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Abstract

SHOCKS AND COLD FRONTS IN MERGING GALAXY
CLUSTERS

Purva Diwanji

A dissertation submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy

Physics & Astronomy

The University of Alabama in Huntsville
May 2024

Galaxy clusters, found at the nodes of the large-scale structures in the universe,
are the most massive gravitationally bound and virialized structures in the Universe.
They are formed via accretion, gravitational infall, and hierarchical mergers of smaller
sub-clusters and galaxy groups. Mergers of galaxy clusters are the most energetic
events in the Universe after the Big Bang, wherein the sub-clusters collide at velocities
of ~ 1000km/s, releasing energy of the order of 10% ergs. During such a merger,
the galaxies and dark matter of both clusters interact only gravitationally and move
unhindered through the region of the collision. This dissertation presents the findings
from the new deep Chandra observations (256 ks) of the merging galaxy cluster
SPT-CLJ 2031-4037. The observations reveal intricate structures seen in a major
merger akin to the Bullet Cluster. The X-ray data confirm the existence of two shock
fronts, one to the northwest and one to the southeast, by directly measuring the
temperature jump of gas across the surface brightness edges. The stronger shock
front in the northwest has a density jump of 3.11 4+ 0.32 across the sharp surface
brightness edge and a Mach number M = 3.2370%2  which makes this cluster one

of the rare merging systems with a Mach number M>2. The northwestern shock is

i



compared with two models for shock heating - the instant heating model and the
Coulomb collisional heating model, and it is determined that the temperatures across
the shock front agree with the Coulomb collisional model of heating. For the shock
front in the southeastern region, there is a density jump of 1.53 £ 0.14 and a Mach
number M = 1.367002. In addition, I will also present new results of cold fronts in the

nearby Perseus Cluster, which are also produced by galaxy cluster merging activity,

and provide insights into its merger history.

iii



Acknowledgements

I want to express my heartfelt gratitude to my advisor, Dr. Stephen Walker,
for his exceptional guidance, unwavering support, and infinite patience. He intro-
duced me to X-ray Astronomy, taught me how to do interesting research, and molded
me to become the best version of myself as an astronomer. He is one of the most
hard-working and brilliant people I know and is equally kind and understanding.
The countless hours spent in discussions with him have fostered my academic and
personal growth tremendously. I am fortunate that I completed my Ph.D. under his
mentorship, and I hope that I have imbibed all the qualities of a good scientist from
him. His expertise, dedication, and attention to detail have played a pivotal role in
the development of this dissertation as well as my entire research journey.

I also want to thank all the members of Dr. Walker’s research group - Dipika,
Leo, Sierra, and Mathew for creating an environment of shared knowledge, stimulat-
ing discussions, and camaraderie, which have contributed tremendously to my work.
I am especially thankful to the post-doctoral researchers in the group, Dr. Moham-
mad Mirakhor and Dr. James Runge. Their guidance and willingness to share their
experiences have been invaluable for the progress of my research.

I am deeply grateful to Dr. Miller for supporting me since the day I joined the
department, to Dr. Lieu for imparting knowledge that goes far beyond the scope of any
syllabus, to Dr. Sun for introducing me as a potential Ph.D. student to Dr. Walker,
and Dr. Bonamente for showing me the importance of statistics in my research.

I would like to extend my heartfelt appreciation to Dr. Raghu for his invaluable
mentorship and guidance throughout my academic journey. Dr. Raghu not only

served as a mentor but also played a pivotal role in igniting the idea of pursuing a

v



Ph.D. in the United States. His unwavering support and belief in my potential have
been instrumental in my pursuit of higher education.

I also wish to pay tribute to the late Dr. Pandya and the late Dr. Vyas, who
laid the solid foundation of my understanding of physics. Their teachings and con-
tinuous support have significantly shaped my academic path. Despite their untimely
departures, their influence on my educational and intellectual growth will forever be
cherished.

I want to express my heartfelt appreciation to Ms. Colleen, Ms. Dora, Char-
lene, and Krissy for always going above and beyond to help me with all the paperwork
and for being available whenever I had any concerns, academic or personal.

[ want to thank my parents for going against all societal norms and supporting
my goals and dreams always. I am forever indebted to them for all the sacrifices they
have made for me. They have been my pillars of strength during this journey, and
their confidence in me is the driving force of my success. I hope to make them proud
always.

Most importantly, I would like to thank my husband, Kirtan, who has been the
greatest source of encouragement. I am fortunate to have him as my partner in both
life and academia. Together, we spent countless nights studying, shared moments
of frustration, and celebrated victories while always being there for each other. His
unconditional love and support have been instrumental to my success.

I could not have accomplished my goals without the blessings of my grand-
parents, Maa, Nana, Dada, and Daadi. Maa and Daadi paved the path that I walk
on today. I am deeply indebted to my aunts - Fiya, Sonumasi, and Rupalmasi, for
all their sacrifices and unwavering emotional support throughout my Ph.D. journey.
I also want to thank Fuvaji and Jiju for always believing in me and Heer, Meet, and

Manasvat for instilling confidence in me.



I am profoundly grateful to have met some of my closest friends at this depart-
ment - Christina (who constantly inspires and amazes me), Kelsey and Adam (who
taught me how to survive in this country), Matt (for all the Netflix binge sessions),
Tim, Grant, Jared and Kiley (for some of the best nights spent playing Dungeons
and Dragons), Sam and Rachel (my very own ”Women in Astrophysics” gang), and
Hemang and Amruta (whose house was practically a second home for me).

I want to express the most heartfelt gratitude to the best supporting squad one
could ask for this journey - Manushi, Miloni, Khushboo, Jharna, Dhruvi and Irene.
They never let me have self-doubts, constantly checked on me, and always believed
in me.

I would be remiss not to mention Lydia Shull, Olivia Merical, Raven Hodges
and Emily Eichhorn for helping me overcome some of my biggest struggles throughout
this journey.

Finally, and most importantly, I want to thank my cats, Charlie and Zoey.
Charlie always sat by me for every late-night assignment, every all-nighter before
exams, all online classes, and every minute of dissertation writing. Zoey’s constant
purring and hilarious antics provided much-needed stress relief. Their unspoken sup-
port carried me through some of my toughest moments and made my journey a million

times better.

vi



Dedication

To Mamma and Daddy
Thank you for continuously instilling me with strength and courage, for your
unwavering faith in me, and for consistently being my support. Everything that I

have become today, I owe entirely to you.

vil



Table of Contents

Abstract . . . . . ... ii
Acknowledgements . . . . . . ... L iv
Dedication . . . . . . ... vii
Table of Contents . . . . . . . . .. .. ... xii
List of Figures . . . . . . . . . . . . . ... ... xiii
List of Tables . . . . . . . . . . . . . . ... .. Xix
List of Symbols . . . . . . . . ... XX
Chapter 1. Introduction . ... ... ... ... ... ........ 1
1.1 Galaxy Clusters . . . . . . . . .. .. ... 1

1.2 Dark Matter . . . . . . . . . ... ... 4

1.3 The Intracluster Medium (ICM) . . . ... ... ... ... .. 6

1.4 Shocks . . . . . . .. 8

1.4.1 Shocks in Galaxy Clusters . . . . . .. ... ... ... 18

1.4.2 Mach Number . . . . . . ... ... ... ... ..... 21

viii



1.4.3 Electron-ion Equilibration . . . . . ... ... ... ..
1.5 Cold Fronts . . . . . . . . .. ...

1.5.1 Kelvin-Helmholtz Instabilities (KHI) and Magnetic
Draping . . . . . . ...

1.5.2 Diffusion and Thermal Conduction . . . . .. .. . ..

2.1 Chandra X-ray Observatory . . . . .. .. ... .. .. ....
2.2 NuSTAR . . . . . . .
2.3 XMM-Newton . . . . . . . . .
2.4 Comparison of the Three X-ray Observatories . . . .. .. ..
25 ROSAT . . . . .

2.6 Suzaku . . . . ..

Chapter 3. Analysis . . . . . .. ... ... ... ... ...
3.1 Data Reduction . . . . . ... ... oo
3.2 Image Analysis Using GGM . . . ... ... ... ... ....
3.3 Spectral Analysis . . . . . ... ... L

3.4 Surface Brightness and Density Profiles . . . . . . . . ... ..

Chapter 4. A Rare, Strong Shock Front in the Merging Cluster
SPT-CLJ 2031-4037 . . . . . . . . . .

X



4.1

4.2

4.3

4.4

4.5

4.6

Introduction . . . . . . .. 68

Chandra Data Analysis . . . . . . ... ... ... ... ..., 73
4.2.1 Data Reduction . . . . ... ... ... 75
Image Analysis . . . . . . ... 76
Spatially Resolved Spectroscopy . . . . . . . .. . ... .. .. 80
Shock Fronts . . . . . . . .. ... 82
4.5.1 Surface Brightness Profiles . . . . . . . ... ... ... 82
4.5.2  Spectral Analysis of the Shock Fronts . . . . . . .. .. 91
4.5.3 Electron-ion Equilibration . . . . . ... ... .. ... 94
Conclusions . . . . . . . ... 100

Chapter 5. Possible Non-Thermal Origin of the Hard X-ray
Emission in the Merging Galaxy Cluster SPT-CLJ2031-4037 . 103

5.1

5.2

5.3

5.4

5.9

5.6

Synchrotron Radiation . . . . . .. .. ... ... ....... 103
Radio Halos in Merging Galaxy Clusters . . . . . .. .. ... 106
Relativistic Electrons and Their Acceleration Mechanisms . . 107
5.3.1 Diffusive Shock Acceleration Mechanism: . . . . . .. 109
Inverse Compton Emission from Hard X-rays . . . . . . . . .. 112
Discovery of Radio Halo in SPT-CL J2031-4037 . . . . . . .. 114
NuSTAR Observation of SPT J2031 . . . . . ... .. ... .. 114



5.7 Image Analysis . . . . . . . . .. ... 117

5.8 Spectral Analysis . . . . .. ... 118
5.8.1 Fitting with a 1T Model . . . . . . ... ... ... .. 119
5.8.2 Fitting with a 2T Model . . . . . . . . . ... ... .. 119
5.8.3 Fitting with a 1T + IC Model . . . . . ... ... .. 121
5.8.4 Fitting in the 4 - 20 keV Energy Band . . . . . .. .. 122

5.9 Discussion . . . . . ..o 125
5.9.1 Non-thermal Component . . . . . . . . ... ... ... 125
5.9.2 Magnetic Field . . . ... ... 000 127

5.10 Conclusion . . . . . . . . .. 128

Chapter 6. A Detailed Analysis of the Large-scale Cold Fronts

in the Perseus Cluster . . . . . . .. .. .. ... .. .. ....... 130
6.1 Introduction . . . . . . . .. ... 130

6.2 Data . . . . .. 133

6.3 Image Analysis . . . . . .. .. ... ... .. 139

6.4 Comparison with Simulations . . . . ... ... ... ..... 141

6.5 Analyzing Cold Fronts Using New Chandra Data . . . .. .. 145
6.5.1 Data . ... ... 147

6.5.2 Image Analysis . . . . . . ... ... ... ... 156

x1



6.6 Conclusion . . . . . . . . ... 160

Chapter 7. Conclusions and Future Work . . . .. ... ... .. 162
7.1 Conclusions for SPT-CL J2031-4037 . . . . . . . . . . ... .. 162

7.1.1 Results from Chandra Data . . . . . .. .. ... ... 162

7.1.2 Results from NuSTAR Data . . . . . .. .. ... ... 164

7.2 Conclusions for the Perseus Cluster . . . . . .. .. ... ... 165

7.3 Future Work . . . . .. ..o 166
References . . . . . . . . . 171

xil



1.1

1.2
1.3

1.4

1.5

1.6

1.7

1.8
1.9

1.10

1.11

1.12

List of Figures

Composite image of the Coma cluster in the optical and X-ray
wavelengths, obtained from the Sloan Digital Sky Survey and
NASA’s Chandra X-ray telescope, respectively. . . . . . . . . . ..

Evolution of the structure formation of the Universe. . . . . . ..

Composite image of the Bullet Cluster in visible and X-ray wave-
lengths as captured by the Hubble Space Telescope (HST) and
Chandra Observatory, respectively. . . . . . . . . ... ... ...

X-ray emission via thermal Bremsstrahlung. . . . . . ... .. ..

Effect of the speed of a sound source on the formation of a Mach

Comparison of a shock front in the rest frame of undisturbed gas
and the rest frame of the shock front. . . . . . . ... .. ... ..

Pressure, temperature, and density jumps plotted as a function of
the Mach number. . . . . . . . .. ...

X-ray image of the Bullet Cluster. . . . . . . . . . ... ... ...

X-ray surface brightness profile of the bullet cluster fitted with a
density jump model. . . . . .. ..o

Left: Projected temperature profile across the shock region. Right:
Deprojected temperature values overlaid on the two possible mod-
els of shock-heating: instant equilibration and adiabatic compres-
sion with subsequent equilibration. . . . . .. ... ... ... ..

ACIS image of A2142, the galaxy cluster where the first cold fronts
were discovered. . . . . ... Lo

Sloshing cold fronts form when there is an off-axis merger between
two sub-clusters. Such a merger causes the ICM to slosh around
its equilibrium position, much like wine sloshes around in a wine
glass.(Markevitch and Vikhlinin, 2007) . . . ... ... ... ...

xiil



1.13 Exposure-corrected X-ray image of A2142 with red sectors indi-
cating the cold fronts, and temperature profiles, surface brightness
profiles, electron density profiles, and pressure profiles extracted
over these sectors. . . . . . . . . . . ... ... .

1.14 Effect of increasing magnetic fields on the stability of the cold front
over time. . . . . . . . L.

1.15 A three-dimensional simulation of an overdense projectile, in this
case, a cold front, passing through a uniformly magnetized ICM,
with the magnetic field lines draped around it . . . . . . . .. ..

2.1 An artist’s impression of Chandra X-ray Observatory in space. Im-
age credits: NASA/CXC . . . . .. ...

2.2 Labelled diagram of the Chandra X-ray observatory. . . . . . . ..
2.3 Nesting of mirrors on the Chandra observatory. . . . . .. .. ..

2.4 ACIS schematic layout overhead view to illustrate the location of
the imaging (ACIS-I) and spectroscopic (ACIS-S) arrays of CCD
ships. Image credits: NASA . . . . .. .. ... .. ... .. ...

2.5 Effective area of Chandra in its 21st cycle. . . . . . . . . . .. ..

2.6 An artist’s impression of NuSTAR in orbit. NuSTAR consists of a
10m ( 30") mast that separates the optics modules on the right from
the detector modules on the left. Image credit: NASA, Caltech

2.7 An artist’s illustration of the XMM Newton spacecraft. Image
credits: ESA. Tllustration by Ducros . . . . . . . . ... ... ...

2.8 The effective areas of Chandra, XMM and NuSTAR plotted as a
function of energy. . . . . . ..o

2.9 Left: ROSAT was launched on with a Delta II vehicle on June 1,
1990. Right: An artist’s impression of ROSAT in flight. Image
credit: Max-Planck-Institut fiir extraterrestrische Physik (MPE)

2.10 Effective area of the XMA as a function of energy. Image credit:
HEASARC. . . . . .

2.11 An artist’s illustration of the Suzaku spacecraft. Image credit:
ISAS/JAXA . . o o

X1v

49


https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11185
https://chandra.harvard.edu/resources/illustrations/instrumentsSchema.html
https://apod.nasa.gov/apod/ap120619.html
https://www.esa.int/ESA_Multimedia/Images/2003/06/XMM-Newton_spacecraft
http://www2011.mpe.mpg.de/xray/wave/rosat/copyright_policy.php
https://heasarc.gsfc.nasa.gov/docs/rosat/ruh/handbook/img139.gif
https://www.nasa.gov/image-feature/goddard/suzaku-illustration

3.1

3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

4.1

4.2

4.3

4.4

4.5

4.6

Light curve for 21539. This is done to remove periods of anoma-
lously low counts and high flares. The lc_clean script removes

anomalies that are 3 ¢ away from the mean (in blue). . .. . .. 55
Light curve for 23843. . . . . . . . . .. ... L. 56
Light curve for 24505. . . . . . . . .. ... o7
Light curve for 24506. . . . . . . . . . ... ... 58
Light curve for 24507. . . . . . . . ... 59
Light curve for 24508 . . . . . . . . . ... 60
Light curve for 24509 . . . . . . . . . ... 61
Light curve for 24510 . . . . . . . . . . ... 62
Light curve for 26215 . . . . . . . . . . ... ... 63
Light curve for 26479 . . . . . . . . . ... 64

The exposure-corrected image of SPT-CLJ2031-4037 with the
point sources removed in the 0.5 —7.0 keV energy range, smoothed
with Gaussian o =3. . . . . . . . .. .o 78

HST (Hubble Space Telescope) image of SPT-CLJ2031-4037 (in
grayscale) obtained using the F 814W filter overlaid with Chandra
contours (in green). . . . . . . . ... 79

Projected emissivity map, projected temperature map, pseudo-
pressure map and GGM image highlighting the two shock fronts in

the cluster. . . . . . . . 81
GGM image at scale = 3 pixels showing the sectors used to extract
surface brightness profiles. . . . . . . . . .. ... 83

Surface brightness profiles in the 0.5 — 2.5keV energy band across
sectors P1-9, each background subtracted and fitted with the bro-
ken power law density model (in blue). . . . . . ... ... L. 85

Surface brightness profiles across sectors P1-2 (left panel), P3-6
(center panel) and P7-9 (right panel) in the 0.5 — 2.5 keV energy
band. Each profile has been background-subtracted and fitted with
the broken power law density model (in blue). . . . ... .. .. 86

XV



4.7 The density jump and Mach numbers across each of the sectors and
binned sectors along the primary shock front plotted as function
of angle around the primary shock. . . . . ... ... .. ... ..

4.8 Surface brightness profile extracted in the 0.5—2.5keV energy band
over the SEedge. . . . . . . .. ..o

4.9 Exposure-corrected Chandra image of SPT-CLJ2031-4037 in the
0.5-2.5 keV energy range with the regions that were used to extract
the temperature profiles across both the surface brightness edges.

4.10 Left: The observed projected electron temperature profile over the
primary shock front. I define the shock location to be at r =
0 kpc. Right: The figure shows the observed projected electron
temperature profile across the SE edge. Again, I define the shock
location to be at r=0kpec. . . . ... ..o

4.11 Left: Surface brightness profiles extracted over sectors P 3—6 in the
0.5 —2.5keV energy band. Right: Projected electron temperatures
(in black) observed across the sectors P 3 — 6 of the primary shock
front compared with the overlaid adiabatic-collisional (in blue) and
instant heating models (in red) projected (up to lo error bands)
along the line of sight for electron-ion equilibration. . . . . . . ..

5.1 Synchrotron radiation is emitted due to an electron moving in a
helical path around a magnetic field. . . . . . ... ... ... ..

5.2 Left: Contours (in red) are from the observation of the radio halo
using the GMRT (Giant Metrewave Radio Telescope) at 325 MHz
overlaid onto the Chandra image of SPT J2031. Right: HST optical
image of SPT J2031 overlaid with the radio contours at 325 MHz
inred. . ...

5.3 (a) A parallel shock front in a stationary frame of reference. (b) A
schematic diagram showing the motion of particles in the vicinity
of the shock. The plasma flow speeds are u; (upstream) and wus
(downstream). (Bell, 1978) . . . . . .. ... ...

5.4 Inverse Compton scattering for a single electron due to a low-energy
photon. . . . . ..

Xvi

90

92

99



5.9

5.6

5.7

5.8

5.9

5.10

5.11

6.1

6.2

6.3

Photon flux plotted as a function of photon energy in keV of the
expected spectrum for a galaxy cluster that has a bremsstrahlung
(thermal) component from the ICM and IC emission (non-thermal)
from the ICM. . . . . . . . . .. ... . . ...

Light curves for the observation 70601001001. The top and bottom
panels show the light curves for the FPMA and FPMB telescopes,
respectively. The light curves do not show significant fluctuations.

Background-subtracted global spectra of the observation
700601001001. The two upper curves in black and red represent
the spectra from the FPMA and FPMB telescopes, respectively.
The lower curves represent the background spectra. As seen in
the figure, beyond 10 keV, the spectra are background-dominated.

Background-subtracted and exposure-corrected images of the
galaxy cluster SPT J2031, obtained by combining both observa-
tions from both telescopes. . . . . . . . . ... oL

Background subtracted spectra in the 3 — 20 keV energy range
for both the observations of the cluster SPT J2031 from both the
telescopes. . . . . L

4-20 keV global spectra of both observations and telescopes of SPT
J2031. . .

Comparing the non-thermal flux of the SPT J2031 cluster to those
reported for other galaxy clusters by various X-ray observatories.

Shallow observations of the Perseus cluster from ROSAT PSPC
overlaid with XMM, and Suzaku observations. . . . . . . . .. ..

Top: The background-subtracted, exposure-corrected XMM mo-
saic of the cluster in the 0.7 — 1.2 keV energy band. Bottom: The
GGM map (orange) overlaid on the XMM mosaic (blue) to show
where the two edges lie with respect to the cluster core. Image
credit: Walker et al. (2022) . . . . ... ... ... ... ....

A portion of the background-subtracted, exposure-corrected image
of the Perseus cluster to the west of the core obtained from ROSAT
PSPC observations. . . . . . . . ...

X Vil

113

116

117

118

120

125

126

137

140



6.4

6.5

6.6
6.7

6.8

7.1

Top: The background-subtracted, projected surface brightness
profile obtained using the XMM data. . . . . .. ... ... ...

Top: Simulated GGM image of the sloshing 8.7 Gyr since the first
core passage. Bottom: Simulated temperature map of the sloshing
zoomed on the parallel cold fronts. . . . . .. .. ... ... ...

A mosaic of Chandra observations of the Perseus cluster. . . . . .

GGM image at scale = 64 pixels of the new deep Chandra obser-
vations of the Perseus Cluster. . . . . . . . . . .. .. ... ...

Left: This figure shows the GGM image of the cluster, zoomed in
on the new deep Chandra observations. Right: This plot quantifies
the variation in the structure of the cold front. . . . . . . . . . ..

All the panels here show the projected temperature map (in keV)
with S/N = 32, obtained from the Chandra observations of the
merging galaxy cluster Abell 2146, with point sources removed.

xviil

167



1.1

4.1

4.2

5.1
5.2

5.3

6.1

6.2
6.4

6.3

List of Tables

A list of galaxy cluster merger systems that exhibit strong shocks.
There are very few systems that indicate such strong mergers, mak-
ing them interesting case studies. . . . . . . . .. ... ... ...

Details of the deep (~ 250ks) Chandra observations of the SPT-
CLJ2031-4037 Cluster utilized for the analysis shown in this paper.

Details of the surface brightness fitting across the sectors along the
primary shock front. . . . . ... ..o

Details of the NuSTAR observations of SPT J2031. . . . . . . ..

Results of the global spectral analysis in the 3-20 keV energy band.
The statistical uncertainties are at the 90 percent confidence level,
followed by the 90 percent systematic uncertainties. . . . . . . . .

Same as Table 5.2, except the global spectral fitting is carried out
in the 4-20 keV energy band. . . . . . . ... ... ...

Details of the new and archived XMM observations used to create
the mosaic image of Perseus. . . . . . . . . ... ... ... ....

Suzaku data used for the analysis shown in this paper. . . . . ..

Details of the new and archived Chandra observations used to cre-
ate the mosaic image of Perseus. . . . . . . . . .. .. .. ... ..

Details of the new deep (~ 220 ks) Chandra observation of the
Perseus Cluster using the ACIS-I instrument. . . . . . . .. ...

Xix

123



Symbol

List of Symbols

Description
Pressure
Temperature
Pitch angle in Synchrotron radiation
Ratio of thermal pressure to magnetic pressure
Impact parameter

Boltzmann constant

Magnetic Field strength

XX



Chapter 1. Introduction

1.1 Galaxy Clusters

Galaxy clusters are the most massive gravitationally bound and virialized

(Ew, = —Eg;‘”) structures in the Universe. They consist of anywhere from hundreds
of galaxies (poor clusters) to thousands of galaxies (rich clusters) bound together.
The mass of galaxy clusters is typically of the order of ~10 M, - 10'° M, of which
dark matter constitutes roughly 84%, around 13% is in the intracluster medium,
which also contains most of the baryonic matter and the remaining 3% in the
stars of the galaxies. The ICM has gas densities ranging from 107> ¢m =3 in the
outskirts of the cluster to about 10~ ¢m ™3 in the central regions. Observations
by Uhuru (the first X-ray satellite) indicate that clusters of galaxies are the most
common bright extragalactic X-ray sources, and they are extremely luminous in
their X-ray emission, with luminosities of 10** — 10%ergs s=! (Sarazin, 1986).
Figure 1.1 illustrates the composite image of the Coma cluster in optical and X-
ray wavelengths. This image was obtained by combining results from the Sloan
Digital Sky Survey (SDSS) and Chandra X-ray Observatory. The yellow specks
are the galaxies observed at the optical wavelengths. The purple blob in the

center is the hot ICM, which emits in X-ray owing to its very high temperature.



CHANTDRA X-mAY

Figure 1.1: A composite image of the Coma cluster in the optical and X-ray wave-
lengths, obtained from the Sloan Digital Sky Survey and NASA’s Chandra X-ray tele-
scope, respectively. The galaxies (yellow flecks) are apparent at visible wavelengths but
are not seen in X-ray as they do not emit a significant amount of X-ray radiation. The
galaxies are spread out over the entire cluster, with the older, elliptical galaxies closer
to the center of the cluster and younger spiral galaxies in the outskirts. The giant
purple blob in the center is the Intracluster Medium (ICM), the hot, X-ray luminous
plasma that contains the majority of the baryonic matter of the cluster. It forms about
12 — 13% of the cluster mass. (Image obtained from Chandra).


https://chandra.si.edu/blog/node/728

Figure 1.2: The image shows the evolution of structure formation in the Universe
using the ACDM model in a 43 Mpc box from a redshift z ~ 30 to the present time,
z ~ 0. Initially, the distribution of matter appears to be uniform, but as time goes on,
perturbations cause the matter to coalesce. With the passage of time, the filaments
grow and become increasingly distinct and eventually form the cosmic web observed
today. The simulations were performed at the National Center for Supercomputer
Applications by Andrey Kravtsov (The University of Chicago) and Anatoly Klypin
(New Mexico State University). Visualizations are by Andrey Kravtsov and can be
found here.

Galaxy clusters are high-density structures resulting from the initial per-
turbations in the early universe. Most of them have only recently undergone
gravitational collapse and can be observed at the intersections of the filaments in
the Cosmic web. The panels in Figure 1.2 show the evolution of structure forma-

tion in the Universe from redshift z ~ 30 to z ~ 0 according to ACDM cosmology.


http://cosmicweb.uchicago.edu/filaments.html

As seen in the figure, initially, there is a uniform distribution of particles, but as

time passes, they coalesce and form filaments of the cosmic web observed today.

1.2 Dark Matter

Dark matter constitutes a major part of galaxy clusters. The first evidence
of the existence of Dark Matter was provided in 1933 by Fritz Zwicky, whose
calculations of the mass of the galaxies within the Coma cluster from the observed
values far exceeded the value estimated from the luminosity of its galaxies. This
was the first indication that Dark Matter was holding the galaxies together in the
galaxy clusters (Andernach and Zwicky, 2017).

The Bullet Cluster (1E0657-56) is one of the most well-known cluster merg-
ers observed so far because of the strong shock observed and the geometry of the
merger (Markevitch, 2006a). Figure 1.3 shows a composite image of the Bullet
Cluster in visible and X-ray wavelengths as captured by the Hubble Space Tele-
scope (HST) and Chandra Observatory, respectively. The image shows a collision
between two galaxy clusters, where the regions with the reddish hue represent the
ICM, and the blue region indicates the dark matter corresponding to each galaxy
cluster. Since Dark Matter interacts only through gravitational force, it passes
through the region of the merger without any distortion. The X-ray emitting
plasma consists of particles that interact via gravitational and electromagnetic
forces, which causes it to lag behind, resulting in an offset from the dark matter.
The gravitational lensing around the Bullet Cluster indicates the presence of mass

on the outskirts of the merger. The most visible (or luminous) matter, however,
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Figure 1.3: The Bullet Cluster is one of the most powerful pieces of observational
evidence of the existence of Dark Matter. Figure 1.3 shows a composite image of
the Bullet Cluster in visible and X-ray wavelengths as captured by the Hubble Space
Telescope (HST) and Chandra Observatory, respectively. The image shows a colli-
sion between two galaxy clusters, where the regions with the reddish hue represent the
ICM, and the blue region indicates the dark matter corresponding to each galaxy clus-
ter. (Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI,
Magellan/U.Arizona/D. Clowe et al.; Lensing Map: NASA /STScl; ESO WFI; Magel-
lan/U.Arizona/D.Clowe et al.)
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Figure 1.4: The ICM emits in X-ray via thermal Bremsstrahlung. Bremsstrahlung
radiation is produced when electrons are accelerated in a field of ions, typically in an
ionized plasma like the ICM.

lies in the center. This offset between the X-ray and the lensing is strong evidence

for the existence of dark matter.

1.3 The Intracluster Medium (ICM)

Although Galaxy Clusters contain hundreds of galaxies, the majority of the
baryonic mass lies in the ICM. The ICM is a hot ionized plasma that permeates
a galaxy cluster. It consists mainly of ionized hydrogen and helium and contains
most of the baryonic matter of the cluster. The metallicity of the ICM ranges
from a third to half of the Sun’s metallicity (Mantz et al., 2017). The temperature
of the ICM typically ranges from 107 - 108 K. The particle density of the ICM
varies from 107! ecm™ in the central regions of the cluster to ~10=% cm ~3 in the
outskirts. The characteristic luminosity of X-ray emission from the clusters lies

between 10%3 - 10%° ergs s~



The ICM mainly emits in the X-ray via the thermal Bremsstrahlung pro-
cess. Bremsstrahlung radiation is produced by the acceleration of electrons in a
field of ions, for example, an ionized plasma like the ICM. The X-ray emission
from thermal bremsstrahlung is characterized by a continuous spectrum that ex-
tends to high energies. The intensity of the emission depends on the density and
temperature of the ICM, as well as the number of high-energy electrons present.
By analyzing the X-ray emission from thermal bremsstrahlung, it is possible to
determine the temperature, density, and metallicity of the ICM (Takizawa, 1999).

The approximations made here are (Peterson and Fabian, 2006):

1. The photons are assumed to be free of any interactions with the electrons

or the ions once they are created.

2. It is assumed that the electron and radiation densities are low enough that
the rate of radiative decay is much higher than the rate of electron density-
dependent collisional excitation, further leading to the assumption that the

ionized atoms can be treated as if all their electrons are in the ground state.

3. The final approximation is that the electrons and ions have a Maxwellian

distribution and have achieved a common temperature.

The power per unit volume per unit energy is given approximately by:

d*P
dVdE

~ 10711nenHT’%e’% em P s, (1.1)



where n, and ny are the electron and Hydrogen densities, respectively, T is the
electron temperature (because it is not possible to measure the temperature of
the ions), and E is the photon energy.

Integrating over all frequencies, the total power per unit volume is:

dpP
av

=10 nenyT2ergs cm s, (1.2)

Hence, the emission is directly proportional to gas density squared.

1.4 Shocks

Galaxy Clusters are formed due to hierarchical mergers of smaller sub-
clusters (Press and Schechter, 1974). Mergers of galaxy clusters are the most
energetic events in the Universe after the Big Bang, wherein the sub-clusters
collide at velocities of ~10® km s}, releasing energy of the order of 10 ergs. This
energy is dissipated into the ICM via shocks and turbulence and may also cause
acceleration of ultrarelativistic particles (Markevitch and Vikhlinin, 2007). When
accelerated particles move through a medium at a supersonic speed, they cause
the medium to compress and heat up, forming a shock wave (or a bow shock).
Shocks (or shock waves) are surface discontinuities consisting of a separation
between two fluids (Vietri, 2008). Although the two fluids are separate, there is
a flux of mass, momentum, and energy between them. The strength of a shock is
determined by its Mach number, M.

When a disturbance propagates through a medium at a higher rate than

the sound speed in that medium, shock waves occur. The Mach Number (M)
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is a dimensionless quantity used to study such shock waves. It is defined as the
ratio of the speed of the disturbance passing through a medium (u) to the speed

of sound in the medium (vy):

M= —. (1.3)

| (©)

Figure 1.5: This figure shows how circular wavefronts emitted by a point source
move, depending on the speed of the source. Panel (a) shows uniform wavefronts when
the source is stationary. Panel (b) shows how these wavefronts compress and elongate
in front of and behind the moving emitter respectively. As the speed of the source
increases, the wavefronts start to overlap constructively. As the speed becomes u > vy,
or as M >= 1, these wavefronts form a single conical-shaped wavefront seen in panel

().

(a) (b)

Figure 1.5 indicates the development of a Mach cone. (a) represents a
point source that emits acoustic waves while it is stationary. As it starts moving,
it emits circular waves with the waves in front of it compressed while the ones
behind it are elongated, as shown in (b). These circular wavefronts then start

to overlap when u > wv,. This implies that the speed of the propagation of the



disturbance is supersonic, or M > 1. As shown in (c), a Mach cone forms when
the object starts moving at supersonic speeds.

Shocks cause irreversible changes in the thermodynamic properties (pres-
sure (P), density (p), and temperature (7)) of a fluid. A shock front may be
considered as a discontinuity across which there is an abrupt change in these
fundamental quantities because of the motion of the shock.

Figure 1.6 shows a shock front in the rest frame of the undisturbed gas on
the left and the rest frame of the shock front (shock frame) on the right side. In
the rest frame of the undisturbed gas, the shock front moves with a velocity w,
and the shocked gas moves with a velocity wy (w > ws). The shock is observed
here because the shock front moves with a velocity w > vy, where v, is the speed
of sound in the undisturbed gas. In the shock frame, the shocked gas moves away
from the shock front with velocity vy and the undisturbed gas moves towards the
shock front with velocity v;.

In the rest frame of the shock, the following laws of conservation of mass,

momentum, and energy are applicable (Blundell and Blundell, 2010):

Conservation of mass: The mass flux ®,,, i.e., the mass crossing unit

area in unit time, is equal on both sides of the shock and is denoted by

prloly = p2 [ty = P, (1.4)

where pq, ps = pre- and post-shock gas densities and v7,v5 = pre- and

post-shock velocities respectively.
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Rest frame of undisturbed gas Rest frame of shock front

(shock frame)

shocked undisturbed shocked undisturbed
gas gas gas gas
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Figure 1.6: The figure from (Blundell and Blundell, 2010) shows the structure of a
shock front in the rest frame of the undisturbed gas on the left and the rest frame of the
shock front (shock frame) on the right side. With respect to the shock frame, region 1
consists of the undisturbed ’upstream’ gas, and region 2 contains the shocked ’down-
stream’ gas. The gas in region 1 (pre-shock region) has lower pressure P, temperature
T, and density p but higher velocity ¥ than the shocked gas in region 2 (post-shock
region).
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Conservation of momentum: The momentum flux, i.e., the force per
unit area(P) in unit time, and the rate at which the momentum is transported

across the unit area (pt) is equal on both sides of the shock front:

P+ pu |0} = Po+ pa 03, (1.5)

where P, P, = pre- and post-shock gas pressures respectively.
Conservation of energy: The rate at which gas pressure does work per unit
area and the rate of transport of internal and kinetic energy per unit area is

constant across the shock front:

. I T N ﬁ - N
Py|v]; + (pruy + ol [613) |91, = P2 [9], + (patia + 3P [@]3) |91, (1.6)

where u = internal energy per unit mass,
P |5] = rate of work done per unit area by the gas pressure, and

(pt + 3p |7)*) |5 = rate of transport of internal and kinetic energy per

unit area.

Treating the gas as an ideal gas, the Rankine Hugoniot conditions can

be derived for the pressure, density, and temperature jumps using these laws of

12



conservation as follows:

From Equation (1.4), we get:

m 2
p2Uy = — = Uy =
P2
and
2
m 2
p1v1:—2 :}1]1:—

1

Rewriting Equation (1.5), we get:

Py — Py = pyv} — pav3

(

and

P—P =

Using this, we have:

1
2 2 2
Ul_v2¢m<_2_

P1

or,

2 2

U — Uy =

&,

m

P2

1Y
p%) ¢m’<

(P2—P1)(

1

P1

1

— 4+
P1

%

1
P2

1

po

)
)

)
p2)

1
P1

1
P2

)

(1.8)

(1.9)

(1.10)

(1.11)

(1.12)

To find the density jump, we need to solve the laws of conservation simul-

taneously. Considering the gas as an ideal gas, the internal energy per unit mass

is given by:
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Using Equation (1.13) in Equation (1.6), we get:

N - 1 R B 1
(7 = 1) patiavg + patiavy + 5/)2?)3 = (v — )prtivy + priiavr + 5/?111?-

Simplifying the above equation, we get:

~ 1 2 ~ 1 2
YpP2u2v2 + 5”2 (ﬂ2U2) = Yp1u1v1 + 5”1 (p1v1)-

Using Equation (1.4) and dividing the above equation by ¢,,:

~ 1, ~ 2
Yug + Sl2 =W + Sl

From Equation (1.13), we have,

Therefore,

Using Equation (1.12), we get:

11 2
(P = Py)( (— i _> = 5 [Py’ — P
pL P2 -

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)

(1.19)



Simplifying this equation, we get:

Y Paypy 4y Paprt =y Pipy L=y Pipr = Papy = Papy '+ Prpy t+Pipr b = =2y Prprt 2y Papy

(1.20)
Further simplification gives:
pa =Py +1) = Py = )] = —py [Ro(y = 1) + Pi(y + 1)), (1.21)
which in turn gives:
prt B+ +h0l-1)
From Equation (1.10), we know that:
P, — P, P, — P,
¢ = — = (12 ) (1.23)
P1 — P2 pr (1 — %)
2 (- h)
Om = 1 — RO=D+A(+1) (1.24)
Py(v+1)+P1(v-1)
and
1
o, = ol [Po(v+1) + Pi(y = 1)]. (1.25)
Substituting using Equation (1.4),
9 1

20
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The Mach number of this shock is given by M; = v;/vs, where vy =

V//p1/p1, so that

vip
M? = 1.27
i=-p (1:27)

Substituting into Equation (1.26),

1
p1v; = MivPy =§[P2(7+1)+P1(7—1)] (1.28)

and

Py 2MPy — (v =1)] = P(y + 1). (1.29)
which gives the pressure jump,

Py _2Miy—(y-1)

(1.30)

Using Equation (1.22), we have:

P2 B(y+1D)+P(y—1)

p1 P(y—1)+P(y+1) (1:31)

Dividing numerator and denominator on r.h.s. by P; and substituting

Equation (1.30)

pr _ 2MPy—(y—1]+(y—1) _ 2MPy(y+1)
pr 2Miy—(v=D]+(y+1)  aMiy(y—1)+2(2y)

(1.32)
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which gives the equation for the density jump:

pr _ (y+ 1M}
pr 24 (y = 1)ME

Therefore, the Equation for the pressure jump is:

Py 29MP — (v —1)
Pl ")/‘i‘l

and the Equation for the density jump is:

p2 |0 (y+ 1M

pr Ul 2+ (y = DME

And the Equation for the temperature jump is:

T 5 [2yMP = (y=D]2+ (v = )M

n b (v + 1)2M2

where M; = Mach number of the shock

and v = 5/3 for a non-relativistic monoatomic gas.
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(1.33)

(1.34)

(1.35)

(1.36)



Pao/py To/Th

100 /

4 S/ P2/ Py
ﬁ_—‘
///
1
1/4 B — YL
‘
1 10 10°
M,

Figure 1.7: The figure shows the plots for the pressure, temperature, and den-
sity jumps according to the Rankine-Hugoniot jump conditions for a non-relativistic
monoatomic gas, as a function of M;. In the limit M — oo, the maximum value for the
density jump (p2/p1) is 4. However, the pressure jump increases without any limit. As
a result, the temperature jump may also increase without limit. (Blundell and Blundell,
2010)

Figure 1.7 shows the plots for the pressure, temperature, and density
jumps according to the Rankine-Hugoniot jump conditions for a non-relativistic
monoatomic gas as a function of M;. In the limit M — oo, the maximum value
for the density jump (p2/p1) is 4. However, the pressure jump increases without
any limit. As a result, the temperature jump may also increase without limit

(Blundell and Blundell, 2010).
1.4.1 Shocks in Galaxy Clusters

Shocks in the ICM may occur due to any of the following phenomena:

18



1. Due to very strong AGNs in the central regions of clusters blowing bubbles
into the ICM, weak shocks (M ~ 1) are created within a few hundred kpc
radius of the center (Jones, 2002; McNamara et al., 2005; Nulsen et al.,

2005; Forman et al., 2007).

2. Simulations show that at the cluster outskirts, cold intergalactic medium
(IGM) accretes to the cluster potential, causing very strong shocks with
M ~ 10 — 100 (Miniati et al., 2000). However, as this is happening at
several megaparsecs from the cluster center, the X-ray surface brightness,
and by extension, the gas density, is too low for any of the current X-ray

missions.

3. During a merger event between two clusters of galaxies, the dark matter
halos pass through each other without any interactions. The gas in the ICM
of these two clusters interact, and the infalling gas moves at a supersonic
speed. This leads to the formation of a shock front. Figure 1.8 shows the
X-ray image of 1E0657 (or Bullet Cluster), which is an example of such a

merger shock (Markevitch, 2006a).

Shock fronts formed as a result of major mergers travel through the clus-
ter, thereby etching on the ICM the story of the large-scale structure formation.
Merger shocks typically have M < 3. Table 1.1 lists the galaxy clusters wherein
mergers resulted in strong shocks. Evidently, there are very few systems like this,

which is why they make for very interesting research.
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1E0657-56

Shock front

" Remnant- core
cold front

Chandra 0.5 Msec image

Figure 1.8: An X-ray image of the Bullet Cluster (Markevitch, 2010) at redshift
z = 0.3, as observed by the Chandra X-ray Observatory. The ”bullet” refers to the
smaller sub-clusters moving westward after passing through a bigger cluster in the
merger. This merger creates a strong shock (M = 3.0 +0.4) in front of the cold bullet,
as indicated in the image.

Table 1.1: A list of galaxy cluster merger systems that exhibit strong shocks. There
are very few systems that indicate such strong mergers, making them interesting case
studies.

Galaxy Cluster  R.A. Dec. z  Mach Number Reference

Bullet Cluster 06:58:31.1 +55:56:49 0.296 3.0+ 0.4 Markevitch (2006a)
A2146 15:56:08.9 +66:21:21 0.234 2.3 +£0.2 Russell et al. (2012)
A665 08:30:45.2 +65:52:55 0.182 3.0+ 0.6  Dasadia et al. (2016)

A520 04:54:19.0 +02:56:49 0.203  2.4753 Wang et al. (2018)
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1.4.2 Mach Number

The Mach number for a shock can be determined from the X-ray surface
brightness profile across the shock front by fitting it to a gas density model. The
method for obtaining the surface brightness profile has been detailed in Section 3.
Figure 1.9 shows the radial profile of the X-ray brightness across the shock front
of the Bullet Cluster. The discontinuity in the density is determined by fitting
this profile with a density jump model with an abrupt spherical density jump
(Markevitch and Vikhlinin, 2007). The best-fit model gives the density jump as
a factor of 3. Rearranging the Rankine Hugoniot condition obtained in Equation

(1.35), we get the following equation (Russell et al., 2010):

1
222 2
p1
T (20— 1)]

Using this equation, the Mach number obtained for the Bullet Cluster is

(1.37)

3.0 £0.4.
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Figure 1.9: The X-ray surface brightness profile of the bullet cluster fitted with a
density jump model. (Markevitch and Vikhlinin, 2007)

Mach number can also be determined by using the temperature jump
across the shock front. The method for obtaining this profile is also discussed
in detail in Section 3. Equation 1.36 can be rearranged to obtain the equation

for Mach number:

(1.38)

(v + 1)2(2) — 1>] :
=

2y(y -1
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The left panel in Figure 1.10 shows the temperature profile for the pro-
jected temperature values of the Bullet Cluster. The temperature jump obtained
from this value agrees with the Mach number obtained from the density jump.
The pre-shock temperature can be used to obtain the sound speed in the gas.
Once the Mach number has been determined, the shock velocity can also be cal-

culated.
1.4.3 Electron-ion Equilibration

Cluster merger shock fronts provide the opportunity to investigate the
electron-ion equilibration time in the magnetized ICM. The post-shock temper-
ature of the ICM is the temperature at which the electrons and ions equilibrate
after a specific time. The timescale for this equilibration depends on how the elec-
trons are heated. When the shock front propagates through a collisional plasma,
the ions are dissipatively heated by the shock. The electrons, however, are not
strongly heated by the shock. They are expected to undergo adiabatic compres-

sion, given by the following equation:

TeQ — Te 1(-)’\/71, (139)

where T, T.5 = pre-shock and post-shock electron temperatures

and ny, ny = pre-shock and post-shock electron densities,
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and v = 5/3 for a non-relativistic monoatomic gas.

The electron temperature then equilibrates with that of the ions via

Coulomb collisions. These collisions occur on a Spitzer timescale given by:

T.
108K

Teq(e,p) = 6.2 X 108yr( fle )_1 * ( )3/2, (1.40)

10-3
where T, is the electron temperature, and n. is the electron density (Sarazin,
1986).

However, shocks in a magnetized plasma like the ICM are likely to be
collisionless. Observations of solar wind shocks found that the width of the shock
front over which the temperature jump (of the electrons and ions) occurs is several
orders of magnitude lesser than the mean free path of Coulomb collision because
of the interactions produced by the coupling of the particles with the electric and
magnetic fields (see Ness et al. 1964, Hull et al. 2001). Hence, the time over which
the electrons get heated would be expected to be much shorter than the Coulomb
collisional timescale.

The Bullet cluster provided the first-ever experimental setup to measure
the electron-ion equilibration timescale. While the temperature of the protons (7;)
cannot be measured in X-rays, it is possible to measure 7., and the gas density
jump across the shock front. The gas density jump can be used, along with the
pre-shock electron temperatures, to predict the post-shock adiabatic and instant-
equilibration temperatures, using the adiabatic and the Rankine-Hugoniot jump

conditions, respectively. The Mach number of the Bullet cluster is sufficiently
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Figure 1.10: Left: Projected temperature profile across the shock region. Right:
Deprojected temperature values overlaid on the two possible models of shock-heating:
instant equilibration ( represented by a light gray band, labeled ”shock” ) and adiabatic
compression with subsequent equilibration over the Spitzer timescale ( represented by
the dark-gray band, labeled ”adiabatic” ). The velocity is the post-shock velocity, as-
sumed to be constant in the immediate vicinity of the shock.(Markevitch and Vikhlinin,

2007)
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high so that the adiabatic and instant-heating electron temperatures are different
enough to distinguish between them and determine the equilibration model.

In Figure 1.10, the left panel shows the projected temperature profile of
the Bullet Cluster across the shock. The shock front is at 0”. The region to the
right shows the pre-shock temperatures. As can be seen in the first two bins to
the left of the shock front, there is a clear jump in the electron temperature. The
temperature goes down again in the region close to the bullet; however, this likely
corresponds to a second surface brightness edge in the cluster (see fig 1.9) and is,
in all probabilities, caused by residual cool gas from the sub-clusters, and is not
related to the primary shock.

The right panel in Figure 1.10 shows the deprojected temperature values
overlaid on the two possible models of shock-heating: instant equilibration (rep-
resented by a light gray band in the figure) and adiabatic compression with sub-
sequent equilibration over the Spitzer timescale (represented by dark-gray band
in the figure). The plot assumes a constant post-shock velocity in the immediate
shock vicinity.

Looking at the plot, it is clear that the temperatures are consistent with
the instant-heating model. However, the deprojected temperatures are so high
(~ 30 — 50keV’) that they cannot be constrained by Chandra because its pass
band lies in the range of 0.7 — 7.0keV as shown in Figure 2.5, and so, only their
lower limits are meaningful. Thus, the adiabatic heating model is excluded at a

95% confidence level (Markevitch, 2003).
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These measurements for the electron-ion equilibration have also been per-
formed for the stronger (M = 2.3 £ 0.2) shock in A2146, which showed a pref-
erence for the Coulomb equilibration at a 95% confidence level (Russell et al.,
2012). Thus, a definite method for electron-ion equilibration has not yet been
determined. A merger system that provides the answer to this important ques-

tion with greater certainty will provide remarkable insight into the physics of the

ICM.

1.5 Cold Fronts

Cold Fronts are sharp contact discontinuities in the density and tempera-
ture of the ICM (for a review, see Markevitch and Vikhlinin 2007). Unlike shock
fronts, the brighter and denser side of this discontinuity is the colder one, and
there is no change in the pressure across the cold fronts. The discovery of cold
fronts gave us a new way to determine the transport properties of the ICM. Cold
fronts have been observed in merging galaxy clusters mainly due to the excep-
tional angular resolution of Chandra. One of the first cold fronts discovered by
Chandra was in the merging cluster A2142, shown in Figure 1.11 (Markevitch
et al., 2000a).

Clusters of galaxies are dynamic objects owing to the ongoing cosmological
structure formation. The motion of gas within the cluster provides the condition
for the formation of cold fronts. There are two classes of cold fronts - “remnant-

core” cold fronts and “sloshing” cold fronts (Tittley and Henriksen, 2005a).
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Remnant cold fronts form when a smaller galaxy group or sub-cluster falls
into a larger cluster, and the infalling cluster undergoes “Ram-pressure stripping.”
Ram-pressure stripping happens when the infalling cluster is stripped of the outer
layer of its atmosphere because of the heat wind generated as a result of moving
through the ICM of the larger cluster. Prominent examples of such cold fronts
are the Bullet Cluster (Markevitch, 2003) (see Figure 1.8) and A3667 (Vikhlinin
et al., 2001a).

“Sloshing” cold fronts form when the merger between two sub-clusters is
off-axis, thereby causing an offset of the dense core gas from its equilibrium posi-
tion in the cluster potential. The ICM then sloshes around in the potential well,
much like wine sloshes around in a wine glass, as shown in fig 1.12 (Markevitch
et al., 2000a; Tittley and Henriksen, 2005a). Sloshing cold fronts are mostly seen
in cool-core clusters, which are clusters that have not seen any merger activity for
some time. Prominent examples of merger systems with sloshing cold fronts are
the Virgo Cluster (Forman et al., 2010; Werner et al., 2016) and A2142 (Marke-
vitch et al., 2000a). As shown in 1.11, two fronts in A2142 were identified on the
opposite sides of the cluster core and were originally proposed to be remnant-core
cold fronts. However, longer Chandra observations indicate that they are indeed
sloshing cold fronts (Markevitch and Vikhlinin, 2007).

As shown in 1.11, two fronts in A2142 were identified on the opposite sides
of the cluster core and were originally proposed to be remnant-core cold fronts.
However, longer Chandra observations indicate that they are indeed sloshing cold

fronts (Markevitch and Vikhlinin, 2007). Figure 1.13 shows the temperature
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NW front

southern front

Figure 1.11: ACIS image of A2142, the galaxy cluster where the first cold fronts were
discovered. At least two brightness edges are seen: one between the blue and the black
region to the Northwest of the center (NW Front) and one between the purple and blue
regions to the south of the center (Southern Front) (Markevitch and Vikhlinin, 2007).
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Figure 1.12: Sloshing cold fronts form when there is an off-axis merger between two
sub-clusters. Such a merger causes the ICM to slosh around its equilibrium position,
much like wine sloshes around in a wine glass.(Markevitch and Vikhlinin, 2007)
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profiles, X-ray brightness profiles, density profiles, and pressure profiles across the
two sharp edges in the Chandra image of A2142. Panel (b) shows the temperature
profiles across both the edges, with the southern edge on the left and the NW edge
on the right. With an observed density jump of r ~ 2 and post-shock temperature
of T} ~ 7.5keV inside the NW edge, the pre-shock gas temperature is expected
to be Ty ~ 4keV. However, the observed temperature in the less dense region of
the gas is, in fact, higher than in the more dense region. This indicates that the
brightness edge is not a shock but a cold front. A similar effect is observed in the

southern edge as well.
1.5.1 Kelvin-Helmholtz Instabilities (KHI) and Magnetic Draping

All the formation scenarios for cold fronts predict the existence of velocity
shear (Zuhone and Roediger, 2016). Such interfaces with shear velocities often
develop Kelvin-Helmholtz instabilities (Chandrasekhar, 1961). Hence, one of the
questions that often need to be answered when studying cold fronts is whether
or not they are stable to KHIs because these instabilities eventually lead to the
dissolution of the sharp interface.

KHI’s may be suppressed in the presence of a strong magnetic field aligned
with the shear flow interface (Vikhlinin et al., 2001c). The strength of the mag-

netic field is described by equation 1.5.1

= Pih

Pmag
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Figure 1.13: (a) Exposure-corrected X-ray image of A2142 with red sectors indicating
the regions over which the temperature profiles are extracted. The first region is to the
south of the center (Southern edge), and the second region is to the northwest (NW
edge) of the center. In panels (b)-(e), the plots to the left refer to the Southern edge,
and the ones to the right refer to the NW edge. (b) shows the temperature profiles
across the two regions. (c) shows the X-ray brightness profiles across these two edges.
The red histogram here is the brightness model corresponding to the best-fit gas density
model in (d). (e) shows the pressure profiles obtained using temperature and density
profiles. (Markevitch et al., 2000a)
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where py, is the thermal pressure and p,, is the magnetic pressure. A high value
of § indicates that the thermal pressure dominates over the magnetic pressure,
while a low value of 3 suggests that the magnetic pressure is significant compared
to the thermal pressure.

The effect of the magnetic field on KHI and the dissolution of structure
can be seen in Figure 1.14. Panels (a)-(c) show the snapshots of the cold front
at 2.65 Gyr, 3.0 Gyr, and 3.5 Gyr, respectively. The cold front is unmagnetized,
and hence, the KHIs are not suppressed at all. As can be seen from the figure,
this results in the breakdown of the sharp interface. Panels (d)-(f) represent
the evolution of the cold front for g = 1000 at 2.65 Gyr, 3.0 Gyr, and 3.5 Gyr,
respectively. The magnetic field in this case is slightly higher compared to that
in panels (a)-(c), and as a result, the sharp interface does not dissolve as much as
it does in the complete absence of magnetic field lines. Further, in panels (g)-(i),
B = 200, the magnetic field is even higher, and the sharp interface maintains its
structure far better than in the previous cases.

The magnetic field strength, parameterized by f, is negligible in most of
the volume of the galaxy cluster (Zuhone and Roediger, 2016). However, the
suppression of instabilities at the interface of the cold front indicates the presence
of “magenetic draping”, or the stretching of magnetic field lines over the cold

front as shown in fig 1.15
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Figure 1.14: Figures (a)-(f) represent the effect of Magnetic fields on the stability of
the cold front. Panels (a)-(c) show the evolution of an unmagnetized cold front at 2.65
Gyr, 3 Gyr, and 3.5 Gyr, respectively. Panels (d)-(f) show the cold front at the same
time when = 1000. Panels (g)-(i) show the evolution of the cold front when § = 200
at 2.65 Gyr, 3.0 Gyr, and 3.5 Gyr, respectively. This work made use of data from the
Galaxy Cluster Merger Catalog.
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Figure 1.15: A three-dimensional simulation of an overdense projectile, in this case, a
cold front, passing through a uniformly magnetized ICM, with the magnetic field lines
draped around it (Dursi and Pfrommer, 2008). The cutting plane and the field lines
are colored according to the magnetic energy.
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1.5.2 Diffusion and Thermal Conduction

For a lot of the cold fronts, the width of the interface is unresolved even by
Chandra because often, this width is smaller than the Coulomb mean free path.
The diffusion of particles and thermal conduction across the cold front interface is
expected to be very efficient. The values of temperature and densities of the gas
on either side of the front imply a quick thermal conduction timescale, which in
turn would blur out jumps in temperature and density. However, observations for
many clusters show sharp interfaces, indicating that both diffusion and thermal

conduction are strongly suppressed (Zuhone and Roediger, 2016).
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Chapter 2. Observatories

2.1 Chandra X-ray Observatory

The Chandra X-ray Observatory (Figure 2.1) is an X-ray imaging space
telescope launched by NASA on July 23, 1999, on board the space shuttle
Columbia. Figure 2.1 shows an artist’s conception of Chandra in space. Chandra
is jointly managed by NASA’s Marshall Space Flight Center (MSFC), Chandra
X-ray Center (CXC), and Smithsonian Astrophysical Observatory (SAO). The
Chandra X-ray Observatory is part of NASA’s Great Observatories program,
which includes the Hubble Space Telescope and the Spitzer Space Telescope.
These observatories are placed in different orbits to cover a wide range of wave-
lengths and provide complementary observations of the universe.

Chandra has been designed to detect and obtain the X-ray images and
spectra of highly energetic events such as the merger of galaxy clusters, matter
around black holes, and many others that can help understand the structure and
evolution of the universe. Chandra orbits at an altitude of about 133,000km
(82,646 mi) above the Earth, with an orbital period of 64 hours and a continuous
observation time of 55 hours.

The angular resolution of Chandra is 0.5 arcseconds on axis, which is

better than any other previous or current X-ray observatories. This high angular
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Figure 2.1: An artist’s impression of Chandra X-ray Observatory in space. Image
credits: NASA/CXC
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resolution is due to Chandra’s use of four nested mirrors that focus X-rays onto
the detector. This has resulted in sharper and more detailed images of the high-

energy universe from Chandra compared to any other telescope.

Aspect Camera  Spacecraft
Stray Light Module

Sunshade Door Shade

High Resolution
Mirror Assembly
(HRMA)

Optical Bench
High Resolution

/ Camera (HRC)

< Integrated Science
Instrument Module
(ISIM)

Solar Array — Thrusters (4)

Low Gain Antenna (2)

Advanced CCD
Imaging Spectrometer
(ACIS)

Figure 2.2: A labelled diagram of the Chandra X-ray observatory. There are four
science instruments aboard the spacecraft, in addition to the mirror assembly, the solar
panels, and the spacecraft and science modules. Image credits: Chandra X-ray Center
(CXCO).

As shown in Figure 2.2, there are four major Science instruments on board
the Chandra observatory:
1. Advanced CCD Imaging Spectrometer (ACIS)

2. High Resolution Camera (HRC)

3. High Energy Transmission Grating Spectrometer (HETGS)
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4. Low Energy Transmission Grating Spectrometer (LETGS)

4 Nested Paraboloids
4 Nested Hyperboloids

Doubly

s 5
{

Figure 2.3: Nesting of mirrors on the Chandra observatory. Image credits: NASA

The Chandra X-ray Observatory’s nested mirror system, shown in Figure
2.3, is designed to capture and focus X-rays with high precision. The fundamental
principle behind the Chandra telescope’s nested mirror system is grazing incidence
optics. Unlike traditional optical telescopes that use reflection at normal incidence
(a 90-degree angle), Chandra’s mirrors are designed to work at extremely shallow
angles, typically less than a degree. This grazing incidence allows the mirrors
to reflect X-rays effectively. The mirrors in Chandra are arranged in a series of
concentric shells. There are four sets of these nested mirrors, each consisting of
several individual mirror segments. These mirror shells are designed to funnel
and focus incoming X-rays toward a common focal point. The mirror surfaces are
polished to an extreme level of smoothness to minimize the scattering of X-rays.
As the X-rays undergo multiple reflections off the nested mirrors, they converge
at a common focal point. This focal point is where the X-rays are concentrated

and ultimately detected by the telescope’s detectors. Because of the grazing
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incidence optics and nested mirror design, Chandra can achieve exceptionally
high-resolution X-ray images of astronomical objects. This capability is crucial

for studying fine details and structures within X-ray-emitting sources in space.

ACIS FLIGHT FOCAL PLANE

.‘ lu .
r,— } ACIS-I
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Bottor
.J‘Jr“lm‘. Store

Figure 2.4: ACIS schematic layout overhead view to illustrate the location of the
imaging (ACIS-I) and spectroscopic (ACIS-S) arrays of CCD ships. Image credits:
NASA

The ACIS is a focal plane instrument (Figure 2.4) that consists of 10
Charged-Coupled Devices (CCDs) arranged in two arrays, ACIS-I and ACIS-S.
The ACIS-I array is a 2x2 arrangement of chips, and ACIS-S is a strip of 6 chips.
The spatial resolution of Chandra is 0.5 arcsec on-axis over the energy range of
0.2 to 10.0 keV. This instrument is used for its capability to measure the energy
of incoming photos while simultaneously producing an X-ray image using these
photons. The field of view of ACIS-T is 16’ x 16’, and that for all 6 chips of the
ACIS-S is 8 x 48'.

Figure 2.5 shows the effective area of Chandra. The effective area is

2

measured in units of em”. Chandra’s pass band lies between the energies of
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0.7 — 7.0keV. This means that it is not possible to obtain information for ener-

gies that lie beyond this range.
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Figure 2.5: Effective area of Chandra in its 21st cycle.

The Chandra X-ray Observatory provides specific software tools to down-
load and analyze Chandra data. The primary software package for this purpose
is the Chandra Interactive Analysis of Observations (CIAO). CIAO is designed
to handle data reduction and processing of Chandra X-ray data. It also pro-
vides tools for spectral analysis, imaging of the X-ray data, source detection, and
data visualization. Other software tools like XSPEC and SAOImage DS9 are also

commonly used in conjunction with CIAO for more specialized tasks.
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2.2 NuSTAR

The NuSTAR telescope (Figure 2.6), short for Nuclear Spectroscopic Tele-
scope Array, is a space-based X-ray telescope designed to observe high-energy
X-rays from astrophysical sources. It is a mission managed by NASA’s Jet Propul-
sion Laboratory (JPL) in collaboration with the California Institute of Technology
(Caltech). NuSTAR was designed to study the high-energy universe by focusing
on the hard X-ray band (3 to 79 keV). This energy range allows NuSTAR to
observe the most energetic phenomena in the universe, such as black holes, su-
pernovae, neutron stars, and active galactic nuclei.

NuSTAR is equipped with two main scientific instruments:

1. Focal Plane Module (FPMA and FPMB)

2. Optics Module

The FPM is NuSTAR’s primary instrument for collecting X-ray data. It
consists of two co-aligned detectors, FPMA and FPMB. The FPMs can record

X-rays in the energy range of approximately 3 to 79 keV (kilo-electron volts).

2.3 XMM-Newton

The XMM Newton X-ray Observatory is an X-ray space telescope operated
by the European Space Agency (ESA). It was launched on December 10, 1999,
and has since been an essential instrument for observing and studying X-ray
emissions from celestial objects. Figure 2.7 shows an artist;s illustration of the

XMM Newton
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Deployable Mast

Focal Plane/
Detectors

Figure 2.6: An artist’s impression of NuSTAR in orbit. NuSTAR consists of a 10m
( 30') mast that separates the optics modules on the right from the detector modules

on the left. Image credit: NASA, Caltech
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Figure 2.7: An artist’s illustration of the XMM Newton spacecraft. Image credits:
ESA. Tlustration by Ducros
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XMM-Newton features three X-ray telescopes with a nested mirror design.
The mirrors are coated with thin layers of gold to maximize X-ray reflection. Each
telescope has a diameter of 58 centimeters and a focal length of 7.5 meters.

XMM-Newton is equipped with three high-throughput X-ray instruments:
1. European Photon Imaging Camera (EPIC)
2. Reflection Grating Spectrometer (RGS)

3. Optical Monitor (OM)

2.4 Comparison of the Three X-ray Observatories

Figure 2.8 compares the effective area of Chandra, XMM Newton, and
NuSTAR. The effective area of an X-ray telescope is a crucial parameter that de-
termines its ability to collect X-ray photons. It represents the telescope’s effective
collecting area as a function of X-ray energy. Chandra’s effective area lies between
0.7 and 7.0 keV. Chandra has a relatively smaller effective area compared to some
other X-ray telescopes. XMM-Newton’s effective area also varies with energy, but
it is designed to have a larger collecting area. NuSTAR is optimized for observing
high-energy X-rays and has a substantial effective area at higher energies. NuS-
TAR’s strength is its high effective area in the hard X-ray regime (above 10 keV),
which allows it to study extremely energetic phenomena, such as black holes and

supernovae remnants.
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Figure 2.8: The effective areas of Chandra, XMM and NuSTAR plotted as a function
of energy. Chandra’s effective area is the least compared to others, but it has a high
spatial resolution, which makes it ideal for detailed imaging of X-ray sources.
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2.5 ROSAT

The ROSAT (from ROentgen SATellite or Rontgensatellit in German) ob-
servatory was a space-based X-ray telescope that was a joint mission between
Germany, the United States, and the United Kingdom. It was launched by the
German Aerospace Center (DLR) and NASA on June 1, 1990, on a Delta II
rocket. ROSAT was operational from 1990 to 1999. The left panel of Fig. 2.9
shows the launch of ROSAT using a Delta II vehicle. The right panel of Fig. 2.9
shows an artist’s impression of ROSAT in flight.

The main purpose of the ROSAT observatory was to conduct the first com-
prehensive all-sky survey and study various astronomical objects using imaging
X-ray telescopes (Triimper, 1990). The primary objective of the survey was to de-
tect and catalog X-ray sources across the entire sky. This all-sky survey, known
as the ROSAT All-Sky Survey (RASS) resulted in the creation of the ROSAT
All-Sky Survey Bright Source Catalogue (RASS-BSC) (Voges et al., 1997). The
survey allowed for the detection and characterization of X-ray emission from stars,
galaxies, and galaxy clusters (Ebeling et al., 1998).

The ROSAT telescope was placed in a highly elliptical Low Earth Orbit
(LEO) during its mission. The orbital altitude of ROSAT varied between approx-
imately 580 kilometers (360 miles) and 580,000 kilometers (360,000 miles) above
the Earth’s surface. ROSAT took approximately 90 minutes to complete one full

orbit around the Earth.
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Figure 2.9: Left: ROSAT was launched on with a Delta II vehicle on June 1, 1990.
Right: An artist’s impression of ROSAT in flight. Image credit: Max-Planck-Institut
fiir extraterrestrische Physik (MPE)

The ROSAT observatory was equipped with two main scientific instru-

ments:
1. X-ray Telescope (XRT)

2. Wide Field Camera (WFC)
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Figure 2.10: Effective area of the XMA as a function of energy. Image credit:
HEASARC.

The X-ray Telescope (XRT) was the primary instrument of ROSAT. It
operated in the X-ray wavelength range of 6 — 100 A (Triimper, 1990). The XRT
consists of the X-ray Mirror Assembly (XMA), two Positional Sensitive Propor-
tional Counters (PSPC), a High-Resolution Imager (HRI), two detectors, and a
deflector, as shown in the schematic diagram in the left panel of Fig. 2.10. The

XMA consisted of 4 nested grazing incidence Wolter-I mirrors with a diameter of
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83 cm. The nested mirror shells were designed to minimize X-ray scattering and
improve the telescope’s sensitivity. The focal plane detector of the XRT was a
PSPC, which recorded the position and energy of incoming X-ray photons. The
HRI was an imaging proportional counter with high spatial resolution designed for
detailed studies of individual X-ray sources. It used microchannel plates to am-
plify incoming X-ray photons, resulting in high sensitivity and spatial resolution
down to sub-arcsecond levels.

The primary software used for analyzing ROSAT data is the Standard
Analysis Software System (SASS). SASS was developed by the Max-Planck-
Institut fir Extraterrestrische Physik (MPE) and is designed to process and an-
alyze X-ray data obtained by the ROSAT observatory. SASS provides tools and
algorithms for data reduction, source detection, and spectral analysis of ROSAT

data (Voges et al., 1997).

2.6 Suzaku

Suzaku (shown in Figure 2.11), also known as the ASTRO-E2 mission,
was a Japanese X-ray astronomy satellite operated by the Japan Aerospace Ex-
ploration Agency (JAXA). It was launched on July 10, 2005, and remained in
operation until September 2015. Suzaku was designed to observe X-rays from
various sources and conduct high-precision X-ray spectroscopy and imaging.

Suzaku’s main scientific instruments included:

1. X-ray Imaging Spectrometer (XIS)
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Figure 2.11: An artist’s illustration of the Suzaku spacecraft. Image credit:
ISAS/JAXA

2. Hard X-ray Detector (HXD)

The XIS instrument consisted of four X-ray CCD cameras with high-
resolution spectroscopy capabilities. It was designed to capture X-ray images
and provide detailed spectral information for various sources, such as supernova
remnants, active galactic nuclei (AGNs), and clusters of galaxies. The HXD was
used for observing high-energy X-rays in the hard X-ray band. It featured a com-
bination of various detectors, making it suitable for detecting and characterizing

hard X-ray sources.
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Chapter 3. Analysis

3.1 Data Reduction

All the data pre-processing and reduction processes mentioned here are
done using CIAO (Fruscione et al., 2006). The data is downloaded by using
download_chandra_obsid script. Once the data has been downloaded, the data
needs to be preprocessed before image analysis can be performed.

The first step is to run the chandra repro script. This script automates
all the steps to be followed for reprocessing a Chandra data set, which consists
of using the data from the primary and secondary directories to create a new
level = 2 event file and a new level = 2 Type II PHA file with the appropriate
Ancillary Response Files (ARFs) and Redistribution Matrix Files (RMFs). The
ARF file contains information about the effective area as a function of energy for
any observation and is analogous to the sensitivity curve in optical astronomy.
Fig 2.5 shows the ARF for the 21st annual cycle of Chandra, updated according to
the latest calibration measurements. The Redistribution Matrix File (RMF) maps
the relationship between each instrument channel and the appropriate incident
photon energy. It is analogous to the line spread function in optical and IR

astronomy.
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The second step is to merge the event files from all the observations and
reproject it to a common tangent point using reproject_obs. This merged file can
be used in DS9 to analyze the data, create images, or extract spectra.

The third step is to create an exposure-corrected image using the script
flux obs. This script creates exposure maps for the reprojected observations ob-
tained in the previous step and divides the latter with the former to create an
exposure-corrected image, which can be further analyzed using DS9.

The lc clean routine removes flares and periods of anomalously low count
rates from light curves. It is based on the program created by Maxim Markevitch.
In the following Figures 3.1 to 3.10, I demonstrate the use of this script with our
new, deep Chandra data of the merging cluster SPT J2031-4037. For all eight
observations (21539, 23843, 24505, 24506. 24507, 24508, 24508, 24510, 26215,
and 26479), the data was mostly clean and produced a total exposure time of 225
ks.

All the observations were free from significant anomalies or flares, as can
be seen in the figures.

Once the data has been preprocessed and the image has been obtained
in DS9, source and background regions are created in order to perform spectral
analysis on these regions. The specextract script is used to extract spectra over

the source and background regions.
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Figure 3.1: Light curve for 21539. This is done to remove periods of anomalously low
counts and high flares. The lc_clean script removes anomalies that are 3 ¢ away from
the mean (in blue).
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Figure 3.2: Light curve for 23843.
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Figure 3.3: Light curve for 24505.
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Figure 3.4: Light curve for 24506.
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Figure 3.5: Light curve for 24507.
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Figure 3.6: Light curve for 24508
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Figure 3.7: Light curve for 24509
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Figure 3.8: Light curve for 24510
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Figure 3.9: Light curve for 26215
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Figure 3.10: Light curve for 26479
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3.2 Image Analysis Using GGM

Gaussian gradient magnitude (GGM) refers to a mathematical operation
that computes the magnitude of the gradient of an image using a Gaussian filter.
The GGM is computed by convolving an image with a Gaussian filter, which
is a smoothing filter that is typically used to reduce noise and blur an image.
The convolution operation computes the weighted sum of the pixel intensities in
the image, with the weights determined by the Gaussian function. The resulting
output is an image that highlights areas of rapid intensity changes, such as edges or
boundaries, in the original image. GGM can be used in various image processing
tasks, such as edge detection, feature extraction, and image enhancement. We use
GGM to analyze our images by detecting the gradients in the surface brightness.
The steeper the gradient, the brighter the surface brightness edges appear in the

image.

3.3 Spectral Analysis

Once the data has been cleaned and reduced, the "source region” is se-
lected for analysis, and a ”background region” is used to estimate and subtract
the background contribution. The specextract script creates source spectra and
background spectra.

The data that is obtained from Chandra is in the form of photon counts
(C') within specific instrument channels (7). The observed spectrum of the source

is related to the actual spectrum of the source f(E) by:
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() = / F(BE)R(I,E),dE, (3.1)

where R(I, E) is the instrumental response and is proportional to the probability
that an incoming photon of energy E will be detected at channel [.

Although this would imply that rearranging equation 3.1 will determine
the actual spectrum, generally, it is not possible. Alternatively, a model spectrum
f(E), which may be described in terms of a few parameters, is chosen and is
'fit’ to the observed data, which is convoluted with the instrumental response.
The extracted spectra for can be fitted using XSPEC, an X-ray spectral fitting
program. In order to fit our Chandra data, the PHABS (APEC) multiplicative
model has been used.

The PHABS (Photoabsorption Model) is a component which accounts
for the absorption of X-ray photons by intergalactic gas and dust along the line
of sight from the source to the observer. The PHABS model calculates the
X-ray absorption as a function of energy using the cross-sections of the absorb-
ing elements. It is parameterized by the hydrogen column density (Ng), which
represents the amount of absorbing material along the line of sight.

The APEC (APEC Thermal Plasma Emission Model)is a component
which models the emission of X-ray photons from a hot, optically thin thermal
plasma. It is based on the Astrophysical Plasma Emission Code (APEC), which
calculates the X-ray emission spectrum of a hot gas in collisional equilibrium. The

parameters of the APEC model typically include the temperature of the plasma
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(kT), the elemental abundances, and the normalization factor (which is related
to the emission measure of the plasma).
Fitting with this model gives us the temperature values of the electrons in

the ICM of the cluster, thus generating a temperature profile.

3.4 Surface Brightness and Density Profiles

To extract surface brightness profiles and density profiles of Chandra data,
PROFFIT is used. PROFFIT (ProFit for X-ray spectral analysis) is a software
tool designed for the analysis of X-ray surface brightness and density profiles
from Chandra X-ray Observatory data. The basic tool used by me for extracting
surface-brightness profiles is SECTOR. This tool extracts the surface brightness
profiles from the input image for any custom binning. The center of the surface-
brightness profile can either be computed automatically or supplied by the user.
These profiles can then be fitted by a model to obtain the density profiles. For
my analysis of SPT J2031, I have used the broken power-law gas density model

for the fitting.
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Chapter 4. A Rare, Strong Shock Front in the Merging

Cluster SPT-CLJ 2031-4037

4.1 Introduction

Galaxy clusters, found at the nodes of the large-scale structures in the
universe, are the most massive gravitationally bound and virialized structures in
the Universe. They are formed via accretion, gravitational infall, and hierarchical
mergers of smaller sub-clusters and galaxy groups (Markevitch and Vikhlinin,
2007). Mergers of galaxy clusters are the most energetic events in the Universe
after the Big Bang, wherein the sub-clusters collide at velocities of ~10% km s™!,
releasing energy of the order of 10% ergs (Markevitch et al., 1999). During such a
merger, the galaxies and dark matter of both clusters interact only gravitationally
and move unhindered through the region of the collision (Clowe et al., 2006).

X-ray observations of the intracluster medium (ICM) in merging clusters
reveal a disturbed morphology consisting of sharp surface brightness edges, such
as shock fronts and cold fronts (Russell et al., 2022). Many of these previously un-
observed phenomena were revealed only due to Chandra’s sub-arcsecond spatial
resolution. X-ray observations of merging galaxy clusters, when combined with
gravitational lensing studies, directly demonstrate the existence of dark matter

(Clowe et al., 2004, 2006; Bradac¢ et al., 2006) and give estimates on the constraints
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on the dark matter self-interaction cross-section (Spergel and Steinhardt, 2000;
Markevitch et al., 2004; Randall et al., 2008). The synchrotron radiation of rela-
tivistic particles produced as a result of cluster mergers (Brunetti, 2003) results
in radio halos and radio relics (Feretti et al., 2002; Ferrari et al., 2008; Cassano,
2009) and inverse Compton hard X-ray emission at high energies (Fusco-Femiano
et al., 1999, 2005; Rephaeli and Gruber, 2002).

A fraction of the kinetic energy released during mergers is dissipated into
the ICM via shocks and turbulence and may also cause non-thermal phenomena
such as amplification of magnetic fields in the ICM and acceleration of ultrarel-
ativistic particles in the cluster (Sarazin, 2008; Markevitch and Vikhlinin, 2007;
Blandford and Eichler, 1987). Shock fronts, seen as sharp discontinuities in surface
brightness in X-ray observations, provide a rare chance to observe and investigate
such merger systems and their geometry. Shock fronts can be used to measure
gas bulk velocities and also to understand transport processes in the ICM, in-
cluding electron-ion equilibration and thermal conduction, magnetic fields, and
turbulence (Markevitch and Vikhlinin, 2007; Takizawa, 1999).

Currently, observations of shock fronts are the only method to determine
how electrons and ions equilibrate after heating and to obtain bulk gas velocities
in the plane of the sky (Russell et al., 2010). The measurement of temperature
and density of the gas before and after the occurrence of the shock, and thereby
the jumps in these quantities as well, can be used to compute the Mach number
of the shock front using the Rankine-Hugoniot jump conditions. Thus, the Chan-

dra observations of the merger shocks allow for mapping of post-shock electron
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temperature, determination of Mach number and shock speed, and estimation
of the electron heating timescale, providing a comprehensive analysis of these
phenomena in a single observation (see Russell et al. (2022) and the references
within).

While a number of clusters have been found to have shock-heated regions,
the detection of a cluster merger with sharp surface brightness edges and a dis-
tinctive high-temperature jump is rare due to the requirement of favorable merger
geometry (ZuHone and Su, 2022). In fact, only a handful of merger shock fronts
with a high Mach number, M > 2.0 have been discovered by Chandra, such as the
Bullet Cluster with M = 3.04+0.4 (Markevitch, 2006b), A2146 with M = 2.3+0.2
(Russell et al., 2010, 2012, 2022), A665 with M = 3.0£0.6 (Dasadia et al., 2016),
El Gordo with M > 3 (Botteon et al., 2016), A520 with M = 2.4703 (Wang
et al., 2018), and A98 with M = 2.3 + 0.3 (Sarkar et al., 2022). Chandra has
also determined shock fronts with M < 2.0, such as A2744 with M = 1.411)3
(Owers et al., 2011), A754 with M = 1.577015 (Macario et al., 2011), A521 with
M = 2.440.2 (Bourdin et al., 2013) and A2034 with M = 1.59105 (Owers et al.,
2014).

Understanding the method of shock heating of the ICM is fundamental to
understanding the heating of the ICM in galaxy clusters. However, it remains a
matter of great debate (Wang et al., 2018). At present, there are two models to
explain the shock-heating of the ICM - the Coulomb collisional model and the
instant shock-heating model. At the passage of a shock front, the ions in the

ICM gas are heated dissipatively, whereas the electrons, owing to their higher
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thermal velocity, are compressed adiabatically and undergo Coulomb collisions
to eventually reach thermal equilibrium with the ions. The Coulomb-collisional
model of heating is observed in Abell 2146 (Russell et al., 2022). However, if
the equilibration timescale is much shorter than the Coulomb timescale, then the
electrons attain thermal equilibrium with the ions instantaneously (ZuHone and
Su, 2022). This instant model of heating is observed in solar wind shocks and has
been used to explain the shock heating in the Bullet Cluster (Markevitch, 2006b),
A520 (Wang et al., 2018), and A98 (Sarkar et al., 2022).

High Mach number shocks are the best way to determine the model that
best explains the shock-heating. The higher the Mach number of a shock, the
more it separates the two models. Shock fronts with high Mach numbers are rare
occurrences, making them extremely valuable for cluster astrophysics as they offer
insights into the heating of the ICM that cannot be obtained through any other
means. Current X-ray observatories are only capable of measuring the electron
temperature, and direct measurements of the ion temperature are not feasible.
Thus, cluster shocks, where the electron-ion equilibration occurs over distances of
~ 200 kpc behind the shock, provide us with a powerful method of investigating
the electron and ion temperatures.

SPT-CLJ2031-4037 (hereafter SPT J2031) is a massive merger system with
Mso ~ 8 x 10" Mg (Chiu et al., 2018), and X-ray luminosity Lo 1-2.4kev] =
1.04 x 10" erg s~! (Piffaretti et al., 2011) at redshift z = 0.34 (Bohringer et al.,
2004). The morphologically disturbed cluster (Nurgaliev et al., 2017) was first
discovered in a ROSAT-ESO Flux Limited X-ray (REFLEX) Galaxy Cluster sur-
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vey (Bohringer et al., 2004) as RXCJ2031.8-4037. It was also cataloged via the
Sunyaev-Zel’dovich effect by the South Pole Telescope (SPT) (Plagge et al., 2010;
Williamson et al., 2011) and by the Planck Satellite (Planck Collaboration et al.,
2016). The redshift of this system is similar to that of the Bullet Cluster (redshift
z = 0.3), and hence, the sizes of their angular features are comparable.

Recent radio observations of SPT-CLJ2031-4037 performed with the
GMRT at 325 MHz and with VLA (L-band observation) at 1.7 GHz revealed
diffuse radio emission in the cluster (Raja et al., 2020). The emission observed
with the GMRT, which is 2.7 x 2.1" in size, was found to surround the central BCG
when compared with the optical observations. The spectral index of the radio
halo between the frequencies 325 MHz and 1.7 GHz was reportedly —1.35 =+ 0.07.
Based on these results (Raja et al., 2020) speculated a merger event in the past,
which can be confirmed with deep X-ray observations.

SPT-CLJ2031-4037 has also been recently observed by NuSTAR, where
analysis of the deep observations reveals that the hard X-ray emission in the
cluster can be described by a non-thermal component even though the possibility
of a purely thermal origin is not ruled out (Mirakhor et al., 2022).

Previous 10 ks Chandra observation revealed two surface brightness peaks,
indicating that it is very likely a major merger. To investigate the possible oc-
currence of a shock front, I obtained deep Chandra observations.

In this chapter, I present results from deep Chandra observations of SPT
J2031, which include the detection of a strong merger shock, the spatially resolved

temperature map, and the preferred method of shock-heating. In section 4.2 1
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outline details of the observations and discuss the data reduction. In sections 4.3
and 4.4, I present the image analysis and show the emissivity, temperature map,
pseudo-pressure map, and the GGM filtered image. In section 4.5, I analyze the
primary shock and the southeastern edge in more detail by obtaining the surface
brightness profiles and temperature profiles. The post-shock electron temperature
profiles are compared to the Coulomb collisional and instant shock heating models
for electron-ion equilibration.

I assume a flat cosmology with Hy = 70 km s~ Mpc™t, Q,, = 0.3, Qp =
0.7. The redshift is z = 0.34, where 1”7 corresponds to 4.892 kpc. All the error

bars are at a 68% confidence level unless stated otherwise.

4.2 Chandra Data Analysis

SPT-J2031 was observed by the Chandra Advanced CCD Imaging Spec-
trometer (ACIS) detector in the Very Faint (VFAINT) mode for a total of 256 ks
spread over 10 observations (PI: S. A. Walker). All observations were done with
the ACIS-S. The Obs. ID, dates of observation, approximate exposure time, and

cleaned exposure time are listed in Table 4.1.
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Table 4.1: Details of the deep (~ 250ks) Chandra observations of the SPT-CLJ2031-
4037 Cluster utilized for the analysis shown in this paper.

Obs ID RA Dec Date Exp time (ks) Cleaned time (ks)
21539 20 31 51.10 -40 37 22.10 2019 Aug 05 36.0 32.8
24505 20 31 51.64 -40 37 19.64 2021 Aug 04 29.7 27.6
24508 20 31 51.64 -40 37 19.64 2021 Aug 09 27.7 26.4
24510 20 31 51.64 -40 37 19.64 2021 Aug 23 22.75 20.7
24509 20 31 51.64 -40 37 19.64 2021 Aug 28 32.6 30.6
24507 20 31 51.64 -40 37 19.64 2021 Nov 28 19.8 17.7
26215 20 31 51.64 -40 37 19.64 2021 Nov 28 9.9 8.4
24506 20 31 51.64 -40 37 19.64 2021 Nov 30 24.7 22.7
23843 20 31 51.64 -40 37 19.64 2022 Jul 26 19.8 17.8
26479 20 31 51.64 -40 37 19.64 2022 Jul 29 23.3 20.4
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4.2.1 Data Reduction

All data reduction was performed using CIAO, Chandra’s data analy-
sis system (Fruscione et al., 2006) (version 4.14), and CALDB, the calibration
database (version 4.10.2) provided by the Chandra X-ray Center (CXC). The
primary data set given by the detector is a list of photons with measurements
like the spatial resolution of the X-ray photons that arrive at the detector, the
time of arrival, and the energy of that photon, called the event 1 file. The event
1 files were reprocessed using the chandra_repro script, taking into account the
most recent calibrations to the detector by applying the latest charge transfer in-
efficiency (CTI) correction, time-dependent gain adjustment, gain map to obtain
the appropriate response files, new bad pixel files, and the processed level 2 event
files.

The deflare routine, which uses the Ic_clean script created by M. Marke-
vitch, was used to detect and get rid of flares and periods of anomalously low
count rates from the input light curves. As can be seen in Table 4.1, the data
were mostly clean, and the final cleaned exposure was 225 ks.

The cleaned and reprocessed files were reprojected to create a merged im-
age using merge_obs in the soft band (0.5 — 2.5 keV) and in the broad band
(0.7 — 7.0 keV), and a merged event file and exposure-corrected images were cre-
ated. The merge_obs script combines the reproject_obs and flux_obs scripts. The
reproject_obs script finds the appropriate ancillary response files (ARF) for all the

event 2 files, matches up with the observations, and creates a new single event file
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by merging the event files of individual observations. The flux_obs script creates
exposure maps and the exposure-corrected image. The bright point sources in the
exposure-corrected image were removed by first excluding the regions by eye, and
the excluded regions were filled in using the dmfilth script. This script replaces
the pixel values in the excluded regions of the image with values interpolated from
the surrounding regions using a Poisson probability distribution.

Blank-sky observations were extracted using the blanksky script and were
then reprojected to match the coordinates of the observation. The blank-sky
backgrounds were normalized by matching their count rate in the 9.5 — 12 keV

energy band to that of the observed data set, thus ensuring uniformity.

4.3 Image Analysis

Figure 4.1 shows an exposure-corrected image of the cluster created by
combining all the individual Chandra observations, with the point sources re-
moved in the 0.5 —7.0 keV energy band. The geometry of the image suggests that
the system recently underwent a merger where the sub-clusters passed through
each other along the east-west direction. The X-ray emission is seen extended
from the SE to the NW direction. There are two sharp surface edges that can
be seen here: “Primary Shock” in the northwestern region, and the “SE edge”
in the southeastern region. The brightest X-ray peak lies behind the SE edge
and is marked by a blue cross in Figure 4.1. A secondary X-ray peak marked
by a red cross in Figure 4.1 lies behind the Primary shock in the Northwest. In

previous shallow 10 ks observations, only two bright peaks could be observed,
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and no edges were visible. These deep Chandra observations have helped resolve
the sharp brightness edges and allow us to produce a more detailed temperature
map.

In Figure 4.2, Chandra X-ray contours from our new observations are
superimposed on an HST (Hubble Space Telescope) image of SPT J2031. The
grayscale image is the HST image of SPT J2031 obtained by using the F814W
filter. The Chandra contours are overlaid on this optical image in green. The
white dashed circles show the two Brightest Cluster Galaxies (BCG). BCG 1 is
close to the primary X-ray peak, and BCG 2 is approximately at the location of
the primary shock front and offset from the secondary X-ray peak. The direction
of the merger axis is estimated to be roughly from the Northwest (NW) to the
southeast (SE), passing through the center of the two galaxy distributions.

The BCG 2 shown in the figure is SMACSJ2031.8-4036, which has been
extensively studied by deep HST and MUSE as it is a strong lensing cluster.
According to the mass modeling presented in Richard et al. (2015), the eastern
component has a mass M.,y = 2.4 x 10MM,,.

In galaxy cluster mergers, the galaxies within the sub-cluster behave like
collisionless particles and lead the baryonic gas after the collision. This lag be-
tween the motion of the sub-cluster galaxies and the baryonic gas can result in
an offset between the centroids of the main mass distribution and the elongated
peak in the X-ray emission (Canning et al., 2011). Comparing the contours rep-
resenting the brightest X-ray peaks in Figure 4.1 with the BCGs in Figure 4.2,

there is an offset of the brightest X-ray peaks from the BCGs, indicating that the
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SPT-CLJ2031-4037

Primary shock

30 arcsec

150 kpc

Figure 4.1: The exposure-corrected image of SPT-CLJ2031-4037 with the point
sources removed in the 0.5 — 7.0 keV energy range, smoothed with Gaussian o = 3.
North is up, and East is to the left. Two sharp surface brightness edges are seen here,
the Primary Shock in the Northwest and the SE edge in the southeast of the image.
The brightest X-ray peak lies behind the SE edge, marked by the blue cross. An ad-
ditional X-ray peak lies behind the primary shock, marked by a red cross. The green
lines represent Chandra contours.
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Figure 4.2: HST (Hubble Space Telescope) image of SPT-CLJ2031-4037 (in grayscale)
obtained using the F 814W filter overlaid with Chandra contours (in green). The white
dashed circles show the two sub-clusters with their Brightest Cluster Galaxy (BCG).
BCG 1 is close to the primary X-ray peak, and BCG 2 is approximately at the location
of the primary shock front. The coordinates are shown to be accurate by a number of
well-matched point sources.
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system recently underwent a merger. In Figure 4.2, the brightest X-ray peak is
offset from BCG 1 by ~0.12 arcmin (~ 36 kpc), and the secondary X-ray peak is
offset from BCG 2 by ~ 0.39 arcmin (~ 117 kpc).

I obtained a Gaussian Gradient Magnitude (GGM) filtered image of the
merger, as shown in the bottom right of Figure 4.3, in the 0.5 — 7.0 keV energy
range. GGM filtering is a robust edge-detection technique which is very useful
in resolving the substructures in a cluster core, as well as at cluster outskirts
(Sanders et al., 2016; Walker et al., 2016). The GGM filter detects gradients
in the surface brightness, and the steeper the gradient, the brighter these edges
appear in the image. For the GGM image shown here, I filtered it at a scale of
3 pixels, where I have binned the Chandra image by a factor of 2 so that each
pixel is 0.949” wide. In this GGM image, two surfaces with steep brightness were
observed, the Primary shock and SE edge, as shown with the dashed red lines in

the bottom right of fig 4.3.

4.4 Spatially Resolved Spectroscopy

Spatially resolved spectroscopy techniques were used to produce maps of
projected gas properties of the cluster (see Figure 4.3). The central ~ 3 x 3 arcmin
region was divided into bins using the Contour Binning algorithm (Sanders, 2006),
which creates bins based on the variations in surface brightness. The signal-to-
noise ratio was chosen to be 32 (~ 1000 counts) for obtaining the bins, as was
used in Russell et al. (2012). For all the regions obtained this way, spectra were

extracted for each observation, and appropriate RMFs and ARF's were generated.
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Figure 4.3: Top left: Projected emission per unit area (cm~> arcsec 2. Top Right:

Projected Temperature Map (keV) with S/N = 32. Bottom Left: Projected pseudo-
pressure map (keV ecm™> arcsec™?), obtained by multiplying the emission measure and
temperature maps. The small black circles in the emission and temperature map and
the white ones in the pseudo-pressure map are the excluded point sources. Bottom
Right: GGM image of SPT-CLJ2031-4037 in the 0.5 — 7.0 keV energy range at scale =
3 pixels.

The background for each of these spectra was subtracted using the normalized
blank-sky backgrounds, as discussed in section 4.2.1.

These spectra were restricted to the energy range of 0.5 - 7.0 keV. The
spectra for each region were then simultaneously fitted for all observations using
Sherpa with the PHABS (APEC) model, where the hydrogen column density is
fixed at ny = 3.0 x 10*° cm™? (Kalberla et al., 2005), the solar abundance is 0.3

Zs, and the redshift is 0.34 and C statistics were applied.
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Going clockwise, the panels in the top row of Figure 4.3 show the projected

5 arcsec™?) and the projected temperature map

emission per unit area map (cm~
(keV), the GGM image and the projected pseudo-pressure map respectively. The
pseudo-pressure map is produced by multiplying the square root of the emission
measure and temperature maps.

Each edge in this GGM image corresponds to a jump in temperature in

the temperature map and a jump in pressure in the pseudo-pressure map. This

makes them consistent with being shock fronts.

4.5 Shock Fronts
4.5.1 Surface Brightness Profiles

In Figure 4.1 and Figure 4.3, I observe sharp discontinuities in the sur-
face brightness. In order to investigate these discontinuities, I extracted surface
brightness profiles in the northwestern region covering the primary shock front

and in the southeastern region covering the SE edge.
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Figure 4.4: GGM image at scale = 3 pixels showing the sectors used to extract surface
brightness profiles. The sectors in white are used to measure the density jump across
the primary shock, and the one in green for the SE edge.

Surface brightness profiles were derived from multiple sectors covering the
primary shock and from one sector covering the SE edge. Figure 4.4 shows the
sectors selected for extracting these profiles. The sectors are chosen to cover
the region where the shock fronts are well-defined based on the GGM image.
Sectors P1 — P9 (where P refers to the primary shock) extend over the primary

shock front. These sectors are centered so as to fully analyze the jump in surface
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brightness. The outer radius for each sector was taken to be 5 arcmin (although
the sectors in the image extend only up to ~ 1.5 arcmin). Point sources were
excluded from these sectors.

Once extracted, the surface brightness profiles were fitted with a broken
power-law model projected along the line of sight (Markevitch and Vikhlinin,
2007) with the aim of identifying density discontinuities in the chosen sectors.
Assuming spherical symmetry (following (Russell et al., 2012)), the density dis-

tribution can be given by:

ifr <rgy

o (%) b )
n(r) = " " (4.1)
%n()(é) , ifr > 1y,
where nyq is the density normalization, oy, and as are the power-law indices, g,
is the assumed shock location where the discontinuity in the surface brightness
occurs. Also, C' = py/p1, where po is the post-shock density and p; is the pre-
shock density. At the location of the shock, ps is greater than p;, (Mirakhor et al.,
2023).
Using Rankine-Hugoniot jump conditions for the density jump, the Mach

number for each sector can be calculated as follows:

o 2
1)] , (4.2)

_ (P2 —
TH1-(2)(y
where py/p; is the density jump, and v = 5/3 for a monoatomic gas (Russell

et al., 2010).
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Figure 4.5: Surface brightness profiles in the 0.5 — 2.5keV energy band across sectors
P1-9, each background subtracted and fitted with the broken power law density model
(in blue).

In Figure 4.5, the red crosses in each panel show the surface brightness
profile across sectors P1-P9. For each of these sectors, there is a sharp discon-

tinuity in the surface brightness. The regions to the right of this jump are the
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pre-shock regions, and the ones to the left, with the higher surface brightness, are

the post-shock regions.
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Figure 4.6: Surface brightness profiles across sectors P1-2 (left panel), P3-6 (center
panel) and P7-9 (right panel) in the 0.5 — 2.5 keV energy band. Each profile has been
background-subtracted and fitted with the broken power law density model (in blue).

I have binned the sectors P1-2, P3-6, and P7-9 so that the sectors contain-
ing the part of the edge with the highest density jump (P3-6) are binned together.
This binning allows us to better constrain the values of the density jumps and
how the density jump varies along the shock front. Sector P3-6 is designed to
cover the steepest part of the jump based on the GGM image, while regions P1-2
and P7-9 cover the regions to either side of the steepest jump. All three plots in
Figure 4.6 show the surface brightness profiles over sectors P1-2, P3-6, and P7-9
fitted with the broken power law model in indicated by the solid blue line.

Table 4.2 shows the power law indices and density jump obtained from
this fitting. The table shows these values for all the individual sectors P1-9, the

binned sectors P1-2, P3-6, P7-9, and the SE edge.
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Table 4.2: Details of the surface brightness fitting across the sectors along the primary
shock front. The columns are, from left to right: sector label, density jump across that
sector obtained by fitting with the broken power law density model, Mach number
obtained from the density jump, the inner and outer slopes (power law indices in the
broken power law model) and the reduced chi-squared of the fit.

Sector Density Jump | M Inner Slope | Outer slope | x?/v

P1 2.21 4 0.49 1.927052 | —1.80£0.6 | 2.174+0.61 | 19.62/25
P2 2.8+0.55 2.657083 | —2.67+0.65 | 2.35 £ 0.59 | 13.94/25
P3 3.13 +£0.42 3.28%03 | 2334047 | 1.91+£0.25 | 39.14/40
P4 2.86 +0.43 2.741082 | 2544 0.55 | 2.38 £0.44 | 19.75/25
P5 2.78 £0.76 2611535 | —1.8940.29 | 2.30 £ 1.01 | 14.28/25
P6 2.86 + 0.57 2.74%050 | —1.5140.44 | 2.60 £0.71 | 19.87/25
PT 2.27 +0.49 1.98709% | —3.324£0.17 | 2.82+1.04 | 24.82/25
P8 1.77 £ 0.28 1.547035 1 0.52+£0.38 | 2.60 +£0.52 | 23.32/25
P9 1.42 +0.22 1.287011 1 0.93+£0.41 | 3.01£0.51 | 22.23/25
P1—2 |3.0440.46 3.08752% | —2.544+0.39 | 2.07 £0.42 | 20.44/25
P3—6 |3.1140.32 3.237089 | —1.624+0.19 | 1.90 £0.26 | 22.60/25
P7—-9 |1.9040.18 1.647015 | 0.52+£0.23 | 2.40 +0.30 | 16.86/25
SE edge | 1.53 +0.14 1.367008 | —1.17+£0.43 | 1.45+0.39 | 67.13/64
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Figure 4.7: Left: The cross-bars in red depict the density jump across each of the
sectors P1 - P9, and the ones in blue represent the density jumps in sectors P1-2, P3-6,
and P7-9 from left to right. The x-axis represents the angle of the sectors around the
primary shock front, going from 33° to 77°. Right: The Mach number, determined from
the density jump, is shown here in red for the sectors P1-9 and for sectors P1-2, P3-6,
and P7-9, shown in blue, across the angles of the sectors around the primary shock
front.

The density jumps and Mach numbers along the Primary shock are plotted
in Figure 4.7. The panel on the left shows the density jumps across the sectors
plotted against the angle around the primary shock front, going from 33° to 77°.
The red crosses indicate the density jump across each individual sector P1-9. The
blue crosses represent the sectors binned as P1-2, P3-6, and P7-9. The panel on
the right shows the Mach numbers derived from the corresponding density jumps
using equation 1.37, also plotted against the angle around the primary shock
front. The red crosses represent the Mach number derived for each of the sectors

P1-9, and the blue crosses represent the binned sectors P1-2, P3-6, and P7-9.
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In both plots, the observed trend is that the density jump and Mach
number are highest at the center of the shock front, where the GGM image shows
the highest gradient. On both sides of this center point, as the brightness of
the GGM image decreases, the values of density jump and Mach number taper
off, as expected from a similar analysis performed in Russell et al. (2022). The
peak values of the density jump and Mach number are 3.11 4 0.32 and 3.237552,
respectively, for the binned sector P3-6, the brightest region in the GGM image.
This makes the primary shock in SPT J2031 one of the strongest shocks when
compared with the Bullet Cluster with M = 3.0+0.4 (Markevitch, 2006b), A2146
with M = 2.3 £ 0.2 (Russell et al., 2010, 2012, 2022), A665 with M = 3.0 + 0.6
(Dasadia et al., 2016), A520 with M = 2.4753 (Wang et al., 2018), and A98 with

M =2.3+0.3 (Sarkar et al., 2022).
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Figure 4.8: Surface brightness profile extracted in the 0.5 — 2.5keV energy band
over the SE edge. The profiles were background subtracted and fitted with the broken
power-law density model (solid blue line) to obtain a density jump of 1.53+0.14, which
corresponds to a Mach number of 1.36f8:8§. The dashed vertical line shows the shock
location.

Figure 4.8 shows the surface brightness profile across the SE edge. The

density jump across this edge is 1.53 +0.14, which corresponds to a Mach number
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of 1.3670 3. The analysis of the trend in the density jump and Mach number was
not possible for the SE edge, as that edge is not spatially extended enough, and

it does not have a high enough density jump or corresponding Mach number.
4.5.2 Spectral Analysis of the Shock Fronts

The changes in temperature and density across the surface brightness edges
can be observed more accurately by extracting radial profiles over the sectors
shown in Figure 4.9.

The regions were selected so as to obtain the gas properties on both sides
of each shock front. For the primary shock front, which has the higher density
jump of the two, I extracted the temperature profile from the section of the shock
with the highest density jump as determined in section 4.5.1 corresponding to
sector P3-6. Using specextract in Sherpa, spectra were extracted from each of
the regions for each of the ten observations.

These spectra were then analyzed in the energy range of 0.5—7.0 keV. The
background spectra used here were from the blank-sky backgrounds. The spectra
for each region were then simultaneously fitted for all observations using Sherpa
with the multiplicative PHABS(APEC) model, where the hydrogen column den-
sity is fixed at nyg = 3.0 x 1022 cm~? (Kalberla et al., 2005), the solar abundance

is 0.3 Zw, and the redshift is 0.34 and chi-squared statistics were applied.
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Figure 4.9: Exposure-corrected Chandra image of SPT-CLJ2031-4037 in the 0.5-2.5
keV energy range with the regions that were used to extract the temperature profiles
across both the surface brightness edges.
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Figure 4.10: Left: The observed projected electron temperature profile over the pri-
mary shock front. I define the shock location to be at r = 0 kpc. Right: The figure
shows the observed projected electron temperature profile across the SE edge. Again,
I define the shock location to be at r = 0 kpc.

The resulting projected temperature profile for Primary shock is shown in
the left panel of Figure 4.10. I see a significant temperature jump from about
7.0707 keV to 13.8%3 keV. The projected temperature profile for the SE edge is
shown in the right panel of Figure 4.10. I see a temperature jump from 6.4870 %3
keV to 22.3975%5% keV. The gas in the pre-shock region of the primary shock has
a temperature of 7.070 ¢ keV .

Along with the sharp increase in the surface brightness, there is an observed
increase in the temperature in the post-shock region. The gas in this region has

a temperature of 13.81%2 keV. For the purpose of the fitting, the abundance is
fixed at 0.3 Z.
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Following Russell et al. (2012), I also obtained the values of the deprojected
electron temperature using PROJCT in XSPEC. PROJCT is a deprojection rou-
tine that assumes spherical geometry for the cluster. This seems to be a reasonable
assumption because the shocks in SPT J2031 appear to be approximately circular
in the plane of the sky. The pre-shock electron temperature is 7.079¢ keV, and
the post-shock deprojected electron temperature is 17.3753% keV. This allows us
to calculate the Mach number using the deprojected temperature jump.

I use the following Rankine-Hugoniot equation for obtaining the Mach

number using the temperature jump:

(4.3)

(v + 12(2) - 1)]*?
27(y—1) ’

where Ty /T} is the temperature jump. The Mach number from the temperature
jump using the values obtained from the deprojected electron temperature after
using this equation is 2.137 3. The Mach number obtained using the temperature

jump is lower than that obtained from the density jump, which is similar to what

is observed in Russell et al. (2012).
4.5.3 Electron-ion Equilibration

At present, major X-ray observatories like Chandra, XMM-Newton, and
NuSTAR can directly measure the temperature of only the electrons in the ICM
and not that of the ions. These electron temperature measurements are made
using the continuum spectrum of the Bremsstrahlung produced from high-energy

electrons. Cluster merger shock fronts affect electrons and ions differently and
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thus provide a unique opportunity to determine the electron-ion equilibration
timescale in the magnetized ICM. As the shock front passes through the ICM, it
heats up the ions in the ICM gas immediately owing to their lesser thermal velocity
and greater mass compared to the electrons (ZuHone and Su, 2022). This initially
causes a significant increase in the ion temperature, which is not immediately
observed in the electron temperature. Eventually, the electron temperature, which
can be measured from the X-ray spectra, equilibrates with the ion temperature,
but the method through which the heating occurs remains a matter of great
debate (Wang et al., 2018). Presently, the two models that can possibly explain
how the ICM gas is shock-heated are the instant shock-heating model and the
adiabatic-collisional model.

According to the adiabatic-collisional heating model, protons and heavier
ions are heated dissipatively, while electrons are compressed adiabatically to a
temperature much lower than the ion temperature. This is explained by the fact
that ions move at a velocity lower than the shock, whereas the electrons do not feel
this shock (Markevitch and Vikhlinin, 2007), owing to them moving at a velocity
higher than the shock. The higher velocity of the electrons is due to their mass,
which is much lower compared to the mass of the ions. The temperature of these

adiabatically compressed electrons is given by

Te,2 = Te,l(@)’y_la (44)
P1

where T, is the adiabatically compressed electron temperature; 7., is the pre-

shock electron temperature, (Z—f) is the density jump, where p; and py are the pre-
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shock and post-shock densities, respectively, and v is the ratio of specific heats
for a monoatomic gas. The electrons eventually undergo Coulomb collisions and
attain thermal equilibrium with the ions over a timescale (Sarazin, 1986) given

by:

Te
108K

Ne | _

)>2, (4.5)
where n, is the electron density, and T, is the electron temperature.
The electron temperature gradually increases over this timescale, and the
ion temperature decreases to reach the equilibrium temperature at a rate of:
dTe T’z - Te

p— 4.
s (4.6)

where T; is the ion temperature.
As the total kinetic energy density is conserved, the local mean gas tem-

perature is given by:

nedle +nT; 11T, +T;

Tgas = ' )
Ne + N; 2.1

(4.7)

where Ty, is constant with time.

The distance behind the shock where the equilibration is reached is ob-
tained by multiplying Equation 4.5 for the time over which the equilibration is
achieved with the post-shock velocity v,s.

The pre-shock sound speed, derived from the equations ¢, = \/m

is (1.3 £0.06) x 10 km s~'. The shock speed is obtained by multiplying the
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Mach number (from the density jump, M = 3.23%0%) and the sound speed is
Vshoek ~ (4.47527) x 103 km s~!. The post-shock velocity v, for the primary shock
front is 1414 km/s, obtained by dividing the shock speed by the density jump.

According to the instant heating model, the electrons are strongly heated
at the shock front so that the electron temperature almost instantly reaches the
post-shock temperature, equivalent to the ion temperature. This results in a
timescale that is shorter than the Coulomb-collisional timescale, as the ICM is
magnetized, making the plasma ”collisionless.” This phenomenon has been ob-
served in studies of in-situ solar wind, which showed that the electron and proton
temperature jump occurs on a linear scale of order several proton gyroradii, many
orders of magnitude smaller than their collisional mean free path (Montgomery
et al., 1970).

Although it is not possible to measure the temperature of the ions, it is
possible to measure the jump in the gas density across the shock front (which I
have done in section 4.5.1), which can be used to calculate the post-shock equi-
librium temperature for the electrons and ions using the Rankine-Hugoniot jump
conditions from the pre-shock temperature (Landau and Lifshitz, 1987). The
temperature jump can be obtained using equation 4.8 (Markevitch and Vikhlinin,

2007):

E _ C—Pl//b
T C—P2/,017
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where I have assumed that v = 5/3, the adiabatic index for monoatomic gas, and
(= (y+1)/(y—1), and the indices 1 and 2 denote the pre-shock and post-shock
quantities, respectively.

Following Wang et al. (2018) and using the best-fit density model, T pro-
jected the 3D temperature model profile onto the sky using the spectroscopic-like
temperature weighting w = n?7~%/*, which allows us to compare the projected
temperature model with the observed projected temperature profile. I did this
for both the instant heating model and the collisional equilibration model as can
be seen in Figure 4.11.

The right-hand panel of Figure 4.11 shows how the electron temperatures
observed across the primary shock front compare with the collisional and instant
heating models projected along the line of sight. The observed post-shock tem-
perature for the primary shock front seems to favor the Collisional model over
the instant heating model.

In the case of the Bullet Cluster, Markevitch (2006b) found that the ob-
served temperature profile supports the instant equilibration model, suggesting
that electrons at the shock front were heated on a timescale faster than the
Coulomb collisional timescale. However, the post-shock temperature in the Bullet
cluster is ~ 20—40 keV, which is much higher than the energy pass band of Chan-
dra, thus making it difficult to constrain. The post-shock electron temperature in
SPT J2031 is lower than that of the Bullet Cluster, making the measurements of
the post-shock temperature more accurate. In contrast, an analysis of the shock

in the Bullet Cluster by ALMA and ACA (Di Mascolo et al., 2019) found that
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Figure 4.11: Left: Surface brightness profiles extracted over sectors P 3 — 6 in the
0.5 —2.5keV energy band. The profiles are background-subtracted and have been fitted
with the broken power-law gas density model (in solid blue). The density jump observed
over this sector is 3.31+0.32, and the Mach number resulting from this density jump is
3.23f8:§2. Right: Projected electron temperatures (in black) observed across the sectors
P 3 — 6 of the primary shock front compared with the overlaid adiabatic-collisional (in
blue) and instant heating models (in red) projected (up to lo error bands) along the
line of sight for electron-ion equilibration. The post-shock temperature for the primary
shock front seemingly favors the Adiabatic-collisional model over the instant heating
model.

the assumption of an adiabatic temperature jump in the electron temperature
results in the best agreement between results of Sunyaev-Zeldovich and X-ray
measurements.

For the merger shock front in A2146, Russell et al. (2012) found that
the temperature profile across the bow shock is consistent with the collisional
equilibration model, whereas the upstream shock favors the instant equilibrational

model. However, the uncertainty in the measurement for the upstream shock was

higher because of its lower Mach number and hence was not determined to be
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the definite conclusion. Subsequently, with deeper 2 Ms Chandra observations
of A2146, Russell et al. (2022) found that both the shock fronts support the
collisional equilibration model. Our results for the primary shock in SPT J2031
agree with Russell et al. (2012, 2022) in that the observed post-shock electron
temperature favors the Collisional equilibration model.

Analysis of the merger shock front in A520 (Wang et al., 2018) found
that the post-shock electron temperature was higher than expected in a situation
where the electrons undergo adiabatic compression followed by Coulomb colli-
sions. Hence, like the Bullet Cluster, the electron temperature profile in A520
also supports the instant equilibration model with a confidence level of 95%.

A similar comparison of the post-shock electron temperature in the merger
shock of A98 (Sarkar et al., 2022) with the Collisional and instant equilibrational
model showed that the observed post-shock electron temperature favors the in-
stant equilibration model; however, the large uncertainties in the temperature

indicate that the Collisional model cannot be ruled out.

4.6 Conclusions

I conducted a comprehensive analysis of our newly acquired deep (256 ks)
Chandra observations of the merging system SPT-CLJ2031-4037 and obtained

the following results:

e SPT J2031 exhibits merger geometry, as suggested by an offset between the

brightest X-ray peaks in the exposure-corrected image from the Chandra
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observations and the two Brightest Cluster Galaxies in the HST optical

image.

I have utilized the GGM filtering technique to identify two sharp surface
brightness edges in SPT J2031, the primary shock front and the southeast-

ern edge.

I extracted surface brightness profiles across both the edges identified in the
GGM image and fitted them with the broken power-law model to find the
density jump across the shock front. The sharp edge in the northwest direc-
tion is the primary shock with a density jump p = 3.1140.32 corresponding

to a Mach number of 3.2370%2.

Due to the high Mach number obtained from the density jump in the pri-
mary shock front, I were able to compare the observed electron temperature
profile of the primary shock with the collisional equilibration model and the
instant shock heating model. I found that the post-shock electron temper-
ature is lower than the temperature predicted for the instant shock heating
model and favors the collisional equilibrational model. These findings are
similar to the result in (Russell et al., 2012, 2022). However, I cannot com-

pletely rule out the instant heating model.

The other surface brightness edge, the SE edge, is observed in the south-
eastern direction and also appears to be a shock front. It has a density jump
p = 1.47 4 0.26 corresponding to a Mach number M = 1.31701%. Since the

Mach number M < 2, I were not able to achieve enough separation between
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the two projected models of heating to compare with the observed electron

temperature profile.

e [ plotted the density jump and Mach number of the primary shock as a
function of the angle around the shock front and found that the density
jump, and subsequently the Mach number peak at the center of the shock
front, where the gradient in the GGM image is maximum. Both the density
jump and the Mach number taper off with a change in angle on both sides

of this center point.
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Chapter 5. Possible Non-Thermal Origin of the Hard
X-ray Emission in the Merging Galaxy Cluster

SPT-CLJ2031-4037

This chapter consists of a brief discussion on synchrotron radiation and
its occurrence in merging galaxy clusters, followed by the discussion about the
source of such radiation - relativistic electrons, their acceleration mechanism, and
how they cause inverse Compton scattering. The final section of this chapter
details the attempt to search SPT J2031 for possible non-thermal emission using

NuSTAR data.

5.1 Synchrotron Radiation

Synchrotron radiation refers to the electromagnetic radiation emitted by
charged particles, typically electrons, as they are accelerated in a curved path or
orbit by a magnetic field (as shown in Fig. 5.1). Synchrotron radiation plays
a crucial role in understanding the physical processes occurring in galaxy clus-
ters. Observations of galaxy clusters have revealed the presence of synchrotron
radiation, such as the detection of extended radio emissions in the form of radio
halos and relics. These extended radio sources indicate the existence of rela-

tivistic particles and magnetic fields within the ICM (Brunetti and Jones, 2014).
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Figure 5.1: Synchrotron radiation is emitted due to an electron moving in a helical
path around a magnetic field. The acceleration of the electron is perpendicular to the
magnetic field, B, and perpendicular to v, , the component of velocity v perpendicular
to the magnetic field. This image was sourced from Creative Commons. The creator is
Emma L. Alexander, and the image can be found here.
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Studying these non-thermal components provides important information about
the dynamics and evolution of galaxy clusters.

In a uniform magnetic field, a high-energy electron moves in a spiral path
at a constant pitch angle a. The pitch angle is the angle between the direction of
the magnetic field B and velocity, v. The velocity has a component along the field
line, v}, and a component perpendicular to the field line,v,. Here, v is constant.
The acceleration of the electron perpendicular to the magnetic field direction, B,
and to v, is (Longair, 2011) :

evBsina

- 5.1
ay P ( )

The total radiation loss rate of the electron is (Longair, 2011):

dE 4 2
—( ) _ P (5.2)

dt ) 6meged

ve? e?v?B?%sin’a

= e S and (5.3)
e*B? %,
= A2 5.4
6megcm? ER (54)
where 7 is the Lorentz factor, defined as:
1

V= = (5.5)

T2

105



-40°35' (/AR R W

500 kpc L
" -40°36'- AR % 7
-
g g " |
g S a7t | -2 -
g E I LYy
= 2 BCG—0
2 e . *
z 3 F 0
[9) [ Vv
[a) [a) 38'F > =
L Y 1RXSJZO3150.4-4(.)3656
; o
( (
Y | Q 1 1 1 i 39' ‘U i
M h PR WA . oo b o e b b s
32m00s  55s 50s 45s  20h31m40s 32m00s 565 52s 48s 20h31mads
Right Ascension (J2000) Right Ascension (J2000)

Figure 5.2: Left: Contours (in red) are from the observation of the radio halo using
the GMRT (Giant Metrewave Radio Telescope) at 325 MHz overlaid onto the Chandra
image of SPT J2031. The black lines are X-ray contours spaced by a factor of 2. Right:
HST optical image of SPT J2031 overlaid with the radio contours at 325 MHz in red.

Thus, equation 5.4 implies that the total radiation output is proportional
to the square of the magnetic field. Hence, the stronger the magnetic field, the
more synchrotron radiation is observed. The total radiation output is also pro-
portional to 7 squared, which is the Lorentz factor of the electron (see Equation
5.5). Based on this equation, it is evident that the electrons need to be moving

very close to the speed of light. Hence, the electrons must be highly relativistic

for synchrotron radiation.

5.2 Radio Halos in Merging Galaxy Clusters

Radio halos are typically observed in galaxy clusters undergoing mergers or
interactions, where energetic processes can accelerate electrons to high energies.

These high-energy electrons emit synchrotron radiation as they spiral around
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magnetic field lines, producing the radio emission (Feretti et al., 2012). The term
halo refers to the fact that the emission is spread out around the central region of
the cluster. In the cluster SPT J2031, Raja et al. (2020) finds a radio halo shown
in Fig. 5.2. The panel on the left shows the contours (in red) obtained from the
GMRT (Giant Metrewave Radio Telescope) at 325 MHz overlaid on the Chandra
image of SPT J2031. The panel on the right shows the HST optical image of SPT

J2031 overlaid with the radio data in red contours at 325 MHz.

5.3 Relativistic Electrons and Their Acceleration Mechanisms

So far, I have discussed electron temperatures obtained via Bremsstrahlung
radiation. In the case of the SPT J2031 cluster discussed in Chapter 4, the
post-shock electron temperature is measured to be 13.8 keV. This post-shock

temperature can be used to calculate the speed of the electrons with the following

v= \/? (5.6)

where k = Boltzmann’s constant, 7" = temperature of the electron, and m is

equation for an ideal gas:

the mass of the electron. Converting this kinetic energy into speed, I obtain the
speed of the electrons to be ~ 85,000 km s~!, which is much smaller than the
speed of light (300,000 km s_l). Hence, these electrons are not the source of
the observed synchrotron radiation. This implies that some other source of these
highly accelerated electrons is responsible for the synchrotron radiation.

Particle acceleration is a process through which a relatively small num-

ber of particles in the higher-energy tail of the thermal distribution gain a large
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Figure 5.3: (a) A parallel shock front in a stationary frame of reference. (b) A
schematic diagram showing the motion of particles in the vicinity of the shock. The
plasma flow speeds are u; (upstream) and us (downstream). (Bell, 1978)

amount of energy and thus result in an overall non-thermal distribution. The final
energies of the tail particles are far in excess of the thermal energy. Particle accel-
eration in astrophysical environments encompasses a wide range of mechanisms
and processes. Based on a review of Jokipii (1979), particle accelerations are cat-
egorized as deterministic and stochastic. Deterministic acceleration mechanisms,
such as diffusive shock acceleration (DSA) and first-order Fermi acceleration, in-
volve systematic and predictable processes where particles gain energy through
interactions with shocks or magnetic fields. Stochastic acceleration mechanisms,
conversely, involve random interactions with turbulent or fluctuating fields, lead-
ing to the random and diffusive energization of particles (Bian et al., 2012).

In galaxy clusters, the mechanism through which electrons are accelerated
to relativistic speeds to produce synchrotron radiation is primarily driven by
shocks in the ICM (Feretti et al., 2012). Galaxy clusters form through the merger

of smaller clusters and groups, resulting in the generation of shocks during the
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merging process. These shocks can accelerate particles, including electrons, to
relativistic energies through a process known as diffusive shock acceleration (DSA)

(Weeren et al., 2010).
5.3.1 Diffusive Shock Acceleration Mechanism:

Diffusive shock acceleration (DSA) is a subset of the first-order Fermi
acceleration. First-order Fermi acceleration is a general concept that encompasses
various acceleration mechanisms. It can occur in different kinds of astrophysical
environments, which include shock regions, magnetic reconnection regions, and
turbulence (Drury, 2012; Petrosian, 2012). DSA is a specific type of first-order
Fermi acceleration mainly associated with shock fronts (Botteon et al., 2020). It
is primarily observed in environments like the sites of cosmic ray production and
at several sites in the heliosphere (Baring, 1997).

In the DSA process, particles are accelerated diffusively at the shock. The
particles cross back and forth across the shock front in the downstream and up-
stream regions of the shock due to magnetic inhomogeneities in these regions (van
Weeren et al., 2019). Every time the particle crosses the shock, it gains additional
energy, resulting in a non-thermal distribution.

This mechanism is observed in parallel shocks (fig. 5.3a), with its direction
of propagation along the magnetic field lines, and considers only those particles
(electrons or protons) that have energies high enough for their gyroradii to be

much larger than the width of the shock front (Bell, 1978), where the shock front
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width is considered to be less than, or of the order of the gyroradius of a thermal
proton (Boyd and Sanderson, 1969).

Consider a flow of particles defined by speeds u; and wus(< ;) on different
sides of the shock (see Fig 5.3b). Particles on the upstream side of the shock
(uyp) diffuse around via collisions with magnetic turbulence until they eventually
cross over the shock to the downstream side (ug) of the plasma. This causes an
increase in the average particle speed in the rest frame of the shock. Some of
these particles return to the upstream side of the shock, and the process repeats,
leading to average particle speeds that are higher than the speeds reached in the
downstream plasma. This sequential process of back-and-forth diffusion across
the shock continues to increase the particle speed, thereby accelerating the par-
ticles (Baring, 1997). When a similar process happens in the opposite direction,
where the particle travels from downstream to upstream and is reflected from the
upstream back into downstream, it increases the average energy of the particles.
The subsequent reflections of multiple particles give a resultant energy spectrum,

which turns out to be the power law given by the equation (5.7):

x€eP, (5.7)

where the spectral index p > 2 depends on the compression ratio of the shocks

for non-relativistic shocks.
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Figure 5.4: Inverse Compton scattering for a single electron due to a low-energy
photon. A high-energy, relativistic electron interacts with a low-energy photon. In this
interaction, the electron transfers some of its energy to the photon, making it an X-ray
photon and scattering it from its path.
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5.4 Inverse Compton Emission from Hard X-rays

In principle, the relativistic electrons responsible for synchrotron radiation
can also cause inverse Compton scattering. Inverse Compton (IC) scattering is
a process in which a charged particle, typically an electron, transfers part of its
energy to a photon, resulting in an increase in the energy of the photon, as well
as causing it to scatter. When an electron with exceptionally high energy (as
depicted in Fig. 5.4) encounters a photon with very low energy, it can undergo
IC scattering. These low-energy photons originate from the Cosmic Microwave
Background (CMB) and are present everywhere throughout the universe. Since
these are microwave photons, their energy is exceedingly low. However, it is
possible that some of the electron’s energy could be transferred to the photon
through inverse scattering, causing it to transform from a microwave photon into
an X-ray photon. Consequently, the presence of these high-energy electrons can
also be inferred by observing X-ray emissions, which result from inverse Compton
scattering rather than Bremsstrahlung.

Fig. 5.5 shows the plot of the photon flux against the photon energy in keV
of the expected spectrum for a galaxy cluster which has bremsstrahlung compo-
nent from the ICM and IC emission from the ICM. The overall spectrum consists
of two components: a thermal component originating from Bremsstrahlung and
a non-thermal component resulting from IC scattering.

Since the sensitivity range of Chandra is 0.7 — 7.0 keV, it is not possible to

measure anything beyond this energy using Chandra. The NuSTAR telescope is
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Figure 5.5: The plot of the photon flux against the photon energy in keV of the
expected spectrum for a galaxy cluster that has a bremsstrahlung (thermal) compo-
nent from the ICM and IC emission (non-thermal) from the ICM. The non-thermal
component only dominates over the thermal component at high energies.

employed to measure the emission at high X-ray energies (hard X-ray emission).
The sensitivity of NuSTAR lies between 3 keV and 80 keV, making it the ideal
telescope to observe the non-thermal component. Consequently, Chandra data is

used to constrain and accurately model the thermal component, while NuSTAR

allows for the measurement of the high-energy tail of this spectrum.
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5.5 Discovery of Radio Halo in SPT-CL J2031-4037

Raja et al. (2020) discuss their discovery of a radio halo surrounding the
central brightest cluster galaxy in the galaxy cluster SPT J2031. The paper finds
that SPT J2031 is a morphologically disturbed cluster yet has a weak cool core,
an example of a cool-core/non-cool-core transition system, which harbors a radio
halo ~ 0.7 Mpc in size (see Fig. 5.2).

Analysis of deep Chandra data of SPT J2031 shown in Chapter 4 indicates
that it is indeed a cluster that has undergone a merging event. However, the
band-pass of Chandra is 0.7 — 7 keV. To study SPT J2031 for the presence of
non-thermal emission, I helped write a NuSTAR and successfully obtained the

data, which has been analyzed in the following sections.

5.6 NuSTAR Observation of SPT J2031

SPT J2031 was observed by NuSTAR using both of its telescopes, FPMA
(Focal Plane Module A) and FPMB (Focal Plane Module B), for a total of 238 ks
spread over two observations (PI: Walker). The first observation was performed
on December 4, 2020, for a total unfiltered exposure time of 145.4 ks, and the
second observation was performed on May 27, 2021, for a total unfiltered exposure
time of 92.8 ks. Table 5.1 gives the details of the observations used for the analysis

in this work.

114



Table 5.1: Details of the NuSTAR observations of SPT J2031

Obs. ID RA Dec Obs. date Unfiltered / Filtered exp (ks)

FPMA FPMB

70601001001 20 31 30.6 -40 39 32.0 2020-12-04 1454 /123.5 1454 / 123.8

70601001003 20 32 01.4 -40 34 36.0 2021-05-27 92.8 / 75.9 92.8 / 71.7

Data reduction processes were performed on these observations using stan-
dard pipeline processing. The data reduction, pre-processing, and analysis pro-
cess was done using HEASOFT (High Energy Astrophysics SOF Tware) v6.29 and
NUSTARDAS (NuSTAR Data Analysis Software) v2.1.1. The nupipeline script was
used to produce clean event files, which were further used to extract images, light
curves, and spectra using the nuproducts script. Fig. 5.6 shows the light curves for
the observation 70601001001. The top and bottom panels show the light curves
for the FPMA and FPMB telescopes, respectively. A visual assessment of these
light curves did not show any significant fluctuations.

Fig. 5.7 shows the background-subtracted global spectra of the observation

700601001001. The two upper curves in black and red represent the spectra
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Figure 5.7: Background-subtracted global spectra of the observation 700601001001.
The two upper curves in black and red represent the spectra from the FPMA and
FPMB telescopes, respectively. The lower curves represent the background spectra. As
seen in the figure, beyond 10 keV, the spectra are background-dominated.

from the FPMA and FPMB telescopes, respectively. The lower curves represent
the background spectra. As seen in the figure, beyond 10 keV, the spectra are

background-dominated.

5.7 Image Analysis

Figure 5.8 shows the mosaic of the exposure-corrected, background-
subtracted images of the cluster in three energy bands. From left to right, the
energy bands in the panels are 3 — 10 keV, 10 — 20 keV, and 20 — 50 keV, respec-
tively. The circle in solid white with a 5 arcmin radius marks the region from
which the source spectra were extracted. The dashed circles mark the regions
from which the background spectra were extracted. The 3 — 10 keV and the
10 — 20 keV images show the distribution of hot gas from the cluster. However,

the 20 — 50 keV image appears to be completely background-dominated as it does
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Figure 5.8: Background-subtracted and exposure-corrected images of the galaxy clus-
ter SPT J2031, obtained by combining both observations from both telescopes. Left:
The energy band is 3-10 keV. The circle in solid white with a 5 arcmin radius marks
the region from which the source spectra were extracted. The dashed circles mark
the regions from which the background spectra were extracted. Middle: The exposure-
corrected image obtained in the 10-20 keV energy band. Right: The exposure-corrected
image obtained in the 20-50 keV energy band.

not exhibit any evidence of cluster emission. Point sources found in the 3 — 10

keV image have been excluded from further analysis; no point sources were found

in the other two images.

5.8 Spectral Analysis

The global spectrum of SPT J2031 was extracted from the solid white
circle of radius 5 arcmin, shown in the left panel of Fig. 5.8. The spectral data
obtained from both the observations and both the telescopes were simultaneously
fitted to three different models to find a model that provides a good fit to the
data from the entire spectrum. These models are the single-temperature (1T)

model, a two-temperature (2T) model, and a single-temperature plus power-law

(1T+IC) model.
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5.8.1 Fitting with a 1T Model

The 1T model consists of an APEC thermal component (Smith et al., 2001)
with Galactic absorption fixed at Ny = 3.21 x 102°cm ™2 and redshift z = 0.3416.
The spectral fitting was performed in the 3 — 20 keV energy band using XSPEC
(Arnaud, 1996). The best-fit values were obtained by using C-statistic (C-stat),
as shown in Table 5.2. The best-fit yields a temperature value of T' = 9.210% keV
and a metal abundance of Z = 0.037055Z,. The C-stat value associated with the
1T model fit is 1903.1 with 1693 degrees of freedom. Fig. 5.9 shows a 1T model
fit to the global spectra data. As seen in the figure, a notable amount of excess
is seen in the energy range of 10 — 20 keV.

The 1T (one temperature) model will likely be an unrealistic description
of the spectral data for morphologically disturbed galaxy clusters such as SPT
J2031. A more plausible explanation of the spectral data may be obtained by

fitting the spectral data with a two-temperature (2T) model.
5.8.2 Fitting with a 2T Model

The 2T model consists of two thermal APEC components with their metal
abundances tied together. The best-fit values of the temperatures obtained by
fitting the spectra in the 3 — 20 keV to the 2T model are T} = 2.4 TkeV and
Ty = 18.3%LkeV. The metal abundance is Z = 0.10%5(:Z,. The C-stat value
associated with the 2T model is 1774.8 with 1691 degrees of freedom. Thus, the

2T model is a better fit for the spectral data than the 1T model.
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Figure 5.9: Background subtracted spectra in the 3 — 20 keV energy range for both
the observations of the cluster SPT J2031 from both the telescopes. The figure shows
the spectral data fitted to the 1T model. While the model fits the data well in 3-10
keV, a significant excess is seen in the 10-20 keV energy range.
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The best-fit temperature values obtained in the 2T temperature model
are an order of magnitude apart and are poorly constrained. These temperature
values are also lower than the temperature measured by Chandra. Moreover, they
lie outside the band-pass of the 3 — 20 keV energy band. This led to a different
approach to fit the spectral data in the 3 — 20 keV range - fitting the data with

a single-temperature plus power-law (1T + IC) model.
5.8.3 Fitting with a 1T 4+ IC Model

The 1T 4 IC model consists of a single-temperature plus a power-law
model. For the power law model, the spectral index of SPT J2031 found by
Raja et al. (2020) has been used. The spectral index of the radio halo was
found to be 1.4 between the frequencies of 325 MHz and 1.7 GHz, and based
on this, the photon spectral index parameter of the power-law component was
fixed at ' = 2.4. The best-fit values of the temperature and metal abundance
obtained by fitting the 1T + IC model to the spectral data are T = 11.57; 7"
keV and Z = 0.48703Z.. Over the energy range of 20 — 80 keV, the best-fit of
the 1T + IC model yielded a flux of 1.687(7; x 10~'%ergs~'em=2 over the non-
thermal component. The C-stat value for this model is 1780.4 with 1692 degrees
of freedom.

This process was repeated by fitting the 1T + IC model to the spectral
data in the 3 — 20 keV energy band by allowing the photon spectral index to be
free. The best-fit value for the temperature is T = 2.172% keV, and that for metal

abundance is Z = 0.44%9-23Z.. Although this model shows a better fit compared
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to the 2T model and the (1T + IC) model with a fixed photon spectral index, the
thermal component measured here does not agree with the corresponding Chandra
data. From my deep Chandra observations of SPT J2031, the temperature was
measured to be 13.8%73 keV. Hence, the temperature value measured here is
much lower than the temperature measured using Chandra data. Additionally,
the emission measure of the thermal component is lesser than that of the IC
component, indicating that the non-thermal emission is the dominant over all

energies. Thus, this model is an unrealistic one.
5.8.4 Fitting in the 4 - 20 keV Energy Band

Madsen et al. (2020) found that the effective area of the FPMA detector
could be slightly off below ~ 5 keV. In this case, the best-fit values for the 2T and
1T + IC models are bound to be different if carried out in the 4 — 20 keV energy
band. Hence, the fits were repeated from the global spectra in this energy band.
The results from this fit are shown in table 5.3. The lower temperature out of
the two values obtained for the 2T model is 5.3755 keV, which is lower than the
temperature of 13.81“%2 keV measured using deep Chandra data. Additionally,
the thermal component of the 1T + IC model with a free photon spectral index
I is measured to be 5.9715! keV, which is also lower than the measured Chandra
value. Hence, the 2T model and the 1T + IC model with free I' can be ruled out
in favor of the 1T + IC model with a fixed I'.

Figure 5.10 shows the spectra obtained for both observations from both

telescopes in the 4 — 20 keV energy band. The left panel shows the spectra fit
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Figure 5.10: 4-20 keV global spectra of both observations and telescopes of SPT
J2031. The left panel shows the spectra fit to the 1T model. The model provides a
good fit below 10 keV, but a significant excess is observed at energies of 10 — 20 keV.
The middle panel shows the spectral data fit with the 2T model. This model seems to
provide a good fit over the entire spectrum. The panel on the right shows the spectra
fitted to the 1T + IC model with a free photon index.

to the 1T model. The model provides a good fit below 10 keV, but a significant
excess is observed at energies of 10 — 20 keV. The middle panel shows the spectral
data fit with the 2T model. This model seems to provide a good fit over the entire
spectrum. The panel on the right shows the spectra fitted to the 1T + IC model
with a free photon index. Overall, the 2T model and the 1T + IC model with a

free spectral index seem to fit the data equally well.

5.9 Discussion

5.9.1 Non-thermal Component

The results of the spectral fitting in the 3 — 20 keV and the 4 — 20 keV
bands suggest that the 1T + IC model with a fixed photon spectral index offers
the best-fit to the spectrum out of all the other models when compared with the

results from the deep Chandra data.

125



$ RXTE A Swift ]
Beppo—SAX * NuUSTAR
. ¢ Suzaku 1
i ¢
.—|U 10_11' + ]
L, [
81 v
e t
X
=
q—
O
10712+ I I ]

D 0 9 AN DN SO N> DL
SIS RSN IR RN
S S S
SRR IR RO S
S O

Figure 5.11: Comparing the non-thermal flux of the SPT J2031 cluster to those
reported for other galaxy clusters by various X-ray observatories.

Figure 5.11 compares the estimated IC flux obtained for SPT J2031 in

the 20-80 keV energy band with those of other galaxy clusters using various

1.24

observatories. The 1T + IC model gives the best fit 20 —80 keV flux of 3.937{7 x

2 on the non-thermal IC component. Our results are well

1072 erg s7! em™
in agreement with the non-thermal flux observed in most other merging galaxy

clusters.
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5.9.2 Magnetic Field

The average magnetic field strength in the ICM can be estimated from the
flux of the IC emission. The synchrotron flux at the radio frequency v, and the
IC flux at the X-ray frequency v,, respectively, are given as follows: (Govoni and

Feretti, 2004):

VN 4.3 x 109\“

_ —21 0 14+«

Srwy) = 1.7 x 10 —47TD2a((5)B (—Vr ) and (5.8)
VN, 2.1 x 1010\ ¢

Src =42 % 10700 b T (1 4 2)*+ (j—) , (5.9)

where a(0) and b(J) are constants tabulated in Govoni and Feretti (2004); V is
the emission volume, Ny is the number density of the electrons, D is the source
distance, and « is the spectral index.

Assuming that the IC flux is produced by the same relativistic electrons
that produced the synchrotron radiation, Equations 5.8 and 5.9 can be used to

determine the average magnetic field strength as shown in Equation 5.10:

Sr[Jy]
Siclerg s=t em™?]

BluG)™ = h(a) (1+2)*x

(0.0545vp[M H2))* x (Eq[keV]'™ — Ei[keV]'™), (5.10)
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where h(a) is a constant tabulated in Govoni and Feretti (2004), Sg is the radio
flux at frequency vg, Sic is the X-ray flux, and F; and FEs represent the energy
interval over which the flux is measured.

Using the X-ray flux obtained in Section 5.9.1 and a radio flux of 16.941.8
mJy at 325 MHz from Raja et al. (2020), the average magnetic field strength
obtained is 0.06700; 4G with the best 1T + IC model fit. Using the radio flux
of 232.6 £ 24.3 mJy at 1.5 GHz from Intema et al. (2017), the average magnetic
field strength obtained is 0.1175:5¢ 1G. Both these values are in agreement with
magnetic field strength values found in other galaxy clusters (Wik et al., 2014;
Cova et al., 2019).

5.10 Conclusion

The primary findings of the detailed analysis of the deep NuSTAR obser-

vations of the merging cluster SPT J2031 are as follows:

e The global spectral data was first fit with the single-temperature (1T)
model. The best-fit for this model shows a significant excess between ener-
gies of 10—20 keV. Hence, this model does not provide a realistic description

of the data.

e Subsequently, the global spectral data was fit with four other models - the
two-temperature (2T) model, the single temperature plus power-law (1T +
IC) model with a fixed photon spectral index I', and the 1T + IC model with

a free photon spectral index. The temperature values obtained for the 2T
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and 1T + IC model with free I' are significantly lower than those obtained
using corresponding Chandra data. Hence, the 1T 4 IC model with fixed

' is the best-fitting, physically motivated model for the NuSTAR data.

A possibility indicated by these findings is that a non-thermal component
can explain the hard X-ray emission in the merging cluster SPT J2031,

although a purely thermal origin cannot be ruled out.

The 1T + IC model gives the best fit 20 —80 keV flux of 3.937125 x 10712 erg

-1

s em™2

on the non-thermal IC component. The estimated non-thermal
flux is comparable to other galaxy clusters studied using NuSTAR and other

X-ray instruments.

The volume-averaged magnetic field strength over the entire region of radio
emission is around 0.1 — 0.2 uG based on the non-thermal flux and existing

radio data of the cluster.
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Chapter 6. A Detailed Analysis of the Large-scale Cold

Fronts in the Perseus Cluster

6.1 Introduction

Cold Fronts are sharp contact discontinuities in the density and temper-
ature of the ICM (for a review, see Markevitch and Vikhlinin (2007)). Unlike
shock fronts, the brighter and denser side of this discontinuity is the colder one,
and there is no significant change in pressure across the cold front. Cold fronts
were first discovered owing to Chandra’s sub-arcsecond angular resolution. The
high-resolution capabilities of Chandra, combined with the high surface brightness
of these cold fronts, have facilitated their clear identification and analysis. Abell
2142 and Abell 3667 were the first cold fronts discovered by Chandra (Markevitch
et al., 2000b; Vikhlinin et al., 2001b).

Cold fronts in cooling cores are believed to occur when the merger of two
sub-clusters takes place off-axis, resulting in the displacement of the dense core
gas from its equilibrium position within the cluster’s gravitational potential in
a sloshing motion. Numerical simulations using hydrodynamics in Tittley and
Henriksen (2005b); Ascasibar and Markevitch (2006) show that sloshing can be
induced from minor mergers occurring due to infalling subclusters at a non-zero

impact parameter.
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As the ICM at the core of the cluster is displaced due to the infalling gas,
it results in concentric cold fronts, thereby causing the cooler and denser parcels
of gas from the core to come in contact with the hotter outskirts (Simionescu
et al., 2012). Keshet (2012) suggests that the presence of such a spiral pattern
exhibited by cold fronts in the innermost regions of cool core clusters indicates
the existence of significant large-scale bulk spiral flows.

The Perseus cluster of galaxies has been extensively observed by ROSAT,
Chandra, XMM-Newton, Suzaku, and Hitomi. It is the brightest, extended extra-
galactic X-ray source. Simionescu et al. (2012) found, by combining observations
from ROSAT, XMM-Newton, and Suzaku, the presence of a giant cold front at a
distance of 700 kpc, which is almost half the virial radius. Walker et al. (2018)
calculated the age of this large cold front to be 5 Gyr, based on the numerical
simulations of the evolution of cold fronts.

Only two other clusters, Abell 2142 (Rossetti et al., 2013) and RXJ2014.8-
2430 (Walker et al., 2014), have been identified with similar large-scale cold fronts
that extend to approximately 0.5 times their respective ro99 values. These clusters
were discovered at higher redshifts. Within each of these systems, a distinct spiral
pattern of concentric cold fronts can be observed on opposite sides of the cluster.
These cold fronts extend outward at progressively larger distances, indicating an
ongoing motion akin to a sloshing movement within the structure.

These large-scale cold fronts differ significantly from the cold fronts typ-
ically observed in the central regions of clusters. These larger cold fronts have

expanded outward and developed over time. Given this extended time span, dif-
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fusion processes have had a significantly longer duration to broaden the cold front
edge, while instabilities such as Kelvin-Helmholtz instabilities have had more time
to develop.

As cold fronts within clusters of galaxies move from the central core to-
wards the outer regions, they encounter different layers of the intracluster medium
(ICM) with distinct dominant physical processes. In the outskirts of clusters, the
physics of the ICM is subject to increasing influence by the accretion of gas from
large-scale structure filaments and infalling subgroups.

An analysis of the Perseus cluster by Simionescu et al. (2012) identified
further indications of the sloshing spiral in the Perseus cluster based on mosaic
data obtained from the ROSAT PSPC. These findings suggested that the spiral
phenomenon extended even farther to the west, reaching nearly the virial radius
(roo0 = 1800 kpc = 80 arcmin for Perseus, (Urban et al., 2014)). Nevertheless,
the limitations of ROSAT, such as its low effective area and the significant off-
axis point spread function, prevented a definitive determination of whether the
observed X-ray surface brightness excess to the west was associated with a cold
front.

To tackle this issue, in AO17, we extended the XMM mosaic to cover the
area stretching towards the virial radius. This expansion focused on a narrow
strip to the west of the Perseus cluster, aimed at checking if there might be a cold

front in that region.
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We assume a flat cosmology with Hy = 70 km s~ Mpc™!, Q,, = 0.3,
Qa = 0.7. The redshift is z = 0.018, where 1” corresponds to 4.892 kpc. All the

error bars are at a 68% confidence level unless stated otherwise.

6.2 Data

Simionescu et al. (2012) used archival ROSAT PSPC, XMM Newton, and
Suzaku observations to create a combined mosaic that showed evidence for large-
scale motion in the ICM, which appeared as a spiraling pattern in the X-ray
surface brightness profiles. The observations from XMM-Newton are tabulated
in Table 6.1. The Obs IDs with an asterisk (*) symbol next to them are our new

observations, which extend the mosaic out to the virial radius to the west (PI:

Walker).

Table 6.1: Details of the new and archived XMM observations used to create the
mosaic image of Perseus.

Obs. ID RA Dec Date Exp Distance
(ks) (arcmin)
0820720401*| 03 13 29.22 | +41 53 08.7 | 2019-03-04 | 28.8 74.01

Continued on next page
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Table 6.1 — continued from previous page

Obs. ID RA Dec Date Exp Dist (ar-
(ks) cmin)
0820720301*| 03 13 16.44 | +41 35 51.8 | 2019-02-26 | 25.0 73.28
0820720201*| 03 15 26.68 | +41 45 05.4 | 2019-02-24 | 25.3 50.74
0820720101*| 03 15 16.88 | +41 24 17.2 | 2019-02-20 | 25.4 51.06
0673020401 | 03 21 14.16 | +41 10 52.3 | 2012-03-01 | 31.9 25.75
0673020201 | 03 23 07.63 | +41 12 35.6 | 2011-09-10 | 39.0 41.78
0673020301 | 03 22 10.00 | +41 23 00.0 | 2011-08-19 | 35.9 27.87
0672770101 | 03 28 00.10 | 4+41 29 56.5 | 2011-08-04 | 16.9 92.28
0554500801 | 03 25 25.20 | +40 46 23.6 | 2008-08-19 | 34.1 77.59

Continued on next page
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Table 6.1 — continued from previous page

Obs. ID RA Dec Date Exp Dist (ar-
(ks) cmin)

0405410101 | 03 21 04.26 | +41 56 05.0 | 2006-08-03 | 30.9 28.72
0405410201 | 03 18 39.93 | +41 06 31.4 | 2006-08-03 | 34.0 27.35
0305690301 | 03 19 50.59 | +41 53 34.3 | 2006-02-11 | 27.2 22.8
0305690401 | 03 21 53.70 | +41 49 30.1 | 2006-02-11 | 27.9 30.14
0305690101 | 03 18 02.69 | +41 16 60.0 | 2006-02-10 | 27.9 23.96
0305780101 | 03 19 48.00 | 441 30 40.7 | 2006-01-29 | 125 0.18
0306680301 | 03 13 01.97 | +41 20 01.2 | 2005-09-04 | 63.4 76.72
0305720101 | 03 17 57.99 | +41 45 57.0 | 2005-09-01 | 21.8 25.42

Continued on next page
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Table 6.1 — continued from previous page

Obs. ID RA Dec Date Exp Dist (ar-
(ks) cmin)

0305720301 | 03 22 15.99 | +41 11 28.0 | 2005-08-03 | 28.3 33.95
0204720201 | 03 23 23.60 | +41 31 41.0 | 2004-02-04 | 24.9 40.52
0204720101 | 03 21 38.59 | +41 31 43.0 | 2004-02-04 | 17.9 20.87
0151560101 | 03 16 42.99 | +41 19 29.0 | 2003-02-26 | 29.4 36.33
0002942401 | 03 15 01.40 | +42 02 09.0 | 2002-01-28 | 7.9 61.83
0085590201 | 03 19 49.69 | +41 05 47.0 | 2001-02-10 | 43.3 25
0085110101 | 03 19 48.16 | +41 30 42.1 | 2001-01-30 | 60.8 0.2

Obtaining reliable temperature measurements outside of the virial radius
rs00 using ROSAT, Chandra, and XMM Newton is difficult compared to Suzaku

due to several reasons. The low surface brightness and gas density of the X-ray

136



emitting gas in the outskirts pose difficulties in observing the ICM. Also, ROSAT,
Chandra, and XMM have higher instrumental background levels compared to
Suzaku (Walker and Lau, 2022). Suzaku has been able to obtain measurements
of cluster temperatures out to the virial radius and beyond, thanks to its low in-
strumental background and large field-of-view. Because of this, archival Suzaku
observations taken from the west of the cluster core were used to obtain temper-

ature measurements for our analysis. The Suzaku observations are tabulated in

Table 6.2.

ROSAT PSPC

New extension to XMM mosaic
Existing XMM mosaic coverage /

Suzaku western coverage

70 arcmin = 1600kpc

Figure 6.1: Shallow observations from the ROSAT PSPC covering a large area of
the Perseus cluster. The ROSAT data is overlaid with old XMM observations (yellow
contour), which have been extended to the virial radius in the west (white contour).
The green rectangle shows the Suzaku observations in the western region of the cluster.
The black cross represents the cluster core. Image credit: Walker et al. (2022)
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Table 6.2: Suzaku data used for the analysis shown in this paper.

R.A. Obs Dec.

47.1647 | 805117010 | 41.6449

47.3511 | 805109010 | 41.6379

47.5391 | 805116010 | 41.63

47.7251 | 805108010 | 41.6255

47.9127 | 805115010 | 41.6204

48.1001 | 805107010 | 41.6131

48.2846 | 805114010 | 41.6054

48.4696 | 805106010 | 41.6016

48.8462 | 805105010 | 41.5856

49.2188 | 805104010 | 41.5721

49.5928 | 805103010 | 41.5523
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Figure 6.1 shows the ROSAT PSPC mosaic of the Perseus cluster. The
yellow contours overlaid on the ROSAT PSPC observation represent the existing
XMM observations. The new XMM observations that extend over the surface
brightness excess found in (Simionescu et al., 2012) are shown by the white con-
tour. These new observations extend out to the virial radius in the west. The
mosaic is also overlaid with Suzaku coverage of the cluster in the western di-
rection (green rectangular contour). Out of the eight strips of existing Suzaku

observations, only the one that overlaps with the new XMM data is shown here.

6.3 Image Analysis

The XMM data were reduced using the XMM extended source analysis
software (Snowden et al., 2008). All the exposure maps and images were extracted
in the 0.7—1.2 keV energy band using MOS-SPECTRA and PN-SPECTRA, while
particle background images were produced using MOS-BACK and PN-BACK.
The CHEESE and WAVDETECT tools were used to identify and remove the
point sources.

The background-subtracted, exposure-corrected image in the 0.7—1.2 keV
energy range is shown in the top panel of Figure 6.2. There are two edges visible
in this image, at a distance of 1.2 Mpc and 1.7 Mpc from the core. The top panel
of Figure 6.2 shows the XMM mosaic, where we see 2 surface brightness edges,
Edge 1 and Edge 2. The bottom panel of Figure6.2 shows the GGM-filtered image
(in orange) overlaid on the XMM mosaic (in blue). The two edges seen in the

GGM image serve to emphasize where they lie with respect to the core.
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XMMrﬂOSNC:

cr ] Edge 1
M”70 arcmin=1600kpc

GGM image

Figure 6.2: Top: The background-subtracted, exposure-corrected XMM mosaic of the
cluster in the 0.7 — 1.2 keV energy band. Bottom: The GGM map (orange) overlaid
on the XMM mosaic (blue) to show where the two edges lie with respect to the cluster
core. Image credit: Walker et al. (2022)
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Figure 6.3 shows a portion of the background-subtracted, exposure-
corrected image to the west of the core obtained from ROSAT PSPC observa-
tions. The white region indicates the sector over which the surface brightness
profiles in the middle panel of Figure6.4 are extracted. Figure 6.4 shows, going
from top to bottom, the XMM surface brightness profile, the ROSAT surface
brightness profile, and the Suzaku temperature profile. Two edges, Edge 1 (green
dashed line) and Edge 2 (blue dashed line), are seen at 1.2 Mpc and 1.7 Mpe,
respectively, in the XMM data. The ROSAT surface brightness profile has been
renormalized to compare with the XMM data. In this profile, Edge 1 can be seen,
but the data quality is not sufficient to confirm the presence of Edge 2. The corre-
sponding Suzaku temperature profile shows that at Edge 1, the density increases,
and the temperature decreases. Similarly, at Edge 2, the density increases and
the temperature decreases. Therefore, both the edges are consistent with being

cold fronts.

6.4 Comparison with Simulations

Figure 6.5 shows the results of the numerical simulation of a galaxy cluster
merger of two cool-core clusters from (Brzycki and ZuHone, 2019). This simula-
tion incorporates dark matter, gas, and magnetic fields and a merger mass ratio
of M = 3. The mass of the larger cluster is My = 6 x 10*M,, which is similar
to the mass of the Perseus cluster (M = 6.6753% x 10 M,; Simionescu et al.
2011). The initial ratio of thermal pressure to magnetic pressure is 5 = 200. The

initial impact parameter with which the two clusters approach each other is b
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Figure 6.3: A portion of the background-subtracted, exposure-corrected image of the
Perseus cluster to the west of the core obtained from ROSAT PSPC observations. The
white region is the sector that has been used for the XMM analysis. Image credit:
Walker et al. (2022)

= 1 Mpc, which triggers large-scale gas motions, leading to the formation of cold
fronts. The top panel of the figure showcases the GGM-filtered image of the X-ray
emission projected from the cluster 8.7 Gyr since the first core passage. There
are two parallel cold fronts at a large radius, reaching up to approximately 1.6
Mpc. These cold fronts emerged shortly after the core passage near the central
region and have since expanded outward. The magnetic field has stabilized the
cold fronts in spite of the presence of turbulence and shock fronts.

From comparison to simulations from previous works, it appears that the
relatively small mass ratio of the merger (or relatively large mass of the subclus-
ter) is crucial for generating significant cold fronts because larger mergers induce

faster gas movements, thereby lifting cold fronts to greater radii. Additionally, a
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Figure 6.4: Top: The background-subtracted, projected surface brightness profile
obtained using the XMM data. Two edges, Edge 1 ( at 1.2Mpc) and Edge 2 (at
1.7Mpc), are detected in this profile. Middle: The surface brightness profile extracted
from the same region using ROSAT PSPC data. Edge 1 is also seen here, but the data
quality is not sufficient enough to confirm the presence of Edge 2. The ROSAT profile
has been renormalized to compare with the XMM data. Bottom: The temperature
profile was obtained using Suzaku data in the same direction as the XMM observations.
There are two temperature drops observed corresponding to the location of both edges.
The temperature decreases with the increase in density for Edge 1 and Edge 2, consistent
with both being cold fronts. Image credit: Walker et al. (2022)
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Simulated GGM imag9g

Parallel cold fronts

8.7 Gyr since first core passa

Simulated kT map
Parallel cold fronts

N\

Figure 6.5: Top: Simulated GGM image of the sloshing 8.7 Gyr since the first core
passage. The outer cold front reached a distance of 1.6 Mpc for this simulation. White
arrows in the top left of this panel show the parallel cold fronts formed in the outskirts
of the cluster. Bottom: Simulated temperature map of the sloshing zoomed on the
parallel cold fronts. Image credit: Walker et al. (2022)
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substantial impact parameter is also necessary, as a merger with a smaller impact
parameter would disrupt the core. This hints at the possibility that the Perseus

cluster might have experienced such an event in the distant past.

6.5 Analyzing Cold Fronts Using New Chandra Data

In this section, we look at the Chandra data of the 700 kpc cold front to
the east of the cluster core. Previous Chandra observations analyzed by Walker
et al. (2018) only cover the northernmost part of this giant cold front at 700
kpc, indicated by the dashed yellow box in Figure6.6. The new deep observations
discussed in this paper cover the southern parts of the cold front (indicated by
white dashed boxes in Figure 6.6), which have never been analyzed before.

All observations of the 700 kpc cold front have been taken by the Chandra
X-ray telescope due to its unparalleled sub-arcsecond angular resolution. Even
though the Field-of-View (FOV) of Chandra is much smaller than XMM Newton,
it is the superior spatial resolution that allows us to study the substructure of
the cold front, such as Kelvin-Helmholtz instabilities (KHIs), which cannot be
resolved by XMM-Newton.

KHIs occur at the interface between two fluids with velocity shear. They
manifest through features such as ripples or irregular structures in the ICM. With
these new deep Chandra observations, the aim is to study such deviations from a

smooth curve along the cold front caused by the KHIs.
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Wide field Chandra
mosaic image

Existing deep Chandra
observations of the
northern part of the
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cold front
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! 440 kpc
New Chandra pointings
that covers the southern
region

Figure 6.6: A mosaic of Chandra observations of the Perseus cluster. The wide field
Chandra mosaic was constructed by stitching together deeper, proprietary observations
over the regions in white dashed boxes with archived observations of Perseus. The yellow
dashed box represents the northern region of the cold front which has been explored
with Chandra by Walker et al. (2018). The focus of this project is the unexplored
southern region of the cold front, shown by the white boxes in the figure.
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6.5.1 Data

The Perseus cluster was observed by the Chandra Advanced CCD Imaging
Spectrometer (ACIS) detector in the Very Faint (VFAINT) mode for a total of
220 ks spread over 8 observations (PI: S. A. Walker). Table 6.3 shows the Obs.
ID, dates of observations, approximate exposure time, and cleaned exposure time
of our proprietary Chandra observations. We used the new observations listed
in Table 6.3 and archived Chandra observations listed in Table 6.4 to create the
exposure-corrected mosaic image of the Perseus cluster shown in Figure 6.6. The
targets of all of these observations lie within a 70 arcmin radius from the core of

the Perseus cluster and were observed by ACIS-I.

Table 6.4: Details of the new and archived Chandra observations used to create the
mosaic image of Perseus.

No. | Obs. ID Exp. time RA Dec
1 5596 5 03 16 43.00 +41 19 29.40
2 5597 25 03 16 55.58 +41 21 31.62

Continued on next page
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Table 6.4 — continued from previous page

No. | Obs. ID. Exp. time RA Dec

3 502 5 03 19 48.50 +41 30 27.00
4 11713 114 03 19 31.80 +41 37 49.00
5 12025 19 03 19 31.80 +41 37 49.00
6 12033 19 03 19 31.80 +41 37 49.00
7 12036 48 03 19 31.80 +41 37 49.00
8 11715 79 03 19 44.20 +41 25 18.00
9 11716 40 03 19 44.20 +41 25 18.00
10 12037 81 03 19 44.20 +41 25 18.00

Continued on next page
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Table 6.4 — continued from previous page

No. | Obs. ID. Exp. time RA Dec

11 11714 100 03 19 42.60 +41 34 07.00
12 13989 37.5 03 17 14.70 +42 19 42.60
13 13990 37.5 03 17 14.70 442 20 03.50
14 13991 37.5 03 17 16.90 +42 20 03.80
15 13992 37.5 03 17 17.00 +42 19 43.00
16 17258 5 03 17 05.40 440 42 22.52
17 17259 5 03 17 28.89 440 57 24.70
18 17260 5 03 18 51.13 440 58 39.85

Continued on next page
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Table 6.4 — continued from previous page

No. | Obs. ID. Exp. time RA Dec

19 17261 5 03 20 14.04 +41 01 33.44
20 17262 5 03 20 26.28 +40 46 19.46
21 17263 5 03 20 39.59 +40 30 47.42
22 17264 5 03 21 33.25 +41 03 00.60
23 17265 5 03 22 54.67 +41 03 39.13
24 17266 5 03 24 13.69 440 58 02.22
25 17267 5 03 22 22.58 +41 19 13.99
26 17268 5 03 22 44.30 +41 34 37.28

Continued on next page
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Table 6.4 — continued from previous page

No. | Obs. ID. Exp. time RA Dec

27 17269 5 03 23 54.65 441 40 39.21
28 17270 5 03 25 16.74 +41 42 03.43
29 17271 5 03 22 04.99 +41 49 16.30
30 17272 5 03 22 12.66 +42 05 10.06
31 17273 5 03 22 38.70 442 19 32.12
32 17274 5 03 20 50.73 441 59 58.49
33 17275 5 03 19 29.36  +41 58 00.08
34 17276 5 0319 01.86 +42 13 44.91

Continued on next page
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Table 6.4 — continued from previous page

No. | Obs. ID. Exp. time RA Dec

35 17277 5 03 18 48.83 442 29 02.79
36 17278 5 03 18 07.03 +41 57 16.65
37 17279 5 03 16 44.61 441 54 59.53
38 17280 5 03 15 25.24 441 59 39.87
39 17281 5 03 15 32.79 +41 22 35.28
40 17282 5 03 14 14.49 +41 19 08.88
41 17283 5 03 19 21.25 +41 11 23.33
42 17284 5 03 20 58.66 +41 16 53.44

Continued on next page
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Table 6.4 — continued from previous page

No. | Obs. ID. Exp. time RA Dec

43 17285 5 03 21 37.74 441 33 28.72
44 17286 5 03 20 42.30 +41 50 05.79
45 19564 21.5 03 22 25.90 +41 27 30.30
46 20880 30 03 22 25.90 +41 27 30.30
47 20881 43.5 03 22 25.90 +41 27 30.30
48 19565 44.5 03 21 59.00 +41 41 31.10
49 19938 50.5 03 21 59.00 +41 41 31.10
50 22643 34 03 22 09.18 +41 17 11.42

Continued on next page

153




Table 6.4 — continued from previous page

No. | Obs. ID. Exp. time RA Dec

51 22894 29.6 03 22 09.18 441 17 11.42
52 23086 30.4 03 22 09.18 +41 17 11.42
53 23103 16 03 22 09.18 441 17 11.42
54 22644 25 03 20 55.88 441 08 19.54
55 22888 30 03 20 55.88 441 08 19.54
56 23064 25 03 20 55.88 441 08 19.54
o7 23084 30 03 20 55.88 441 08 19.54

Data reduction was carried out using CIAO, the data analysis system of
Chandra (Fruscione et al., 2006) (version 4.14), along with CALDB, the cali-

bration database (version 4.10.2) provided by the Chandra X-ray Center (CXC).
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Table 6.3: Details of the new deep (~ 220 ks) Chandra observation of the Perseus
Cluster using the ACIS-I instrument.

Obs ID RA Dec Date Exp time Cleaned time
22643 03 22 09.18 +41 17 11.42 2019 Dec 19 31.48 31.48
22894 03 22 09.18 +41 17 11.42 2019 Dec 06 28.69 28.69
23086 03 22 09.18 +41 17 11.42 2019 Dec 03 30.03 30.03
23103 03 22 09.18 +41 17 11.42 2019 Dec 23 16.36 16.36
22644 03 20 55.88 +41 08 19.54 2019 Nov 06 24.75 24.75
22888 03 20 55.88 +41 08 19.54 2019 Nov 29 30.67 30.67
23064 03 20 55.88 +41 08 19.54 2019 Nov 07 24.0 24.0
23084 03 20 55.88 +41 08 19.54 2019 Nov 30 30.67 30.67
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Initially, the primary data set consisted of event 1 files, which are lists of photons
detected by the X-ray sensor. These files contain various measurements, such as
the spatial position, arrival time, and energy of each photon. To process these
event 1 files, the chandra_repro script was used, incorporating the most up-to-
date calibrations for the detector. This involved applying corrections for charge
transfer inefficiency (CTI), time-dependent gain adjustment, and the gain map.
The processed output included response files, new bad pixel files, and level 2 event
files.

To identify and remove flares and periods of unusually low count rates from
the input light curves, the deflare routine was employed. This routine utilized
the Ic_clean script developed by M. Markevitch. As indicated in Table 6.3, the
data were predominantly free from artifacts, resulting in a final cleaned exposure
time of ~ 217 ks.

In order to create the exposure-corrected image, the cleaned files from the
multiple observations were reprojected onto a common tangent point using the
reproject_obs script. The flux_obs script was used to create an exposure-corrected

image in the broad energy band (0.5 — 7.0 keV).
6.5.2 Image Analysis

Figure 6.6 shows the wide-field exposure-corrected mosaic of 57 ACIS-I
Chandra observations of the Perseus cluster within a radius of 70 arcmin from
the core of the cluster. The yellow dashed box represents the northern part of the

colossal cold front, which was analyzed previously by Walker et al. (2018). The
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GGM at scale = 64 pixels
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Figure 6.7: GGM image at scale = 64 pixels of the new deep Chandra observations
of the Perseus Cluster.
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Figure 6.8: Left: This figure shows the GGM image of the cluster, zoomed in on the
new deep Chandra observations. The white circle serves to emphasize the variation in
the structure of the cold front. Right: This plot quantifies the variation in the structure
of the cold front. Moving azimuthally along the cold front (shown by the change in
angle on the X-axis, it should be noted wherever there is a sharp gradient in the surface
brightness. The vector length (in arcmin) is the distance between this sharp gradient
in the surface brightness and the center of the white circle shown in the left panel.

three white dashed boxes represent our new ~ 220 ks observations, which are the
subject of our present analysis.

GGM (Gaussian Gradient Magnitude) filtering is a technique for edge
detection of substructures in cluster cores as well as outskirts (Sanders et al.,
2016; Walker et al., 2016). The GGM filter identifies gradients in the surface
brightness, with more pronounced gradients resulting in brighter edges within

the image. Figure 6.7 shows the GGM filtered image of the entire cluster going

to a radius of 70 arcmin in the energy range of 0.5 — 7.0 keV at scale=64 pixels.
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The left panel of Figure 6.8 shows a zoomed-in GGM image of the cluster
showing the northern and southern parts of the cold front being analyzed. The
white circle in this image highlights the curve that is expected to be followed
by the cold front in the absence of KHI’s, which can cause ripples or irregular
features in the ICM. We examined how the smoothness of this curve changes
for the Perseus cluster. This was done by determining where the steep change
in surface brightness occurred along the curve and finding the distance of this
gradient from a fixed reference point. The right side panel of Figure 6.8 shows
a plot of vector length against angle. The vector length represents the radius
from the fixed central point where the sharp change in the surface brightness is
seen. The angle refers to the azimuthal angle along the smooth white curve. The
vectors were equidistant at a spacing of 10 degrees along the curve. As seen in the
plot, the curve of the ICM is not a smooth one. In fact, it is possible to quantify
this variation of the curve by calculating the standard deviation of the curve,
which in this case was calculated to be 1.28. Thus, there are regions in the cold
front that are spread out, away from the curve. This non-smooth appearance of
the cold front indicates the presence of Kelvin-Helmholtz instabilities caused due
to the absence of magnetic field lines. We measured the length of this bay-like
feature to be ~ 212 kpc indicated by a solid yellow line in the left panel of Figure
6.8.
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6.6 Conclusion

We have conducted an analysis of our new observations of the western
outskirts of the Perseus cluster obtained from XMM-Newton. This investigation
was prompted by previous findings from the ROSAT satellite, which indicated an
excess in X-ray surface brightness in that direction. This excess appears to stem
from the continuing gas sloshing phenomenon observed in the core, extending to

around 700 kpc from the core towards the east. Our key findings are as follows:

e We have ascertained two distinct edges of surface brightness — one situated

at 1.2 Mpc and the other at 1.7 Mpc.

e A spectral analysis carried out using Suzaku data for the same regions
reveals temperature discontinuities at both of these edges seen in the XMM-

Newton mosaic, consistent with both edges being cold fronts.

e We have also used a numerical simulation of the merger of binary galaxy
clusters to demonstrate that cold fronts similar to the observed ones can
indeed be produced as a result of sloshing motions within the core. These
fronts extend outward to large radii and are stabilized against turbulence
through the influence of magnetic fields. The formation of these large fronts
seems to require a large impact parameter and mergers characterized by a
low-mass ratio. Such mergers can induce rapid gas movements without

completely disrupting the core.
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e Using the existing archival observations within a ~ 70 arcmin radius of
the core of the Perseus cluster with the new, deep (220 ks) observations
enabled the creation of an exposure-corrected mosaic. This image enhances

a deviation from the curved feature of the 700 kpc cold front to the east.

e The curved feature seen in the 700 kpc cold front to the east in the mosaic
appears to be consistent with the presence of KHIs. The length of the

bay-like feature was measured to be ~ 212 kpc.
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Chapter 7. Conclusions and Future Work

In this chapter, I bring together the key findings from my comprehensive
analysis of the merging galaxy clusters - SPT J2031 and the Perseus cluster, using

data from Chandra, NuSTAR, and XMM-Newton observatories.

7.1 Conclusions for SPT-CL J2031-4037
7.1.1 Results from Chandra Data

I performed a detailed analysis of SPT J2031 using proprietary 250 ks

Chandra observations. The results of the analysis are mentioned below:

e SPT J2031 exhibits merger geometry, as suggested by an offset between the
brightest X-ray peaks in the exposure-corrected image from the Chandra
observations and the two Brightest Cluster Galaxies in the HST optical

image.

e [ have utilized the GGM filtering technique to identify two sharp surface
brightness edges in SPT J2031, the primary shock front, and the southeast-

ern edge.

e [ extracted surface brightness profiles across both the edges identified in the

GGM image and fitted them with the broken power-law model to find the
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density jump across the shock front. The sharp edge in the northwest direc-
tion is the primary shock with a density jump p = 3.1140.32 corresponding

to a Mach number of 3.231052.

Due to the high Mach number obtained from the density jump in the pri-
mary shock front, I was able to compare the observed electron temperature
profile of the primary shock with the collisional equilibration model and the
instant shock heating model. T found that the post-shock electron temper-
ature is lower than the temperature predicted for the instant shock heating
model and favors the collisional equilibrational model. These findings are
similar to the results in Russell et al. (2012, 2022). However, the instant

heating model cannot be completely ruled out.

The other surface brightness edge, the SE edge, is observed in the south-
eastern direction and also appears to be a shock front. It has a density jump
p = 1.47 £ 0.26 corresponding to a Mach number M = 1.317)]%. Since the
Mach number M < 2, I was not able to achieve enough separation between
the two projected models of heating to be able to compare with the observed

electron temperature profile.

I plotted the density jump and Mach number of the primary shock as a
function of the angle around the shock front and found that the density
jump, and subsequently the Mach number peak at the center of the shock

front, where the gradient in the GGM image is maximum. Both the density
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jump and the Mach number taper off with a change in angle on both sides

of this center point.

e [ compared the temperature map obtained from the analysis with the sim-
ulations from Galaxy Cluster Merger Catalog (ZuHone, 2011) and found
that these results are consistent with the simulation for a merger between

two systems with mass ratio 1:3 and impact parameter, b = 500 kpc.

7.1.2 Results from NuSTAR Data

The primary findings of the detailed analysis of the deep (238 ks) NuSTAR

observations of the merging cluster SPT J2031 are as follows:

e The global spectral data was fit with the single-temperature (1T) model.
The best-fit for this model shows a significant excess between energies of
10 — 20 keV. Hence, this model does not provide a realistic description of

the data.

e Subsequently, the global spectral data was fit with four other models - the
two-temperature (2T) model, the single temperature plus power-law (1T +
IC) model with a fixed photon spectral index I', and the 1T + IC model
with a free photon spectral index. The temperature values obtained for
the 2T and 1T + IC model with free I' are significantly lower than those
obtained using corresponding Chandra data. Hence, the 1T + IC model
with fixed I' is the best-fitting, physically motivated model for the NuSTAR

data.
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e A possibility indicated by the findings is that a non-thermal component can
explain the hard X-ray emission in the merging cluster SPT J2031, although

a purely thermal origin cannot be ruled out.

e The 17+ IC model gives the best fit 20 —80 keV flux of 3.93%1-23 x 10712 erg

1

S CIIli2

on the non-thermal IC component. The estimated non-thermal
flux is comparable to other galaxy clusters studied using NuSTAR and other

X-ray instruments.

e The volume-averaged magnetic field strength over the entire region of radio
emission is around 0.1 — 0.2 uG based on the non-thermal flux and existing

radio data of the cluster.

7.2 Conclusions for the Perseus Cluster

We have conducted an analysis of the newer observations of the western
outskirts of the Perseus cluster obtained from XMM-Newton. This investigation
was prompted by previous findings from the ROSAT satellite, which indicated an
excess in X-ray surface brightness in that direction. This excess appears to stem
from the continuing gas sloshing phenomenon observed in the core, extending to

around 700 kpc from the core towards the east. Our key findings are as follows:

e [t has been ascertained that there are two distinct edges of surface brightness

— one situated at 1.2 Mpc and the other at 1.7 Mpc.
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e A spectral analysis carried out using Suzaku data for the same regions re-
veals temperature discontinuities at both of these edges seen in the XMM-

Newton mosaic, consistent with both edges being cold fronts.

e Comparisons with numerical simulation of the merger of binary galaxy clus-
ters demonstrate that cold fronts similar to the observed ones can indeed
be produced as a result of sloshing motions within the core. These fronts
extend outward to large radii and are stabilized against turbulence through
the influence of magnetic fields. The formation of these large fronts seems to
require a large impact parameter and mergers characterized by a low-mass
ratio. Such mergers can induce rapid gas movements without completely

disrupting the core.

e Using the existing archival observations within a ~ 70 arcmin radius of
the core of the Perseus cluster with the new, deep (220 ks) observations,
I created an exposure-corrected mosaic. This image enhances a deviation

from the curved feature of the cold front.

e The curved feature seen in the mosaic appears to be consistent with the
presence of KHIs. The length of the bay-like feature was measured to be ~

212 kpc.

7.3 Future Work

To improve the outcomes of my analysis of SPT J2031, I refer to the

existing literature that highlights the enhancements achieved in the results for
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comparable clusters. A great example of this is Abell 2146, where significant
improvements in its temperature map were realized through deeper Chandra ob-

servations.

1 arcmin

220 kpc

Figure 7.1: All the panels here show the projected temperature map (in keV) with
S/N = 32, obtained from the Chandra observations of the merging galaxy cluster Abell
2146, with point sources removed. Left: Temperature map obtained from 43 ks of data.
The blue lines correspond to the approximate locations of the jumps in the surface
brightness edges (Russell et al., 2010). Middle: Temperature map obtained from 400
ks of data by Russell et al. 2012. Right: Temperature map obtained from 2Ms of
Chandra data (Russell et al., 2022). This figure shows that increasing the exposure
time dramatically increases the spatial resolution of the temperature map.

Fig. 7.1 shows the projected temperature maps of Abell 2146 (Russell
et al., 2010, 2012, 2022), obtained from Chandra observations for ~ 40 ks, ~ 400
ks, and ~ 2 Ms, respectively. The S/N = 32 (~ 1000 counts) for each of the
temperature maps. The first panel shows the temperature map obtained from 43
ks of Chandra data. The blue lines correspond to the approximate locations of
the jumps in the surface brightness edges. The errors in the temperature were
approximately ~ 15 %, but the bins with temperatures greater than 10 keV were

poorly constrained, with errors greater than ~ 30 % (Russell et al., 2010). The
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middle panel in Fig. 7.1 shows the temperature map obtained from ~ 400 ks of
data. The errors in the temperature are approximately ~ 15%. However, the
error in temperature drops to less than 10% in the sub-cluster core, where the
temperature falls below 2 keV. Similar to the first panel, the temperatures over
10 keV are poorly constrained by the energy range of Chandra, and the errors
increase to ~ 30% in these bins (Russell et al., 2012). The last panel in Fig.
7.1 shows the temperature map obtained using ~ 2 Ms of Chandra data. The
uncertainty in the temperatures is ~ 15 %, but for regions at lower temperatures,
the uncertainties in temperature vary from ~ 5 % to ~ 10 %(Russell et al., 2022).

Asseen in Fig. 7.1, with deeper data, Russell et al. (2012) and Russell et al.
(2022) obtained a temperature map with a higher spatial resolution, allowing the
authors to distinguish the changes in temperatures for much smaller scales. For
the same signal-to-noise ratio S/N = 32, there is a significant improvement in the
ability to resolve the spatial structure of the merging system. Hence, the deeper
data allowed for better mapping of the complex structures and for reducing the
uncertainties at temperatures lower than 2 keV.

The original image of SP'T J2031 obtained by Chandra was only 10 ks long.
This archived observation of SPT J2031, which first indicated the likelihood of
the system being a major merger, was so shallow that only two surface brightness
peaks could be observed, and no edges could be identified.

In order to investigate SPT J2031, I co-proposed and obtained 250 ks of
Chandra data. The top-right and bottom-right panels in Fig 4.3 show the tem-

perature map and GGM image, respectively, obtained as a result of my analysis
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of the deep Chandra data. Using this deep data, I was able to resolve the surface
brightness peaks, obtain a temperature map with signal-to-noise S/N = 32, iden-
tify the shocks in the system, and extract temperature values on the northwest
region of the cluster.

Deeper Chandra data (~ 1 Ms) of the system would significantly improve

my results and would provide a clearer picture of the cluster in the following ways:

e Since X-ray data have a low number of photons, they are governed by Pois-
son statistics, where the uncertainty in the temperature measurements is
inversely proportional to the square root of the photon count. Hence, going
from 250 ks of data to 1 Ms of data would quadruple the photon count and
bring down the uncertainty in temperature measurements by a factor of 2,

making these measurements more precise and reliable.

e The deeper data would result in a more accurate temperature map by bet-
ter defining the temperatures in the regions that were previously poorly

constrained.

e If the S/N ratio is kept the same, the size of the regions would be reduced
by a factor of 4. It would enable the exploration of the finer structures of

the shocks in the system.

e More data would make it possible to constrain the temperature at the SE

edge and even test the shock front for electron-ion equilibration.
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e Over the primary shock front, I would be able to make the regions over which
the spectra are extracted even narrower, which would help us understand

the shock even better.

The proposed future mission AXIS (Advanced X-ray Imaging Satellite)
would have a similar PSF to Chandra, a FOV for sub-arcsecond imaging that is
70 times larger than Chandra by area, and an effective area that is 10 times larger
than Chandra at 1 keV (Mushotzky et al., 2019). Observations made with AXIS
would allow for a temperature map with a much higher resolution. AXIS would
also be transformative in detecting cold fronts in the Perseus Cluster.

Another proposed future mission, HEX-P (High Energy X-ray Probe),
which would have better spatial resolution and a larger effective area compared
to NuSTAR, would help improve the study of the IC emission from SPT J2031

and make more accurate measurements of the magnetic field.
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