surface brightness of Local Hot Bubble (apecyup)
and Milky Way (apecyw) foregrounds, we used the ROSAT All-Sky Survey (RASS)
data in an annulus region of 0.9° - 1.2° from the group center where no group emis-
sion_was expected. We extracted spectra using the HEASARC X-ray background
tooll. The RASS spectrum was fitted simultaneously with the Suzaku data. The
background fitting results are shown in Figure and listed in Table R.2.

thttp://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xraybg/xraybg.pl
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2.2.2 Chandra

MKW4 was observed using Chandra with one ACIS-S pointing at the group center
and three ACIS-I pointings overlapping with the outer regions observed with Suzaku
. The observation logs are listed in Table {.1I.

Data reduction

The Chandra data reduction was performed using HEAsoft 6.25, CIAO-4.11, and a
Chandra calibration database (CALDB 4.8.3). We followed a standard data reduction
thread B Al data were reprocessed from the level 1 events using chandra_repro,
which applied the latest gain, charge transfer inefficiency correction, and filtering
from bad grades. The light curves were filtered using 1lc_clean script to remove
eriods affected by flares. The resulting filtered exposure times are listed in Table
Point sources were identified with wavdetect using a range of wavelet radii
between 1 and 16 pixels to maximize the number of detected point sources. The
detection threshold was set to 1079, which guaranteed detection of < 1 spurious
source per CCD. Detected point sources were confirmed visually. Figure @Dshows
the adaptively smoothed ACIS-S3 image of MKW4 in the 0.5 - 2.0 keV energy band.
We extracted spectra from 6 adjoining, concentric annuli centered at the X-ray
centroid in the Chandra ACIS-S3 chip. The widths of the annular regions were chosen
to contain approximately the same number of background-subtracted counts of 2000
for better spectral analysis. Count-weighted spectral response matrices (ARFs and
RMFs) were generated using mkwarf and mkacisrmf tasks for each annulus. The
blanksky background was produced by the blanksky tool for background subtraction.
The blanksky background was tailored based on the count rate in the 9.5 - 12.0 keV
energy band relative to the observation.

Spectral analysis

All spectra were fitted simultaneously to model the ICM properties of different re-
gions. We modeled the ICM emission with a single thermal apec model associ-
ated with a photoelectric absorption model- phabs X apec. Photoionization cross-
sections were taken from Balucinska-Church and McCammon (1992). We obtained
the galactic hydrogen column density, Ny = 1.72 x10%* ecm~2 at the direction of
MKW4, using HEASARC Ny tool H. A1l 1CM emission components were allowed to
vary independently.

2.3 Results

2.3.1 Density and temperature profile

We derive the deprojected (3D) gas density and temperature profiles of MKW4 as-
suming analytical prescriptions for 3D gas density and temperature. We follow the

Shttp://cxc.harvard.edu/ciao/threads/index . html
"http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Figure 2.5: Deprojected density profiles of MKW4 in north (orange), east (blue),
and north-east (green) directions. Shaded regions indicate 1o uncertainties. Red
triangles: the best-fit normalizations for the apec thermal component obtained from
spectral analysis. Black triangles: the normalizations of the apec thermal component
calculated from the resulting 3D density profile.
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Figure 2.6: Deprojected temperature profiles of MKW4 in north (orange), east (blue),
and north-east (green) directions. The 2D temperature profiles of MKW4, estimated
using Equation @, are indicated in black. Shaded regions indicate 1o uncertainties.
Temperatures obtained from the apec thermal component by fitting the spectra ex-
tracted from the Chandra and Suzaku data are shown in yellow and red respectively.
Magenta and cyan dashed lines show the average temperature profiles derived for
groups in Loken et al. (l200j) and bun et al. (fZOOd) respectively.
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Figure 2.7: 3D density (left) and temperature (right) profiles of MKW4 in three
different directions.

analytical expressions described in |Vikhlinin et a1.| (lZOOGI) The normalization of the
apec thermal component relates to the ICM density as: norm = [ n.n, dl, where the
density profile of electrons (n.) and protons (n,) can analytically be described as:

2 2
N Ngo

- .
(L+e2/i2)" 7 (L2 /ed)” ™

We obtain the 3D density profile of MKW4 by projecting the 3D analytic model given
in Equation along the line of sight and fit it to the measured 2D normalizations
of thermal apec component obtained from the spectral analysis, assuming n, = 1.2n,,
and The uncertainties are calculated using Monte Carlo simulations with 1000 to
2000 realizations.

The resulting 3D density profiles are shown in Figure @ A comparison between
the normalizations obtained from spectral analysis and the normalizations obtained
from the Equation are also shown in Figure 2.5. Figure compares the 3D
density profiles of MKW4 in three different directions.

We derive the 3D temperature profile by fitting the spectral temperature (2D
spectroscopic temperature, Top) obtained from thermal apec component with the
following analytic function (I\/ikhlinin et al.|, OOd):

NNy, (1)= (2.5)

1
[n2 T3, dV

Top = = (2.6)
[n2 Ty dV
where
Tyn(r) = To (x + Thmin/To) y (r/r) "
c/b’
(x+1) (1+1b/rP) (2.7)

r Acool
and x = ( > .
Teool
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Figure @ represents the projected (Top) and deprojected (T3p) temperature pro-
files of MKW4 from its center out to the virial radii in north, east, and north-east
directions.

The uncertainties in temperatures are also calculated using Monte Carlo simu-
lations. The deprojected temperature profiles of MKW4 decline from 2.20 keV at
0.1Rgp0 to 1.14 keV at Rggg. A similar temperature drop was found in other groups
(e.g., Suet al), 2015). The projected temperatures measured with Suzaku and Chandra
are consistent for the overlapping regions. Figure compares the 3D temperature
profiles of MKW4 in three different directions.

Our temperature profile agrees well with the Chandra temperature profiles of
MKWH4 out to Raso, as given by [Vikhlinin et al| (2006) (V06) and Sun et al| (2009)
(S09) as well as the measurement obtained with XMM-Newton by Gastaldello et al.
(2007) (GO7) out to ~ 0.6R500. We measure a gas temperature at Rsop between
those of V06 and S09 and consistent with the Suzaku measurement using the two
intermediate pointings (Sasaki et al), 2014). We compare the projected temperature
profiles of MKW4 to the empirical profiles derived for groups by Sun et al| (2009):

T R
= (1.22 + 0.02) — (0.79 £+ 0.04)—— |, (2.8)
T2500 500

and by Loken et al| (2002):

T

T25OU

)—(1.34 + 0.21)

= (1.37 + 0.03) — (1 o

, 2.9
R500 ( )

as shown in Figure @ Both profiles show good agreement with the projected temper-
ature profile of MKW4 out to ~ Rasp9. Their values at R5gg exceed what is measured
for MKW4 by 30% and 60%, respectively. These empirical profiles are determined
with a large number of galaxy groups with a sizable scatter. Many of them do not
have their temperatures actually measured out to Rsgo.

2.3.2 Entropy and pressure profile

We derive the 3D entropy and pressure profiles of MKW4 from 3D density and tem-
perature profiles, as shown in Figures ﬁ and R.9. We compare our entropy profiles
with a baseline profile derived from purely gravitational structure formation ([Voit
et al), 2005) and assuming a hydrostatic equilibrium-

R 1.1
Kgra(R) = 1.32 Koo (R ) : (2.10)
200

and the normalization Kqgg is defined as-

G M200 1% mp 1 _4
Kago = 362 E(z)~*/3
200 2R200 keV (Z)

Q. \ /3
X (ﬁ) keV cm ™2,

(2.11)
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where, B(z) = /Qu (1+72)° + Q. (2.12)

The m,;, is proton mass and g ~ 0.6 is the mean molecular weight. The 3D entropy
profiles of MKW4 increase monotonically with radius in three directions, as seen in
Figure R.8. We observe apparent entropy excesses towards the central region (up to ~
0.5Rg00) of MKW4 relative to the baseline profile. At larger radii, the entropy profiles
of MKW4 are consistent with the baseline profile, i.e., its slope attains a value of ~
1.1 between Rggp and Rogg in all observed directions.

The 3D pressure profiles of MKW4 are shown in Figure @ We compare the
measured pressure profiles to a semi-analytical universal pressure profile (Arnaud
et al), 2010) defined as -

Moo rﬁa%(*)

P(r) = P
(x) = Paoo {3 x 1011 M,

b, (2.13)

X G-

(cs00w)” [L+ (cs002)] =

’ %x/0.5)3 .
where x = %, ozp(xéj 0.10 — (o + 0.10)%. The Pjqg is the pressure at Rsgp

T (x/0.5)3
and Moo (see Table B.2) is the total hydrostatic mass within Rsgo. We adopt

[P07 C500, ¢, ﬁv e ap] -

[8.403h72/, 1.177, 0.3081, 1.0510, 5.4905, 0.12 + 0.10]

from Arnaud et al) (2010). Sun et al) (2011) adopted similar parameters and found
that the Arnaud et al) (2010) pressure profile is also representative for galaxy groups.
The 3D pressure profiles of MKW4 in all directions from 0.35Rs509 out to ~ 0.65R50g
show good agreement with this universal pressure profile but exceed it by more than
50% at Rsgg.

2.3.3 Mass and gas fraction

We derive the X-ray hydrostatic mass of MKW4 and its gas mass within a specific
radius (R) from the group center, incorporating the above 3D density and temperature
profiles in the following equations-

kTgDR d lnpgas d 1HT3D
M, = — 2.14
(<R = - ( AR dIR (2.14)
R / / /
Mgas(< R) = 4 / pg(r)r2dr (2.15)
0

where pgas = 1.92pumpn, is the gas density, and my is the proton mass. The resulting
hydrostatic mass profile of MKW4 is shown in Figure R.10. We obtain M. (< Rsgp)
~ 6.5 + 1.0 x 10 Mg and M (< Rago) ~ 9.7 £ 1.5 x 10 M,. Our measured
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Figure 2.10: The X-ray hydrostatic mass profile (Mioa) of MKW4 derived using
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grating Equation R.1¢. Shaded region indicates 1o error.
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Table 2.3: Properties of MKW4

T;‘s(m TGUO T200 R2500 R;oo RQOO I\I}r;nu )'1200 fgm, 2500 fgas, 500 fga~. 200 C500 €200
(keV) (keV) (keV) (kpc) (kpc) (kpc) (10" Mg) (10% Mg)
L7100 136 £0.09 11470715 274 £10 574 +£20 884 +17 65+£1.0 97+1.5 0.05+0.01 0.07+£0.01 0.090 £0.011 3.097032 4757050

T A = deprojected temperature at Ra.
PMa = total X-ray hydrostatic mass within Ra.
“foas, A = enclosed gas mass fraction at Ra.

hydrostatic mass within Rsgq is between that given by Vikhlinin et al| (2006) ( 7.7 £
1.0 x 10" M) and those of Gastaldello et al} (2007) (4.3 + 0.2 x 10'® M) and Sun
et al] (2009) (4.8 + 0.7 x 10" M).

We fit our hydrostatic mass profile to the NFW mass density profile (Navarro

et al), 1997):
pS

P0) = G+ o) (2.16)
as shown in Figure . We obtain a best-fit rg of 186 £+ 23 kpc, which gives the
central mass concentrations of csoo = 3.0970 52 at Rsgo and cogo = 4.7570 50 at Rono.
We also obtain the sparsity, the ratio of masses at two overdensities (Corasaniti
et al., 2018), 82007500 = 1.49 4+ 0.31. Our measurement of 82007500 for MKW4 is ClOSGly
align with the tyvpical Sa00500 of 1.5 found for galaxy clusters in N-body simulation
(Corasaniti et all, 2018).

We obtain its enclosed gas mass and estimate the gas mass fraction fz,s = ﬁi for
each direction, as shown in Figure R.11. At ~ Rjq9, the measured gas mass fraction
of MKW4 is below 10% in all directions, similar to the other galaxy groups (e.g.,
Vikhlinin et al|, 2006; Sun et al., 2009; Humphrey et al), 2012; Thoélken et all, 2016).
At a radii larger than Rsgo, fyas grows slowly and attains a value of 0.092 £ 0.009
in the north, 0.087 4+ 0.012 in the east, and 0.090 + 0.011 in the north-east at Ragg.
These gas mass fractions are surprisingly low compared to the cosmic baryon fraction
of 0.15 (Planck Collaboration et al), 2014) and 0.17 (Komatsu et al., 2011). A brief
comparison of the mass and f,,s of MKW4 between our work and previous studies is
listed in Table @

2.4 Systematic uncertainties

We investigate changes of the best-fit gas density, temperature, entropy, pressure,
and enclosed gas mass fraction at Rogg introduced by a variety of systematic effects.
Below we focus on the systematic uncertainties related to the entropy. All other gas
properties are listed in Table P.5.

We consider two different sources of systematic uncertainties associated with the
CXB. First, we allow the best fit normalization of the CXB component in the back-
ground model to vary by 20% with a fixed power-law slope of I' = 1.41 (De Luca and
Molendi, 2004), which leads to a maximum change in gas entropy by ~ 18% at Ragg
for the north, east, and north-east directions (see ACXB in Table @) Second, we
fix the CXB power-law slope to I' = 1.3 and 1.5, respectively. Adopting I' = 1.3 has
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Table 2.4: Comparison of our results with other works

Name Rs00 Méoo f;as, 2500 f;as, 500 €500
(kpc)  x 10" (M)
This work 574 +20 6.5 + 1.0 0.05 + 0.01 0.07 + 0.01 3.0970%

S09° 53872 4.851008 0.04779:992 0,086 & 0.009  3.937}16
GO7 527 + 8  4.27 + 0.18 - - 6.4 £ 0.5

V06 634 £28 7.7£1.0 0.045 £ 0.002 0.062 £ 0.006 2.54 £ 0.15

M, = total X-ray hydrostatic mass within Ra.

ngas, A = enclosed gas mass fraction at Ra.

$ 509, G07. and V06 are referred to bun et al.| (I‘zoosrj), |Gastaldello et alj (lZOO?I), and
I\/ikhlinin et al (l2006|) respectively.
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Figure 2.11: The gas mass fraction of MKW4 in north (orange), east (blue), and

north-east (green) directions. Red dashed line: cosmic baryon fraction estimated

by Planck ([Planck Collaboration et al), 2014). Magenta dashed line: cosmic baryon

fraction estimated by WMAP (Komatsu et all, ﬁgﬂ)
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Table 2.5: Systematic error of gas properties at Rogg

Test Temperature Density Entropy Pressure foas
keV 1075 cm™3 keV cm? 1075 keV ecm ™3

Best fit 1.13 £ 0.14 8.85 £ 1.5 630 £ 82 9.2+ 28 0.092 £ 0.009
North ACXB +0.06, —0.04 +0.08, —0.46  —4, +176 +0.17, —0.36 +0.004

ACXB-I'  +0.14, —0.04 —-0.24, -0.13  —26, +116  —0.8, +0.003 +0.001

Aabun +0.06, —0.04 +0.22, —0.46  —22, +177  +0.03, =0.36  +0.0007, —0.008

ANy —0.04, +0.06 —-0.22, —-0.15 431, +30 —0.09, +0.4 —0.002, +0.009

Adistance +0.03 +0.2 +66 +0.34 +0.008

AMW +0.084, +0.024 +40.001, —0.19 =51, +72 +0.20, +0.16 +0.001, +0.001

ALHB +0.09 +0.05 +165 +0.16 +0.01

Asolar +0.02, +0.14 —-0.66, —0.23 4159, —28  +£0.78 +0.01, +0.02

Best fit 1.17 £ 0.15 56 £ 1.2 712 £ 100 6.55 + 1.3 0.087 + 0.012
East ACXB +0.28, —0.1 +1.52, +0.84 471, —141  +2.4, —0.03 -+0.006, —0.001

ACXB-I'  -0.2, 40.28 +1.06, +1.27 =249, +107 —0.27, +2.08 —0.006, +0.005

Aabun +0.28, —0.10 +0.85, +1.55 =68, +143  —0.02, +2.44  +0.005, —0.001

ANy —0.01, +0.05 +0.12, +0.13  —63, —55 +0.13, +0.88 +0.003, +0.02

Adistance +0.02 +0.34 +39 +0.06 +0.002

AMW —0.06, +0.16 +0.9, +0.43 —186, +167 +0.23, +0.49  -0.01, +0.03

ALHB +0.01 +0.62 +82 +0.17 + 0.001

Asolar +0.06, —0.1 +0.16, +1.27  +111, =191 —0.11, +0.36 —0.003, +0.008

Best fit 1.12 + 0.07 6.7+ 1.8 682+ 134 754+ 1.7 0.090 + 0.011
North-East ACXB +0.09, —0.25 +1.2, —0.36 -5, +130 +1.4, —0.3 —0.01, —0.005

ACXB-I'  +0.06, —0.25 —1.4, —1.27 +210, —44 —1.7, —2.8 -+0.003, —0.004

Aabun —0.15, —0.07 —0.74, —1.8 -39, +213 —1.8, —2.6 —0.003, —0.004

ANy —0.05, +0.06 —0.14, —0.13  —34, +40 —0.80, —0.70 —0.004, 0.007

Adistance +0.05 +1.4 +152 +2.1 + 0.003

AMW —0.15, +0.05 -0.67, —0.95 —61, 4200 —0.93, —0.61 —0.004, —0.008

ALHB 4+0.03 +0.78 +201 +0.57 +0.002

Asolar —0.07, —0.25 —-2.0, —1.2 4235, —60  —2.8, +2.7 +0.004

ACXB: vary the normalization of the CXB component by 20%, while keeping the
slope of the power law, I' = 1.4.
ACXB-TI": set the slope of the power law for CXB component at I' = 1.3 and 1.5,

respectively.

Aabun: set the metal abundance at 0.1 Z; and 0.3 Zg, respectively for outermost

bin.

ANy: vary the galactic hydrogen column density by 20%.
Adistance: vary the redshift parameter by 5%.

AMW: vary the normalization for apecyw by 10%.
ALHB: vary the normalization for apecyur by 10%.
Asolar: set the solar abundance table to Anders and Grevessq (1989) and Lodders

(2003), respectively.
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little effect on our results for the north direction, while the gas entropy varies by ~
30% for the other two directions. Adopting I' = 1.5, the gas entropy is increased by
~ 14% for the north and east directions, while no significant changes are observed
for the north-east direction.

We examine the impacts on gas properties due to variations in the MW and LHB
foreground components by varying the normalization of each component by 10% (see
AMW and ALHB in Table g) We find that the variation in the MW component
changes the gas entropy by 22% in the east and 27% in the north-east. The 10%
variation in the LHB component changes the entropy by 20% in the north and 27%
in the north-east.

We adopt the solar abundance table of |Asplund et al| (2006) for the spectral anal-
ysis, as shown in Figure P.3. Here, we experiment with two different solar abundance
tables of |Anders and Grevesse (1989) and Lodders (2003) to find their impacts on the
measurement of gas properties. Results are listed in Table under Asolar. Using
the Anders and Grevesse (1989) solar abundance table, the gas entropy increases by
20% in the north, 13% in the east, and 32% in the north-east directions. In contrast,
using the Lodders (2003) abundance table, the entropy does not change significantly
in the north and north-east directions but decreases by 20% in the east.

In the spectral analysis, we find it necessary to fix the ICM metallicity at 0.2 Z
for regions at Rggy. Here, we estimate the uncertainties in the measurements of gas
properties associated with the possible variation of the ICM metallicity. We repeat
the spectral analysis by fixing the metallicity at 0.1 Z, and 0.3 Z; (see Aabun in
Table @) Fixing the metal abundance at 0.1 Z has little impact on gas properties
at the outskirts of MKW4, while adopting a metalicity of 0.3 Z. increases the gas
entropy by ~ 20% in the north, 15% in the east, and 25% in the north-east directions.

2.5 Discussion

Combining the deep Suzaku observations with the Chandra ACIS-S and ACIS-I ob-
servations of MKW4, we measured its gas properties from the group center out to the
virial radii in three directions. Its entropy profiles at larger radii are consistent with
the self-similar value predicted by gravitational collapse alone (Voit et all, 2005). We
estimated the enclosed gas mass fraction of MKW4 as a function of radial distance
from the group center and obtained a surprisingly low value within Rogg compared
to clusters. Below we discuss the implications of these results in detail.

2.5.1 Entropy profile

The entropy profile describes the thermal history of the ICM. Previous works on
massive clusters (Tx >3 keV) have measured entropy profiles that flatten between
Rs00 and Rggg and even tend to fall below the self-similar value predicted by gravi-
tational collapse alone (e.g., Simionescu et al), 2011; Bonamente et al), 2013; Walker
et al), 2012). The explanations proposed for the unexpected entropy profiles include
clumpy ICM and electron-ion non-equilibrium, either of which can be induced as
galaxy clusters accrete cold gas from cosmic filaments. Using numerical simulations,
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Nagai and Lau (2011) predict that massive clusters with Mgy > 10'*Mg h™! contain
a significant fraction of clumpy gas at larger radii due to frequent merging events,
which biases low the entropy by overestimating the gas density. We do not observe
any flattening in the entropy profiles of MKW4 between Rs09 and Rogg. Our results
suggest that the merger rate is comparably lower for MKW4 because of the shal-
low gravitational potential well, which makes the ICM less clumpy at its outskirts.
This also supports the fact that clumping factors are smaller in the low mass clusters
(Mo < 10**Moh™") and groups, as suggested by Su et al, (2015), Thélken et al.
(2016), and Bulbul et al. (2016a). The entropy profiles of MKW4 instead follow the
baseline profile ([Voit et al), 2005), indicating its gas dynamics at the outskirts may
be mainly regulated by gravity.

Another explanation for entropy flattening is electron-ion thermal non-equilibrium.
A shock wave resulting from any recent merger and accretion event at the outskirts
tends to heat the heavy-ions faster than electrons, causing the ion temperature to
exceed the electron temperature. This thermal non-equilibrium could bias low the
gas entropy. Numerical simulations show that the discrepancy between electron and
ion temperature is more severe in more massive and rapidly growing clusters (e.g.,
Avestruz et al), 2015; Walker et al), 2019). The well behaved entropy profiles of
MKW14 suggest that it is a relatively undisturbed system and has experienced few
recent mergers.

Despite the agreement between the entropy profiles of MKW4 and the baseline
profile (Voit et al), 2005) at larger radii, we observe apparent entropy excess at the
center of MKW4. Pratt et al, (2010) and Le Brun et al} (2014) advocate that the AGN
feedback could elevate entropy profiles at the center of galaxy clusters by pushing a
substantial fraction of baryons out of Rggy. Pratt et all (2010) also corrects the
entropy profiles for the redistribution of hot gas due to AGN feedback, as follows-

¢ 2/3
Kcorrected = Kmeasured X < §ZS> . (217>
We scale the measured entropy profile of MKW4 in north direction as Equation @
adopting a cosmic baryon fraction of f;, = 0.15 from the Planck Collaboration et al.
(2014), as shown in Figure . We find the scaled entropy profile follows closely with
the baseline profile, even out to the virial radii, suggesting that the redistribution of

the group gas due to the AGN feedback may have shaped its gas entropy (Mathews
and Guo, 2011).

2.5.2 Gas mass fraction

The enclosed gas mass fraction (fg,s) of MKW4 slowly rises from the group center and
reaches ~ 7% within Rs, consistent with the previous Chandra studies of MKW4
(Vikhlinin et_al!, 2006) and the f,,. of other groups (e.g., Humphrey et al), 2012; Su
et al), 2013; Lovisari et al,, 2015; Su et al), 2015; Tholken et al), 2016). We obtain
a fgas of ~ 9% within Rogg for MKW4, which is remarkably small compared to the
cosmic baryon fraction (f,) of 15%. We estimate the stellar mass of MKW4 using Two
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Figure 2.13: The fg,s is plotted with the cluster temperature at Rypp. Open circles
represent fg,s obtained using Suzaku only and filled circles represent fg,5 obtained using
XMM-Newton + Planck or Suzaku + Chandra. Color codes for different clusters are
shown in the plot. The fy, for A1644, A1795, A2029, A2142, A2255, A2319, A3158,
A644, and A85 are taken from tEckert et al.| (201%. We obtain f,.; of PKS0745-
191 from Walker et all (2012), RX J1159+5531 from Su et all (2015), UGC 03957
from Tholken et al] ( 2016), Coma from Mirakhor and Walker (2020a), Perseus from
Simionescu et al| (2011), Antlia from Wong et al] (2016), Virgo from Simionesc

et_al. ), A2199 from Mirakhor_and Wall%_(tZOQO ), Centaurus from
et al| (2013), and ESO 3060170 from Su et al| ( 013). Red and magenta dashed lines
shows cosmic baryon fraction estimated using Planck (Planck Collaboration et al.
) and WMAP (IKomatsu et alJ, |‘2011|) respectively.
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Micron All-Sky Survey (2MASSE) data in K band, assuming a stellar mass-to-light
ratio of ~ 1 (Bell et al], 2003). We find that the stellar mass contributes nearly 2%
to the total hydrostatic mass, which leads to an enclosed baryon fraction (f;,) of ~
11% within Raggp of MKW4, still significantly lower than the cosmic fj,.

Similar discrepancies have been found in galaxies (e.g., Fukugita et all, 1998;
Hoekstra et al), 2005; Dai et al), 2010), the so called “missing baryon problem”,
which remains a grand challenge problem in understanding the galaxy evolution (e.g.,
Fukugita et all, 1998; Dai et al,, 2010). In the case of MKW4, internal heating caused
by AGN feedback may have pushed the hot gas towards larger radii or even expelled
it from the system (e.g., Metzler and Evrard, 1994; Bower et al), 2008), which reduces
the amount of hot gas, hence the baryon fraction. Alternatively, a significant amount
of hot gas associated with the individual galaxies may have condensed and cooled out
of the X-ray emitting ICM and reside in the Circumgalactic Medium (CGM) in the
form of cold gas (e.g., Fielding et al), 2017) that is undetectable in X-ray and near-
infrared (Kg band). Massive systems such as clusters of galaxies typically have a f;,
consistent with the cosmic f;, at the virial radii (e.g., Walker et all, 2012; Bonamente
et al), 2013), while the f;, of galaxies is approximately 7% (Hoekstra et alj, 2005) at
their virial radii.

We note that MKW4, as a galaxy group, has a f, within Ryyy between those of
galaxies and clusters. We compare our estimated fgas at Rogo (fgas, 200) With those of
other clusters and groups as a function of cluster temperature at Rogg, as shown in
Figure R.13. The {455 200 0of lower-mass clusters tend to stay below the cosmic baryon
fraction. In contrast, the intermediate and higher-mass clusters have fy,5 200 consistent
with the cosmic baryon fraction. Gravitational potential may have played a critical
role in retaining hot baryons inside a galaxy cluster.

The measured fg,s 200 of PKS 0745, Perseus, and A2319 exceed the cosmic baryon
fraction. The fza5200 of PKS 0745 and Perseus were measured with Suzaku alone,
which may introduce positive bias in the gas mass measurement due to unresolved cool
gas clumps at their outskirts. A2319 is a merging cluster, for which Ghirardini et al.
(2018) report a substantial non-thermal pressure support at its outskirts, which may
have biased the hydrostatic mass low. Our estimated f,.c 500 in MKW4 is consistent
with other groups of similar masses, as seen in Figure ﬂ The low fg,4 200 found in
MKW4 implies that its X-ray hydrostatic mass is unlikely to be underestimated at
Rao0-

2.5.3 Azimuthal Scatter

Azimuthal variations in the ICM properties may arise for different reasons, including
unresolved substructures, mergers, and gas clumping (e.g., Miller et al), 2012; Su
et all, 2015). We adopt the formula given by Vazza et al| (2011) to evaluate the
azimuthal scatter of different gas properties at the outskirts of MKW4 and compare

Shttps://irsa.ipac.caltech.edu/applications/2MASS/IM/interactive.html
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our results with the other clusters and groups-

e ) =Y
SHOENEDY YOP (2.18)

where y;(r) is the radial profile of a quantity for the i®-section, Y(r) is the azimuthal
average of that quantity, and N is the total number of sections. We obtain azimuthal
scatters of gas properties at Rogy of MKW4, as shown in Figure R.14.  We find
Sc(Raop) = 0.041 £ 0.012 in temperature, 0.191 £ 0.036 in density, 0.052 + 0.019 in
entropy, 0.149 4+ 0.037 in pressure, and 0.020 4+ 0.009 in the gas mass fraction.

Numerical simulations show that the azimuthal variation in gas density and tem-
perature rises to ~ 10% at Rong for relaxed clusters, while it increases to ~ 50-80%
for perturbed clusters (Vazza et al), 2011), as shown in Figure @ The azimuthal
scatters of the gas properties at the outskirts of MKW4 are consistent with the ex-
pectation for relaxed clusters. We also compare our results with a number of galaxy
clusters observed with Suzaku out to Rogy with N = 3 or more azimuthal coverages,
as shown in Figure R.14. The azimuthal variations in temperature and entropy of
MKW are significantly smaller among those clusters. The similar ICM properties at
Rogo in the north, east, and north-east directions confirm that MKW4 is a spherically
symmetric relaxed system, and the hydrostatic equilibrium is likely to be a good
approximation even out to its virial radii.

2.6 Summary

We have analysed joint Suzaku and Chandra observations of the galaxy group MKW4
and measured its ICM properties from its center out to the virial radius. We have
derived the radial profiles of gas density, temperature, entropy, pressure, and gas mass
fraction in three different directions. Our findings are summarized below.

o Using Chandra observations of MKW4, we have resolved much of the CXB at
its center and three outskirt regions. We are able to model the contamination
from point sources in Suzaku data and greatly reduce the uncertainties in the
measurement, of ICM properties.

e The 3D gas densities of MKW4 decline to ~ 107° cm ™2 at its outskirts and
are consistent among the three directions. The 3D temperature profiles decline
from 2.2 keV at 0.1Rggp to ~ 1.14 keV at the virial radius. The temperature
profiles of MKW4 in the three directions follow the universal profiles are derived
by Loken et al| (2002) and Sun et al| (2009).

o The entropy profiles of MKW4 follow the baseline profile (Voit et al), 2005)
beyond Rjgp in the north, east, and north-east directions, which indicates that
the gas dynamics at the group outskirts is mainly regulated by the gravitational
collapse. Our results also show entropy excess towards the group center com-
pared to the baseline profile, suggesting that the central AGN of MKW4 may
have redistributed the hot gas.
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Figure 2.14: Azimuthal scatter of gas properties at Rogg of MKW4. We compare our
results with azimuthal variations in other clusters., e.g.. A1246: Bato et al

A1689:
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imionescu et a1.| (2013); Perseus: Urban et al| (2014). Dashed brown line:

the azimuthal variation in relaxed simulated clusters from [Vazza et al| (2011). Dotted
brown line: the azimuthal variation in perturbed simulated clusters from Vazza et alJ

(2o11).
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o We estimated the total X-ray hydrostatic mass of MKW4, M. (< Rs00) = 6.5
+ 1.0 x 10 My and Mo (< Rago) &~ 9.7 + 1.5 x 10'3 M. Our measurement
shows that its baryon fraction is only ~ 11% at the virial radii, which is lower
than the cosmic baryon fraction (Komatsu et al|, 2011; Planck Collaboration
et al), 2014). The lower baryon fraction implies that the central AGN feedback
or galactic winds may have expelled much of its hot gas at its early epoch,
or/and the hot gas associated with the individual galaxies may have condensed
and cooled out of the X-ray emitting ICM and reside in the CGM in the form
of cold gas.

e The azimuthal scatter in gas properties at the outskirts of MKW4 is small,
suggesting that it is a remarkably relaxed system and the bulk of its ICM is
likely to be in hydrostatic equilibrium.
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Chapter 3 Chemical abundances in the outskirts of nearby galaxy groups
measured with joint Suzaku and Chandra observations

3.1 Introduction

Big Bang nucleosynthesis primarily produced all the hydrogen and helium of the
Universe and few lighter elements like Li and Be. Heavier elements are later forged
in stars. Clusters of galaxies with their deep gravitational potential wells retain
substantial X-ray emitting hot gas (T ~ 107-10® K), the so called intracluster medium
(ICM) (Ettori and Fabian, 1999). A dominant fraction of metals in the local Universe
can be found in the ICM, making them a unique astrophysical laboratory to probe
the nucleosynthesis and chemical enrichment histories of the Universe (Biffi et all,
2018; Mernier et al|, 20184)).

The enrichment processes in the ICM remains an open question. In the late en-
richment scenarios (after the cluster is assembled), the ICM metal distributions are
expected to be non-uniform with a significant amount of azimuthal scatters (Do-
mainko et al,, 2006). For instance, the galactic materials can be stripped off from
the galaxies and deposited in the ICM as the infalling galaxies interacting with the
dense gas (e.g., Gunn and Gott, 1972; Fabjan et alj, 2010), which enriches the ICM
along the directions of infalling galaxies. Also, the metals dispersed into the ICM at
later times should broadly follow the spatial distributions of galaxies, leading to flat
metal mass-to-light ratios (Matsushita et al), 2013). Neither of these is consistent
with the observations. Nearby massive clusters, such as Perseus, show a remark-
ably homogeneous Fe abundance of ~ 0.3 Z, at R > 0.25R200H (Urban et all, 2017;
Werner et al), 2013). Previous studies, using Chandra, Suzaku, and XMM-Newton
observations, have reported steep iron mass-to-light ratios (IMLRs) for several galaxy
clusters out to 0.2-0.5Raqo (e.g., Matsushita et al), 2007; Sato et al), 2009; Simionescu
et al), 2011), which indicates that metal mass is more extended than the distribution
of cluster galaxies. Although, the ICM can achieve a uniform distribution of metals
in the late enrichment process via large scale sloshing motion, the steep entropy pro-
files of galaxy clusters may prevent the efficient mixing up of metals across the large
radial bins (Domainko et alj, 2006; Werner et al), 2013; Ghizzardi et al), 2014).

The observed uniform Fe abundances and steep IMLR profiles suggest an early
enrichment scenario in which most of the enrichment occurred in the proto-cluster
environment (e.g., Fabjan et al), 2010; Biffi et al,, 2017). This process is primarily
driven by the galactic winds and active galactic nuclei (AGN) feedback at the epoch of
the peak star formation (around z ~ 2-3; Madau and Dickinson, 2014). The strong
galactic winds and AGN activity may have expelled much of the metals from the
inter-stellar medium (ISM) and uniformly mixed the inter-galactic gas even before
the cluster is assembled.

tRa the radius from within which the average matter density is A times the critical density of
the Universe.
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With the better understanding of the stellar nucleosynthesis over the past decades,
it is now evident that most of the lighter elements like O, Mg, and Ne are synthesized
by massive stars and expelled into the ICM by core-collapsed supernovae (SNcc) (e.g.,
Nomoto et alj, 2006), while the heavier elements like Ar, Ca, Fe, and Ni are primarily
produced by Type Ia supernovae (SNe Ia) (e.g., [wamoto et al), 1999; Sarkar et al.,
2021a). Elements like Si and S are produced relatively comparably by both SNe
Ia and SNcc (e.g., de Plaa et alj, 2007). Therefore, the metal abundance pattern
of heavier elements strongly depends on the SNe Ia explosion mechanism and the
abundances of lighter elements depend on the stellar initial mass function (IMF) of
galaxies (Mernier et al), 2015, 2016b). The measurement of the abundance profiles
of those metals is crucial to constrain supernovae models and to probe the chemical
enrichment history of the ICM.

The a-capture (such as O, Mg, Ne, Si, S) and Fe peak elements (such as Cr,
Mn, Fe, Co, Ni) can be observed from their emission lines in X-ray. Most of these
emission lines originate from the K and L — shell transitions in highly ionised plasma
(see Chakraborty et al) 2020a.,b). Since the ICM is very close to collisional ioniza-
tion equilibrium and optically thin, the equivalent widths of those emission lines can
easily be converted to element abundances (Bohringer and Werner, 2010; Mernier
et all, 2016a; Urban et al,, 2017). Using Chandra observations, Rasmussen and Pon-
man (2007) have found that Si/Fe ratio increases with radius, strongly suggesting an
excess of SNe Ia contribution at cluster center, while SNcc contribution dominates
at the outskirts. Later on, however, it was observed in M87 that the Si abundance
profile is even more centrally peaked than Fe (Million et al), 2011). Most recently,
an extensive Suzaku investigation of the nearby Virgo cluster reveals a SNla frac-
tion of 12-37% throughout its ICM. which challenges the pure SNcc enrichment at
the cluster outskirts (Simionescu et all, 2015). Nowadays, the current view is same
abundance profiles for all elements.

The enrichment process in lower mass systems (groups) is even less clear (Gastaldello
et al), 2021). With deep gravitational potential wells, galaxy clusters behave like
closed-box systems, holding all of the metals ever produced by the stars inside their
virial radius (e.g., de Plaa et al}, 2007) In contrast, galaxy groups have shallow grav-
itational potential well, which makes them vulnerable to losing material via non-
gravitational processes, such as galactic winds driven by supernovae (SNe) and AGN
feedback (e.g., Rasmussen and Ponman, 2007; Lovisari et al.,, 2015; Tholken et all,
2016). These processes may expel much of its enriched gas out of the system (Sarkar
et all, 2021b). Using ASCA data, Makishima et al] (2001) found that the IMLRs
in galaxy groups within 0.5 Rggy increases with their masses, while those of galaxy
clusters are not mass dependent and are systematically higher than groups. The
detailed study of metal budgets out to the virial radius of groups are relatively un-
explored due to their low surface brightness. The emission from the outskirts of
groups is typically dominated by X-ray background. which makes the measurement
of metal abundances very challenging (Rasmussen and Ponman|, 2009). Suzaku, with
its stable particle background and higher spectral sensitivity below 1 keV (Koyama
et all, 2007), can measure the metal abundances more precisely at Rggp and beyond.
The inclusion of snapshot Chandra observations resolves much of the Cosmic X-ray
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Table 3.1: Observational log

Name Obs Id Obs Date Exp. (ks)
Suzaku
MKW4 central 808066010 2013 Dec 30 34.6
MKW4 Offset 1 805081010 2010 Nov 30 77.23
MKW4 N2 808067010 2010 Nov 30 97
MKW4 Offset 2 805082010 2010 Nov 30 80
MKW4 E1 808065010 2013 Dec 29 100
MKW4 NE 809062010 2013 Dec 29 87.5
Antlia EO 802035010 2007 Nov 19 55
Antlia E1 807066010 2012 Jun 13 20
Antlia E2 807067010 2012 Jun 14 21
Antlia E3 807068010 2012 Jun 15 19
Antlia E4 807069010 2012 Jun 16 17
Antlia E5 807070010 2012 Jun 17 39
Antlia EB 807071010 2012 Jun 18 38
RXJ1159 N 804051010 2009 May 02 84
RXJ1159 S 807064010 2012 May 27 81
807064020 2012 Dec 18 21
RXJ1159 E 809063010 2014 May 29 96
RXJ1159 W 809064010 2014 May 31 94
ESO3060170 central 805075010 2010 May 27
ES03060170 offset 805075060 2010 May 70
Chandra
MKW4 central 3234 2002 Nov 24 30
MKW4 N2 20593 2019 Feb 25 14
MKW4 E1 20592 2018 Nov 17 15
MKW4 NE 20591 2019 Mar 08 14
Antlia E1 15090 2013 Nov 20 7
Antlia E2 15089 2013 Nov 22 7
Antlia E3 15088 2013 Jul 02 7
Antlia E4 15086 2013 Nov 04 7
Antlia E5 15085 2013 Apr 05 7
Antlia EB 15087 2013 Nov 04 7
RXJ1159 central 4964 2004 Feb 11 76
RXJ1159 NW 14026 2012 Aug 09 50
RXJ1159 NE 14473 2012 Aug 12 37
14027 2012 Aug 09 13
ESO3060170 central 3188 2002 March 08 14.06
ES03060170 offset 17219 2015 Oct 09 9.84
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Table 3.2: Properties of the groups
Name peak temp  Rago z scale (1”) CC/NCC

(keV)  (kpc) (kpc)
MKW4 2.2 884  0.02 0.443 cC
Antlia 2.3 887  0.009  0.213 NCC
RXJ1159 2.5 871 0.081  1.583 cC
ES03060170 2.7 1150 0.0358  0.73 cC

Background (CXB), which is crucial to pin down the systematic uncertainty.

In this paper, we study the metal abundances of four galaxy groups MKW4,
Antlia, RXJ1159+45531 (hereafter RXJ1159), and ESO3060170 from their centers
out to Ragg with Suzaku and Chandra. Their peak temperatures (just outside the
group core at ~ 0.25Rgq) are 2.2keV, 2.3keV, 2.5keV, and 2.7keV, respectively.
To our knowledge, they are the lowest mass systems that have their gas properties
constrained at Rogg. MKW4, RXJ1159, and ESO3060170 are cool core systems, while
Antlia is a non-cool-core group. The thermodynamic properties of these four galaxy
groups out to their virial radii are reported in Sarkar et al| (2021h), Wong et al| (2016),
Su et al) (2015), and Su et al] (2013), respectively. Unlike massive galaxy clusters,
these groups do not show obvious ﬂatteningaof their entropy profiles at large radii.
We use NASA /TPAC Extragalactic Databasel to estimate the luminosity distance for
MKW4, Antlia, RXJ1159, and ESO3060170, by adopting a cosmology of Hy = 70 km
s7! Mpc™t, Qp = 0.7, and Q,, = 0.3. Table @ outlines the physical properties of
four groups. We assume a solar abundance table of |Asplund et al| (2009) throughout
this paper. All uncertainties are reported at 1o confidence level.

3.2 Observations and Spectral analysis

MKW4 has been observed with Suzaku and Chandra in three different directions
(north, east, and north-east). Antlia and ESO3060170 have been mapped in one di-
rection, east and south, respectively. RXJ1159 has been observed with full azimuthal
coverage. The detailed observations are listed in Table 1.1l The exposure corrected
and background subtracted mosaic Suzaku images of four groups in the 0.5-2.0 keV
energy band are shown in Figures B.5, B.0, B.1, and B.8, respectively. We followed the
data reduction procedure described in Sarkar et al| (2021b) for MKW4, Wong et al.
(2016) for Antlia, Su et al| (2015) for RXJ1159, and Su et al) (2013) for ESO3060170.
In short, we extracted spectra from several annular regions from the center out_to
the virial radius of each group, as marked in green annular sectors in Figures @,

, B-1, and B.§. We generated redistribution matrix files (RMF) and instrumental
background files (NXB) for all regions and detectors. For each region, one ancillary
response file (ARF) was generated using a -profile image to model the ICM compo-
nent; another ARF was produced for a uniform emission in a circular region of 20
radius to model the sky X-ray background.

thttp://ned.ipac.caltech.edu
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Figure 3.1: Left: Fe profiles obtained from the 2T vapec model. All abundances are in
the solar unit. We assume a solar abundance table of |Asplund et a1.| (2009). Yellow
shaded region represents the measurement of Fe abundance in 10 massive clusters
(IUrban et alJ, fZOl?I). Black shaded region shows average Fe abundance profile with
16-84 percentile error, obtained from 41 galaxy groups in TNG100. Right: Iron
abundances at R > 0.25Rgyqg of individual groups. The red shaded region indicates
average iron abundance for 0.25-1.0Rz0¢ with 1o uncertainty. The black shaded region
represents average iron abundance at R > 0.25Ryq for 41 galaxy groups in TNG100.
Open circles represent Fe abundance at Rggg of Antlia and MKW4, measured jointly.

Spectral analysis was performed using XSPEC--12.10.1 and Cash statistics (,
). We fit the spectra extracted from XIS0, XIS1, and XIS3 simultaneously. For
MKW4, the spectral fitting was restricted to the energy range of 0.4 - 7 keV for
XIS1 and 0.6 - 7 keV for XISO and XIS3 (barkar et al), |2021b|), while the energy
range of 0.5-7 keV was used for the other three groups. We fit each spectrum with a
multi-component X-ray background model and a thermal emission model. For X-ray
baCkground mOdel7 we adopted o phabs<powresolvedCXB + POWunresolvedCXB + aPeCMW)
+ apecLEIB. The powesolvedcxp component represents the point sources resolved by
Chandrad. A mosaic image of Chandra observations of each group in the 0.5-7.0 keV
energy band is shown in Figures B.5, @, , and with all resolved point sources
marked in green elliptical regions. The second power-law component (powynresolvedCXB)
describes the unresolved point sources. The two thermal apec components model the
foreground emissions from Milky Way (apecyw) and Local Hot Bubble (apecpug).

To account for the ICM emission for each annulus, two thermal vapec components
associated with a photoelectric absorption (phabs) component - phabsx (vapec +

SWe produce synthetic Suzaku observations for each point source using xissim based on their
position and flux determined by Chandra. We extract spectra from these synthetic Suzaku obser-
vations using the same extraction regions as the radial profiles. Those spectra are then fit to a
powerlaw model with an index of 1.41 to obtain the normalization of pow;esolvedCXB-
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vapec) were fitted to the spectra of each groupg The galactic hydrogen column den-
sities in the direction of MKW4, Antlia, RXJ1159, and ESO3060170 were obtained
using HEASARC Ny tool ] We link the temperature of the cooler component of each
region to half that of the hotter component. The normalizations of both components
are allowed to vary freely. The best-fit spectral models for the outermost regions of
the four groups are shown in Figure B.9.

For MKW4 and Antlia, we fit spectra from the regions at different azimuthal
directions simultaneously. We let the temperatures and normalizations to vary freely
among different regions, while linking the abundances of the regions that are at the
same distance from the group center. We allow the abundances of O, Mg, Si, S,
Fe, and Ni to vary freely, while rest of the elements were varied collectively. The
abundances of Ar and Ca were linked to S. For Antlia, we are unable to constrain
the S abundance for E2 and E3, for which we set Si=S. For the outer three regions of
MKW14 at Rog and the outer two regions of Antlia at Rggo (E4 and E5), we did not find
any good constraint on their metal abundances when fitted individually. Therefore,
we performed a simultaneous fitting for all those 5 regions. Their temperatures and
normalizations were allowed to vary freely but with their metallicities linked. The
virial temperatures of MKW4 and Antlia are nearly the same. Both groups display
entropy profiles rising all the way to Rggg. The distance of MKW4 is twice that
of Antlia, which makes the outermost regions of MKW4 (R = 706-1200 kpc) cover
almost the same physical radial range as the outermost two regions in Antilia (R =
828-1302 kpc). It is therefore reasonable to assume that they have similar metallicities
at RQO().

For RXJ1159 and ESO3060170 we set their Ni abundance to 1 Zg (the best-fit for
MKW4 and Antlia) as we could not find a good spectral fit when letting it vary freely.
The rest of the elements were allowed to vary as described for MKW4 and Antlia.
We also find it necessary to link the abundance of region 3 to region 4, and region 5
to region 6 for ESO3060170 (the temperature and normalization of each region is free
to vary). We did not perform any deprojection during spectral fitting since it may
introduce systematic noise (Nulsen and Boéhringer], [1995; McLaughlin, 1999). The
best-fit Fe, O, Mg, Si, S, and Ni profiles of each group are shown in Figures @,

@, and @

3.3 Results

Y

3.3.1 Fe abundance profiles

We obtain the abundance profiles of Fe from the centers of these four groups out
to their Rygp, as shown in Figure and Figures , , , and . Within

*The Fe abundance measurement is biased low when fitting multi-phase gas with a single tem-
perature model (e.g., Buote and Fabian, 1998; Buote, 2000; Gastaldello et al), 2021)). Given Suzaku’s
modest angular resolution, each radial bin covers a sizable physical region, likely associated with
temperature variation even at cluster outskirts. When fitting a single temperature spectrum gen-
erated with Xspec fakeit to our 2T model, no bias to the metal abundance measurement is found.
Therefore, our model should not introduce any bias if even the gas is single phase.

Yhttp://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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0.25 Raggg, their Fe abundances all increase towards their centers with MKW4 showing
the strongest gradient reaching 1.3 Z,. This may be partially due to the smaller radial
bin width that has been resolved for MKW4. The Fe abundance profile of Antlia is
much flatter at R > 0.05Rg0o with the smallest Fe increase to 0.6 Z at R < 0.05Rzq.
Unlike the other three groups, Antlia is a non-cool-core system. The mechanism that
has disrupted their cores, such as major merger, may have redistributed their central
metal content at R > 0.05Rg0 (e.g., Murray et al., 2018; Lovisari and Reiprich, 2019).

Despite the fact that these systems show a variety of Fe abundances at their
centers, the Fe abundance profiles start to converge outside their cores. At the group
outskirts, the Fe abundances are mostly consistent within uncertainties. We measure
an average Fe abundance of 0.309 + 0.018 Z, (x* = 14 for 12 degrees of freedom)
over the radii of 0.25-1.0 Rygg. This is strikingly similar to what was found for 10
nearby massive clusters with a Zp. of 0.316 + 0.012 Z, (x? = 28.85 for 25 degrees of
freedom) over their 0.25-1.0 Rggo (Urban et al), 2017) using the same Solar abundance
table of Asplund et al) (2009).

We compare the measured Fe abundance at R > 0.25Rgq of four groups with
that of simulated groups, as shown in Figure Ell We use IllustrisTNG100, which
is a simulation run in the IllustrisTNG project (e.g., Naiman et all, 2018; Springel
et al), 2018; Nelson et al/, 2018; Marinacci et al), 2018; Pillepich et al), 2018), to make
prediction for iron abundance at group outskirts. The simulated volume is (110.7
Mpc)? providing 41 simulated groups, which are defined as Friend-of-Friend halos
within the mass range Magy ~ 5 x 10— 4 x 10 M at z=0. The abundance is
measured within the range of [0.25-1]Ryp9 and it is computed as an X-ray emission-
weighted quantity, in which the X-ray emission of each simulated gas cell is obtained
based on the gas thermodynamics, e.g. gas density, temperature, and metallicity,
assuming a APEC plasma model.

We compare the Fe radial profiles of four groups derived in this work with the
average Fe profile predicted by the TNG100 simulations. The mean emission-weighted
Fe profile, derived from a sample of 41 simulated galaxy groups in the considered mass
range, shown in grey in Figure B.1, agrees well with our observations at R > 0.5Rqo.
At R < 0.5Rgq0, simulations predict lower Fe abundances by a factor of ~ 2 compared
to the observations. Similar discrepancies also been found by Mernier et al) (2018b)
and [Leccardi and Molendi (2008), while comparing the Fe abundance profiles with
the hydrodynamic simulations. [Planelles et al| (2014) argue that this discrepancy
can be explained by the outdated assumptions on the SNe yields, the assumed initial
mass function, the fraction of binary systems, and/or the SNe efficiency of releasing
metals into the ICM (Mernier et al), 2018h).

Simulations show large scatter in the Fe profile at the central region and at the
outskirts, as seen in Figure left. While the former one reflects the diversity of
the group cores, the latter could be explained due to the presence of satellites and
high-density clumps at the outskirts. The average Fe abundance of simulated groups
in 0.25R500 < R < Rggg is in agreement with the observations, as shown in Figure @
right.
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Figure 3.2: X/Fe ratios as a function of radius for individual metals. The red shaded
region represents the average X/Fe excluding central R < 0.25Ry0¢ region. The blue
shaded region represents the average X/Fe for the central R < 0.25Rz0 region. Black
shaded region shows the average X/Fe profile of 41 galaxy groups in TNG100.
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sample and the Perseus cluster. We obtain IMLR of Perseus from Matsushita et al.
(2013). Right: The averaged fgnia for the four groups at R < 0.25R500 and 0.25R 00
< R < Rggg. Green shaded region represents the measurement scatter obtained from
a large number of groups (Mernier et al), 2017). Yellow shaded region indicates the
limit of fsni. at the massive cluster core (de Plaa et al), 2007). Vertical dotted line
indicates 0.25Raq0.

3.3.2 Chemical composition

In addition to Fe, we have further constrained the abundance profiles of O, Mg, S,
Si, and Ni as shown in Figures , , , and . We derive their abundance
ratios relative to Fe as a function of radius from the centers out to the virial radii as
shown in Figure B.2. The uncertainties are calculated using Monte Carlo simulations
with 2000 - 3000 realizations. We observe that the X/Fe ratios are consistent with
the solar abundance within R < 0.25Rgq9, with O/Fe = 1.39 4+ 0.12 (x*/degrees of
freedom = 16.7/6), Mg/Fe = 1.02 £ 0.09 (x*/degrees of freedom = 17.6/5), Si/Fe
= 1.13 + 0.07 (x?/degrees of freedom = 10.5/6), S/Fe = 1.21 4 0.09 (x?*/degrees of
freedom = 11.6/7), and Ni/Fe = 1.82 & 0.29 (x?/degrees of freedom = 16.5/4), which
is similar to what have been measured for group centers such as the CHEERS project
(Mernier et al), 2018b). The X/Fe ratios over 0.25R900 < R < Rggy are somewhat
super solar with O/Fe = 1.92 £+ 0.51 (x?/degrees of freedom = 5.2/12), Mg/Fe =
1.76 + 0.54 (x?/degrees of freedom = 10/12), Si/Fe = 1.62 £ 0.51 (x?/degrees of
freedom = 8/12), S/Fe = 1.70 + 0.48 (x*/degrees of freedom = 6/12), and Ni/Fe =
3.60 & 1.50 (x?/degrees of freedom = 3.4/6).

We compare the O/Fe, Mg/Fe, and Si/Fe ratios of four groups with that of sim-
ulated groups, as shown in Figure B.2. Since TNG simulations does not include S
abundance, we could not compare measured S/Fe ratio with the simulation. Our mea-
sured abundance ratios for O/Fe, Mg/Fe, and Si/Fe are consistent with the simulated
groups within their 1o error bars.

41



:
12r MKW4 (<Rsgp) 1 121
Antlia (<Rsg0)
ES03060170 (<Rsgo)
RXJ1159 (<Rsgp)

Perseus (<Rsgo)

REE %

¢
4+ + +

e s B S S—

?013 1614 1615 ](_)013 16141 1615
Msoo (Mo) Mz00 (Mo)

MKW4 (<R;00)

Antlia (<Ry00)
ESO3060170 (<Ryq0)
RXJ1159 (<Ra00)
Perseus (<Ryq)

R 2l L
OOOPD

N

Figure 3.4: Left: Effective Fe yield as a function of cluster/group mass within Raqo.
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squares represent the groups in the sample of Renzini and Andreo 014), triangles
represent NGC 1550, Hydra A, and Coma in the sample of Sasaki et al, (2014). Yellow
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shows the expected value calculated assuming higher SNIa rate from Freundlich and|
Maoz (b021|). Right: Effective Fe yield as a function of cluster/group mass within
Raoo-

3.3.3 Iron mass-to-light ratios

We investigate the IMLR from the centers out to the virial radii of these groups to
compare the Fe distribution in the IGrM with their stellar mass profiles. We use the
metal abundance profiles obtained in this work and the deprojected density profiles of
MKW4, Antlia, RXJ1159. and ESO3060170 derived in Sarkar et al| (20211), Wong
|et al.| (}ZOld), u et al.| (l2015|), and bu et al (b013|), respectively, to calculate the
accumulated iron mass within a specific radius for each group. We estimate the
Ks-band luminosity of each group using Two Micron All-Sky Survey (ZMASSH). We
obtain a 2° x 2° mosaic image centered at each group from the 2MASS data catalogue.
We adopt the Galactic_extinction (Ak) values for both groups from NASA/IPAC
Extragalactic Databa,seﬂ. We deproject the Kg-band luminosity with radius and the
resultant luminosity profiles are used to calculate the cumulative IMLR. Figure

shows the IMLR of MKW4, Antlia, RXJ1159, and ESO3060170 from their centers
out to the virial radii. The radial profiles of IMLR increase with radius for all groups,
suggesting that their metal distribution is more extended than the galaxy light out
to Ragg. Their IMLR within Rsgg are within the scatter of what have been found
for other groups (e.g., bato et all, 0091), although that of RXJ1159 at 0.1 Rygq is
exceptionally high. The accumulated IMLR of these groups converge to (4-5)x 1073

*https://irsa.ipac.caltech.edu/applications/2MASS/IM/interactive.html
Thttp://ned.ipac.caltech.edu
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Me/Lke at Rogg, which is half that of the Perseus cluster.
We estimate the Fe yield (Yge), which is the ratio of total Fe mass released by stars

to the total stellar mass formed for a given stellar population, as follows (Renzini and
Andreon, 2014; Ghizzardi et al, 2021; Gastaldello et al), 2021))

t
ME500 + Mre,500
Mstar,500(0)

where Mg 500 is the Fe mass within R, M%t;goo is the Fe mass locked into the stars
within Rs0, Mstar500(0) is the mass of gas within Rsgo that went into stars and whose
present mass is reduced by a factor 15!, i.e., Mstar500(0) = roMstars00 (Gastaldello
et al), 2021), where r( is the return factor. We adopt ro = 1/0.58 following Renzini
and Andreon (2014) and Gastaldello et al] (2021). Figure @ shows the effective
Fe yield of four galaxy groups within Rsoo and Ragg, respectively. We compare Fe
vield of four groups within Rs9g with the sample of clusters studied in Ghizzardi
et al, (2021)), the sample of groups studied in Renzini and Andreon (2014), and the
systems studied in Sasaki et al| (2014). We adopt the expected values as estimated
in Gastaldello et al) (2021). The Fe yields within Ragg of four groups are significantly
higher than that of Rsgg, which suggest that at the group scale feedback redistributes
metals, may pushing (or preventing from collapse) a consistent fraction of them, out
to Rago and beyond.

Yre,500 = (3.1)

3.3.4 Supernovae yields

The yields of SNe Ia and SNcc are the major contributors to the metal enrichment
of the ICM. We fit our measured metallicity distributions to the metallcity patterns
predicted by several theoretical SNe Ia and SNcc nucleosynthesis models, following
Mernier et al| (2016b). We fit the average metal abundance ratios of O/Fe, Mg/Fe,
Si/Fe, and S/Fe for these groups to a combination of a single SNe Ia and a single SNec
model and allow the relative number of SNe Ia over the total number of SNe (denoted
as fonia) free to vary (Werner et alf, 2006). Mernier et al, (2016b) and Simionescu
et al| (2019) pointed out that existing SNe yield models cannot successfully reproduce
the observed Ni/Fe ratios, which in turn introduces large errors in fitting parameters.
We, therefore, exclude the Ni/Fe ratio from the fitting process. Since the a-capture
elements—O, Mg are primarily produced by the SNcc and Si, S are produced by both
SNce and SNe Ia, their relative abundances compared to Fe, which is a major SNe
Ia product, are sensitive to the fitting parameters. Our measured average abundance
patterns for MKW4 and Antlia fit best with the delayed detonation (DDT) SNe Ia
model of Badenes et al) (2006) and with the “classical” mass-dependent SNcc model
of Nomoto et al) (2006) with a progenitor metallicity of Zi,; = 0.02 Z. For RXJ1159
and ESO3060170, we obtain a best-fit by using SNe Ia model of Badenes et al, (2006)
and SNcc model of Nomoto et al| (2013) and Sukhbold et al! (2016), respectively.
We assume the SNcc yields are produced by the population of massive stars having
a Salpeter IMF (Salpeten, 1955) with a common Zi,; (e.g., Mernier et al), 2016h)
throughout this paper. We next fit the metal abundance patterns at each radial bin
of four groups to obtain their fsn1, from the centers out to the virial radii. Figure
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shows the fgni, averaged over two radial bins of 0 - 0.25Rg0 and 0.25 - 1.0Rgqp.
The derived fgnp, decreases from 0.214 £ 0.028 at their centers to 0.138 4+ 0.046 at
the outskirts. Those values are broadly consistent with those of the core of massive
galaxy clusters of 20%-30% (de Plaa et all, 2007; Simionescu et al., 2009) and our
Milky Way of 15% ([Tsujimoto et al), 1995). We note that the SNe yields constitute
a key source of bias in the above analysis. The SNe yield models suffer indeed from
uncertainties up to a factor of 2 (e.g., Wiersma et al), 2009) and as a consequence the
derived estimation of fonr, should be interpreted with caution (e.g., de Grandi and
Molendi, 2009; Mernier et al), 2018b).

3.4 Systematic uncertainties

We test our results against possible systematic uncertainties introduced during spec-
tral analysis, following Sarkar et al, (2021b). One of the most important and uncertain
components of the X-ray background is CXB. To examine the systematic uncertainty
associated with the CXB, we vary the normalization of the unresolved CXB compo-
nent by 10% with a fixed power-law slope of I' = 1.41. We obtain that the associated
impacts on all the metal abundances are within the statistical error limit. Next,
we estimate the systematic uncertainties introduced by two foreground components—
MW and LHB. We vary their best-fit nomalizations by 10%, which does not lead to
any significant change in the measured metal abundances. Finally, we experiment
with a 20% variation in Galactic column density (Ng), which also has no significant
impact on the measured metal abundances.

3.5 Discussion

Using joint Suzaku and Chandra observations, we derived the abundance profiles of
Fe, O, Mg, S, Si, and Ni for four nearby galaxy groups from their centers out to the
virial radii. To our best knowledge, this is the first time that such measurements
have been made for such low-mass systems. In the previous section, we show that
our results are stable against various sources of systematic uncertainties. Below we
compare the results with what we know from massive galaxy clusters and discuss the
implications of our findings.

3.5.1 Early enrichment scenario

Previous studies have reported a universal Fe abundance of ~ 0.3 Z; at outskirts of
nearby massive clusters using Suzaku observations (e.g., Werner et all, 2013; Urban
et al), 2017). It has also been shown that no significant redshift evolution of the global
metallicity (R < Rsgq) is found for high-redshift samples (e.g., McDonald et al), 2016;
Mantz et all, 2017; Liu et al}, 2020). These findings all point to an early-enrichment
scenario that the ICM is enriched during the peak of star formation at z = 2—3 before
the formation of galaxy clusters. The state-of-the-art hydrodynamical simulations
have verified that the ICM can be substantially enriched during the peak of the star
formation at 2 < z < 3 (e.g., Biffi et al), 2017, 2018). Early AGN feedback may
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have played an important role in displacing the metal-enriched gas produced within
galaxies throughout the ICM ([Truong et al), 2019).

We are able to constrain the metallicity profiles out to Ry for four galaxy groups
with a temperature ~ 2.5keV and with a mass of an order of magnitude smaller
than massive clusters. We found a nearly flat Fe abundance profile over the radii of
0.25-1.0 Ragg, as shown in Figure @, with an average Zp.= 0.309 + 0.018 Z, which
is remarkably similar to that of the massive clusters. This Fe ~ 0.3 Z; uniform
abundance distribution has also been found at the outskirts of two poor clusters,
UGC 03957 (Tholken et al), 2016) and Virgo (Simionescu et alj, 2015), whose peak
temperatures are ~ 3.5keV, which is between groups and clusters.

In addition to Fe, other elements (O, Mg, Si, S, and Ni) also have nearly constant
abundance throughout the outskirts of the groups in spite of the larger uncertainties.
Our findings consistent with the same enrichment mechanism may be at work among
systems at various different mass scales. In a hierarchical Universe, low mass systems
form earlier than more massive systems. For metals to be deposited and well mixed
before the gravitational collapse of galaxy groups, the timeline of the early-enrichment
scenario including the formation of SNIa (and their progenitor stars) needs to be
pushed back further (e.g., Maoz et all, 2014; Biffi et all, 2018).

3.5.2 Early enrichment population

A conundrum in the enrichment study is that the total metals observed in rich clusters
cannot be explained by the visible stellar component as shown in Figure (also see
E Blackwell et al), 2021; Ghizzardi et al|, 2021)). This discrepancy invokes an external
and universal source of metals even before the star formation episode — an Early
Enrichment Population (EEP) which is not visible today (Mantz et all, 2017). The
time scale of this enrichment epoch is not well constrained but possibly at 3 < z < 10
and such an early stellar population may be directly observable with JWST.

Our findings demonstrate that once the Fe abundance is measured out to Ragg, the
current stellar content of galaxy groups is insufficient to produce their total metals
as well. Nevertheless, within both Rsqp and Ragg, the effective Fe yields of groups
are significantly smaller than those of rich clusters. In addition to Fe yields, this
difference between groups and clusters is also reflected in their iron-mass-to-light
ratios. As shown in Figure B.3, we have derived the accumulated IMLR of these
groups out to Rggg. Compared to the Perseus cluster, galaxy groups contain twice as
much stellar lights for their metals. The small IMLR of groups relative to clusters
may be attributed to the relatively shallower potential well of groups making them
unable to retain all the enriched gas against non-thermal processes such as AGN
feedback. As shown in Sarkar et al) (2021b), the accumulated gas mass to total mass
ratios within Rygy are consistent with the cosmic baryon fraction for galaxy clusters,
which are systematically higher than those of galaxy groups. Furthermore, groups and
clusters may have different star formation history. IGrM has a lower temperature and
density than ICM and therefore providing a less hostile environment for the member
galaxies. The higher star formation rate in galaxy groups may partially explain the
small IMLR (Davé et al., 2008).
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3.5.3 Chemical composition of galaxy groups

The additional constraints on O, Mg, Si, and S allow us to derive the chemical
components and SNla fraction of galaxy groups. The abundance ratios of O/Fe,
S/Fe, Si/Fe, and Mg/Fe of the four groups in our sample are shown in Figure .
Largely caused by the abrupt change in the slope of the Fe abundance profile, we
observe different chemical compositions between group centers and group outskirts.
The X/Fe ratios within 0.25Ryq0 are consistent with the Solar chemical composition,
for which we derive a fgyr, of 0.214 4+ 0.028. This is in agreement with the average
gas abundance ratios of cluster cores (de Plaa et all, 2007) and 44 nearby systems
within R < Rsgp (dominated by galaxy clusters) in the CHEERS sample (Mernier
et al), 2017). A similar chemical composition for gas has been found at the centers
of the Perseus cluster using microcalorimeter on board Hitomi (Simionescu et all,
2019) as well as in NGC 1404, an early-type galaxy, through a joint XMM-Newton
EPIC, RGS, and Chandra-ACIS study (Mernier et al,, 2022). It is intriguing that
ICM, IGrM, and even ISM metallicities trace the same metal abundance pattern as
our Solar System, rather than that of their own dominant galaxies. This seems to
further imply a common origin of the metals among these systems. Alternatively,
this also means that the stellar population we see today in clusters and groups (i.e.
mainly red-and-dead population) has very little to do with the metal content of their
hot halos.

Over the radii of 0.25-1.0Rg the X/Fe ratios are generally super solar ranging
from 1.6 to 1.9, for which we derive that the SNIa fraction is 0.138 £ 0.046, allowing
us to rule out a pure SNcc enrichment by 30. The Fe abundance at the outskirts
is unlikely to be significantly underestimated since we have employed a 2T model
to mitigate the “Fe-bias” and we have obtained a measured Zp, similar to that of
the rich clusters. It is worth noting that the large uncertainties and scatters of the
measurements do not allow us to claim a clear discrepancy from the solar value for
S/Fe, Si/Fe, and Mg/Fe, while the O line can not be well resolved by CCD-like
detectors such as XIS. Extensive Suzaku study of the outskirts of the Virgo cluster
reveals a super solar value for Mg/Fe of 1.2-1.6, while their Si/Fe and S/Fe ratios
are 0.6-0.8 and 0.8-1.2, respectively. The X/Fe ratios may scatter among different
systems. The results can be further complicated by the various sources of systematic
effects associated with the observations of the background dominated regimes.

3.6 Summary

We analyzed joint Suzaku and Chandra observations of four nearby groups - MKW4,
Antlia, RXJ11594-5531, and ESO3060170. Suzaku observations were used to con-
strain their gas properties and Chandra data were used to refine the results by miti-
gating the uncertainties introduced by the CXB. We have derived abundance profiles
of O, Mg, Si, S, Fe, and Ni out to the Rogg for the first time for such low-mass systems.
Our results are summarized below.

o The metal abundances at the central region of Antlia are significantly lower
than those of MKW4, RXJ1159+5531, and ESO3060170. Unlike the other
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Figure 3.5: Top left: NXB subtracted and exposure corrected mosaic Suzaku image

of MWK4 in the 0.5-2 keV energy band. Magenta circle indicates Rogg. Green annuli
represent the regions used for spectra extraction. Top right: mosaic Chandra image

of MKW4 in the 0.5-7.0 keV energy band. The resolved point sources are marked in
green elliptical regions. Middle and Bottom: radial profiles of different elements from

the group center to the outskirts. Vertical dotted line indicate 0.25Rq0.
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Figure 3.6: Antlia; same as Figure @
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three systems, Antlia is a non cool-core group. Like observed in massive system
equivalents (i.e. non-cool core clusters), more frequent merging events may have
disrupted its core and erased much of the centrally peaked metallicity.

At group outskirts (0.25-1.0Rgg0), we measure flat metal abundance profiles for
all four groups with an average Fe abundance of Zp, = 0.309 & 0.018 Z, (x?
= 14 for 12 degrees of freedom), which is remarkably consistent with what was
found in rich clusters, and the predictions from IllustrisTNG for galaxy groups.
The uniform metal distribution suggests that the same early enrichment process
may have been at work before the gravitational collapse of groups and clusters.
Early AGN feedback is likely to have played an important role in transporting
metals from galaxies to the hot gas as well as efficiently mixing the enriched
gas throughout the proto cluster/group gas at z = 2 — 3. It is also plausible
that an early-enrichment population is responsible for contaminating the proto
cluster/group gas even before the formation of the current stellar components
at 3 < z < 10.

We derive the accumulated iron mass-to-light ratios from the center out to the
Rogg of these groups. Their IMLR increase with radius, indicating that the
enriched gas is more extended than the stellar distribution. Near the Rogg, the
accumulated IMLR of these groups are consistent with each other at 4-5x 1073
My /Lke. However, these values are significantly lower than the accumulated
IMLR of Perseus at Rogg, which may imply that groups could not retain all of
their enriched gas due to their shallower potential wells, and/or a halo-mass
dependent star formation history.

We compare the effective Fe yields of groups within R5qg and Ry, and the
theoretical expectation. The iron yields measured out to Rggy of four groups
show a tension with respect to the expected values from empirical supernovae
yields and in contrast with what can be observed within Rsp9. A significant
amount of metals are found at the outskirts of groups. When the Fe abundance
is measured out to Rayg, the visible stellar component in the groups is insufficient
to produce the observed metals, which may pose a challenge for the chemical
enrichment models in the same fashion as the one already known for clusters.

The O/Fe, Mg/Fe, Si/Fe, and S/Fe ratios at the group centers are nearly solar
and consistent with the chemical composition measured at cluster centers. The
hot gas in the systems that are orders of magnitude different in mass traces the
same metal abundance pattern as our Solar System, rather than that of their
own dominant galaxies. The derived SNla fraction is 14% at their outskirts,
allowing as to rule out a pure core collapsed supernovae enrichment before the
gravitational collapse of galaxy groups.

Copyright® Arnab Sarkar, 2022
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Chapter 4 Discovery of a pre-merger shock in an intercluster filament in
Abell 98

4.1 Introduction

Clusters of galaxies are primarily assembled and grow via accretion, gravitational
infall, and mergers of smaller substructures and groups. In such merging events,
a significant fraction of kinetic energy dissipates (on a Gyr timescale) in the intra-
cluster medium (ICM) via shocks and turbulence (|Markevitch et al.|, |199d). Such
shocks are the major heating sources for the X-ray emitting ICM plasma (Markevitc
and Vikhlinin, 2007|). Shock fronts provide an essential observational tool in probing
the physics of transport processes in the ICM, including electron-ion equilibration
and thermal conduction, magnetic fields, and turbulence (e.g., IMarkeVitchL I‘ZOOd;
|Markevitch and VikhlininL lZOO?I; IBotteon et al,, tZOld, lZOlﬁ).
Despite the intrinsic interest and significance of merger shocks, X-ray observations
of merger shocks with a sharp density edge and an unambiguous jump in temperature
are relatively rare. Currently, only a handful of merger shock fronts have been identi-
fied by Chandra, such as 1E 0657-56 ( Markevitch et al.|, bOOﬂ), Abell 520 ( Markevitch
et all, 2005). Abell 2146 (Russell et all, 2010, 2012). Abell 2744 (Owers et all, 2011
Abell 754 (Macario et al.|, 011)), Abell 2034 (|Owers et alj, h()léll), Abell 665 (Qasadig
et al.|, 2016).
Cosmic filaments are thought to connect the large-scale structures of our universe
e.g., tDolag et al), OOd; Werner et al., l2008; |Alvarez et al), 201&; tReiprich et a1.|,
). Several independent searches for baryonic mass have confirmed discrepancies
in baryonic content between the high and low redshift universe (e.g., IFukugita et a1.|,
|1998; lFukugita and Peeblesj, l2004l), with fewer baryons being detected in the local
Universe. They concluded that a significant fraction of these missing baryons may be
“hidden” in the WHIM, in cosmic filaments that connect clusters and groups. The
WHIM has a temperature in the 10°-10” K (or, kT~0.01-1 keV) regime, and relatively
low surface brightness (e.g., |Cen and Ostrikeli, |199d; tDaVé et al.|, |1999L IZOO]J; bmithl
et all, Bot1).
Abell 98 (hereafter A98) is a richness class I1I early-stage merger with three sub-
clusters: central (A98S; z ~ 0.1063), northern (A98N; z ~ 0.1042), and southern
(A98SS; z ~ 0.1218). The northern and southern subclusters are at projected dis-
tances of ~ 1.1 Mpc and 1.4 Mpc from the central subcluster, respectively (e.g., m
|et all, |198q; L]ones and Forman|, |19994; hSurns et alj, 19941; Paterno-Mahler et al., }2014).
The central subcluster is undergoing a separate late-stage merger, with two distinct
X-ray cores. Previous observations using Chandra and XMM-Newton showed that
A98N is a cool core cluster with a marginal detection of a warm gas arc, consistent
with the presence of a leading bow shock, but that the exposure time was insufficient
to confirm this feature (tPaterno—Mahler et alj, bOléll)
To investigate further, we analyzed deep (~227 ks) Chandra observations of A98N
and A98S. In this letter, we report on the detection of an intercluster filament con-
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necting A98N and A98S, and of a leading bow shock in the region of the filament,
associated with the early-stage merger between A98N and A98S. We adopted a cos-
mology of Hy = 70 km s~ Mpc™!, Q4 = 0.7, and €, = 0.3, which gives a scale of 1”
= 1.913 kpc at the redshift z = 0.1042 of A98. Unless otherwise stated, all reported
error bars are at 90% confidence level.

4.2 Data analysis

Abell 98 was observed twice with Chandra for a total exposure time of ~ 227 ks.
The observation logs are listed in Table 1.1l We discuss the detailed data reduction
processes in Section .

4.2.1 Imaging analysis

The image showing the both A98N and A98S in the 0.5-2 keV energy band is shown
in Figure @ We derived a Gaussian Gradient Magnitude (GGM) filtered image of
A98, zooming in the northern subcluster, as shown in Figure @ The GGM-filtered
image provides a powerful tool to reveal sub-structures and any associated sharp
features in the cluster core, as well as at larger cluster radii (Walker et all, 2016).
The intensity of the GGM images indicates the slope of the local surface brightness
gradient, with steeper gradients showing up as brighter regions. The GGM image we
present here is filtered on a length scale of 32 pixels. Each pixel is 0.492” wide. We
observe a rapid change in the magnitude of the surface brightness gradient at ~ 400
kpc to the south of the A98N center, as seen in Figure .

GGM images often show artifacts from the filtering process, particularly in low
surface brightness regions. Therefore, we next test for the presence of the edge feature
indicated in Figure by extracting a surface brightness profile across the edge.
Figure §.2 shows the resulting radial surface brightness profile as a function of distance
from the A98N core in the 0.5-2 keV energy band. We observe an edge in the X-ray
surface brightness profile at about 420 kpc (0:46:23.14, +-20:33:46.32) from the A98N
core. The distance of the edge from the A98N core is consistent with the edge observed
in the GGM image, which suggests the abrupt change in the gradient corresponds to
the surface brightness edge.

The shape of the extracted surface brightness profile across the edge is consistent
with what is expected from a projection of a 3D density discontinuity (Markevitch
et all, 2000). To quantify the surface brightness edge, we fit the surface brightness
profile by projecting a 3D discontinuous double power-law model along the line of
sight, defined as

ifr < Tedge

—aq

r )

Ne (7,) x 1edge e
r .

Jump (redge> ) if r > Tedge

where n.(r) is the 3D electron density at a radius r, reqq is the radius of the putative
edge, jump is the density jump factor, and «; and ay are the slopes before and after

(4.1)
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Chandra

Figure 4.1: Chandra exposure corrected and background subtracted image of A98 in
the 0.5-2 keV energy band. White and cyan regions are used for the analysis of the
filament emission. Centers of A98N and A98S are marked in black.

the edge, respectively. A constant term was also added to the model to account
for any residual background, after blanksky subtraction. The best-fit value of this
term was consistent with zero, suggesting we successfully eliminated sky and particle
background. We project the estimated emission measure profile onto the sky plane
and fit the observed surface brightness profile by using least square fitting technique
with aq, @2, Tedge, and the jump as free parameters. Figureq@ shows the best-fit
model and the 3D density profile (inset). The best-fit power-law indices across the
edge are a; = 0.76 & 0.01 and ay = 0.83 & 0.02, respectively (x?/dof = 57/21). The
density jumps, across the edge, by a factor of ps/p; = 2.5 £ 0.3, where suffix 2 and
1 represent the regions inside and outside of the front. Assuming that the edge is
a shock front, this density jump corresponds to a Mach number of M = 2.3 4+ 0.3,
estimated from the Rankine-Hugoniot jump condition, defined as

2r 2
= 4.2
M y+1l—r(y=1)] ’ (42)

where r = py/p; and for a monoatomic gas v = 5/3. The edge radius, obtained
from the fit, is 420 + 25 kpc. We estimated the uncertainties by allowing all the
other model parameters to vary freely. The best-fit edge radius is consistent with the
distance of the GGM peak from the A98N center.
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Figure 4.2: Top-left: Similar to Figure El] but zoom in to A98N and smoothed
with 0=2" Gaussian. Green regions used for spectral analysis. Top-right: GGM
image of A98N with 0=16" Gaussian kernel. White dashed curve shows southern
shock front. Middle left. surface brightness profile of A98N in south direction with
1-0 errorbars. Inset figure shows the 3D density profile. Middle-right: projected
temperature, bottom-left: 3D density, bottom-right: pressure profiles of A98N in south
direction.
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4.2.2 Spectral analysis

To measure the temperature across the surface brightness edge, the southern sector
was divided into seven regions, as shown in Figure §.2. Each region contains a
minimum of 2300 background-subtracted counts. We set this lower limit to guarantee
adequate counts to measure the temperature uncertainty within 25% in the faint
region at a 90% confidence level. For each region, we extracted spectra from individual
observations and fitted them simultaneously. The spectra were grouped to contain a
minimum of 20 counts per spectral channel. The blanksky-background spectra were
subtracted from the source spectra before fitting (Dasadia et al|, 2016). We fitted the
spectra from each region to an absorbed single-temperature thermal emission model,
PHABS(APEC) (Smith et all, 2001)). The redshift was fixed to 2=0.1042, and the
absorption was fixed to the Galactic value of Ng=3.06x10* cm~2 (Kalberla et al.,
2005). The spectral fitting was performed using XSPEC in the 0.6-7 keV energy band,
and the best-fit parameters were obtained by reducing C-statistics. We fixed the
metallicity to an average value of 0.4 Zg since it was poorly constrained if left free
(Russell et al., 2010). We adopted solar abundance table of Asplund et al| (2009).

Figure shows the best-fit projected temperatures. The projected temperature
increases steadily from the A98N core up to ~ 200 kpc, then jumps to a peak of ~
6.471% keV at ~ 420 kpc, which then plummets to 2.7702 keV beyond the surface
brightness edge. Across the edge, the temperature decreases by a factor of ~ 2.3 £+
0.6, confirming the outer edge as a shock front. We estimated the electron pressure
by combining the temperature and electron density, as shown in Figure . As
expected, we found a significant decrease in pressure by a factor of ~ 7 + 2 at the
shock front. The observed temperature drop corresponds to a Mach number of M =
2.2 + 0.4, consistent with the Mach number derived from the density and pressure
jump. Mach numbers from both methods are consistent with each other, bolstering
the shock detection. We estimated a pre-shock sound speed of ¢s ~ 848 + 80 km/s,
which gives a shock speed of vgpeer, = csM =~ 1900 + 180 km/s.

4.3 Detection of Filament emission

Early-stage, major mergers between two roughly equal mass subclusters are expected
to typically have their merger axis aligned with the filaments of the cosmic web (see
Alvarez et al| (2018) for further discussion). To search for faint X-ray emission asso-
ciated with the filament between A98N and A98S, we extracted a surface brightness
profile from nine box regions across the bridge between A98N and A98S in the 0.5-2
keV energy band (see Figure Ell) Figure @ shows the surface brightness profile of
the bridge. This surface brightness profile includes the emission from the extended
ICM of both subclusters, and from the filament. To account for only the extended
ICM emission from both subclusters, we extracted surface brightness profiles from
similar regions placed in the opposite directions of the filament, using Suzaku ob-
servations of A98 (Alvarez et alj, 2022h), assuming in each that the contribution
from the neighboring subcluster is negligible. We used Suzaku observations because
the existing Chandra observations do not cover the part of the sky needed for such
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Figure 4.3: left: Black shows the surface brightness profile across the bridge mea-
sured using Chandra. Red indicates the sum of the surface brightness profiles of the
diffuse, extended emission extracted from the Suzaku observations. Blue represents
the residual filament emission. Right: projected temperature profile across the bridge,
measured with a 1-T model. Red and green shaded regions indicate the hot com-
ponent and cool component temperatures, respectively, measured with a 2-T model.

analysis. These two diffuse surface brightness profiles are then subtracted from the
surface brightness profile of the bridge, yielding the surface brightness profile of the
filament. We use WebPIMMS B to convert Suzaku and Chandra count rates to phys-
ical units (erg/cm?/s/arcsec?) in the 0.5-2 keV energy band. We assumed a thermal
APEC model with absorption fixed to Ny=3.06x10?° cm~2, abundance Z = 0.27,
and temperature k7" = 2.6 keV (as discussed later).

Figure shows the resulting surface brightness profile of the filament in the
0.5-2 keV energy band. We detected excess X-ray surface brightness in the region of
the bridge with a ~3.2¢ significance level. Similar excess emission along the bridge
with somewhat lower significance (~ 2.20) was also found by Alvarez et al (2022b)
using only Suzaku data. Being very nearby to both subcluster cores, where emission is
dominated by the respective subcluster, we could not detect any significant filament
emission from the first two and last two regions. This excess X-ray emission suggests
the presence of a filament along the bridge connecting A98N and A98S.

To measure the temperature across the bridge region, we adopted similar regions
used for the surface brightness profile of the bridge. The spectra were then fitted to a
single-temperature APEC model (1-T), keeping the metallicity fixed to 0.2 Zs,. Figure

*https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Figure 4.4: Comparison of the temperature profile across the shock front with the
predicted electron temperature profiles based on instant collisionless model (red) and
Coulomb collisional model (blue). Yellow ellipse indicates the relevant post-shock
electron temperature for comparing with two models.

@ shows the projected temperature profile. The temperatures across the bridge are
consistent within their ~ 2.7¢ (90%) uncertainty, except for third region where we de-
tected a shock. We next measured the global properties of the bridge using a 0.6 Mpc
x 0.7 Mpc box region (632 kpc from the A98N and 505 kpc from the A98S; shown
with cyan in Figure Ei) Using a single temperature emission model for the bridge
region, we obtained a temperature of 1.8707 keV and an abundance of 0.227912 Z,.
Our measured temperature of the bridge is conswtent with the temperatures obtained
by Paterno-Mahler et al. (|2014) using XMM-Newton and relatively short exposure
Chandra observations. We next estimated the electron density of the bridge us-

2 —2 -1

ing n, = {1.73 X 1071 x N sin (4) x (1+ 2)% X (ﬁ—&) (M;C> (lf/l"—‘l’jc> ] cm ™3
where N is APEC normalization, D4 is the angular diameter distance, r and [,
are the radius and the projected length of the filament, respectively. We obtained
electron density of n, = 4.270% x 107* cm™>, assuming the filament is in the plane
of the sky (¢ = 90°) and has cylindrical symmetry, since for i < 90° we would not
expect to detect a clear leading merger shock edge. Our measured temperature and
electron densfcy are higher than the expected temperature (< 1 keV) and electron
density (~10~%*cm~?) for the WHIM (e.g., Bregman bOO?I, |Werner et al| 200& tEckertl
Let all, 2015; |A1varez et al| |2018; Hincks et al., M

The surface brightness profiles seen in Figure Y E show that the emission from
the filament itself is much fainter than the diffuse, extended cluster emission. A low-
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density gas emission is expected together with the ICM emission at the bridge region.
We, therefore, adopted a two-temperature emission model for the bridge and obtained
a temperature of kTj,; = 2.60f8:2§ keV for the hotter component and k7., = 1.07 +
0.29 keV for the cooler component. The higher temperature gas is probably mostly the
overlapping extended ICM of the subclusters seen in projection. The two-temperature
model was a marginal improvement over the one-temperature model with an F-test
probability of 0.08. The emission measure of the cooler component corresponds to an
electron density of n, = 1.30702 x 107* cm™3, assuming the filament is in the plane
of the sky. From the temperature and electron density of the cooler component, we
obtain an entropy of ~ 416 keV cm?. Our measured temperature, density, and entropy
of the cooler component are consistent with what one expects for the hot, dense part
of the WHIM (e.g.. Eckert et al|, 2015; Bulbul et al), 2016h; Alvarez et al), 2018;
Reiprich et all, 2021)). Suzaku observations also show similar emission to the north
of A98N, beyond the virial radius, in the region of the putative large scale cosmic
filament (Alvarez et al), 20221). We also check for any systematic uncertainties in
measuring the filament temperature, abundance, and density by varying the scaling
parameter of blanksky background spectra by +£5%. We find no significant changes.

4.4 Discussion and Conclusion

4.4.1 Nature of the shock front

Our deep Chandra observations reveal that the overall system is complex, with A98S
dominated by a later-stage merger ongoing along the east-west direction (Sarkar et al.
in prep). Previously, Paterno-Mahler et al) (2014) argued that the surface brightness
excess along the southern direction of A98N is more likely a shock with a Mach
number, M 2 1.3. With the new data, we found that the temperature increases by a
factor of ~ 2.3 (from 2.7 keV to 6.4 keV) across the surface brightness edge, confirming
it is a shock front propagating along the merger axis (N/S direction). This is the first
unambiguous detection of axial merger shock in an early-stage merger (i.e., pre-core-
passage), as opposed to the late-stage merger (i.e., post-core-passage), where several
previous observations found axial shocks (e.g., Russell et al), 2010, 2012; Dasadia
et alf, 2016).

Axial shock detection in an early-stage merging cluster is a long-standing missing
piece of the puzzle of cluster formation. Previous Chandra observations of the pre-
merger system, 1E 2216/1E 2215, detected an equatorial shock (Gu et al), 2019).
Equatorial shocks are driven by the adiabatically expanding overlap region between
the outskirts of the merging subclusters. They propagate along the equatorial plane,
perpendicular to the merger axis. This is in contrast to axial shocks, which are driven
by, and ahead of, the infalling subclusters. Gu et al, (2019) did not detect any axial
shock in 1E 2216/1E 2215. There are conflicting findings from simulations on which
merger shock should form first. Recent hydrodynamical simulations of binary cluster
mergers by Zhang et al) (2021) showed the formation of axial merger shocks in the
early stages of the merging process. In contrast, simulations by Ha et al| (2018)
indicated that equatorial shock forms long before the axial shock.
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To date, it is unclear what is driving the apparent discrepancy between the forma-
tion of equatorial and axial shocks, although the parameters of the merger (e.g., mass
ratio, total mass, impact parameter) likely play a role. Our Chandra observation of
the shock front in A98 is the ‘first” unambiguous axial shock detection in an early
stage merging system, prior to core passage. We detect no equatorial shocks, but it
is possible that they are present and the current observations are not deep enough to
detect them. With this discovery, we caught two subclusters in a crucial epoch of the
merging process, which will reveal any missing link to the shock formation process in
pre-merger systems and provide a yardstick for future simulations.

4.4.2 Electron-ion equilibrium

The electron heating mechanism behind a shock front is still up for debate. The colli-
sional equilibrium model predicts that a shock front propagating through a collisional
plasma heats the heavier ions dissipatively. Electrons are then compressed adiabat-
ically, and subsequently come to thermal equilibrium with the ions via Coulomb
collisions after a timescale defined in Equation {.3 (Spitzer, [1962; Sarazin|, 1988; Et-
tori and Fabian, 1998; Markevitch and Vikhlinin, 2007). By contrast, the instant
equilibrium model predicts that electrons are strongly heated at the shock front, and
their temperature rapidly rises to the post-shock gas temperature, similar to the ions
(Markevitch, 2006; Russell et al), 2012). The electron and ion temperature jumps at
the shock front are determined by the Rankine-Hugonoit jump conditions. Marke-
vitch (2006) showed that the observed temperature profile across the shock front of
the Bullet cluster supports the instant equilibrium model. Russell et al) (2012) found
that the temperature profile across one shock front of Abell 2146 supports the colli-
sional model while another shock supports the instant model. However, in all cases
the measurement errors prevented a conclusive determination. Later, Russell et al.
(2022) with deeper Chandra observations found both shocks in Abell 2146 favor the
collisional model.

Here, we compare the observed temperature profile across the shock front of A98
with the predicted temperature profiles from collisional and instant equilibrium mod-
els. We estimate the model electron temperatures and project them along the line
of sight, as described in Section . The resulting temperature profiles are shown
in Figure 1.4. The observed post-shock electron temperature appears to be higher
than the temperature predicted by the collisional equilibrium model and favors the
instant equilibrium model, although we cannot rule out the collisional equilibration
model due to the large uncertainty in the post-shock electron temperature.

4.4.3 Filament emission

We detected 3.20 excess X-ray emission along the bridge connecting two sub-clusters
(A98N and A98S), also detected by Alvarez et al, (2022h) (with lower significance)
using Suzaku. Our measured surface brightness of the cooler component ranges be-
tween (0.9-2.8) x 1071 erg cm™2 s7! arcmin™?2 in the 0.5-2 keV energy band, which

is equivalent to (1.2-3.6) x 107!% erg cm™2 s7! arcmin™ in the 0.2-10 keV energy
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band. Using high-resolution cosmological simulations, Dolag et al| (2006) predicted
that the X-ray surface brightness of the WHIM filaments should be ~ 10716 erg cm 2
s7! arcmin™? with a zero metallicity in the 0.2-10 keV energy band. However, an
increased metallicity could induce more line emission, increasing the surface bright-
ness of the filament. A similar conclusion was drawn by Werner et al| (2008) while
explaining their observed surface brightness of the WHIM filament, higher than that
of cosmological simulation. Our measured surface brightness of the filament is con-
sistent with the surface brightness of the WHIM filament obtained for A222/223 and
A1750 (Bulbul et al), 2016h).

Using a 2-T plasma emission model, we measured the temperature of the cooler
component of the filament, k7., = 1.07 + 0.29 keV. The 2-T model was a marginal
improvement over the 1-T model with an F-test probability of 0.08. Similar filament
temperatures were measured for A2744 (0.86-1.72 keV; Eckert et al., 2015), A222/223
(0.66-1.16 keV; Werner et all, 2008), and A1750 (Bulbul et al|, 2016H). We obtained a
best-fit filament electron density of n, = 1.30%03] x 107* cm ™3, assuming the filament
is in the sky plane. If the filament has an inclination angle (i) with the line of sight,
the electron density will be lower by a factor of (sin i)~'/2. Previous studies also
found similar electron densities for the hot, dense part of the WHIM in several other
galaxy clusters, e.g., 0.88 x 10~* cm~3 for A399/401 (Hincks et al), 2021), 1.08 x
10~* em ™3 for A3391/3395 (Alvarez et all, 2018), 10™* cm™3 for A2744 and A222/223
(Eckert et al), 2015; Werner et al), 2008). We estimated a baryon over-density of
p/{p) ~ 240 associated with the gas in the filament, which is consistent with the
expected over-density for a WHIM filament (Bregman, 2007). Assuming a cylindrical
geometry for the filament, we estimated the associated gas mass to be My, = 3.8f8:2
x 10 M.

Our measured temperature and average density of the cooler component are re-
markably consistent with what one expects for the hot, dense part of the WHIM,
suggesting that this gas corresponds to the hottest, densest parts of the WHIM. X-
ray observations of the emission from WHIM filaments are relatively rare because
they have lower surface brightness than the ICM. They offer crucial observational ev-
idence of hierarchical structure formation. Using numerical simulations, Davé et al.
(2001) predicted that the gas in a WHIM filament has a temperatures in the range
10°5-10%° K. A similar conclusion was drawn by [Lim et al] (2020) using the kinetic
S—7 effect in groups of galaxies. Since our detected filament lies in the overlapping
ICM of both sub-clusters, the gas may have been heated by the shock and adiabatic
compression.

Appendix
A1l. Data reduction processes

Abell 98 was observed twice with Chandra ACIS-I in VFAINT mode, in September
2009 for 37 ks split into two observations and later in September 2018 — February
2019 for 190 ks divided into eight observations. The combined exposure time is ~ 227
ks (detailed observation logs are listed in Table El]) The Chandra data reduction
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Table 4.1: Chandra observation log

Obs ID  Obs Date  Exp. time PI
(k)

11876 2009 Sep 17 19.2 S. Murray
11877 2009 Sep 17 17.9 S. Murray
21534 2018 Sep 28 29.5 S. Randall
21535 2019 Feb 19 24.7 S. Randall
21856 2018 Sep 26 30.5 S. Randall
21857 2018 Sep 30 30.6 S. Randall
21880 2018 Oct 09 9.9 S. Randall
21893 2018 Nov 11 17.9 S. Randall
21894 2018 Nov 14 17.8 S. Randall
21895 2018 Nov 14 28.6 S. Randall

was performed using CIAO version 4.12 and CALDB version 4.9.4 provided by the
Chandra X-ray Center (CXC). We have followed a standard data analysis thread i)

All level 1 event files were reprocessed using the chandra_repro task, employing
the latest gain and charge transfer inefficiency corrections, and standard grade fil-
tering. VFAINT mode was applied to improve the background screening. The light
curves were extracted and filtered using the 1c_clean script to identify and remove
periods affected by flares. The filtered exposure times are listed in Table El] We used
the reproject_obs task to reproject all observations to a common tangent position
and combine them. The exposure maps in the 0.5-2.0 keV energy bands were created
using the flux_obs script by providing a weight spectrum. The weight spectrum was
generated using the make_instmap_weights task with an absorbed APEC plasma
emission model and a plasma temperature of 3 keV. To remove low signal-to-noise
areas near chip edges and chip gaps, we set the pixel value to zero for those pixels
with an exposure of less than 15% of the combined exposure time.

Point sources were identified using wavdetect with a range of wavelet radii be-
tween 1-16 pixels to maximize the number of detected point sources. We set the
detection threshold to ~ 1079, for which we expect < 1 spurious source detection
per CCD. We used blank-sky observations provided by the CXC to model the non-
X-ray background and emission from the foreground structures (e.g., Galactic Halo
and Local Hot Bubble) along the observed direction. The blanksky—background was
generated using the blanksky task and then reprojected to match the coordinates
of the observations. The resulting blanksky-background was normalized so that the
hard band (9.5 - 12 keV) count rate matched the observations.

A2. Electron heating mechanism

When a shock front propagates through a plasma, it heats the ions dissipatively in a
layer that has a width of few ion-ion collisional mean free paths. On the other hand,

Shttp://cxc.harvard.edu/ciao/threads/index . html
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having very high thermal velocity compared to the shock, the electron temperature
does not jump by the same high factor as the ion temperature. The electrons are
compressed adiabatically at first in merger shocks and subsequently equilibrate with
the ions via Coulomb scattering after a timescale (Spitzer, 1962; Sarazin, 1988) given

by,

fole,p) ~ 6.2 x 10yt [ —= 3/2< i« >1 (4.3)
ca\&P) =0 YELT0%K 10-3cm—3 '

where T, and n. are the electron temperature and density, respectively.

Alternatively, the instant collisionless shock model predicts that the electrons and
ions reach thermal equilibrium on a timescale much shorter than t., after passing the
shock front, where the post-shock electron temperature is determined by the pre-
shock electron temperature and the RH jump conditions (Markevitch and Vikhlinin,
2007). We use the best-fit density profile shown in Figure IQ to project this model
electron temperature along the line of sight analytically (Russell et al), 2012).

In the collisional equilibration model, the electron temperature rises at the shock
front through adiabatic compression,

v—1
Te72 = Te,l (&) (44)
P1

where p; and py are the gas density in the pre-shock and post-shock regions, and ~
= 5/3. Electron and ion temperatures then subsequently equilibrate via Coulomb
collision at a rate given by,
ar, T, —"T.
dt — te

where T; is the ion temperature. Since the total kinetic energy density is conserved,
the local mean gas temperature, T,,, is constant with time, where Ty, is given by,

(4.5)

nede +nT; 11T, +T;
n; +ne 2.1

Tgas = (46)
where n; is the ion density.

We integrate Equation @ by using Equation @ and @ to obtain the model
electron temperature analytically. Finally, we project the model electron temperature
profile along the line of sight (Ettori and Fabian|, 1998) by,

(T) = /: / ; m (4.7)

where €(r) is the emissivity at physical radius r and b is the distance from the shock
front.

The emissivity-weighted electron temperature should be close to what one ob-
serves with a perfect instrument with a flat energy response across the relevant energy
range. Since this is not the case, we convolve the instant and collisional model electron
temperatures with the response of the telescope to predict what we expect to measure
(Russell et al, 2012). We first estimate the emissivity-weighted electron temperature
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using the above models and corresponding emission measure using the best-fit density
discontinuity model (Equation @; in a small volume dV. We then sum the emission
measures with similar temperatures for each annulus using a temperature binning of
0.1 keV. We simulate spectra in XSPEC using a multi-temperature absorbed apec
model. We fix the temperature of each component with the median temperature of
each bin and calculate the normalization based on the summed emission measure in
that temperature bin. We also fix the abundance to 0.4 Z, nyg to galactic value, and
redshift to 0.1043. To estimate the expected projected temperature in this annulus,
we finally fit this simulated spectra with a single temperature absorbed apec model
with abundance, ny, and redshift fixed as above.

We adopt the Monte Carlo technique with 1000 realizations to measure uncer-
tainty in model electron temperatures. Assuming a Gaussian distribution of the pre-
shock temperature, which is the largest source of uncertainty, we repeated the model
and projected temperature calculations 1000 times with a new value of pre-shock tem-
perature each time. The resulting instant_and collisional model temperature profiles
with 1o uncertainty are shown in Figure #.4.
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Chapter 5 Gas sloshing and cold fronts in pre-merging galaxy cluster
Abell 98

5.1 Introduction

Abell 98 (hereafter A98) is an early-stage merger (Forman et all, 1981) with three
main sub-clusters, A98S (central), A98N (northern), and A98SS (southern). Previous
studies have reported a shock front associated with the northern sub-cluster and a
filament connecting the northern and central sub-clusters (e.g., Alvarez et al), 2022a;
Sarkar et al), 2022). In this work, we focus on the substructures at the central regions
of both sub-clusters (northern and central).

Cluster mergers along large scale filaments leave imprints on the intra-cluster
medium (ICM) in the form of shocks, cold fronts, and gas sloshing spirals (e.g., Marke-
vitch et al., 2001, 2002; Ascasibar and Markevitch, 2006; Markevitch and Vikhlinin,
2007). Numerical simulations show that when a subhalo passes the density peak of
the central cluster with a nonzero impact parameter, it accelerates the DM and gas
peaks towards it. At first, they travel together, but as the gas peak moves through
the surrounding gas, the ICM velocity field around the main cluster core decelerates
the gas peak due to the ram pressure, resulting in a separation between the DM
and gas peaks. While the DM peak continues moving towards the receding subhalo,
the gas peak is held back. During the core passage, the direction of this motion
rapidly changes, leading to an abrupt change in the ram-pressure force exerted on
the gas peak, which overshoots the potential minimum. Eventually, the gas peak
turns around and starts sloshing back and forth around the DM peak. This sloshing
motion can be inferred from imaging studies, which reveal the presence of sharp dis-
continuity in the surface brightness and temperature. In these features, the brighter
(denser) side of the surface brightness discontinuity is colder than the fainter (less
dense) side; hence the “cold front”, as opposed to the shock front (e.g., Markevitch
et al., 2000; Vikhlinin et ali, 2001)).

Gas sloshing motion can induce multiple cold fronts at different radii, growing
over time and combining into a spiral pattern, known as a “gas sloshing” spiral
(e.g., Ascasibar and Markevitch, 2006; Markevitch and Vikhlinin, 2007; Roediger
et al), 2011)). These spiral structures are commonly observed in a multitude of galaxy
clusters, such as A1763 (Douglass et all, 2018), A2029 (Paterno-Mahler et al), 2013),
A2052 (Blanton et all, 2011), and Fornax cluster (Su et all, 2017). Measurements of
gas properties across the cold fronts reveal that the gas pressure stays almost the same
across these cold fronts, as observed in several galaxy clusters, e.g., A2029 (Clarke
et al), 2004), Perseus (Ichinohe et al., 2019), A2142 (Rossetti et all, 2013), and in
galaxy groups (Gastaldello et al), 2013). This leaves little to no room for the relative
gas motion, as ram pressure forces would increase the gas pressure inside of the
cold front. Though there is pressure equilibrium across the cold fronts, observations
exhibit that the gas outside the edge is nearly at hydrostatic equilibrium, but the gas
inside the edge is not (e.g., Fabian et al), 2001; Markevitch and Vikhlinin, 2007)).
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A98 is an early-stage merger at a average redshift of z ~ 0.1042 (Paterno-Mahler
et al), 2014). Previous observations confirm that this is a system of Bautz-Morgan
type II-III and richness of class 3 (Abell et al), 1989). The central sub-cluster A98S
is at a_redshift of z ~ 0.1063 and hosts a wide-angle tail (WAT) radio source (4C
20.04; O’Donoghue et all, 1993). The other two sub-clusters, A98N (z ~ 0.1043) and
A98SS (z =~ 0.1218), are at a projected distance of ~ 1.1 Mpc north and 1.4 Mpc
south from the central sub-cluster, respectively. (e.g., Jones and Forman, 1999; Burns
et all, 1994). A98N is a cool core cluster with an asymmetric warmer gas arc in the
southern direction (Paterno-Mahler et all, 2014). In paper I (Sarkar et alJ, 2022), we
investigated this scenario in detail. We reported a shock front with a Mach number
of M ~ 2.3 at about 420 kpc from the A98N core. We also detected the shock-heated
gas with a temperature of 6.4712 keV in the southern direction of A9SN.

The primary goals of this paper are to map the thermodynamic structure and
reveal any sub-structures associated with the central regions of A98N and A98S. We
investigate the surface brightness edges near A98N and A98S and measure gas prop-
erties across them. We organize the paper_as follows: in Section , we describe
the data reduction procedures; in Section p.3, we analyse the actual, residual, the
Gaussian Gradient Magnitude (GGM) image, and report the surface brightness pro-
files and electron density jumps; in Section H.4, we show results from the spectral
analysis, including the gas properties profiles; finally, in Section we discuss and
summarize our results.

Throughout this paper, we adopt a cosmology of Hy = 70 km s™! Mpc™!, Q, =
0.7, and €, = 0.3. Unless otherwise stated, all reported error bars correspond to a
90% confidence level.

Table 5.1: Chandra observation log

Obs ID  Obs Date  Exp. time PI
(ks)

11876 2009 Sep 17 19.2 S. Murray
11877 2009 Sep 17 17.9 S. Murray
21534 2018 Sep 28 29.5 S. Randall
21535 2019 Feb 19 24.77 S. Randall
21856 2018 Sep 26 30.5 S. Randall
21857 2018 Sep 30 30.6 S. Randall
21880 2018 Oct 09 9.9 S. Randall
21893 2018 Nov 11 17.9 S. Randall
21894 2018 Nov 14 17.8 S. Randall
21895 2018 Nov 14 28.6 S. Randall

5.2 Data preparation

Abell 98 was observed with Chandra during two epochs, once in September 2009 for
37 ks split into two observations and later in September 2018 — February 2019 for 190
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Figure 5.1: Merged, exposure corrected, and background subtracted Chandra ACIS-
I image of northern (A98N) and central (A98S) sub-clusters of A98 in the 0.5-2.0
energy band. The image has been smoothed with a 0=2" Gaussian kernel. The dual
structure of A98S is clearly visible. Yellow circles represent the regions used for the
measurement of global ICM properties of both sub-clusters.

ks divided into eight observations. The combined exposure time is ~ 227 ks (detailed
observation logs are listed in Table p.1|). We performed the Chandra data reduction
with CIAO version 4.12 and CALDB version 4.9.4 distributed by the Chandra X-ray
Center (CXC). We have followed a standard data analyzing thread b

All level 1 event files were reprocessed using the chandra_repro task by employ-
ing the latest gain, charge transfer inefficiency correction, and filtering out the bad
grades. VFAINT mode was used to improve the background screening. Light curves
were extracted and filtered using the 1c_clean script to identify and remove periods
affected by flares. The filtered exposure times are listed in Table El] We used the
repoject_obs task to reproject all observations to a common tangent position and
combine them. The exposure maps in the 0.5-2.0 keV energy bands were created using

Shttp://cxc.harvard.edu/ciao/threads/index.html
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the flux_obs script by providing a weighting spectrum. The weight spectrum was
generated using the make instmap weights task with an absorbed APEC plasma
emission model and a plasma temperature of 3 keV. To remove the hot pixels, we
set the pixel value to zero for those pixels with an exposure of less than 15% of the
combined exposure time.

Point sources were identified using wavdetect with a range of wavelet radii be-
tween 1-16 pixels. We set the detection threshold to ~ 1079, which guaranteed <
1 spurious source detection per CCD. We used blanksky background observations to
model the non-X-ray background, emission from foreground structures (e.g., Galactic
Halo and Local Hot Bubble) along the observed direction and unresolved faint back-
ground sources. The blanksky background files were generated using the blanksky
task and then reprojected to match the coordinates of the observations. We finally
normalized the resulting blanksky background to match the 9.5-12 keV count rates
in our observations.

5.3 Imaging analysis

Figure lS:l! shows a slightly smoothed image of A98N (northern sub-cluster) and A98S
(central sub-cluster) in the 0.5-2 keV band, obtained after co-adding all ten obser-
vations and by applying the correction for exposure non-uniformity. As reported by
earlier studies, the cluster is an early-stage merger, with the merger axis likely aligned
along a local N-S large-scale filament connecting A98N and A98S (e.g., Paterno
Mabhler et all, 2014; |Alvarez et all, 20224; Sarkar et all, 2022).

5.3.1 A98N

We obtain a residual image of A98N to search for any faint substructures, e.g., associ-
ated with gas sloshing or merger shocks. The residual image is created by subtracting
the azimuthally averaged surface brightness at each radius (centered on A98N), as
shown in Figure p.2. The residual image shows an apparent surface brightness excess
spiraling clockwise (if traced inward from large radius), a classic signature of gas
sloshing, and is brightest to the north/north-east of the cluster center. The farthest
visible arc of the spiral extends out to 140 kpc south from the cluster center. Similar
gas sloshing spiral have also observed in other galaxy clusters, e.g., A2029 (Paterno-
Mahler et all, 2013), Perseus (Fabian et al), 2011), A1763 (Douglass et all, 2018),
A2319 (Ichinohe et al), 2021), and A2142 (Roediger et al), 2012).

The sloshing spiral in A98N indicates it experienced a separate merger, unasso-
ciated with the on-going early-stage merger between A98N and A98S, probably in
the past few Gyr based on the timescale for the formation of the sloshing spirals
seen in simulations (ZuHone et al|, 2010). Spiral patterns are understood to have
formed when a cool-core system experiences a infall of a subcluster with a non-zero
impact parameter. Simulations of the formation of spiral patterns show that dur-
ing the formation process, the relative velocity between gas density and dark matter
peak stays below 400 km/s (Ascasibar and Markevitch, 2006), and the average off-
set between gas density-dark matter peaks is below 30 kpc (Johnson et al), 2010).
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Figure 5.2: Left: Residual image of A98N in the 0.5-2 keV energy band obtained after
subtracting azimuthal averaged surface brightness profile from the Figure p.1. The
image has been smoothed with a 1.5” Gaussian kernel. A spiral pattern can clearly
be seen travelling clock-wise if traced inward. Green sectors are used for spectral
analysis. Right: Gaussian gradient magnitude filtered image of A98N smoothed by
o = 8 pixels and each pixel = 0.492”. The north and east cold fronts are marked by
white arrow.

Additionally, the winding direction of a spiral (when traced inward from large radii)
reveals the infalling subcluster’s trajectory since the direction of angular momentum
of spiraling-in gas is the same as that of the infalling subcluster (ZuHone et al), 2011;
Douglass et al., 2018). The clockwise winding spiral pattern seen in A98N indicates
that the perturbing subcluster may have passed the A98N core from the west to the
north-west on the southern side.

Next, to reveal any substructures and associated sharp features in the A98N core,
we obtained a GGM filtered image of A98N with a filtering length scale of 8 pixels.
Each pixel is 0.492"” wide. Figure @ shows the GGM image of the A98N core. We
observe two regions with relatively large surface brightness gradients in the core,
peaking at ~ 60 kpc to the north and 70 kpc to the east of the A98N core (indicated
by the white arrows in Figure p.2), sharply declining at larger radii. To determine
the significance of these apparent features, we extracted surface brightness profiles in
the east and north directions in 90° sectors. The energy band is restricted to 0.5-2
keV to minimize the effect of variation of X-ray emissivity with temperature while
maximizing the signal-to-noise ratio. We match the centers of the curvature of the
surface brightness edges to the center of the sectors. Figure i shows the extracted
surface brightness profiles in the east and north directions.

Both surface brightness profiles exhibit discontinuities and overall shapes that
are consistent with what is expected from a projected spherical density discontinuity
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(Markevitch et al), 2000). We fit each profile with a broken power-law model

o
(r Z ) , if r < Tedge
n(r) o« edge

1 e
r .
jump (Tedge> ’ lf r Z TEd‘ge

where n(r), reqge, and jump represent 3D electron density at a radius r, the radius of
the putative edge, and the density jump factor, respectively. a; and as are the slopes
before and after the edge, respectively. We project the estimated emission measure
profile onto the sky plane and fit the observed surface brightness profile by varying
the slopes, edge radius, and the magnitude of the jump (similar to what we did for
the shock front in paper I; Sarkar et al| 2022). Figure @ displays the best-fit models
(red) and the 3D density profiles (inset) for both directions. For the east direction,
we obtain best-fit power-law indices of ay = 0.70 £ 0.01 and a, = 1.0 £+ 0.01 The
associated density jump across the edge is pa/p; = 1.38 £ 0.03, where suffix 2 and 1
represent the regions inside and outside of the edge, respectively. Similarly, for the
north direction, we find a best-fit power-law index of a; = 0.80 4 0.03 and ap = 1.10
4 0.03 with a corresponding density jump of 1.47 4 0.01. We obtain the best-fit edge
radius of 70 4+ 6 kpc for the east edge and 60 4+ 4 kpc for the north edge, as measured
with respect to the centroid of the central X-ray surface brightness peak. Both edge
radii are consistent with the position of the steep gradients seen in the GGM image
(Figure p.9). We estimate the uncertainty of each parameter by allowing all the other
model parameters to vary freely.

(5.1)

5.3.2 A98S

Figure @ reveals that the central sub-cluster (A98S) hosts two distinct surface bright-
ness peaks. Paterno-Mahler et al) (2014) showed that the western peak coincides with
a WAT AGN. Using the SDSS-r magnitude of the galaxy distribution of A98, they
concluded that these two surface brightness peaks are likely to be associated with two
BGCs from two merging subclusters. We denote the western sub-cluster as A98Sa
and the eastern sub-cluster as A98Sb. Figure @ exhibits that the X-ray emission is
extended from east to west and appears to cut off abruptly northeast of the A98Sh.
To better highlight these features, we create an unsharp-mask image in the following
way. We smoothed the background subtracted and exposure corrected X-ray image
by 2D Gaussian kernels with o = 2” and 20”. Both images are then subtracted to
obtain the unsharp-masked image, as shown in Figure b.4. Unsharp-masked image
features the different substructures in the ICM of A98S. A98S appears to be sep-
arated into three concentrations of X-ray emitting gas: the two sub-cluster cores
(A98Sa and A98Sb) and a “tail” of emission to the southeast originating from the
central region of A98Sb. The unsharp-masked image also reveals a surface brightness
edge northeast of A98Sb. In contrast, A98Sa shows a relatively uniform morphology
with no prominent surface brightness edges.

We next examine the surface brightness edge seen in the northeast of A98Sh by
extracting a surface brightness profile across the edge, as shown in Figure (right).
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Figure 5.3: Left: Northern sector surface brightness profile of A98N in the 0.5 - 2 keV
energy band fitted with a broken power-law model. The best-fit deprojected density
profile is shown in inset figure. All error bars are at 1-o level. Right: similar to the
left figure, but for eastern sector.

The surface brightness profile shows a discontinuity similar to what we have seen in
A98N. We fit the profile with a broken power-law model, as detailed in Section 5.3.1l.
Figure @ displays the best-fit model (in red) and 3D density profile (inset). We
obtain a best-fit power-law index of a; = 0.650 £+ 0.003 and ay = 0.7 £ 0.1. The
associated density jump across the edge is py/p; = 2.8 + 0.2 with a best-fit edge
radius of 28 + 2 kpc.

To further investigate any faint substructure associated with both sub-cluster
cores (A98Sa and A98Sh), we obtain a S-model subtracted image of A98S. We use two
2D elliptical S-models centered at both sub-cluster cores to fit the surface brightness
image in the 0.5-2 keV energy band. We also include a constant in the model to
account for the sky background and any residual particle background. The model is
fitted in Sherpa, and the best-fit parameters are obtained by minimizing the Cash
statistic (Cash, [1979). The best-fit 2D S-model image is then subtracted from the
source image of A98S, leaving the residual image shown in Figure @

Figure @ reveals a spiral structure likely to be associated with the gas sloshing
resulted from recent fly-by of a subhalo near the central region of A98Sh. The excess
emission from the “tail” seen in the residual and unsharp-masked image may suggest
a trail of materials that has been ram pressure stripped in the gravitational potential.
Alternatively, the spiral structure and the tail may be due to ram pressure stripping,
as the subcluster orbits in the main cluster’s potential, and the tail is potentially
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Figure 5.4: Left: Unsharp-masked image of A98Sa and A98Sb created by subtracting
images smoothed by 2D Gaussians with o = 2” and 20”. Green regions are used
for the spectral analysis. The ‘tail’ is marked with magenta arrow. Right: Gaussian
gradient magnitude filtered image of A98S. The image is smoothed by ¢ = 13". A
sharp gradient is clearly visible to SW of the A98Sa and marked by white curve.
Green sectors are used for spectral analysis.

influenced by ICM “whether” (e.g. bulk turbulence). Both scenarios could be true.
A further deeper observation is required to probe the feature in detail.

Compared to A98Sb, A98Sa shows a relatively regular morphology. Since there
are clear radio lobes, one might expect cavities in the ICM evacuated by these lobes
(references). A weak detection of cavities at the location of the lobes was reported in
Paterno-Mahler et al| (2014). We therefore extract an azimuthal surface brightness
profile, shown in Figure 5.6, centering at the A98Sa core with a radius of ~ 150”.
The sharp increase in the surface brightness to the east with a peak at ~ 165° is due
to the surface brightness peak associated with A98Sb. Similar results were obtained
by Paterno-Mahler et al) (2014). However, we do not find any significant difference
between the surface brightness in any other directions. Since A98Sa hosts a WAT
radio source, the absence of any substantial decrement in the surface brightness at
north and south directions indicates that either the radio lobes are filled with X-ray
emitting gas, or the jet axis is far enough from the plan of the sky to prevent a
detection. Several previous studies also found jets and lobes in other merging galaxy
clusters, such as A2199 (Nulsen et al.. 2013), A1682 (Clarke et al., 2019). A1446
(Douglass et all, 2008), A562 (Douglass et all, 2011; Gémez and Calderén, 2020), and
A1775 (Hu et all, 2021).

The GGM image of A98S shown in Figure @ features a possible surface brightness
edge at about 370 kpc southwest of A98Sa. We extract a surface brightness profile
across the edge and fit that profile using a broken power-law model, as seen in Figure
. We obtain best-fit power-law indices of a; = 0.7 £ 0.1 and ap, = 0.9 £ 0.2. The
electron density jumps by a factor of 1.7 £ 0.5 across the edge. We find the best-fit
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Figure 5.5: Residual image of excess X-ray emission of A98Sa and A98Sb with 1.4
GHz radio contours overlaid in green. The image was created by subtracting two
2D elliptical S-models from an unbinned image with point sources excluded. White,
yellow, black arrows indicate the spiral structure, the bifurcation of spiral pattern,
and the ‘tail’ of X-ray emission, respectively.

edge radius of 375 £+ 10 kpc coincides with the apparent rapid change in the surface
brightness gradient seen in GGM image. We discuss the spectral properties of the
surface brightness edges seen in A98Sa and A98Sb in Section 5.4.4..

5.4 Spectral analysis

5.4.1 Global ICM properties

To constrain the global properties of both sub-clusters, we first extracted spectra
from two circular regions centering at both sub-cluster cores with a radius of ~ 2’
for A98N and 3’ for A98S (roughly similar regions as seen in tPaterno—Mahler et alj
). Both regions contain 2 32000 background-subtracted counts in the 0.6-7 keV
energy band and contain a vast majority of the cluster emission after eliminating the
point sources, which is imperative to probe the global properties of both sub-clusters.
The background spectra were hard-band scaled (10-12 keV) and subtracted from the
source spectra before fitting. We restricted the spectral fitting to the 0.6-7 keV energy
band and binned the spectra to contain a minimum of 40 counts per bin. We fixed the
redshift to z = 0.1042 and the absorption to the galactic value Ny=3.06x10%° cm—2
(tKalberla et a1.|, 2005|). The spectral analysis was performed using Xspec version
12.11.1. All resolved point sources were excluded before the spectral analysis. For
each sub-cluster, a single-temperature fit to the observed spectra using an absorbed
thermal plasma emission model (i.e. phabsxapec) produced a good fit (Emith et al,,
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Figure 5.6: Left: Azimuthal surface brightness profile in the 0.5 - 2 keV energy band
centered on the A98Sa core. Black represents the surface brightness at individual
angles and red represents the binned surface brightness in 90° sectors. The north
and south sectors contain the northern and southern lobe of the WAT. East sector
contains the second BCG, A98Sb. Right: Eastern sector (as shown in Figure @)
surface brightness profile of A98Sb in the 0.5 - 2 keV energy band fitted with a
broken power-law model. Deprojected density profile is shown in inset figure.

2001). We used solar abundance table given in Asplund et al) (2009).

For A98N, we measured a temperature of 3.05 4+ 0.09 keV and a metal abundance
of 0.63 & 0.10 Zy with a x?/dof of 786/761. Additionally, spectral fitting to the
central sub-cluster (A98S) yielded a best-fit temperature of 3.04 + 0.12 keV and an
abundance of 0.42 4+ 0.10 Z,, with a x?/dof of 870/886. In both cases, the hydrogen
column density was fixed to the Galactic value, Ny = 3.06x10%* cm~2, estimated
using the LAB survey (Kalberla et al), 2005). Paterno-Mahler et al. (2014) also re-
ported the temperature and abundance of both sub-clusters using a 38 ks Chandra
observation and a 37 ks XMM-Newton observation. For both sub-clusters, our mea-
sured temperatures and abundances are consistent with those of Paterno-Mahler et al.

(2014).
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Figure 5.7: Projected temperature map of A98N/A98S. Units are in keV. The indi-
vidual sub-cluster centers are marked by white crosses. The warmer gas ‘arc’ can be
seen to the south of A98N. A98N and A98Sb have cool central cores, whereas A98Sa
has a warmer, roughly isothermal core.

5.4.2 Temperature map

For understanding the thermodynamic structures of the ICM in A98N and A98S
we_constructed a temperature map following the techniques described in Randali
let al, (2008, ZOOQ). We extracted an elliptical region containing both sub-clusters
and binned the image with 10 background-subtracted counts per pixel to aid the
computational speed. For each pixel, we extracted spectra from a circular region
with a radius set such that the region contains ~ 2300 background-subtracted source
counts in the 0.5-7 keV energy band. This particular number of source counts was
adopted to ensure that the uncertainty in temperature measurements in the fainter
regions of the ICM was < 25%. We generated appropriate response and ancillary
response files for each region, and the background spectra were subtracted from the
source spectra.

Figure a shows the temperature map of A98N/A98S. A98N and A98Sh appear to
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have cool cores with hot gas enclosing them, which is expected for cool core clusters.
In contrast, A98Sa appears to have a warm core with a uniform gas temperature of
~ 3.7 keV within 20 kpc of the core. This may imply that A98a was transformed into
a non cool-core cluster during a previous merger.

The northern sub-cluster has an asymmetric_‘arc’ of hot gas with a temperature
of > 3.5 keV, which is clearly visible in Figure @ This arc radius (~ 400 kpc) is
consistent with the radius of the shock front that we reported in paper I (Sarkar
et all, 2022), suggesting the ‘arc’ consists of shock heated gas. The uncertainties in
the temperature map range from < 15% for brighter regions and stay between 20-25%
for the fainter regions. Since each region in the temperature map contains a fixed
source count, the extraction regions are larger in the fainter parts of the ICM, making
the temperature map highly smoothed.

5.4.3 A98N: East and North cold fronts

We extracted spectra from the eastern and northern sectors in A98N to measure the
temperature and density changes across the surface brightness edges seen in Figure

. Each sector was divided into five individual bins. These bins were positioned to
measure the gas properties on either side of the surface brightness edges while main-
taining a minimum of 3000 background-subtracted counts in each extracted spectrum.
We set this lower limit to guarantee enough photon counts for good spectral fitting
and constraints on the parameters. Spectra were extracted from those bins in each
sector.

We fixed the metallicity to an average value of 0.4 Z since it was poorly con-
strained if left free (Russell et al), 2010). The best-fit parameters were obtained by
minimizing the Cash statistics. Figure @ shows the radial profiles of the best-fit pro-
jected temperatures and pressures obtained across the eastern and northern edges.
The temperature of the gas increases from the A98N core to the larger radii in both
directions. Our measurements confirm the electron density jumps detected in the
surface brightness profile analysis, but the temperature and pressure profiles appear
continuous across the edges. However, the cooler gas inside of the edges is more
consistent with a cold front interpretation. Similar cold fronts are also found in other
clusters such as Bullet cluster (Markevitch et_all. 2002), A2142 (Markevitch et al.,
2000), A3667 (Vikhlinin et al), 2001), A2146 (Russell et all, 2010), A2256 (Ge et al,,
2020), A2554 (Erdim and Hudaverdi, 2019), Perseus (Walker et al., 2017, 2020), and
in many other (Botteon et all, 2018).

5.4.4 A98S: cold front, tail, and western SB edge

A98S consists of two individual sub-clusters, A98Sa and A98Sh. The temperature
map in Figure ISE shows that the central region of A98Sb is cooler than A98Sa.
Previous Chandra observations by Paterno-Mahler et al| (2014) showed that A98Sb is
cooler than A98Sa at a 3-0 level. With our deeper Chandra observations, we examined
the spectra of each sub-cluster to measure the global ICM temperatures of individual
sub-clusters. We extracted spectra from 50” regions centering at both sub-clusters’
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Figure 5.8:  Top panel: Northern sector projected temperature, deprojected electron
density, and projected electron pressure profiles centered on the A98N core. The
metallicity was fixed to 0.4 Z,. The projected pressure profile was estimated using
the deprojected densities and projected temperatures. Vertical dashed line represents
the position of the surface brightness edges. Bottom panel: similar as above but for
eastern sector.

core. These regions were chosen by eye estimation, assuming each of them includes
the prominent extended emission from the corresponding sub-cluster. Point sources
and background spectra were analyzed as described in Section p.4. We measured a
temperature of 3.707)33 keV for the western sub-cluster (A98Sa) and 2.47%2L for the
eastern sub-cluster (A98Sb). Our measured temperatures are consistent with that of
Paterno-Mahler et al| (2014) within their uncertainties (90% confidence limit). We
also found that the A98Sb is cooler than the A98Sa at a 5-¢ level. This implies that
A98Sb has a remnant cool core, whereas the core of A98Sa has been disrupted, so
that this is a non cool-core cluster. Since A98Sa hosts a WAT radio source (4C 20.04;
O’Donoghue et al), 1993), it may heat up the surrounding ICM via AGN jets. Similar
ICM heating through AGN feedback can also be found in other galaxy clusters such
as A2052 (Blanton et al), 2011), Perseus (Fabian et al), 2003), A2626 ([gnesti et al.,
2018, 2020), and A1795 (Kokotanekov et al), 2018). Alternatively, the core of A98Sa
may have been disrupted by either the ongoing merger or a previous merger.

We next examined the “tail” like substructure of the eastern sub-cluster that
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Figure 5.9: Eastern sector projected temperature, deprojected electron density, and
projected electron pressure profiles centered on the A98Sb core. The metallicity was
fixed to 0.4 Z,. The projected pressure profile was estimated using the deprojected
densities and projected temperatures. Vertical dashed line represents the position of
the surface brightness edge.

appeared in the unsharp masked image (Figure @) We extracted spectra from three
individual regions, as shown in Figure p.4. Due to low photon counts in regions 1 and
3, we linked the parameters for those two regions while fitting, assuming they have
similar temperature and electron density. For region 2, this yielded a temperature
of kT = 1.8703 keV and an abundance of Z = 0.35703} Zs. For regions 1 and 3
together, we measured a temperature of kT = 3.170¢ keV and an abundance of Z =
0.80%521 Zo. We found the tail is significantly cooler than the surrounding gas at
about 4.2-0 level, which infers that it is likely to be a cool-core remnant that is being
ram pressure stripped.

Figure shows that A98Sb has a surface brightness edge in the northeast direc-
tion at about 28 kpc from its core. To measure the temperature across the surface
brightness edge, we divided the eastern sector into four individual regions and ex-
tracted spectra from them. Those regions were drawn to contain a minimum of 1000
background-subtracted photon counts in each extracted spectrum. We set this lower
limit to ensure reasonable constraints on the parameters. We fitted each spectrum
with the abundance fixed to Z = 0.4 Zs. Figure @ shows the best-fit projected tem-
perature profile of the eastern sector. The projected temperature of the gas increases
rapidly at about 28 kpc, by a factor of ~ 3.6. This temperature jump coincides with
the surface brightness edge at 28 kpc, as shown in Figure p.9, and corresponds to a
drop in the deprojected electron density by a factor of ~ 2.8. Figure also shows
the projected electron pressure profile of the eastern sector. We found that the elec-
tron pressure is roughly constant across the surface brightness edge. We, therefore,
confirm this edge as a cold front or contact discontinuity.

We next examined the surface brightness edge shown in Figure (left) south-
west of A98Sa by extracting spectra from that sector dividing it into five individual
regions. We fitted the spectrum from each region with the abundance fixed to 0.4
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Figure 5.10: Left: western sector surface brightness profile of A98Sa in the 0.5-2 keV
energy band fitted with a broken power-law model. Deprojected density profile is
shown in inset figure. Right: western sector projected temperature profiles of A98Sa.
Black and red represent the uncertainties estimated with 68% and 90% confidence
level, respectively. The red data points are shifted to the right for the purpose of
clarity and comparison. Vertical dashed line represents the position of the surface
brightness edge.

Zs. The best-fit projected temperature profiles are shown in Figure (right) with
different levels of uncertainty. Considering both levels of uncertainties, we found that
the temperature profile rises to k7" = 5.1 keV at about ~ 375 kpc, then drops sud-
denly to kT" = 3.3 keV with a jump factor of ~ 1.5. Taken all together, this implies a
stronger suggestion of a shock. From the 3D density jump factor we obtained Mach
number of the shock to be M = 1.5, consistent with the Mach number estimated
from the temperature jump. Similar Mach numbers from measurements bolster the
edge as a shock front.

5.5 Summary

We have presented results from deep 227 ks Chandra observations of an early-stage
merger A98N/A98S. Our analysis indicates that the cluster is experiencing a complex
merger. While the northern sub-cluster (A98N) and southern sub-cluster (A98S)
are merging along the N-S, the two sub-clusters of A98S (A98Sa and A98Sb) are
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undergoing a later-stage merger in the E-W direction. We summarize our findings
below -

e The residual image of A98N shown in Figure @ reveals a gas sloshing spiral
winding clockwise when traced inward from a large radius. The sloshing spiral
in A98N indicates that it too experienced a separate merger, probably in the
past few Gyr based on the timescale for the formation of the sloshing spirals
seen in simulations.

o We have detected two cold fronts in the north and east directions at about 60
kpc and 70 kpc, respectively, from the A98N core. For the northern cold front,
we obtain a drop in the deprojected electron density by a factor of py/p; & 1.5.
This jump corresponds to an increase in the projected temperature by a factor
of 1.4. Similarly, for the eastern cold fornt, we find a decrease in the electron
density by a factor of pa/p; &~ 1.4 and an increment in the temperature by a
factor of 1.3. These two cold fronts are likely to be associated with the gas
sloshing at the central region of A98N.

o With our deeper Chandra data, we find the average temperature of the A98Sa,
kT = 3.70703% keV and of the A98Sb, kT = 2.47703! keV, consistent with that
of Paterno-Mahler et al) (2014). We report that the eastern sub-cluster is cooler
than the western sub-cluster with about a 5-¢ significance.

o Figure @ shows the excess X-ray emission near the central region of A98Sh
appears to be a spiral pattern winding counter-clockwise if traced inward from
a larger radius. The spiral structure is more likely to be associated with the gas
sloshing at the central region of A98Sb, which a recent merger may trigger. We
have detected a cold front in the east direction of A98Sb associated with the
gas sloshing spiral. We measure a drop in the deprojected electron density by
a factor of ps/p; &= 1.3 and a rise in the projected gas temperature by a factor
of 1.4 across the front.

e The unsharp-masked image shown in Figure @ exhibits a tail of X-ray emis-
sion in the south/southwest direction of the A98Sb core. Our measurement
shows that the tail is considerably cooler (1.8%93 keV) than the surrounding
gas (3.170% keV) at a 4.2-0 level and the A98Sb core (2.477920 keV) at a 2.9-0
level. This implies that the tail is likely to be ram pressure stripped material
from a cool-core remnant.

o We have reported detecting a surface brightness edge at 375 kpc southwest from
the A98Sa core visible in Figure p.10. The deprojected electron density drops
by a factor of ps/p; ~ 1.7 and the projected temperature drops by a factor of
~ 1.5, suggesting the edge is a shock front with a Mach number of M = 1.5.
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Chapter 6 Improved Fe 11 emission line models for AGN using new
atomic datasets

6.1 Introduction

Emission lines of Fe 11 are a major contributor to the AGN spectra, with wavelengths
spanning the infrared (IR) to ultraviolet (UV) regions. These emission lines provide
an important laboratory for developing Fe 11 as a physical and geometrical diagnostic
for the broad-line regions (BLRs) in AGN. Understanding the physics behind the Fe 11
emission is important for multiple reasons. It is the primary indicator of Eigenvector
1 (EV1), a key property to construct the quasar main sequence (e.g., Boroson and
Green, 1992; Sulentic et al), 2000; Marziani et al., 2001). EV1, which relates to
the black hole mass and quasar orientation (e.g., Shen and Ho, 2014; Panda et all,
2018, 2019), shows a strong anti-correlation with optical Fe 11 equivalent width in the
Seyfert galaxies and quasars. Recent work shows correlations between the line widths
of optical Fe 11 and UV Fe 1I in quasar spectra, which indicates that the emitting
regions are close together (Kovacevi¢-Dojcinovié and Popovid, 2015). It may be that
both are emitted from the outer region of BLR or intermediate-line region (ILR).

Strong Fe 11 emission is also useful to investigate the energy budget of the emitting
gas. The iron abundance as a function of cosmic time allows us to verify several
cosmological parameters (Hamann and Ferland, 1999). In most galaxy evolution
models, iron is mainly deposited in the interstellar medium (ISM) through Type Ia
supernovae (SNIa), which occur about 0.3 to 1 billion years after the initial burst
of star formation, because for Type Ia supernovae to occur the galaxy has to be old
enough to host white dwarfs. This triggers a sudden jump in the iron abundance,
as shown in Hamann and Ferland (1999) and Matteucci and Recchi (2001). The
Gunn-Peterson effect in quasars suggests that the most recent onset of star formation
occurred around z ~ 6 (e.g.. Djorgovski et all, 2001; Fan et al|, 2006; Bolton and
Haehnelt, 2007; Kim et al|, 2009; Sarkar and Samui, 2019). A properly calibrated iron
chronometer would allow us to measure the iron abundance at high redshift, offering
the possibility of measuring the redshift when Type la supernovae first happened
(Baldwin et all, 2004).

The timescale for iron enrichment in the ISM is much longer than that of a-
elements, such as- magnesium. Magnesium is deposited in the ISM via core-collapsed
(Type II) supernovae, which have much shorter timescales than Type I. The flux ra-
tio of UV Fe 11 multiplet to the Mg 11 A2800 doublet (hereafter I(Fe 11)/I(Mg 11)) of
quasars, therefore lets us probe the material deposited through Type Ia supernovae
versus that processed through a-process in stars and then ejected via Type II super-
novae (e.g., Kurk et al), 2007; De Rosa et al), 2011; Wu et all, 2015; Mazzucchelli
et al), 2017; Shin et all, 2019). Thus, the I(Fe 11)/1(Mg 11) ratio provides a powerful
approach to investigate the chemical evolution of AGNs.

The theoretical and observational aspects of Fe 11 emission have been long-standing
and important problems addressed by Osterbrock (1977); Phillips (1978); Netzer and
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Willg (1983); Wills et al) (1985); Verner et al) (1999); Baldwin et al. (2004) due to its
great strength in many Seyfert galaxies and quasars. Previous work with collisional
excitation of Fe 11 in the framework of photoionization models failed to reproduce
the observed strength of Fe 11 emission in the UV. The observed Fe 11 spectra of
narrow-line Seyfert galaxies (e.g., Vestergaard and Wilkes, 2001)) contain a so called
“UV bump” between the C 111 A1909 and Mg 11 A2800 emission lines (Baldwin et all,
2004), which is produced by blending of a large number of Fe 11 emission lines due
to transitions between high-lying states with energies E > 13.25 eV (e.g., Leighly
et all, 2007; Bruhweiler and Verner, 2008). However, the collisional excitation models
(Kwan and Krolik, 1981) only predict an electron temperature of T < 10* K at the
illuminating faces of the Fe 11 emitting cloud which is too low to excite electrons to
the high-lying energy levels (E > 8 eV).

Wills et al| (1985) first pointed out the importance of continuum fluorescence to
excite the electrons to the higher energy states (E > 11.6 eV). Several spectral energy
distributions (SEDs) of AGN with increasing Eddington ratio (L/Lgqq) have been
proposed to reproduce the observed shape of the Fe 11 UV bump, where Lgaq is the
Eddington luminosity of the corresponding AGN (e.g., Mathews and Ferland, 1987;
Korista et al), 1997; Jin et al), 2012). However, the Fe 11 atomic dataset has long
remained a concern for reproducing Fe 11 spectra. A larger Fe 11 model involves a
large number of transitions between the high-lying energy states, producing stronger
Fe 11 emission in the UV.

We have incorporated three recent Fe 11 datasets, namely those of Bautista et al.
(2015), [Tayal and Zatsarinny (2018), and Smyth et al) (2019) into the spectral syn-
thesis code CLOUDY (Ferland et all, 2017) in addition to the Mathews and Ferland
(1987), Korista et al. (1997), and Jin et al! (2012) AGN SEDs. Our model predic-
tions are compared with the observed UV (Vestergaard and Wilkes, 2001)) and optical
(Véron-Cetty et al), 2004) BLR templates of 1 ZW I Seyfert galaxy to constrain the
physical conditions and geometrical properties of the Fe 11 emitting gas. We find that
the Smyth et al) (2019) Fe 11 dataset, the Jin et al| (2012) SED, and a dense turbulent
cloud, largely reproduce the Fe II emission with solar abundances.

Our goal is to reproduce the shape and strength of the Fe 11 UV bump and optical
emission. We study the emission from a single BLR cloud in some detail. The emission
lines are known to be formed in a distribution of clouds with different locations
and densities. This was first measured with reverberation (Peterson, [1993) and is
a consequence of atomic physics selection effects (Baldwin et al), 1995). This must
be taken into account when emission from different species with a broad range of
ionization potential or critical density is considered. However, emission from one
particular species is generally localized to favored values of the density and ionizing
photon flux, as illustrated by Korista et al| (1997) and Baldwin et al] (2004), so,
when considering a single species like Fe 11, a typical set of cloud parameters can be
considered, as in Ferland et al| (2009). We compare Fe 11 and Mg 11 emissions later
in the paper because these species are used as abundance indicators in high-redshift
quasars. Figure 3f of Korista et al| (1997) shows that Fe 11 and Mg 11 lines form in
very similar clouds, justifying this approach.

There are also complex interplays between different sets of model parameters
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such as turbulence, the SED shape, or composition. Our primary goal is to develop a
testing framework to compare theory and observations, and to document the spectral
properties of these new atomic data sets. The new Fe 11 atomic data files, and the
infrastructure needed to use them, will be included in the C17.03 update to CLOUDY
and we hope that the analysis methods we demonstrate here can serve as a guide for
future studies and detailed comparisons with observations.

We assume solar abundances. Studies of high-ionization lines find that the metal-
licity is above solar and correlates with luminosity (Hamann and Ferland, [1999).
Recently Schindler et al| (2020) measured the Fe 11/Mg 11 ratio of a large number of
quasars across cosmic time. They did not find any evolution and concluded that the
ratios were consistent with solar abundances. In later sections of the paper we show
that this line ratio has only a weak metallicity dependence. For simplicity, we assume
solar abundances in the calculations presented here.

Finally, we adopt a cosmology of Hy = 70 km s~! Mpc™t, Qp = 0.7, and ,, =
0.3.

6.2 Basic ingredients

A complete model of the physical processes that affect the Fe 11 spectrum would help
us to constrain the gas properties and dynamics in the BLR. However, difficulties
arise because a variety of processes determine the observed Fe 11 emission, such as
collisional excitation, pumping by the continuum photons, and fluorescence via line
overlap. The spectral energy distribution (SED) of the background AGN, the cloud’s
density, turbulence, and optical depth of the gas also play important roles. A realistic
model should take into account all those effects while modeling the temperature and
ionization structure of the gas.

We use the development version of CLOUDY , last described by Ferland et al.
(2017). We adopt CLOUDY’s default solar composition, as listed in Table El]

6.2.1 Fe 11 atomic datasets

The Fe 11 ion has a complex structure with 25 electrons, and is a “grand challenge”
problem in atomic physics. An accurate set of radiative and collisional atomic data
is therefore needed to treat the selective excitation, continuum pumping, and fluores-
cence, which are known to be important for the Fe 11 emission (e.g., Baldwin et al|,
2004; Bruhweiler and Verner, 2008; Jin et al), 2012; Wang et al,, 2016; Netzer, 2020).
Uncertainties in the atomic data have been a longstanding limitation in interpreting
line intensities. Below we discuss four different Fe 11 atomic datasets that are now
available in the CLOUDY, while their energy levels are compared in Figure 6.1.
First, we consider the widely used Verner et al| (1999) Fe 11 dataset with 371
atomic levels producing 13,157 emission lines with a highest energy level of ~ 11.6
eV. Verner et al] (1999) data has collision strengths mainly calculated from the “g-
bar” approximation. The original paper presented a total of ~ 68,000 transitions in
their model atom. Most of these transitions are strongly forbidden and are assigned
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Table 6.1: Solar abundances used in CLOUDY

Elements Abundances | Elements Abundances
H 1.0 S 1.84e-5
He 0.10 Cl 1.91e-7
Li 2.04e-9 Ar 2.51e-6
Be 2.63e-11 K 1.32e-7
B 6.17e-10 Ca 2.29e-6
C 2.45e-4 Sc 1.48e-9
N 8.51le-5 Ti 1.05e-7
O 4.90e-4 \Y 1.00e-8
F 3.02e-8 Cr 4.68e-7
Ne 1.00e-4 Mn 2.88e-7
Na 2.14e-6 Fe 2.82e-5
Mg 3.47e-5 Co 8.32¢-8
Al 2.95e-6 Ni 1.78e-6
Si 3.47e-5 Cu 1.62¢-8
P 3.20e-7 /n 3.98e-8

Note: Solar abundances of different elements relative to H, incorporated in
CLouDY-C17. Abundances of most elements are taken from Grevesse and Sauval
(1998), except for C, O which are taken from Allende Prieto et al, (2002), and N,
Ne, Si, Mg, Fe are taken from Holweger (2001).

very small transition ratesd. Transition probabilities between their energy levels have
uncertainties < 20% for strong permitted lines and > 50% for weak permitted and
inter-combination lines. Also, forbidden lines have uncertainties < 50%. We exclude
all the totally forbidden lines from the 68,000 transitions because of their small
transition rates. Figure shows the energy levels predicted by the Verner et al.
(1999) Fe 11 model.

Bautista et al| (2015) reports a Fe 11 model with 159 levels extending up to 11.56
eV, producing 628 emission lines. Uncertainties in the transition probabilities lie
between 10% and 30%. Tests show that the Bautista et al) (2015) Fe 11 dataset has
no lines between 2000A and 3000A. As our paper mainly focuses on the UV band
(2000A— 3000A) in Fe 11 spectra, we do not use this data-set for our BLR modelling.

Tayal and Zatsarinny (2018) calculate 340 energy levels with a highest energy of
~ 16.6 eV, including all levels from the 3d®4s, 3d°4s2, 3d", 3d®4p configurations and
a few levels from the 3d°4s4p configuration. Transitions between these energy levels
produce 57,635 emission lines with uncertainties in transition probabilities of < 30%
(in the 2200A-7800A). This dataset contains autoionizing levels with E > 13.6 €V,
which are absent in Verner et al! (1999) and Bautista et al) (2015). However, the
density of states in high-lying energy levels are low, as shown in Figure .1

Another larger Fe 11 data-set is also recently available in CLOUDY. Smyth et al.

*Beginning in C17 (Ferland et all, 2017) we only predict transitions which emit photons, ac-
counting for the much smaller number of lines.
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Figure 6.1: Diagram showing the energy levels of various models of the Fe 11 atom.
From left to right : dataset derived by Verner et al. (1999), Bautista et al| (2015),
Tayal and Zatsarinny (2018), and Smyth et al| (2019). The horizontal dashed lines
indicate the H 1 and Fe 11 ionization limits. The energy of the Ly« transition, an
important source of photoexcitation of Fe 11, is also indicated, along with the thermal
energy corresponding to 10* K.

(2019) compute energy levels taking into account 216 LS terms in Fe 11 atom arising
from the 3d%4s, 3d7, 3d%4p, 3d°4s%, and 3d°4sdp configurations. The Smyth et al.
(2019) model has considerably more configurations (see pg 657) in the structure but
only includes 716 levels in the close coupling (scattering model), with the highest
energy level reaching 26.4 eV. These levels produce 255,974 emission lines. The Smyth
et al| (2019) dataset also contains autoionizing levels. but the density of states in the
high-lying energy states is large compared to [Tayal and Zatsarinny (2018).

We model the Fe 11 emitting cloud using Verner et al (1999), Tayal and Zatsarinny,
(2018), and Smyth et al| (2019) and compare their predictions. Results are discussed
in Section p.3.
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6.2.2 AGN SEDs

The BLR spectra in AGN mostly originate from the gas clouds photoionized by
continuum radiation coming from an accretion disk around the central black hole.
An accurate SED from the UV through to the soft X-ray band is therefore important
to understand the Fe 11 emission (e.g., Wills et al %)85; erner et all, 1999; Korista
et al., 1997; Wills et al., 198&; aldwin et all, 2004; Bruhweiler and Verner, 2008; Jin
et al., fZOlﬂ; |Wang et all, Old; [Netzeti, |‘2020). The soft X-ray part of the SED can
penetrate into low ionization regions to heat the gas and produce the Fe 11 emission
by thermal collisions. We consider the three SEDs presented by Mathews and Ferland|
(|1987|), Korista et alj (|1997|), and Jin et al, (2012), as shown in Figure @ These

have been normalised to have the same flux of ionizing photons, ¢(H?) = 10?° cm—2
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Figure 6.2: Comparing different SEDs used in CLoUDY. Red dashed line: SED

dervived by IMathews and Ferland ([1987). Blue dashed line: SED derived by Koristé
ot all (1997). Cyan solid line: Jin et al] (2012) SED.

|Mathews and Ferland| (|1987|) derived a simple and phenomenological SED ex-
tending from the infrared (0.00124 eV) through the hard X-ray (10° eV), as shown

in Figure . The shape of the continuum is approximated as a series of broken
power-laws, i.e -

«
?

f, =av™
where « is the spectral index. This can be determined by fitting the observed con-
tinuum with the power-law model in various energy bands.

We consider another standard SED derived in [Korista et a1.| (|1997|), as shown in
Figure 6.2. This is a baseline ionizing continuum model widely used to predict a wide

range of emission lines in quasars (e.g., tRuff et al], b()lﬂ; IMarziani and Sulenticl, |2014l;

87



x10° x10° x10°

Smyth+19 n;=10" cm® Smyth+19 ~ nu=10"cem?® SED =>Jin+12 Smyth+19 ~ nx=10"cm*
35} —= Tayal+18 ©=10% cm? s gt —— Tayal+18 ©=10% cm? s - ;l'/ayal+18 ®=10" cm? s
=== Verner+99 V=100 km 5 === Verner+99 Vs =100 km s P ‘erner+99 Viun=100 km s
3 SED => Jin+12 SED => Jin+12

[N}

AF,[ergs!cm?]
o
AF,[ergs! cm?]
AF, [ergs” cm?]

0.5

o — -

0.225 823 021 o025 026 027 028
Alpm]

0.125 0.2

b1

Figure 6.3: Comparing CLOUDY predicted Fe 11 spectra in 0.1-0.58 pym wavelength
band using three different Fe 11 _datasets and a fixed SED (lJin et al.|, bOlﬂ). Red
dotted line: Fe 11 spectra using |Verner et al.| ( 1999) dataset. Blue dashed line: Tayal
Iand Zatsarinny{ (2018|) dataset. Cyan solid line: Smyth et a1.| (|2019|) dataset. Ranges
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IMarinucci et alJ, }201&; h“emple et a1.|, |202d). The derived shape of the continuum is
a combination of a UV bump and an X-ray power law, i.e.,

f, = v %%exp(—hv/kTyy)exp(—kTig /hv) +av ™,

where Tyy and Tir are the cut-off temperatures of the UV bump and X-ray power
law, respectively. The value of ‘a’ can be determined from the ratio of the UV to
X-ray continua, defined as-

f,(2 keV)
£,(2500)

where oy distinguishes the continua between different type of AGNs. As an example,
for Type I Seyfert galaxies, aox = —1.2. The shape of the continuum in the Figure
corresponds to a UV bump peaking at ~ 44 eV and an exponential decay part
with a slope of —2.3.
We also consider the new generation of SEDs which use the Eddington ratio
(L/Lgaq) as parameter and are presented in bin et al] (I‘Z()lj) and summarized by
erland et al. (l202d) These SEDs are a combination of theory and more recent ob-
servations. The SED with a log L /Lgqq = —0.55 is shown in Figure @ The derived
SED has three components, namely (1) AGN disk emission, (2) Comptonization, and
(3) a high energy power law tail (Done et a1.|, 2012). Figure% represents the shape
of the broadband SED. It increases as blackbody emission (emission from the outer
disk) from lower energy, peaks in the UV, then falls off due to inverse Compton scat-
tering in the inner disk and finally attains a power law tail which is due to the inverse
Compton scattering in the corona. As shown, the SEDs are normalized to have the
same total number of ionizing photons. Note that they disagree by ~ 1 dex in the
soft X-ray region.
We next use all three SEDs in CLOUDY and compare their predicted Fe 11 spectra.

= 403.3%~,
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Figure 6.4: Comparing CLOUDY predicted Fe 11 spectra in 0.1-0.58 um wavelength
bands using three different AGN SEDs and a fixed Fe 11 dataset (Smyth et a1.|, 1‘2019).
Red dotted line: Fe 11 spectra using IMathews and Ferland (1987) SED. Blue dashed
line: Korista et al. (|1997) SED. Cyan solid line: Jin et all (2012) SED. Ranges of

y-axis are different in all sub-figures.
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Figure 6.5: Blue spectrum shows a typical Fe 11 spectra in UV using
() dataset, |Jin et al| (2012) SED. The Spikes and Gap are marked with vertical

dashed lines.

6.3 Applications

6.3.1 Modelling of the BLR cloud

We model the BLR gas by assuming solar abundances, as listed in table EI, and a
cloud column density (Ng) of 10** cm~2. First, we consider the Fe 11 emission from
a single cloud modelled using the I\/erner et a1.| (|1999|), Tayal and Zatsarinnyl (2018),
and bmyth et al.| (bOld) datasets in addition to an intermediate L/Lgqq AGN SED,
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Figure 6.6: Contour plot of the Spike/gap ratio and equivalent width (EW) derived
from photoionization model using the bmyth et al.l (2019) Fe 11 dataset and
( AGN SED. Left: Spike/gap ratio of the Fe 11 UV bump in the ng — ® plane.
Right: EW of Fe 11 UV bump in the ng — ® plane. An axis indicating the distance
of Fe 11 emitting cloud from the central black hole is also added.

as described in bin et a1.| (bOlj) Figure compares the resulting Fe II emission
spectra for the different atomic datasets in the UV and optical. In both spectral
ranges, the Emzth et al] ( Old) Fe 11 data-set produces larger line intensities compared
to the other two. The Smyth et all ( 0194) data-set has more very highly excited
states that connect by permitted transitions to low-excitation highly-populated levels.
Continuum fluorescent excitation is much stronger as a result, which brings the short-
wavelength lines into better agreement with the template. The bmyth et al.l (201d)
dataset also better reproduces the observed Fe 11 pseudo-continuum, which results
from the blending of a large number of high-lying lines in the UV and optical (
Rissmann et all, E@) We therefore select the Smyth et al, (bmd) dataset to generate
Fe 11 emission lines throughout the remainder of this paper.

To find a suitable AGN SED for our BLR model, we predict Fe I1 spectra using
the [Mathews and Ferlan(j] (|1987|) Korista et alj (|1997|), and Jin et al (M) SEDs
in addition to the Bmyth et al.| (EOlﬂ) Fe 11 dataset. Figure compares the Fe 11
emission spectra for all three AGN SEDs we consider. The adopted density, flux,
and turbulence parameters indicated in the figures as are the best-fitting parameters
derived below.

The Mathews and Ferlandl (|1987|) and tKorista et all (1997) SEDs were simple
empirical fits with little physical basis. In contrast, IJin et al.| (t201 ) SED does have a
theoretical foundation, as explained in the original papers, and that family of SEDs
produce_significantly more soft X-ray emission between ~ 100 eV to 1 keV (see
Figure (.2) than the empirical SEDs. Soft X-rays are important because these higher
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energy photons can penetrate further into the cloud, deposit more energy in neutral
gas, and produce stronger Fe II lines by collisional excitation. Softer XUV and EUVi
photons are extinguished at shallower depth into the cloud, where Fe is more highly
ionized, while hard X-rays and gamma-rays encounter less opacity so are transmitted
without being reprocessed into emission lines.

The two older SEDs are shown in Figure @ for historical reference. The papers
describing them are highly cited (Mathews and Ferland 1987 and Korista et al, 1997)
and they are built into CLOUDY. Several studies have used these SEDs, and the
Verner et al) (1999) atomic data set, to investigate emission properties of AGN.
Although the older SEDs and the Verner et al) (1999) data have historical interest,
we prefer the modern SED (Jin et alJ, 2012) with its foundation of observations and
theory and the new generation of atomic data (Smyth et al}, 2019) with more complete
collision strengths.

For these reasons, we, therefore, adopt the Jin et al| (2012) SED for our BLR
model throughout this paper. Additionally, the log L/Lgaq value for Jin et al. (2012)
SED is consistent with that of TZW 1 (2 —0.60, Cracco et al., 2016; Giustini and
Proga, 2019). This is the intermediate L/Lggq SED and in Section .3.4 we explore
the effects of varying L/Lgqq. We note that CLOUDY makes it easy to adopt user-
defined SEDs in new calculations. It is hope that the work we present here will lead
to further explorations of the effects of the SED upon the line spectrum.

With the above selections of Fe 11 dataset and SED, the remaining parameters are
the cloud hydrogen density (ny) and the flux of incoming photons striking the cloud
(®). We estimate these by considering a grid of photoionization models by varying
these two parameters over a broad range.

The computed Fe 11 spectra without microturbulence always show two prominent
spikes at ~ 2400A and 2600A, as extensively discussed by Baldwin et al, (2004)
and shown in Figure 6.5. These features are absent in the observed Fe 11 template.
Therefore, to compare the predicted Fe 11 spectra with the available observations of
IZW 1 in the UV (Vestergaard and Wilkes, 2001), we adopt the definitions of the
Spike/gap ratio and Fe 11 equivalent width of the UV bump given in Baldwin et al.
(2004). The “Spike” is defined as the total Fe 11 flux over the wavelength ranges
2280A-2430A and 2560A-2660A (these are the two “Spikes” as seen in Figure @),
and gap is defined as the total Fe 11 fluxes over 2430A-2560A wavelength range. The
Spike/gap ratio is defined as the ratio of these two and a typical observed value is ~
1.4.

We consider the equivalent width of the Fe 11 UV bump as the excess flux in
2200A-2660A band over the continuum flux at 1215A which is then divided by the
continuum flux at 1215A. CLOUDY calculates the equivalent width by assuming a
100% covering factord. Baldwin et al. (2004) showed that a covering factor of ~ 20%
is a good indicator of a successful model. A typical CLOUDY predicted equivalent

"We refer to the energy band 6 — 13.6 eV (912A — 2000A) as FUV, 13.6 — 56.4 eV (228 A -
912 A) as EUV, and 56.4 — few hundred ¢V (< 228 A) as XUV.

tCovering factor or CF is defined as the fraction of 47 sr covered by the clouds, as seen from
the central black hole. Normally, the CF is expressed as Q /47, where Q is the solid angle.
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width of > 400A is consistent with the observed value with a ~ 20% of covering
factor.

Lines from the BLR are velocity broadened (by 10? —10* km/s), although 1ZW 1
has a line width of ~ 1200 km/s. Given this, we smooth the CLOUDY predicted
spectra by a boxcar average with a width of 1200 km/s in order to compare with the
observed 1ZW 1 template.

We vary the hydrogen density (ng) from 10® cm™ to 10'® cm™ and the photon
flux (@) between 10'® cm™2 s7! and 10?* cm™2 s71, as shown in Figure .G, resulting
in a total of 825 individual BLR models with a 10°%> step size. These parameters
fully cover the possible range of clouds that produce the well-observed strong BLR
lines like C 1v A1549. In this first step we neglect any microturbulence inside the
cloud so the lines are thermally broadened. For each model, we analyze the Fe 11
emission spectrum and calculate the Spike/gap ratio and EW of the Fe 11 UV bump.
Figure @pshows contour plots of the Spike/gap ratio and the EW of the Fe 11 UV
bump in the ng — ® plane. No [ny, ®] pair reproduces the observed Fe II spectra.
The Fe 11 emission is too weak, and the Spike/gap ratio too large, a problem Baldwin
et al. (2004) also encountered.

We conclude that the standard baseline model cannot satisfactorily reproduce
the observed UV Fe 11 emission even with a bigger Fe 11 atomic dataset and the new
generation AGN SED. In addition to the Spike/gap ratio and equivalent width, each
baseline model also predicts two strong emission lines, one at 2400A and another
double-peaked at 2610A and 2630A, which are not present in the observed spectrum,
as shown in Figure (.9.

6.3.2 The effects of microturbulence

Next we consider clouds with non-zero microturbulent velocity (Vi) throughout the
BLR gas. as previously proposed by Netzer and Wills (1983), and later Bottorff et al.
(2000); Baldwin et al| (2004). Netzer and Wills (1983) showed that the strength of
the Fe 11 UV emission is directly proportional to the microturbulence. The Bottorfl
et al) (2000), Baldwin et al| (2004), and Bruhweiler and Verner (2008) obtained a
better fit for the quasar emission spectra, considering a turbulent emitting cloud.
Physically, microturbulence decreases the optical depth by increasing the Doppler
broadening (7 ~ Vd;;pler), which helps more line photons to escape. Microturbulence
also increases the importance of continuum pumping (e.g., Osterbrock, [1977; Phillips,
1978; Ferland, [1992). We present a second grid model by varying Vi, between 0.1
km/s and 10® km/s. The hydrogen density (ng) is fixed to 10" em ™2 and the photon
flux (®) to 10*® cm~2 s~!, similar to the previous works (e.g.. Verner et al., 2003;
Véron-Cetty et al., 2004; Baldwin et al), 2004; Bruhweiler and Verner], 2008; Temple
et al), 2020). Figure @ shows the Spike/gap ratio and the strength of Fe 11 emission
in the UV as a function of V. The Spike/gap ratio decreases with increasing Vup
and attains a value of ~ 1.4 at Vi, > 60 km/s. In addition, to reproduce the
observed strength of Fe 11 emission a Vi, > 90 km/s is needed. Hence we set Vi
= 100 km/s to reproduce the Fe 11 spectra for the remainder of the paper.
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Figure 6.7: Spike/gap ratio and EW of the Fe 11 emission in the UV as a function
Viwb- Green line: the Spike/gap ratio and EW of Fe 11 UV bump corresponding to
Viwb = 100 km/s. These values are consistent with observation. Any turbulence
greater than 100 km/s will reproduce the observed Fe 11 emission.

Next we recalculate the first grid of photoionization models assuming Vi, = 100
km/s to find the ng and ® of the emitting cloud. Similar to the previous steps, we
calculate the Spike/gap ratio and the EW of the UV bump for each individual model.
Figure presents contour plots of the Spike/gap ratio and EW of the Fe 1 UV
bump in the ng—® plane. Clearly, a cloud with ngy ~ 10! cm™3 and ® ~ 10%
cm ™2 s7! reproduces the observed Spike/gap ratio and the strength of Fe 11 emission.

Next we compare the Fe 11 emission in the UV and optical bands with this density
and flux. In Figure (.9 we compare the predicted spectra with the observed Fe 11
templates in the UV (Vestergaard and Wilked, 2001) and optical (Véron-Cetty et al.,
2004). For further comparison, we include predictions for both thermal and turbulent
clouds. The Smyth et al] (2019) dataset, the new-generation SED (Jin et al, 2012),
and Vi, = 100 km/s reproduces AGN Fe 11 spectra in the UV and optical far better
than found in previous work, with solar Fe/H. This is a remarkable accomplishment.

6.3.3 Fe 11/Mg 11 ratio

The abundances of iron and magnesium are vital to probe the chemical evolution at
high redshift. Iron in the solar neighborhood has mostly been produced by Type Ia
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Figure 6.8: Similar to Figure @ except Vi = 100 km/s. Large regions of parameter
space reproduce the observed Spike/Gap ratio ~ 1.4 and EW > 400A of the IZW 1
in the UV band.

SNe, which are the last stage of intermediate-mass stars in a close binary system.
By comparison, magnesium has been deposited in the ISM by Type II SNe, a core-
collapsed SN originating from the explosion of a massive star soon after the initial
starburst. Type Ia SNe are delayed compared to Type II SNe. A time lag between
the iron and magnesium enrichment of the solar neighborhood is therefore expected.
This time delay varies from 0.3 Gyr for massive elliptical galaxies to 1-3 Gyr for
Milky-Way type galaxies (|Mat1:eucci and Recchi, bOOl). Previous observations have
measured the I(Fe 11)/I(Mg 11) as a function of look-back time to trace the Fe%Mi
abundance ratio (e.g., IDe Rosa et a1.|, l201]J; Shin et al, b019). More recently Schindle

() report on an extensive data set extending over a broad range of cosmic
time and find similar 7(Fe 11)/1(Mg 11) ratios.

We showed above that our best BLR model with solar abundances could success-
fully reproduce the observed template of IZW 1 in the UV and optical. To estimate
the I(Fe 11)/1(Mg 11), we consider the total flux of the Fe 11 UV bump between the
2000A-3000A range and that of the Mg 11 doublet at 2798A . We examined the
I(Fe 11)/1(Mg 11) for our best-fitting model with ngy = 10 ecm™ | & = 10%° cm—2
s~!, and Vi3, = 100 km/s. Our model predicts log(I(Fe 11)/I(Mg 11)) =~ 0.7.
et al, (20154) obtained log(/(Fe 11)/I(Mg 11)) values of 0.31 — 0.79 for a large sample
of AGNs at z ~ 3. De Rosa et al. (b011|) showed a maximum log(/(Fe 11)/1(Mg 11))
of 0.77 for AGNs with z > 4. Our log(/(Fe 11)/1(Mg 11)) predictions closely match
those observations, as shown in Figure .

Next we vary the Fe abundance from 0.1 to 10 times the solar abundance in
our best-fitting BLR model and estimate the I(Fe 11)/I(Mg 11) ratio while keeping
the abundances of the other elements constant. This is a test of the sensitivity of
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Figure 6.9: Left: panel (a) shows a comparison between the observed Fe 11 UV tem-
plate (I\/estergaard and Wﬂkei 200]]) and the CLOUDY predicted Fe 11 UV spectrum
with Vg, = 0 km/s. Panel (b) shows the same comparison with Vi, = 100 km/s.
Right: panel (c) compares the Fe 11 optical template (|Vér0n—Cetty et a1.|, 2004]) to
the CLOUDY predicted spectrum with Vi1, = 0 km/s. Panel (d) presents the same
comparison except Viup = 100 km/s. The turbulent model largely reproduces the
template.
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Figure 6.10: I(Fe 11)/1(Mg 11) as a function of the Fe abundances. We show that the
Fe 11/Mg 11 ratio for two different UV bands — 2000A - 3000A and 2200A - 3090A

band, as described in Verner et al| (2003) and De Rosa et al| (2011), respectively.

the line intensity ratio to the abundance ratio. Figure shows the monotonic
increasing nature of the I(Fe 11)/1(Mg 11) ratio as a function of the Fe abundance. A
similar trend of the I(Fe 11)/1(Mg 11) ratio with the Fe abundance is also obtained
by Verner et al] (2003). The log(I(Fe 11)/1(Mg 11)) intensity ratio increases by only
~ 0.4 dex when the Fe/Mg abundance ratio increases by 2 dex, or I(Fe 11)/I(Mg 11)
o (Fe/Mg)®'. This shows that the Fe 11 and Mg 1T spectra are strongly saturated
due to the large line optical depths so that the intensity ratio does not strongly
depend on the abundance ratio. Chemical evolution models suggest that the Fe/Mg
ratio jumps by ~ 1 dex when Type Ia supernovae start occurring in giant ellipticals
(Hamann and Ferland, [1999). This would correspond to a change in the intensity
ratio of log(/(Fe 11)/I1(Mg 11)) ~ 0.19. Clearly a large number of high quality quasar
spectra will be needed to measure such a subtle change.

6.3.4 Eigenvector 1

Next we consider the Eigenvector 1 correlation. The new-generation SED models
consider a wide range of L/Lgqq, as summarized by Ferland et al| (2020). We adopt
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Figure 6.11: Panel (a) and (b): red circles show the EW of the Fe 11 UV bump
and the Fe 11 optical band as a function of L/Lgqq respectively. Panel (c): red and
blue triangles represent the I(Fe 11)/I(Mg 11) and I(Fe 11)(UV)/I(Fe 11)(Optical) as
a function of L/Lgqq, respectively. For both plots we use our best obtained model
parameters. Green circles and magenta squares are the observed I(Fe 11)/I(Mg 11)

ratios taken from h)e Rosa et alJ (IZOUJ) and bhin et al.| (I‘ZOld) respectively.

four L/Lgqq values for L]in

et all (2012) SED. Those are log L/Lpgq = —1.15, —0.55,

—0.03, and 0.66. Figure

A1

shows the predicted change in the equivalent widths

of the UV bump and optical emission, defined as the total Fe 11 emission integrated
over 4000 - 6000A. Both are predicted as equivalent widths measured relative to

the incident SED at 1215A (

aldwin et al.|, l2004|). The rightmost panel shows the

I(Fe 11)/1(Mg 11) discussed above and the ratio of the UV to optical Fe 11 bands.

Although the predictions are in general agreement with observations, the observa
tional scatter makes comparison difficult. De Rosa et al, (2011)) and Shin et al.| (l2019

~—
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obtained the I(Fe 11)/I(Mg 11) for AGN samples observed at z > 4 and z ~ 3, re-
spectively. Their results show little or no correlation between the I(Fe 11)/I(Mg 11)
and L/Lggq. Clearly there are more parameters changing than simply the SED. A
similar conclusion was reached by Ferland et al) (2020). That study used analytical
theory to predict how the equivalent widths of H 1 and He 11 lines should change with
the SED shape. As expected, large increases in the equivalent width were predicted
as the SED grew harder with increasing L /Lgqq. No changes in equivalent width are
observed, showing that the physics is more complex. Alternatively, the underlying
theory may not, for some reason, produce the correct change in the SED as L/Lgqq
changes. Clearly more work is needed.

6.4 Summary

We incorporated four atomic datasets, with self-consistent energy levels, transition
rates, and electron impact collision strengths, for Fe 11. Three of these sets include
transitions in the UV and we compared the emission line predictions from these
datasets for typical AGN with a set of BLR parameters and the new generation of
SEDs.

o The original Verner et al] (1999) dataset largely rests on “g-bar” collision
strengths, so we only presented it as a reference. By contrast, the Tayal and
Zatsarinny (2018) and Smyth et al| (2019) Fe 11 datasets have many more tran-
sitions in the FUV, so continuum and Ly« florescent excitation, known to be
important for Fe 11, is better reproduced. However, the Smyth et al| (2019)
dataset, with its higher density of states, produces several times more emission
in the FUV compared to Tayal and Zatsarinny (2018). The Smyth et al| (2019)
dataset was hence adopted throughout most of this work.

o We considered three representations of the broadband SED of an AGN, namely
the original Mathews and Ferland (1987) SED (long included in CLOUDY).
the Korista et al| (1997) SED derived from observations, and that of Jin et al.
(2012) SED derived from a combination of theory and more recent observations.
We compared the Fe 11 emission lines reproduced by each of the SEDs with
CrLoupy. We showed that the Jin et al] (2012) SED produces the strongest
Fe 11 emission because the soft X-rays penetrate into the low ionization region,
heating it, generating more Fe 11 emission. Also, the log L/Lgqq value for the
intermediate Jin et al) (2012) SED is consistent with that of IZW 1. The Jin
et al) (2012) SED was hence adopted in this work.

o We presented predictions of the strength of the broad bump of Fe 11 UV emission
and the Spike/gap ratio, defined by Baldwin et al| (2004), in the density (ng)
— photon flux (®) plane, using solar abundances and thermal line broadening
(Vi = 0 km/s). Our calculations with the Smyth et al| (2019) dataset and
the Uin et al) (2012) SED also did not reproduce the observed Fe 11 template.
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We considered the effects of microturbulence (Viy,), varying it between 1071—
103 km/s. We showed that a cloud with Vi, > 60 km/s closely reproduces the
observed Spike/gap ratio of 1.4, while the observed equivalent width (> 400 A)
requires that Vs, > 90 km/s. We adopted Vi, &~ 100 km/s in this work.

Using the Smyth et al) (2019) dataset, Jin et al. (2012) SED, solar abundances,
and the derived Vi, we recalculated the strength of the Fe 11 UV emission
and Spike/gap ratio in the density (ng) — photon flux (®) plane. We showed
that large regions in the plane reproduced the observed UV Fe 11 emission.

We compared our model using the best obtained BLR parameters with the
observed Fe 11 UV (Vestergaard and Wilkes, 2001) and optical template Véron-
Cetty et al| (2004) template and found surprisingly good agreement. We con-
cluded that the Fe 11 spectra are consistent with formation in relatively dense
(ng = 10" em™3) and turbulent (Viup, &~ 100 km/s) clouds about 100 — 200
light days away from the central black hole with solar abundances.

We showed that the I(Fe 11)/1(Mg 11) ratio predicted by our best-fitting model
reproduces observations with solar abundances. This is a significant step in
calibrating Fe 11 as an abundance indicator. Unfortunately, the spectrum is
strongly saturated so the intensity ratio does not have a strong dependence on
the abundance ratio.

We considered how changes in the SED shape, predicted from recent models by
varying L /Lgqq, change the resultant Fe 11 spectrum. In the simplest case this
would provide a physical explanation for the observed Eigenvector 1 relations.
The predicted changes do not agree with the observed correlations, showing that
more is changing than just the SED shape. A similar conclusion was reached
by Ferland et al| (2020) in their analysis of hydrogen line equivalent widths.
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Chapter 7 Conclusions

My PhD thesis works involved studying the exciting physics behind the X-ray emission
from the intra-cluster medium (ICM) of galaxy clusters and groups. I developed tools,
analyzed spectra and high-resolution images from multiple telescopes (e.g., Suzaku,
Chandra, ROSAT, 2MASS), and explained various physical phenomena to understand
the thermal and chemical enrichment histories of ICM from cluster center out to their
virial radii and beyond.

I discussed the importance of gas entropy in determining the thermal history of
ICM and investigated the radial entropy profile of a cool-core galaxy group MKW4
from its center to the virial radius. Its entropy profile follows a power-law of oc r'-!
between Rszo9 and Rggg in all directions, as expected from the purely gravitational
structure formation model. The well-behaved entropy profiles at the outskirts of
MKW4 disfavor the presence of gas clumping or thermal non-equilibrium between
ions and electrons in this system. I measured an enclosed baryon fraction of 11% at
Ragg, remarkably smaller than the cosmic baryon fraction of 15%. I noted that the
enclosed gas fractions at Ry are systematically smaller for groups than for clusters
from existing studies in the literature. The low baryon fraction of galaxy groups,
such as MKW4, suggests that their shallower gravitational potential well may make
them more vulnerable to baryon losses due to AGN feedback or galactic winds. 1
also measured that the azimuthal scatter of various gas properties at the outskirts
of MKW is significantly lower than in other systems, suggesting that MKW4 is a
spherically symmetric and highly relaxed system.

I extended this work by probing the chemical enrichment histories of four nearby
galaxy groups, i.e., MKW4, Antlia, RXJ1159, and ESO3060170. Their peak temper-
atures vary over 2-3keV, making them the smallest systems to have gas properties
constrained out to their viral radii. The average Fe abundance in the outskirts (R >
0.25Ra00) of their intragroup medium (IGrM) is Zg. = 0.309+0.018 Z, with x* = 14
for 12 degrees of freedom, which is remarkably uniform and strikingly similar to that
of massive galaxy clusters, and in fully consistent with the numerical predictions from
the MlustrisTNG cosmological simulation. My results support an early-enrichment
scenario among galactic systems over an order of magnitude in mass even before their
formation. I further constrained their O, Mg, Si, S, and Ni abundances. The abun-
dance ratios of those elements relative to Fe are consistent with the predictions from
MustrisTNG. Their Type la supernovae fraction varies between 14%-21%. A pure
core collapsed supernovae enrichment at group outskirts can be ruled out.

I investigated the gas properties and dynamics of ICM of a pre-merger galaxy
cluster, Abell 98. I reported the first unambiguous detection of an axial merger shock
between northern and central subclusters of Abell 98. The shock is about 420 kpc
south from the northern subcluster with a Mach number of M ~ 2.3 + 0.3. This
finding of the axial merger shock front unveiled a critical epoch in the formation
of a massive galaxy cluster, when two subclusters are caught in the early phase of
the merging process. I established that the electron temperature in the post-shock
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region favours the instant collisionless model. 1 also detected an intercluster gas
filament, with a temperature of kT = 1.07 £ 0.29 keV, along the merger axis of
Abell 98. The measured properties of the gas in the filament are consistent with
previous observations and numerical simulations of the hottest, densest parts of the
warm-hot intergalactic medium (WHIM), where WHIM filaments interface with the
virialization regions of galaxy clusters.

I further extended this study to probe the gas dynamics at the centers of two
subclusters of Abell 98. 1 detected two gas sloshing spirals in northern and the
eastern core of central subclusters, respectively. I identified a surface brightness edge
in the western core of central subcluster as a shock front. I also detected a “tail” of X-
ray emission associated with the eastern core of central subcluster. My measurement
indicated that the tail is cooler than the surrounding gas at a 4.2-0 level, suggesting
the tail is the part of a cool core remnant that has been ram-pressure stripped.
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