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ABSTRACT

Most of the baryonic matter in the Universe is not locked in stars. Instead, groups

and clusters of galaxies as well as early-type galaxies contain a large mass of baryons

in X-ray emitting hot gas. The study of such hot gas provides us a better under-

standing not only about the evolution of hierarchical structure formation and metal

enrichment processes but also about baryon physics such as radiative cooling, ram

pressure stripping, heating from active galactic nucleus (AGNs) and galactic winds.

Moreover, such knowledge is invaluable for us to probe cosmology through galaxy

clusters. In this dissertation I investigated the hot gas properties of galaxies and

galaxy groups in three major scientific projects:

(1) The measured metal abundance of the hot gas in early-type galaxies has

been known to be lower than theoretical expectations. This may be related to

the dilution of hot gas by mixing with cold gas. We studied the hot gas metal

abundance with a sample of 32 early-type galaxies observed by Chandra and

XMM-Newton. We find that there is virtually no correlation between hot gas

Fe abundances and their atomic gas content. In contrast, we demonstrate a neg-

ative correlation between the measured hot gas Fe abundance and the ratio of

molecular gas mass to hot gas mass.

(2) We studied the X-ray brightest fossil group (poor cluster) ESO 3060170 out
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to its virial radius with Suzaku. The entropy and pressure profiles in the outer

regions are flatter than in simulated clusters, similar to what is seen in observations

of massive clusters. This may indicate that the gas is clumpy and/or the gas has

been redistributed.

(3) The nearby group centered on its bright central galaxy NGC 1407 has

been thought to be an unusually dark system from previous kinematic studies.

It is also known for hosting a bright galaxy NGC 1400 with a huge radial veloc-

ity difference (1200 km s−1) with respect to the group center. We investigated the

NGC 1407/1400 complex with XMM-Newton and Chandra observations. We show

that a region of enhanced surface brightness between NGC 1407 and NGC 1400 is

likely to be hot gas stripped from NGC 1400’s ISM. We inferred that NGC 1407 sys-

tem has a normal mass-to-light ratio from an X-ray–determined hydrostatic mass

estimate. The details and the implications of these three projects are presented in

this dissertation.
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Chapter 1

Introduction

Galaxy clusters are the largest virialized systems in the Universe. Galaxies and

galaxy groups have been regarded as the building blocks of galaxy clusters in the

hierarchical structure formation process. Groups and clusters of galaxies, as well

as early-type galaxies, are filled with hot diffuse gas. The total amount of hot gas

is 5 – 10 times the total stellar mass. Such hot gas has been gravitationally heated

to a temperature of 1 – 10 × 107 Kelvin and is highly ionized. The dominant emis-

sion mechanism in such hot gas is thermal bremsstrahlung radiation (“braking”

radiation in German). Photons are produced as the electrons are decelerated in

the electrostatic fields of ions. The X-ray emission from hot gas in galaxies, groups,

and clusters allows us to probe various astrophysical processes, such as radiative

cooling, ram pressure stripping, heating by active galactic nucleus (AGNs) and

galactic winds. The observable properties of such hot gas also retains the relics of

the evolution of its host systems, such as accretion processes and metal enrichment

history. Moreover, such knowledge provides important constraints that we need to

be aware of when we try to test cosmology through galactic systems.
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1.1 Space X-ray observatories

X-ray astronomy is a space science, (since cosmic X-rays are absorbed by the

Earth’s atmosphere), which started in 1960s with balloon-borne instruments. To-

day, half a century later, there are three major X-ray satellites in service: Chandra,

XMM-Newton and Suzaku, each with different strengths and weaknesses. Proper-

ties of various instruments such as spectral resolution, angular resolution, energy

range and field-of-view are summarized in Table 1.1. A combination of them is the

key for us to achieve various unprecedented scientific goals.

1.1.1 Chandra

Strength: superb spatial resolution

Weakness: ordinary effective area/field of view

The Chandra X-ray Observatory (CXO) is one of NASA’s “Great Observa-

tories”. The observatory was launched in 1999 by the Space Shuttle Columbia

and was placed in a highly elliptical orbit of ∼140,000 km apogee and ∼10,000

km perigee. A schematic of the spacecraft is shown in Figure 1.1. There are five

scientific instruments on board. In this dissertation, we only used the Advanced

CCD Imaging Spectrometer (ACIS) as shown in Figure 1.2. The angular resolution

of Chandra (sub-arcsec) is significantly more superb than any X-ray observatory

that has ever preceded. One of the biggest achievements of Chandra’s high resolu-

tion imaging is to have resolved point sources undetected in the previous ROSAT

(1990–1999) imaging. Details of Chandra has been reviewed in Weisskopf et al.

(2000).

2



Figure 1.1: Schematic of Chandra spacecraft with an exploded view of the science
instruments. This figure is taken from Chandra official website (http://chandra.
harvard.edu).
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Figure 1.2: ACIS schematic layout overhead view to illustrate the location of the
imaging (ACIS-I) and spectroscopic (ACIS-S) arrays of CCD ships. Chips S1 and
S3 are back-illuminated chips; all of the other chips are front-illuminated. This
figure is taken from Chandra official website (http://chandra.harvard.edu).
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1.1.2 XMM-Newton

Strength: large effective area

Weakness: unstable and high instrument background

The European Space Agency’s (ESA) X-ray Multi-Mirror Mission (XMM-Newton)

was launched in 1999. The satellite follows a highly eccentric orbit reaching one

third the distance to the Moon (DMoon = 384,400 km). A schematic of the space-

craft is shown in Figure 1.3. XMM-Newton carries three advanced X-ray tele-

scopes. They each contain a mirror module with 58 high-precision concentric

mirrors. There are three scientific instruments on board XMM-Newton. In this

dissertation, only the European Photon Imaging Camera (EPIC) has been used.

EPIC consists of three cameras, placed at the focus of each X-ray telescope. Two

of the cameras use metal oxide semi-conductor (MOS) CCDs and the third uses a

new type of CCD (PN) as shown in Figure 1.4. The unprecedented large effective

area of XMM-Newton allows us to collect sufficient photons over limited exposure

time. A comparison of the effective area of XMM-Newton and other missions is

shown in Figure 1.5. Details of XMM-Newton EPIC can be found in Turner et al.

(2001) and Struder et al. (2001).

1.1.3 Suzaku

Strength: low and stable instrument background

Weakness: large PSF

Suzaku is a joint Japanese-US mission, developed by JAXA in collaboration

with NASA. Suzaku X-ray observatory (also called “Astro-E2”) is the fifth in a

series of Japanese X-ray astronomy satellites, launched by JAXA in 2005 into a

5



Figure 1.3: Schematic of XMM-Newton spacecraft with an exploded view of
the science instruments. This figure is taken from XMM-Newton official website
(http://xmm.esac.esa.int/).
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Figure 1.4: left: the CCDs of one of the MOS camera in the cryostat. right: the
CCDs of one of the PN camera. This figure is taken from XMM-Newton official
website (http://xmm.esac.esa.int/).

nearly circular orbit of 570 km. “Suzaku” means red bird in Japanese. A schematic

view of the Suzaku satellite is shown in Figure 1.6. There are three scientific

instruments on board Suzaku but only the X-ray Imaging Spectrometer (XIS) has

been used for this dissertation. XIS is made of four X-ray sensitive imaging CCD

cameras (BI: XIS1; FI: XIS 0,2,3) as shown in Figure 1.6. Suzaku has significantly

low and stable background, compared to other missions as shown in Figure 1.7.

This strength makes Suzaku very suitable for targets of low surface brightnesses

such as the outskirts of galaxy clusters. Details about Suzaku has been reviewed

in Matsushita et al. (2007).

This brief introduction about Chandra, XMM-Newton and Suzaku intend to

focus on the aspects mostly related to this dissertation. These three satellites

are equipped with more instruments and cover a much wider range of scientific

interests.

7

http://xmm.esac.esa.int/


Figure 1.5: The on-axis effective area of Astro-H, Suzaku, Chandra and XMM-
Newton. This figure is taken from Astro-H official website (http://astro-h.
isas.jaxa.jp/).

1.2 Hot gas in early-type galaxies

Most early-type galaxies (elliptical and lenticular galaxies) are composed of old,

low-mass stars with little ongoing star formation activity. Over several gigayears,

gas lost from aging stars serves as a substantial source of hot, metal-rich interstellar

medium (ISM). Such enriched hot gas radiates mainly in X-rays at temperatures

of 106.4−7.0 K via thermal bremsstrahlung with line emission. In addition to hot

gas, low mass X-ray binaries (LMXBs) and other stellar components contribute to

8
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Figure 1.6: top: Schematic of Suzaku spacecraft with an exploded view of the
science instruments. bottom: The four X-ray imaging Spectrometer detectors
before installation onto Suzaku. This figure is taken from Suzaku official website
(http://www.jaxa.jp/projects/sat/astro_e2/).
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Figure 1.7: The background rate was normalized with the effective area and
the field of view, which is a good measure of the sensitivity determined by the
background for spatially extended sources. This figure is taken from Matsushita
et al. (2007).

Table 1.1: X-ray instrument comparison

Instrument Energy band Field of view Spatial resol∗ Spectral resol∗ Effective area
(keV) (FWHM) (eV) (cm2)

Chandra ACIS-S 0.5–10.0 8′×8′ 0.5′′ 125 800
Chandra ACIS-I 0.2–10.0 16′×16′ 0.5′′ 55 410

XMM MOS 0.2–12.0 30′ 6′′ 57 850
XMM PN 0.1–12.0 30′ 6′′ 67 1227

Suzaku XIS1 0.4–12.0 18′×18′ 2′ 50 250
Suzaku XIS0,3 0.2–12.0 18′×18′ 2′ 50 200

∗: Spatial and spectral resolution at 1 keV.
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Figure 1.8: LX as a function of LB for a full catalogue of 401 early-type galaxies in
O’Sullivan et al. (2001). Triangle: cluster center galaxies. Asterisks: AGNs. Solid
line: best-fit. Dashed line: best-fit including all questionable objects. Dotted line:
estimate of discrete source contribution taken from Ciotti et al. (1991). This figure
is taken from Figure 2 in O’Sullivan et al. (2001).

the diffuse X-ray emission.

Early-type galaxies with similar optical luminosities (Lopt) might be expected

to have similar X-ray luminosities (LX), since a comparable amount of stellar mass

from their similar stellar populations should release similar amounts of material

into the ISM over a given time period. A surprisingly large dispersion in the

LX/Lopt relation has been reported since the time of Einstein Observatory (e.g.

Canizares et al. 1987; Fabbiano et al. 1992), the X-ray luminosities of early-type

11



Figure 1.9: top: Digital Sky Survey (DSS) B-band images of NGC 4697 and
NGC 4636. bottom: Chandra X-ray images of NGC 4697 and NGC 4636. These
two early-type galaxies have similar B-band luminosities but NGC 4636 is much
more luminous in X-ray.

galaxies with similar optical luminosities ranges up to two orders of magnitude

as shown in Figure 1.8 (O’Sullivan et al. 2001). For example, as demonstrated

in Figure 1.9, early-type galaxies NGC 4697 and NGC 4636 have similar optical

luminosities but NGC 4636 is much more luminous in X-ray. This large dispersion

in X-ray properties has been a well-known puzzle in X-ray astronomy for the last

three decades.

Another puzzle involves the metallicity of the hot ISM in early-type galaxies.
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The ISM metal abundance traces the history of the star formation and galaxy

evolution. The ultimate sources of enriched hot gas are red giant winds, planetary

nebulae and supernovae ejecta. Given that the stars of early-type galaxies have

measured abundances near solar, and Type Ia supernovae (SNIa) contribute even

higher metallicities, the hot ISM should show an abundance well above solar.

However, contrary to theoretical expectations, ASCA detected an Fe abundance

approaching ∼ 0.1 Z� for most elliptical galaxies (Arimoto et al. 1997). Such

anomalously low abundance values likely resulted from the inability of ASCA to

spatially resolve the LMXBs components or ISM temperature gradients (the “Fe

bias”1).

To some extent, the low metallicity issue has been partially resolved at least

for some X-ray bright galaxies. Current missions such as Chandra, XMM-Newton

and Suzaku observe that the metal abundance of the ISM in hot gas-rich galaxies

tend to be approximately solar or slightly super-solar (e.g., Humphrey & Buote

2006; Xu et al. 2002; Loewenstein & Davis 2010). However, this is still at odds

with our classical understanding of the enrichment processes of such systems. The

origin of the metal discrepancy for X-ray bright galaxies has been reviewed in

Pipino & Matteucci (2011, and references therein). One possibility is that a large

fraction of SNIa ejecta may condense into dust rather than stay in the X-ray

emitting hot phase. Fe-enriched gas cools faster than metal-poor gas because of its

larger emissivity. In fact, giant ellipticals may contain up to 107M� of dust (Temi

et al. 2004), which makes dust-assisting cooling efficient. However, simulations

have revealed that it is unlikely for Fe ejecta to cool and drop out of the hot

1 It has been shown that Fe abundance is biased low if non-isothermal gas is fit with a single
temperature component (Buote 2002).
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gas phase (Tang & Wang 2010). Alternatively, a variation in SNIa yields or a

large uncertainty in star formation history may also help explain the disagreement.

Moreover, Pipino et al. (2005) also investigated whether the dilution from freshly

accreted cold gas could reduce hot gas metal abundance.

For X-ray faint galaxies (with only small amounts of hot ISM), the metal-

licity discrepancy is much worse, where very sub-solar (∼10% solar) abundances

have been reported even with current missions (e.g., NGC 1291, Irwin et al. 2002;

NGC 4697, Sarazin et al. 2001; NGC 3585, NGC 4494, NGC 5322, O’Sullivan &

Ponman 2004). Early-type galaxies of various masses may have intrinsically differ-

ent stellar Fe abundance which may be a factor in driving abundance differences.

However, even elliptical galaxies with the same stellar metallicity show up to a fac-

tor of ten variation in ISM metal abundance (Humphrey & Buote 2006), making

such an explanation unlikely.

The inconsistency with theory and the fact that abundances vary widely among

early-type galaxies of similar optical luminosities points to a crucial missing (possi-

bly external) factor in the enrichment process. It has been suggested that galactic

winds, SNIa and AGN could drive gaseous outflow (Mulchaey et al. 2010; Alat-

alo et al. 2011). There is also observational evidence for gas being removed from

galaxies through ram pressure in dense environments (Owen et al. 2006; Sun et

al. 2007). Through such processes, enriched gas of early-type galaxies can be

transported into their environments, eventually enriching the intragroup medium

(IGrM) or intracluster medium (ICM). It also helps to explain the large scatter

in the LX/Lopt relation, in the sense that outflows were able to more efficiently

remove gas from X-ray faint galaxies. However, such a process cannot explain the
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Figure 1.10: Total H i intensity images (contours) superimposed on to DSS optical
image of NGC 2685. Sizable H i has been detected for this early-type galaxies.
This image is taken from Figure 1 in Morganti et al. (2006).

heavy element deficiency of the remaining gas, since it should work equivalently

for both metals and hydrogen. Another possible explanation is that abundance

are diluted by the accretion of the relatively pristine local intergalactic medium.

However, this explanation faces difficulties when it comes to isolated galaxies, not

to mention that field galaxies tend to have a lower ISM metallicity than cluster

galaxies.

The role played by dilution via the accretion of surrounding cold gas in the

enrichment processes has not been observationally investigated thoroughly. While
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the classical view of early-type galaxies is that they contain little or no cold (atomic

or molecular) ISM, an increasing number of early-type galaxies have been found

to contain significant amounts of cold gas in the phase of H i (up to 109 M�;

Oosterloo et al. 2010) and H2 (up to 109 M�; Young et al. 2011). An example

of H i image of NGC 2685 is shown in Figure 1.10. The fraction of early-type

galaxies that are reported to have strong H i absorption is around 50%, which is

as significant as the H i detection fraction for star forming galaxies (Thom et al.

2012). Such H i gas is also bound to its host galaxy, with the velocities of detected

H i below the escape velocity (Thom et al. 2012). Additional studies show that

the H i structures in early-type galaxies can reach out to many tens of kpc from

the stellar body (Helmboldt 2007). Due to their relatively large orbits, when cold

gas is compressed toward the galaxy center, their large potential energy difference

would be eventually transformed into kinetic energy. Such a process may heat

up the cold gas into the X-ray emitting phase. The overall detection rate of H2

gas is 22% according to the largest volume-limited CO survey to date (Atlas3D

collaboration2). H2 gas is more bound to their host galaxies than H i, and their

distributions are more concentrated (Davis et al. 2009). Molecular gas could be

shock heated to 106 K or higher via relative stellar velocities and interacting with

hot gas (Young et al. 2011). Moreover, field galaxies tend to contain larger H i

halos than galaxies in groups and clusters which may have had their H i halos

destroyed by ram pressure stripping (Oosterloo et al. 2010), while the H2 gas mass

of galaxies does not seem to depend on environment (Young et al. 2011). The

origin of such cold gas remains ambiguous. One explanation is that they may

be the leftovers from the epoch of galaxy formation, or high angular momentum

2http://www-astro.physics.ox.ac.uk/atlas3d/
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Figure 1.11: Cartoon illustrates that the accretion of cold gas) dilute the metal
content of hot gas ISM from solar abundance to 20% solar abundance.

tidal gas that survived the galaxy merging process, when early-type galaxies were

transformed from spirals, and settled into stable orbits around the newly-formed

galaxies (Barnes 2002). They also have been proposed to originate from recent

accretion from filaments, recent mergers and internal star formation (Davis et al.

2009). Li et al. (2011) provide evidence for the interaction between cold gas and

hot gas through SNIa feedback. It is therefore desirable to explore the part played

by cold gas in galaxy enrichment processes.

This paper focuses on the metal abundance of X-ray faint early-type galax-

ies and the metal abundance difference between X-ray faint and the much better

studied X-ray bright galaxies. As mentioned above, one explanation for this dis-

crepancy is that accreted cold gas may have played a crucial role in the enrichment

process of the hot gas in early-type galaxies by diluting the metal content of hot

gas-poor (hot gas mass ∼1 × 107 M�) galaxies from their original approximately

solar value to ∼20-30% solar, as demonstrated by the cartoon in Figure 1.11. For
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galaxies without such H i structures (such as cluster galaxies which may have

experienced stripping or ram pressure in a dense ICM environment), the metal

abundance of the hot gas should be much closer to solar. In this scenario X-ray

bright galaxies would be relatively unaffected by dilution with cold gas due to their

copious amounts of existing hot metal-enriched gas (∼1010 M�), making any cold

gas dilution inconsequential.

Many observations of X-ray faint galaxies do not have a sufficiently high X-ray

count rates to constrain model parameters well, due to their low X-ray brightness.

Their unresolved LMXBs and background also contribute a large fraction to the

diffuse emission, leading to a poor signal-to-noise ratio for the hot gas component.

It is natural to suspect that the low measured abundance of X-ray faint early-type

galaxies is an outcome of low S/N or some other artificial bias. Unlike hot gas in the

ICM, temperatures of hot gas in the ISM are usually≈ 0.3–1 keV. Fe abundances in

this temperature range can only be derived with complicated, incompletely ionized

Fe-L lines. This makes the Fe abundance measurement sensitive to instruments,

choice of spectral models, background subtraction, etc. We address such artificial

factors in this work.

1.3 Hot gas in groups and clusters

In the hierarchical structure formation scenario, galaxy systems evolve through

mergers and accretion, with galaxy groups regarded as the building blocks of galaxy

clusters. However, X-ray observations of groups and clusters suggest that clusters

are not simply scaled-up versions of present-day groups. To date, most X-ray

observations of the gas in groups and clusters of galaxies have been restricted to
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within∼ R500, the radius (typically 0.4−1.3 Mpc) within which the average density

is 500 times the cosmological critical density. Based on X-ray observations within

∼ R500, clusters appear to differ from groups in several ways. 1) The baryonic mass

fraction in clusters varies only weakly with cluster temperature, with values nearly

equal to the cosmological value of fb = 0.15 (Planck Collaboration 2013); however,

the baryon fraction in groups ranges widely (fb ∼ 0.04−0.1), with values typically

much smaller than the cosmological value and rising with group temperature (Dai

et al. 2010). 2) Clusters have about the same ratio of gaseous iron mass to stellar

light, regardless of their temperature, while in groups the iron-mass-to-light ratio

(IMLR) drops precipitously with gas temperature when kT . 1 keV; galaxy groups

have up to 50 times less iron per unit optical luminosity than clusters (Renzini

1997). 3) Scaling relations involving X-ray luminosity, gas temperature, entropy,

and mass differ between clusters and groups (Voit et al. 2005). Based on the

studies cited above, we adopt ∼ 2 keV for the boundary between galaxy groups

and clusters.

All of these differences between groups and clusters may have the same origin:

the gravitational potential wells of clusters are deep enough that they have retained

the bulk of their baryons, including gas enriched by supernovae ejecta; however,

the shallower potential wells of groups make them more vulnerable to gas loss

due to energy input from nongravitational processes such as galactic winds and

feedback from active galactic nuclei (AGN) (Sun 2012). This account needs to

be confirmed with deep observations of the outer parts of galaxy groups to test

whether the “missing” baryons and metals can be found in the outer atmospheres

of groups.
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Thanks to a low and stable instrumental background, the Suzaku X-ray satellite

observatory has been able to observe a number of massive clusters out to their

virial radii or even beyond (Bautz et al. 2009; George et al. 2009; Hoshino et

al. 2010; Kawaharada et al. 2010; Simionescu et al. 2011; Reiprich et al. 2009;

Sato et al. 2012; Walker et al. 2012a,b). Baryon mass fractions are observed

to reach the cosmological value or even greater (Simionescu et al. 2011; Sato et

al. 2012). Metals are reported to be found at the virial radii of several clusters

(Fujita et al. 2008; George et al. 2009; Simionescu et al. 2011; Urban et al.

2011). Surprisingly, gaseous entropy profiles are found to flatten beyond ∼ R500 as

demonstrated in Figure 1.12, contrary to expectations from numerical simulations

which show entropy rising nearly linearly with radius: S ∼ r1.1 (Voit et al. 2005).

The observed entropy flattening has been interpreted in various ways: 1) it may

be due to clumped gas, which would increase the emission-measure-weighted gas

density over the actual average gas density (Simionescu et al. 2011); 2) the entropy

flattening may arise from electrons being out of thermal equilibrium with ions, due

to recent accretion shocks in cluster outskirts (Hoshino et al. 2010; Akamatsu et

al. 2011); 3) the weakening of accretion shocks in relaxed clusters may reduce

the entropy at large radii (Cavaliere et al. 2011, Walker et al. 2012c). Despite

there being many more groups than clusters, there are currently not many X-

ray observations of groups or poor clusters out to their virial radii, due to their

relatively low surface brightness.

A particularly interesting subset of such galaxy systems are fossil groups, which

are empirically defined as systems with 1) a central dominant galaxy more than

two optical magnitudes brighter than the second brightest galaxy within half a
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Figure 1.12: Entropy profiles for 11 galaxy clusters, scaled by S(0.3 r200). Solid
black line: r1.1 power-law relation from Voit et al. (2005). This figure is taken from
Figure 1 in Walker et al. (2012c).
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virial radius; and 2) an extended thermal X-ray halo with L(X,bol) > 1042 h−2
50 erg

s−1 (Jones et al. 2003). A fossil group is thought to be the evolutionary end-result

of a group of galaxies having mostly merged into one giant elliptical (Mulchaey

& Zabludoff 1999). Fossil groups are not rare — they are estimated to constitute

8-20% of groups and clusters (Jones et al. 2003). Yang et al. (2008) used the

Sloan Digital Sky Survey (SDSS) to show that 20%–60% of groups with masses

≈ 1013M� are fossil groups. Simulations predict that about 33% of groups are fossil

groups (D’Onghia et al. 2005). The properties of fossil groups generally populate

the transition regions in the scaling relations for groups and clusters (Khosroshahi

et al. 2007; Proctor et al. 2011; Miller et al. 2012) as shown in Figure 1.13. More

than half have kT & 2 keV, which is high for groups and more typical of poor

clusters (Khosroshahi et al. 2007; Vikhlinin et al. 1999).

There are multiple lines of evidence suggesting that fossil groups tend to be old,

relaxed systems. For example, X-ray observations show that fossil groups are asso-

ciated with unusually concentrated dark matter distributions (Khosroshahi et al.

2007; von Benda-Beckmann et al. 2008), which are associated with earlier forma-

tion epochs in numerical simulations (Giocoli et al. 2012; Dariush et al. 2007). Sec-

ondly, the optical isophotes and X-ray atmospheres of fossil groups tend to appear

undisturbed, implying that their last significant mergers were long ago. Moreover,

simulations by D’Onghia et al. (2005) showed that groups with earlier formation

times have larger luminosity differences between their 1st and 2nd brightest galax-

ies. However, some observational evidence suggests that fossil groups may have

formed or been significantly disturbed more recently. For example, fossil groups

tend not to have very extensive cool cores, despite their central cooling times being
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Figure 1.13: LX – TX relation for low-z groups and clusters. This figure is taken
from Figure 6 in Miller et al. (2012). Fossil groups reside between groups and
clusters in this scaling relation.

less than the Hubble time (Miller et al. 2012). In addition, Dupke et al. (2010)

showed that there is an enhancement of SNII ejecta in the central regions of some

fossil groups, perhaps due to star formation triggered by recent mergers forming

their central dominant galaxies. Interestingly, von Benda-Beckmann et al. (2008)

showed in simulations tracking fossil groups forward in time that the majority

had their luminosity gap (between 1st and 2nd-brightest galaxies) filled by new

infalling galaxies; this suggests that fossil groups are a transitional phase, not the

stable end-result of a merging group.
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To understand the evolution and nature of fossil groups, it is crucial to under-

stand how their structure and environment compare to those of non-fossil systems.

A key strategy is to explore the outer regions of the group gas, using similar meth-

ods to those described above. This has been previously done for fossil group RXJ

1159+5531 by Humphrey et al. (2012), who trace the group gas out to Rvir = R108
3.

They find no flattening of the entropy profile and no need to invoke gas clumping,

indicating that this phenomenon might depend on the environment or evolutionary

state of the system. The baryon fraction of RXJ 1159+5531 is consistent with the

cosmological value, much larger than what has been observed in normal groups at

smaller radii. Studies of additional systems are clearly needed to further constrain

the fossil group paradigm.

To learn more about the nature of fossil groups, we performed a deep study

of the X-ray brightest fossil group, ESO 3060170, with Suzaku. ESO 3060170

was first selected as a fossil group candidate from a sample of early-type galaxies

observed with the ROSAT X-ray observatory (Beuing et al. 1999). Its second

brightest galaxy within half a virial radius is 2.5 magnitudes fainter in the R-band

than the central dominant galaxy, qualifying it as a fossil group (Sun et al. 2004).

ESO 3060170 was subsequently observed with Chandra and XMM-Newton out to

450 kpc (≈ 0.33 Rvir) by Sun et al. (2004), who found it to be the most massive

fossil group known. It is also the X-ray brightest known fossil group4. It has an

X-ray luminosity of 2.5 × 1043 ergs s−1 (0.5-2.0 keV) within 0.33 Rvir (Sun et al.

2004), making it an ideal candidate for detection of group gas out to its virial

3within which the average density is 108 times what of the critical density of the Universe
4Some consider NGC 1550 to be the X-ray brightest fossil group, but Sun et al. (2003) showed

that it has 3 galaxies within 0.5 Rvir that are within 2 R magnitudes of NGC 1550, so this group
does not meet the usual criterion for a fossil group.
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radius.

1.4 Structure formation process

The Λ cold dark matter (ΛCDM) model predicts that massive systems such as

galaxy clusters grow via the accretions of smaller scale systems such as galaxies

and galaxy groups in the hierarchical Universe. Such processes can contribute huge

amounts of energy that heats up the intracluster medium (ICM) and gives rise to

various interesting astrophysics. A well-known example is the Bullet Cluster (1E

0657-558) with two colliding subclusters: the spatial separation between the bary-

onic mass revealed by the Chandra X-ray observatory (Markevitch et al. 2004)

and the dark matter mass inferred from gravitational lensing (Clowe et al. 2004)

provide compelling evidence for the existence of dark matter. Apart from that, a

number of clusters including the Bullet Cluster have been reported to have shock

waves in X-ray emission associated with radio halos (Akamatsu & Kawahara 2013;

Million & Allen 2009; Abell 521– Bourdin et al. 2013; Coma Cluster–Simonescu et

al. 2013). Such phenomena may be attributed to synchrotron radiation triggered

by (re-)accelerated electrons and amplified magnetic fields caused by energetic

mergers. Moreover, large scale motions in the ICM of the Perseus Cluster, in-

dicated by its non-uniform surface brightness, may be a result of major mergers

(Simonescu et al. 2012). In addition, subsonic ICM motions around cluster centers

associated with minor mergers or infalling galaxies are thought to be the cause

of cold fronts, characterized as sharp contact discontinuities in temperature and

surface brightness of the hot gas (see Markevitch & Vikhlinin 2007 for a review).

Furthermore, the ICM is known to have an average metallicity of ∼1/3 Z�. Metals
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being removed from infalling galaxies through stripping are thought to be a main

source of ICM enrichment. This scenario has been investigated in simulations (e.g.,

Domainko et al. 2006). X-ray observations of a ∼2 Z� abundance in the stripped

tail of NGC 7619 in the Pegasus group has been reported (Kim et al. 2008). Still,

such stripping processes, along with other enrichment processes such as galactic

outflows (Kapferer et al. 2006; Moll et al. 2007) and intracluster stars (Zaritski et

al. 2004), need to be reconciled with the observed metal distribution of ICM (e.g.,

Matsushita et al. 2002).

For galaxies, mechanisms associated with their passage through the ICM have

played important roles in galaxy transformation and evolution through modifying

their morphology, color, luminosity, and gas content. Primary mechanisms are

interactions between galaxies in clusters, such as harassment, and interactions

between the galaxy and the gravitational well of the cluster, such as tidal stripping.

The most prominent process is ram pressure stripping: the hydrodynamic drag of

the ICM pulls out the ISM from a galaxy that is moving at a typical cluster

velocity (Gunn & Gott 1972). According to cosmological simulations, nearly all

cluster galaxies experience strong ram pressure within their lifetimes (Bruggen &

De Lucia 2008). There is ample evidence of ram pressure stripping in observations,

characterized by stripped gaseous tails trailing behind galaxies and displaced from

their host stars. First, the most common cases are long H i tails as have been

found for quite a few late-type galaxies in nearby galaxy clusters (Oosterloo & van

Gorkom 2005; Koopmann et al. 2008; Haynes et al. 2007). Some of these galaxies

reside beyond the half virial radii of galaxy clusters (Chung et al. 2007). Such ram

pressure stripping occurring outside of the high density ICM has been reproduced
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by some simulation work (Roediger & Bruggen 2008). Secondly, there is a growing

number of observations of Hα tails (Sun et al. 2007b). Various processes have been

proposed as the origin of such Hα emission. For example, in the case of NGC 4388,

its stripped gas may have been ionized by active galactic nuclei (AGNs) (Yoshida

et al. 2004). The Hα emission in the tails of ESO 137-001 and RB 199 has been

attributed to new star formation triggered by the stripping process (Sun et al.

2007b; Yoshida et al. 2008). On the other hand, thermal conduction from the ICM

or turbulent shock heating may also give rise to the Hα emission of some tails

(Yoshida et al. 2004). Thirdly, in addition to H i and Hα tails, only a very few

X-ray tails have been observed (ESO 137-001 – Sun et al. 2006; C153 – Wang et al.

2004). The origin of such X-ray emission may be the accretion of the ambient hot

ICM (Sun et al. 2006), while heating through bow shocks or thermal conduction

are also plausible (Roediger & Bruggen 2008; Tonnesen & Bryan 2009). X-ray

tails are relatively less prominent compared with H i and Hα tails. Sun et al.

(2007b) have searched the Chandra and XMM-Newton archived data of 62 galaxy

clusters and did not find any additional examples. The relative rarity of X-ray tails

has been noticed in some simulation work (Tonnesen & Bryan 2010). This may

be because the stripped tails reported so far are usually associated with late-type

galaxies that tend to lack X-ray emitting hot gas. Plus, unlike cold gas, hot gas

can be better mixed with the ambient hot ICM and therefore more difficult to

stand out. Nevertheless, X-ray tails have been reported for a few bright early-type

galaxies thanks to their substantial hot gas content (M86 – Randall et al. 2008;

NGC 7916 – Kim et al. 2008; NGC 541 – Bogdan et al. 2011; NGC 4472 – Irwin

& Sarazin et al. 1996; NGC 1404 – Machaek et al. 2005). An example of such
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stripped tail found in X-ray is shown in Figure 1.14. The leading edges of those

galaxies frequently display sharp edges in X-ray surface brightness or a bow shock,

indicating galaxy motions. In another scenario, Nulsen et al. (1982) stressed that

ram pressure stripping is not the only way to remove bodily ISM from galaxies.

Transport processes such as laminar viscous stripping, thermal conduction and

turbulent viscous stripping can strip gas from galaxies at a rate comparable to

ram pressure stripping. Indeed, it is plausible that the ISM has been affected

by non-thermal processes including turbulence, magnetic fields and cosmic rays

(Mathew & Brighenti 2003; Sanders et al. 2010; Humphrey et al. 2012). The fate

of cluster galaxies has been the subject of much debate and the relative importance

of each mechanism may vary from case to case.

Early-type galaxies are more than twice as luminous as late-type galaxies in X-

rays for a given optical luminosity (Anderson et al. 2013) and an increasing number

of galaxies in groups and clusters are early-type galaxies. It has been noted that

there is a large scatter (up to a factor of 100) in the ratio of X-ray luminosity to

optical luminosity among early-type galaxies (O’Sullivan et al. 2001). This diver-

sity has been proposed as a consequence of different environments where galaxies

reside (Mathews & Brighenti 1998; Brown & Bregman 2000). Newly infalling

galaxies with a larger velocity relative to the surrounding ICM may have their

hot gas removed through ram pressure stripping and end up with a smaller X-ray

luminosity relative to their field counterparts. Alternatively, member galaxies that

have already settled down in the ICM may experience less gaseous outflow, due

to the compression of the surrounding ICM, and end up with a larger X-ray lumi-

nosity relative to galaxies in the field. It is still a highly debated topic of whether
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Figure 1.14: Chandra mosaic X-ray image of M86 in 0.5-2.0 keV. Complex struc-
ture in the diffuse emission is observed near and in the stripped tail of M86. This
image is taken from Figure 1 in Randall et al. (2008).
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the ICM plays a positive or negative role in the X-ray luminosities of its member

galaxies (Sun et al. 2007a; Mulchaey & Jeltema 2010). The ICM may also affect

the optical luminosities of cluster galaxies, although the impact is less significant

for early-type galaxies. For example, initially, ram pressure stripping makes the

cold gas in galaxies more compressed and thereby enhances star formation (Byrd

& Valtonen 1990; Fujita & Nagashima 1999), while at the later stages, after cold

gas has been removed, new star formation has been suppressed as well (Larson et

al. 1980).

The above phenomena associated with substructure mergers are exciting and

important, yet most such studies involve galaxy clusters instead of galaxy groups,

although the latter are much more ubiquitous; most galaxies in the nearby Uni-

verse reside in groups. Moreover, unlike galaxy clusters that formed only in the

local Universe (z < 1.0), galaxy groups have formed continuously, which makes

galaxy groups a more fundamental phase in the hierarchical Universe. The fact

that galaxy groups have been understudied is mostly due to their low X-ray lumi-

nosities, which make observations challenging. Very nearby groups thereby provide

us an opportunity to study astrophysics in galaxy groups in detail. The nearby

group NGC 1407 centered on the elliptical galaxy NGC 1407 resides at a luminosity

distance of only DL = 22.08 Mpc (1′′ = 0.109 kpc; NED5). Some of its properties

suggest that this group may evolve into a galaxy cluster in the near future through

infalling galaxies and sub-group merging. For instance, this group is largely re-

laxed in its X-ray morphology and has a defined cool core at the same position

as NGC 1407 galaxy (Zhang et al. 2007); its central dominant galaxy NGC 1407

is X-ray luminous (LX = 8.6 × 1040 erg s−1 in 0.1-2.0 keV within two effective

5http://ned.ipac.caltech.edu/
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radii; Su et al. 2013) with regular radio emission (Giacintucci et al. 2012), making

it a possible progenitor of a brightest central galaxy (BCG) such as M87 in the

Virgo Cluster (Romanowsky et al. 2009); its mass-to-light ratio (MLR) is larger

than typical for galaxy groups and more like those of galaxy clusters (Romanowsky

et al. 2009). Furthermore, this group belongs to the Eridanus supergroup which

contains three main groups: the NGC 1407 group, NGC 1332 group and Eridanus

group (Brough et al. 2006). Among them, NGC 1407 is the most evolved group.

This supergroup may collapse into a massive galaxy cluster in the future with

NGC 1407 galaxy being its BCG.

Hierarchical structure formation also predicts an upper limit of total MLRs of

galactic systems assuming high mass systems are formed from low mass systems

with similar stellar fraction (Kauffmann et al. 1999; Marinoni & Hudson 2002).

The observational discovery of massive systems with extremely small baryonic frac-

tion may indicate a gap in our knowledge about the current cosmological paradigm

(Balogh et al. 2008; Bower at al. 2006; Giodini et al. 2009; Lin et al. 2003). Among

them, NGC 1407 has been proposed as one of the darkest systems in the nearby

Universe, although this remains inconclusive. Romanowsky et al. (2009) studied

this group using the kinematics of the globular clusters within 60 kpc. They de-

duced that NGC 1407 has a MLR of ∼ 800 M�/LB� (Figure 1.16) and a baryon

fraction of only fb ∼ 0.004 within its virial radius, compared with the cosmological

value of fb = 0.17 (Hinshaw et al. 2009). Zhang et al. (2007) studied the hot gas of

this group through X-ray observations with the Chandra ACIS-S centered on the

NGC 1407 galaxy, as well as ROSAT observations extending out to 10 effective

radii from NGC 1407 (∼ 12′ = 75 kpc). Assuming hydrostatic equilibrium, they
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Figure 1.15: 2MASS image of NGC 1407 and NGC 1400
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inferred a MLR of only 311± 60 M�/LB� within the virial radius. This group

is also notable for having a bright galaxy, NGC 1400, with a large radial velocity

difference (1200 km s−1) with respect to NGC 1407, lying at a projected distance

of 11.7′ (90 kpc) to the southwest (Figure 4.1). This large velocity difference places

NGC 1400’s group membership in doubt and casts more doubt on the total mass

(hence, mass-to-light ratio) estimates for this group. For example, Brough et al.

(2006) studied the galaxy dynamics of this group, and derived the total mass by

both including and excluding NGC 1400 and five other galaxies, which yielded low

and high MLR estimates of 600 and 1200 M�/LB�, respectively. For total mass

estimates of galaxy groups, both the X-ray approach and the use of dynamical

probes have their drawbacks. Hydrodynamic X-ray techniques may be affected

by non-thermal pressure support and the existence of multi-phase gas; dynamical

analyses lack spatially extended observations and sufficiently general mass profiles

in the dynamical model (Das et al. 2011). Despite the fact that there is no general

consensus, so far all estimates to date for this group’s MLR are above the typical

range for groups (M/LB ≈ 60− 300 M�/LB�) and the expected MLR at its given

optical luminosity (≈ 200 M�/LB�) (Eke et al. 2006). In this paper, we reveal that

the presence of NGC 1400 with such a large relative velocity is also associated with

some substructures in the thermal distribution (see below), which would make the

assumption of hydrostatic equilibrium for X-ray analyses doubtful. This motivated

us to propose an XMM-Newton pointing on the east side of the NGC 1407 group,

reaching to 100 kpc, where the dynamic structure is relatively relaxed, in order

to have a better estimate of the total mass of this possibly dark system through

hydrostatic X-ray techniques.

33



Figure 1.16: Virial mass-to-light ratio as a function of group luminosity for a
few nearby groups. The solid point is NGC 1407 is determined with its globular
clusters. The dashed line with shaded region shows the empirical results from Eke
et al. (2006) based on group dynamics. The solid line shows the semi-empirical
result from Eke et al. (2006), based on luminosity-mass function matching. The
horizontal dotted line shows the mean value for the Universe. This figure is taken
from Figure 27 in Romanowsky et al. (2009).
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A 2MASS K-band image of this complex is shown in Figure 1.15. We also

analyzed the existing XMM-Newton pointing on the west side of NGC 1407, cov-

ering both NGC 1407 and NGC 1400 galaxies. XMM-Newton imaging revealed

an extended region of enhanced surface brightness adjacent to NGC 1400 (Fig-

ure 4.1), which was suggested to be a background object by Zhang et al. (2007)

from ROSAT observations. We suspect that this enhanced region is more likely

to be hot gas stripped out of NGC 1400 as a result of NGC 1400’s large relative

velocity. Furthermore, through temperature mapping, we discovered a seemingly

heated region between NGC 1407 and NGC 1400, potentially an indicator of an

on-going collision. To unveil the dynamic state of this complex, we proposed an

additional Chandra ACIS-S pointing covering NGC 1400 and the enhanced region

which allows us to infer the motion of the region of enhanced surface brightness.

An additional XMM-Newton pointing covering the east side of NGC 1407 provides

us an azimuthally complete temperature map. This enables us to diagnose whether

the seemingly heated region between NGC 1400 and NGC 1407 is indeed excess

heating or simply a reflection of this group’s gravitational well. In Chapter 4 , we

present these observations and discuss their implications.

We assume H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7, and ΩM = 0.3 throughout

this dissertation. all uncertainties are given at the 90% confidence level unless

otherwise stated. We adopt the solar abundance standard of Asplund (2009).

We devote Chapter 2 to my first project, “Investigating the Potential Dilution

of the Metal Content of Hot Gas in Early-Type Galaxies by Accreted Cold Gas”.

Sample selection is presented in Section 2.1. Sections 2.2 and 2.3 are dedicated

to observations and data reduction. In Section 2.4 we report several relationships
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between galaxy properties. In Section 2.5 we examined potential biases. Implica-

tions of our results are discussed in Section 2.6. Finally, we summarize our main

conclusions in Section 2.7.

We devote Chapter 3 to my second project “Suzaku Observations of the X-

ray Brightest Fossil Group ESO 3060170”. Adopting a redshift of z = 0.0358

from the NASA/IPAC Extragalactic Database (NED), we derive a luminosity dis-

tance of 153 Mpc (so 1′ = 41 kpc), assuming a cosmology with H0 = 70 km s−1

Mpc−1, ΩΛ = 0.7 and Ωm = 0.3. We studied this group out to R200 = 27.5′ with

Suzaku, in order to determine its gaseous temperature, abundance, pressure and

density profiles at large radii, as well as estimate its total mass and baryon frac-

tion. From the total mass density distribution described in §3.6, we determined

that R500 = 750 kpc and R200 = 1.15 Mpc. We describe the observations and

data reduction techniques in §3.1 and report results regarding the thermal state

and metal content in §3.2; their implications are discussed in §3.3 and our main

conclusions are summarized in §3.4.

We devote Chapter 4 to my third project “Joint XMM-Newton and Chandra

Observations of NGC 1407/1400 Complex: a Tail of an Early-Type Galaxy and

a Tale of a Nearby Merging Group”. Section 4.1 is dedicated to observations and

data reduction. We report our results in Section 4.2. In section 4.3, we describe

our proposed scenario and discuss a few implications. Finally, we summarize our

main conclusions in Section 4.4.
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Chapter 2

Investigating the Potential

Dilution of the Metal Content of

Hot Gas in Early-Type Galaxies

by Accreted Cold Gas

2.1 Sample Selection

2.1.1 X-ray observations

Our ultimate goal is to study the X-ray emitting hot gas properties (e.g., metal

abundance) of nearby early-type galaxies as completely as possible. We select

our sample from a volume-limited sample of 260 nearby early-type galaxies from

ATLAS3D plus 61 galaxies studied with ROSAT from Irwin et al. (1998). We

only considered galaxies that have Chandra or XMM-Newton observations with a
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total exposure time of at least 25 ksec. We did not consider any galaxies residing

in cluster centers since it is extremely challenging to disentangle the strong ICM

emission from relatively weak ISM emission. We ultimately selected 32 galaxies

with sufficient X-ray counts to have their metal abundance constrained with our

model. Our sample included galaxies both in groups/clusters and in the field. Clas-

sification of galaxy environments is based on Faber (1989). Eight of our galaxies

are at group centers (NGC 507, NGC 1399, NGC 4472, NGC 4636, NGC 1332,

NGC 4261, NGC 1407, NGC 5846). We kept such relatively bright group center

galaxies to form the bright end of this relatively continuous sample. The archived

data itself does not form a statistically complete sample. Still, our sample of 32

early-type galaxies covers a span of LX/LK of more than two orders of magnitudes

(0.03–3.00 × 1030 ergs s−1LK,�
−1), containing a sufficient number of X-ray faint,

X-ray bright and intermediate-brightness galaxies. For the majority of the galaxies

in this sample we adopted the distance estimation derived from surface brightness

fluctuations of Tonry (2001). If not available, we used the distance determined

from redshift as given in NED1 and our assumed cosmology. Galaxy properties

and observation logs are summarized in Table 2.1.

2.1.2 Assumed H i and H2 gas mass values

We use the atomic neutral gas (M(H i)) mass and molecular gas (M(H2)) mass to

represent the amount of cold gas mass in each galaxy obtained from the literature.

Only 24 galaxies in our sample have published masses of atomic and molecular gas

as listed in Table 2.2. Most of the atomic neutral gas masses were obtained with

1http://ned.ipac.caltech.edu/
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Table 2.1: Sample properties

Name Morphology D NH re Environment∗

(Mpc) (1020 cm−2) (arcmin)
IC 1459 E3-4 29.2 1.1 0.57 1
NGC 507 SA0 70.0 5.3 0.89 2
NGC 720 E5 27.7 1.5 0.60 0
NGC 1291 SB0 10.1 2.1 0.90 0
NGC 1316 SAB0 20.9 1.9 1.34 1
NGC 1332 S0 22.9 2.2 0.46 2
NGC 1380 SA0 17.6 1.4 0.66 1
NGC 1395 E2 24.8 2.0 0.81 1
NGC 1399 E1 20.0 1.5 0.67 2
NGC 1404 E1 21.0 1.5 0.40 1
NGC 1407 E0 28.8 5.4 1.17 2
NGC 3607 SA0 22.8 1.4 0.72 1
NGC 3608 E2 22.9 1.4 1.12 1
NGC 3923 E4-5 22.9 6.2 0.83 1
NGC 4125 E6 23.9 1.8 0.97 1
NGC 4261 E2-3 20.0 1.8 0.60 2
NGC 4278 E1-2 16.1 1.8 0.57 1
NGC 4365 E3 20.4 1.7 0.80 1
NGC 4374 E1-2 18.5 2.6 0.85 1
NGC 4382 SA0 18.5 2.5 0.91 1
NGC 4406 E3 17.1 2.7 1.73 1
NGC 4459 SA0 7.8 4.7 0.59 1
NGC 4472 E2 16.3 1.5 1.73 2
NGC 4477 SB0 16.5 2.6 0.63 1
NGC 4526 SAB0 16.9 1.5 0.74 1
NGC 4552 E0-1 15.3 2.6 0.49 1
NGC 4636 E0-1 14.7 1.9 1.47 2
NGC 4649 E2 16.8 2.2 1.15 1
NGC 4697 E6 11.8 2.1 1.20 1
NGC 5846 E0-1 24.9 4.3 1.04 2
NGC 5982 E3 42.0 1.5 0.80 1
NGC 7619 E 53.0 5.0 0.62 1

∗ 0: Galaxies in the field. 1: Galaxies in groups and clusters but not at centers. 2:
Galaxies at group center (Faber et al. 1989)
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the Westerbork Synthesis Radio Telescope (WSRT). Molecular gas masses were

derived with the measurements of 12CO(1-0) and (2-1) emission lines obtained

with IRAM 30-m Telescope.

2.2 Data reduction

2.2.1 X-ray data

Chandra

We used CIAO4.3 to reduce ACIS-I or ACIS-S data (Table 2.3). All data were

reprocessed from level 1 events, which guarantees the latest and consistent calibra-

tions. Only the events with grades 0, 2, 3, 4, and 6 are included. We also removed

bad pixels, bad columns, and node boundaries. We filtered background flares with

the light curve filtering script lc clean. The effective exposure times are shown

in Table 2.3. Bright point sources including nuclei resolved with wavdetect were

removed. In our spectral analysis, each spectrum contains at least 25 counts per

energy bin.

XMM-Newton

Only data from the European Photon Imaging Camera (EPIC) are reported in this

paper (Table 2.3). Both MOS and PN detectors were processed. The standard

Science Analysis System (SAS 11.0.0) pipeline tools were used throughout this

analysis. Tasks emchain and epchain were used to generate calibrated event

files from raw data. PATTERN ≤ 12 was used to select MOS data sets, while

PATTERN ≤ 4 was used for PN data sets. The removal of bright pixels and hot
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Table 2.2: H i, H2, stellar metallicity values and ages

Name M(HI) M(H2) Mgb Fe5270 Fe5335 Age
(108M�) (108M�) (Gyr)

IC 1459 2.5a < 5.57k 5.60± 0.02f 3.36± 0.02f 2.97± 0.02f 3.5+1.7
−0.4

a

NGC 507 4.52± 0.11n 2.95± 0.12n 2.6± 0.15n 9.2+0.2
−0.2

o

NGC 720 < 0.59b < 0.24b 5.17± 0.11n 2.94± 0.12n 2.80± 0.14n 3.9+2.1
−2.1

a

NGC 1291 8.1j 0.22j 7.1+1.63
−1.32

q

NGC 1316 < 1.60k 5.23k 4.07± 0.03f 3.13± 0.02f 2.64± 0.03f 3.2p

NGC 1332 4.1+5.4
−0.9

r

NGC 1380 4.4+0.7
−0.7

a

NGC 1395 4.95± 0.04f 2.98± 0.03f 2.72± 0.04f 6.0+1.6
−0.9

a

NGC 1399 5.74± 0.11f 3.15± 0.08f 2.85± 0.09f 11.5+1.1
−2.1

r

NGC 1404 4.65± 0.10f 2.92± 0.07f 2.59± 0.08f 12.0+2.0
−3.0

a

NGC 1407 < 1.52b < 0.34b 4.94± 0.09l 3.65± 0.14l 3.37± 0.18l 6.6+1.9
−1.5

a

NGC 3607 < 0.83e 2.63g 4.43± 0.08l 3.37± 0.03l 3.19± 0.10l 3.1+0.5
−0.5

s

NGC 3608 0.03e < 0.38g 10.7+0.5
−0.9

v

NGC 3923 4.54± 0.08l 3.33± 0.10l 0.54± 0.08l 2.8+0.3
−0.1

r

NGC 4125 < 0.37b < 0.34b 4.37± 0.05m 3.02± 0.05m 3.06± 0.06m 13+0.5
−0.5

r

NGC 4261 < 2.95h < 0.49h 5.11± 0.04n 3.14± 0.05n 2.88± 0.08n 12.6+0
−0.6

a

NGC 4278 6.9i < 0.08b 5.24± 0.07m 2.79± 0.07m 2.83± 0.08m 14.1+1.4
−1.2

v

NGC 4365 < 0.4a < 0.42g 4.74± 0.07n 3.48± 0.03n 3.13± 0.14n 5.9x

NGC 4374 < 0.4e < 0.16g 4.78± 0.03n 2.94± 0.04n 2.69± 0.04n 12.7+2.0
−2.0

n

NGC 4382 < 0.09e < 0.25g 5.4+0.5
−0.5

v

NGC 4406 1e < 0.25g 4.95± 0.07m 3.04± 0.07m 2.91± 0.09m 11u

NGC 4459 < 0.08e 1.73g 7.1+0.7
−0.6

k

NGC 4472 < 0.83h 0.006h 4.85± 0.06n 2.97± 0.07n 2.84± 0.08n 7.6+1.7
−1.6

a

NGC 4477 < 0.09e 0.35g 9.6y

NGC 4526 21.37h 1.1h 1.6z

NGC 4552 < 0.07e < 0.19g 5.15± 0.03n 3.02± 0.04n 2.95± 0.04n 12+1.0
−1.0

r

NGC 4636 10h 0.01h 7.6+3.0
−3.0

a

NGC 4649 < 0.15e < 0.28g 5.33± 0.04n 3.01± 0.04n 3.01± 0.05n 13+1.0
−1.0

r

NGC 4697 < 0.42b < 0.30b 4.08± 0.05n 2.97± 0.06n 2.57± 0.06n 7.2+1.7
−1.5

a

NGC 5846 3.5a < 0.60g 4.93± 0.05n 2.95± 0.06n 2.77± 0.06n 12+0.6
−1.6

a

NGC 5982 0.34i < 0.57w 10.7+0.5
−0.7

v

NGC 7619 5.06± 0.04n 3.03± 0.05n 3.08± 0.06n 12.9u

a. Serra & Oosterloo (2010), b. Welch (2010), c. Haynes (1988), d. Taniguchi (1994),
e. Serra (2011), f. Beuing (2002), g. Young (2011), h. http://goldmine.mib.infn.it/,
i. Oosterloo (2010), j. Li (2011), k. Lees (1991), l. Emsellem (2011), l. Denicolo
(2005), m. Serra (2008), n. Trager (2000), o. Li (2006), p. Terlevich (2002), q. Noll
(2009), r. Humphrey (2008), s. Annibali (2001), t. Sil’chenko (2006), u. Zhang (2008),
v. Kuntschner (2010), w. Shapiro (2009), x. Howell (2005), y. McDermid (2006), z.
Gallagher (2008)
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Table 2.3: Observational log

Name Chandra Exposure time (ks) XMM Exposure time (ks)
Obs-ID ACIS-S ACIS-I Obs-ID MOS1, MOS2, PN

IC 1459 2196 54 0135980201 29, 29, 24
NGC 507 317, 2882 15 43 0080540101 34, 34, 30
NGC 720 492, 7062 31, 23 0112300101 27, 28, 19

7372, 8448 49, 8 0602010101 84, 84, 69
8449 19
8198, 8464 47, 47
8465 45

NGC 1291 795, 2059 34, 22 0201690201 19, 19, 18
11272, 11273 68, 49

NGC 1316 2022 27 0302780101 87, 85, 49
0502070201 49, 48, 29

NGC 1332 2915, 4372 16, 43 0304190101 59, 59, 50
NGC 1380 9526 39 0210480101 46, 46, 40
NGC 1387 4188 42
NGC 1395 799 16 0305930101 57, 57, 37
NGC 1399 319, 9530 54, 54 0040060101 114, 111, 89
NGC 1404 2942, 4147 28 45 0304940101 30, 16, 22
NGC 1407 791 43 0404750101 41, 39, 32

0110930201 9, 8, 5
NGC 3607/3608 2038 27 0693300101 38, 38, 26
NGC 3923 1563, 9507 17, 78 0027340101 38, 38, 32

0602010301 99, 99, 76
NGC 4125 2071 62
NGC 4261 9569 99
NGC 4278 4741, 7077 35, 111 0205010101 29, 30, 24

7078, 7079 52, 106
7080, 7081 56, 112
11269, 12124 78, 25

NGC 4365 2015, 5921 39, 38 0205090101 25, 26, 24
5922, 5923 39, 35
5924, 7224 25, 41

NGC 4374 803, 5908 27, 45
6131 32

NGC 4382 2016 40 0201670101 19, 19, 17
NGC 4406 318 32 0108260201 73, 75, 50
NGC 4459 2927 10 0550540101 74, 74, 71

11784 30 0550540201 19, 19, 17
NGC 4472 321, 11274 31, 39 0200130101 83, 83, 80
NGC 4477 9527 35 0112552101 13, 13, 9
NGC 4526 3925 40 0205010201 22, 22, 21
NGC 4552 2072 51 0141570101 24, 27, 19
NGC 4636 323 43 0111190701 59, 59, 57
NGC 4649 785 16 0021540201 49, 46, 46

8182, 8507 37, 17 0502160101 74, 74, 70
NGC 4697 784, 4727 38, 40 0153450101 47, 50, 45

4728, 4729 34, 22
4730 35

NGC 5846 788, 7923 21 87 0021540501 15, 15, 11
7062, 8448 23, 8 0602010101 85, 85, 80
8449 19

NGC 5982 0693300301 23, 24, 21
NGC 7619 3955 29 0149240101 40, 40, 3742



columns was done by applying the expression (FLAG==0). Point sources resolved

with edetect chain and verified by eye were removed. The remaining exposure

time after filtering for background flares is shown in Table 2.3. The minimum

counts for each energy bin is 25 for MOS and 50 for PN.

Regions and Background

We adopted the effective radii for each galaxy from the Third Reference Catalogue

of Bright Galaxies (RC3, de Vaucouleurs et al. 1991). The extracted aperture for

LX,gas, MX,gas as well as metal abundance and temperature determinations was

chosen to be exactly two effective radii for each galaxy.

Local background, extracted from a region away from the source region on the

same ccd chip, is used as background for spectral analysis for both Chandra and

XMM-Newton. The area of the local background was chosen to be at least twice

the area of the source region to ensure a sufficient S/N ratio for background sub-

traction. For X-ray bright galaxies observed with Chandra, the emission sometimes

filled the entire chip due to the relatively small area of the S3 chip. Since X-ray

bright galaxies are usually in clusters or at group centers, the adoption of local

background enables us to subtract the surrounding ICM or IGrM, assuming the

surface brightnesses of ICM/IGrM are uniform on a scale of ∼ 20 kpc. The varia-

tion of background emission is also relatively insignificant for X-ray bright galaxy

studies. For X-ray faint galaxies, the emission usually does not fill the entire chip,

which makes it ideal to use local background for spectral studies, unless they are

very nearby. One counter example is the X-ray faint galaxy NGC 4697, which is

at a distance of only 11 Mpc and has a very extended X-ray emission distribution
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that extends beyond the S3 chip boundaries. For this galaxy, we also tried to use

“stowed background”2 for the spectral fitting. We fit a spectrum extracted from

the S1 chip with a stowed background3 of the same region on the S1 chip to de-

termine the surface brightness of cosmic X-ray and Galactic emission background

since the S1 chip is more offset and less contaminated by source emission. Then,

we fit the spectrum of NGC 4697 extracted from the S3 chip with a correspond-

ing stowed background by adding scaled X-ray background components obtained

with the S1 chip to the fitting. The determinations for Fe metal abundance (see

model fitting procedure in §2.3.2) with these two different methods are 0.42+0.22
−0.14 Z�

with χ2
ν = 1.01 (local background) and 0.35+0.17

−0.13 Z� with χ2
ν = 1.18 (stowed back-

ground), consistent within the uncertainties. Therefore, it is reliable to use local

background for galaxies in our sample, even in extreme cases such as NGC 4697.

2.2.2 2MASS

To characterize the optical brightness of each galaxy, we use the K-band luminos-

ity, which is more representative of relatively old stellar populations in early-type

galaxies, instead of the historically-used B-band luminosity. LK of these galax-

ies are derived from Two Micron All Sky Survey (2MASS) archived images. The

K-band photometry region is the same as that used in the Chandra and XMM-

Newton analyses. Bright nuclear and foreground sources (detected by eye) were

excluded and refilled with a local surface brightness component using dmfilth in

CIAO4.3. We obtained the counts from the source region after subtracting the

local background component. We converted it to the corresponding magnitudes

2particle background inside the detector observed with ACIS stowed
3http://cxc.harvard.edu/contrib/maxim/stowed
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and corrected for Galactic extinction. K-band infrared solar luminosity is assumed

to be LK,� = 5.67 × 1031 ergs s−1 (Mannucci et al. 2005). LK of galaxies in this

sample are listed in Table 2.4.

2.3 Data Analysis

2.3.1 Spectral analysis

Spectral modelling

For those galaxies with both Chandra and XMM-Newton observations, we con-

ducted joint fits for the measurements of temperature and metal abundance. We

performed spectral analysis with Xspec 12.7.0. The model we adopted to fit

the diffuse emission for each galaxy is phabs ∗ (vapec + vapec + powerlaw +

mekal + powerlaw). A spectrum with each component illustrated is shown in

Figure 2.1. The absorbing column density (NH) was fixed at the Galactic value

(Dickey & Lockman 1990). vapec+vapec represent two temperature components

of bremsstrahlung emission from the hot gas, with their elemental abundances tied

to each other. We set Mg=Al, Si=S and He=C=N=Ar=Ca=1 (Nagino & Mat-

sushita 2010; Hayashi et al. 2009). We use this two temperature component model

to reduce the Fe bias, brought about by multi-temperature gas. The first Powerlaw

with an index of 1.6 represents the contribution from unresolved LMXBs (Irwin

et al. 2003). In addition to hot gas and unresolved LMXBs, faint stellar X-ray

sources such as cataclysmic variables (CVs) and coronally active binaries (ABs)

also contribute to LX . Revnivtsev et al. (2007, 2008, 2009) calibrated the X-ray

emission from such old stellar populations in several extremely gas-poor galaxies.
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Figure 2.1: XMM-Newton MOS1 Spectrum of NGC 4697. Black cross: observed
spectrum. Blue: unresolved LMXB. Green: stellar components (CV/AB). Red:
two temperature thermal components for hot gas emission.

We estimated such stellar contributions from their LK based on a LX/LK relation

averaged over these gas-poor early-type galaxies given by Revnivtsev et al. (2008):

L0.5–2.0 keV/LK = 5.9×1027 ergs s−1 LK,�
−1. The mekal+powerlaw component rep-

resents CV/ABs. The temperature of mekal is fixed at 0.5 keV, and the index of

powerlaw is fixed at 1.9 (Revnivtsev et al. 2008). In our spectral analysis, we fixed

such CV/ABs components at the estimated flux based on the LK of each galaxy.

The ratio of the fluxes of the mekal component and the powerlaw was set to 2.03

(Revnivtsev et al. 2008).

We tested the effects of our spectral model and assumptions on NGC 4459,
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which is the X-ray faintest galaxy in this sample. The two temperature ther-

mal components model gives a Fe abundance of 0.22+0.09
−0.06 Z�. After setting Al

6= Mg and S 6= Si, we obtained a Fe abundance of 0.23+0.07
−0.07. The calibration

of the X-ray emission of CV/ABs is not well determined, and varies between

LX/LK = 4.1 − 6.9 × 1027 for M32, N3379, and M31 (Revnivtsev et al. 2007;

2008). We varied the CV/ABs component by 100% by completely ignoring it and

by doubling the contribution of such component, which gives a Fe abundance of

0.23+0.07
−0.06 Z� and 0.22+0.07

−0.07 Z�, respectively, indicating that uncertainties in the

CV/AB normalization are not relevant to our metal abundance determinations.

Joint fitting Chandra and XMM

In order to minimize statistical uncertainty, if available, Chandra and XMM-

Newton observations were jointly fit for each galaxy, with all normalizations varied

independently, but only the flux and normalization of Chandra are used to deter-

mine LX and MX,gas
4, since we left all normalizations of each data set untied. We

use 0.5–8.0 keV for ACIS-I, ACIS-S and PN, 0.3–8.0 keV for MOS to fit the spectra.

It is important to justify that the cross calibrations are sufficient to provide reliable

abundances. We examined all galaxies in our sample by determining their hot gas

Fe abundance within two effective radii separately with Chandra and XMM-EPIC.

Among them, 15 galaxies contain sufficient data to determine temperatures and

metallicities separately from either data set. All of these 15 galaxies show consis-

tency within the uncertainties between Chandra and XMM-EPIC results. Overall,

this cross check gives us confidence in our joint fitting strategy.

4for NGC 5982 XMM-Newton results are used to determine LX and MX,gas, since Chandra
data are not available.
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2.3.2 Determination of LX,gas and MX,gas

LX,gas estimated in this paper is contributed only by hot gas from 0.1 − 2.0 keV,

excluding X-ray emission contributed by CV/ABs, and unresolved LMXBs, which

have been removed spectrally. Assuming a spherical distribution of hot gas, we

obtained their volume from the size of extraction region. Based on the sum of the

best fit normalizations of the thermal emission model vapec+vapec, we derived

the average hot gas density. With hot gas density and volume, we obtained hot gas

mass (MX,gas) for galaxies in this sample. We assume that the hot gas density is

a single value in the given volume for each galaxy. To test how a density gradient

affect the result, we divide NGC 720 into 10 spatial bins within two effective radii.

We analyzed each bin separately and obtained a sum of gas masses of the 10 bins

that is within 10% of the gas mass obtained by analyzing a single integrated bin

of a size of two effective radii.

2.4 Results

In Figure 2.2, we plot LX,gas for each galaxy as a function of LK , which shows

the scatter of LX,gas/LK is more than a factor of 50. This factor is in line with

but somewhat smaller than previously found (e.g. Boroson et al. 2011). Since our

work aims at studying hot gas Fe abundance only in galaxies with sufficient X-ray

counts, we eliminated galaxies that are extremely X-ray faint, leading to a smaller

scatter in the LX,gas–LK relation. The span of LX,gas is from 7 × 1038 ergs s−1 to

1.7×1042 ergs s−1; the span of LK is from 1.5×1010L� to 5.6×1011L� (Table 2.4).

Galaxies that reside at group centers are among the brightest. Galaxies in the field
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are on average fainter than galaxies in groups and clusters.

Hot gas Fe abundance ranges from 0.22 Z� (NGC 4459) to 1.9 Z� (NGC 1407)

(Table 2.5; Figure 2.3). The Fe abundance generally increases with LX,gas/LK

for most galaxies (Figure 2.3), which gives a Spearman correlation coefficient of

ρ = 0.449 with a null hypothesis probability of 1.24% for the LX,gas/LK–Fe relation

using the ASURV software package5. The slope becomes flatter for X-ray bright

galaxies such as those at group centers. Excluding group centers, we obtained a

Spearman correlation coefficient of ρ = −0.673 with a null hypothesis probability of

0.12%. We also break galaxies in our sample into various environments as galaxies

in the field, galaxies in groups and clusters but not at centers, and galaxies that

reside at group centers, although only two galaxies in our sample are in field. A

gradient in luminosity, temperature and hot gas Fe abundance can be seen as

galaxies in denser environments are brighter, hotter and Fe richer.

Only 22 galaxies in this sample have published Lick/IDS index measurements

(listed in Table 2.1) from which we obtain the stellar metallicity [Fe/H] (Thomas

et al. 2011; Maraston et al. 2011; Thomas et al. 2010; Johansson et al. 2011).

The relation between the hot gas Fe and stellar metallicity is indeed very random

(Figure 2.4 (a)), although NGC 1407, the galaxy with the highest hot gas Fe,

does have the highest stellar metallicity. For galaxies of similar stellar abundance,

the scatter of their ISM Fe is up to a factor of five. Therefore, the discrepancy

in ISM abundance among galaxies is unlikely to be a result of the variation in

stellar metallicity. We also tried to associate hot gas Fe abundance with stellar

ages which we obtained from the literature (listed in Table 2.1). There is virtually

no correlation between these two variables as shown in Figure 2.4 (b). Therefore,

5http://astrostatistics.psu.edu/statcodes/asurv
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Table 2.4: LX , LK , and hot gas mass

Name LX LK MX,gas

(1040 ergs s−1) (1010L�) (108M�)
IC 1459 2.1 26.7 2.2
NGC 507 168.7 56.1 169.0
NGC 720 4.4 17.0 4.2
NGC 1291 0.3 7.8 0.5
NGC 1316 3.7 43.1 5.7
NGC 1332 1.0 14.5 1.7
NGC 1380 1.0 9.1 3.4
NGC 1395 3.0 20.1 4.1
NGC 1399 9.1 18.8 8.3
NGC 1404 10.0 13.4 4.3
NGC 1407 8.6 38.2 6.1
NGC 3607 1.3 12.9 2.5
NGC 3608 1.3 2.9 3.2
NGC 3923 4.0 24.2 6.7
NGC 4125 3.7 21.8 7.5
NGC 4261 1.8 8.8 7.5
NGC 4278 0.6 6.3 1.0
NGC 4365 0.5 16.0 1.9
NGC 4374 5.4 22.4 4.9
NGC 4382 1.4 20.2 2.0
NGC 4406 10.4 26.2 8.7
NGC 4459 0.07 1.5 0.5
NGC 4472 13.7 35.3 10.5
NGC 4477 1.1 5.7 3.1
NGC 4526 0.4 13.0 0.7
NGC 4552 2.0 7.7 0.7
NGC 4636 20.6 10.8 6.8
NGC 4649 10.6 29.4 5.6
NGC 4697 0.5 8.2 2.2
NGC 5846 30.5 23.8 17.8
NGC 5982 8.7 21.8 22.2
NGC 7619 18.7 32.4 19.3

All quantities were measured within two effective radii given in Table 2.1
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Figure 2.2: LX as a function of LK . Circles: galaxies at group centers. Triangles:
galaxies in groups/clusters but not at centers. Boxes: galaxies in the field.
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Table 2.5: Spectral analysis results

Name Fe T1 LX1 T2 LX2 χ2/d.o.f.
(keV) (1040 ergs s−1) (keV) (1040 ergs s−1)

IC 1459 0.64+0.32
−0.27 0.31+0.05

−0.08 0.56 0.99+0.03
−0.09 1.57 422.03/374

NGC 507 0.79+0.12
−0.11 1.00+0.03

−0.04 65.4 1.49+0.09
−0.09 105 958.90/910

NGC 720 0.91+0.22
−0.16 0.26+0.08

−0.04 0.65 0.60+0.02
−0.02 3.76 1354.57/1177

NGC 1291 0.28+0.39
−0.15 0.20+0.03

−0.04 0.130 0.91+0.11
−0.15 0.12 789.78/788

NGC 1316 0.51+0.04
−0.04 0.52+0.10

−0.03 1.77 0.95+0.03
−0.03 1.93 2114.24/1780

NGC 1332 0.29+0.21
−0.08 0.39+0.10

−0.03 1.03 1.73+0.78
−0.40 1.03 143.91/139

NGC 1380 0.50+0.65
−0.23 0.21+0.03

−0.03 0.73 0.54+0.06
−0.09 0.66 231.54/221

NGC 1395 0.76+0.19
−0.13 0.68+0.06

−0.06 0.69 0.82+0.84
−0.06 2.32 569.80/533

NGC 1399 0.78+0.04
−0.04 0.88+0.09

−0.02 ∼ 0 1.04+0.01
−0.01 9.10 2123.75/1351

NGC 1404 0.70+0.08
−0.05 0.34+0.03

−0.01 3.83 0.69+0.03
−0.02 6.19 619.60/467

NGC 1407 1.98+1.02
−0.53 0.83+0.02

−0.02 7.35 1.69+0.41
−0.14 1.21 791.31/719

NGC 3607 0.29+0.13
−0.07 0.43+0.09

−0.06 1.11 0.63+0.20
−0.04 0.06 238.33/200

NGC 3608 1.02+1.10
−0.43 0.19+0.03

−0.03 0.09 0.54+0.04
−0.09 0.38 319.85/294

NGC 3923 0.82+0.16
−0.12 0.30+0.03

−0.05 1.51 0.63+0.03
−0.02 2.46 1470.81/1330

NGC 4125 0.52+0.46
−0.18 0.25+0.07

−0.04 1.81 0.54+0.10
−0.07 1.87 166.83/176

NGC 4261 0.58+0.48
−0.21 0.72+0.07

−0.07 1.39 3.02+1.55
−1.35 0.47 200.54/198

NGC 4278 0.39+0.68
−0.23 0.08+0.06

−0.08 0.41 0.74+0.10
−0.07 0.21 452.50/444

NGC 4365 0.56+1.27
−0.23 0.25+0.07

−0.04 ∼ 0 0.58+0.04
−0.06 0.45 806.15/783

NGC 4374 0.60+0.26
−0.14 0.27+0.15

−0.27 5.4 0.69+0.04
−0.06 ∼ 0 499.16/496

NGC 4382 0.62+0.26
−0.18 0.29+0.04

−0.04 1.16 0.75+0.10
−0.33 0.24 305.38/298

NGC 4406 0.63+0.03
−0.03 0.77+0.01

−0.05 10.4 0.94+0.01
−0.02 0.1 1564.47/1169

NGC 4459 0.22+0.09
−0.06 0.52+0.07

−0.06 0.07 2.94+1.38
−0.95 ∼ 0 433.43/429

NGC 4472 0.79+0.03
−0.04 0.95+0.01

−0.01 11.9 1.67+0.06
−0.10 1.80 1528.00/1189

NGC 4477 0.64+0.39
−0.21 0.24+0.02

−0.03 0.75 0.67+0.03
−0.10 0.38 228.77/194

NGC 4526 0.60+1.09
−0.32 0.23+0.02

−0.02 0.36 0.54+0.68
−0.32 0.06 205.81/212

NGC 4552 0.54+0.15
−0.10 0.39+0.06

−0.06 1.05 0.70+0.05
−0.05 1.00 523.57/468

NGC 4636 1.00+0.05
−0.04 0.31+0.01

−0.01 1.55 0.75+0.01
−0.01 19.1 1926.00/1117

NGC 4649 1.06+0.01
−0.01 0.86+0.01

−0.01 10.6 1.03+0.02
−0.02 ∼ 0 3700.31/2301

NGC 4697 0.42+0.22
−0.14 0.21+0.02

−0.08 0.30 0.40+0.11
−0.08 0.16 1026.25/1017

NGC 5846 0.79+0.07
−0.07 0.44+0.08

−0.05 5.08 0.76+0.03
−0.02 25.4 1015.02/817

NGC 7619 1.06+0.21
−0.18 0.85+0.02

−0.02 18.3 0.88+0.29
−0.03 0.535 448.73/420

T1 (L1) and T2 (L2) represent the best fit temperatures (luminosities) of each vapec

component in the two temperature model. All quantities were measured within two
effective radii given in Table 2.1.
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Figure 2.3: Best fit hot gas Fe abundance as a function of the ratio of LX to LK .
Circles: galaxies at group centers. Triangles: galaxies in groups/clusters but not
at centers. Boxes: galaxies in the field.
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the variation of hot gas Fe abundance is unlikely to be caused by differing galaxy

ages either.

To test the cold gas dilution scenario, we studied a sub sample of 24 galaxies

with cold gas data available. We related the hot gas Fe abundance to the ratio of

their atomic gas mass M(H i) to hot gas mass MX,gas and to the ratio of molec-

ular gas mass M(H2) to hot gas mass MX,gas, respectively, (M(H i)/MX,gas and

M(H2)/MX,gas). Such a ratio is larger for X-ray faint galaxies at a given cold gas

mass. We find that there is virtually no correlation between Fe and M(H i)/MX,gas

as shown in Figure 2.5(a); using ASURV which takes into account upper limit of

variables, we obtained a Spearman correlation coefficient of ρ = −0.089 with a

null hypothesis probability of 67.1%, illustrating the limited effect of atomic gas

on the hot gas metal content. In contrast, we find that Fe abundance generally

decreases with M(H2)/MX,gas as shown in Figure 2.5(b); we obtained a Spearman

correlation coefficient of ρ = −0.459 with a null hypothesis probability of 2.76%.

We summarized the correlations for each relation in Table 2.6.

2.5 Possible abundance determination biases

Previously determined extremely low Fe abundances for NGC 1291 (Irwin et al.

2002) and NGC 4697 (Sarazin et al. 2001) are not confirmed because in our analy-

sis we free individual elements, take account of CV/ABs, allow multi-temperature

components and adopt a revised abundance table. Only by eliminating such im-

provements, can we recover the ∼ 10% Fe abundances for these galaxies found by

previous studies. Here, we discuss some additional potential biases to abundance

determinations.
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Figure 2.4: (a): best fit hot gas Fe abundance as a function of stellar Fe abun-
dance. (b): best fit hot gas Fe abundance as a function of stellar age. Hot gas Fe
abundance is not correlated with stellar Fe abundance or stellar age.

55



X, gas
M(HI)/M

-210 -110 1 10

Fe
 [s

ol
ar

]

0.5

1.0

1.5

2.0

2.5

(a)

IGrM/ICM
group center
field

X, gas/M2HM
-310 -210 -110 1 10

Fe
 [s

ol
ar

]

0.5

1.0

1.5

2.0

2.5

(b)

IGrM/ICM
group center
field

Figure 2.5: (a): The best fit hot gas Fe abundance as a function of the ratio
of atomic gas mass MHI to hot gas mass MX,gas. (b): The best fit hot gas Fe
abundance as a function of the ratio of molecular gas mass MH2 to hot gas mass
MX,gas. Circles: galaxies at group centers. Triangles: galaxies in groups or clusters
but not at group centers. Boxes: galaxies in the field. One sided error bars
represent upper limit on cold gas mass.
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2.5.1 “Frankenstein” test

One potential bias that may affect abundance determination may originate from

the different ratios of X-ray emitting components for X-ray faint and X-ray bright

galaxies. The fraction of X-ray emission produced by hot gas is smaller for X-ray

faint galaxies than for X-ray bright galaxies. For example, the ratio of hot gas

to unresolved LMXBs to CV/ABs to background of a typical X-ray bright galaxy

is 83:5:2:10 while that of a typical X-ray faint galaxy is 20:20:10:50. To explore

this effect, we built a spectrum of a typical X-ray faint galaxy out of the X-ray

components of a typical X-ray bright galaxy by separating and rearranging the

contributions from the hot gas, LMXBs, CV/ABs, and background: a so-called

“Frankenstein” galaxy.

We chose NGC 720 as a representative X-ray bright galaxy. The X-ray emission

from this galaxy is partitioned as follows: 5.7% unresolved LMXB, 62.5% gas, 1.8%

CV/AB and 30% background. NGC 720, as a galaxy in the field, is not influenced

by any environmental effects such as ram pressure, tidal disruption, or galaxy

harassment. The morphology of NGC 720 also appears very symmetric. The

temperature radial profile of this galaxy shows little gradience (Humphrey et al.

2011), which minimizes any biasing in the measurement of Fe abundance due to

multi-temperature components. All these factors assure a relatively robust metal

abundance measurement.

There are five main Chandra ACIS-S observations of NGC 720 with comparable

exposure times. We combined the spectra of resolved point sources6 from all five

6the brightest point sources were not included. Such point sources can definitely be resolved
by Chandra for all galaxies in our sample, and they may have a spectral shape different from the
unresolved fainter LMXBs (Irwin et al. 2003).
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observations for the LMXBs spectrum. The spectrum of the hot gas was extracted

from only one observation (the extracted region is the same as §2.3.1). The back-

ground component was extracted from various source-free off-center regions of three

observations. We then simulated the spectrum of CV/ABs (mekal+powerlaw).

Combining these spectra produced a typical X-ray faint galaxy spectrum that con-

tains 23% hot gas, 20% LMXBs, 10% CV/ABs and 47% background. We fit this

Frankenstein spectrum with a separate local background spectrum and compared

it with the results of the original X-ray bright galaxy NGC 720. The best fit Fe

for this Frankenstein galaxy is 0.79+1.31
−0.31 Z�, while that of the original X-ray bright

galaxy NGC 720 is 0.91+0.22
−0.16 Z�, consistent within the uncertainties. Therefore,

the ratio of spectral components is unlikely to cause the measured low abundance

of X-ray faint galaxies.

2.5.2 Complex temperature structure

When fitting intrinsically multi-temperature systems with a single temperature

model, the measured Fe abundance is systematically low, and is sometimes referred

to as the Fe bias (Buote 2002). To address how significant this effect is, we tried

to fit the hot gas component with just a single vapec model for each galaxy. We

compared the Fe abundance as measured with a single temperature model (1T) to

the Fe abundance measured with a two temperature model (2T). The measured

Fe abundances are plotted in Figure 2.6. The Fe abundance measured with 2T

is on average 20% greater than with 1T. In Figure 2.7 (a), we show the ratio of

Fe abundance determined with 2T model and that with 1T model as a function

of LX,gas/LK . “Fe bias” does bias low the measured hot gas Fe abundance but
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seems equally effective for both X-ray faint and X-ray bright galaxies, therefore,

unlikely to cause the Fe abundance discrepancy between X-ray faint and X-ray

bright galaxies.

We also simulated a spectrum with a model of phabs ∗ (cevmkl + powerlaw +

mekal + powerlaw), where the Xspec model cevmkl represents a continuously

varying multi-temperature hot gas emission. The Fe abundance of cevmkl was

set to 1.0 Z�. The simulated spectrum was built to have the same counts rate,

exposure times, CV/ABs and LMXBs as NGC 720. We fit this simulated spectrum

with the 2T model: phabs ∗ (vapec + vapec + powerlaw + mekal + powerlaw) as

described earlier. We still obtained a Fe abundance of vapec+vapec to be around

1.0 Z�, even when we vary the power-law index for the temperature distribution

and the maximum temperature in cevmkl by at least 50%. This test demonstrates

that the 2T model we applied is sufficient to describe continuous varying multi-

temperature structures.

However, the hot gas Fe abundance may indeed be underestimated due to more

complex temperature and abundance structures, such that even a 2T model might

be insufficient to reflect the real value of the Fe abundance. It is impractical to

fit galaxies in our sample with 2T/2Fe model with the limited S/N of out data

set. Therefore, we simulated a spectrum based on NGC 720 with a 2T model.

We let each vapec component have different temperatures and Fe abundances

but the same flux (2T/2Fe model: T1=0.2, Fe1=1.4 Z� and T2=0.6, Fe2=0.4 Z�;

higher metallicity gas is supposed to cool faster). We fit this spectrum with a 2T

model but tied the Fe abundance of each vapec to each other. We obtained a Fe

abundance of only 0.5 Z�, smaller than the emission weighted average abundance of
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Figure 2.6: comparison of best fit Fe abundance obtained with one thermal tem-
perature model versus two thermal temperature model. Solid line: Fe (1T) = Fe
(2T).
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the two vapec but still between the bookend values. The measured Fe abundance

is further reduced by 25% if we fit this spectrum with a 1T model. We did the same

test based for NGC 4697 (2T/2Fe model: T1=0.2, Fe1=0.8 Z� and T2=0.4, Fe2=0.2

Z�), and obtained a best fit Fe abundance of 0.22 Z� with 2T model for this

simulated spectrum. The Fe abundance was underestimated to the same degree

for NGC 720 and NGC 4697. In our work, we focus on the relative difference of Fe

abundance between X-ray faint and X-ray bright galaxies instead of their absolute

values. Such a uniform underestimation for Fe abundance should not seriously

affect our conclusions. Exploring a larger Fe/T parameter space modeling and a

more realistic simulation are needed in future work to address this point more fully.

2.6 Discussion

In this paper we have demonstrated a discrepancy in the hot gas metal abundance

between X-ray faint and X-ray bright galaxies. As shown in Figure 2, it is evident

that abundance increases with LX,gas/LK for X-ray faint galaxies but less so for

X-ray brightest galaxies. This indicates that X-ray faint galaxies are more affected

by whatever the origin of this variation is. In this work, we found that there is

essentially no correlation between hot gas Fe abundance and the ratio of atomic

gas mass to hot gas mass (M(H i)/MX,gas). Hot gas Fe abundance does not appear

to be related to M(H i) either as shown in Table 2.6. Thus, this would seem to rule

out the scenario that the accretion of pristine atomic gas could affect the metal

content of hot gas of early-type galaxies. Atomic gas is usually distributed in large

orbits and in some cases they are in a shape of a ring surrounding the galaxy (e.g.

NGC 1291). The accretion of such outskirt gas may not be efficient. Moreover,
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Figure 2.7: (a): the ratio of Fe (2T) of Fe (1T) as a function of the ratio of LX
to LK . (b): the ratio of Fe (2T) of Fe (1T) as a function of the ratio of M(H2) to
MX,gas.
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such accretion may be suppressed during the process of gaseous outflows.

In contrast, we found a significant anti-correlation between the hot gas Fe

abundance as measured in X-ray and the ratio of molecular gas mass to hot gas

mass (M(H2)/MX,gas); galaxies with a larger molecular gas fraction tend to have

lower Fe abundance while galaxies with a smaller cold gas fraction show a higher

Fe abundance (Figure 2.5). The Spearman correlation coefficient is ρ = −0.459

with a null hypothesis probability of 2.76%. Hot gas Fe is also correlated with

M(H2) as shown in Table 2.6. Unlike atomic gas, molecular gas is usually located

in the inner regions of galaxies which makes it easier for it to interact with hot

gas. This result seemingly suggests a scenario where the molecular gas has been

shock heated to the X-ray emitting phase by relative velocities between stellar

wind and ambient hot gas. However, unlike atomic gas, it is unjustified to assume

that molecular gas is pristine. In fact, molecular gas is usually associated with new

star formation, which makes its metallicity no less than that of hot gas, putting

this dilution scenario in doubt.

To search for an alternative explanation, we first examined the reliability of

the molecular gas mass estimation. M(H2) adopted in this paper were derived

from CO emission lines (e.g, Young et al. 2011). Those authors assume a constant

conversion between M(H2) and CO emission. In fact, M(H2)-FCO is a function

of stellar metallicity as lower metallicity systems have a higher M(H2)/FCO ratio

(Genzel et al. 2012). However, as illustrated in §2.4, stellar metallicity and hot gas

metallicity are not directly related. Therefore, this bias should not be responsible

for this apparent anti-correlation between hot gas Fe and M(H2)/MX,gas. Moreover,

even if higher stellar metallicity galaxies tend to have higher hot gas Fe abundance,
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the true anti-correlation between hot gas Fe – M(H2)/M(X,gas) would have been

even stronger because assuming a constant conversion for all galaxies could only

underestimate the M(H2) for lower metallicity systems.

Second, this apparent anti-correlation may be a result of complex temperature

structures in a sense that a larger molecular gas fraction may lead to a more

non-uniform temperature distribution of hot gas through cooling and therefore

bias low the measurement of hot gas Fe abundance. This scenario predicts that

the ratio of Fe abundance determined with a 2T model to that with a 1T model

should depend on molecular gas fraction. However, as shown in Figure 2.7(b),

these two factors are not related. Therefore, we do not think complex temperature

structure drives this hot gas Fe – M(H2)/M(X,gas) anti-correlation. Still, it could

be a result of complex abundance structure as proposed in §2.5.2. The interaction

with molecular gas may cause multi-phase metal abundance distributions which

would bias low the measured hot gas Fe abundance. The test of this scenario is

beyond the scope of this paper. We expect more simulation works in the future to

cast light on this issue.

Third, this apparent anti-correlation may stem from a third factor that is linked

to both molecular gas and hot gas Fe abundance. Whatever this third factor is,

the question why there is a discrepancy of the hot gas Fe metallicity between

X-ray faint and X-ray bright galaxies remains to be answered. Using 3D simula-

tions, Tang & Wang (2010) found that SN ejecta has a tendency to move outward

substantially faster than the ambient medium via buoyancy force and effectively

reduces the average Fe abundance of hot gas. If this process is plausible, we can

conclude that systems with smaller angular momentum and larger potential wells
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are more likely to retain their Fe abundance since it is easier for them to resist such

buoyancy force. X-ray bright galaxies are usually massive galaxies which also tend

to be slow rotating galaxies (Emsellem et al. 2011). Consequently, X-ray bright

galaxies would have a larger Fe abundance than X-ray faint galaxies in this sce-

nario. It has been speculated that slow rotating galaxies as well as massive galaxies

contain less molecular gas (Young et al. 2011). Hence, X-ray bright galaxies tend

to lack molecular gas. As a result, molecular gas and hot gas Fe abundance appear

to be anti-correlated. Yet, it is unclear how dynamic mass, angular momentum

and molecular gas content of galaxies are physically related.

Finally, we still try to explore the possibility that molecular gas may have

diluted the metal content of hot gas. In addition to internal stellar mass loss,

molecular gas in early-type galaxies have also been proposed to originate externally

such as accretion through filaments and mergers with late-type galaxies. Davis et

al. (2009) show that quite a few galaxies have their molecular gas kinematically

misaligned with respect to the stars, suggesting external origin. Combes et al.

(2007) inferred that CO-rich galaxies may be more metal and α-element poor

owing to a slow star formation fuelled by relatively pristine gas. Davis et al.

(2009) also found that the molecular and atomic gas are always kinematically

aligned. Therefore, it is possible that molecular gas in early-type galaxies may

originate from the condensation of surrounding atomic gas. In that case, the

molecular gas might be relatively less contaminated and potentially dilute the hot

gas metal content.

There are many other factors that may contribute to the discrepancy between
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Table 2.6: Summary of correlations for each relation

Relations Correlation coefficient ρ Null hypothesis probability Number of galaxies

Fe–LX/LK 0.449 0.0124 32
Fe–LX/LK 0.673 0.0012 24∗

Fe–Age -0.179 0.3193 32
Fe–Zstar 0.146 0.5032 22
Fe–M(H2) -0.409 0.0498 24∗∗

Fe–M(H i) -0.089 0.6709 24∗∗

Fe–M(H2)/M(X) -0.459 0.0276 24∗∗

Fe–M(H i)/M(X) -0.059 0.7769 24∗∗

M(H2)–M(X) -0.323 0.1211 24∗∗

M(H i)–M(X) -0.335 0.1085 24∗∗

∗ group center galaxies excluded. ∗∗ galaxies with cold gas data.

X-ray faint and X-ray bright galaxies as well as the apparent anti-correlation be-

tween hot gas Fe abundance and molecular gas content. In fact, early-type galaxies

may be quite heterogeneous with various assembly and enrichment histories. Both

a case-to-case study and a larger and more complete sample are required to address

such issues in the future. Nevertheless, various explanations are not exclusive to

each other. A combined scenario may eventually solve the discrepancy.

2.7 Summary

The measured emission-weighted metal abundance of the hot gas in early-type

galaxies has been known to be lower than theoretical expectations for 20 years.

In addition, both X-ray luminosity and metal abundance vary significantly among

galaxies of similar optical luminosities. This suggests some missing factors in the

galaxy evolution process, especially the metal enrichment process. With Chandra

and XMM-Newton, we studied 32 early-type galaxies (kT . 1 keV) covering a
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span of two orders of LX,gas/LK to investigate these missing factors. Contrary

to previous studies that X-ray faint galaxies show extremely low Fe abundance

(∼ 0.1 Z�), nearly all galaxies in our sample show an Fe abundance at least 0.3

Z�, although the measured Fe abundance difference between X-ray faint and X-

ray bright galaxies remains remarkable. We investigated whether this dichotomy

of hot gas Fe abundances can be related to the dilution of hot gas by mixing with

cold gas. With a subset of 24 galaxies in this sample, we find that there is virtu-

ally no correlation between hot gas Fe abundances and their atomic gas content,

which disproves the scenario that the low metal abundance of X-ray faint galaxies

might be a result of the dilution of the remaining hot gas by pristine atomic gas.

In contrast, we demonstrate a negative correlation between the measured hot gas

Fe abundance and the ratio of molecular gas mass to hot gas mass, although it is

unclear what is responsible for this apparent anti-correlation. We discuss several

possibilities including that externally originated molecular gas might be able to

dilute the hot gas metal content. Alternatively, the measured hot gas Fe abun-

dance may be underestimated due to more complex temperature and abundance

structures and even a two-temperature model might be insufficient to reflect the

true value of the emission weighted mean Fe abundance.
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Chapter 3

Suzaku Observations of the X-ray

Brightest Fossil Group ESO

3060170

3.1 Data reduction

We observed the central and outer regions of ESO 3060170 with Suzaku in two

pointings during May 2010 (PI: Y. Su). Three X-ray CCDs (XIS 0, 1 and 3) were

used and the observation log is listed in Table 3.1. A mosaic of the XIS images

in the 0.5-4.0 keV band is shown in Figure 3.1. This observation was taken after

XIS0 was partially damaged by being flooded with large amounts of charge, which

saturated the electronics and created a permanently unusable region1.

Data reduction and analysis were performed with the HEASOFT 6.12 software

package using CalDB 20120209. Data were obtained in both 3× 3 and 5× 5 data

1http://www.astro.isas.jaxa.jp/suzaku/doc/suzakumemo/suzakumemo-2010-01.pdf
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Table 3.1: Observation log

Name Obs ID Effective Exposure R.A. Dec. Dectectors
(ksec)

Center 805075010 27 05h 40m 07.20s -40d 57m 36.0s XIS0,1,3
17′ Offset 805075060 70 05h 40m 07.20s -41d 15m 00.0s XIS0,1,3

readout modes; 5×5 mode data were converted to 3×3 mode and merged with the

3× 3 mode data. The events were filtered by retaining those with a geomagnetic

cutoff rigidity > 6 GeV/c, and an Earth elevation > 10◦. The calibration source

regions and hot pixels were excluded. Light curves were filtered using CIAO 4.3

script lc clean to exclude times with flares. The resulting effective exposure

times are shown in Table 3.1. During these observations, the activity of the Solar

Wind Charge eXchange (SWCX) was inferred to be low, based on data from the

Advanced Composition Explorer (ACE). Stray light should be negligible since this

target is not extremely bright and the two pointings were taken with a diagonal

offset, which minimizes the effects of stray light (Takei et al. 2012).

3.1.1 Image Analysis

To produce a vignetting-corrected image, we followed standard procedure2 by gen-

erating flat fields based on ray-tracing the Cosmic X-ray Background (CXB) spec-

trum through the telescope optics. We first fit a spectral model to the CXB in

a background region described in §3.1.2. Based on this spectrum, we used the

FTOOL mkphlist to simulate 108 photons between 0.5− 4.0 keV, representing a

uniform, extended source with radius 20′. These simulated incident photons were

used as the input to an X-ray telescope ray-tracing simulator (FTOOL xissim;

2http://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/expomap.html
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Ishisaki et al. 2007) to produce a flat-field image for each chip and pointing. We

used the CIAO 4.3 tool csmooth to smooth these flat fields with a Gaussian ker-

nel (of 5 pixels) in order to increase the signal-to-noise ratio. We scaled these

vignetting-corrected images by the relevant exposure times to produce exposure

maps. Source images from each chip and pointing were extracted in the 0.5-4.0

keV band. A particle (non-X-ray) background (NXB) component was generated

for each chip and pointing with FTOOL xisnxbgen (Tawa et al. 2008). Mosaics

of the source images, NXB images, and exposure maps for each chip and pointing

were cast on a common sky coordinate reference frame. The NXB component

was subtracted from each cluster image on each chip; these images were then di-

vided by their exposure maps and merged. Finally, we subtracted the CXB surface

brightness from the image. The exposure-corrected, NXB- and CXB-subtracted

0.5-4.0 keV image mosaic is shown in Figure 3.1. Two point sources in the offset

pointing, identified by eye and indicated in Figure 3.1, were excluded from the

spectral analysis.

3.1.2 Spectral analysis

We extracted spectra from six truncated annular regions, indicated in Figure 3.1,

centered on ESO 3060170 and extending south from 0′-3′, 3′-8′, 8′-14′, 14′-20′, 20′-

25′ and 25′-30′ (regions 1–6). The FTOOL xissimarfgen was used to generate

an ancillary response file (ARF) for each region and detector. To provide the

appropriate photon weighting for each ARF, we used a 2-dimensional β-model

surface brightness distribution extrapolated from XMM-Newton observations (Sun

et al. 2004). We used the C-statistic in all our spectral analyses and accordingly
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Figure 3.1: Mosaic XIS image of ESO 3060170 in 0.5-4.0 keV band with NXB
and CXB subtracted. The image is corrected for exposure and vignetting. Pink
segments represent regions extracted for spectral analysis. Small green ellipses
represent excluded point sources. Cyan trapezoid represents region extracted for
“offset” background spectra.
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grouped spectra to have at least one count per energy bin.

Redistribution matrix files (RMFs) were generated for each region and detector

using the FTOOL xisrmfgen. NXB spectra were generated with the FTOOL

xisnxbgen. Spectra from XIS0, 1, & 3 were simultaneously fit in spectral modeling

with XSPEC v12.7.2 (Arnaud 1996). We adopted the solar abundance standard

of Asplund at al. (2009) in thermal spectral models. To compare our results

with those using the abundance standard of Anders & Grevesse (1989), our iron

abundances should be multiplied by 0.67. Energy bands were restricted to 0.5-7.0

keV for the back-illuminated CCD (XIS1) and 0.6-7.0 keV for the front-illuminated

CCDs (XIS0, XIS3), where the responses are best calibrated. Uncertainties in

fitted parameters are reported at the 90% confidence level.

X-ray background

We used three different methods to determine the X-ray background. In the first

method, called “offset” background, we use background spectra (one for each de-

tector) extracted from a region ∼ 28′ south of the center (partially overlapping

region 6). Since the observed surface brightness profile is flat in this background

region, ARFs were generated by assuming uniform sky emission with a radius

of 20′. We simultaneously fitted these background spectra to determine the sur-

face brightness of Galactic components and the CXB, taking into account that

there may be small amounts of emission from the group at this distance. We

used XSPEC to fit each spectrum with a multi-component background model

consisting of an apec thermal emission model for the Local Bubble (apecLB), an

additional apec thermal emission model (apecMW) for the Milky Way emission in
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Figure 3.2: Suzaku XIS1 spectra for ESO 3060170 from regions 1–6. Instrumental
background has been subtracted. Black: observed spectra. Red: best-fit model.
Blue: CXB (Γ = 1.41). Cyan: MW. Green: LB. Pink: hot gas emission. (Orange:
LMXB emission for region 1).
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the line of sight (Smith et al. 2001), and a power law model powCXB (with index

Γ = 1.41) characterizing the CXB (De Luca & Molendi 2004). We also included

a thermal apec model for any residual emission from the group (apecESO) in this

outer region. All these components but the Local Bubble were assumed to be

absorbed by foreground (Galactic) cooler gas, with the absorption characterized

by the phabs model for photoelectric absorption. Photoionization cross-sections

were from Balucinska-Church & McCammon (1998). We adopted a Galactic hy-

drogen column of NH = 3.15× 1020 cm−2 toward ESO 3060170, deduced from the

Dickey and Lockman (1990) map incorporated in the HEASARC NH tool. The

final spectral fitting model was apecLB + phabs× (apecMW + powCXB + apecESO).

The temperatures of the Milky Way and Local Bubble components were fixed at

0.25 keV and 0.10 keV, respectively (Kuntz & Snowden 2000).

The second method we call “local” background. We fitted the spectra of re-

gions 2 through 6 simultaneously with the source plus background model apecLB +

phabs× (apecMW + powCXB + apecESO). We did not include region 1 because the

contribution from low mass X-ray binaries (LMXBs) in the central region may

be degenerate with the CXB component. X-ray background components (apecLB,

powCXB, apecMW) were forced to have the same surface brightness in all regions.

Group gaseous components were allowed to vary independently for each region.

The third method we label “deproj” background, which we determined through

deprojected spectral fits. We performed a deprojected spectral analysis for regions

1–6 simultaneously using models described later in §3.1.2. Similar to the second

method, we let the normalizations of all components, including group emission

and X-ray background components (CXB, MW and LB), free to vary. X-ray
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background components (apecLB, powCXB, apecMW) were forced to have the same

surface brightness in all regions, while group emission was allowed to vary inde-

pendently in each region.

The results for the background components determined with these three meth-

ods are shown in Table 3.2. They are largely consistent with each other and are

in line with the values determined by Yoshino et al. (2009) for 14 fields observed

with Suzaku. Since our main results are obtained with deprojected spectral fits,

we adopted the third method (“deproj”) to determine the X-ray backgrounds. We

performed Markov chain Monte Carlo (MCMC) simulations with 36 chains, each

chain having 10000 steps, for the simultaneous fitting used in the third method.

With the margin command in XSPEC, we marginalized over the uncertainties of

the normalizations of the X-ray background components. We obtained the prob-

ability distribution for each background component normalization, as shown in

Figure 3.3. We chose the most likely value for each background component in the

following spectral analysis.

Projected spectral analysis

We fitted the spectrum of regions 2-6 with the following model: apecLB +phabs×

(apecMW + powCXB + apecESO). Here the apecLB, apecMW, and powCXB models

represent background components discussed earlier, while the apecESO component

represents thermal emission from group gas. For the central region 1 only, we added

a power law component (powLMXB) with an index of 1.6 (and variable normaliza-

tion) to represent unresolved LMXBs in the central galaxy (Irwin et al. 2003).
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Table 3.2: X-ray background determinations

Cosmic Milky Way Local Bubble
Method Sa

CXB Normb Sc
MW Normd Sc

LB Normd C/d.o.f

Offset 14.4+1.3
−1.0 6.3+0.6

−0.4 9.7+2.8
−2.8 5.8+1.7

−1.7 7.7+1.2
−1.2 43.2+6.8

−6.5 2484/3019
Local 14.8+1.1

−1.1 6.5+0.5
−0.5 9.1+1.9

−1.8 5.4+1.1
−1.1 15.3+2.4

−2.4 83.2+12.9
−12.7 12764/14580

Deproj 14.8+1.2
−1.1 6.5+0.5

−0.5 8.6+2.3
−2.3 5.2+1.4

−1.4 15.6+2.5
−2.4 84.8+13.5

−12.8 16267/18350
Deproj ∗ 14.8 6.5 9.0 5.4 15.0 81.5

Fitting CXB-2 15.7+16.3
−4.2

e
1.3+1.3
−0.3

f
7.8+3.1
−5.4 4.7+1.9

−3.2 15.3+2.1
−7.8 83.3+11.5

−42.5 16266/18350
CXB-2 low∗ 21.3e 1.6f }

9.1
}

5.5
}

14.6
}

79.6
CXB-2 high∗ 31.9e 2.4f

a) Surface brightness of CXB (0.5− 2.0 keV) in units of 10−9 ergs s−1 cm−2 sr−1.
b) Normalization of single power law component of CXB (with photon index 1.41), in
units of photons s−1 cm−2 keV−1 sr−1 at 1 keV.
c) Surface brightness of Milky Way background (0.5− 2.0 keV) in units of 10−9 ergs s−1

cm−2 sr−1; SMW uncertainties are proportional to those of their associated normaliza-
tions.
d) Normalization of Milky Way background is the integrated line-of-sight emission mea-
sure, (1/4π)

∫
nenHds, in units of 1014 cm−5 sr−1.

e) Surface brightness of Local Bubble background (0.5-2.0 keV) in units of 10−9 ergs s−1

cm−2 sr−1, which includes the contribution from both broken power law components.
f) Normalization of broken power law component with photon index of 1.96 below 1.2
keV, in units of photons s−1 cm−2 keV−1 sr−1 at 1 keV. The normalization of broken
power law component with photon index of 1.54 below 1.2 keV was fixed at 5.7 photons
s−1 cm−2 keV−1 sr−1 at 1 keV.
∗ marginalized values.
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Figure 3.3: Probability distributions generated by marginalization over uncertain-
ties for the normalization of each X-ray background component. left panel: single
power law (Γ = 1.41) used for CXB modeling. right panel: two broken power laws
used for CXB modeling. Top panel is the probability distribution for the bright
AGN component (Γ1 = 1.96 for E < 1.2 keV; Γ2 = 1.4 for E > 1.2 keV). The
normalization of the faint AGN broken power law component is fixed. MW-2 and
LB-2 are probability distributions for MW and LB components when two broken
power laws are used for CXB modeling.
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ARFs derived from the β-model image were used for each region. Each back-

ground component was fixed at the surface brightness determined earlier. XIS1

spectra of regions 1–6 are shown in Figure 3.2. Fitting results are listed in Table 3.3

and described below in §3.2.

Deprojected spectral analysis

In addition to a projected spectral analysis, we also carried out a deprojected

spectral analysis for regions 1–6. XSPEC v12 allows us to treat group and back-

ground emissions separately in the fitting, with different models and different

ARFs: we want to deproject only the group emission and the background is more

uniformly distributed than the group emission. Spectra from regions 1–6 were read

into XSPEC as 6 data groups. First, we represented group emission with model

projct×(phabs×(apecESO+powLMXB)); the normalization of the LMXB compo-

nent is a variable fitting parameter in (the central) region 1 and was fixed at

0 for regions 2–6. The projct model performs a projection of 3-D shells into

2-D annuli with the same center. We adjusted the values of the β-model im-

age ARFs so that they corresponded to complete (360◦) annuli for the source

regions of interest (regions 1-6). These scaled ARFs were used for the group

emission (model 1). The background emission was represented by a second model:

apecLB+phabs×(apecMW+powCXB), as described above. Uniform ARFs were used

for the background emission (model 2). Models 1 and 2 were fitted simultaneously

to the spectra. The surface brightness of each background component was fixed as

described earlier. To ensure the stability of our deprojection analysis, we needed

to tie the temperatures and abundances of regions 3 and 4 and, separately, the
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Table 3.3: Summary of fit parameters for group emission in regions 1-6

Method Annuli Temperature Fe Norma SX
b C/d.o.f

(arcmin) (keV) (Z�)

projected 0–3 2.51+0.11
−0.12 0.69+0.08

−0.07 2037.04+129.63
−120.37 1231.48+78.36

−72.77 3506/3770
3–8 2.72+0.14

−0.08 0.39+0.08
−0.07 425.93+18.52

−18.52 228.70+9.94
−9.94 3341/3669

8–14 2.37+0.22
−0.17 0.25+0.12

−0.09 124.08+9.26
−9.26 63.33+4.72

−4.72 3075/3307
14–20 2.42+0.85

−0.65 0.18+0.40
−0.17 35.09+5.56

−7.41 17.52+2.78
−3.67 1714/2082

20–25 1.43+0.55
−0.21 0.34+1.15

−0.29 9.81+2.22
−2.04 5.12+1.16

−1.06 2454/2849
25–30 1.13+0.36

−0.19 − 6.47+2.13
−1.85 3.92+1.29

−1.12 2179/2676

deprojected 0–3 2.47+0.14
−0.16 0.81+0.13

−0.11 1438.66+129.65
−129.65 1263.01+113.82

−113.82

16266/18353

3–8 2.82+0.15
−0.15 0.43+0.10

−0.09 435.93+19.85
−19.16 234.05+10.66

−10.29
8–14

}
2.48+0.21

−0.20
∗

}
0.25+0.13

−0.10
∗ 124.32+11.12

−10.55 64.16+5.74
−5.44

14–20 49.26+8.12
−7.75 17.77+2.93

−2.80
20–25 }

1.27+0.24
−0.21

∗
}

0.31+0.44
−0.20

∗ 7.51+5.86
−5.69 5.22+4.07

−3.95
25–30 17.79+4.93

−4.79 3.89+1.08
−1.05

a) Normalization of apec thermal model is the integrated line-of-sight emission measure,
(1/4π)

∫
nenHds, in units of 1014 cm−5 sr−1. b) Surface brightness of group emission

(0.5 − 2.0 keV) in units of 10−9 erg s−1 cm−2 sr−1; uncertainties in surface brightness
are proportional to those of their associated normalizations. Fe abundances should be
multiplied by 0.67 if they are to be compared with other results using Anders & Grevesse
(1989) solar abundances.
∗ To ensure the stability of our deprojection analysis, we needed to tie the temperatures
and abundances of regions 3 and 4, as well as the temperatures and abundances of regions
5 and 6.

temperatures and abundances of regions 5 and 6. Deprojected fitting results are

listed in Table 3.3 and described below in §3.2.

The deprojected electron density of each spherical annulus was derived from

the best-fit normalization of the apecESO component in each deprojected shell

obtained. The normalization of this apec model in XSPEC is proportional to the

emission measure and defined as

norm =
10−14

4π[DA(1 + z)]2

∫
nenHdV (3.1)

where DA is the angular distance to the group, and V is the volume of the spherical
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annulus. We assume that the hot gas density has a single value in the given volume

for each spherical annulus. As indicated by tests performed by Su & Irwin (2013)

for NGC 720, when a single volume is divided into 10 spatial bins and analyzed

separately, the sum of the gas masses of the 10 bins is within 10% of the gas

mass obtained by analyzing a single integrated bin of the same volume. We did

not correct for the point spread function (PSF) overlap between adjacent regions

caused by the 1.5′−2′ spatial resolution of Suzaku in our analysis. Humphrey et al.

(2012) found that this effect was insignificant in their results for RXJ 1159+5531

and the annular widths in our work are ∼ 50% larger than those of Humphrey et

al. (2012), further reducing such effects.

3.1.3 Stellar mass estimates from infrared imaging

We will be interested in determining the radial profile of the iron mass-to-light

ratio in this group. We used K-band imagery from the WISE (Wide-Field Infrared

Survey Explorer) public archive to estimate the stellar light distribution in ESO

3060170. We analyzed three 2◦ × 2◦ images, with one centered on ESO 3060170,

one centered 2◦ east, and one centered 2◦ west of the group center. All three

images were reduced using SExtractor to detect point sources. Point sources were

excluded and replaced with a locally interpolated surface brightness using the

CIAO tool dmfilth. We determined the surface brightness of the local infrared

background using the average of the two offset pointings to the east and west,

which were consistent with each other within 2%. We subtracted this average

background surface brightness from the infrared surface brightness in each of the

areas subtended by regions 1-6. We converted source counts in each region to
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the corresponding magnitude and corrected for Galactic extinction. We adopted a

Solar K-band absolute magnitude of MK� = 3.28 (Binney & Merrifield 1998) and

derived the stellar mass by adopting a stellar mass-to-light ratio of M∗/LK of 1.17

M�/LK� (Longhetti et al. 2009).

3.2 Results

3.2.1 Temperature and density

Projected and deprojected temperature profiles are shown in Figure 3.4. The

projected temperature profile is roughly isothermal (∼ 2.5 keV) within 0.8R200

(800 kpc); this is consistent with the temperature profile between 20 kpc and

400 kpc found by Sun et al. (2004) from Chandra and XMM-Newton data. The

temperature drops quickly beyond 800 kpc to 1.13+0.36
−0.19 keV at R200 (1.15 Mpc).

This temperature drop (by a factor of ∼ 2.2) is smaller than found on the same

normalized scale in other clusters observed with Suzaku (Akamatsu at al. 2011).

Temperatures of regions 3 and 4 were linked, as were the temperatures of regions

5 and 6. The projected and deprojected temperatures of the outer two bins are

consistent, so we combined the deprojected temperatures of the inner 4 bins with

the projected temperatures of the outer two bins to construct a global temperature

profile for further analysis. This global temperature profile is plotted in Figure 3.4,

where it is shown to be consistent with the following heuristic formula calibrated

by Pratt et al. (2007) for clusters over a radial range of 0.125 < R/R200 < 0.5:

T/TX = 1.19− 0.74 R/R200 (3.2)
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where TX is the peak temperature.

Higher resolution Chandra observations analyzed by Sun et al. (2004) revealed

a small cool core of 1.32+0.08
−0.10 keV within 10 kpc (0.24′). They also found that the

gaseous cooling time tc is less than the Hubble time tH out to 70 kpc (1.7′). The fact

that the cool core is much smaller than the region over which tc < tH suggests that

the central regions have been heated (Sun et al. 2004). Suzaku cannot spatially

resolve such a small cool core due to its relatively large PSF. Nonetheless, we looked

for the signature of this cool core in a Suzaku spectrum extracted from within a

central circular region of 3′ diameter. We fitted this central spectrum with two

independently varying thermal diffuse emission components, along with the LMXB

component described §3.1.2. The two temperatures we obtained were 1.03+0.63
−0.33 keV

and 2.76+0.16
−0.16 keV, with the lower temperature component being consistent with

the 1.3 keV found by Sun et al. (2004).

The deprojected electron density profile, shown in Figure 3.5, is derived from

a combined fit for all annular regions. The profile approximately follows a power

law model ne ∝ r−δ, with a best fit of δ = 1.78± 0.55. We also fit the profile to a

β-model,

ne = ne,0[1 + (r/rc)
2]−3β/2, (3.3)

obtaining a best fit of β = 0.64± 0.21.

3.2.2 Entropy and pressure

The entropy of gas in groups and clusters is a powerful diagnostic for investigating

gaseous heating processes in such systems. Figure 4.12 shows the entropy (K =

n
−2/3
e kT ) profile of ESO 3060170 derived from these Suzaku observations out to
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Figure 3.4: Radial temperature profile of ESO 3060170. Black triangles: projected
temperatures. Red squares: deprojected temperatures. Blue solid line: the scaled
temperature profile by Pratt et al. (2007). We adopted the deprojected results
within 0.8 R200 and the projected results beyond 0.8 R200 as a global tempera-
ture profile. Cyan crosses: temperature profile derived with Chandra observations
(Sun et al. 2004). Pink circles: temperature profile derived with XMM-Newton
observations (Sun et al. 2004). The uncertainties of Chandra and XMM-Newton
measurements are not shown in this plot.

83



200R/R
-110 1

]
-3

 [c
m

en

-510

-410

-310

-210

R [kpc]
210 310

Figure 3.5: Black dots: deprojected electron density profile of ESO 3060170. Blue
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R200 (1.15 Mpc). Within R500 (750 kpc), the best-fit power law index of this

entropy profile is

0.81±0.23, which was obtained with the inner four data points. This is consis-

tent with the average entropy profile of 31 clusters observed with XMM-Newton

(Pratt et al. 2010), for which a best-fit power law index of 0.98 was found out to

about R500; the entropy profile of ESO 3060170 is also consistent with those of

∼ 20 galaxy groups observed within R500 by Sun et al. (2009), who found an aver-

age best-fit power law index of 0.7. If purely gravitational processes energize the

gas, self-similar structure formation simulations predict that the entropy should

rise with radius as S ∝ r1.1 (Voit et al. 2005). In ESO 3060170, the observed en-

tropy profile flattens and declines beyond ∼ R200 (1.15 Mpc), regardless of which

normalization was adopted for the expected entropy profile. We tested whether

this behavior at large radii is an artifact of underestimating the background: as

discussed in detail in §3.3.3, we varied each background component and found this

entropy rollover to persist at large radii. A similar entropy downturn has been

found in several massive clusters observed at large radii by Suzaku (Walker et al.

2012c).

We would like to compare the observed entropy profile to expectations from

numerical simulations and to those of other groups and clusters. We estimated the

normalization of the expected entropy profile in two different ways, as shown in

Figure 4.12. The first estimate, Ksim, is based on the simulation of gravitational

structure formation derived by Voit et al. (2005):

Ksim(R) = 1.32 K200(R/R200)1.1 (3.4)
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Figure 3.6: Black circles: radial profile of entropy (K = n
−2/3
e kT ) in ESO 3060170.

Blue stars: entropy profile corrected the variation of fgas(r) with respect to 0.15
(Pratt et al. 2010). Red solid line: entropy profile from simulations, K ∝ r1.1;
normalization is derived from Voit et al. (2005) (Ksim). Red dashed line: entropy
profile from simulations, S ∝ r1.1 with normalization determined by fit to inter-
mediate radii (Kfit).
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where the normalization K200 is given by

K200 = 362
GM200µmp

2R200

(
1

keV

)
×
[
H(z)

H0

]−4/3(
Ωm

0.3

)−4/3

keV cm−2 (3.5)

Our second estimate for the expected entropy profile, Kfit, is based on fitting

the observed entropy profile of ESO 3060170 between 0.12-0.8 R200; at these inter-

mediate radii, the gas is likely to be virialized and relatively free from a possible

central disturbance such as AGN activity. The observed entropy profile displays

a more extended central excess when compared with Ksim rather than Kfit; this

was also found by Eckert et al. (2013) in an analogous comparison within a cluster

sample. In systems with radial variations in the enclosed gas mass fraction fgas(r),

Pratt et al. (2010) suggests that the observed entropy profile should be scaled

by a correction factor [fgas(r)/0.15]2/3 when comparing to numerical models. We

modified this scaling factor to [fgas(r)/0.15]2/3, based on the new Planck result for

the cosmic baryon fraction (fb = 0.15; Planck Collaboration 2013). After applying

this correction factor, the scaled entropy profile (blue stars) at intermediate radii

in Figure 4.12 becomes more consistent with Ksim (red solid line) than the original

entropy profile (black stars).

The gas pressure (P = nekT ) profile of this fossil group is shown in Figure 3.7

and compared to a semi-analytic universal pressure profile derived by Arnaud

et al. (2010) from comparison of their numerical simulations to XMM-Newton

observations of clusters. This pressure profile is characterized as

P (r) = P500

[
M500

1.3× 1014h−1
70 M�

]ap+a′p(x)

× P0

(c500x)γ[1 + (c500x)α](β−γ)/α
(3.6)
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Figure 3.7: Black triangles: radial pressure profile of ESO 3060170. Red line:
pressure profile derived by Arnaud et al. (2010).
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where

x =
r

R500

; a′p(x) = 0.10− (ap + 0.10)
(x/0.5)3

[1 + (x/0.5)3]
;

and P500 and M500 are respectively the pressure and total mass at R500. Arnaud

et al. (2010) adopted parameter values of

[P0, c500, γ, α, β] = [8.403h
−3/2
70 , 1.177, 0.3081, 1.0510, 5.4905].

The observed pressure is consistent with the universal profile within 0.8R200, while

it exceeds the universal profile at large radii.

3.2.3 Metal abundances

The deprojected iron abundance profile for this fossil group is listed in Table 3.3

and shown in Figure 3.8. To ensure the stability of our deprojection analysis, we

needed to tie the temperatures and abundances of regions 3 and 4 and, separately,

the temperatures and abundances of regions 5 and 6. The best-fit iron abundance

at R200 (1.05 Mpc; 27.5′) is 0.31+0.44
−0.20 Z�. Note that possibly clumpy gas would

imply multi-phase thermal structure, which can lead to underestimates of the iron

abundance (Buote 2002). We tested for the presence of multiphase gas in the

outer parts of ESO 3060170 by fitting a spectral model with two temperature

components; the fit was not improved compared to the single temperature model.

However, further XSPEC analysis of synthetic two-temperature models showed

that the spectrum in the outer parts is sufficiently background-dominated that it

would be very difficult to separate two plausibly distinct temperature components.

As indicated above, the best-fit iron abundance at R200 is 0.31 Z� (corresponding
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to 0.20 Z� for Anders & Grevesse (1989) solar abundances). This is in line with

previous results for massive clusters such as Virgo (ZFe & 0.1 Z�, Urban et al.

2011), Perseus (ZFe ≈ 0.3 Z�, Simionescu et al. 2011), A1689 (ZFe = 0.35+0.65
−0.31 Z�,

Kawaharada et al. 2010), and A399/401 (ZFe ≈ 0.2 Z�, Fujita et al. 2008). Such

possibly significant iron abundance at such large radii could be indicative of early

enrichment, ram-pressure stripping of infalling galaxies, or redistributed enriched

gas from more central regions of the cluster.

The iron-mass-to-light ratio (IMLR) tends to increase with radius in groups

and clusters (Sato et al. 2012), implying that the distribution of metals is usually

more extended than the galaxy light. To determine the IMLR profile in ESO

3060170, we derived the iron mass distribution from the deprojected profiles of

iron abundance and gas mass (see §3.2.4); the stellar light distribution was derived

from the K-band imagery described above. In Figure 3.9 we show the enclosed

IMLR profile and compare it to several clusters. There is a large scatter among

these IMLR profiles; these systems have a range of masses and temperatures and

probably have different formation epochs and enrichment histories. Still, we note

that the enclosed IMLR of ESO 3060170 and the NGC 5044 group are similar in

their inner regions; both groups have significantly smaller IMLR values than the

other plotted systems beyond R/R200 ≈ 0.1, likely for different reasons. NGC 5044

is a typical galaxy group with a temperature of ∼ 1 keV. Groups with shallower

potentials may have their enriched gas redistributed out to large radii since they

are more vulnerable to AGN feedback and galactic winds. In addition, galaxy

groups tend to have larger stellar mass fractions than galaxy clusters, which may

further reduce their IMLRs. As for ESO 3060170, fossil groups tend to have more
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Figure 3.8: Deprojected radial profile of iron abundance in ESO 3060170.
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concentrated stellar luminosity profiles than other groups, as a natural consequence

of the defining characteristic of fossil groups. Thus, ESO 3060170 has a relatively

smaller IMLR towards the group center. Its enclosed IMLR becomes comparable to

cluster values (> 1.0×10−3 M�/LK�) by R500, where IMLR ∼ 4×10−3 M�/LK�;

this is much larger than is typical for groups, which have IMLR values ranging

from ∼ 10−5 − 10−3 M�/LK� (Renzini 1997), although most other such groups

(such as NGC 5044) have yet to be observed to their virial radii.

3.2.4 Mass

The temperature and density profiles were used to calculate the total mass distri-

bution from the equation of hydrostatic equilibrium:

M(r) = −kT (r)r

µmpG

(
d ln ρg(r)

d ln r
+

d ln T (r)

d ln r

)
(3.7)

The observed global temperature profile (described in §3.2.1) was fitted with a

three-dimensional (deprojected) temperature profile characterized by Vikhilinin et

al. (2006):

T (r) =
T0(r/rcool)

acool + Tmin

(r/rcool)acool + 1
× (r/rt)

−a

[1 + (r/rt)b]c/b
(3.8)

Uncertainties in mass estimates were assessed using Monte Carlo realizations of

the temperature and density profiles. Total mass and gas mass profiles are shown

in Figure 4.13; the enclosed gas mass profile and the enclosed baryon mass frac-

tion profile are shown in Figure 3.11. The total mass within R200 (1.15 Mpc) is

estimated to be 1.7× 1014M�; this leads to a gas mass fraction of fgas = 0.12+0.02
−0.02.

Including the stellar mass contribution as described in §3.1.3, we obtained a
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baryon fraction of fb ≈ 0.14+0.02
−0.02, consistent with the cosmological baryon fraction

fb = 0.15 (Planck Collaboration 2013) and comparable to those of some massive

clusters (cf. George et al. 2009; Kawaharada et al. 2010). In Figure 4.13 we also

plot the total mass and gas mass profiles derived by Sun et al. (2004) from Chan-

dra and XMM-Newton observations of ESO 3060170 within 450 kpc; our results

are consistent within the regions of overlap. Our total mass is also in line with the

extrapolation by Sun et al. (2004) to Rvir.

We obtained the dark matter distribution in this group by subtracting the

baryonic mass distribution from the total mass distribution. In Figure 3.12 we

compare the resulting dark matter mass profile to the quasi-universal dark matter

mass profile of Navarro et al. (1997):

M(r) = 4πδcρc(z)rs
3m(r/rs) (3.9)

where

m(x) = ln(1 + x)− x

1 + x

and the associated dark matter density profile is

ρ(r) =
ρc(z)δc

(r/rs)(1 + r/rs)2
(3.10)

here rs is a scaling radius, ρc(z) = 3H(z)2/8πG, and

δc =
200

3

c3

ln(1 + c)− c/(1 + c)
,

from which we can determine the dark matter concentration c. We derived values
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Figure 3.10: Black solid triangles: profile of enclosed gas mass in ESO 3060170,
as derived from Suzaku data. Red open triangles: profile of enclosed gas mass
in ESO 3060170, as derived from Chandra/XMM (Sun et al. 2004). Black solid
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of c = 6.4± 4.2 and rs = 176± 126 kpc. Given the large uncertainty, such a dark

matter concentration is consistent with those of non-fossil systems with similar

masses and temperatures (Ettori et al. 2010). The derived virial radius Rvir=1.11

Mpc (c ≡ Rvir/rs) is nearly equal to R200 (1.15 Mpc).

3.3 Discussion

3.3.1 Comparison of density and temperature profiles to

simulations

As shown in §3.2.2, our Suzaku observations of ESO 3060170 indicate that its en-

tropy (K = n
−2/3
e kT ) profile flattens at large radii relative to the K ∝ r1.1 behavior

expected from simulations. This entropy flattening has also been found in some

massive clusters (cf. Walker et al. 2012c). Currently, there are several proposed

explanations for such shallow entropy profiles at large radii. One suggestion is that

the gas is clumpy at large radii (Simionescu et al. 2011), causing the emissivity-

weighted density to be higher than the actual average density. An alternative

explanation is that the ion temperature may be higher than the electron temper-

ature in the outer parts of a cluster after relatively recent heating by an accretion

shock (Hoshino et al. 2010); thus, the measured electron temperature is lower than

the eventual equilibrium temperature in these regions. Yet another suggestion is

due to Cavaliere et al. (2011), who propose a cluster evolutionary model incor-

porating the effects of the weakening of accretion shocks over time; Walker et al.

(2012c) finds this latter model is consistent with the observed entropy flattening.

It is also possible that more than one of these processes may be occurring.
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In Figure 4.12 we compared the observed entropy profile (black dots) to the

theoretical predictions Ksim (solid red line) from Voit et al. (2005) and in Fig-

ure 3.7 we compared the observed pressure profile (black dots) to the theoretical

expectations of Arnaud et al. (2010). We derive similar comparisons for the gas

density and temperature profiles by using the following equations for observed and

theoretical quantities:

Kobs ∝ n
−2/3
obs Tobs; Pobs ∝ nobsTobs; Kth ∝ n

−2/3
th Tth; Pth ∝ nthTth. (3.11)

The following relations are equivalent:

nobs

nth

=

(
PobsKth

KobsPth

)3/5

;
Tobs

Tth

=

(
Pobs

Pth

)2/5(
Kobs

Kth

)3/5

. (3.12)

We used these relations to obtain the ratios of the observed to theoretical electron

density and temperature profiles shown in Figure 3.13; adopted normalizations

were described in §3.2.2.

When Ksim is adopted for the expected entropy profile, the observed temper-

ature profile is hotter than expectations throughout (see Figure 3.13a). The ob-

served density profile is lower than expectations in the central regions but is in

agreement with expectations at intermediate radii; at large radii, the observed den-

sity becomes twice as large as expected (see Figure 3.13a). When Kfit is adopted

for the expected entropy profile, the disparity between observations and theoretical

expectations is smaller for the temperature profile than for the density profile (see

Figure 3.13b). The temperature profile departs by only ∼ 20% in the outer parts,

while the density profile departs by more than a factor of & 2. Both results imply
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that it is the density behavior which is driving the flattening of the entropy profile

relative to theoretical expectations.

The electron density profile being shallower than theoretical expectations may

be due to clumpy gas, since the emissivity scales as 〈n2〉. Simulations by Nagai et

al. (2011) show that gas clumpiness could cause the average density at the virial

radius to be overestimated by up to a factor of 10, with 30% enhancements more

likely. Suzaku observations of the Perseus cluster indicate a gas mass fraction

of fg ≈ 0.23, substantially greater than the cosmic baryon fraction of fb = 0.15

(Planck Collaboration 2013), assuming the gas is smoothly distributed (Simionescu

et al. 2011). If instead the gas in the outer parts of Perseus is clumpy (which

enhances the X-ray emissivity for a given average gas density), the actual gas mass

fraction may be less. If the true gas mass fraction in Perseus is no more than the

cosmic baryon fraction, the gas density must be overestimated by a factor of 3 at

its virial radius (Simionescu et al. 2011).

If the gas in the outer parts of ESO 3060170 is clumpy, the temperature may

also be underestimated: in pressure equilibrium, higher density regions would have

cooler temperatures and higher emissivities per unit volume than lower density re-

gions and may dominate the emissivity-weighted temperature measures. As men-

tioned above, a two-temperature model for the outer regions did not provide im-

proved fits over single-temperature models; however, the outer parts are sufficiently

background-dominated that a multi-temperature model would be difficult to con-

strain. The enclosed gas mass fraction in this group increases smoothly with radius

and never exceeds the cosmic mean. Thus, the enhancement of the gas density at

large radii (relative to theoretical expectations) may not be simply a result of
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clumping. Instead (or additionally), the gas may have been redistributed outward

due to central heating; this is also suggested by the gas density being lower than

theoretical expectations within 0.5R200. Using a sample of massive clusters ob-

served with XMM-Newton, Pratt et al. (2010) showed that clusters with entropy

enhancements within R500 (relative to theoretical expectations) had lower gas mass

fractions. In simulating clusters with masses 4 − 11 × 1014M�, Mathews & Guo

(2011) showed that feedback energy from central black holes far exceeds radiative

energy losses and causes gas to expand outward beyond the virial radii. Fossil

group ESO 3060170 has a shallower gravitational potential than massive clusters,

so it should be even more vulnerable to such feedback. Figure 4.12 shows that

its entropy profile is in good agreement with Ksim (at intermediate radii) after it

has been scaled downward by [fgas(r)/0.15]2/3 (see §3.2.2); this is consistent with

the effects of gas redistribution in shaping the entropy profile. Furthermore, the

IMLR increases with radius in groups and clusters (Sato et al. 2012), so the metal

distribution is more extended than the galaxy light, which may be a result of gas

expansion.

We further address this issue quantitatively by comparing the absolute amount

of gas “missing” in the central regions to the “excess” of gas in the outer regions,

both relative to theoretical expectations derived from reference entropy profiles.

If we first use the best-fit entropy profile (Kfit) described in §3.2.2 as the baseline

expectation, the gas density deficiency in the central regions (red diamonds in

Figure 3.13b) can only provide ∼ 20% of the mass associated with the gas density

excess at large radii. If we assume the other ∼ 80% of the apparent gas mass excess

at large radii is an artifact of clumpy gas, the true gas mass at large radii is only
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Figure 3.13: Adopting entropy profile Ksim as baseline, with normalization char-
acterized in Voit et al. (2005). Red squares (black triangles): ratio of observed
electron density (temperature) in ESO 3060170 to theoretically expected profile.
Blue dotted line: Observed/Theoretical = 1.
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Figure 3.14: Adopting entropy profile Kfit as baseline, with normalization de-
termined by fitting observed profile at intermediate radii. Red diamonds (black
circles): ratio of observed electron density (temperature) to theoretically expected
profile. Blue dotted line: Observed/Theoretical = 1.

103



20% of its current observed values. We would then obtain a total gas mass fraction

of fgas ≈ 0.11 after correcting for this clumpiness. This value is much smaller

than the cosmological baryon fraction fb ≈ 0.15 (as well as the baryon fraction of

fb ∼ 0.17±0.02 found in fossil group RXJ 1159+5531 by Humphrey et al. 2012). If

we instead use the entropy profile Ksim derived from simulations (Voit et al. 2005)

as the baseline expectation, the gas mass “missing” in the central regions (red

solid squares in Figure 3.13a) can account for 130% of the “excess” gas mass at

larger radii. In other words, gas redistribution alone would be sufficient to explain

our observational results and there would be no need to invoke clumpy gas in the

outer parts of this fossil group. Moreover, the “extra” 30% of mass in gas would

suggest that gas has been driven out of the central regions of this group, perhaps

by central AGN activity or galactic winds; this would also be consistent with the

enclosed baryon fraction of this fossil group/poor cluster being somewhat smaller

than the cosmological value. Another possibility is that the 30% deficiency of gas

mass in the central regions may have been consumed by star formation. Without

any more knowledge such as which reference entropy profile is more appropriate to

be adopted, we conservatively conclude that the flattening of the entropy profile

at large radii in this fossil group may be due to a combination of multiple factors

including gas clumpiness and/or gas redistribution.

3.3.2 The nature of fossil groups

The entropy profile of fossil group ESO 3060170 is observed to rise outward then

roll over at 0.9R200; this is consistent with the entropy behavior in several massive

clusters observed with Suzaku, but contrary to that of fossil group RXJ 1159+5531
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(Humphrey et al. 2012). Most Suzaku observations of clusters have extended to

only a fraction of their virial radii, therefore covering only a small fraction of

the circular projected area within Rvir. It has been suggested that azimuthal

variations in cluster properties may be responsible for the observed scatter in

Suzaku observations of cluster entropy profiles at large radii (Eckert et al. 2012;

Walker et al. 2012c). Azimuthally averaged studies of massive clusters with the

ROSAT and Planck satellites find entropy profiles that rise steadily with radius

(Eckert et al. 2013), in contrast to the entropy rollovers found in Suzaku cluster

observations with more limited azimuthal coverage. The Humphrey et al. (2012)

study of fossil group RXJ 1159+5531 was also azimuthally more complete than our

study of ESO 3060170, since RXJ 1159+5531 is more distant and has a smaller

temperature (thus, a smaller virial radius). We would need more complete areal

coverage of ESO 3060170 to test whether its entropy profile varies azimuthally.

Alternatively, these disparate entropy profiles may indicate that fossil groups are

rather heterogeneous, with various evolutionary histories.

Simulations predict that fossil systems tend to reside in less dense environments

than non-fossil systems with similar masses and formation epochs (Dı́az-Giménez

et al. 2011; D’Onghia 2005; Dariush 2007). We compared the environment of fossil

group ESO 3060170 (kT = 2.8 keV; DL = 154 Mpc) to that of the normal poor

cluster Hydra A, which has a similar gas temperature (kT = 3.0 keV) and a 50%

larger distance (DL = 238 Mpc). Both systems are in the southern sky and are

within the coverage of the 6dF galaxy redshift survey (Jones et al. 2009), from

which we selected galaxies within a (25 Mpc)3 cube centered on each system. We

only included galaxies with reliably determined redshifts and selected galaxies to
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the same limiting luminosity in each system. The 6dF sample is nearly complete

to an R magnitude of 15.6, so we selected galaxies to this magnitude limit around

the more distant Hydra A system; around ESO 3060170 we selected galaxies to

the equivalent limiting luminosity, corresponding to a magnitude limit 0.94 mag

brighter. There are 82 such galaxies in the (25 Mpc)3 volume around Hydra A,

with a total R-band luminosity of 2.76×1012 L�. There are only 20 such galaxies

in the (25 Mpc)3 volume around ESO 3060170, with a total R-band luminosity of

6.3×1011 L� (less than a quarter of that around Hydra A). In Figure 3.15 we show

galaxy maps on a scale of 25 Mpc centered on each system. Hydra A is connected

to rich cluster Abell 754 (to the northwest) by a structure described as a filament

by Sato et al. (2012), while ESO 3060170 resides in a more isolated environment.

A B-band comparison yielded similar results.

Most fossil groups have larger mass-to-light ratios than non-fossil groups at a

given total mass, implying that fossil groups are optically deficient (Proctor et al.

2011). Jones et al. (2003) noted that fossil groups with temperatures compara-

ble to Virgo (∼ 2 keV) lack galaxies more luminous than L∗ (the characteristic

luminosity of the Schechter luminosity function; Schechter et al. 1976), whereas

the Virgo cluster contains six L∗ galaxies (Jones et al. 2003). ESO 3060170 is

also optically deficient (M/LR ∼ 230 M�/LR�), as is typical of fossil groups (Fig-

ure 4 in Proctor et al. 2011). This may be a consequence of relatively inefficient

star/galaxy formation.
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Figure 3.15: Maps of galaxies around ESO 3060170 (left) and Hydra A (right) on
a scale of 25 Mpc, extracted from the 6dF galaxy survey. Galaxies are color-coded
by their R-band luminosities. Pink circle: R200 (= 2.3 Mpc) of Abell 754 (Sivakoff
et al. 2008).
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3.3.3 Systematic uncertainties

We presented Suzaku observations of the hot gas in fossil group ESO 3060170 out

to its virial radius. While there are numerous X-ray studies of massive clusters

to their virial radii (cited in the introdcution), there are relatively few studies of

groups to such radii. This is largely due to the relatively low X-ray surface bright-

ness of groups, which also makes them more vulnerable to systematic uncertainties.

In order to explore how systematic uncertainties in the background can affect our

results and conclusions, we varied the adopted surface brightness of each compo-

nent of the X-ray background (CXB, MW, LB) by ±20% and we varied the count

rate of the particle background (NXB) by ±5% in successive deprojected spectral

fits. The effects of these background variations on the entropy profile are shown in

Figure 3.16. The derived entropy profile at large radii, its rollover in particular, is

robust against these various systematic uncertainties. The impact of these back-

ground variations on our results in the outermost region are shown in Table 3.4:

we first list the best-fit values of various gas properties, the enclosed mass, the

enclosed gas mass fraction, and the dark matter concentration, prior to perturbing

the background components; we then list for each background variation how these

derived quantities differ from those of the initial best-fit model. It is worth not-

ing that we assume that each X-ray background component has the same surface

brightness in all regions, which is a conventional assumption but may not be the

case. The surface brightness fluctuations of unresolved cosmic point sources in the

0.5-2.0 keV band are expected to be σB = 3.9 × 10−12Ω
−1/2
0.01 erg s−1 cm−2 deg−2

(where Ω0.01 is the solid angle of the target region in units of 0.01 deg2; Bautz et

al. 2009); this implies that the surface brightness fluctuations of unresolved point
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sources would be ∼ 5 × 10−14 erg s−1cm−2 in the outermost region. To constrain

such CXB variations is beyond the ability of current Suzaku observations. In ad-

dition, there are many other systematic uncertainties such as solar wind charge

exchange, stray light, PSF, stellar mass, distance, etc. that we have not explored

in our study. Humphrey et al. (2012) shows that these latter effects are relatively

secondary for their Suzaku observation of RXJ 1159+5531. ESO 3060170 is closer

and more massive than RXJ 1159+5531, so our results should be even less sensitive

to these secondary factors.

Inspection of Table 3.4 and Figure 3.16 shows that variations in the CXB com-

ponent produce the largest changes in our outermost entropy value (by 14− 24%).

Consequently, we explored the systematic uncertainties associated with the CXB

modeling itself. As described in §3.1.1, we adopted a single power law model for the

CXB (Γ = 1.41; De Luca & Molendi 2004) in our spectral analysis. Alternatively,

we considered another commonly used model for the CXB (Yoshino et al. 2009)

consisting of two broken power laws (Smith et al. 2007). These two components

represent the integrated spectra of bright and faint AGNs separately. The bright

AGNs were modeled with a photon index of Γ = 1.4 above a break energy of 1.2

keV, steepening to Γ = 1.96 for energies below 1.2 keV; its normalization was al-

lowed to vary (but was constrained to be less than 4.90 photons s−1 cm−2 sr−1 at 1

keV; Smith et al. 2007). Faint AGNs were also modeled with Γ = 1.4 above a break

energy of 1.2 keV, but steepening to Γ = 1.54 for energies below 1.2 keV. This

flatter power law has been well determined by many observations. The integrated

spectrum of faint AGNs has smaller statistical fluctuations, so its normalization

was fixed (at 5.70 photons s−1 cm−2 sr−1 at 1 keV; Smith et al. 2007; Yoshino et al.
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2009). We adopted this dual broken power law model (bknpowbright+bknpowfaint)

instead of the prior single power law model (powCXB, Γ = 1.41) for the CXB

and repeated the background determination and deprojected spectral analysis de-

scribed in §3.1.2. The best-fit results for this background determination are listed

in Table 3.2 (labeled “Fitting CXB-2”). When we marginalized over the uncer-

tainties in the bright AGN normalization, we found two peaks in its probability

distribution (see Figure 3.3b). The normalizations associated with both peaks are

within the scatter of those measured by Yoshino et al. (2009) in their analysis

of 14 Suzaku background fields, so we adopted each, in turn, and repeated our

spectral analysis. We list in Table 3.2 the normalization (and associated surface

brightness) determined by this marginalization for each background component,

including each of the two marginalized values found for the bright AGN compo-

nent (labeled “CXB-2 low” and “CXB-2 high”). We list in Table 3.4 the effects

on our results after adopting each of the two bright AGN normalizations, in turn

(lines labeled “CXB-2 low” and “CXB-2 high”); we plot their associated entropy

profiles in Figure 3.16 (with the same labels). These results are largely in line with

our prior results, although Table 3.4 shows that adopting the higher bright AGN

normalization (CXB-2 high) leads to a somewhat smaller gas density at large radii.

Since these data are background-dominated near the virial radius, we are not able

to vary the normalizations of both broken power law components in order to fully

constrain this CXB model.
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Figure 3.16: Black circles: entropy profile (K = n
−2/3
e kT ) of ESO 3060170. Red

solid (dashed) line: theoretical entropy profile ∝ r1.1 with normalization deter-
mined from simulations (fitting). top four figures: green (pink) triangles are en-
tropy profiles after increasing (decreasing) the levels of the CXB, MW, LB, and
NXB background components, respectively. bottom two figures: green (pink) tri-
angles are entropy profiles after using two broken power laws for CXB modeling
and adopting the low (high) marginalized value for the normalization of the bright
AGN component.
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Table 3.4: Summary of Systematic Uncertainties

Tests
ne T Entropy Pressure Mass fgas c

(10−5 cm−3) (keV) (keV cm2) (10−5 keV cm−3) (1014 M�)

best-fita 6.38+1.69
−1.65 1.13+0.36

−0.19 710+305
−230 7.21+2.42

−2.44 1.69+0.30
−0.26 0.118+0.020

−0.020 6.4± 3.2
CXB +20% −2.92 −0.20 +168 −3.99 −0.39 +0.020 +3.4
CXB −20% +2.30 +0.45 +99 +6.49 +0.27 −0.010 −2.0
MW +20% −0.48 +0.09 +88 −0.01 −0.05 −0.001 −0.1
MW −20% +1.50 −0.09 −66 −0.42 −0.18 +0.013 +0.8
LB +20% −0.23 +0.03 +37 −0.08 −0.08 +0.003 +0.5
LB −20% −0.06 −0.01 −2 −0.13 −0.12 +0.007 +0.5
NXB +5% +0.70 +0.02 −36 +0.93 −0.13 +0.014 +0.7
NXB −5% −0.70 −0.03 +36 −0.97 −0.11 +0.005 +0.5
CXB-2 low∗ −0.98 −0.04 +53 −1.32 −0.14 +0.008 +1.0
CXB-2 high∗ −2.90 −0.20 +116 −0.97 −0.40 +0.018 +3.6

a) Current best fit gas properties (electron density, temperature, entropy, pressure) in
the outmost region, as well as enclosed mass, enclosed gas mass fraction, and dark matter
concentration of ESO 3060170.
∗ When two broken power laws are used to model the CXB, two peaks are found in the
probability distribution for the normalization of the component with photon index 1.96
below 1.2 keV; we examined the effects of adopting each of these marginalized values, in
turn, on our results.

3.4 Summary

“Fossil” galaxy groups, each dominated by a relatively isolated giant elliptical

galaxy, have many properties intermediate between groups and clusters of galax-

ies. We used the Suzaku X-ray observatory to observe the X-ray brightest fossil

group, ESO 3060170, out to R200, in order to better elucidate the relation between

fossil groups, normal groups, and clusters. We determined the intragroup gas

temperature, density, and metal abundance distributions and derived the entropy,

pressure and mass profiles for this group. The entropy and pressure profiles in

the outer regions are flatter than in simulated clusters, similar to what is seen in

observations of massive clusters. This may indicate that the gas is clumpy and/or

the gas has been redistributed. Assuming hydrostatic equilibrium, the total mass
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is estimated to be ∼ 1.7 × 1014 M� within a radius R200 of ∼ 1.15 Mpc, with an

enclosed baryon mass fraction of 0.14. The integrated iron mass-to-light ratio of

this fossil group is larger than in most groups and comparable to those of clusters,

indicating that this fossil group has retained the bulk of its metals. A galaxy lu-

minosity density map on a scale of 25 Mpc shows that this fossil group resides in a

relatively isolated environment, unlike the filamentary structures in which typical

groups and clusters are embedded.
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Chapter 4

Joint XMM-Newton and Chandra

Observations of NGC 1407/1400

Complex: a Tail of an Early-Type

Galaxy and a Tale of a Nearby

Merging Group

4.1 Observations and data reduction

4.1.1 XMM-Newton

NGC 1407 group has previously been observed with XMM-Newton on its west

side, with NGC 1400 in the field of view. We proposed the XMM-Newton ob-

servation on the east side of this group, away from NGC 1400. A mosaic image
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of these two pointings are shown in Figure 4.1. Observational logs are listed in

Table 4.1. Only data from the European Photon Imaging Camera (EPIC) are

reported in this paper. Both MOS and PN detectors were processed. The stan-

dard Science Analysis System (SAS 11.0.0) pipeline tools were used throughout

the analyses. The tasks emchain and epchain were used to generate calibrated

event files from the raw data. PATTERN ≤ 12 was used to select MOS data sets,

while PATTERN ≤ 4 was used for PN data sets. The removal of bright pixels

and hot columns was done by applying the expression (FLAG==0). Point sources

resolved with edetect chain and verified by eye were removed. To remove the

soft proton flares from the source data, we used the mos-filter and pn-filter

tasks in XMM-ESAS (Snowden & Kuntz 2010). The remaining exposure times,

after filtering for background flares, are shown in Table 4.1.

Image analysis and substructure map

We extracted images for each pointing and detector in 0.5-2.0 keV from the pro-

cessed and filtered events files. We generated their exposure maps with SAS task

exposure which also takes care of vignetting correction. We divided each image

by its corresponding exposure map. For PN images, we also performed out-of-time

corrections. Exposure and vignetting corrected images of MOS1, MOS2 and PN

were added together for both west and east pointings. Images were smoothed with

a signal-to-noise ratio of 40. A final mosaic image for both west and east pointings

in 0.5-2.0 keV are shown in Figure 4.2. We generated an azimuthally averaged

surface brightness map of 100 annuli centered on NGC 1407 galaxy. We divided

the mosaic image by this average map and removed point sources. The residuals
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Figure 4.1: XMM-Newton image in 0.5-2.0 keV of NGC 1407/1400 complex.
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Figure 4.2: XMM-Newton image in 0.5-2.0 keV of NGC 1407/1400 complex.
Regions extracted for spectral analyses for east and west directions are indicated.

of the surface brightnesses map is shown in Figure 4.3. Furthermore, we generated

another azimuthally averaged surface brightness map of Figure 4.3 centered on

NGC 1400. We divide Figure 4.3 by this new average map. The resulting residual

map centered on NGC 1400 is shown in Figure 4.4.
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Figure 4.3: Substructure map of NGC 1407/1400 complex. XMM-Newton mosaic
divided by azimuthally averaged profile. White cross: NGC 1407 galaxy. Blue
cross: NGC 1400 galaxy.
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Figure 4.4: Substructure map of NGC 1400 area. XMM-Newton mosaic divided
by azimuthally averaged profile. Cyan cross: NGC 1400 galaxy.
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Spectral analysis

We extracted spectra from 10 hemispherical annular regions for both west and east

pointings, centered on NGC 1407 galaxy and extending west and east respectively:

0′-1′, 1′-2′, 2′-3.15′, 3.15′-4.3′, 4.3′-5.45′, 5.45′-6.6′, 6.6′-8′, 8′-10.5′, 10.5′-13.3′ and

13.3′-16.7′ (regions 1–10) as indicated in Figure 4.2. Their associated background

spectra are extracted from Filter Wheel Closed (FWC) data1 for each region and

detector (see below). We adopted C-statistics for all our spectral analyses and we

grouped our spectra into one count per bin. Redistribution matrix files (RMFs)

were generated for each region and detector using the SAS task rmfgen; ancillary

response files (ARFs) for each region and detector were produced with arfgen.

We adopted the solar abundance standard of Asplund (2009) in thermal spectral

models. Energy bands were restricted to 0.3-7.0 keV for the MOS CCDs and

0.5-7.0 keV for the PN CCDs, where the responses are best calibrated.

Background determination

We determined the particle background with FWC. To minimize the effect

of instrumental variations over time, the FWC data are selected to be observed

around similar times as the west and east XMM-Newton pointings respectively.

The exposure times of FWC data are chosen to be at least 30 ksec to ensure a

sufficient signal-to-noise ratio. We processed and filtered the FWC event files in

the same way as we did for the XMM-Newton observations of this group. We also

extracted images in the soft energy band (0.3-1.0 keV) of each pointing and detector

for both FWC data and source data to make sure that there is no remaining soft

proton flares on any CCD chip. Then, we casted the FWC event files onto the

1http://xmm2.esac.esa.int/external/xmm_sw_cal/background/filter_closed/
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same WCS positions and angles as their associated source data. We obtained the

count rates in 0.3-12 keV of the unexposed corners for both FWC data and source

data for each pointing and chip. We scaled the keyword BACKSCAL of all the FWC

spectra by these count rate ratios before spectral analysis.

We used two different methods to estimate the X-ray background. The first

method we label as “proj” background. We used XSPEC to fit the spectra from

regions 3-10 of both pointings simultaneously. We did not include regions 1 and

2 because the contribution from low mass X-ray binaries (LMXBs) in the central

regions may be degenerate with the cosmic X-ray background (CXB) component.

In addition, the central regions are more group emission dominated. The model

we adopted consists of the group emission and the X-ray background. We use an

apec thermal emission model to represent the group emission (apecgroup). Our

X-ray background model consists of an apec thermal emission model for the Lo-

cal Bubble (apecLB), an apec thermal emission model (apecMW) for the Milky

Way emission in the line of sight (Smith et al. 2001), and a power law with an

index of 1.41 (powCXB) representing the CXB (De Luca & Molendi 2004; Yoshino

et al. 2009). All these components but the Local Bubble were assumed to be

absorbed by foreground (Galactic) cool gas, with the absorption characterized by

the phabs model for photoelectric absorption. Photoionization cross-sections were

from Balucinska-Church & McCammon (1998). We adopted a Galactic hydrogen

column of NH = 5.4×1020 cm−2 towards NGC 1407, deduced from the Dickey and

Lockman (1990) map incorporated in the HEASARC NH tool. The temperature,

abundance and normalizations of the apec thermal emission model for the group

emission are allowed to vary independently with each region. Their redshift is
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fixed at 0.0057 according to NED. The temperatures of the Milky Way and Local

Bubble components are fixed at 0.25 keV and 0.10 keV, respectively (Kuntz &

Snowden 2000). The abundance and redshift of these two components are fixed at

1 and 0 respectively in the apec thermal emission model. The normalizations of

the X-ray background are linked to each other by their areas to ensure the same

surface brightnesses of each component for all regions. The final spectral fit model

takes the form of apecLB+phabs×(apecMW +powCXB+apecgroup), hereafter model

A.

The second method we label as “deproj” background. We estimated the X-

ray backgrounds with only the XMM-Newton east pointing through deprojected

spectral analysis as described below. We simultaneously fit both group emission

(regions 1-10) and X-ray background emission (LB, MW and CXB); the X-ray

background emission is forced to have the same surface brightnesses across all

regions. The X-ray background models are the same as used for “proj” background.

The best-fit surface brightnesses for each X-ray background component deter-

mined by both methods are shown in Table 4.2. We performed Markov chain

Monte Carlo (MCMC) simulations for the spectral fits in both methods. With

margin in XSPEC, we marginalized over the uncertainties of the normalization

of each X-ray background component (CXB, MW and LB). Marginalized values

are also shown in Table 4.2. These results are consistent within the scatters for

each X-ray background component determined for 14 fields with Suzaku observa-

tions (Yoshino et al. 2009). We finally chose the marginalized values of “proj”

background for further analyses since the main purpose of our paper is to com-

pare east and west pointings and “proj” background best represents the “average”
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background for east and west pointings.

Projected spectral analysis

We fit the spectra of regions 1-10 for both west and east pointings individually

with model A. For the central two regions only, we added an additional power law

component with an index of 1.6 to represent unresolved LMXBs in the central

galaxy (Irwin et al. 2003). All background components were fixed at the surface

brightnesses determined earlier. We obtained the best-fit projected temperature

profiles for both west and east pointings as shown in Figure 4.5.

Deprojected spectral analysis

We also performed a deprojected spectral analysis for regions 1–10 with the

east pointing only since its thermal structure is less disturbed without obvious

substructure. XSPEC v12 allows us to treat the group and the X-ray back-

ground emissions separately in the fit with different models, since we want to

deproject only the group emission. We characterized the group emission with

the model: projct×(phabs×(apecgroup+pow1.6)) (model 1). The projct model

performs a projection of 3-D shells into 2-D annuli with the same center. pow1.6

represents the LMXB component; the normalization of the LMXB component

was a variable fitting parameter in (the central) region 1 and was fixed at 0 for

regions 2–10. The background emission was characterized by a second model:

apecLB+phabs×(apecMW+powCXB) (model 2), as described above. Models 1 and

2 were fit simultaneously to the spectra. The surface brightness of each back-

ground component was fixed as determined earlier. To ensure the stability of the

deprojected spectral fit, we have to link the temperatures of region 4 to region

3, region 6 to region 5, and region 8 to region 7, respectively. We also need to
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Figure 4.5: Projected temperature profiles centered on NGC 1407 galaxy towards
east and west directions respectively.
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force the electron densities of region 7 and region 8 to be the same. The best-fit

deprojected temperature profile is shown in Figure 4.6. The deprojected electron

density of each spherical annulus was calculated from the best-fit normalization

of the apecgroup component in each deprojected shell. The normalization of apec

model is defined in eq. (3.1), where DA is the angular distance to the group, and V

is the volume of the spherical annulus. We assume that the hot gas density has a

single value in the given volume for each spherical annulus. As indicated by tests

performed by Su & Irwin (2013) for NGC 720, when a single volume is divided

into 10 spatial bins and analyzed separately, the sum of the gas masses of the 10

bins is within 10% of the gas mass obtained by analyzing a single integrated bin of

the same volume. The deprojected electron density profile is shown in Figure 4.7.

Temperature Map

Adaptive binning temperature map

We derived the temperature map with the XMM-Newton west pointing follow-

ing the adaptive binning methods as described in detail in O’Sullivan et al. (2005)

and Gu et al. (2009). Within a square region of 140 kpc × 140 kpc (20′ × 20′)

on the west pointing, we defined 6000 knots that are randomly distributed with a

separation of ∆ij < 10′′ between any two adjacent knots i and j. To each knot, we

assign an adaptively-sized circular cell, which is centered on the knot and contains

more than 3000 counts in the effective energy bands after background subtraction.

The typical cell radius ranges from ∼ 1′ around group center to about 2′ at the

boundary. We generated the data spectrum, FWC background spectrum, RMF

and ARF files for each circular cell and detector. The spectra of each cell were fit
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to model A, where background components (apecLB, powCXB, apecMW) were fixed

as determined earlier. The uncertainties of the best-fit hot gas temperatures are

typically <10% within the central 50 kpc and increase progressively to ≤ 15% at

the boundary.

For any given position r(x,y), we define a scale s(r), so that there are at least

3000 counts contained in a circular region centered at r(x,y) with a radius of

s(r). We calculate the temperature at each position r(x,y) by integrating over all

the best-fit temperatures associated with each knot ri located within the circular

region,

T (r) =
∑

ri

(GriRr,riTc(ri))/
∑

ri

Gri(Rr,ri), (4.1)

when Rr,ri < s(r),

where Rr,ri is the distance from r(x,y) to ri , and Gri is the Gaussian kernel whose

scale parameter σ is fixed at s(ri). Since s(r) is essentially proportional to the

square root of the local counts, the obtained temperature T (r) is less affected by

the statistical uncertainties due to surface brightness fluctuations. In addition,

angular resolutions of ∼ 10′′ are guaranteed by the use of a compact Gaussian

kernel. The final temperature map for the west pointing is shown in Figure 4.10.

WVT mosaic hardness ratio map

We performed two dimensional temperature analysis through Weighted Voronoi

Tesselation (WVT) analysis2. It is provided by Diehl & Statler (2006) as a gener-

alization of the Voroni bining algorithm employed in Cappellari & Copin (2003).

We generated a WVT binning image containing 621 regions for the mosaic image

in 0.5-2.0 keV with a S/N to be at least 10 for each bin. Net counts in each bin

2http://www.phy.ohiou.edu/~diehl/WVT/
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varies from ∼ 150 at group center to ∼ 50 at the boundary. We extracted counts in

each region from the mosaic image in 0.3-1.0 keV and 1.0-2.0 keV respectively. We

replace pixels in point source regions of each image with values interpolated from

local background regions using CIAO tool dmfilth. We obtained a hardness ratio

map of the ratio of counts in 1.0-2.0 keV to 0.3-1.0 keV as shown in Figure 4.11.

This analysis also enabled us to generate an equivalent entropy (S = kT/n2/3)

map for this system (with arbitrary unit). We estimate the approximate volume of

each projected region with the equation V = 2S
√
rmax

2 − rmin
2, where S is the re-

gion area, rmax and rmin are the maximum and minimum distances of each region

to the center of NGC 1407 galaxy respectively. Then, we estimate the electron

density of each region based on eq. (3.1)with the volume and the “normalization”

of apecgroup for each region; here we assume the “normalization” of each region

is proportional to its counts number in 0.5-2.0 keV. We further assume that the

temperature of each region scales with its hardness ratio. The final entropy map

is shown in Figure 4.12.

4.1.2 Chandra imaging analysis

We used CIAO4.3 to reduce the Chandra ACIS-S observation of NGC 1400 and

the enhanced region. The observation log is shown in Table 4.1. All data were

reprocessed from level 1 events, which guarantees the updated and consistent cal-

ibrations. Only the events with grades 0, 2, 3, 4, and 6 are included. We also

removed bad pixels, bad columns, and node boundaries. We filtered background

flares with the light curve filtering script lc clean. The effective exposure time
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is shown in Table 4.1. Bright point sources resolved with wavdetect were re-

moved. We extracted Chandra images in 0.5-2.0 keV, 0.5-1.5 keV and 1.5-3.0

keV respectively. We divided these images by their exposure maps. We adopted

“blank-sky” observations3 to estimate the background components. We subtract

the background component from each image. The final images were smoothed with

a Gaussian kernel. A Chandra image of 0.5-2.0 keV is shown in Figure 4.9. We

also derived a hardness ratio profile, centered on NGC 1400, extending to the east

and covering the enhanced region, with the images in 0.5-1.5 keV and 1.5-3.0 keV,

as shown in Figure 4.15.

4.1.3 Stellar mass estimates from infrared imaging

We used K-band imagery from the WISE (Wide-Field Infrared Survey Explorer)

public archive to estimate the stellar light distribution in NGC 1407 group. We

analyzed a 42′ × 42′ image, centered on NGC 1407 galaxy. Point sources were

excluded and replaced with a locally interpolated surface brightness using the

CIAO tool dmfilth. The radii of K-band photometry annulus regions are the same

as that used in the XMM-Newton X-ray analyses (regions 1–10). We determined

the surface brightness of the local infrared background using the offset region

on the image. We subtracted this average background surface brightness from

the infrared surface brightness in each of the areas subtended by regions 1-10.

We converted source counts in each region to the corresponding magnitude and

corrected for Galactic extinction. We adopted a Solar K-band absolute magnitude

of MK� = 3.28 (Binney & Merrifield 1998) and derived the stellar mass by adopting

3http://cxc.harvard.edu/contrib/maxim/acisbg/
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a stellar mass-to-light ratio of M∗/LK =1.17 M�/LK� (Longhetti et al. 2009).

4.2 Results

4.2.1 The enhanced region

As shown in Figure 4.1, the XMM-Newton image in the soft band of the west

pointing revealed an enhanced surface brightness region to the east of NGC 1400.

We suspect that this enhanced region may be hot gas stripped out of NGC 1400’s

ISM instead of a background extended object. With the XMM-Newton west point-

ing, we extracted spectra from a circular region centered on NGC 1400 within its

two effective radii (re = 0.49′; the Third Reference Catalogue of Bright Galaxies,

RC3, de Vaucouleur et al. 1991) and a circular region centered on the enhanced

region with a radius of 1.4′ covering most of its emission. We fit these two sets

of spectra separately to the model: apecLB + phabs × (apecMW + pow + apec),

where background components (apecLB, pow, apecMW) were fixed as determined

earlier. For NGC 1400, we added a power law with an index of 1.6 to the model to

account for the emission from LMXBs. We could not constrain metal abundance

for NGC 1400, which we fixed at 1.0 Z� in the apec thermal model. We deter-

mined that the X-ray luminosities in 0.1-2.0 keV from hot gas for NGC 1400 and

the enhanced region are 3.5×1039 erg s−1 and 5.6×1039 erg s−1 respectively. With

the WISE image, we determined the K-band luminosity of NGC 1400 within its

two effective radii to be 1.1×1010 MK,�. We compared the LX/LK of NGC 1400

with those of other early-type galaxies studied by Su & Irwin (2013) as shown in

Figure 4.8. Although there is a large scatter in this LX/LK relation, the LX/LK
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ratio of NGC 1400 is near the bottom of the LX/LK range. After adding the LX of

the enhanced region to that of NGC 1400, the LX/LK ratio of NGC 1400 becomes

closer to the average value of these systems. Therefore, it is possible that the hot

gas in the enhanced region has been stripped out of NGC 1400’s ISM.

The enhanced region has been thought as a background object in a previous

study with ROSAT (Zhang et al. 2007). Given that its X-ray emission is extended,

it may be a background cluster or group of galaxies. Thus, it should host at least

one galaxy as luminous as NGC 1407 which has an absolute magnitude of MK=

-25.74 within its two effective radii (re = 1.17′; RC3) (Su & Irwin 2013). With

Two Micron All Sky Survey (2MASS) archived images, we did not find any infrared

counterpart within the enhanced region. 2MASS has a detection limit of mK=14.3,

which means that this background cluster/galaxy should be at a distance of at

least DL ∼ 1000 Mpc. Hence, the enhanced region should have a physical radius

of 300 kpc, too small for typical clusters but comparable to some small groups. In

our spectral analysis of this enhanced region, we fixed its redshift at 0.24 (DL ∼

1000 Mpc) in the apec thermal emission model. We obtained best-fits LX,bol of

∼ 1.0 × 1056 erg s−1 and thermal temperature of 1.5 keV. Its X-ray luminosity

is unrealistically large (by 11 orders of magnitude) even for galaxy clusters. We

also tried to let the redshift in the apec thermal emission model free to vary and

obtained best fits of redshift of -0.008 and temperature of 0.81 keV. Therefore, we

think that this enhanced region is unlikely to be a background object.

The XMM-Newton image suggests that there is a sharp edge on the east side of

the enhanced region. The possible existence of this edge would imply that the en-

hanced region has a velocity component to the east, making the stripping scenario
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Figure 4.8: LX and LK relations of a sample of early-type galaxies (Su & Irwin et
al. 2013). LX/LK of NGC 1400 and NGC 1400 plus emission from the enhanced
region are over plotted.
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implausible. Furthermore, this possible edge would imply that the enhanced region

may be a cold front, along with an on-going interaction between NGC 1400 and

NGC 1407’s inner and denser atmosphere. Yet, there happens to be several “knots”

of enhanced brightness lie along this “edge”, which makes its surface brightness

profile uncertain. With Chandra imaging, we found that all the “knots” along this

apparent front found in XMM-Newton image are point sources.The Chandra ACIS-

S image in 0.5-2.0 keV after the removing of point sources is shown in Figure 4.9,

with which we derived surface brightness profiles centered on NGC 1400 across

the enhanced region as well as towards other directions as indicated in Figure 4.9.

There is no sharp edge on the east side of the enhanced region after the removal

of point sources. Therefore, the enhanced region is unlikely to have a velocity

component to the east.

4.2.2 Thermal structures

With the XMM-Newton pointing on the west, we derived a temperature map of

the NGC 1407/1400 complex using adaptive binning as shown in Figure 4.10.

The average temperature of its intragroup medium (IGrM) is ∼ 1keV. There is

an obvious cool core associated with the BCG NGC 1407. NGC 1400 and the

enhanced region have a lower temperature (∼ 0.8 keV) relative to the IGrM. We

note that there appears to be an arc of hotter gas (1.3 keV) ranging from the

southeast to the north of NGC 1400. There are several possibilities for the presence

of this hot arc. First, this is a cool core system. Temperature profiles generally

rise from the center toward 0.1-0.3 virial radius then decline outward tracing the

gravitational well, just as the temperature profiles observed for cool-core galaxy
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Figure 4.10: Adaptive temperature map in the unit of keV of NGC 1407/1400
complex obtained with west pointing XMM-Newton observations. Cyan cross:
position of NGC 1407 galaxy. Green cross: position of NGC 1400 galaxy.
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clusters (Vikhlinin et al. 2006) and cool-core galaxy groups (Sun et al. 2009). In this

scenario, this hot arc corresponds to the annulus of the maximum temperature.

The second explanation is that NGC 1400 is moving to the east in addition to

its line-of-sight velocity and colliding with the NGC 1407 group’s atmosphere,

consequently having caused such a hot arc. The third explanation is that NGC 1400

has already passed through NGC 1407’s inner and dense atmosphere and is moving

to the west in addition to its line-of-sight velocity, leaving a heated region behind.

Interestingly, this hot arc and relative positions of NGC 1400 and NGC 1407 (BCG)

are similar to the elongated hot region and the relative positions of NGC 541 and

NGC 547 (BCG) in Abell 194 (Bogdan et al. 2011). In the case of Abell 194,

the elongated hot region is determined to be a reverse shock caused by NGC 541

(Markevitch & Vikhlinin 2001) as it is falling through the cluster and moving away

from the cluster BCG.

To investigate the origin of this hot arc, we performed a more azimuthally com-

plete study of the temperature structure of NGC 1407 by combining the XMM-

Newton observations on both sides. First, we derived the projected temperature

profiles for the east and west sides respectively as shown in Figure 4.5. The tem-

peratures on both sides within 7′ (46 kpc) are consistent within their uncertainties.

This result is in line with the temperature map covering both sides of NGC 1407

extending to 21′ (137 kpc) using WVT as shown in Figure 4.11. Regions sur-

rounding NGC 1400 including the enhanced region are cooler than the average

IGrM temperature of this group. The regions between the enhanced region and

the BCG NGC 1407 are somewhat warmer but not significantly compared to the

other side of NGC 1407 at the same radius. We also derived the entropy map for
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this system as shown in Figure 4.12. Regions between the enhanced region and the

BCG NGC 1407 do not show larger entropy than the other side of the group at

the same radius, which further rule out the scenario that NGC 1400 is having an

on-going collision with NGC 1407 group’s inner and denser atmosphere. Instead,

in addition to its huge line-of-sight velocity, NGC 1400 is more likely to have ve-

locity component to the west and have the enhanced region stripped behind. Still,

the 7th bin (r = 7.3′ = 46 kpc) on the west pointing is indeed hotter than the

annulus section at the same radius on the east pointing. Note that this region is

adjacent to the enhanced region on its east side. The heating may be associated

with the interaction between NGC 1400’s ISM and NGC 1407’s atmosphere during

the stripping process.

4.2.3 Hydrostatic mass

We obtained the deprojected temperature and electron density profiles through

the deprojected spectral analysis with the XMM-Newton east pointing as shown

in Figure 4.6 and Figure 4.7. We fit the deprojected temperature profile with the

three-dimensional temperature profile calibrated by Vikhilinin (et al. 2006):

T (r) =
T0(r/rcool)

acool + Tmin

(r/rcool)acool + 1
∗ (r/rt)

−a

[1 + (r/rt)b]c/b
; (4.2)

we obtained a best-fit [T0, rcool, acool, Tmin, rt, a, b, c]=[2.68, 167.1, 81.97, 0.024, 0.180,

-0.34, 10, 0.65]. We fit the deprojected electron density profile to a single β-model

in the form of ne(r) = ne,0(1+(r/r0)2)−3β/2; we obtained a best-fit ne,0 = 0.96 cm−3,

r0=0.174 kpc and β=0.47. We also fit the deprojected electron profile to a double
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Figure 4.11: WVT binning hardness ratio map derived with XMM-Newton west
and east pointings. The value of each bin is the ratio of 2.0-1.0 keV to 0.3-1.0 keV.
Cyan cross: position of NGC 1407 galaxy. Green cross: position of NGC 1400
galaxy.
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Figure 4.12: WVT binning “entropy” map derived with XMM-Newton west and
east pointings. The unit is arbitrary. This map is derived with the hardness ratio
map and counts in each bin, which is equivalent to entropy (K∝T/n2/3). Cyan
cross: position of NGC 1407 galaxy. Green cross: position of NGC 1400 galaxy.
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β-model which takes the form of

ne(r) =
√
n2

e,0,1(1 + (r/r0,1)2)−3β1 + n2
e,0,2(1 + (r/r0,2)2)−3β2 ; (4.3)

we obtained a best-fit [ne,0,1, r0,1, β1, ne,0,2, r0,2, β2]=[6.5×10−4 cm−3, 82.6 kpc, 1.42,

9.03×10−3 cm−3, 28.9 kpc, 4.98].

The deprojected temperature and density profiles derived with the east pointing

where the dynamic state is more relaxed were used to calculate the total mass

distribution from the equation of hydrostatic equilibrium as shown in eq. (3.6).

Uncertainties in mass estimates were estimated through Monte Carlo realizations

of the temperature and density profiles. The total mass within 100 kpc is 1.0+0.06
−0.07×

1013M� and an associated enclosed baryon fraction of 0.06. We found that varying

the normalizations of the X-ray background components by 20% affect our total

mass estimate by ≈10%. Total mass and gas/stellar mass profiles are shown in

Figure 4.13. Our results are also consistent with the joint ROSAT/Chandra studies

of this group at overlap regions (Zhang et al. 2007).

We obtained the dark matter distribution in this group by subtracting the

baryonic mass distribution from the total mass distribution. In Figure 4.13 we

compare the enclosed dark matter mass profile to the quasi-universal enclosed dark

matter mass profile of Navarro et al. (1997) as shown in eq. (3.8) and eq.(3.9), from

which we can determine the dark matter concentration c. We derived values of

c = 12.11 ± 1.80 and rs = 56.2 ± 13.8 kpc. The derived virial radius Rvir (c ≡

Rvir/rs) is 681 kpc and the extrapolated total mass within Rvir is 3.75×1013 M�.
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We determined a MLR in K-band of 15.8 M�/LK within 100 kpc. This corre-

sponds to a MLR in B-band of ≈ 80 M�/LB, assuming a ratio of stellar mass-to-

light ratio in B-band and K-band to be a factor of 5 (Nagino & Matsushita 2009).

The extrapolated total mass within the virial radius (3.75×1013M�) put an upper

limit of 59.4 M�/LK (≈ 300 M�/LB) on the total MLR within Rvir, since we do

not know the stellar mass of this group beyond 100 kpc.

4.3 Discussion

Here we consider the scenario where NGC 1400 is falling through the NGC 1407

group’s atmosphere for the first time with its velocity component mostly along the

line-of–sight and slightly to the west as demonstrated in the cartoon in Figure 4.14.

In this process, the outer layer of NGC 1400’s ISM has been stripped and has

formed the enhanced region. A few questionable aspects in this overall picture are

worth discussing.

4.3.1 The Stripping of NGC 1400

The Metallicity of the Stripped Tail

Our study show that it is entirely possible that the enhanced region is hot gas

stripped out of NGC 1400’s ISM. However, the metal abundance of its stripped

tail determined through our spectral fit is only 0.26+0.10
−0.06 Z�, smaller than the typ-

ical ISM metal abundance found for early-type galaxies (Su & Irwin 2013). The

most straightforward explanation is the so called “Fe-bias”: when fitting multi-

ple thermal components with a single temperature component, the best fit metal
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Figure 4.14: Cartoon to demonstrate the process that NGC 1400 falls through
NGC 1407’s IGrM and have its hot gas stripped out (Top view).
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abundance would be biased low (Buote 2002). The stripped tail is impeded in

the IGrM of the NGC 1407 group; thus, it is likely to comprise multiple thermal

components. Unfortunately, current data does not allow us to obtain constrained

results with a two temperature components model, as was done in Su & Irwin

(2013), not to mention that even a two-temperature model might be insufficient

to reflect the true value of the emission weighted mean metal abundance (Su &

Irwin 2013). Alternatively this may be relevant to the ICM gas that became incor-

porated into the ISM and diluted the ISM metal content, in particular the outer

layers which are easy to strip (Shin & Ruszkowski 2013). Furthermore, the ISM in

the central regions of early-type galaxies tend to be more metal rich than the outer

regions (Humphrey et al. 2006), likely due to the stellar distributions and super-

nova synthesis; this internal gradient may cause the stripped tail to have a smaller

metallicity than typical for ISM. Unlike the “Fe-bias” explanation, the other two

explanations do not favor the contribution of stripped gas to the ICM enrichment

(Schindler & Diaferio 2008). We do notice that Kim et al. (2008) found that the

X-ray tail of NGC 7619 has a metallicity of 2 Z�, which would strongly support the

contribution of ram pressure stripping to the ICM enrichment, in sharp contrast

with what we have measured for the stripped tail of NGC 1400. However, Kim

et al. (2008) hesitated to attribute the X-ray tail of NGC 7619 to ram pressure

stripping. Given that NGC 7619 is the BCG of the Pegasus group, this X-ray

“tail” is more likely to be the displacement of the hot gas of NGC 7619 caused by

sloshing.
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Stripping Conditions

Ram Pressure Stripping

To understand this case in more depth, we studied the stripping conditions for

this system. Hot gas in the ISM would have been stripped when the ram pressure

(Pr = ρgv
2) exceeded the gravitational force per unit area as

F

A
=
GMD

rD2

MISM

πrD2
(4.4)

(Gunn & Gott 1972). According to Sarazin (1988), the ram pressure stripping

condition is

( ng
10−3 cm−3

)( v

103 km/s

)2

≥ 9

(
MD

1011M�

)2(
rD

10 kpc

)−4(
MISM

0.1MD

)
(4.5)

for galaxies with a radius rD and a mass MD; ng is the number density of ICM;

v is the velocity dispersion of a galaxy in a cluster. This is mainly for late type

galaxies with a disky morphology, whereas NGC 1400 is a lenticular galaxy. This

equation is still suitable for a preliminary estimate. To estimate the total mass of

NGC 1400, we assumed that it follows the X-ray luminosity and total mass relation

calibrated by Kim & Fabbiano (2013) for early-type galaxies:

(LX,Gas/1040 erg s−1) = (MTotal/3.2× 1011M�)3. (4.6)

Following Kim & Fabbiano (2013), we adopt the sum of the hot gas luminosity in

0.5-5.0 keV of NGC 1400 and the enhanced region as the hot gas luminosity of this

galaxy (6.8×1039 ergs−1), and obtained a total mass of 2.8×1011 M�. To estimate
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its disk radius, first, we derived NGC 1400’s deprojected electron density profile

from the surface brightness profile of the “middle” direction as shown in Figure 4.9.

Then, we fit the deprojected electron density profile to the β-model as shown in

eq.(3.3) and we obtained ne,0 = 0.047 cm−3, r0=0.31 kpc and β=0.37. The X-ray

luminosity of the enhanced region is comparable to that of NGC 1400. Therefore,

about half of NGC 1400’s ISM has been stripped, corresponding to a radius ranging

from 6.4 kpc to 10.8 kpc, derived from its β-model profile. Thus, we assumed that

the galaxy disk radius is rD=8.6 kpc. We adopt the best-fit number density of

the IGrM where the enhanced region is located from the deprojected analysis as

ng (5.8×10−4 cm−3). The ISM mass in the enhanced region is about 2.7×108

M� determined through spectral analysis. We calculated that the relative velocity

between NGC 1400 and the ambient IGrM needs to be at least σp=
√

3σr=2500

km s−1 to have the enhanced region stripped, exceeding the current line-of-sight

velocity of NGC 1400 (1200 km s−1). There is a large dispersion in the LX,Gas–

MTotal relation that we adopted, especially for galaxies with similar luminosities

as NGC 1400 (Kim & Fabbiano 2013). We note that for galaxies in the sample of

Kim & Fabbiano (2013), the power law index of this relation could be up to 3.64.

In this way, the total mass of NGC 1400 could be as small as 8.8×1010 M� and

the required relative velocity is only ∼1350 km s−1, still larger than its vlos but

smaller than the upper limit of its total velocity estimated in §4.3.2. Therefore, ram

pressure stripping alone is capable of forming the enhanced region. Furthermore,

once the stripping condition is satisfied, we can estimate the time scale for ram

pressure stripping process, which is given by

trp = (dlnmISM)/dt , (4.7)
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so that

trp ≈
R

v

(
2ρISM

ρg

)1/2

≈ 3× 107yr

(
ρISM

ρg

)1/2 ( v

103 km s−1

)−1
(

R

20 kpc

)
(4.8)

(Takeda et al. 1984). It takes 28 Myr to have the hot gas in the enhanced region

stripped from NGC 1400 through ram pressure. Given that NGC 1400 has a

relative velocity of at least 1200 km s−1, it may have travelled in NGC 1407 group

for & 34 kpc, somewhat larger than the projected distance between the centers of

NGC 1400 and the enhanced region (25 kpc).

As shown in Figure 4.15, with Chandra images, we derived a hardness ratio pro-

file centered on NGC 1400 across the enhanced region and compared it with its sur-

face brightness profile in the energy range 0.5-2.0 keV. We note that there is a small

gap in the surface brightness between the enhanced region and NGC 1400, corre-

sponding to a higher temperature, although this feature is not very pronounced.

It is consistent with the scenario that the outer layer of NGC 1400’s ISM has

been stripped away. NGC 1400 keeps moving west and leaves the stripped gas

behind. As a result, a gap between NGC 1400 and the stripped gas is formed and

we can detect the ICM emission through this gap. This implies that it would be

much more difficult to strip the rest of the ISM from NGC 1400, which is much

more deeply bound to its gravitational well. The ram pressure stripping condition

(eq. (4.5)) depends strongly on rD. As indicated in eq. (4.4), the gravitational

force is inversely proportional to rD and the area is proportional to rD. It requires

a much larger ram pressure to strip gas at small radii. To remove the rest of the

ISM (MISM∼ 1.0 × 108M� determined through spectral analysis; rD ∼3 kpc), it

requires NGC 1400 to have a relative velocity of at least 8000 km s−1, exceeding
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NGC 1400’s current velocity, not to mention that the density of the IGrM where

NGC 1400 resides is even smaller. Similarly, the current velocity (& 1200 km s−1)

allows 50% of the MISM in the enhanced region to be stripped with a rD of 8.6

kpc. Under the same circumstances, it can only have 3% of that amount of MISM

stripped with a rD of 3 kpc, likely causing a much smaller tail density and forming

a “gap”. A similar “gap” can be found in some observation studies such as M86 in

the Virgo Cluster (Randall et al. 2008). Such a “cut-off” in ram pressure stripping

processes can also be found in some simulation works; subsequently, the stripped

gas is deposited rather locally in the ICM where it was stripped instead of being

attached to galaxies (Roediger & Bruggen 2008; Shin & Ruszkowski 2013).

Viscous Stripping

Although ram pressure alone could not guarantee the forming of the enhanced

region, there are other factors such as viscosity or turbulence which may contribute

to the stripping of ISM as proposed by Nulsen (1982). In fact, quite a few galaxies

in the Virgo Cluster with stripped tails do not satisfy this ram pressure stripping

condition (e.g., Chung et al. 2007). The typical mass-loss rate of the ISM by

stripping through viscosity or turbulence is approximately (Nulsen 1982):

Ṁstrip ≈ πr2ρICMvgal = 0.69
( ne,ICM

10−3cm−3

)( r

2.5kpc

)2 ( vgal

1200kms−1

)
M�yr−1.

(4.9)

This gives a typical time scale of stripping (Sun et al. 2007b):

tstrip =

∫
dM

Ṁ
=

4

nICMvgal

∫
n(r)dr
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= 0.224 g1

( ne,0

0.2cm−3

)( nICM

10−3cm−3

)−1
(

r0

0.4kpc

)(
vgal

1400km/s

)−1

Gyr, (4.10)

(
g1 =

∫
(1 + x2)−1.5βdx, x = r/r0

)
where r0 and β are the parameters in the β-model of the deprojected electron

density profile. A stripped radius ranging from 6.4 kpc to 10.8 kpc corresponds

to a g1 = 0.12. We estimated that the enhanced region has been stripped starting

19 Myr ago. Likewise, it would be much more difficult to remove the rest of the

ISM. For NGC 1400, to remove the rest of the core (from r=0 kpc to r=6.4 kpc;

g1 = 1.0) requires 160 Myr. Similar results of other early-type galaxies have been

reported in Sun et al. (2007a).

In short, it is plausible that the hot gas of the enhanced region has been stripped

out of NGC 1400. The stripping (ram pressure and/or viscosity/turbulence) be-

came considerably less efficient towards the core of NGC 1400.

Direction of the Stripped Tail

To date, almost all stripped tails found for cluster galaxies are generally pointing

away from the BCG of the cluster (e.g., Chung et al. 2007; Machacek et al. 2005)

and quite a few of them reside at large radii. This is a strong indication that the

peak of the stripping may happen during galaxies’ first passage through the cluster

and before reaching the dense part of ICM. The ram pressure process is essentially

a competition between gravitational restoring force and the drag force. As galaxies

approach the central part of ICM, they do experience stronger drag strength but

their remaining ISM are also more deeply bounded. The net effect seems to make

stripping more difficult in the central part of ICM.
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To our knowledge, there is only one another case of stripped tails that are

pointing towards the BCG: NGC 541 in Abell 194 (Bogdan et al. 2011). One

explanation is that perhaps both the Abell 194 cluster and the NGC 1407 group

have relatively tenuous ICM (or IGrM) density and have a more compact ICM

(or IGrM) distribution. Therefore, the peak of ram pressure stripping would not

occur until the galaxy reaches and passes the cluster (group) center. Likewise,

some simulation work has found that the presence of the stripped tails in clusters

like the Virgo cluster are more concentrated than those of clusters like the Coma

cluster (Roediger & Bruggen 2007). Both NGC 1400 and NGC 541 display a more

or less heated region at the edge of the stripped tail to the direction of the BCG.

This can be attributed to the outcome of stripping occurring in the central regions

of the cluster.

In another scenario, the stripped tail pointing towards the BCG may imply that

this could be a tidal stripping between the galaxy and the gravitational well of the

cluster (or group) rather than ram pressure stripping. Especially for NGC 1400,

we did not find evidence for surface brightness discontinuity on the opposite side

of the galaxy, which makes the ram pressure stripping scenario suspicious. One

key difference between tidal stripping and ram pressure stripping is that tidal

stripping affects all baryonic mass through gravitational force while ram pressure

stripping only affects the gas component through hydrodynamic drag. Spirals in

the Virgo cluster with ram pressure stripping have smaller H i disks than stellar

disks, suggesting that this process does not affect the stellar component of galaxies

(Cayatte et al. 1990; Warmels 1998). The optical distribution of NGC 1400 looks

very intact as shown in Figure 1.15, which rules out the tidal stripping scenario.
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4.3.2 The motion of NGC 1400 and the length of its stripped

tail

NGC 1400 has a line-of-sight velocity (vlos) of 1200 km/s relative to the group

center. The projected distance between NGC 1407 and NGC 1400 is 78 kpc (11.9′).

Here, we try to place some coarse limits on NGC 1400’s inclination and orbit using

the total mass profile of this group as derived in §4.3.3 (green line in Figure 4.13).

To begin with, we assume that NGC 1400 resides at the same distance as

NGC 1407 group center so that their separation is the same as their projected

distance. Assuming that NGC 1400 experienced free-fall from infinity to its current

position, we determined that NGC 1400’s velocity is 1500 km/s. Considering that

NGC 1400 has a radial velocity of 1200 km s−1 and the projected distance is only

a lower limit of the separation between NGC 1400 and NGC 1400, we infer that

NGC 1400’s velocity in the plane of sky is <900 km/s and the angle between the

motion of NGC 1400 and line-of-sight (hereafter θ) is <36.8◦. Tonry et al. (2001)

determined that NGC 1400 is 2.4 Mpc closer than NGC 1407 through their surface

brightness fluctuations. Although the specific distance may be arguable, NGC 1400

probably resides at a distance closer than NGC 1407’s group center. This time we

assume that NGC 1400 does not have a velocity component in the plane of sky. Its

current velocity (vlos= -1200 km/s) requires that NGC 1400 resides at a distance

400 kpc closer than NGC 1407 group center, with the assumption that NGC 1400

experienced free-fall from infinity (a distance 400 kpc farther than NGC 1407 is

not impossible). Since NGC 1400’s vlos is only a lower limit of its total relative

velocity, its actual distance should be <400 kpc closer than NGC 1407, which

consequentially leads to θ >0◦.
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Supposedly, the enhanced region is the stripped tail of NGC 1400 as we deter-

mined in §4.2.1. The inclination of the motion of NGC 1400 could help us infer the

tail length assuming the tail is aligned with the current direction of NGC 1400’s

motion. The projected length of NGC 1400’s tail (the width of the enhanced re-

gion) is ∼25 kpc. The range of the angle between NGC 1400’s motion and the line

of sight (<36.8◦) requires that the actual tail length is longer than 42 kpc, more

elongated than it appears on the plane of sky. Average tail length determined

through simulation work is 40 kpc (Roediger & Bruggen 2008). In observations,

there is a large scatter among the tail lengths that have been reported (e.g., Sun et

al. 2007b) and some of them can be as long as 380 kpc (M86 – Randall et al. 2008).

There are various factors that can affect the length (or morphology) of stripped

tails, such as the velocity of the moving galaxy, the time scale of the stripping

process, the strength of the local magnetic field, the relative emissivities of the tail

and the ambient ICM, and the projection effect (Ruszkowski et al. 2012).

4.3.3 the Possibility of Subgroup Merging

The surface brightness residual map of this system indicates that the emissions

associated with NGC 1400 is more extended than the enhanced region, elongated

east-west and covering a diameter of ∼ 40 kpc (Figure 4.3). We suspect that

NGC 1400 may be the BCG of a sub group rather than an individual galaxy. Its

entropy map also indicates that the low entropy region associated with NGC 1400

seems more extended. The shape of the enhanced region is wider than other

stripped tails that have been reported (e.g. Sun et al. 2007b), even compared with

early-type galaxies (Machacek et al. 2006; Sun et al. 2007a; Randall et al. 2008).
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Such a wide tail is consistent with the subgroup merging scenario as there would be

larger cross section between the atmosphere of the main group NGC 1407 and the

atmosphere of the subgroup instead of interacting with the ISM of an individual

galaxy. One problem with this scenario is the LX/LK (for both NGC 1400 and

the enhanced X-ray emission) is just average for a normal elliptical galaxy and

very low for a sub-group. To further test whether NGC 1400 has its own group,

a good approach is to check whether there are galaxies other than NGC 1400

within this extended area, ideally with their velocity information. Unfortunately,

this system is hardly covered by any superb optical/infrared observations due to

its southern sky location. We did not find any galaxies at similar redshift as

NGC 1400 within 600 kpc of NGC 1400 with the 6dF southern sky survey, which

has a complete detection limit of mK=12.65 (Jones et al. 2009), whereas NGC 1400

has an apparent luminosity of mK=7.78. This implies that NGC 1400 is unlikely

to be the BCG of its own group, not even likely for a fossil group, which defined as

galaxy groups with the central dominant galaxy at least two magnitudes brighter

in R-band than the second brightest galaxy within half the virial radius (Jones

et al. 2003). Still, even though NGC 1400 may not have its own group, it may

have its own extended halo similar to that of M 86 (Randall et al. 2008). As

shown in the cartoon in Figure 4.16, even if NGC 1400 does not have any velocity

component in the plane of sky, the enhanced region can be formed as a result of the

compression between NGC 1400’s extended halo and NGC 1407’s atmosphere. In

this way, NGC 1400 may reside at a larger distance than NGC 1407 as indicated

in Figure 4.16. Being at an early stage of the compression process guarantees

that the enhanced region lies between NGC 1400 and NGC 1407 as we observed.
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Figure 4.3 displays some enhanced diffuse emission to the west of NGC 1400 (we

label it as “west emission”), which could be part of NGC 1400’s extended halo.

Alternatively, NGC 1400’s wide tail may be a result of projection effect as most

of NGC 1400’s velocity component is along line-of-sight so its stripped tail should

also lie line-of-sight. Also, the X-ray morphology of this group is largely relaxed

and circular, even so it displays some elongation at large radii along east-west

directions as shown in its ROSAT X-ray image (Zhang et al. 2007). We produced

this substructure map through annulus averages which may enhance the residual

along east-west directions as shown in Figure 4.3.

4.3.4 the Absence of a Shock Wave

Most shock waves due to mergings have been reported so far take place in galaxy

clusters (Abell 3376 – Akamatsu et al. 2012, Coma Cluster – Simonescu et al.

2013, Bullet Cluster – Markevitch et al. 2004). Shocks found in groups are usually

related to AGN feedbacks (HCG 62 – Gitti et al. 2010). Merging shocks in the

IGrM have hardly been reported. Abell 194 is a poor cluster (∼ 2.0 keV). Its

member galaxy NGC 541 has a velocity of 788 km/s with respect to the cluster

center. Its reverse shock has a Mach number of 0.9. In contrast, NGC 1400 has

a huge velocity (& 1200 km s−1) relative to the group center. We determined the

sound speed in the IGrM of NGC 1407 group to be cs =
√

(γkT )/(µmH) = 507

km/s, where T is the IGrM temperature and γ = 5/3. Therefore, the expected

Mach number is M = v/cs > 2. However, we have not observed any shock feature

in the field of view. This may be because most of its velocity component is line-of-

sight unlike the scenario in Abell 194 where NGC 541’s motion is almost entirely in
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Figure 4.16: Cartoon to demonstrate the process that NGC 1400 falls through
GC 1407’s IGrM. The enhanced region is formed as a result of the compression
between NGC 1400’s extended halo and NGC 1407’s atmosphere (Top view).

157



the plane of sky (Bogdan et al. 2011). Shock features may be smeared out by the

projection effects. Our current data do not allow us to constrain multiple line-of-

sight components including NGC 1400 ISM, NGC 1407 IGrM and possible shock

wave through spectral analysis. The IGrM density is much smaller than typical

for ICM especially towards the west side of NGC 1400, which further diminishes

possible shock features.

Our result suggests that in addition to the huge line-of-sight velocity compo-

nent, NGC 1400 also has a smaller velocity component to the west. However, we

did not detect any significant sharp edge in the surface brightness profile to the

west side of NGC 1400 even with Chandra as shown in Figure 4.9. Mazzotta et

al. (2001) stress that the sharpness of the edge is a strong function of inclination.

NGC 1400’s motion has a very small inclination <36.8◦ and we should not expect a

sharp edge to be visible on the plane of sky. Similar situations have been reported

in the observations of M86 and NGC 1404. Furthermore, this may be also due

to the low surface brightness of this system, in particular the tenuous group gas

density on the west side of NGC 1400 (n ∼ 1.0×10−4 cm−3) plus this measurement

is also confined by the limited field of view of Chandra ACIS-S.

Without a visible sharp discontinuity in surface brightness, we can still as-

sess the Mach number of NGC 1400’s motion through its Mach cone. Following

Wezgowiec et al. (2011), we assume that the hot gas in the tail filled the Mach

cone entirely. We overlaid a Mach cone on the X-ray emission distribution of the

enhanced region in Figure 4.17. The direction is based on the dynamical model

whereas the opening angle is fitted by eye to the triangular form of the X-ray dis-

tribution. We obtained that the opening angle of this Mach cone is <36.8◦. The
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Figure 4.17: XMM-Newton image in 0.5-2.0 keV of the enhanced region. Shape
of Mach cone is overlaid as black dash triangle.

Mach cone angle is thereby α = sin−1( 1
M

) = <18.4◦. The range of Mach number

is M = >3. There is little doubt that a smaller Mach number ≈ 3 (a larger open

angle ≈ 37◦) is more likely. Its associated relative velocity is about 1500 km s−1,

in excellent agreement with the velocity we estimated for an opening angle of ≈

37◦ in §4.3.3. Correspondingly, a tail length of & 42 kpc is favored. In reality, the

stripped tail may not fill the entire Mach cone. In this way, a larger Mach cone

(hence a smaller velocity) of NGC 1400 is allowed.
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4.3.5 MLR and the group membership of NGC 1400

Romanowsky et al. (2009) studied this group using the kinematics of the globular

clusters within 60 kpc. They derived an extrapolated virial mass of ∼ 6×1013 M�

and a MLR of ∼ 800 M�/LB. This unusually large MLR would make NGC 1407

a dark system and require a large mount of baryons lurking in an unseen phase

(Romanowsky et al. 2009). In our study, we derived the hydrostatic mass of this

group with the XMM-Newton east pointing. We determined a total mass within

100 kpc of ≈ 1× 1013M� and an extrapolated virial mass of only 3.75× 1013 M�

for this group. The disagreement between the total mass estimated through the

kinematics of globular clusters and that determined through hot gas X-ray analysis

is rather common for early-type galaxies (usually group centers) (e.g, M87–Murphy

et al. 2011; NGC 4636–Johnson et al. 2009; NGC 4649–Shen & Gebhardt 2010;

NGC 3923–Norris et al. 2012). The biggest problem with the X-ray modeling

involves the presence of various non-thermal pressure supports such as magnetic

fields, gaseous turbulence or cosmic rays (Churazov et al. 2010; Shen & Gebhardt

et al. 2010). Recent studies show that the contribution from non-thermal pressure

is much smaller than thermal pressure for early-type galaxies (Brighenti et al.

2009) as well as within R500 for groups and clusters (Shaw et al. 2010). Moreover,

the east side of NGC 1407 that we used to derive hydrostatic mass is relatively

relaxed and closer to hydrostatic equilibrium. On the other hand, the biggest

issues with the globular cluster probe include the unknown galaxy inclination and

complex orbit structure (Gavazzi 2005; Thomas et al. 2007). Romanowsky et al.

(2009) found that their results become in better agreement with X-ray (Chandra

study within 20 kpc of NGC 1407) by assuming that the globular clusters have
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a peculiar orbit distribution. In short, we think that the total mass estimated

through X-ray may be relatively more robust in this case. Nevertheless, even a

virial mass as low as 3.75× 1013 M� should still be able to keep NGC 1400 bound.

According to Romanowsky et al. (2009), the minimum virial mass necessary to keep

NGC 1400 bound is only 3× 1013 M�, provided that the apocenter of NGC 1400

would be at Rvir. A & 3.0× 1013 M� virial mass implies that NGC 1400 is likely

falling through this group for the first time and will settle down as a member

galaxy instead of being a fly-by object. The upper limit of MLR (≈ 300 M�/LB)

that we determined with the hot gas emission in X-ray is half the estimate made

by Romanowsky et al. (2009), although their uncertainty is as large as a factor

of two. Our results suggest that NGC 1407 is not an unusually dark system.

NGC 1407 group’s MLR is comparable to that of Fornax group (∼ 300 M�/LB;

Drinkwater et al. 2001) and smaller than that of Virgo Cluster (∼ 600 M�/LB;

Tully 2005). Another important indicator is baryon fraction. We determined an

enclosed baryon fraction of 0.06 within 100 kpc for this group, much larger than

previously determined by Romanowsky et al. (2009). This value is still smaller than

the cosmological value ∼ 0.17 but comparable to other galaxy groups of similar

temperatures (Dai et al. 2010). The enclosed baryon fraction generally increase

with radius; NGC 1407 group’s baryon fraction within R500 is probably larger than

0.06. Therefore, no baryon lurking is needed particularly for this group. However,

for all galaxy groups as a whole population, they do tend to have smaller baryon

fraction than clusters (Dai et al. 2010). One explanation is that galaxy groups

have shallower gravitational potentials, making them more vulnerable to AGN

feedback or galactic winds. Thus, their hot gas may have been redistributed to
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large radii (beyond R500). There are a number of studies reaching R200 for galaxy

clusters with the Suzaku X-ray observatory. In contrast, such investigations for

galaxy groups are very rare, mostly due to the low X-ray surface brightnesses of

galaxy groups. Still, there are three such investigations involving poor clusters:

Hydra A Cluster (3.0 keV; Sato et al. 2012), fossil group RXJ1159+5531 (2.0 keV;

Humphrey et al. 2012) and fossil group ESO 3060170 (2.7 keV; Su et al. 2013).

Their enclosed baryon fractions are 0.23, 0.17 and 0.13, respectively. In the case

of Hydra A Cluster, its total mass may be underestimated due to non-thermal

pressure support at large radii. In the case of RXJ1159+5531, the observational

results are consistent with theoretical predictions with no baryon missing. In the

case of ESO 3060170, baryons may have been lost from this system, likely due to

central feedbacks. We speculate that the diversity of gas properties at R200 should

be even larger among galaxy groups compared to galaxy clusters.

Note that if NGC 1400 were not in this system, NGC 1407 group would have

been qualified as a fossil group. It has been debated whether fossil groups are the

end results of collapse or a transitional stage. Our study shows that NGC 1400

as a newly infalling galaxy disqualified NGC 1407 group as a fossil group. This

indicates that fossil groups may be a transitional phase. This has been backed

up by some simulation work that as redshift moves forward, the gap between

the brightest and the second brightest galaxy may be filled by newly infalling

galaxies (von Benda-Beckmann et al. 2008). Scaling relations (X-ray luminosity

– temperature) of galactic systems show that fossil groups reside between groups

and clusters (Khosroshahi et al. 2007). Thus, we speculate that fossil groups could

be a transitional phase as groups evolve into clusters rather than the end phase of
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evolution. This scenario also casts light on the puzzle why a large fraction of fossil

groups do not have cool cores if they were highly evolved and undisturbed systems

(Dupke et al. 2010). We anticipate that the newly merging activities such as the

case in NGC 1407/1400 complex may suppress the growth of its cool core at some

point.

4.4 Summary

The nearby group centered on its bright central galaxy NGC 1407 has been thought

to be an unusually dark system from previous kinematic studies. It is also known

for hosting a bright galaxy NGC 1400 with a huge radial velocity difference (1200

km s−1) with respect to the group center. Previous ROSAT X-ray observations

disclosed an extended region of enhanced surface brightness adjacent to NGC 1400.

We investigated the NGC 1407/1400 complex with XMM-Newton and Chandra

observations. We conclude that the enhanced region is likely to be hot gas stripped

from NGC 1400’s ISM. This stripped tail is pointing towards the group center with

a deduced tail length of about 42 kpc. The measured metallicity of the stripped

tail is only 0.26 Z�, likely due to various factors such as “Fe-bias”. We did not

detect any shock feature or sharp surface brightness discontinuity, perhaps due to

the highly line-of-sight motion of NGC 1400. From an XMM-Newton pointing on

the relatively relaxed east side of NGC 1407, we derived a hydrostatic mass of this

group of ∼ 1 × 1013 M� within 100 kpc. The extrapolated total mass within the

virial radius (681 kpc) is 3.75×1013 M�, which puts an upper limit of 300 M�/LB�

on the mass-to-light ratio of this group, suggesting that NGC 1407 group is not a

dark group. We inferred that NGC 1400 is loosely bounded to this group and has
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joined this group recently. The joining of NGC 1400 disqualified NGC 1407 group

as a fossil group, which implies that fossil galaxy groups might be a transitional

phase, probably between galaxy groups and galaxy clusters as galactic systems

evolve in the hierarchical Universe.
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Table 4.1: Observation log

Mission Name Obs ID Effective Exposure (ksec) R.A. (deg) Dec. (deg) Obs Date

XMM
West 0404750101 40, 37, 28 [m1, m2, pn] 54.91 -18.68 2007-2-11
East 0679600101 29, 29, 20 [m1, m2, pn] 55.23 -18.56 2012-1-15

Chandra N1400 14033 50 [ACIS-S] 54.92 -18.67 2012-6-17

Table 4.2: X-ray background determinations

Method SCXB
a NormCXB

b SMW
c NormMW

d SLB
c NormLB

d C/d.o.f

proj
Best-fit 33.46 14.70+5.53

−5.08 7.14 4.29+0.96
−0.91 4.05 22.07+3.54

−3.45 30641.57/29064
Maginalized 33.46 14.70 7.18 4.30 4.08 22.20

deproj
Best-fit 32.89 14.4+0.29

−0.60 6.90 4.14+1.60
−0.88 4.75 25.86+7.52

−4.32 17838.47/17491
Maginalized 31.54 13.80 7.18 4.30 4.50 24.50

a) Surface brightness for CXB emission in 0.5-2.0 keV in units of ×10−9 ergs s−1 cm−2

str−1.
b) Normalization of power-law component with photon index of 1.41, in units of photons
s−1 cm−2 keV−1 str−1 at 1 keV.
c) Surface brightness for Galactic emissions in in 0.5-2.0 keV in the unit of ×10−9 ergs
s−1 cm−2 str−1.
d) Normalization is the integrated line-of-sight emission measure, (1/4π)

∫
nenHds, in

units of 1014 cm−5 str−1.
Uncertainties of surface brightnesses are proportional to these of normalizations.
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Chapter 5

Conclusions

In this dissertation, I present our studies of a sample of early-type galaxies, a fos-

sil group (poor cluster) ESO 3060170, and the NGC 1407/1400 complex through

X-ray observations. This work covers various scales of galactic systems in the

hierarchical Universe, which enriches our understanding about hot gas metal en-

richment processes in the ISM, gas properties out to the virial radius of fossil

groups (poor clusters), as well as infalling galaxies and ram pressure stripping. We

summarize our main conclusions of each project below.

5.1 Chapter 2

We studied a sample of 32 early-type galaxies with quality Chandra and XMM-

Newton data covering a large span of X-ray luminosities. We derive a number

of their properties including LX , LK , temperature, and ISM Fe metallicity. We

attempt to relate these properties to their stellar metallicity, stellar age, and cold

gas masses, to investigate the causes of the low metallicity of hot gas in X-ray faint
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galaxies and the metal abundance difference between X-ray faint and X-ray bright

galaxies. We summarize our main results as follows:

1. Galaxies with similar LK are observed to have LX,gas that vary more than a

factor of 50, generally in agreement with previous studies.

2. Hot gas Fe abundances of early-type galaxies are mostly lower than solar

abundance, with the brighter/hotter galaxies having a higher Fe abundance than

fainter/cooler galaxies. This variation does not originate from the variations in

stellar metallicities or stellar ages.

3. Extremely low Fe abundances (∼ 0.1 Z�) in early-type galaxies found by

previous studies was not confirmed in this work. Nearly all galaxies in our sample

have a Fe abundance of at least 0.3 Z� thanks to the adoption of corrected models

and an updated abundance table.

4. Low X-ray count rates and the non-gaseous components of the X-ray emis-

sion do not substantially bias measurement of the hot gas Fe abundance.

5. Hot gas Fe abundances of early-type galaxies and their atomic gas mass

M(H i) are not related. This puts a strong upper limit on the role played by the

accretion of atomic gas mass on the metal content of hot gas.

6. Early-type galaxies that have a larger ratio of cold molecular gas mass M(H2)

to hot gas mass MX,gas tend to have a lower Fe abundance. However, it is not clear

what is the cause of this anti-correlation.

Deeper X-ray observations as well as radio observations of more early-type

galaxies, especially for field galaxies, are needed to further test the role played by

neutral gas more thoroughly.
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5.2 Chapter 3

We observed the X-ray brightest fossil group ESO 3060170 with Suzaku out to

R200 (1.15 Mpc or 27.5′). The gas and baryon mass fractions in this group are

larger than typical for groups observed within R500, but comparable to cluster val-

ues. This observation suggests that the discrepancy between groups and clusters

in their gas and baryon mass fractions will be reduced if groups are observed to

sufficiently large radii. The integrated iron-mass-to-light ratio of this group is also

larger than is typical for groups and comparable to cluster values. The entropy

profile within R500 (750 kpc) rises outward as r1.1, in agreement with theoretical

simulations incorporating purely gravitational processes. However, at larger radii,

in the vicinity of 0.9R200, the entropy profile flattens and starts to decline out-

ward. This flattening is primarily due to the gas density profile being shallower

than theoretical expectations, possibly due to a combination of gas clumpiness and

outward redistribution. This group has a high mass-to-light ratio, thus is optically

deficient, as is typical for fossil groups. This may be a consequence of relatively

inefficient star/galaxy formation, as perhaps indicated by a galaxy luminosity sur-

face density map of the neighborhood within 25 Mpc of ESO 3060170. Our results

are largely robust against plausible variations in the adopted background compo-

nents. Further observations of groups at and beyond their virial radii are needed

to more clearly establish the relationship between clusters and groups in the local

Universe.
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5.3 Chapter 4

The NGC 1407 group has been a subject of debate due to its possible unusually

large MLR and its second brightest galaxy with a line-of-sight velocity of 1200 km

s−1 relative to the group center. In this paper, we presented our investigations of

the NGC 1407/1400 complex with joint XMM-Newton/Chandra observations. We

summarize our main results as follows.

1. We compared the thermal structures on both sides of NGC 1407, which sug-

gests that NGC 1400 is not having an on-going collision directly toward NGC 1407.

Instead, we infer that NGC 1400 is more likely to be moving to the west at a speed

of < 900 km s−1 in addition to its line-of-sight velocity.

2. With an XMM-Newton pointing on the east (relatively relaxed) side of

NGC 1407, we determined that the hydrostatic mass of this group is 1× 1013M�

within 100 kpc. The extrapolated total mass within the virial radius is 3.75×1013M�.

This puts an upper limit of 59.4 M�/LK (≈ 300 M�/LB) on the total MLR within

Rvir. We conclude that NGC 1407 group is not an unusually dark group.

3. We determined that an enhanced surface brightness region adjacent to

NGC 1400 is likely to be hot gas stripped from NGC 1400’s ISM, rather than

a background group/cluster. The deduced tail length is 42 kpc. The measured

metallicity of the stripped tail is only 0.26 Z�, smaller than the average hot gas

ICM metallicity, likely due to “Fe-bias” and/or metallicity gradients in the hot

ISM of NGC 1400.

4. We did not detect any shock feature or sharp edge in the surface brightness.

This may be a result of NGC 1400’s highly line-of-sight motion. The Mach number

of NGC 1400’s motion inferred through its opening angle is ≈ 3.
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5. We speculate that NGC 1400 entered NGC 1407 group not long ago and will

become a group member in the near future. The presence of NGC 1400 disqualifies

the NGC 1407 group from being a fossil group; this is consistent with fossil groups

being a transitional phase instead of the end-result of group mergers.

Due to NGC 1400’s highly line-of-sight motion and the low surface brightness

of this system, the diagram we proposed for this system remains schematic. H i or

Hα observations of this complex may further elucidate the overall picture.

5.4 Future prospects

Pioneering study such as my work about ESO 3060170 and NGC 1407/1400 can be

fascinating. But the implications of such case studies are constrained by possibly

unique formation histories of our targets. Instead, more robust knowledge can be

better achieved through the studies of large sample. Chandra and XMM-Newton

have been operated for more than a decade. There is a rich source of archived

data to perform sizable sample studies. For example, the enclosed IMLR increases

with radius for groups/clusters. Thus, the distribution of enriched gas is more

extended than galaxy light (Kawaharada et al. 2009; Sato et al. 2012). The metal

distribution at large radii of such systems can be interpreted in two ways: 1)

Metals in ICM and IGrM could be expelled to large radii through the energy

released by central AGNs. In this scenario, groups should be more enriched at

large radii relative to clusters as groups have a shallower potential well to keep

such metallicity in the inner region. 2) When galaxies fall into groups/clusters,

their enriched hot gas is stripped into the ICM/IGrM through ram pressure (∝ ρv2)

along their way to potential well bottoms. Presumably, the IGrM at large radii
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may not be dense enough to strip out metals in galaxies. Consequently, unlike

clusters, there should be less metals at large radii in groups. To address this issue,

I will perform a comparison of the slopes of the IMLR (the ratio of IMLR within

R500 to that of R2500) for groups and clusters, mainly with Chandra and XMM-

Newton. The first scenario predicts a shallower IMLR slope for groups relative to

clusters whereas the second scenario predicts the opposite situation.

As an observational astronomer, I will keep actively proposing new/deeper ob-

servations to solve astrophysics puzzles. For example, one explanation for the

unexpected flattening of entropy profiles at large radii in some clusters and groups

is that the gas is clumpy. However, the observed X-ray emissivity scales as the

average of density squared instead of density itself. Therefore, any non-uniform

distribution of gas density would lead to density overestimates. However, simula-

tions indicate that clumpiness factors are much smaller than the factors inferred

from observations (Nagai & Lau 2011). Observations of absorption lines, which

scale linearly with gas density, have proven to be a powerful tool to investigate the

warm-hot intergalactic medium (Fujimoto et al. 2004; Takei et al. 2007; Fang et al.

2007; Buote at el. 2009). Similarly, we could study absorption lines produced by

metals at large radii in galaxy clusters to infer the average gas density in the ICM.

LBQS 1230+0947 is a bright quasar well behind the Virgo cluster, which has never

been observed with Chandra, XMM-Newton or Suzaku. Its projected distance to

the center of virgo cluster is about 0.8 Rvir, where gas clumpiness is expected to

dominate (Simionescu et al. 2011; Urban et al. 2011). I assume that the ICM gas

density, metallicity and temperature at 0.8 Rvir is the same as derived in Urban

(et al. 2011). My preliminary simulation shows that it requires at least 200 ksec
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exposure with the Reflection Grating Spectrometer (RGS) to detect absorption

lines for O VIII and Si XIV at 90% confidential level. I plan to propose snapshots

of Chandra observations of such candidates first. If there is clumpiness, we will

propose followup deep RGS observations. Meanwhile, I will keep looking through

observations of bright quasars behind outskirts of massive clusters in the RGS and

LETG/HRC archives.

During the time of my postdoc, it will be the prime time of ASTRO-H. It is

equipped with an X-ray micro-calorimeter detector with superb spectral resolution

(SXS) as well as X-ray CCDs with a large field of view (SXI). It will inherit the

extreme low and stable background from Suzaku, thanks to their similar orbits.

The coming of Astro-H would enable us to expand and continue my proposed

projects. Moreover, my previous experience concentrated on X-ray observations.

I also want to complement my future X-ray work with multiwavelength studies.
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