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CHAPTER 1

Introduction

This chapter includes excerpts from Alvarez et al. (2018) and Alvarez et al. (2022), used with permission from

the Astrophysical Journal.

1.1 Cosmic Web

Cosmological simulations of the Universe (e.g. Nelson et al., 2019; Heitmann et al., 2021), as well as cosmic

microwave background (CMB) observations (e.g. Bennett et al., 2013; Planck Collaboration et al., 2016)

show that the matter content of the early Universe was relatively homogeneously distributed throughout

space with small temperature and density perturbations (see e.g. Figure 1.1).

As the Universe has evolved through time, the matter condensed further and further, as dictated by the

density perturbations in the infant Universe. The peaks in density in the early universe grew into the nodes of

a web-like structure of cosmological filaments (see e.g. Figure 1.2). Groups of galaxies formed through the

merging of individual galaxies, and subsequently these groups of galaxies merge to form clusters of galaxies,

or the nodes (e.g. Kauffmann et al., 1999). This hierarchical cluster formation is thought to happen along and

at the nodes of the cosmic filaments that comprise the large-scale structure of the Universe.

1.2 Nodes–Galaxy Clusters

Clusters of galaxies are the largest known bound objects in the Universe. Massive galaxy clusters, comprised

of 100s to 1000s of galaxies bound to each other by gravity, in the local Universe, were first catalogued

Figure 1.1: All-sky image of the early Universe (Bennett et al., 2013), ∼ 13.77 Gyr ago, in the microwave
band. The temperature fluctuations are indicated by the color scale, and are theorized to have grown into the
nodes of the large-scale structure of our Universe. The image shows a temperature range of ±200µK.
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Figure 1.2: A snapshot from the IllustrisTNG100 (Nelson et al., 2019) cosmological simulation. Color
indicates gas temperature, where cooler gas is bluer and hotter gas is redder. Red indicates 107 K gas near
the centers of the simulated galaxy clusters. The brightness scale is dictated by shock strength. The bright
structure shows accretion shocks at the boundaries of galaxy cluster outskirts and cosmic filaments.

optically by Abell (1957). There have been a multitude studies since then of galaxy clusters across the

electromagnetic spectrum (e.g. as decrements in the CMB (Sunyaev and Zeldovich, 1970, 1980)).

It is found that most of the gas mass in galaxy clusters lies in the intracluster medium (ICM), which is a

hot ionized plasma (T ∼ 107 K) that permeates the entire cluster. The ICM is X-ray bright (e.g. Markevitch

and Vikhlinin, 2007) due to Bremmsstrahlung, or breaking, radiation from the diffuse plasma. Since the

surface brightness of such radiation is proportional to the square of the gas density, the central regions of

galaxy clusters, where the ICM is densest, have been very well studied due to the superior angular resolution

of i.e. Chandra and XMM-Newton compared to cluster outskirts (r > r500
1).

1.2.1 Cluster Cosmology

Since the formation and evolution of galaxy clusters are so closely tied to the density perturbations of the

early Universe, they have the potential to be very powerful tools towards better understanding cosmology and

the growth and evolution of larger-scale structure of the Universe through time.

To investigate cosmological parameters in a quantifiable manner using galaxy clusters, the evolving clus-

ter mass function is employed (i.e. Ikebe et al., 2002; Schellenberger and Reiprich, 2017), usually in conjunc-
1r∆is the radius of a sphere whose mean matter density is ∆ times the critical density of the universe
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tion with other independent tools, such as the primary anisotropies in the CMB, in order to break degeneracies

between cosmological parameters. This function is particularly sensitive to the cosmological parameters for

normalized mass density ΩM and spatial variance σ8.

While there are many methods employed to explore the cosmological parameter space, it is important to

understand systematic errors that may skew or bias results.

When using X-ray observables, many assumptions must be made when estimating the mass of the cluster.

One method is to assume that the ICM, a direct observable in the X-ray regime, is comprised of a sphere in

hydrostatic equilibrium. Another mass estimation method using X-ray data is to employ scaling relations,

such as the Luminosity-Temperature relation (i.e. Giodini et al., 2013) as a proxy for the total mass of the

cluster. Other mass estimation methods, such as weak graviational lensing, may be used to calibrate these

scaling relations. However, even this method is subject to its own known and unknown biases such as noise

bias (Massey et al., 2013), asymmetry of the point spread function (Hirata and Seljak, 2003), mass sheet

degeneracy (Schneider and Seitz, 1995), and incorrect photometric redshifts and miscentering (Köhlinger

et al., 2015).

1.2.2 Galaxy Cluster Outskirts

Galaxy cluster outskirts are defined as r500∼ r200
2 in this work due to the limitations of the X-ray instruments

employed.

Figure 1.3, a simulation of a galaxy cluster, highlights the fact that galaxy cluster outskirts vary in both

surface brightness and temperature azimuthally, especially where they interface with filaments. As stated in

the previous section, a key assumption when using galaxy clusters for precision cosmology is that clusters

are in hydrostatic equilibrium.

Dark matter only simulations show that galaxy clusters evolve in a self-similar manner (Voit et al., 2005).

However, it has been observed that many massive galaxy clusters seemingly deviate from hydrostatic equilib-

rium at large cluster radii (e.g. Walker et al. (2013)). Another key assumption is the geometry of the cluster,

nominally a sphere. Rather the “splashback radius” (Rsp), which is not spherically symmetric, better defines

the cluster outskirt boundaries. However, this radius remains difficult to ascertain with observational data.

Additionally, as can be shown in (i.e. Schellenberger et al., 2015), instrumental callibrations, and therefore

systematic errors, are still relatively unknown in the X-ray regime, further biasing mass estimates.

The deviation of hydrostatic equilibrium at large cluster radii could be due to a number of physical pro-

cesses in the ICM, including clumping of cool gas (Eckert et al., 2015; Simionescu et al., 2011; Tchernin

et al., 2016) at large cluster radii (∼ r200) biasing the average surface brightness of cluster outskirts high;

2r∆ is the radius at which the mean cluster density is ∆ times the critical density of the universe at the redshift of the clusters
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Figure 1.3: Simulated galaxy cluster with the white lines from the inside out being r500, r200, rvir, and 3r200.
Left: The X-ray surface brightness in the 0.5-2.0 keV band. Right: Linear scale temperature map from 0-11
keV and the color bar is respectively blue to red. Figure taken from (Reiprich et al., 2021).

non-thermal pressure support from bulk motions, turbulence or cosmic rays (Lau et al., 2009; Vazza et al.,

2009; Battaglia et al., 2013); and electron-ion non-equilibrium (Fox and Loeb, 1997; Wong and Sarazin,

2009; Hoshino et al., 2010; Avestruz et al., 2015).

The ICM thermodynamic history of clusters is encoded in the entropy profiles of the ICM. Unlike larger

mass clusters, the few studies of lower mass galaxy clusters and groups with the X-ray telescope Suzaku have

shown close agreement in the virialization region between the predicted entropy profiles based on self-similar

gravitational collapse models, and the inferred entropy profiles of the systems based on X-ray spectroscopy

studies (Su et al., 2015; Bulbul et al., 2016; Sarkar et al., 2021). This could be due to the fact that galaxy

groups are likely more evolved than galaxy clusters (Paul et al., 2017).

Another theory is that due to their smaller mass, galaxy groups are more sensitive to common thermody-

namic processes such as stellar and active galactic nuclei (AGN) feedback (e.g. Pratt et al., 2010; Lovisari

et al., 2015), injecting entropy into their outskirts. This injected entropy could artificially correct for the

entropy deficiency observed in more massive clusters around the virialization region, making the ICM of the

lower mass cluster or group look like it’s obeying self-similarity. However, an entropy excess at large group

and low mass cluster radii has not yet been observed. Isolated groups also tend to be in less dynamically

active regions than clusters, as they are not at the nodes of the cosmic web. The relative isolation would lead

there to be fewer clumps, weaker accretion shocks, and less turbulence.

Simulations (e.g. Angelinelli et al., 2021) and deep X-ray observations (e.g. Mirakhor and Walker, 2020)

of galaxy clusters have revealed that the thermodynamic structure of the outskirts varies azimuthally, presum-

ably due in large part to the growth of hierarchical structure through cosmic filaments. Understanding the

physical processes at work in the ICM in the outskirts of clusters is key to our understanding of the growth of
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cosmic structure, and using clusters for precision cosmology.

This work seeks to further investigate the outskirts of galaxy clusters, particularly where they interface

with large-scale intercluster and cosmological filaments in order to characterize and explore these deviations

from hydrostatic equilibrium.

1.3 Missing Baryons and the WHIM

Theory and observations both suggest that there are fewer baryons detected in the local universe than pre-

dicted. Observations of the cosmic microwave background (i.e. Planck Collaboration et al., 2015) and Big

Bang nucleosynthesis (BBN) models (Kaplinghat and Turner, 2001) predict that baryons comprise approx-

imately 5% of the total mass budget in the Universe. In the local universe, the known baryon content falls

short by approximately a factor of two (Fukugita et al., 1998; Cen and Ostriker, 1999; Bregman, 2007; Sinha

and Holley-Bockelmann, 2010). This discrepancy is known as the “missing baryons problem.”

It is theorized (e.g. Cen and Ostriker, 1999; Davé et al., 2001)) that the bulk of these missing baryons may

be in the form of a diffuse gas that traces the filaments of the cosmic web, known as the warm-hot intergalactic

medium (WHIM). Simulations predict WHIM temperatures of log T
K ' 5− 7 and electron densities of ne '

10−7− 10−5 cm−3 (see Bregman, 2007), making this medium very difficult to observe directly with most

existing observatories. Tentative evidence has been found for the WHIM in the form of absorption lines in

the soft X-ray spectra of high redshift objects (e.g. Zappacosta et al., 2012; Nicastro et al., 2018). However,

observations via absorption lines have been unable to constrain the amount of baryons present or to trace

large-scale filamentary structure.

There has yet to be a high significance observation of the WHIM in large-scale filaments (i.e. Kull and

Böhringer, 1999; Fang et al., 2007) aside from a handful of possible detections of the more dense part of the

WHIM at the outskirts of galaxy clusters (Wang et al., 1997; Werner et al., 2008; Eckert et al., 2015; Bulbul

et al., 2016). More recently, de Graaff et al. (2017) claimed a 5.1σ detection of WHIM filaments using

stacked Sunyaev Zel’dovich measurements. Nicastro et al. (2018) claimed a ∼ 4σ detection of the WHIM

using X-ray absorption spectra with XMM-Newton.

Galaxy clusters are excellent probes of the large-scale distribution of the WHIM, because they are found

at the intersection of dark matter filaments (i.e. González and Padilla, 2009). This makes galaxy clusters

excellent probes to study large-scale and intercluster filaments. The WHIM may have an impact on the ICM

of galaxy clusters, particularly where the ICM in the outskirts of the clusters are expected to interface with

the WHIM in large-scale filaments. Entropy profiles of the ICM are generally found to lie below what one

would expect based on pure gravitational collapse models (Kaiser, 1986; Voit et al., 2005) near a cluster’s

virial radius (i.e. Edge and Stewart, 1991; David et al., 1995; Allen and Fabian, 1998; Arnaud and Evrard,
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1999; Walker et al., 2013; Urban et al., 2014). This interaction triggers thermodynamic processes, causing

departures from the expected hydrostatic equilibrium (i.e. Ichikawa et al., 2013).

This work additionally seeks to search for the WHIM as a possible solution to the missing baryon problem.

The objects for this study are carefully chosen based upon their merging state and configuration in the sky.

Since the WHIM is theorized to have a relatively low surface brightness, galaxy clusters that are in the

early stages of merging are chosen for this study. In pre-mergers, the merger axis is purportedly aligned

with the local cosmic filament, and the clusters may not be aligned after core passage if there is a non-zero

impact parameter. This gives us an a priori expectation of where the WHIM filaments should be. As stated

in Section 1.1, galaxy clusters form hierarchically through merging along and at the node of cosmological

filaments, therefore the merging clusters are presumably within or connected by the filaments and indicate

the presence of larger-scale structure. Additionally, if these major merging systems are inclined to the line

of sight, the projected surface brightness of the intercluster filament would make this bridge appear brighter

than if the system is oriented in the plane of the sky.
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CHAPTER 2

Objects of Study

This chapter includes excerpts and figures from Alvarez et al. (2018) and Alvarez et al. (2022), used with

permission from the Astrophysical Journal.

This section will motivate why the objects were chosen for the study of this thesis.

2.1 Abell 3391/Abell 3395

The double X-ray peaked cluster Abell 3395 (hereafter A3395) was first characterized with Einstein obser-

vations (Forman et al., 1981), and comprises of A3395NW and A3395SE. These two clusters are currently

undergoing a major merger and share a filament of visible ICM material to the north of both cluster centers

(see e.g. Figure 3.1 Right). A3395 is relatively close in both projected separation on the sky and redshift,

to Abell 3391 (hereafter A3391). There is a galaxy group, ESO 161-IG 006 (hereafter ESO-161) located

between the two subclusters, in the intercluster filament, in alignment with the clusters. In Table 3.1 shows

the cluster masses (Piffaretti et al., 2011) and group mass estimated in this work, redshifts for the group and

clusters (Tritton, 1972; Santos et al., 2010), positions1, r500 (Piffaretti et al., 2011), and their X-ray tempera-

tures (Vikhlinin et al., 2009). The cluster centers have a separation of 47.08′ on the sky, which corresponds

to 2.9 Mpc at their mean redshift.

Figure 2.1 shows the velocity information from individual galaxies in this system to illustrate that ei-

ther there are two halos at slightly different redshifts with halos overlapping each other in projection, or a

connected system that inclined along the line of sight. Tittley and Henriksen (2001) performed a dynamical

analysis of the A3391/A3395 system and found that it is likely inclined close to the line of sight (3.1◦−9◦).

This finding made the A3391/A3395 system a prime candidate to further investigate with the next genera-

tion of X-ray telescopes, as the projected emission along the filamentary region would have a higher surface

brightness than if the system was inclined to the plane of the sky.

ROSAT ASCA observations were the first to reveal that this system has excess material in the intercluster

filamentary region between A3391 and A3395 (Tittley and Henriksen, 2001). Tittley and Henriksen (2001)

performed a ray tracing simulation on two images to account for the scattering of light into the region of the

apparent filament. One image includes the intercluster filamentary region and the other image has this region

“blanked” out (panel a and b respectively in Figure 2.2). The “blanked” image is set to have a constant count

1The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California Institute of Technology,
under contract with the National Aeronautics and Space Administration.
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Figure 2.1: The galaxy concentration and mean redshifts of the A3391/A3395 system. The crosses indicate
where the galaxy sample is. The mean local density of the galaxies is indicated by the contour levels, which
are separated by factors of 2. The mean local radial velocity is illustrated by the color scale. Redshift data
outside the coutors should be ignored. The white circles (r = 5′) indicate A3391, ESO-161, A3395NW, and
A3395SE from north to south. The larger dark circle is the ROSAT ASCA GIS field of view. Figure taken
from Tittley and Henriksen (2001).

Figure 2.2: The distribution of light, including scatter, estimated to be measured at the image plane of the GIS
detector by image ray-tracing. As input, ROSAT All-Sky Survey data (top row) were used. The ray-tracing
was done by the tool trace–asca. Image a was traced to produce image c. Image b had the intercluster field
“blanked”, which was subsequently ray-traced to produce image d. Figures and caption taken from Tittley
and Henriksen (2001).

rate that matches at a similar radius in a direction that is off the filament axis. Panel c has a significant amount

of flux to the north of A3395 that is absent in panel d of Figure 2.2, thus indicating that the emission seen in

the filamentary region is physical in origin and not the result of scattered light.
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Figure 2.3: a) tSZ Compton parameter map (y×106), b) best-fit model of the clusters, and c) residuals after
subtracting the best fit model for the A3391 and A3395 pair of clusters. Figure and caption taken from Planck
Collaboration et al. (2013).

Figure 2.3 a shows the Planck tSZ observation of the A3391/A3395 system rotated ∼ 90◦, panel b shows

the best fit generalized Navarro Frenk and White (GNFW) model, and panel c shows the residual image after

subtracting the image in panel b from the image in panel a. The residual image shows a clear excess in the

intercluster filamentary region with a Compton y-parameter of Y = (4.5± 0.7)10−3 (Planck Collaboration

et al., 2013). The authors found that the excess emission was suspiciously close to the region to the north

of A3395 where the subclusters are sharing ICM material. Further analysis with higher angular resolution

instrumentation is required to confirm the SZ detection of the filament.

Sugawara et al. (2017) found with Suzaku observations of A3395 and part of the intercluster filamentary

region (see Figure 2.4), that there is evidence of ICM heating in the intercluster region above what is expected

from the universal temperature profile for the system. The authors attribute this ICM heating to a possible

early-stage merger shock between A3395 and A3391.

This system is a prime candidate to investigate the interface between cluster outskirts and larger-scale

structure, in this case an intercluster filament, for many reasons. As stated earlier, the filament orientation

(3.1◦−9◦ along the line of sight) is favorable in the sense that the projected ICM surface brightness is higher

than if the system was aligned to the plane of the sky, allowing X-ray analysis of this diffuse emission to attain

a higher signal to noise. Previous studies have shown that there is excess emission between the two subclusters

that can possibly be attributed to an intercluster filament (Tittley and Henriksen, 2001; Planck Collaboration

et al., 2013; Sugawara et al., 2017). If these subclusters are indeed in the early stages of merging along a

larger-scale filament, or cosmic filament, the cooler WHIM gas could be present and detectable in this bright

region.
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Figure 2.4: A Suzaku XIS3, NXB subtracted, exposure corrected, image of A3395 and the filamentary region
in the 0.5-8.0 keV band. The image is smoothed by a 0.26′ Gaussian kernel width. Green circles are excluded
point source regions. Figure taken from Sugawara et al. (2017).

2.2 Abell 98

Abell 98 consists of three subclusters (Abell et al., 1989); Abell 98N (A98N), Abell 98S (A98S), and Abell

98SS (A98SS) distributed colinearly in projection (see e.g. Figure 2.5).

The right ascension and declination (Jones and Forman, 1999; Burns et al., 1994), redshift (White et al.,

1997; Pinkney et al., 2000), and measured electron temperature and inferred r500 (Vikhlinin et al., 2009) are

presented in Table 3.2.

The bimodal distribution of A98N and A98S was first seen in the X-ray with the Einstein telescope

(Forman et al., 1981; Henry et al., 1981). A98SS was also later observed with the Einstein telescope (Jones

and Forman, 1999). The presence of three subclusters aligned colinearly on Mpc scales suggests the presence

of a local large scale structure filament aligned with the subclusters. The inference that the subclusters are

connected by intercluster filaments, and are part of a larger-scale cosmic filament, makes the A98 system an

ideal candidate for this study.

Paterno-Mahler et al. (2014) found, with relatively shallow Chandra and XMM-Newton observations, that

there is marginal evidence for a shock heated region to the south of A98N (see Figure 2.7), perhaps due to an

early stage cluster merger. Their dynamical analysis supported this conclusion. This study also determined

that A98S has an asymmetric ICM distribution, indicating that A98S is still undergoing a major merger.
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Figure 2.5: Exposure and background corrected XMM-Newton EPIC image of the A98 system in the 0.4–10.0
keV energy band. Figure taken from Paterno-Mahler et al. (2014).

Figure 2.6: Chandra mosaic image binned by 4 pixels, where each pixel is ∼ 0.5′′, and smoothed by a 40′′

Gaussian. A faint bridge of emission is connecting A98N and A98S. A98N appears to be slightly elongated
in the N-S direction. The white box shows the region used to look for evidence of extended emission in
Paterno-Mahler et al. (2014), and the white circles indicate r500 of the cluster they’re centered on. Figure
taken from Paterno-Mahler et al. (2014).
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Figure 2.7: Temperature map of A98 with the scale bar in units of keV. The crosses mark the subcluster
centers. A98N appears to have a cool core with a ring of warmer gas surrounding it. The enhancement is
noticeable particularly to the south of A98N and north of A898S. This enhancement is possibly due to shock
heated gas. A98S has an asymmetric temperature structure, with a local temperature minimum to the east
and a local maximum to the west. Figure taken from Paterno-Mahler et al. (2014).

Paterno-Mahler et al. (2014) also searched for an intercluster filament in the region between A98N and A98S,

however were unable to find evidence due to the low signal to noise of the relatively short observation.
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CHAPTER 3

Methods

This chapter includes excerpts and figures from Alvarez et al. (2018) and Alvarez et al. (2022), used with

permission from the Astrophysical Journal.

3.1 Data Reduction

This section will cover the data reduction routines employed in this work for Chandra,XMM-Newton, and

Suzaku. Details of the Chandra observations explored for A3391/A3395 are presented in Table 3.1, and the

observations explored for A98 are presented in Table 3.2.

Observatory Pointing ObsID RA Dec Date Obs
Exposure [ks]

ACIS-I
EMOS1/EMOS2/EPN

PI

Chandra A3391 4943 06h26m22s.20 −53d41m37s.50 2004-01-15 18.3 T. Reiprich
Chandra Filament North 13525 06h25m22s.52 −53d53m54s.09 2012-08-18 48.4 S. Randall
Chandra Filament Center 13519 06h26m10s.69 −54d05m08s.53 2012-08-17 47.1 S. Randall
Chandra Filament South 13522 06h26m46s.24 −54d17m05s.87 2012-08-12 48.8 S. Randall
Chandra A3395 4944 06h26m49s.56 −54d32m35s.16 2004-07-11 20.7 T. Reiprich

XMM-Newton Filament Center 0400010201 06h26m31s.62 −54d04m44s.7 2007-04-06 38.2/38.5/23.1 M. Henriksen

Table 3.1: Summary of the Chandra and XMM-Newton X-ray pointings of A3391/A3395.

Observatory Pointing ObsID RA Dec Date Obs

Exposure [ks]
ACIS-I

XIS0/XIS1/XIS3
MOS1/MOS2/PN

PI

Suzaku A98C 809077010 00h46m 29s.93 +20h33m 25s.9 2014-06-09 59.75/58.86/59.63 S. Randall
Suzaku A98N 809078010 00h46m 18s.12 +20h50m 20s.0 2014-07-02 -/-/24.9 S. Randall
Suzaku A98N 809078020 00h46m 18s.02 +20h50m 21s.1 2014-07-03 23.3/21.1/22.5 S. Randall
Suzaku A98N 809078030 00h46m 19s.18 +20h49m 43s.3 2014-12-21 48.9/50.3/51.5 S. Randall
Suzaku A98S 809080010 00h46m 42s.48 +20h16m 30s.0 2014-12-20 47.7/48.4/49.0 S. Randall
Suzaku A98W 809079010 00h45m 15s.40 +20h40m 10s.2 2014-07-03 95.6/96.9/99.7 S. Randall

Chandra A98N 11877 00h46m 24s.80 +20h28m 05s.0 2009-09-17 19.5 S. Murray
Chandra A98S 11876 00h46m 29s.30 +20h37m 17s.0 2009-09-17 19.8 S. Murray
Chandra A98SS 12185 00h46m 36s.10 +20h15m 22s.5 2010-09-08 19.8 S. Murray

XMM-Newton A98C 0652460201 00h46m 13s.40 +20h34m 47s.5 2010-12-26 33.0/33.0/24.0 C. Jones

Table 3.2: Details of the Suzaku, Chandra, and XMM-Newton observations of A98.

3.1.1 Chandra Data Reduction

The aimpoint for each Chandra observation investigated in this work was on the front-side illuminated ACIS-

I CCD. CIAO version 4.8 and CALDB 4.7.2 are used for the A3391/A3395 observations, and CIAO version

4.9 and CALDB version 4.7.7 are used for the A98 observations, to reduce the data to level 2 event files with

the chandra repro script. The observations were taken in very faint (VF) mode and the background event

files were filtered appropriately for VF mode. We use the CIAO tool deflare to remove periods of strong
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flaring or data drop outs by removing periods where the light curve is more than 3σ from the mean. No

instances of strong flaring in any of the observations are found. The total filtered ACIS-I exposure time for

the A3391/A3395 observations is 183.3 ks, and 59.1 ks for the Chandra observations of A98 explored in this

study.

3.1.2 XMM-Newton Data Reduction

Two different prescriptions for data reduction and analysis were used for this instrument, owing to the some-

what different goals of the analysis. The approach for each object are described separately.

3.1.2.1 A3391/A3395 Data Reduction

For the XMM-Newton data, photon events registered by the MOS1, MOS2, and PN detectors of European

Photon Imaging Camera (EPIC) are gathered. In order to reduce the contamination of the source detections

by soft protons, solar flare periods are excluded via a wavelet filtering of two event light curves extracted in

the 10-12 and 1-5 keV energy band (Bourdin et al., 2005). The exposure times after filtering are shown in

Table 3.1. Events registered by anomalously bright CCDs of the MOS cameras (Kuntz and Snowden, 2008)

have also been removed for further analysis.

3.1.2.2 A98 Data Reduction

The Source Analysis Software (SAS) v18.0.0 is used to reduce the XMM-Newton event lists for the obser-

vations of A98N. The tools odfingest and cifbuild were used to create an ODF summary file, and to build a

CIF file respectively in order to prepare the data for further analysis. The tool xmmextractor is then used to

generate calibrated events files for point-like source analysis.

3.1.3 Suzaku Data Reduction

Suzaku observed the A98 system with 6 pointings (see Table 3.2) from June-December 2014. Three of the

four XIS detectors, XIS0, XIS1, and XIS3, were on for each observation, as XIS2 was out of commission by

this time.

The Suzaku data are reduced using HEASOFT version 6.22.1 and the latest calibration database as of

May 2014. The FTOOL aepipeline is used for the first order reprocessing of the unfiltered files. Appropriate

filters were applied for an Earth elevation greater than 5◦, a sunlit Earth elevation greater than 20◦, a cutoff

rigidity greater than 6 GeV/c, and passages just before and after the South Atlantic Anomaly with XSELECT.

The 5x5 editing mode files are first converted to the 3x3 editing mode using xis5x5to3x3 and then the events

are combined for each detector. The corners of the chips illuminated by the Fe55 calibration sources are then

removed. The second rows from adjacent to the charge injected rows at 6 keV are removed from XIS1 for
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further analysis due to the increase in NXB level on the back illuminated detector. Due to the micrometeorite

hit to XIS0, the impacted region is excluded from the XIS0 field throughout the analysis. Light curves are

extracted from the events files with the CIAO tool dmextract. The CIAO tool deflare is used on the light

curves with the iterative sigma clipping routine lc sigma clip set to 3σ . No instances of strong flaring in

these observations are found.

These Suzaku observations are found to be offset by ∼ 33′′ in right ascension from both the Chandra and

XMM-Newton observations of the system. When analyzing data from the different observations jointly, this

astrometry correction is taken into account.

3.2 Data Analysis

This section will discuss the data analysis performed on the end products described in Section 3.1

3.2.1 Imaging

3.2.1.1 Chandra Imaging

The asphist, mkinstmap, and mkexpmap routines in CIAO are used to generate aspect histograms, instrument

maps, and exposure maps respectively for imaging. The blank sky background files with the closest observa-

tion periods to each of the Chandra observations are reprojected to match the observations using the CIAO

routine reproject events. The blank sky background images are hard-band (10-12 keV) scaled to match high-

energy particle background count rate of the source observations. We use the wavdetect routine on wavelet

scales of 2, 4, 6, 8, 10, 12, and 16 pixels, where the pixels are 0.98” in length to detect background point

sources for removal. These sources are excluded from further analysis. The routine dmfilth is used to fill in

the excluded source regions by drawing counts from a Poisson distribution matched to the local surrounding

regions for imaging.

3.2.1.2 XMM-Newton Imaging

Two different imaging approaches were used for the two different studies. Both are described in the following

two subsections.

3.2.1.2.1 A3391/A3395 XMM-Newton Imaging

3D event cubes are generated, wherein the events are sampled in position and energy. The resulting spatial

binning is 1.6”. Following the prescription presented in Bourdin and Mazzotta (2008), the event cubes

contain information on the effective exposure and background noise values that are used for both imaging

and spectroscopy.

15



Figure 3.1: Left: The annotated background-subtracted exposure-corrected mosaic Chandra image of
A3391/A3395, and the intercluster filament, is shown in the 0.3-7.0 keV energy band and smoothed by a
12′′ gaussian. The boxes denote regions used for the temperature profile of the filament. The excluded re-
gion, marked by the ellipse and red line, contains the galaxy group ESO-161. The green dashed circular
region to the east of ESO-161 is used for local background modeling for the group temperature measurement.
The green dashed circular region to the west is used for background in all Chandra spectral analyses. The
XMM-Newton (see Table 3.1) field of view is shown in the dashed cyan region for reference. Right: Same as
left but smoothed by a 40′′ gaussian to highlight the intercluster filament. Spectra extracted from the green
box region were used to estimate the global temperature and density of the filament. The northern and south-
ern circles are r200 for A3391 and A3395 respectively. The wedges are used to derive the surface brightness
profile of the group.

The background noise model includes detections due to the detector fluorescence lines, cosmic induced

particle background, and unresolved emission of astrophysical origin. This unresolved emission includes the

cosmic x-ray background (CXB), and Galactic trans-absorption emission; see Kuntz and Snowden (2000).

Spatial and spectral variations of the instrumental background are modeled for each detector following the

prescription outlined in Bourdin et al. (2013). Amplitudes of the astrophysical emissions have been jointly

fitted with the instrumental background in a sky region located to the northeast from the center of the XMM-

Newton pointing, which is spatially separated from the A3391/A3395 system.
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Figure 3.2: 0.3-7.0 keV blank sky background subtracted, exposure corrected, mosaic image of the Chandra
observations of A98 (see Table 3.2). The image is smoothed with a 10′′ Gaussian.

Images and surface brightness profiles are corrected for the background noise model, as well as the

effective exposure time expected within their energy band. For these purposes, effective exposures assume the

incidental photon energy to follow the SED of an isothermal plasma of temperature kT=5 keV. To highlight

the faint, diffuse emission, the exposure and background corrected photon image in Figure 3.3 has been

smoothed by a gaussian kernel of width 19.2”.

The image presented in Figure 4.1 of ESO-161 uses curvelet denoising to preserve and highlight surface

brightness edges. Specifically, a curvelet transfrom of first generation (Candès and Donoho, 2002; Starck

et al., 2003) is computed from the photon image (see the left panel of Figure 4.1). This transform combines

ridgelet and wavelet bands, whose variance is stabilized following the Multiscale Variance Stabilized Trans-

form proposed in Zhang et al. (2008). Variance stabilized coefficients of the exposure corrected photon image

are subsequently thresholded at 3σ , which yields a boolean support of significant coefficients. To restore the

source surface brightness, a curvelet transform of the background noise image is projected onto the significant

coefficient support and subtracted from the thresholded transform of the photon image shown right panel of

Figure 4.1.
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Figure 3.3: Log-scale XMM-Newton image of the A3391/A3395 intercluster filamentary region smoothed by
a 19.6′′ gaussian. This image is taken in the 0.3-2.5 keV band with MOS1, MOS2, and PN. The elliptical
group region shown in Figure 3.1 (left panel) is shown for reference. Detected point sources are masked.

3.2.1.2.2 A98 XMM-Newton Imaging

A different approach was taken for this observation, as it was not used for modelling the diffuse emission

in this system. The XMM-Newton observation of A98 was used only to model bright point sources. The

tool xmmextractor is used to generate images for point-like source analysis. A smoothed 0.5-2.0 keV MOS2

image of this observation is presented in Figure 3.4.

3.2.1.3 Suzaku Imaging

The instrumental, non-X-ray background (NXB) images are generated using the xisnxbgen routine (Tawa

et al., 2008). The NXB images are then scaled such that the hard-band (10-12 keV) count rate matches the
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Figure 3.4: XMM-Newton MOS2 image of A98N and A98S smoothed with a 15′′ Gaussian kernel. The point
sources modelled with XMM-Newton data in this work are highlighted with dashed cyan regions.

source observations, as is done for the other instruments used in this work. After generating source and

scaled NXB mosaic images, the mosaic NXB image is then subtracted from the source mosaic image. Flat

field images are generated with the routine xissim to create effective exposure maps. The mosaic, NXB

subtracted source image is divided by the mosaic exposure map to create the final image shown in Figure 3.5.

The CIAO tool wavdetect is used on wavelet scales of 14 28 and 56 pixels, where each pixel is 2′′ in length

after binning. The image was then inspected by eye in order to make appropriate adjustments to the point

source regions detected for exclusion from further analysis.

3.2.2 Spectroscopy

This section desctribes the spectroscopy methods that were performed with the end products (e.g. spectra,

arfs, rmfs) described in Section 3.1

3.2.2.1 Chandra Spectral Analysis

The specextract tool with CIAO was used to extract spectra as well as the appropriate response files for

analysis. All Chandra spectra in this work were grouped to a minimum of 40 net counts per bin.

XSPEC version 12.9.0 and XSPEC version 12.11.0 were used for A3391/A3395 and A98 respectively to

perform the spectral analysis. Rather than use the CALDB blank sky files for background modeling, we use

the circular westernmost region on the ACIS-I6 chip shown in the left panel of Figure 3.1 for A3391/A3395,
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Figure 3.5: Left: Annotated, mosaic, background subtracted, and exposure corrected Suzaku image of the
A98 system in the 0.5−7.0 keV band. The image is binned to emphasize diffuse features in the system, and
smoothed with a 20.8′′ guassian. The sectors are the regions used for the temperature and entropy profiles for
A98N. The yellow circle denotes r200 for A98N derived from the T500-r500 relation found by Vikhlinin et al.
(2009). The dashed green circles are regions used to constrain the sky background. The excluded regions are
point sources, with the exception of a potential background cluster (see Chapter 4), and are excluded from
further analysis. The cyan dashed circle regions mark the point sources that are modelled simultaneously
with the outermost sector to the west of A98N. The box region to the north is used to estimate large-scale
properties described in Chapter 4. Right: The Suzaku image is smoothed with a 10.4′′ circular guassian.
The box regions are used for the intercluster filament thermodynamic profiles presented in Chapter 4. The
dashed cyan boxes are used to derive the temperature, electron density, and entropy profile for A98N and
A98S presented in Figure 5.4. The dashed yellow circle denotes the XMM-Newton field of view. The cyan
dashed regions and exclusion regions are the same as in the left panel.

and a circular region on the southernmost ACIS-I6 chip for A98. This has advantages over the blank sky

background files, which are a sky average rather than the background in a nearby region of the sky.

The stowed Chandra background files, in which long exposures were taken with ACIS stowed and in VF

mode, are used for instrumental background in the spectral fitting with an applied hard-band (10-12 keV)

correction as was done for the blank sky background files for imaging. The scaled stowed spectra are conse-

quently subtracted from the source spectra and local sky background spectrum during spectral modeling. The

stowed dataset accurately represents the quiescent, non-X-ray background (NXB), and this dataset introduces

an additional ±2% statistical uncertainty (for more information on the stowed dataset we refer the reader to

Hickox and Markevitch (2006)). For our faintest region in the A3391/A3395 observations, the effect that the
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systematic NXB uncertainty has on our measured kT and XSPEC normalization error range is an increase

of less than 10% and less than 3% respectively. This effect is much smaller than the statistical errors in this

region, so we do not include the systematic NXB uncertainty in our error budget.

The local sky background spectrum (see left panel of Figure 3.1) is simultaneously fit with the source

spectra to include background uncertainties in the calculated error ranges. An absorbed Astrophysical Plasma

Emission Code (APEC) (Smith et al., 2001) model was used for the source spectra. The background spectra

were simultaneously fit, along with the source spectra, with an absorbed powerlaw (PL) for the cosmic X-

ray background, an absorbed APEC model for the galactic halo (GH), and an unabsorbed APEC model for

the local hot bubble (LHB). The ICM, GH, and CXB are absorbed assuming a Galactic Hydrogen density

column of NH = 6.3×1020 cm−2 for A3391/A3395 and NH = 3.0×1020 cm−2 for A98 found with the ftool

nh (Kalberla et al., 2005). See Section 3.2.2.4 for more details.

3.2.2.2 Suzaku Spectral Analysis

To extract spectra for the Suzaku observations, the data is loaded into the XSELECT environment and sub-

sequently the extract spec routine is utilized. Then the corresponding redistribution matrix file (RMF) is

generated with xisrmfgen. The RMF and source spectrum are then used to generate the ancillary response

files (ARFs) with xissimarfgen.

Two different ARFs are generated for each spectrum to be folded into two different model components

in the spectral fits; the source model and the background model. The Chandra image is used to fit a 2D

beta model for all three clusters. In order to create more accurate ARFs for the source spectra, xissimarfgen

utilizes an image of the 2D beta model. A uniform circle with a radius of 20′ is used to generate the ARFs

folded into the background model, under the assumption that it is uniform.

Non X-ray background (NXB) spectra are generated with xisnxbgen (for more details see (Tawa et al.,

2008)) and are subtracted from the source spectra in XSPEC. We group all of our spectra such that each bin

contains a minimum of 40 counts. The free model parameters can be seen in Table 3.3. The LHB temperature

is fixed to kT = 0.1 keV, and the powerlaw component for the CXB is fixed to Γ = 1.4.

BG Region
CXB Norm

[photons/keV/cm2/s/arcmin2] GH kT [keV]
GH Norm

[cm−5arcmin−2]
LHB Norm

[cm−5arcmin−2]

West 6.9e−7+4e−8
−4e−8 0.19+0.03

−0.01 1.3e−6+8e−7
−3e−7 2.1e−7+1e−7

−2e−7
North 6.8e−7+3e−8

−3e−8 0.19+0.04
−0.02 1.4e−6+8e−7

−4e−7 1.8e−7+1e−7
−1e−7

Table 3.3: The free parameters for the fits to the dashed green background regions shown in Figure 3.5 (Left).

Most point sources are removed by inspecting the Suzaku, Chandra, and XMM-Newton observations

listed in Table 3.2. The bright point sources that are not excluded from the regions for analysis are modelled

simultaneously. We first model the point sources shown in Figure 3.5 Right with an absorbed powerlaw model
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for AGN, and an APEC model for a foreground galactic star, using the XMM-Newton data that overlaps the

Suzaku field of view (FOV). We then take the parameters from the model to simulate the same Suzaku point

source with the FTOOL xissim. We use this simulation to estimate the Suzaku normalization for the point

source models and then fold the point source models into the region fits, allowing the point source parameters

to vary within their 90% errors derived from the XMM-Newton fit of the source.

3.2.2.2.1 Suzaku Scattered Light

Due to Suzaku’s relatively large PSF, one must consider the effects of scattered light from adjacent regions

when performing spectral analysis. In order to determine the effect of scattered light across adjacent regions,

we use xissim to simulate each region with 2× 106 photons as is done in e.g. Walker et al. (2012) and

Bulbul et al. (2016). We calculate the percentage of photons that originate from the region of interest and

are detected in that region, and what percentage of photons are scattered into the adjacent region in order to

include a properly weighted component in the spectral fit to the adjacent region (Table 3.4). We use these

values to test whether the scattered light affects our results, particularly in the faintest regions analyzed in

this work. We find that the scattered light does not change the final results for the analysis of A98N, as the

statistical error dominates the effect of scattered light. We find that the scattered light from outside of the

FOV is negligible. Therefore, we omitted values from Table 3.4 where the adjacent sector was outside of the

FOV of the observation containing the source sector.

Region N01 N02 N03 W01 W02 W03

N01 65.1 - - - - -
N02 - 73.2 6.69 - - -
N03 - 9.38 70.6 - - -
W01 - - - 54.5 6.2 -
W02 - - - 9.86 60.0 -
W03 - - - - - 60.7

Table 3.4: Percentage of light scattered from the regions in the columns into the regions in the rows. “N”
represents the sectors to the north of A98N, and “W” represents the sectors to the west of A98N.

3.2.2.3 XMM-Newton Spectral Analysis

3.2.2.3.1 A3391/A3395 XMM-Newton Spectral Analysis

Amplitudes of the astrophysical emissions have been jointly fitted with the instrumental background in a sky

region located to the northeast of the XMM-Newton pointing, which is spatially separated from the A3395-

A3391 intercluster filament.

Spectroscopic measurements similarly rely on modeling the source emission measure provided by the

APEC model. We similarly assume elemental abundances follow the solar composition tabulated in Grevesse

and Sauval (1998) and the Spectral Energy Distribution (SED) of the intercluster plasma is redshifted to
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z=0.0530. The ICM, GH, and CXB are absorbed assuming the Galactic Hydrogen column density reported

in Section 3.2.2.1. The LHB is unabsorbed. For the CXB, the power-law index was fixed at 1.4, while the

temperatures of the LHB and GH were fixed at 0.1 keV and 0.3 keV respectively. The normalizations are

free to vary. The background model was fit simultaneously with the source model and the normalizations

are generally consistent with the Chandra background normalizations within 2σ (see Table 3.5). In this

modeling, all astrophysical components are corrected for spatial variations of the instrument effective area

and redistributed as a function of the energy response of the detectors.

[b]

Component
kT/Γ
[keV]/Γ

N [cm−5/photons
keV−1 cm−2 s−1 at 1 keV]
(Chandra/RASS)

LHB 0.092+0.06
−0.05 1.55+8.0

−0.17×10−5

GH 0.37+0.31
−0.09 2.2+0.76

−0.92×10−5

PL 1.4 f 2.7+0.55
−0.58×10−5/2.1+0.28

−0.35×10−3

f fixed parameter
Γ photon index

Table 3.5: CXB and foreground components derived from a spectral fit of RASS data as well as Chandra data
from the green dashed region on the ACIS-I6 chip (see the left panel of Figure 3.1) without contamination
from source data.

3.2.2.3.2 A98 XMM-Newton Spectral Analysis

SAS is used to generate all of the necessary files of the point-like (background active galactic nuclei (AGN),

and stars) regions shown in Figure 3.4 for analysis in XSPEC. In order to generate the source and background

spectra, we use the evselect routine. We then use the rmfgen routine to generate the redistribution matrix files

and the arfgen routine to generate the ancillary response file for the spectrum. The XMM-Newton spectra are

grouped such that each bin contains a minimum of 25 counts due to the relatively low counts observed for

the point sources. We then use an absorbed powerlaw model in XSPEC for the point sources that are AGN,

and a simple APEC model a point source that is galactic foreground star.

3.2.2.4 Background and Foreground

This subsection will describe the background and foreground parameters that must be taken into account,

especially for such low surface brightness emission. This includes the galactic halo, local hot bubble, and

cosmic x-ray background.

3.2.2.4.1 Systematic Error in the Cosmic X-ray Background

For the faint, diffuse emission that is characterized in this work, accurate modeling of the cosmic X-ray

background (CXB) is essential. X-ray telescopes resolve point sources only as well as the distribution of the
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point spread function (PSF) allows. Chandra particularly resolves point sources well (on-axis PSF ∼ 0.5′′),

but still only to a limiting flux, which is different for on versus off axis observations. The PSF for Suzaku is

broader, with an on-axis value of ∼ 2′. The fainter, unresolved point sources contribute flux that needs to be

characterized. For the on-axis observations, we adopt the methodology for estimating the total flux from the

unresolved CXB that Bautz et al. (2009), Bulbul et al. (2016) and Walker et al. (2012) implement in similar

analyses using Suzaku data, which we describe here.

The Chandra filament observations of A3391/A3395 allow us to detect point sources down to a flux of

Slim = 1.4+2.6
−0.6× 10−15 ergs cm−2 s−1. For comparison Slim ≈ 10−13 ergs cm−2 s−1 is a typical value for

moderately deep Suzaku (e.g. Walker et al., 2012). Moretti et al. (2003) defines the unresolved CXB flux in

ergs cm−2 s−1 deg−2 as:

FCXB = (2.18±0.13)×10−11−
∫ Smax

Slim

dN
dS
×S dS. (3.1)

The analytic form of the total unresolved source flux distribution in the 2-10 keV band is characterized as:

N(> S) = N0
(2×10−15)α

Sα +Sα−β

0 Sβ
deg−2, (3.2)

where α = 1.57+0.10
−0.18 and β = 0.44+0.12

−0.13 are the power law indices for the bright and faint components of the

distribution respectively, N0 = 5300+2850
−1400, Slim is the flux of the faintest point source detected in the obser-

vations, and Smax is 8× 10−12 ergs cm−2 s−1. We find the unresolved CXB in the A3391/A3395 Chandra

observations has an expected total flux of 7.5±2.1×10−12 ergs cm−2 s−1 deg−2. The unresolved CXB in the

background region used in the Suzaku observations has a flux of 1.87±0.13×10−11 ergs cm−2 s−1 deg−2.

An additional systematic uncertainty is spatial variance due to for example the distribution not being

uniform on small scales, or individual sources just below the detection limit falling into a region used for

analysis. The expected 1σ spatial uncertainty in the total unresolved CXB flux is given by:

σ
2 =

1
Ω

∫ Slim

0

dN
dS
×S2 dS (3.3)

where Ω is the solid angle (Bautz et al., 2009). This method is used to constrain the normalization of the

CXB component of the background, and allow this parameter to vary within the derived 1σ errors.
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3.2.2.4.2 Rosat All Sky Survey Annuli

A Rosat All Sky Survey (RASS)1 spectrum was also extracted from an annulus with an inner radius of 1◦ and

an outer radius of 1.1◦ centered around ESO-161 from the RASS observation of A3391/A3395 in order to

better constrain the local sky background parameters in our spectral fits. We extract a RASS spectrum of an

annulus centered on RA = 0h46m18s.8872 and Dec = 20h28m13s.557, approximately on the X-ray centroid

of A98SS, with an inner radius of 0.5643◦ and an outer radius of 0.6738◦ for A98. These spectra were

simultaneously fit as part of the background model throughout the x-ray analyses.

1https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xraybg/xraybg.pl
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CHAPTER 4

Results

This chapter includes excerpts and figures from Alvarez et al. (2018) and Alvarez et al. (2022), used with

permission from the Astrophysical Journal.

4.1 A3391/A3395

Here the results found for A3391/A3395 are presented. See Chapter 5 for further discussion on these findings.

4.1.1 A3391/A3395 Bridge Thermodynamic Properties

As stated in Chapter 2, A3391 is the cluster located to the north, while A3395 is located to the south. There

is an extended filament of hot X-ray gas connecting the main clusters (see e.g. Figure 3.3). ESO-161 is a

galaxy cluster located in between the two clusters, and is most clearly seen in Figures 4.1 and 4.2, along with

the extended diffuse emission in Figure 3.3 indicated inside the group ellipse region.

Figure 4.1: XMM-Newton images of ESO-161 in the 0.3-2.5 keV energy range. The color bar is counts/pixel.
Left: The original XMM-Newton photon image of ESO-161 with 14.4′′ pixels. Right: Curvelet denoised at
the 3σ level XMM-Newton image of ESO-161 derived from the left photon image. The green arrows indicate
the eastern leading edge. The red arrows indicate the downstream edge discussed in Chapter 5.

The megaparsec-scale bridge connecting the main subclusters is highlighted in Figure 3.1 (right panel)

and Figure 3.3 (for a wider field of view, see e.g. Section 3.2.1.2.1). The box regions shown in Figure 3.1

(left panel) are used for the temperature, abundance, density, and entropy profiles presented in this Section.
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Figure 4.2: Close up Chandra image of ESO-161 of Figure 3.1 (right panel). Left: ESO-161 with the annuli
used for a surface brightness profile (see Chapter 5) overlaid. Right: The overlaid azimuthal region is used
for a surface brightness profile (see Chapter 5). The arrows indicate where the two possible stripped gas tails
are located.

To measure a gas mass, electron density, and temperature for the whole filament, the box region shown

in Figure 3.1 (right panel) is used to extract the spectra in Figure 4.3. The black, red, and green lines are

the source spectra corresponding to ObsIDs 13525, 13519, and 13522 respectively. The dark blue line is

the sky background spectrum, which was simultaneously fitted, for the green dashed region on the ACIS-I6

chip for ObsID 13525 in the left panel of Figure 3.1. The light blue line is the RASS annulus background

spectrum, which was also simultaneously fitted. The soft excess in the residuals for the local Chandra back-

ground component is recognized; however adding a soft proton component to the model does not improve

the fit. Letting the GH and LHB parameters vary untied between spectra removes this soft excess for the I6

background spectrum in the residuals, however then the GH and LHB model parameters are then in tension

with each other. Due to the low S/N of the I6 spectrum (∼ 15%), we choose to leave these parameters tied.

Performing either of these analyses, however, does not significantly change the best fit parameter values or

error ranges.

For all reported gas masses in this system, a 3D cylindrical geometry for the filament is assumed, with

the length and radius dimensions corresponding to the box region length and half-width edges respectively,

assuming that the filament is slightly more extended than what is encompassed within the 16′ by 16′ Chandra

field of view and fills the box region. The box region in Figure 3.1 (right panel), for a 3D cylindrical geometry

has a radius of 0.7 Mpc and a length of 0.9 sin(i)−1 Mpc, where i is the inclination angle of the filament to
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Figure 4.3: Top: The best fit spectrum for the box shown in the right panel of Figure 3.1. The black, red, and
green lines are from ObsIDs 13525, 13519, and 13522 respectively. The dark blue line is the simultaneously-
fitted background spectrum for the dashed region on ObsID 13525 shown on the ACIS-I6 chip in the left
panel of Figure 3.1. The light blue line is the simultaneously-fitted background RASS spectrum. Bottom:
Residuals for the top spectra. Dotted lines are model components.

the line of sight. The box region was placed where the filament emission is relatively bright and where the

ICM emission is relatively faint, thus maximizing the S/N of the filament emission. The box regions used for

the profiles in Figure 3.1 (left panel) were assumed to have a 3D cylindrical geometry with radii of 0.7 Mpc

and a length of 0.3 sin(i)−1 Mpc. The electron density of the filament is derived from the normalization in

XSPEC, and is given by:

ne =

[
1.2 N×4.07×10−10(1+ z)2

(
DA

Mpc

)2( V
Mpc3

)−1]1/2

, (4.1)

where DA is the angular distance to the system, r is the radius of the filament, lobs is the observed projected

length of the filament, and N is the XSPEC normalization. The electron density profile across the filament is

shown in Figure 4.4.

The aforementioned box region (see right panel of Figure 3.1) was best fit with a two temperature APEC

model (χ2/do f = 619.46/594) rather than a one temperature APEC model (χ2/do f = 714.96/595). The

projected temperatures for the best two temperature fit are found to be kT = 4.45+0.89
−0.55 keV and 0.29+0.08

−0.03 keV.

Under the assumption that the hotter temperature component is that associated with the filament (see Chap-

ter 5 for discussion), we find an electron density ne = 1.08+0.06
−0.05×10−4 sin(i)

1
2 cm−3, and Mgas = 2.7+0.2

−0.1×

1013 sin(i)−
1
2 M� for the filament assuming that this inferred density extends outside the Chandra FOV into

the box region shown in Figure 3.1. If the filament is indeed completely covered by the Chandra FOV and

is not extended, then the gas mass would be ∼ 1.7×1013 sin(i)−
1
2 M�. This gas mass is in good agreement

with Tittley and Henriksen (2001). Note that the reported errors are statistical; there are additional systematic
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Figure 4.4: The electron density profile for the filamentary region derived from the 1T model normalizations.
The black and cyan dashed lines are r200 for A3391 and A3395 respectively. The X-axis is the distance from
the center of A3391.

errors associated with the assumed cylindrical geometry and unknown substructure of the filament.

The mean baryonic density of the universe at z̄ = 0.053 is ρ̄baryon ' 4×10−31 g cm−3. If the filament is

in the plane of the sky (see Chapter 5), ρ f il
ρ̄baryon

. 541. If the filament is indeed aligned close to the plane of

the sky, this overdensity is not consistent with that expected for the WHIM gas, which is thought to range

between 1-250 (Bregman, 2007).

The boxes shown in Figure 3.1 (left panel) are used to extract spectra and create the projected one tem-

perature (1T) profile. In Figure 4.5, three temperature profiles are displayed; two Chandra profiles including

the group and excluding the group ESO-161, and the XMM-Newton profile also excluding the group region.

Additionally, a two temperature (2T) APEC model is fit for the same spectra in each of the regions in

the profile, keeping the metallicity fixed at 0.2Z�. Fitting a second cool component to the spectrum of the

northern filament observation only for regions 2 and 3 yields better statistically significant 2T fits shown in
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Figure 4.5: The projected temperature from Chandra and XMM-Newton observations as a function of distance
from the center of the northern subcluster, A3391. Each point corresponds to a box region from which we
extracted spectra (see the left panel of Figure 3.1). The black points include the group emission and offset
for viewing purposes. The green triangles are the XMM measurements and the blue circles are the Chandra
measurements. Regions are labeled for reference.

Table 4.1 (see Chapter 5 for discussion).

Reg kT1
[keV]

N1
(10−4)
[cm−5]

kT2
[keV]

N2
(10−4)
[cm−5]

χ2/dof

2 3.03+0.88
−0.49 9.38+0.10

−0.50 ... ... 359.51/328
2 4.77+2.24

−1.21 7.27+0.68
−0.71 0.44+0.17

−0.10 6.74+3.23
−2.58 301.83/327

3 3.53+1.85
−0.87 7.10+0.84

−0.64 ... ... 203.55/211
3 3.87+2.46

−1.00 7.15+1.24
−0.69 0.28+0.15

−0.09 3.89+8.49
−2.47 183.87/210

Table 4.1: The best fit parameters for 1 and 2 temperature models for regions 2 and 3 in the 0.5-7.0 keV band.

A best fit 1T model is found, with projected temperature kT = 4.49+2.31
−0.97 keV, and electron density ne =

9.79+0.92
−0.92× 10−5 sin(i)

1
2 cm−3 for Region 4. This is the only area in this study that lies approximately at

r200 of both of the subclusters. Figure 4.6 shows the spectrum for Region 4, where the black (13519) and

30



red (13522) lines are the source spectra, the green line (13525) is the simultaneously fit dashed background

region (see the left panel of Figure 3.1), and the blue line is the simultaneously fit background RASS spectrum.
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Figure 4.6: Spectral fit and the residuals for Region 4, located approximately at r200 for both clusters, shown
in the left panel of Figure 3.1. The black and red lines are the source spectra from north to south respectively,
the green line is the simultaneously fitted dashed background region (see the left panel of Figure 3.1), and the
blue line is the simultaneously fitted background RASS spectrum. Figure and caption are taken from Alvarez
et al. (2018) with permission.

Upper limits of the projected abundances for regions 1, 3, 4, and 6 shown in the left panel of Figure 3.1

derived from an absorbed APEC model are displayed in Table 4.2.

Region Abundance [Z�]
1 < 0.72
2 0.14+0.12

−0.12
3 < 0.63
4 < 0.65
5 0.60+0.74

−0.20
6 < 0.63

Table 4.2: Projected abundance values for the box regions shown in Figure 3.1 (left panel).

The temperature profile along the intercluster filament derived from XMM-Newton observations is in

good agreement within uncertainties with the Chandra results. Region 6 is not fit with the XMM-Newton

data, as the region is only covered by EMOS1 after the filtering of bright CCDs, and the signal to noise is too

low to constrain the fit. The large uncertainties for Region 3, and to a lesser extent Region 4, are a result of

excluding the group region and subsequently having low areal coverage of the observation (see the left panel

of Figure 3.1), as well as a low inherent S/N as Region 4 is the faintest region. The temperature, abundance,

and density profiles (see Chapter 5) are also in good agreement with those found with Suzaku in Sugawara

et al. (2017).

4.1.2 ESO-161

The galaxy group ESO-161 found in the intercluster filament has extended emission mostly to the west, which

can be seen in Figures 3.3, and 4.2.

31



The surface brightness profile in the east-west direction across ESO-161 can be seen in Figure 4.7, derived

from the region marked by wedges in Figure 3.1 (right panel). Here, the annuli are equally spaced bins of

0.6′. Note that the x-axis origin, 0′, of the surface brightness profile corresponds to the center of the annuli,

with the west wedge noted as positive arcminutes and the east wedge is negative arcminutes. The goal of

this analysis was to discern where the group emission reached the background emission. Therefore, a cut

was made where the surface brightness profile flattens out at ≈ 8′ to the west and at ≈ 3′ to the east. The

XMM-Newton image was then examined to refine the group region by eye as it is shown in Figure 3.1 (left

panel). The group emission is elliptical and slightly angled in the NE-SW direction.

Figure 4.7: Surface brightness profile in the 0.3-2.5 keV band of ESO-161 extracted from the Chandra
observations with the wedges shown in the right panel of Figure 3.1. Errors are 1σ .

4.2 A98

4.2.1 A98N in Partial Azimuth

In this section we present temperature, electron density, and entropy profiles for regions shown in Figure 3.5.
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The electron density of regions of interest is similarly derived from the normalization for the APEC model

in XSPEC, as is described in Section 4.1.1.

4.2.2 Cluster Thermodynamic Properties

Here the thermodynamic profiles of the subclusters in the A98 system are presented. In order to deproject the

temperature measurements, the “onion peeling” method (Ettori et al., 2010) is used. A spherical geometry

for the galaxy cluster components in the system is assumed.

The Suzaku temperature profile of A98N in partial aziumth (see sector regions in e.g. Figure 3.5 (Left))

is shown in Figure 4.8 as well as the “Universal” temperature profile (Ghirardini et al., 2019) expected based

upon the average electron temperature of the system. While not all of the error constraints are tight, the

temperature profile of A98N is not only consistent in partial azimuth, but also seems to adhere to expectations

of the temperature profile based on average cluster temperature (cluster T500 measurements with Suzaku are

presented in Table 3.2).

Figure 4.8: The deprojected temperature profile of A98N for the sectors to the north and west shown in
Figure 3.5. The pink points are for the sectors to the west of A98N and the green points are for the sectors to
the north of A98N. The blue line is the “Universal” temperature profile presented in Ghirardini et al. (2019).

The electron density profile of A98N in the northern and western sectors is shown in Figure 4.9. The

profiles are consistent with each other within errors.

The deprojected entropy profiles for A98N in the northern and western sectors, for the regions shown

in e.g. Figure 3.5 (Left), are shown in Figure 4.10. Here, entropy is defined as K = kTen−2/3
e , where k

is Boltzmann’s constant, Te is the measured electron temperature, and ne is the derived electron density

assuming a region appropriate volume as described in Equation 4.1.

We find that, in both sectors, the entropy values for A98N are consistent with the self-similar prediction

of pure gravitational collapse, based upon spherical hydrodynamic (SPH) simulations of galaxy clusters, near

the virial radius, in which entropy K ∝ r1.1 (Voit et al., 2005). There is some hint of entropy flattening,
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Figure 4.9: The electron density profile of the annuli to the north and west of A98N (see e.g. Figure 3.5
(Left)).

Figure 4.10: The blue line is the entropy profile expected from pure gravitational collapse (Voit et al., 2005)
for A98N. The black points are for the sector regions to the north of A98N and the pink points are for the
sector regions to the west of A98N shown in Figure 3.5.

however the errors on the entropy are too large to say definitively. This is in agreement with similar studies of

lower mass systems (e.g. Su et al., 2015; Bulbul et al., 2016; Sarkar et al., 2021) even though A98N is most

likely undergoing a merging event (Paterno-Mahler et al., 2014; Sarkar et al., 2022). At small cluster radii

(r < r500), the entropy for A98N is above that expected for self-similarity. This excess is consistent with what

is seen in other systems, particularly lower mass systems (Sun et al., 2009), and is likely due to the effect of

non-gravitational processes in the central region (e.g. AGN feedback (e.g. O’Sullivan et al., 2011)).

4.2.2.1 A98N-A98S Bridge

To investigate whether the apparent surface brightness enhancement in between A98N and A98S is due to

two cluster halos overlapping, we compare the combined surface brightness profiles of A98N and A98S to

the emission across the bridge, as done in (Paterno-Mahler et al., 2014; Sarkar et al., 2022) .

The background subtracted surface brightness profiles of the box annuli to the north of A98N and to the
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Figure 4.11: Same as Figure 3.5: Left, but instead smoothed with a 12.5′′ Gaussian. The rectangular annuli
to the north of A98N and to the south of A98S are used to compare the combined surface brightness of the
two clusters to the box regions in the bridge region (see Figure 4.12).

south of A98S are combined and shown in Figure 4.11. These box annuli are oriented to avoid the large-scale

and intercluster filaments in the system. These values are then compared to the surface brightness in the

apparent bridge regions connecting A98N and A98S shown in Figure 4.11.

Figure 4.12: The surface brightness profile with XIS3 in the 0.5− 2.0 keV range, and 1σ errors for the
filamentary region shown in Figure 4.11 is shown in black points, using the y-axis scale on the left. The cor-
responding combined rectangular annuli shown in Figure 4.11 for A98N and A98S are shown for comparison
with the blue points. The filament excesses, are shown in red, using the y-axis scale on the right. The zero
point on the x-axis is the midpoint of the tentative bridge connecting A98N to A98S.

The combined ICM surface brightness profile as compared to the bridge, and the resulting filament excess

is presented in Figure 4.12 where the zero point on the x-axis is the midpoint of the region connecting A98N

and A98S. The emission across the A98N-A98S bridge appears to be slightly enhanced, with a marginal
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(2.2σ ) detection of excess filament emission. This excess emission is also seen at a higher significance with

combined Suzaku and deeper Chandra observations (Sarkar et al., 2022) than are presented in this paper.

4.2.2.2 Bridge Thermodynamic Properties

The temperature, electron density, entropy, and metallicity are measured across the A98 system with the box

regions shown in e.g. Figure 3.5 (Right). The temperature profile from north to south is shown in Figure 4.13,

and is relatively flat across A98N and A98S before dipping in between A98S and A98SS. When compared to

Chandra, the temperature profiles are consistent.

In the intercluster region between A98N and A98S, a two temperature model is preferred (Table 4.3). The

metallicity is frozen at its best fit value found from the one temperature fit, and the metallicity of the second

temperature component is frozen to Z = 0.2 Z�.

Model T1 [keV] T2 [keV] χ2 d.o.f

1T APEC 2.7+0.3
−0.2 - 267.3 225

2T APEC 4.0+6.5
−1.0 1.3+0.3

−0.3 249.9 224

Table 4.3: Parameters for a 1 temperature and 2 temperature model of the intercluster region between A98N
and A98S.

Figure 4.13: The temperature profile for the box regions across the A98 system shown in Figure 3.5. The
profile starts from the north on the left of the plot. The purple, pink, and green dashed lines mark the center
of A98N, A98S, and A98SS respectively.

The inferred electron density (Equation 4.1) for the regions across the bridge is presented in Figure 4.14.

A cylindrical geometry is assumed for the regions in this profile. Assuming a box geometry for the regions

across the bridge yields the same result within errors; therefore neither geometry is preferred. There is a

steady decline in the electron density profile with local peaks corresponding to the cluster centers.

The metallicity profile across the bridge is shown in Figure 4.15. This profile suggests that the metallicity

of the ICM is radius dependent, with a higher metallicity towards the center of the clusters, and decreases

with radius.
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Figure 4.14: Inferred electron density profile across the A98 system. The profile is starting from the north
on the left of the plot. The purple, pink, and green dashed lines mark the center of A98N, A98S, and A98SS
respectively.

Figure 4.15: The metallicity profile across the A98 bridge. The profile is starting from the north on the left of
the plot. The purple, pink, and green dashed lines mark the center of A98N, A98S, and A98SS respectively.
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CHAPTER 5

Discussion and Conclusions

This chapter includes excerpts and figures from Alvarez et al. (2018) and Alvarez et al. (2022), used with

permission from the Astrophysical Journal.

5.1 A3391/A3395 Discussion

5.1.1 The Filament

Here we discuss the derived density and entropy profiles, as well as the galaxy group ESO-161 to further

explore the orientation and nature of the system.

5.1.1.1 Nature of the Filament

We fit the filament data with 2T models because there is likely contamination from ICM emission between

r500-r200.. As shown in Chapter 3, we find that a 2T model is a better statistically significant fit for regions 2

and 3 with a cooler component ranging from ∼ 0.2−0.6 keV (see Table 4.3). We find a group temperature

of ∼ 1.09 keV (see Section 5.1.2). We find that the measured cooler components in the filament regions are

consistent with the temperature profile one would expect for an∼ 1 keV group at this distance from the group

center based on the universal group temperature profile derived by Sun et al. (2009). Therefore, the 2T fits

for both of the aforementioned regions as well as the box region shown in the right panel of Figure 3.5, which

all cover r500 for the group, indicate that there is extended group emission in the filament beyond the group

excluded region shown in Figure 3.5 (left panel).

The electron density (see Equation 4.1) profile for the filament, assuming it is in the plane of the sky, is

shown in Figure 4.4. The black and cyan dashed lines are r200 for A3391 and A3395 respectively. There

appears to be a dip in the electron density at the midpoint of the filament, at ∼ r200 of both the subclusters.

This minimum in the density profile is approximately 2 dex higher than the mean baryonic density of the

universe at the mean redshift of the system.

The entropy profile is shown in Figure 5.1 where we define entropy as K = kBT n−2/3
e , where kb is Boltz-

mann’s constant, ne is the electron density, and T is the temperature. The entropy profiles for galaxy clusters

derived from Voit et al. (2005) for A3391 and A3395 are shown in Figure 5.1, where the center of each clus-

ter was determined from NED. The blue and green lines are the self-similar entropy profiles for A3391 and

A3395 respectively:

K(r) = 1.41±0.03 K200 (r/r200)
1.1. (5.1)
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K200 is the entropy at r200 and is defined as:

K200 = 362 keV cm2 TX

1 keV

(
T200

TX

)
×
(

H(z)
H0

)−4/3(
Ωm

0.3

)−4/3

, (5.2)

where TX ≈ T200, and Ωm is the matter density parameter. The black vertical dashed line is r200 for A3391,

and the cyan vertical dashed line is r200 for A3395. r200 values for the clusters were estimated using reported

values of r500 (Piffaretti et al., 2011) and assuming r200 ∼ 1.7r500 (e.g. AMI Consortium et al., 2012). We

note that these values for r200 are slightly smaller than those reported in Sugawara et al. (2017). The values

for r200 derived in Sugawara et al. (2017) are estimated using the empirical r200−TX relation (Henry et al.,

1981) and are 2.3 and 2.1 times the measured r500 value for A3391 and A3395 respectively. This difference

in r200 affects the normalization of the self-similar entropy profile (see Section 5.1.1.2 for discussion).

The data points in Figure 5.1 represent the entropy derived from the measured 1T gas temperatures and

electron densities shown in Figure 4.5 and Figure 4.4 respectively. The 90% temperature and electron density

errors were propagated to derive the 90% entropy uncertainties (see Figure 5.1). The magenta pentagons are

the entropy of the filament assuming it is in the plane of the sky (i = 90◦) and the red triangles are entropy

values for a filament orientation i = 3.1◦ to the line of sight, the lowest inclination to the line of sight that

Tittley and Henriksen (2001) argue for following their dynamical analysis of the system.

Even assuming the filament is in the plane of the sky, the entropy at large radii, namely near r200 for both

clusters, is much larger than the expected entropy values for the dense range of the WHIM gas by at least

a factor of four, with the predicted value for the WHIM at this redshift being approximately 250 keV cm2

(Valageas et al., 2003).

All of the regions for the profile lie inside r200 of one, or both for the case of Region 4, of the subclusters.

The extended ICM gas is expected to be hotter than the WHIM, and will bias the electron density towards

higher values, so it is unclear what the overall entropy bias is due to these regions overlapping with the

subcluster outskirts.

The radius of the filament profile geometry was assumed based upon the size of the Chandra observations,

and the filament may actually be more extended than what is captured in the 16′ by 16′ observations. If this is

the case, our electron density measurements are biased high. This in turn biases the entropy low, reinforcing

the conclusion that the gas in the filamentary region is ICM gas, as the entropy across the filament is already

too high to be consistent with the WHIM emission.

We find no evidence for a shock that would support the suggestion by Sugawara et al. (2017) of shock

heated gas in this region. The flat temperature profile across the filament is consistent with ICM gas undergo-

ing tidal pulling into the filament due to an early stage merger between the clusters. An interaction between
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Figure 5.1: The blue line shows the self-similar entropy profile for A3391 derived from Voit et al. (2005)
(left two panels). The green line is the same, but for A3395 (right two panels). The black vertical dashed
line is r200 for A3391, and the cyan vertical dashed line is r200 for A3395. The data points are the derived
entropy for the green box regions shown in the left panel of Figure 3.1 and points are labeled for reference.
The magenta pentagons are the entropy, assuming the filament is in the plane of the sky, and the red triangles
are entropy values for a filament orientation i = 3.1◦ to the line of sight, as suggested by Tittley and Henriksen
(2001). The distance shown on the x-axis is the distance from the cluster center.

the subclusters was also recently suggested by Sugawara et al. (2017).
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5.1.1.2 Orientation of the Filament

It has been shown that the entropy profile of most massive clusters lies at about self-similar within r500, and

then flattens below self-similar at larger radii (i.e. Walker et al., 2013). There is an uncertainty when relating

a measured r500 with r200. The effect that this has on the self-similar entropy profile is in the normalization

of the profile. This uncertainty in the normalization of the self-similar entropy profile makes it difficult to

say with conviction which inclination brings the profile closer to an expected self-similar value. Figure 5.1

suggests a filamentary geometry close to the plane of the sky. The larger r200 values determined empirically

by Sugawara et al. (2017) only serve to strengthen the argument for a filament orientation closer to the plane

of the sky than the range close to the plane of the sky reported in other works, as the larger r200 values

decrease the normalization of the self-similar entropy profile. In any case, this uncertainty in normalization

does not change the observed flattening of the entropy profile.

Given that the global filamentary temperature is ∼ 4.5 keV, the gas is very likely from the ICM outskirts

of the two clusters, in which case the clusters must be close enough to be tidally interacting and cannot have

a large line-of-sight separation.

Tittley and Henriksen (2001) found through a dynamical analysis of the system that the subclusters and

the connecting filament are oriented close to the line of sight, having an inclination, i, between 3.1◦− 9.0◦.

Sugawara et al. (2017) suggest that the filament may be inclined ≈ 10◦ to the line of sight in order for their

X-ray measured Compton y parameter to agree with the ySZ parameter reported by Planck Collaboration et al.

(2013) for the filament. However, Sugawara et al. (2017) also suggest that the discrepancy in y parameters is

likely a combination of the system not being in the plane of the sky, or there is unresolved multi-phase gas or

shock heated gas present in the Suzaku observations. Indeed, if the system is inclined 10◦ to the line of sight,

the true separation between the subclusters would be over 17 Mpc, making it unlikely for the clusters to be

interacting. However, we note that the center of the galaxy group ESO-161 is just outside the Suzaku field of

view, so the extended cooler phase gas from the group, mixing with the surrounding filament gas may be an

explanation for the y parameter discrepancy.

The line of sight velocity difference of the clusters (∼ 240 km s−1 (Struble and Rood, 1999)) is rather

small and consistent with an early stage merger without a large line-of-sight peculiar velocity component.

If the velocity difference were much larger then that would imply the clusters are significantly unbound and

unable to interact tidally, or that the clusters are undergoing a late stage merger. The former scenario is in

contradiction with the temperature and entropy values that we measure, and the latter scenario contradicts the

observed line of sight separation between the clusters.
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5.1.2 ESO-161

To constrain the temperature of the galaxy group ESO-161, we fit the group region (see the left panel of

Figure 3.1) with an absorbed APEC model and the same background prescription described in Chapter 3; we

use the dashed circular region to the east of the group shown in the left panel of Figure 3.1 to simultaneously

model the local background. Our fit yielded a temperature of 1.09+0.58
−0.05keV for the group. This temperature

is significantly cooler than the best fit for the surrounding region, 4.45+0.89
−0.55 keV (see Chapter 4).

The emission to the west of the group (see Figure 3.3) is indicative of a diffuse tail. With Chandra, this

diffuse gas can be resolved into a bimodal structure (see Figure 4.2). We use the azimuthal regions shown

in Figure 4.2 to derive the azimuthal surface brightness profile in the 0.3-3.0 keV band shown in Figure 5.2.

This profile shows a hint of a double peak, in the same position as the arrows pointing towards the ram

pressure stripped tail candidates (see the right panel of Figure 4.2) indicated by the dotted lines, furthering

evidence that the tail indeed may have a bimodal structure. The extended emission to the west of ESO-161 is

suggestive that the group may be undergoing ram pressure stripping as the group moves through the filament.

The bimodal tail may have a “downstream edge” to the west of the group center, which is more apparent

in the right panel of Figure 4.1. This bimodal tail structure may indicate an ellipsoidal potential in origin

(e.g. Roediger et al., 2015) for the group. Randall et al. (2008) first suggested that the double tails are due to

stripping from ellipsoidal potentials.

Another clue bolstering the ram pressure stripping scenario is the possible cold front shown in Figure 4.1.

The northeastern edge is consistent with the “upstream edge” reported in Roediger et al. (2015) for systems

experiencing ram pressure stripping as they move through an ambient medium.

To further investigate the prominent edge seen to the east of the galaxy group in Figure 4.1, we derived a

surface brightness profile in the northeast region of the group shown in Figure 4.2 (left panel), which may be

seen in Figure 5.3.

There is a clear drop in surface brightness at ∼ 2′ in Figure 5.3, moving radially away from the group.

We do not have enough data to distinguish if this edge is really a cold front, shock front, or neither. More

observing time with XMM-Newton would shed light on this question. This apparent edge, as well as the

bimodal tail structure of stripped gas is indicative that the galaxy group is consistent with moving east in

projection through the filament.

Gunn and Gott (1972) give the conditions for ram pressure stripping to occur as Pram = 1
2 ρICMv2

r & σ2ρgas,

where ρICM is the density of the intercluster medium, vr is the velocity of the group relative to the intercluster

medium, Pram is the ram pressure, σ is the galaxy group’s velocity dispersion, and ρgas is the group’s gas

density. In order to estimate the gas density of the group, we assume an oblate spheroid geometry, with the
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Figure 5.2: The surface brightness profile for the azimuthal regions shown in Figure 4.2 in the 0.3-3.0 keV
band. The dotted lines indicate the position of the arrows in Figure 4.2, pointing towards the visual stripped
tails of gas. Errors are 1σ .

line-of-sight axis equal to the projected major axis and the minor axis in the plane of the sky. Using the

electron density inferred from the box region in Figure 3.1 (right panel), the density for the group region is

ne ∼ 1.8×10−4 cm−3. Tittley and Henriksen (2001) report that the group velocity dispersion is 1800 km/s.

This velocity dispersion is much too high for the group to be bound, so we use the following method to

roughly estimate the velocity dispersion of ESO-161.

We use the Mx−Tx relation derived by Vikhlinin et al. (2009) to estimate M500. While the sample used

to derive the Mx−Tx relation in Vikhlinin et al. (2009) consists of galaxy clusters and not groups, Sun et al.

(2009) report that the relation also holds for lower temperature galaxy clusters and groups. We find that

M500 ∼ 2.3× 1013 M�. Assuming spherical symmetry we may then use M500 = 500×ρc
4
3 πr3

500, where ρc

is the critical density of the Universe at the redshift of ESO-161, 9.86×10−30 g cm−3, and r500 is the radius

at which the density of the galaxy group is 500 times the critical density of the Universe at the redshift of
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Figure 5.3: The Chandra surface brightness profile in the 0.3-3.0 keV band for the region shown in the left
panel of Figure 4.2, centered on the group. Errors are 1σ .
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the galaxy group, to estimate the radius of the group. Finally, we may then use M500 =
3
G σ2r500, where G is

the gravitational constant and σ is the velocity dispersion of the group. We find that the group has a velocity

dispersion of ∼ 250 km s−1. This velocity dispersion is approximately six times lower than what Tittley and

Henriksen (2001) report.

We find that the group must have a relative velocity to the filamentary region vr ≥ 360 km s−1 in order

for ram pressure stripping to occur. If the filament is oriented to the median inclination angle given by Tittley

and Henriksen (2001), then the minimum relative velocity would have to be ∼ 630 km/s as the group moves

eastward through the filament.

Another possibility for the extended emission to the west of the group is tidal stripping, perhaps due to a

gravitational interaction with another massive object. The extended emission to the north of the group (see the

right panel of Figure 4.1), as well as the <1 keV temperatures found in regions to the north of the group (see

Table 4.3) could indicate that ESO-161 is moving to the southeast, around A3391, and the group experienced

a tidal stripping event. The emission to the west may also be the result of tidal stripping due to an interaction

with a currently unidentified, possibly gas stripped object.

In any case, these gaseous double tail-like structures are commonly seen in ram pressure stripped galaxies,

most notably in the Virgo Cluster (i.e. Forman et al., 1979; Randall et al., 2008), and in simulations (i.e.

Roediger et al., 2015). This would therefore lead to the conclusion that ESO-161 is being ram pressure

stripped as it moves eastward in projection through the intercluster filament. We note that such clear examples

of ram pressure stripped galaxy groups near low density cluster outskirt environments are quite rare (e.g. De

Grandi et al., 2016).

5.2 A98 Discussion

5.2.1 Large-Scale Filament

The box region to the north of A98N shown in Figure 3.5 Left is used to investigate larger-scale structure

beyond r200 of A98N. The excluded region within the box does not appear to be a point source, and also

does not appear to be associated with the A98 system. Inspecting images from the DSS and SDSS reveals

no obvious clustering of galaxies. There are not enough photons available to reliably model the spectrum

of this source. This source could be a background galaxy cluster or faint group, although it would require

further observations to determine its nature. A 1D-β model is fit to the circular region encompassing the

possible background cluster, with best fit parameters β ≈ 1.3 and rc ≈ 2′. This model is extrapolated to

compare the expected surface brightness, to the measured surface brightness in the rest of the box region

shown in Figure 3.5 Left. The measured surface brightness is larger than the expected surface brightness by

approximately a factor of 4.
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This region was fitted with an absorbed APEC model. The best fit values for this box region, excluding the

possible background cluster, yield a projected temperature of kT = 0.11+0.01
−0.02 keV, projected electron density

ne = 7.6×10−5+3.6×10−5

−3.6×10−5 cm−3, and a projected entropy K = 61+20
−22 keV cm2 assuming a cylindrical volume

with length l = 0.62 Mpc and radius of r = 0.61 Mpc, and filling factor of 1 for the density measurement.

These values are consistent with the dense end of the WHIM, where the ICM in the outskirts of the cluster

interact with the large-scale structure filament (e.g. Dolag et al., 2006; Werner et al., 2008), especially if the

system is not oriented in the plane of the sky.

We compare a similar region to the west, and fit the region with the best fit parameters for the model of

the northern region. The fit for the northern box region yields a χ2 of 289.24 with 272 d.o.f. We find that

the western comparison region is consistent with background only with a fit that gives a χ2 of 555.21 with

321 d.o.f when the data is fit to the best fit model of the northern region. Additionally, this region is fit with a

background only model for comparison. The model with the extra apec component (χ2/d.o.f = 289.25/273)

is favored (p = 0.06) over the background only model (χ2/d.o.f = 293/274). Such detections of this material

are very rare (e.g. Bulbul et al., 2016; Werner et al., 2008). This detection is consistent with the detection of

larger-scale structure in the Abell 1750 system, another low mass triple cluster system (Bulbul et al., 2016)

similar to A98. With the advent of eRosita and future X-ray missions (e.g. Athena, Lynx), such detections

should become more common.

5.2.1.1 Filament Orientation

The cyan box regions shown in e.g. Figure 3.5 (Right) between A98N and A98S can be used to explore the

entropy, presumed geometry, and inclination of the system. The entropy profile for the box regions between

A98N and A98S is shown in Figure 5.4. We only include the regions from the center of A98N to the center of

A98S in this entropy profile to investigate the filament orientation (cyan regions in e.g. Figure 3.5 (Right)).

The two extremes for filament orientation: along the line of sight (los) and in the plane of the sky (pos) are

investigated (see Figure 5.4). At the midpoint of the filament, the measured entropy is already approximately

the expected ICM value at this radius if the filament is in the pos. This means that either the filament is in the

pos, or the entropy of the gas has somehow been increased (e.g., due to a merger shock (Sarkar et al., 2022)).

The filament is more likely inclined close to the pos, as a los filament orientation yields entropy values well

above what is expected from the self-similar entropy profiles of the clusters (Voit et al., 2005). Furthermore,

a line of sight orientation of the system yields entropy values ∼ 2 times higher than what is expected in the

outskirts of both subclusters. These measurements rule out a significant contribution from WHIM emission

in this region. The reported entropy values similarly assume a cylindrical geometry for the bridge regions,

and assuming a box geometry yields a similar result within errors.
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Figure 5.4: The entropy profile from north to south across the bridge between A98N and A98S. The blue line
is the expected universal entropy profile for A98N. The black line is the expected universal entropy profile
for A98S. The pink points are the inferred entropy for a filament orientation in the pos. The green triangles
are for a filament orientation along the los. A filament orientation closer to the pos is preferred, as the los
entropy values are ∼ 2 times higher than what is expected in the outskirts of both subclusters.

This section will describe the findings for the temperature structure around A98N with Suzaku.

5.3 Conclusions

In these studies, a picture similar to the large-scale structure seen in cosmological simulations starts to emerge.

Suzaku is a powerful tool for studying diffuse ICM emission at large cluster radii, but is no longer functional

and available for future observations. The diffuse and low-surface brightness emission explored in this work

already pushes Chandra and XMM-Newton to their limits, and these instruments and their effective area

continue to age and degrade.

The next generation of X-ray telescopes such as eRosita, XRISM, Athena, and Lynx will provide a wealth

of information on the diffuse ICM in the virialization region of galaxy clusters and the surrounding large-scale

structure (e.g. Reiprich et al., 2021). The ability to study increasingly low surface brightness cluster outskirt

emission will help to answer key questions about the physical processes occurring in these interface regions.

This will lead to a new era of synergy between observation and simulation in the pursuit to understand

cosmology and the physics that govern the observable Universe. Presented here are the conclusions and

summary for this work.
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5.3.1 A3391/A3395 Conclusions

The results based on Chandra and XMM-Newton observations of the intercluster gas filament connecting

A3391 and A3395 are presented. The following is found:

• A global projected temperature kT = 4.45+0.89
−0.55 keV, electron density ne = 1.08+0.06

−0.05×10−4 sin(i)
1
2 cm−3

for the intercluster filament.

• The temperature and electron density derived for the global intercluster filamentary region indicates

that the filament gas mass is Mgas = 2.7+0.2
−0.1× 1013 sin(i)−

1
2 M�. This is a similar mass to what is

reported for the intercluster filament between the two subclusters Abell 222 and Abell 223 (Werner

et al., 2008), and is consistent with what Tittley and Henriksen (2001) found in their analysis with

ROSAT for A3395/A3391.

• The temperature and entropy profiles derived for the filament suggest ICM gas is being tidally pulled

into the intercluster filamentary region as part of an early stage pre-merger. The density across the

intercluster filament is consistent with the dense WHIM as well as what is expected in cluster outskirts,

near the virial radius, although the temperature and entropy are much higher than what is expected for

the WHIM.

• The galaxy group ESO-161, located between A3391 and A3395 in the intercluster filament, may be

undergoing a stripping event as the group moves eastward seemingly perpendicular to the filament with

a minimum relative velocity of approximately 360 km s−1 if the filament is oriented in the plane of the

sky. In addition, the group has a distinct edge in surface brightness to the east, which would require a

deeper observation with XMM-Newton to characterize.

Since the subclusters appear to be tidally interacting, their line of sight separation must not be large,

leading us to conclude that the filament is probably not oriented close to the line of sight as was suggested by

Tittley and Henriksen (2001).

The only evidence we find for cooler phase gas is that likely associated with the galaxy group ESO-161,

however the WHIM cannot be ruled out. The filament density, even in projection, is consistent with the

theoretical density of the WHIM, however this density is also consistent with density profiles of clusters out

to the virial radius (Morandi et al., 2015).

Sugawara et al. (2017) argue that the filament temperature is too high to be explained by universal cluster

temperature profiles of the subclusters, and attribute this to a shock, perhaps as the subclusters merge. We

do not find evidence for merger shocks in the filament. The 4.5 keV filament temperature that we measure

is consistent with ICM gas being tidally pulled into the intercluster filament in the early stages of a massive
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cluster merger. This heated gas above the cluster temperature profiles as well as temperatures expected for

the WHIM could also be attributed to adiabatic compression in the filament.

5.3.2 A98 Conclusions

In this thesis the results from an analysis of Suzaku, Chandra and XMM-Newton observations of the diffuse

emission in the A98 system are presented.

We find the following:

• The entropy profiles in northern and western sectors, along and away from the merger axis and the

putative large scale structure filament, for A98N generally agree with each other, and with the self-

similar expectation in the virialization region. This is consistent with previous suggestions (e.g. Su

et al., 2015; Bulbul et al., 2016) that lower mass clusters and groups adhere more closely to self-similar

expectations in their outskirts, in contrast with what is seen in most massive systems.

• The region to the north of A98N, beyond r200, was found to have a temperature, density, and en-

tropy consistent with those expected for the dense end of the WHIM. We find a temperature of kT =

0.11+0.01
−0.02 keV, projected electron density ne = 7.6×10−5+3.6×10−5

−3.6×10−5 cm−3, and a projected entropy

K = 61+20
−22 keV cm2 for this region. The presence of similar emission at the same radius to the west,

away from the putative large scale structure filament, is ruled out. This serves as further evidence that

the system is consistent with the expectation that the merger axis lies along a large-scale structure fila-

ment. A similar result was found in the colinear triple system Abell 1750 (Bulbul et al., 2016). These

measurements provide tantalizing evidence for the presence of a larger-scale structure, with the diffuse

WHIM connecting to the cluster outskirts along cosmic filaments.

• When comparing the surface brightness of the A98N- A98S bridge regions to the combined surface

brightness profiles of the two overlapping halos, a nominal 2.2σ excess in bridge emission is detected.

This detection is suggestive of the presence of an intercluster filament in-between the two clusters.

Additionally, there is evidence of two-phase plasma in this region; the lower temperature component

(kT ∼ 1 keV) is consistent with the dense end of the WHIM.

• Comparing the entropy profile of the A98N-A98S bridge to that of the self-similar expectations for

A98N and A98S reveals that the system is likely inclined closer to the pos. This suggests that the

clusters are interacting with each other as they are well within each other’s virial radius in projection.
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