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Abstract 

We present the ASCA results of spatially resolved X-ray spectra in the central regwns of 

the Virgo cluster, near to the central elliptical galaxy J\ti87. We also present the result of 

mapping observation of the northwest region of the Virgo cluster. Since the spectra of the l\1187 

region is complex, an adequate fit requires at least two thin thermal-plasma components. The 

temperatures of th hot and cool components are approximately 2.9 and 1.3 keY, respectively, 

and the temperature of these components are both nearly constant over the central 10' radius 

from the center of l\1187. However, the flux of the cool component is more concentrated toward 

the center than that of the hot component. Furthermore the surface brightness profile of 

the hot component can be extrapolated smoothly to that of the intracluster medium (ICI\II) 

beyond 40' from th center. These suggest that the cool component of l\1187 can be attributed 

the interstellar rnatt r of Ivi87, while the hot component is the ICI\II of the Virgo main body. 

Th abundances of Fe , Si, and S rise towards the center of Iv187, though the ratios of Si/Fe 

and S /Si r main constant. vVe also found , contrary to the Einstein results , that the abundance 

ratio of oxygen to iron ( 0 /Fe) is smaller than the solar value. These strongly constrain the 

chemical evolution scenario. The X-ray spectra of the ICI\11 at regions beyond 40' fron1 the 

cent r of l\1187 can be represented by a single ternperature plasn1a. The temperature of the 

ICI\II decreas s with radius frorn 0' to 50'. and it is almost spatially constant beyond 50'. The 

n1etal abundance also decrease with radius from 0' to 50' and aln1ost spatially constant beyond 

50'. These t n1perature and abundance profiles can be a good clue to investigate the cluster 

formation history and cosmological parameters. 
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Chapter 1 

Introduction 

The intergalactic space of a cluster of galaxies is filled with hot ( rv 1 - 10 ke V) and tenuous ("' 

1 x 1 o-~ em - 3 ) plasma, which is called the intracluster medium (ICNI). The mass of the IC I 

is equal to or greater than that in the stellar component of the galaxies. Therefore, knowledge 

of the origin and evolution of the ICI'vi is required to understand the evolution of clusters of 

gal&'Cies and galaxies within them. 

Major part of total gravitating mass of a cluster of galaxies is attributed to the dark n1atter , 

whi h cannot b - ol rved at any wavelength. However, since the ICM is thought to be bounded 

in the gravitational potential of the cluster, one can estimate the amount and distribution of 

the dark matter using the spatial distributions of density and temperature of the rcrvr. 
After the big-bang, only hydrogen and helium existed in the universe. Ho,vever, heavy 

elen1ents such as C, , 0, e, I'vig, Si, S, Ar, Ca, Fe, i, and so on, which are called metals in 

astrophysics, are rich now. It i one of the major subjects of astrophysics to know how and '\Vhen 

rnetals have increased in the universe . The fact that the ICI'vi contains heavy elements suggests 

that material pro ess d through stars can be ejected into the IC:tvi, since heavy elernents can 

be pro luced only through thern1onuclear reactions in stars or by supernovae . Therefore we can 

know th ch rnical evolution of the uni·ver e by n1easuring the an1ount and spatial distribution 

of heavy elen1ents in the ICI'vi. 

Thu , to know the phy i al condition of the ICI'vl provides good clues to reveal the nature 

of the clynarnical and chen1i al e\·olution of clusters and their dark-n1atter distributions. Since 

the IC I can be observed onlY in the X-ray band , we can get such irnportant inforn1ation only 

through X-ray ob ervation of clu ters of galaxies. 

The ASCA satellite's (Tanaka et al. 109-± [131]) has good energy resolution over a wide 

energy band ( OA 10 k V) 'vhich has not been a\·ailabl '\Vith pre,·ious satellites. but its spa t.ial 

13 
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resolution is moderate. However , since Virgo is the nearest cluster which lies "' 15 Ipc from 

us, we can spatially resolve it enough. Furthermore its high flux gives us X-ray data of the best 

quality. Especially, measurement of the spatial distribution of oxygen is possible only for the 

Virgo cluster . Since the 0 /Fe ratio is considered to be a key to clear the chemical evolution, 

X-ray observation of the Virgo cluster with ASCA is rather essential for the study the chemical 

evolution. 

The Virgo cluster is comn1only believed to be dynarnically young (Binggeli et al. 1987 

[13]). In this case, X-ray observation is the only possible way to n1ap the distribution of the 

gravitating mass. For example, comparison of the distribution of the gravitating mass with 

that of the galaxies n1ay give important information about evolution of clusters of galaxies. 

The origin of metals in the ICNI is considered to be elliptical galaxies ( eg. Arnaud et al. 

1992 (5]). Especially, giant elliptical galaxies at the center of clusters are consid red to affect 

the physical state of the ICNI based on the X-ray in1aging observations ( eg. Jones and Forman 

1984 (70]). The Virgo cluster has the central dominant elliptical galaxy, NI87. Therefore we 

can reveal what interaction exist between the galaxy and ICI'vi. 

ASCA observed NI87 in 1993, and conducted mapping observation of the northwest region 

of the Virgo cluster in 1996 and 1997. vVe present a detailed analysis of the data from a 10' 

circle centered on NI87, and from the mapping observation of the Virgo cluster, and we discuss 

the spatial distribution of the temperature and chernical abundances of the ICNI. 

In this thesis, we assume the distance of NI87 to be 15 Ivipc, so that a radius of 1' corresponds 

to 4.4 kpc (see chapter 4). 



Chapter 2 

Review- of Clusters of Galaxies 

2.1 Overview of Clusters of Galaxies 

Clusters of galaxies are gravitationally bound systems of tens, hundreds, or even thousands of 

galaxies. They are among the largest known objects in the universe, having typical dimensions 

of roughly 1 - 6 fpc across. Obs rvations suggest that n1ost galaxies belong to groups of 

various sizes. Howev r, it is esti1nated that only 5 - 10 % of all gala.'<ies in the universe reside 

in richly populat cl clusters. Thus, though very rich clusters of galaxies are rather impressive, 

thev ar relativ ly rare. 

Rich clust rs usually shmv a sn1ooth, centrally concentrated galaxy distribution. On the 

oth r hand, poor clusters usually show little overall syn1metry or central concentration. The 

los st exan1ple of a very rich regular cluster is the Con1a cluster which lies at a distance of rv 

70 Ivlpc, whil th Virgo cluster which is the nearest cluster, is a typical example of a poor 

irregular clust r. 

Clust rs an also b clas ified according to their gala.."'Cy content. The galaxy population 

of ri h regular clu t rs t nd to b composed prin1arily of elliptical and SO galaxies, with only 

a srnall fraction of pinds. For exan1pl . 80 % of th brightest galaxies in the Con1a cluster 

1nay b elliptical . an l the fe1v spiral ar found at the outer regions of the cluster. In general, 

ellipti al and SO galaxi are by far th 1110 t con1n1on gala_"'(ies in the central region of rich. 

regular clu ter. . Thi is th onv r e of the situation out ide of clu ters, where n1ajority of 

galaxi s in isolation or in small groups are pirals . On the other hand, irregular clusters haYe a 

1nixtur of different galaxy types. For exa1nple. 1norc than half of the brightest 1ne1nber galaxies 

in the Virgo lu. t r are pirals. 

:-\t the central rcg10n of many clu · teL. there are son1et.irnes the largest known elliptical 
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galaxies in the universe, called cD gala.xies. A cD galaxy is characterized by a very extended 

envelope of diffuse stellar light surrounding what n1ay be an otherwise norn1al nucleus of a 

elliptical galaxy. Since the visible extent of a cD gala.."'Cy n1ay be as n1uch as 10 - 100 tirnes that 

of a normal galaxy, the total luminosity associated with the e gala..xies is extren1 ly large. The 

fact that many cD gala.."'(ies have multiple nuclei suggests that they n1ay have grown through 

1nergers of smaller galaxies. 

G alaxies in a cluster move under the influence of gravity in orbits about their common center 

of mass. Unfortunately, it is impossible to measure the three dimensional spatial velocities of 

galaxies. However, we can estimate the component of velocity a long the line of sight (i.e. 

the radial velocity) by measuring the redshift of a galaxy. Such measure1nents show that the 

n1ember gala.'<ies are allrnoving with different speeds about th clust r. Therefore, a cluster can 

be ch aracterized by its velocity dispersion, which is a measure of the typical sp eel with which 

the galaxies are moving in the cluster. The typical value of the v locity disp rsion of a rich 

cluster is r-..J 1000 km/ s . The velocity dispersion in many clusters shows a syst -n1atic decrease 

as the distance fron1 the cluster center increases. The crossing tin1e of a men1ber gala.xy in 

the inner region of a rich cluster is generally on the order of 109 yr (see Eq. (2.20)), which 

is less than the age of the Universe (the Hu bble time, rv 1010 yr) . This suggests that clusters 

of galaxies are well mixed, and that the regular clusters have reached a state of dynan1ical 

equilibrium, son1et in1es called as relaxat ion. On the other hand, irr gular dust rs ar probably 

unrelaxed systen1s, having not yet reached a steady state. 

We consider t he simplest case of the circular Kepler n1otion. If a test particle of n1ass of m 

are rotating around an object of mass of j\;f (assuming j\;f >> m), the quation of rnotion is 

m v
2 

= 0 ivfm 
r r 2 ' 

(2.1) 

where v is the velocity of the test particle, and r is the orbital radius. This equation reduces to 

2T + vV = 0, (2.2) 

where T is the kinematic energy defined as T = rnv 2 /2, and vV is the gravitational energy 

defined as vV == -Gvfmjr. Eq. (2.2) is the virial theoren1, which holds for nlore C0111plex 

situations if the system is in dynarnical equilibriu1n. Assun1ing that the clusters of galaxies 

are in clynarnical equilibriun1, it is possible to determine their total gravitating mass using the 

virial theoren1. In this case, Eq. (2.2) reduces to 

< t'
2 > R 

Jftot = ----
G 

(:2 .3) 
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where J\lftot is the total gravitating mass of the cluster, R is its characteristic size; and < v2 > is 

the average of three dimensional velocities of member galaxies. Because < v2 > = 3a;; where 

ar is the cluster velocity dispersion, we get 

3Rar ~ 14 O"r 
2 [ ]

2

[ R ] 
J\lftot =----a-= r.Ox 10 }vfo 1000 km/ sec Hvipc · (2.4) 

One can estimate the visible mass by simply counting the number of gala.-xies (This mass should 

probably b doubled to also include the X-ray intracluster gas) . T he visible mass th us obtained 

is usually 10 % of the virial gravitating mass. This is the m issing mass problem, which is one of 

the most important unsolved problems of modern astrophysics . vVhat it tells us that as 1n uch 

as 90 % of the matter in clusters is in a form that is invisible and can be detected only by the 

gravitational influence. The invisible n1atter is called the dark matter. What the dark n1atter 

may be is still pure speculation at present. There h ave been many suggestions, raging fron1 

faint low-mass stars, to black holes, to exotic forms of n1atter p redicted by elementary particle 

physi s. 

In the following section, we summanze the X-ray properties of the clusters of galaxies, 

esp cially focusing on th recent ASCA results. 

2.2 X-ray Properties of Clusters of Galaxies 

2.2.1 Overview 

The lun1inous n1aterial in clusters of gala.\:ies falls p rimarily into two forms : ( 1) the visible 

galaxi ; (2) the hot and tenuous gas which fi lls the whole region of the clusters of galaxies. T he 

latt r is call l th IntraClust r 1vi dimn (ICrd ) . Although e1nission fron1 individual galaxies in 

a clust r is on1ctinws s n the pri1narv source of X-ray emission fron1 clusters of galaxies is t he 

hot IC 1I. X-rav lmnino ity of lusters range fron1 1 x 1042 1 x 10.15 erg/s with gas ten1peratu res 

of 1 - 10 k V, whi h i cotnparabl to the equivalent ten1peratures as n1easured by the velocity 

disp rsion for th galaxies in the luster (i.e . /}~p<'r. r--.J L . ee section 2.3). The ICl\I is a n1ajor 

observeclltuninous con1pon nt. of clu t r with a mas equal to or greater than that in the stellar 

con1pon nt of th gala.'\:ie . H \Ye\·cr. the ,·isible galaxie and the .\:-ray en1itting IC.l\I do not 

con1prise 1110 t of the clu ter mas . mo ' t of \Yhich is the dark 1natter. Though the dark nwtter 

is not directly ob ,erYabl at any wm· lcngtb. one can e ti1nate the an1ount and distribution of 

the clark matter using the X-ray data. 
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Table 2.1: Cluster morphology and dynan1ical evolution (Forn1an and Jones 1982). 

Irregular 
· (less evolved) 

Regular 

(more evolved) 

Non-x-ray-dominant galaxy (nXD} 

Low L1e < to" ergs/sec 
Cool gas -T,= 1-4 keV 
X-ray emission around many galaxies 
Irregular x-ray distribution 
High spiral fraction > 40% 
Low central galaxy density 
Prototype: A1367 

High Lx ~ 1~ ergs/sec 
Hot gas T1 ~ 6 keV 
No cooling flow 
Smooth x-ray distribution 
Low spiral ·fraction .$ 20% 
High central galaxy density 
Prototype: Coma (A 1656) 

2.2.2 Morphology 

X-ray-dominant galaxy (XD) 

Low Lx .$ 1 a" ergs/sec 
Cool gas T1 = 1-4 keV 
Central galaxy x-ray halo 
Irregular x-ray distribution 
High spiral fraction > 40% 
Low central galaxy density 
Prototype~ Virgo/M87 

High Lx ~ 3 X 1~ ergs/sec 
Hot gas T1 ~ 6 keV 
Cooling flow onto central galaxy 
Compact, smooth x-ray distribution 
Low spiral fraction .$ 20% 
High central galaxy density 
Prototype: Perseus (A426) 

Forman and J ones (1982) [44] and J ones and Forman (1984) [70] propos cl a two-dim nsional 

cluster classificat ion system for the X-ray morphology of galaxies, which th y relate to the evo­

lutionary state of t he cluster as determined by its optical properties. The syst n1 is sutninarizecl 

in table 2.1. In this scheme, an X-ray cluster having a central dominant gala.,-xy is called an XD 

cluster while a cluster with no central dominant galaxy is called a nXD cluster. The Virgo 
' 

cluster is a typical example of the X D and irregular (less evolved) cluster. 

2.2.3 Gas Temperature 

If gas densit ies in the central region of the cluster is enough high, the gas can radiate its energy. 

and cool on relatively short time scales ( ,.,_, 109 yr). Th cool cl gas is then xpectecl to flow 

toward the cluster cen ter. which is called a cooling flow (a detail d revi w of the cooling flow 

can be seen in Fabian (1994) (36]). 

Fukazawa (1997) [47] observed a large san1ple of XD clusters with ASCA, and found that 

there are at least two temperature-plasn1a cornponents at the central region of all the XD 

clusters. Since the cool con1ponent cannot be s en in the on t r region of the clusters, it can be 

attribu eel to the central dominant galaxy, ancl may he clue to tbe cooling flow. On the other 

hancl. the hot con1ponent is likely to be the IC _·I of the clu ter. 
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Markevitch et al. 1997 [87] analyzed spatially resolved X-ray spectra of 26 bright clusters 

obtained with .ASCA, and found that most of them show a temperature decrease with radius. 

Honda et al. (1996) [62] found that the Coma cluster have significant temperature variation. 

This strongly suggest that the Coma cluster is not a dynamically relaxed system, though its 

optical appearanc is quite smooth and rich. These temperature profile can be a good clue to 

investigate the clust r formation history and cosmological parameters. 

2.2.4 Metal Abundance 

There are emission lin s from iron and other heavy elements in the energy spectrum of the 

IC1vl. Sine heavy lements can be produced only through thermonuclear reactions in stars 

or by supernovae, th se emission lines suggest that material processed through stars can be 

j ted into the IC!vl. The correlation of total Fe mass with total light from member elliptical 

galaxies suggested that the metals in the IC!vi originated from elliptical galaxies and that the 

m tals w r driv n out into the IC1vi by supernova (SN) driven winds (Arnaud et al. 1992 [5]; 

Tsuru 1993 [137]). The type Ia S e, whose progenitors are old, light stars, make mainly iron, 

while the type II SN , which occur at the death of rnassive stars, make mainly the a elements 

( ' , 1vig, Si, an l S) (figure 2.1) . Since a low mass star have a long tin1e life, the S i e I a 

are thought to b in11 ortant in relativ ly recent chemical enrichment, while S e II are thought 

to b in1portant at the early gala.-xy formation phase of the cluster. Thus we can know the 

ch mical evolution of th universe by measuring the arnount and spatial distribution of heavy 

1 n1 nts in th IC I. The abundan e ratio of a element (especially oxygen) to iron is one of 

the most in1portant pararneters. 

Th rang of th iron abundance seen in rich clusters are rather narrow (0.25 - 0.4 solar) ( eg. 

E lg an l St wart 1991 [32]; Yamashita 1992 [14--1]) as opposed to the wide range seen in poor 

clu ters frorn 0.1 ( · G 2300; Davi et al. 1996 [27]) to 1.0 solar (central region of Centaurus; 

Fukazawa et al. 1994 [45]). 

lushotzky tal. (1996) [105] 111 a urecl the abun lances of 0. 1\e, !vig, Si, S, Ca, Ar, and Fe 

for 4 lu t rs of galaxie u ino· the ASCA data. and found that the obtained abundance ratio 

is sirnilar to that of the Sl\ II. 

vVith ASC_ data, it wa~ found that son1e of such XD clusters as the Centaurus (Fukazmva 

tal. 1994 [-±5]: Ikeb 1996 [6-!]). _-\.\Y1'vi/ (Oha .. hi et al. 1994 [108); Xu et al. 1997 [1-!2]: Eza\va 

et al. 1997 (33]), and Hydra-A clust r (Ikebe et. al. 1991 [66]) h<n·e abundance increase towards 

th cluster centers. Fukazawa (199/) [-±I]. usin.; a laro·er arnpl of XD luster . found hat this 
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abundance increase is comrnon for the XD clusters. Therefore h concluded that this is due 

to the metal ejection from dominant galaxies. One of the exception is A1060, th ASCA data 

of which were analyzed by Tamura et al. (1996) [130]. A1060 is a .JrD cluster, but shows no 

abundance gradient . This may be due to the dynamical nature of the dmninant galaxy, which 

has an accon1panying giant elliptical gala."'<y at the projected distance of 3- kpc and is very 

likely to forn1 a tight binary with the galaxy. 

Ezawa et al. (1997) [35] observed AvV1vi7 with ASCA and found that th iron distribution 

traces the galaxy distribution. This discovery and the n1etal concentrations arou-nd clon1inant 

galaxies are the direct evidence that n1etals are ejected from galaxi s. 

2.2.5 Gravitational Potential 

From X-ray surface brightness distribution, we can know the density profile of the IC1vi. Assun1-

ing the hydrostatic equilibrium of the ICIYI, one can estin1ate the structure of th gravitational 

potential of the clusters of galaxies (see section 2.3). 

If one fit the X-ray surface brightness profile with th /3 n1odel (Eq. (2.39)), n1any XD 

clusters have excess emissions at the central regions (Jones and Forrnan 1984 [70]). This 

central excess was considered to be clue to the cooling flow in th luster core b cause the 

flow is expected to rnake the gas density and emissivity further high at the central region of 

the cluster. If this explanation is true, one can not see the central excess in the X-ray urface 

brightness profile obtained in the high energy band (> 4 keY) . .ASCA is the first satellite 

ha\·ing capability of in1aging in the high en rgy band. Ikeb t al. ( 1997) [GG] analyzed the 

X-ray brightness profile of the Hydra-A clust r. and found that the central exc ss can be seen 
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in the high energy band as well as in the soft energy band. This discovery suggests that the 

central excess is not due to the dense cool gas, but is due to the structure of the gravitational 

potential of the cluster. The potential structure must have an additional central dimple; which 

can be attributed to the central dominant galaxy and at least partially causes the central excess 

brightness. This sugg sts that the dark matter exhibits hierarchical clustering. The Centaurus 

cluster is almost identical with the Hydra-A (Ikebe 1996 [64]). 

lv'Iore convincing result was obtained by the observation of the Forna.."'C cluster (Ikebe et al. 

1996 [65]). The ICNI of the Fornax cluster is almost spatially constant with r-v 1 keV, and hence 

is considered to have no cooling flow. The surface brightness profile can not be fitted with a 

single-component fJ model, but can be fitted with a two-component fJ model. The extent of 

each component corresponds to the central dominant galaxy NGC 1399, and to the whole region 

of the Fornax cluster. This also resulted in the double structure of the gravitational potential 

(figure 2.2). 

How ver it seems to be strange for us t hat tho ugh we can see the hierarchical structure in 

the distribution of th dark rnatter, we cannot see that in the stellar distribution at all. Since 

the fJ model is not a good approximation of the ICivi distribution beyond 5 times the core 

radius (s e section 2.3), w think the shoulder- like st ructure of the dark n1atter distribution 

n1ay be depend on surface brightness models. 
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2.2.6 Evolution of Clusters of Galaxies 

The X-ray luminosity of cluster (Lx) is correlated with the temperature (T9 ) as Lx T1 
(\Iushotzk\· 198-± [101]: Edge and Ste,vart 1991 [32]; Hatsukade [57]· David et al. 1993 [25]). 

This correlation is considered to be the evidence of cluster evolution (see ection 2.3). 

~Iushotzky and Loe,,·enstein (1997) [103] found no evolution of rnetal abundance from z r-v 

0.5 till now. Furthermore, :Niushotzky and Scharf (1997) [10-±] found no evidence for evolution 

in the Lx - T9 relation out to z ,......, 0.5. Sin1ilar results have been obtained by Tsuru et al. 

(199/a) [138] and Tsuru et al. (1997b) [139]. 

However. Hattori et al. (1997) [58] discovered an X-ray cluster, AXJ2019+1127 at z=1, 

which has been known as a gravitational object. Though only the two galaxies has been found 

in this cluster, this cluster contains iron as n1any as nearby dust r. Furthern1ore, Tsuru (1991b) 

[139] found that the iron n1asses of the two very distant clusters at z ,......, 0.8 - 1.0 are significantly 

different fron1 each other and that the gas n1asses of two clusters at z r-v 0.8 - 1.0 and son1 

clusters around z r-v 0.6 are significantly lower than tho e of nearby clusters. Thes result 

indicate a hint of evolution of clusters of gala..'Cies. 

2.3 Theoretical Backgrounds 

In this sect ion, we briefly sun1rnarize son1e physical backgrounds which relate to X-ray en1issions 

from clusters of galaxies. 

2.3.1 X-ray Emission from Thin Thermal Plasma 

Because the IC l'vi is low density ( r-v 10- 3 ctn-3) and high temperature ( r-v 108 K) plasma; it 

emits most of its energy into the X-ray band. \Ve summarize sorne theoretical aspects to deduce 

physical condition of the ICI\II such as tetnperaturc, metallicity, density, and so on, using the 

X-ray spectral information from the IC I. 

Radiative processes which relate to thern1al electrons in hot plasn1a are divided prin1arily 

into three groups based on their transitions; 

1. free-free en1ission 

A free electron en1its \vhen it is scattered by the Coulon1b field of an ion. This radiation 

is called bretnsstrahlung. or free-free etnission. This mechanisn1 contributes to X-ray 

continuutn en1ission. 
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2. free-bound emission 

Free-bound emission is accompanied by recombination between a free electron and an ion. 

Therefore this radiation is called recombination emission, too. This mechanisn1 as well 

as the free-free emission contributes to continuum emission. 

3. bound-bound emission 

Radiation accompanied by transition of an electron bound to an ion between different 

energy levels is called bound-bound emission. This is generally known as line en1ission. 

However, if two photons are emitted by one transition, which is called two-photon decay, 

this mechanism contributes to continuum emission. 

For the fre -fr e and free-bound emissions, it is clear that the emissivities of these processes, 

which are d fined as the emitted energy per unit time, frequency, and volume, are determined by 

a rat of collision of ions with el ctrons. Because the ICl\11 is low density and high temperature, 

the coronal limit is usually assumed ( eg. Sarazin 1986 [116], p66). In this case, a rate of 

the bound-bound en1ission is cleten11ined by the number of excited ions , and thus by a rate 

of collisional excitation. Therefor the emissivity of the bound-bound process also depends on 

the rat of collision of ions with electrons . Thus the total emissivity, dL/ dV dv, where Lis the 

X-ray lurninosity, V is the volume, and v is the frequency, can be expressed as 

elL """' ( v ·i T ) ( vi) -- = ~(v -·\. ' g n ./\. ne, 
dVdv X,i 

(2.5) 

wh re (v is the 1111 wn p r ion at -unit electron density, T9 is the plasma temperature, n(..-Yi) 

is th number d nsity of the ion _yi (..-Y is the elen1ent) and ne is the electron number density. 

The ionization d gr e, T is d fined a T = ne x Tage , where Tage is the plasma age in the 

unit of second. If T~ 1012 s c cn1-:J, the plasn1a is considered to be in collisional ionization 

equilibriutn (l\!lasai 1994 [8 ]) . Since ne and T age of the ICl\!I are typically 1 x 10-3 em - 3 and 

1010 yr ( 3 X 1011 c)' resp tiv ly, the ICrvl i in collisional ionization equilibrium. Therefore, 

if n(_,\") is th total tensity of th el ment _\", the ionization fractions f(..-Yi) = n(_,Yi)/n(..,\) 

clep ncl only on th tc1np rature. Thus Eq. (2.5) becmnes 

dL """' II ( _\) [f'( y i T ) ( yi T )] 
lT-d npn(' ~ (H) ~ ' g (v ..~ ' g 

( , v _'C i n 
(2.6) 

(•) ~ ) -·' 

where n1) is the proton nu1nber cl 'nsity nncl Ax = n(_":'\.)jn(H) is the abundance of the element 

..-\. Ev (T9 , At, A2, ... ) i alled ~pectral emi i \·ity. \Y de fin the en1ission integral .E I, as 

E I = ;· n c n 1) dV. (:?. ) 

24 CHAPTER 2. REVIEn· OF CLT.}STERS OF GALA_YIES 

Then the shape of the spectrun1 depends only on the abundance of each element and the 

distribution of temperatures d( E I)/ dT9 . 

vVe consider the si1nple case that the ICl\!I is isothermal. The continuun1 emission at 108 

K is mainly comes from the free-free emission (see figure 2.3). Furthern1ore, since hydrogen is 

the most common element, the continuun1 emission is mainly due to collisions of protons with 

electrons. Therefore we can deduce T9 and J nenpdV from the continuun1. Another way to 

deduce the temperature is to estin1ate flux ratio between two lines. each of which comes from 

the same element but from different ionization state, because the ratio reflects th ionization 

fraction , f(X) , and f( -<Y) depends only on the temperature. !vieasuring the lin flux , we canal o 

deduce f nenxdV. Therefore we can estirnate the abundance of the elen1 nt _y by cornbining 

information off nenpdV and f nenxdV. 

Many authors calculated Ev(T9 , A1 , A2, .. . ) and they ar 9ften liffer nt fron1 ach oth r, 

especially around 1 keY (v ,....., 2.42x1017 Hz). This 1s n1ainly due to th cliff r nee of the 

treatment of the Fe L emission lines (Fabian et al. 1994 [37]; Fukazawa et al. 1996 [46] · 

Arimoto et al. 1997 [3]; Iatsushita 1997 [90]; l\!Iatsushita et al. 1997 [91]). In this the is , 

we use two spectral emissivitles. One is the revised version of the Raymond-Sn1ith n1odel 

(Raymond and Smith, 1977 [110]) and the other is the l\!Iewe-Kaastra-Liedahl n1od l (IVIewe, 

Gronenschild , and van den Oord 1985 [95]; Mewe, Lcn1en , and van den Oord 1986 [96]; Kaastra 

1992 [71]; Liedahl , Osterheld, and Goldstein 1995 [79]; Arnaud and Rothenflug 1985 [c±]). For 

example, the differences of these two models can be seen in figur B .1. 

The bolometric e1nissivity, A(T9 , Ax), which is defined as 

(2.9) 

is called the cooling function. We show an example of i\(T9 , A 1, A2 , ... ) calculat l using the 

Raytnond-Smith 1nodel and assuming the cosmic abundances of Allen ( 1973) [1] in figure 2.3 

( Gehrels and vVilliams 1993 [50]) . As can be seen fron1 this figure~ X-ray en1ission fron1 a cluster 

of gal~-xies is mainly don1inated by the bremsstrahlung continumn and line rnis ions contribute 

to sn1all part of it. Therefore we can express the X-ray lu1ninosity of a luster of galaxies, L, 

approximately as 

(2.10) 

where _\f f is the cooling function on the part of the free-free emission which is proportional to 

{f; (eg. Rybicki and Lightn1an 1979 [115]). 
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Figure 2.3: The ten1perature dependence of the cooling function and its components for an 

optically thin plasma of the cosn1ic abundance of Allen (1973) (Gehrels and Willian1s 1993). 
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2.3.2 Mass Distribution 

We summarize below some theoretical aspects to derive the IC:tvi mass and total gravitating 

mass from X-ray data. 

The King Model (Distribution of Gravitating Matter) 

We consider about spherically symmetric mass distribution of isoth rmal gravitating matter. 

vVe assume as follo,vs; 

1. Velocity distribution of particles of the gravitating matter is isotropic and independent 

of position. 

2. The radial velocity distribution has a Gaussian profile , and the velocity dispersion 1s 

independent of position (i.e. isothern1al). 

3. The particle distribution is stationary. 

4. Particle positions are uncorrelated. 

Then we can write the particle phase-space density, j( i, v), as 

(2.11) 

where i and vis position and velocity, R is the three dimensional radius, (JT is the radial velocity 

dispersion, and n( R) is the spatial number density of particles at a distance R from the center. 

If the gravitating particle is assumed to be collisionless the phase space density f is a 

function of only the integrals of the motion. Because we consider the velocity distribution is 

isotropic, the integral of the motion cannot be the orbital angular n1omentum of particles, and 

can only be the energy per unit mass, E, "'>vhich can be expressed as 

(2.12) 

where ¢( R) is the gravitational potential. In this case , we can express n( R) as 

n(R) = no exp [- ¢(~)] , 
(Jr· 

(2.13) 

where n0 is the central density. Poisson's eq nation for the gravitational potential is 

(2.1-±) 
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where m is the mass per particle. Substituting Eqs. (2.11) and (2.13) for Eq. (2.14), we get 

1 d [ 2 d¢] ( ¢) -- R - = 47rGpo exp -- , 
R 2 dr dR CJ2 r 

(2 .1 5) 

where p0 = nom. If we define the mass density distribution, p( R), as 

p(R) m J !( r, iJ)d3 v (2 .16) 

Po exp ( - :; ) , (2 .17) 

Eq. (2 .1 5) becomes 

_!!_ (R2 clln p) = 
dR clR 

(2.18) 

This differential equation has a solution of p( R) = CJ'j: j21rG R2 . However , we usually do not use 

this solu tion, because this function diverges at R = 0. The function of 

p(R) =Po [ 1 + (~) ( , (2 .19) 

was found to be a good approximation to the inner region of the numerical solu tion of Eq. 

(2. 18) which is obtain d with boundary conditions of p(O) = p0 and dpjdR = 0 at R =0 . Rc is 

called th core radius. This function was first presented by King (1962) [74] to represent surface 

density distributions of globular clusters and is called King approximation or King model. In 

figure 2.4, we show th nun1erical solution of Eq. (2. 18) and the King model. As can be seen 

from this fi gure , the King n1ocl l is not a good approximation beyond R/ Rc ~ 5. 

The crossing time of men1ber galaxies, tcr( R) can be expressed as 

[ l [ l
-1 

R R C!r 
tcr R = - rv 1 X 1 09vr 

· ( ) CJ
1
• v 1 Tvipc 1000 km/sec 

(2.20) 

The two body gravit at ional int ract ion tin1e cale , tgn is estin1ated to be larger than 3 x 1011 years 

(Sarazin 1986 [116], p20). B cau ~ tcT << tgr, th rnember gala.."'<ies can be considered to be a 

collisionl ss gas. Real distribution of n1ember gala.'\:ies in a relaxed cluster can be fitt ed with 

th King 1nodel with Rc ~ 230 kpc. 

The {3 Model (Distribution of the IClVI) 

The sound speed in plasnHt ,,·hich consi ~ t, of hydrog n, C8 , can be expressed as 

(' = .< (2 .2 1) 
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King vs Poisson 
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Figure 2.4: Nun1erical solution of Poisson's equat ion (solid line) an l the King mod l (clashed 

line). 

where r is the ratio of specific heats (Spitzer 1962 [12.J], p58) . Then the sound crossing time 

of the rcrvr, t .s' is given by 

(2.22) 

where Dis the cluster diameter. The cooling time due to the free- fre emission, tcooL, is 

10 [ nP ] - 1 [ Tg ] t 
i cool = 8.5 X 10 yr 

10
_3c

111
_3 1081( (2.23) 

If we consider the heating of the rc:rvr due to infall of the primordial gas into the cluster and 

co1npresswn the hea ting time scale , theat; is equal to the free-fall time scale, an l is given by 

theat = 3.1x109yr [ 1 ~pel~ [ 10 ,1~~10 ] -t' ( 2.2-±) 

where ivf is the total mass of the cluster. Decause t.s is less than the Hubble ti1ne ( rv 1010 yr). 

tcool and th eat, the rcrvr can be considered to be hydrostatic: 

(2 .25) 

where P is the gas pressure and (Jg is the gas n1ass density, which can be expressed as 
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where me and mp are the masses of electron and proton, n 9 = np+ne is the gas nun1ber density, 

and JJ is mean molecular weight. We assume JJ = 0.6 in this thesis. Because of the low density 

and high temperature, the rcrvr can be treated as an ideal gas, and the equation of state is 

given by 

(2.27) 

Eq. (2.25) reduces to 
~ dP = _ d¢(R) = -GJ\1( < R) 
p9 dR dR R2 ' 

(2 .28) 

where NI( < R) is the total mass of the cluster within a radius R. 

If we assume that the cluster gravitational potential is that of a self-gravitating isothermal 

sphere, we can use the King model as the mass density profile of the gravitating matter, 

approximately. Th refore the mass density, total cluster mass, and gravitational potent ial are 

given by 

p(R) 

1\II( < R) 

¢(R) = 

where x = R/ Rc· Using Eq. (2 .19), 

2 47rGp0 R~ 
(J = ----

r 9 
¢(0) 

9 

(2 .29) 

(2.30) 

(2.31) 

( 2.32) 

Then we consid r the situation that the ICl\!I is bounded by the gravitational potential given 

by equation (2 .31) . Substitu ting the equation of state (2 .27) fo r Eq. (2.28), we ge t 

Integrating Eq. (2.33), we get 

dln p9 

dR 

f-Lmp d¢( R) 
------

kTg dR 

p9 (R) = p9o exp (- ~~;: [¢(R)- ¢(0))) , 

where p9o is th c ntral n1a ~s density of the ICTvi. 

(2.33) 

(2.34) 

Substituting Eq . (2.31) for Eq. (2.3-1). pg(R) can be approxirnately expressed only at sn1all 

radii ( R ~ 6 Rc) as 

( 2.35) 

3 ( 2 .3G) 
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,8 is the ratio of the kinematic energy of the gravitating matter per unit n1ass to the thermal 

energy of the IC I per unit mass. Equation (2 .35) is called the /3 model. vVe show Eq. (2.34) 

and the beta model in figure 2.5. Note that the beta n1odel is not a good approximation of Eq. 

(2 .34) beyond R rv 6Rc · 
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F igure 2.5: Distribution of the ICl\JI. 

1000 

Solid line shows Eq. (2 .34), while dashed line shows the {3 mod l. 

X-ray Surface Brightness Distribution 

T he X-ray surface brightness at a projected radius r is proportional to the mission measure, 

E.iVI, defined as 

(2.37) 

where l is the distance along the line-of-sight through the cluster at a proj cted ra bus r. If \Ve 

use the {3 model as the distribution of the rcrvr, the emission measure is, 

E l'vf = J1r (neo) n2 R r(33- 1/2) [l + (_!_)2j-:~J+} 
npo pO c r( 33) Rc 

( 2.38) 

where r is the gamma function and npo and neo are the central nun1ber densities of proton and 

electron. Therefore the X-ray surface brightness, S( r), can be expressed as 

(2 .39) 
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where So is the central surface brightness density. The average value of fJ determined by fits to 

the X-ray surface brightness of a large number of clusters was found to be 

(3 fit r-..J 0.65 (2.40) 

(Jones and Forman 1984 [70]). 

Another way to estimate {3 is to use Eq. (2.36) assuming the distribution of the member 

galaxies, Pgat, is proportional to that of the gravitating matter, which means 

(2.41) 

In this case, the velocity dispersion of the member galaxies can be considered to be the same 

as that of the gravitating matter. Substituting the velocity dispersion of the galaxies and the 

gas temperature deduced from the X-ray spectrum for Eq. (2.36), the average value of fJ is 

/3spec '""' 1.2 '""' 2 X fJ fit (2.42) 

(Sarazin 1986 [116]). This discrepancy between f3spec and 18 fit is called the 18 problem. lviany 

sugg stions hav b n n1ade as to th origin of this discrepancy ( eg. Kent and Sargent 1983 

[72]; lviushotzky 1984 [101]; Henriksen and lviushotzky 1985 [60]; Bahcall and Lubin 1994 [9]). 

For xan1pl , this discrepancy r11ay suggest that the velocity dispersion of the galaxies are not 

the san1e as that of th gravitating n1atter ( Ietzler and Evrard [93]). 

It is important to know that both the King and fJ models are not good approximations 

b yond five tim s th core radius (figures 2.4 and 2.5) . Therefore we have to pay attention to 

adopt the fJ profil to th whole r gion of the cluster. 

Total Gravitating Mass 

Fron1 Eq. (2.28) th total gra,·itating rnatter within a radius R cab be expressed as 

JI( < R) = 
kT9R2 d ln( ngT9 ) 

l'mPG dR 

kT_gR (d ln T_g + d ln n9 ) 

JLmPG dlnR dIn R 
(2.-±3) 

Therefore n1easuren1ents of the gas densit.\· distribution and the ten1perature eli tribution are 

the key to estitnate th 111a -~ of th t tal gra,·itating n1at.ter. 
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2.3.3 Simple Model for Cluster Evolution 

We consider two simple models for evolution of the clusters of gala.._-xies: (a) the pherical cluster 

containing fixed n1ass of gas and clark matter contracts. (b) gas and dark matter falls into the 

cluster with fixed radius R. The schematic view of them are shown in figure 2.6. In both cases, 

we assume that the gas mass is proportional to the total n1ass of the cluster, i'vf. 

In these cases, since T9 ex: GJ\!1/R, Vex: R3 , and nP rv ne ex: o/I/R3
. Eq. (2.10) reduces to 

(2.44) 

Eliminating R from Eq. (2.44), we get 

L ex: y3.s 
g (2.45) 

for the case of (a). For the case of (b), elirninating J'vf from Eq. (2.44), w g t 

(2.46) 

The real evolution is probably the intern1ediate between (a) and (b). Ther for the relation of 

Lex: yo. with a = 2.5 - 3.5 is expected. Though our model is too simple, this xp ct d value is 

consistent with the observation . Therefore the observed relation of L ex: T;;1 can be considered 

to be the evidence of the evolution of clusters of galaxies. 
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Chapter 3 

Review- of M87 

3.1 Ove rvie w 

I87 ( ·cc.t486), whi his associated with the radio source Virgo A, is a giant elliptical galaxy 

at the cent r of the Virgo cluster (figure 3. 1). Its position is (ex, b)J2000 = (12h30m49 .7s, 

12l23n12'-ls) , an lit B n1agnitude. Bl, is 9.47 mag (de Vaucouleurs et al., 1991 [29]), which 

corr sponds to log( L 8 / L 0 ) = 10.73 assun1ing the distance of 15 Ip c. Though it has fairly 

extended optical mission (de Vaucouleurs and ·ieto 1978), it is not classified as a cD gala.-...;:y 

(Schon1b rt 1986 [120]). 

:rvi87 is the fir t urcc to be found to have a jet. The jet can be seen both in the optical 

and radio band (figur 3.2 (a) and (b)). Objects which have the optical jets like 187 is rather 

rare. I'vlost j ts an b s n only in th radio band. The jet shown here is about 3 kpc long. 

and manat s fron1 a sourc in th cor of i\ 187. Con1plex substructure can be seen in the jet , 

as well as a uclclen tran ·ition fro111 vYell-collitnated to 1nore d isordered flow. The n1echanisn1 

of the optical and radio en1is ions of the j t is consid reel to be a synchrotron radiation due to 

high sp eel electron in a tnagnetic field . Thi jet sit inside a larger en,·elope of diffuse radio 

halo n1ission (figure 3.3). 

187 i the first xt.ra.galactic X-rav ~ource to b identified (Dyrmn. Chubb . and Friedman 

19GG [21] ; Dradt tal. 196/ [19]). In th follmYing ~ ction. lYe sun1n1arize the X-ray properties 

of fvi87 e p ciall)' fo u ino· on th r ults obtained with the Ein~tein atellite and TIOS.--\T. 

33 
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• 

• • 

Figure 3.1: Giant elliptical galaxy :rv187. Several globular clusters an b seen in thi photograph. 

appearing as s1nall fuzzy points surrounding the core of 187 (Audouze and Isra··l 1994). 

(a) (b) 

Figure 3.2: (a) HST in1age of 187 (Ford et al. 199-!) . (b) \"LA itnag of i\187 (Eil k 199~). 
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Figure 3.3: VLA in1age of I87 at 1667 iviHz. The image is 21.33 x 21.33 arcm1n square 

(Bohringer et al. 1995) 
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3.2 X-ray Properties 

vVe show the X-ray i1nage and surface brightness profile of 1vi87 obtained v.;ith the Einstein 

IPC in figure 3.4 (a) and (b). As can be seen from this figure , the X-ray i1nage of 1vi87 is 

roughly circular. The X-ray surface brightness profile can be fitted by the (3 model with the 

core radius of 1'.6 and the slope (=3(3 -1/2) of 0.81 (Fabricant and Gorenstein [41]). However , 

in a higher-resolution X-ray image of 187, we can see X-ray en1ission produced in the nucleus 

and jet (Schreier, Gorenstein: and Feigelson 1983 [123]; figure 3.5). Schreier Gorenstein: and 

Feigelson (1982) found four components from these irnages: (1) a broad diffuse con1ponent 

associated with the hot gas in lv'I87; (2) a diffuse, asymn1etrical X-ray distribution to the east 

and southwest , which appears similar to the radio rnorphology and is consistent with inverse 

Compton model; (3) an X-ray source centered on the nucleus of lv'I87, which is extended by 

2" - 3" and may be due to thermal bren1sstrahlung· ( 4) a structure corr lated with the 

radio-optical jet. Feigelson et al. ( 1987) [42] studied the HRI in1age and VLA 1.4 GHz map. 

They subtracted a spherically syn1metric component fron1 the X-ray in1age : and con1pared the 

residual structure with the VLA in1age. They found that the residual X-ray emi sion and the 

radio halo are clearly associated with each other, but are not identical in structure. If this 

asymrnetric component is due to the inverse Cornpton as suggested by Schreier, Gorenstein , 

and Feigelson (1982) [123), the average n1agnetic field must be 3 - 8 tin1es weaker than the 

equipartition values of rv 2 - 5 p,G. Therefore they suggested that th asymn1etrical X-ray 

component is clue to a local enhancement of thermal X-ray emission caused by compression of 

the interstellar medium by the outfiowing jets. Biretta, Stern, and Harris ( 1991) [15] further 

analyzed the HRI images along with new optical and radio data, and argued that most of th 

core emission ((3) of Schreier, Gorenstein, and Feigelson (1982) [123]) was unresolved , and thus 

could be similar to nuclear en1ission fron1 other AG -. 

Fabricant and Gorenstein (1983) [41] fitted the radial profile (figure 3.4) with the (3 n1odel 

and got the density profile of the interstellar n1ecliurn. They also fitted the sp-~tially resolved X­

ray spectra obtained with the IPC and detern1ined the te1nperature profile , though the errors 

are rather large because the energy resolution of the IPC is not good. Substituting these 

tern perature profile and density profile for Eq. ( 2 .43) , they found the total gravitating n1ass 

shown in figure 3.6. The integralruass-to-light ratio of 1vi87 (in solar unit) n1ust increase from 

5 - 15 at 1' to over 180 at 20'. This is the further evidence for the rnassive dark halo of ~-187, 

which was suggest d previously by Dahcall and Sarazin ( 1977) [8] and Fabricant, Lecar. and 

Gorenst.ein ( 1980) [40). 
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Figure 3.4: (a) X-ray contour rnap of 187 in the 0.3 - 4.0 ke V band obtained with the Einstein 

IPC. (b) Th 0.2 4 .0 keV surface brightness profile of I\1!87. The curve indicates Sex (1 + 

(r /1'.6) 2] -0.81. 13oth figures are from Fabricant and Gorenstein (1983). 
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Figure 3.5: High r-r solution X-ra\· irnage of 0-I 7 obtain d with the Einstein HRI (Schreier, 

Gor nstein, and F ig lson 19 2) . (a) X-ray contour 1nap of the 25'region centered on IYI81. (b) 

X-ray contour nutp of th central 2'r gion cent r don I\181. 
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Figure 3.6: The total gravitating n1a s of ivi87 

as a function of radius, summarizing both op­

tical and X-ray r sults (Fabricant and Goren­

stein 1983). 

The Ka line from He-like Fe (6.7 keV) from the Virgo was detect d with various instruments 

like OS0-8 (Serlemitsos et al. 1977 [121]· Iv1ushotzky et al. 1978 [100]; Rothenfiug and Arnaud 

1985 [114]), HEA0-1 (IV1ushotzky 1984 [101]): EXOSAT (Edge, Stewart, and Sn1ith 1988 [33]) , 

and Ginga (Koyama, Takano and Tawara 1991 [75); Takano 1990 [128]; Hatsuka le 1989 [51]). 

The K lines from 1V1g, Si, and S and the L lines fro1n Fe as well as the Fe K line w re detected 

with the Einstein SSS (figure 3.7 (a); Lea et al. 1982 (77]). These lines indicat that the gas 

ten1perature is about 2 ke V. This spectrun1 can be represented with a two-temperature thennal 

plasma model plus a heavily absorbed power-law model. The t mp ratures of the plasn1as are 

0.6 and 1.4 ke V and the metal abundances are about 1 solar. The photon index of the power 

component is fixed to be 1.75 (Lea et al. 1982 (77]). The cool con1ponent could not b detected 

at the region 7' away from the center of 187. This suggests there is the cooling flow at the 

central region of IVI87. Con1paring with the cooling flow model ( Iathews and Dregn1an 1918 

[89]), the n1ass accretion rate was deduced to be 10 - 20 LJ /yr. Since the power law con1ponent 

also could not be seen at the region 7' a\vay fro111 the center. its origin is probably the nucleus 

of 187. Iushotzky and Szyn1kowiak [lOG] fitted the SSS spectrum with their cooling flow 

rnoclel and concluded the n1ass accretion rate is about 4 10 /yr. 

Figure 3.7 (b) shows an exan1ple of the ,·ery high-resolution X-ray spectrun1 of IS/ obtained 

\Vith the Einstein FPCS ( Canizares et al. 19/9 [22]). The 0\'III Lya line ( 0.63 ke V) \vas 

detected. The FPCS also detected the Fe.:\.\.II line ( 0.83ke V) ( Canizares et al. 198:? [23]: 
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' 
see table 6.8). The energy dependences of the emissivities of these two lines are almost the 

same. Therefore one can estimate the abundance ratio of oxygen to iron directly from the line 

flux ratio of these two lin s without considering the temperature distribution of the plasma. 

Canizares et al. (1982) [23] conclu led that the abundance ratio of oxygen to iron is 3 - 5 t imes 

the solar ratio. ·sing other emission lines , Canizares et al. ( 1982) [23] derived the temperature 

distribution of the plasma, and concluded that the mass accretion rate is 3 - 4NI0 /yr. 
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Figure 3.7: X-ray sp tra obtained with the Einstein satellite. (a) The n1oderate-resolution 

spectrun1 obtain d with the SSS (Lea t al. 1982). (b) The very high-resolution spectrun1 

obtain d with th FPCS (Canizar s tal. 1919). 

Stewart t al. ( 19 -±) [L25] obtained th structure of the hot gas and gravitating n1atter 

around :NISI using both ~-ray i1nage and pectroscopic observations, particularly of the Fe 

L lines . The lata w re obtained with t.h ~ Einstein IPC, HRI. SSS~ and FPCS . In1aging data 

obtained with the IPC and Hili w re analyzed 1vith various assun1ed gra1·itational potentials. 

and th n predi te l p ctra 1\·er con1pared to the spectra mea ured with the SSS and FPCS. 

The rnass profile they obt niued is consistent. with that of Fabricant and Goren tein ( 1983) 
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' 
[41] (figure 3.6). They also found that the gas ten1perature varies lowly beyond 5', and this 

profile is consistent with the cooling flow model. The mass accretion rate varies with radius as 

1~! "' 3( R/10kpc )213 Ic::_./yr from 1 to 70 kpc assun1ing the distance of 15 I Ipc. This suggests 

a dropping out of an accreting mass with radius. 

Tsai (1994) [134] and Tsai (1994b) [135] reanalyzed the density and temperature profiles 

of the X-ray emitting gas around M87. For given assum cl density and temperature profile , 

he predicted the Einstein HRI and IPC surface brightness distributions as well as FPCS line 

fluxes, and then he cornpared them with the data. He found that son1e models give a good fit 

to the data, and the 0 /Fe abundance ratio is also larger than the solar ratio . How ver , the 

models could not explain the data obtained with the SSS (figure 3.8). H uggests that there 

probably remain calibration problems with the SSS or both the SSS and FPCS. 
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Figure 3.8: SSS spectrum of Ivi87. The solid line shows the n1odel giving a good fit to th data 

of IPC, HRI, and FPCS simultaneously (Tsai 1994). 

vVe show the ROSAT PSPC image of Ivi81 in figure 3.9 (a) and (b) (I3ohringer et al. 1995 

[17]: (a) is the X-ray contour map in the 0.5 - 2 keY band; (b) is the residuals of th X-ray 

i1nage after subtraction of a spherically synunetric n1odel from figur 3.9 (a). It is interesting 

that the X-ray residual structure to the east coincides with a radio feature in that direction 

1vith ends in a structure shaped like an lear· (figure 3.3). Furthern1ore , the radio 'tail to the 

other side bends down to the southwest so that th X-ray residual appears to lie along its core. 

These suggests the interaction between the radio halo and interstellar gas of 187. I3ohringer 

et al. (1995) [11] found that the ~-ray spectnun obtained 'vith the IlOSAT PSPC for the outer 
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' 
part of the eastern residual can not be fitted with a power-law model and can be fitted with 

a thermal plasma model with a temperature of rv 1.3 ke v, which is lower than that of the 

surrounding gas ( rv 1.5 - 2 ke V). This may imply that, in the radio halo of 1vi87, the presence 

of relativistic plasma and the associated magnetic fields has led to enhanced cooling of the gas 

rather than to heating by energy dissipation. Enhanced cooling may be explained either by 

disruption of previously condensed 1naterial in the cooling flow or by a higher cooling rate due 

to inhomogeneities introduced into the gas distribution by plasma waves and instabilities. 

Nulsen and Dohringer [107] used the ROSAT PSPC data and derived the mass profile of 

l\1187. The profile they found agrees well with determinations from the dynamics of the stars 

in 1vi87 (Sargent et al. 1978 [119]), from the dynamics of the globular clusters in NI87 (Niould 

et al. 1990 [99]; though less well with 1vierritt and Tremblay 1993 [92]), and fron1 the previous 

X-ray observation (Stewart et al. 1984 [125]), although it is marginally consistent with the 

results of Fabricant and Gorenstein (1983) [41] (figure 3.6) . 

(a) (b) 

(a) (b) 

3aram n 

Figure 3.9: (a) ROSAT PSPC i1nag of J\187 in the 0.5 - 2 ke V band. (b) Residuals of the 

X-ray in1age of the halo region of I 7 after subtraction of a spherically sym1netric 1nodel fron1 

figure (a). 

Harris, Diretta an l J unor ( 1991) [56] analvzed higher-resolution ):-ray in1ages of Ivi87 

obtained by the Inultipl obs rvations \vith the ROSAT HRI. They found the intensity of jet 

(knot A) as well as the core inten ~ ity shows a ti1ne variability. Although the core ,·ariability is 

consistent \vith gen ral exp ct<1tions for .-\Gl\ nuclei, the changes in the jet (knot A) provide 
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constraints on the X-ray emission process and geo1netry. Therefore they suggested that the X­

ray morphology of the jet (knot A) will differ significantly fro1n the radio and optical structure. 

10/e sumn1arize below the previous results: 

1. The distribution and temperature of the hot gas in 1vi87 gives strong evidence for a n1assive 

clark halo. 

2. There are a cooling flow with 3 - 10 Jv£0 yr- 1, and the n1ass accreting rate is proportional 

to a radius from the center of NI87. 

3. The innermost region of M87 exhibits spatially compl x X-ray en11sswn with several 

components (viz . a hot intracluster gas around 1vi87, a jet-like structure, a cmnpact 

nuclear source, and an asy1nmetrical component correlated with the radio halo). 

4. The X-ray spectrum for the asymmetrical component can be expressed as a thern1al 

plasma model of a temperature lower than that of a surrounding gas. 

5. Both the X-ray intensities of the core and jet (knot A) show tin1e variabilities. 

6. The abundance ratio of oxygen to iron ( 0 /Fe) is about 3 - 5 tin1es larger than the solar 

ratio . 



Chapter 4 

Revie"\V of the Virgo Cluster of 

Galaxies 

4 .1 Optica l Prop ertie s 

The Virgo cluster i the closest and best-studied cluster of gal<L"'(ies, lying at a distance of 

approxirnately 15 Ipc. Cosmographycally, the Virgo cluster is the nucleus of the Local Su­

p rclust ~ r of galaxies , in \vhos outskirts we are situated. vVe can observe large nutnbers of 

galaxi s of all type and lun1inosities in great detail in the Virgo cluster. Therefore this cluster 

is an icl al laboratory for the study of the systen1atic properties of gal<Lx;:ies and a fundamental 

stepping ston for the cosrnological distance scale. T hus the Virgo cluster has been , and st ill 

is, one of th most itnportant object for extragalactic astron01ny. 

vVe show th map of the Virgo clu ter in figure 4.1. The cluster covers a large, roughly 

circular ky ar a of approxinB.tely 10° dian1eter. The Virgo cluster is a fai rly poor, loosely 

concentrat d, irreg llarly shap d clu. t r of galaxies. Binggeli, Sandage, and Tammann (1985) 

[12] catalog d 209G galaxies and found 1277 of the cataloged galaxies are considered to be 

111 n1b rs of the Virgo clust r. and 574 to b possible n1en1bers . Table 4.1 shows the nun1ber of 

known n1en1b r galaxie . An abundance of spiral galaxies mnong the bright cluster rnen1bers 

is high. This property can be ~ en in many clusters. Rich. dense regularly shaped clusters 

whose rnernb r galaxi s ar dorninatecl b\· E and SO galaxies are much rarer. However , since the 

Virgo is th n1ost n are t clu t r. ,,.e can rnap it to an unsurpassed level of depth. Therefore 

the Virgo clust r is the riche t cluster of galaxies in tenns of the nun1ber of knmvn n1en1ber 

galaxies. As table -L1 ho\YS. chnuf galaxi s. particularly dwarf ellipticals . nurnerically the 

cluster population. 
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(a) 

Table 4.1: 
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Known men1ber gala~es if the Virgo cluster (Binggeli 1992) 

l\llorphological Type -umber 

Elliptical 30 

so 49 
Spiral 
Dwarf elliptical 
Dwarf SO 
Dwarf irregular 
Dwarf irregular/ elliptical 
Other 
Total 

(b) 

128 
828 
30 
89 
89 
34 

1277 
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Figure 4.1: Plot of all n1ernbers and possible n1en1b rs in the Virgo cluster: (a) Dots sho\Y the 

galaxies. Five tnain concentrations indicated by circl s, are evident; (b) Lurninosity-weightecl 

tnap of the Virgo cluster. The syn1bol size (area) is proportional to the lun1inosity of the galaxy 

(Binggeli, Tan1n1ann , and Sandage, 1987). 
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Several subconcentrations can be seen in figure 4.1. A major subcluster of galaxies exists 

around the giant E galaxy l\1187 (:NI87 cluster or subcluster A) , and there is a smaller, less dense 

subcluster around the brightest cluster memher :NI49 (IVI49 cluster or subcluster B). Although 

:tvi87 is most often taken as the center of the Virgo cluster , it is 1 o away from the density peak 

of the subcluster A toward th east. vVith respect to morphological type, the elliptical and 

SO rn mber galaxies are the most strongly clustered types. They constitute the "skeleton" of 

the cluster. The E type galaxies , in particular, are distributed along an CL"'<is which is extended 

toward the eas t from th subcluster A. The jet of lVI87 is aligned with this axis. Spiral and 

irregular galaxies , on the other hand , are scattered over the whole region of the cluster with no 

obvious concentration. 

The irregular structure of the Virgo cluster suggests that the cluster is not a state of dy­

namical equilibrium, ven in the central region. There is evidence that the cluster is still in the 

n1aking. 

Fron1 the presently known radial velocities of about 350, n1ostly bright Virgo members , 

Bingg li, Tan11nann, and Sandage (1987) [13] derive a mean heliocentric, systematic velocity of 

the cluster of< v0 > rv 1100 km/s. Though this tnean is common for all morphological types 

of gala.,"'<ies , the v locity dispersion differs substantially for different galaxy types. Late-type 

galaxi s (spiral and irregular) have a larger v locity dispersion of o-rrv 890 km/s than early 

typ galaxi s (E, SO , lE, dSO) which have Ur"-' 570 krn/s. The late type galaxies are thus tnore 

clispers d , not only in spa e, but also in velocity, than the early type galaxies . This suggests 

that late typ galaxi have only r cently (in the last few 109 yr) fallen, or are still falling into 

the cluster frm11 the nvironrnent. 

The sub lust r A is tnad up preclon1inantly of early type galau"'<ies, while the subcluster B 

contains n1ainly lat typ galaxi s. Though the subcluster B has a higher spiral abundance, the 

sub luster A has a larger v locity dispersion of Ur rv 760 ktn/s than the subcluster B which 

has o-r rv 390 kn1/ . Th 111 an h liocentric velocities of the cluster A and B are 1060 kn1/s and 

963 kn1js , r pe tiv ly. Since the clust r B is suggested to be n1ore distant than the cluster A 

b . rv 5 l'v1p tbe cluster B lllRV be infalling to the cluster A fron1 the far side. 

The well oncentrat d arly tvpc gala.:'{ie of the subcluster A is considered to be the oldest 

n1en1bers. How ver, th se galaxi ~ do not con titu te a dynan1ically relaxed cluster core. The 

central part of the Virgo luster ~ e n1s to onsist of a sn1all nun1ber of subchnnps of galaxies, one 

of which is d fine l by l'v1 I alone. Although it enorn1ous mass deduced by :\:-ray observations 

(.Jx10t:l l\1 ,:, ; g. Fabri ant. and GorerLtein 19 3 [·-H]). 1\I I is off the cluster center in space 

and velocity (6u rv :200 km/ s). Ho,,·e,·er. the ubclump will rapidly merge. \Ye may. m 
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fact, be living in a very special time. shortly before ( rv 109 yr) the final forn1ation of a relaxed 

cluster core in Virgo. An analysis of the velocity dispersion of galaxies around 186 by Binggeli , 

Popescu, and Tarntnann ( 1993) [14] has shown that there is an asymn1etric blue-shifted tail in 

the distribution , consisting mainly of dwarf ellipticals ; in1plying that I 6 i actually part of a 

small subclump in the subcluster A. 186 is presumably falling into the clu ter fron1 behind. 

Fukugita, Okamura, and Yasuda (1993) carried out a Tully-Fi her analysis for a con1plete 

sample of spiral galaxies in the Virgo cluster. They presented the evidence that spiral galaxies in 

the Virgo cluster are distributed in an elongated region , like a filarn nt whi h ext nels fron1 13 

to 30 lVIpc almost along the line of sight with the ma..'\:imum of the density distribution at around 

15 lVIpc. Furthermore, the lun1inosity function and surface brightn ss fluctuation of planetary 

nebulae indicates that bright ellipticals as typically repres nted by IVI87 ar concentrated around 

15 Mpc. Therefore , in this thesis , we use 15 1vlpc as the distance of the Virgo cluster and Ivi87 , 

so that a radius of 1' corresponds to 4.4 kpc. 

4.2 X-ray Properties 

Before the Ginga satellite , the detected X-ray emission fron1 Virgo was strongly con ntrat cl 

in the region around i\1187 , and its extent was much sn1aller than that of th memb r galaxies 

(ivialina et al. 1976 [84]; Gorenstein et al. 1977 [52]; Fabricant and Gorenstein 1983 [41]). 

Furthern1ore, the deduced gas temperature of 2.5 ke V is cooler than is usually associated 1vith 

cluster emission (Lea et al. 1982 [77]). Therefore , X-ray emission of Virgo was considered to 

be associated with NI87 itself, rather than the cluster as a whole. 

fapping observations with Ginga revealed existence of a large scale extended X-ray etnission 

which fills the whole region of the Virgo cluster for the first time (Takano et al. 1989 [127]; 

Takano 1990 [128]). The diffuse X-ray emission is strongly peaked at lVI87 rather than the 

density peak of the subcluster A. The surface brightness distribution is radially syn1metric 

arouncll\1187, and is well described by the ,3 model (Eq. (2 .39)) with Rc of 1'.62 and /3 of 0.436 , 

except for the southern outer part around l\11--1:9 (figure 4.2). In th southern outer part , the X­

ray surface brightness distribution shows significant flattening with /3 of 0.357. Figur 4.3 shows 

that the gas ternperature around :tv187 is aln1ost isothern1al with kT rv 2.2 keV but the gas 

ternperature at the southern outer region around l\1149 is 3.--1: keV which is significantly larger 

than that around 187 (Eoyarna, Takano and Tawara 1991 [75]; Takano 1990 [128]). These 

suggest that the IC I of the Virgo cluster consists of two components : one is associated with 

the subcluster A ( 187 cluster). and the other is associat d \Yith the subcluster D (Tvi--19 cluster) . 
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Though the subcluster B has a lower velocity dispersion (O"r "' 390 km/s) than the subcluster 

A (0"7' "'760 km/s), the temperature is higher at the subcluster B, which is inconsistent with 

a general tendency that clusters with larger velocity dispersions have higher gas temperatures 

( eg. Hatsukade 1989 [57]). This may suggest that the Virgo cluster is not a dynamically relaxed 

systen1. The physical parameters are summarized in table 4.2. 

Table 4.2: Physical parameters of the subcluster A and B. 

Temperature 

Lxt 
Gas Ivi ass 

A (I\1187 cluster) B (i'vi49 cluster) 
2.2 keY 3.4 keY 

3 x 1043 erg/ s 4 x 1042 erg/s 
2x 1013 M0 5x10 12 I0 

t: X-ray luminosity in the 2 - 10 keY band. 
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Figure 4.2: X-ray surfac brightness obtained with Ginga (Takano 1990). T he solid line denotes 

the expected profile by extrapolating the X-ray surface brightness dist ribut ion measured with 

th Einstein observation (Fabricant and Gorenstein (1983)). 

On of th n1ost in1portant results of the Ginga observation is that an iron abundance rise 

towards th center of th Virgo cluster which is shown in figure 4.4 (Koyan1a, Takano, and 

Tawara 1991 [75]; Takano 1990 [128]). The iron abundance is at least about half the cosn1ic 

value in th innenno. t r gion of the subcluster A and significantly decreases outwards. 

The Virgo r gion \Ya observed with ROSAT during the ROSAT all-sky survey between 

oven1b r 1990 and January 1991, and the result have been already published by Bohringer et 

al. (199-±) [1G]. Figur -1.3 (a) and (b) sho-\\· contour n1aps of the X-ray surface brightness of the 

Virgo cluster in a hard (0.-1 2.-1 ke\-) ancl soft (0.1 0.-1 keV) band, respectiYely. The X-ray 

tnorphology is very si1nilar to the tructure in the gala.~y distribution (Binggeli, Sandage. and 
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Figure 4.3: ICivi temperature distribution obtained with Ginga (Koyama, Takano, and Tawara 
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Figure -1.-1: Iron abundance distribution obtained with Ginga ( E:oyama Takano, and Tawara 

1991). 
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Tamn1ann 1985 [12]). However, the 14!) halo is so much smaller in the X-ray image c01npared 

to the optical appearance of the subcluster B. The X-ray surface brightness around :NI87 can 

be fitted by the (3 n1odel with Rc = 2'.3 , and (3 = 0.45 (figure 4.6 (a)). The overall temperature 

determined for the region within 1 o radius of 11187 is ('-./ 2.4 ke V, which is consistent with the 

Ginga result. However, ROSAT did not detect any evidence of temperature increase around 

:NI49, which is a serious discrepancy between the ROSAT and Ginga results (figure 4.6 (b)). 

ASCA will conduct mapping observations of the link-region between the subcluster A and B in 

1998 to clear wh ther the temperature gradient obtained with Ginga exists or not. From the 

ROSAT results one can estimate the total gravitat ing masses associated wit h the halos of 11187, 

1v186 and 11149. They are (1.5 - 6)x1014 M0 for I\1187, and (1 - 3)x10 13 1110 for iv186 and 11149, 

respectively. 
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Figure 4.5: ntour Plot of the .. -ray in1age of the Virgo cluster obtained with ROSAT 

(Bohringer et al. 199--1): (a) OA 2.4 k V band . The galaxy density distribution is shown 

in gr y seal ; (b) 0.1 0.-± keV bancl. 

1vi86 (NGC-±-±06) is a don1inant gala.~y of a s1nall ubchnnp in the subcluster A. The peculiar 

X-ray rnorphology of an extend d plttnl i thought to be eYidence of ran1-pressure interaction 

with the IC I of the \ 'irgo clu ~ tcr (figur -±./). Iwasawa, \Yhite and Fabian (1996) [69] did 

detailed stncly of spatial ,·ariati ns in X-ray spectral properties with ASCA. and revealed that 

the X-ray erni ion from the galaxy core region con ists of at lea::;t. t,,-o different te1nperature 

COlllponents ( rv 0.6 k V and rv 1 ke \ '). \\·bile that from the plume i well described by a ingle 
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Figure 4.6: (a) Azimuthally averaged surface brightness profile for the X-ray halo around 187 

(data points) and resul t of a fit of the ,6 n1odel to the data (line). (b) Radial temp rature 

profile of the X-ray luminous halo around 187. The dian1onds give the values determined from 

the ROSAT data, and continuous lines show the results obtained with Ginga. I3oth figures ar 

from Bohringer et al. (1994) . 

ph.ase thermal emission , and has sin1ila r properties to those of the hot con1ponent associated 

with the galaxy main body. Since the hot componen t is the pre-cooling int rstellar n1atter of 

1vi86, the ran1 pressure stripping is a viable scenario to explain the X-ray n1orphology of 186 . 

4.3 Other Properties 

In general, spiral and irregular galaxies contain neutral hydrogen gas whi h e1nits the 21-cnl 

line emission and isolated galaxies have aln1ost the same n1ass of th neutral hydrogen, if they 

have the san1e type and size . Radio observations of spiral galaxies of the Virgo cluster revealed 

that rnany rnembers have sn1aller content of the neutral hydrogen than filed galaxies and that 

those HI deficient galaxies are concentrated toward the center of the cluster ( Giovan lli and 

Haynes 1983 [51]). T his suggests that a sweeping 1nechanisrn that removes the interstellar gas 

fr01n late type galaxies plays a significant role in the cluster center. 

The Extreme-Ultra Violet Explorer (El-VE) observed the Virgo cluster in the 0.065 - 0.2-±5 

keV energy band and detected an extended en1ission halo of radius 20' (Lieu et al. 1996b [81]). 

This is the first detection of cluster gas ernission in the El~Y band. After this discovery, Corna 

cluster (Lieu et al. 1996a [80]). Al/90 (:\Iittaz. Lieu. and Lock1nan 199/ [9/]) , A2199 and 
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Figure 4.7: X-ray in1age of 186 (NGC4-±06) obtained with the Einstein IPC (Fabbiano: Kin1 

and Trinchieri ( 1992)). 
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A4038 (Bowyer, Lieu: and ~Iittaz 1997 (18]) were also found to have the EuV emission. The 

emission cannot be explained by the well-known cluster gas at X-ray temperatures. Though 

its origin is not clear so far , Sarazin and Lieu ( 199/) [118] suggest that the EuV emission is 

inverse Compton scattering of cosmic microv..rave background radiation by low energy cosrnic 

ray electrons in the IC~I. 



Chapter 5 

Instrumentation 

5.1 The ASCA Satellite 

Th atmosph r of the Earth blocks the cosmic X-rays by photoelectric absorption, hence , we 

are required to use balloons, rockets, or satellites for the observations of cosn1ic X-ray sources. 

Advanced Satellite for Cosrnology and Astrophysics - ASCA - is the fourth Japanese X­

ray astronomy satellite and was launched by the Institute of Space and Astronautical Science 

(ISAS ) on 1993 February 20, with th :NI-3S- II rocket, and put in to an approxin1ately circular 

orbit with a p rig and apogee of 520 and 620 krn , respectively, and an inclination of 31.1 o . 

The orbital period is approxin1ately 96 n1in. The sch matic view of the ASCA satellite is shown 

in figure 5.1. 

The spacecraft n1ass is -±17 kg, and its length is 4.7 m along the telescope a."'\:is . The spacecraft 

is three-a.\:is stabiliz cl; th pointing accuracy is approxirnately 30" with a stability of better 

than 1 0". Ori ntation of the spa e craft is lirnited by the power const raint that the direction 

of th solar pa lcll must b within 30° fro111 the Sun. This lin1its the observable sky at a tin1e 

in a belt within ·which the Sun angle is between 60° and 120°. Thus the entire sky is accessible 

every half year . 

ASCA carries the four X-Ra\· T 1 op . ~ (XRT), and four focal plane detectors, two of 

which are the Gas In1aging Sp tr rneter (GIS ) and the other t\vo are the Solid-state In1aging 

Sp ctron1et rs (SIS) .. 11 four ietect.ors are operated simultaneously all the tirne , and data 

obtained frorn each of them are separately a\·ailable. 0Yen·iew of then1 are described bclO\v. 

General descriptions of ASCA ar giY n in Tanaka. Inoue. and Holt ( 199-±) [131). 

33 

54 CHAPTER 5. IiVSTRUlVIE1VTATIO.N 

ASCA Satellite 

X-Ray 

Figure 5.1: Schematic view of the ASCA sat llite in orbit. 

5.2 X-Ray telescope (XRT) 

ASCA carries four identical grazing-incidence X-ray telescopes (XRT) each quipped with an 

imaging spectrometer at its focal plane. The telescope utilizes multi-nested ( 119 layers) thin­

foil conical optics , a technology developed by Serlemitsos et al. ( 1995) [122] . This technology 

allows maximum use of the aperture for X-ray reflection , and enables a large effective area 

with small mass. We show the total effective area of four t lescopes plo tted as a function of 

photon energy in figure 5.2 (a). In this figure , we can also see that the effective area of the XRT 

depends on an incident angle as well as on energy of X-ray photon , which is called vignetting. 

In figure 5.2 (b), we compare the effective area of the ASCA XRT with those of oth r satellites. 

The focal length of the telescopes is 3.5 m. These telescopes are n1ounte i on an extensible 

optical bench. Because of the lirnited length available within the rocket nose fairing , the optical 

bench was held inside the spacecraft during launch and extended by 1.2 111 in orbit to achieve 

the designed focal length. 

The angular resolution of the telescope is n1odest, with a half power dian1eter ( dian1eter 

\vhich encircles 50% of the photons of a point source in1age) of approxirnat ly 3'. However , the 

point spread functions has a cusp-shaped peak. and 20% of photons are concentrated within 

a circle of 1' cliarneter. producing a sharp image core. This f ature allows us to re oh·e two 
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Figure 5.2: Effecti,· ar a of ~TIT: (a) energy dependence at the three ofF-axis angles as indicated 

(Yan1ashita 1995). (b) con1parison of the ffective area with those of the Einstein satellite and 

ROSAT. Doth show the total total eft' c ti\·e area of four telescopes (Tanaka, Inoue, and Holt 

199.f). 
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sources separated by 1'. In figure 5.3 show the point spread function (PSF) of the XRT. 
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Figure 5.3: Simulated point spread function for photons of 1.5 , 4.5, and 8.0 k V. rvieasured 

data for photons of 4.5 keV are also shovln with crosses (Serlemitsos et al. 1995). 

Even if a point source is outside of the field of view, the XRT of ASCA allows some fraction 

of the X-ray photons fron1 the source to reach the focal plane detectors. These X-rays are called 

stray lights. Figure 5.4 shows an example of stray lights taken by the GIS. The Crab nebulae 

is placed at the position of the filled circle, 60' offset from the optical axis. Wh n we analyze 

the data of the mapping observation of the Virgo cluster , we have to tak stray lights from .tvi87 

into account (chapter 7). 

Details concerning the XRT can be found in Serlemitsos et al. (1995) [122]. 

5.3 Solid-state Imaging Spectrometer (SIS) 

The Solid-state Imaging Spectron1eter (SIS) is the first CCD camera for X-ray astronomy. 

ASCA has two SISs (SISO and SIS 1). Each SIS has a 22 nun x 22 n1m square area for X-ray 

detection and consists of -± CCD chips. Each CCD is approxirnately 380 p,n1 thick, and the 

depletion layer of each chip is about 25 - 30 flll1. vVe illustrate the quantun1 efficiency of the 

SIS as a function of X-ray energy in figure 5.5 (a) . The hard X-ray efficiency is cletennined by 

thickness of the depletion layer , while the soft X-ray efficiency is li1nitecl by X-ray absorption 

in optical blocking filter. dead layer in the CCD, and other cmnponents in front of it. The 
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Figur 5.4: Thr e of the Crab stray light in1ages taken by the GIS3 in the 0.7 - 10 ke V band. 

Th location of the Crab is indicated with a filled circle , and the optical axis for each observation 

is offset by 60' from the Crab (Ishisaki 1996). 

con1bination of the XRT and th SIS provid s an X-ray imaging and spectral capability in the 

effective en rgy rang of OA - 10 ke V. \Ye also show the energy resolution of the SIS in figure 

5.5 (b). The en rgy r solution of the SIS can be expressed as FWHiVI r-.J 2(E/5.9keV)
1
1

2 % (120 

eV at 5.9 keV) just after th launch, where E denotes energy. However, after a few years frmn 

the launch, w found a significant degradation of the CCD perfonnance, which was n1ainly 

cau d by particle irradiation while in orbit. For example, the energy resolution in the 1 CCD 

mode was d graded to 2-0 eV after 2.5 years in orbit (Yamashita 1995 [143]; Dotani et al. 1996 

[30]). This radiation clan1age n1akes quality of the SIS data of the Virgo n1apping observation 

significantly wars than that of the data of rvi87 . 

D tails about the SIS an be found in Burke et al. (1991) [20]. 

5.4 Gas Imaging Spectrometer (GIS) 

The Gas Imaging Sp tron1et.er ( GI ) is an inu1.ging gas cintillation proportional counter. 

ASCA has two GIS (GIS~ and GIS3). The GIS has larger field of vie'v ( rv 50' in diameter). 

better ti111e r solution. and higher ffi.cien y at high en rgv range ( aboYe 3 ke \ -) than those 
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(a) (b) 

jSIS Energy Resolution I 

jSIS· Quantum Efficiency I 

10 
En~!tgy <'kt Y) 

Energy O<eV) 

Figure 5.5: (a) Quantum efficiency of the SIS as a function of incident X-ray energy excluding 

the XRT response. (b) Energy resolution of the SIS as a function of incident X-ray energy. 

Energy resolutions with different read-out noise are plotted separately. Th r ad-out noise 

levels are given as the equivalent number of electrons. 

of the SIS. Therefore the GIS is a complementary detector of the SIS. vVe show the det ction 

efficiency of the GIS in figure 5.6 (a) as a function of energy. The low- n rgy effi i ncy is 

detern1ined by the beryllium entrance window of the GIS , while th high-en rgy efficiency is 

detern1ined by the stopping power of the drift region . Figure 5.6 (b) shows th n rgy resolution 

of the GIS, which is expressed as FWHl'vi"" 7.8(E/5.9keV) 112 % (460 eV at 5.9 keV). Th energy 

resolution of the GIS is worse by a factor 4 than that of the SIS. 

Details concerning the instruments can be found in 1viakishima et al. (1996) [83] , and Ohashi 

et al. ( 1996) [109]. 

We su1nmarize the performance of the SIS and GIS in table 5.1. 
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Figur 5.6: (a) Detection efficiency of the GIS as a function of energy, excluding the XRT 

response. Absorptions due to plasma shield in the GIS housing and due to thermal shield in 

front of the XRT are included in the actual observations (Ohashi et al. 1996). (b) Energy 

resolution of the GIS as a function of energy (Ohashi et al. 1996). 

Table 5.1: Perforn1ance of the SIS and GIS . 

Cover d Energy Bandt 0.4 - 10 keY 0.7- 10 keY 
Energy Resolution at 5.9 keV 2.1 % 7.9% 
Fi ld of View 20' x 20' 50' in diameter 

Pixel size 27 p,n1 0.5 111111§ 

Spatial Resolution t ""3' ""3' 
Ivlaximun1 Ti111e Resolution lG sec ( 4CCD mode) GO psec (PH n1ode) 

Iaxin1un1 Count Rate 500 cts/sec 10000 cts/sec 

t: When used with the XRT. 

§: Virtual pixel in the signal process. 

Chapter 6 

ASCA observation of M87 

6.1 Observation and Data Reduction 

1vi87 was observed on 1994 June 7 and 8, during the PV phase program, pointed at (a, 8) 12000 

= (12h30m325
, 12°25'57"). The observation was made with the two SISs and the two GISs at 

the foci of 4 thin-foil XRT onboard the ASCA satellite. 

The SIS data were obtained mainly with the 4-CCD bright mode, including a small fraction 

of the 4-CCD faint mode. We therefore used the data taken with the 4-CCD bright mode. The 

GIS data were obtained with the normal PH mode. Both the SIS and GIS data were screened 

with the nominal selection criteria in order to exclude the data affected by the South Atlantic 

Anomaly, Earth occultation, and in the regions of low geomagnetic rigidity. We also excluded 

any data contaminated by stray light from the bright Earth, removed hot and flickering pixels 

for the SIS data, and applied a rise-time rejection technique to reject particle events in the GIS 

data. 

After the above mentioned data screening, we con1bined the SISO and SIS1 data from th 

4-CCD chips, and the GIS2 and GIS3 data, after correcting for the pulse-height gain. 

The X-ray image of 1vi87 obtained with ASCA is shown in figure 6.1. In the higher-resolution 

X-ray i1nages obtained with the Einstein and ROSAT satellites, we can see the X-ray emissions 

from the core of NI87 \vhich is thought to harbor massive black hole jet , and radio halo 

(Schreier. Gorenstein, and Feigelson 1982 [123]; Feigelson et al. 1987 [42); Bohringer et al. 

1995 [17]; Harris , Biretta, and .Junor 1997 [56]). However , we cannot see these structures in the 

ASCA i1nage, because the spatial resolution of ASCA is worse than those of the Einstein and 

ROSAT satellites. Since the X-ray in1age obtained with ASCA is roughly circular, we assun1ed 

spherical syn1n1etry for sirnplicity. For a further analysis , we divided the central region of lviSI 

GO 
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(the region within 10' radius from 187) into 5 concentric annuli, each with a 2' width; and 

obtained X-ray spectra from each annulus. We also analyzed the entire M87 spectrum from a 

circular region of 10' radius centered on .NI87. These spectra are shown in figure A.1 (SIS ) and 

A.2 (GIS). 

Since the extent of the X-ray emission from the intracluster gas extends over a region larger 

than the field of view of ASCA, we used for the background spectrum data obtained from 

blank-sky regions provided by the ASCA Guest Observer Facility of ASA. We then rebinned 

the data so that each spectral bin contained at least 20 counts in order to use the x2 statistics. 

M87 0.7 - 10 keV 
ASCA SIS 199.3 Jun 7 Exposure : .31 787 s 

12~3 1 '"40' 1 2"J I ""05' 12"30'".30' 12 11 29'"55' 

0 
0 
0 

g b------'tk'~~-+ft-tLl'IS~~I/':--------=i+12"22'30" 
l{) 

0~--~~-~--~-~ 

0 500 1000 

X Pixels 

0 
<1) 

N 

M87 0.7 - 10 keV 
ASCA GIS 1 99.3 Jun 7 Exposure: .30607 s 

12"32m22' 1 2"J1 '"18' 12h30'"1J' 12"29'"09' 

l--l-----,f----t----+---1+12·oo·oo" 

oLJ-~-~--~-~~-~ 

0 50 1 00 1 50 200 250 

X Pixels 

Figure 6.1: The X-ray in1age of 1vi87 obtained with ASCA. The left and right panels show the 

SIS and GIS in1ages respectively. 

6.2 Spectral Analysis and Results 

6.2.1 Response Matrix 

In spectral fitting, we u d the ( XSPEC'' spectral fitting package ver 9.0. The XSPEC calcu­

lates an exp cted puls height distribution on a detector S( PI) using 1nodel spectrum .?vi( E) 

and response n1atrix /\-(PI; E) as follmYs; 

S(P I)= L I\(P I; E)JI(E), ( G.l) 
1:.' 
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where E denotes energy, and PI represents pulse invariant , which is the pulse height after 

gain corrections. The XSPEC adjusts model parameters so that S( PI) can fit the pulse height 

distribution which is really observed with the detector as possible. 

K(P I ; E) can be split into two parts , which are a redistribution n1atrix file (R1viF) R}v'f F(P I; E) 

and an ancillary response file (ARF) ARF(E); 

K(P I ; E)= Ri'vf F(P I; E)ARF(E). ( 6.2) 

The RIVIF specifies the channel probability distribution for a photon of given energy and 

the ARF specifies the telescope effective area and window absorption. B cause the RIVIF is 

determined only by the elementary process of the detector, we need only one R IF for one 

detector. vVe used the standard R:tv1F provided by the GIS team for the GIS data, while we 

generated the RiviF of the SIS with the "sis_bldrsp2" package ver 1.6. 

We calculated the ARF as follows ; 

ARF(E) = j dr1S(r1)EA(E, r1) j dr?_P(E, r~, r?_), (6.3) 

where r1 is an incident direction of an X-ray photon: and r2 is a vector directed to a point 

within the region on the detector from which we extracted the spectrum. 5( r1) denotes a 

surface brightness distribution of objects which is normalized as f S(r~)dr! = 1, P(E, r1, rS) 

represents probability of reflection of an X-ray photon of energy E fron1 r! to rS (i.e. point­

spread function) including quantum efficiency, and EA(E, r~) is the effective area of the XRT 

for a X-ray photon with an incident direction of r1 and energy of E. Since the PSF of the 

ASCA XRT is rather extended, individual annular regions on the focal plane have inevitable 

contribution of flux from other annuli (Ikebe 1996 [64]; Ikebe et al. 1997 [66]; Takahashi et 

aL 1995 [126]; Iviarkevitch et al. 1996 [85]). To simulate this situation approximately, we used 

the X-ray image detected with ASCA asS( r1) and calculated the ARF for each annulus region 

using the "jbldarf" package ver 2.10. 

6.2.2 Thermal Bremsstrahlung and Narrow line Model 

As shown in figure A.l and A.2, the X-ray spectra of 1\tiST obtained with ASCA exhibit 111any 

en1ission lines, which contain crucial inforn1ation for cl tennining the physical state of the 

plasn1a. Since the e1nission-line structures in the high-energy band ( 1.6 - 10 ke V) are sin1ple 

con1pared to those in the lower energy band. \Ve fitted the high-energy band spectra of the SIS 

extracted from the 0' - 10'region with the thennal bre1nsst.rahlung nwdel plus several Gaussian 
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profile lines. At least 8 lines in the high-energy band are required with best-fit energies of 1.84, 

1.99 , 2.45, 2.61 , 3.12: 3.89, 6.67 and 7.86 keV. These lines can be assigned to He-like Si Ka (Si 

xru at 1.87 keV) , H-like Si Ka (Si xrv at 2.01 keV), He-likeS Ka (S xv at 2.46 keV), H-like S 

Ka (S xvr at 2.62 keV) , He-like Ar Ka (Ar xvn at 3.14 keV), He-like Ca Ka (Ca xrx at 3.91 

keV) , He-like Fe Ka (F xxv at 6.67 keV) , and blend of He-like Ni Ka (Ni xxvrr at 7.80 keV) 

and H -like F K/3 (F xxv at 7.90 ke V), respectively. The results of this model fitting is shown 

in figure 6.2. 

data and folded model 

o M87 SIS 0' - 1 0' 
Or------r-----.---.----.--.---.----,----,--, 

N 

0 
>< N 

.J-
1 

2 5 
channel energy (keV) 

10 

Brerns kT(ke V) 2.29 ± 0.03 
x2 I d.o.f. 475.4/355 

line center equivalent width identify 
keV eV 

1.84±0.01 23±4 Si XIII 
1.99±0.00 57±4 Si XIV 
2.45±0.01 45±5 S XV 
2.61±0.01 43±5 S XVI 
3.12±0.02 21±6 ArXVII 
3.89±0.02 33±8 CaXIX 
6.67±0.01 1060±104 Fe XXV 
7.86±0.09 277±127 Fe XXV and Ni XXVII 

Figure 6.2: The result of the thermal bremsstrahlung plus Gaussian line model fitting for the 

SIS sp ctrum of 0'- 10'r gion. Errors are 90% confidence limit for one interesting parameter. 

In figure 6.3 , the SIS sp ctra of the two regions from 0' - 2' annulus and 8' - 10' annulus and 

their ratio are giv n. vV can s e clear radial variations of the spectra. The most prominent 

chang s are evid nt n ar to 1 ke V. 

To quantify these hanges we fitted the high-energy spatially resolved spectra of the SIS 

with th same model as that used for the entire spectrum: a thennal bremsstrahlung plus 

Gaussian lin s. Sin e th lines of Ar xvrr and Ca XIX, and the blend of Fe xxv and Ni xxvrr are 

not very strong in the patially resolved pectra, we fixed the center energy of these lines to be 

3.12. 3.89 an l 7. 6 keV re pecti\·ely. There ults are shown in table 6.1 and figure A.3. 

For a consist ncy che k. \Ve al o perforn1ed the sarne n1odel fits to the GIS spectra in the 3 

10 ke V ban l, wh re th only rel vant lines are F , xv and the blend of Fe xxv and I\i XXVII. 

The best-fit pararnet rs are li ted in table 6.2 and figure A.-±. The results for the GIS data are 

consistent with thos for the SIS data IYithin the errors. 

If the plasrna is isoth nnal. lYe an estirnate the plasrna ternperature using the ratio of the 

H-like to He-like line ratio ~ of i and S. For this purpo. e. 1ve used the 1\IEE:--\.L code (:.Ie,Ye. 

Gronenschild, and van l n Oorcl 19 0 [90]; :.le\',· . L rnen. and van den Oord 19 6 [96]; I\:a.a.st.ra 
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(b) 
(M87 SIS 0'-2')/(M87 SIS 8'-10') 

2 5 10 0.5 2 5 10 
channel energy (keV) channel energy (keV) 

Figure 6.3: (a) SIS spectra of I\1187 from the O' - 2' annulus and the 8' - 10' annulus. (b) Ratio 

of count rate of 0'- 2'spectrum to that of 8'- 10'spectrum. 

1992 [71]; Liedahl, Osterheld, and Goldstein 1995 [79]; Arnaud and Rothenfiug 1985 [4]). The 

results are given in figure 6.4, together with the best-fit bren1sstrahlung temperature as a 

function of the radius from the 187 center. The ten1peratures inferred by the Si line ratio show 

good agreement with those deduced from the S line ratio. How v r, th temperatures are 

systematically lower than the bremsstrahlung temperature. Furthennore, the bren1sstrahlung 

temperature gradually goes high with the distance from th center. These suggests that the 

plasma in the NI87 region is not isothermal, as has already been reported with the Einstein 

satellite ( eg . Canizares et al. 1982 [23]; Lea et al. 1982 [77]; Tsai 199-± [134]), and that the 

temperature in the outer region is higher than in the inner region. 

vVe show the equivalent widths of en1ission lines as a function of the distance fron1 th Iv187 

center in figure 6.5. The equivalent widths of Si XIII and XIV, S XV and XVI, and F X..,\:V 

rapidly decrease as the radius increases . This may indicate that the abundances of F Si, and 

S are larger in the center of Ivl87 than in the outer regions. On th other hand , quivalent 

widths of Ar XVII, Ca XIX and the blend of Ti XXVII and Fe XXV show no clear gradient 

though the statistical errors are very large. 



6.2. SPECTRAL A1 -ALYSIS A1YD RESULTS 65 

(a) (b) 
Temperature inferred by the bremsstrahlung model Temperature inferred by the line ratios 

~ f-- -f-: l l ll 
~ 

> ("' 
II I > N 

Q) 1T Q) 

~ 

.l 
1' I' ~ 

~ I ~ 
:J ("' :J N 

~ T] ~ 
Q) . SIS Q) 
Q_ Q_ 

E • GIS E 
Q) Q) 

1- ~ 1- ~ 

r- o Si 
• s 

++ T -

I _l _j_ 

0 2 4 6 8 10 0 2 4 6 8 10 

Rad ius (arcmin) Radius (arcmin) 

Figure 6.4: Te1nperature distribution as a function of the distance from the center of Ivi87: (a) 

the ten1peratur of th rmal bren1sstrahlung n1odel for the SIS (circles) and GIS (triangles); (b) 

the temperature inf rrcd by the line ratios of Si (closed squares) and S (open squares) 
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Table 6.1: The result of the thern1al bremsstrahlung and narrow line model fitting to the SIS 

spectra.* 
Radius 0'-2' 2'-4' 4'-6' 6'-8' " -10' 0'-10' Iden t ify 

Brems kT 2.00 2.18 2.31 2.46 2.55 2.29 

(keV) ( 1.93-2.07) (2.12-2.24) (2.24-2.38) (2.38-2.55) (2.45-2.66) (2.25-2.32) 

x2 jd .o.f. 240.1/206 328.7/251 279.4/253 262.1/246 239.3/231 475...!./:155 

Center 1.83 1.84 1.84 l. '6 1. 1 1. 4 Si XIII 

(keV) ( 1.83-1.84) ( 1.83-1.85) (1.83-1.87) (1.8~~-1.90) ( l. 76-1.84) ( 1.83- 1.84) 

Flux 1.71 1.72 0.78 0.61 0.41 4.62 
(10- 4 ph cm- 2 s- 1) (1.43-1.98) ( 1.25-2.18) (0.42-1.10) (0.36-0.86) (0.23-0.60) (3.75-5.5-l) 

Equivalent Width 43 30 18 17 14 23 
(eV) (36-51) (24-38) (10-26) (10-25) (8-21) ( 19-28) 

Center 1.98 1.99 1.99 1.99 1.98 1.99 Si XIV 

(keV) (1.97-1.98) ( 1.99-2.00) ( 1.98-1.99) (1.99-2.00) ( 1.97-1.99) (1.99- 1.99) 

Flux 2.77 3.23 1.96 1.33 0.82 9.67 
(10- 4 ph cm- 2 s- 1 ) (2.4 7-3.08) (2.94- 3.53) (1.70-2.21) (1.09-1.55) ('8.63-1.01) (9.11 - 10.24) 

Equivalent Width 84 73 53 44 34 57 
(eV) (73-93) (66-80) (45-60) (36-50) (26-43) (53- 60) 

Center 2.43 2.46 2.46 2.45 2.44 2.45 S XV 

(keV) (2.42-2.44) (2.45-2.47) (2.45-2.48) (2.42-2.48) (2.38-2.48) (2.44- 2.46) 

Flux 1.46 1.82 0.80 0.55 0.37 4.71 

(10- 4 ph em -2 s-1) ( 1.21-1.72) ( 1.57-2.08) (0.59-1.01) (0.36-0.74) (0.21-0.54) (4.23-5.20) 
Equivalent Width 73 68 36 29 25 45 
(eV) (59-86) (58-78) (26-45) (19-39) (13-36) (40-50) 

Center 2.59 2.62 2.62 2.62 2.62 2.61 S XVI 

(keV) (2.58-2.60) (2.61-2 .63) (2.60-2 .64) (2.59-2.65) (2.60-2.64) (2.61-2.62) 

Flux 1.28 1.26 0.63 0.41 0.46 3. '6 
(10- 4 ph cm- 2 s- 1 ) (1.05-1.51) ( 1.04-1.48) (0.44-0.82) (0.24-0.58) (0.31-0.62) (3.43- '1.29) 

Equivalent Width 74 55 33 25 36 4:3 
(eV) (61-89) (45-64) (23-42) (15-36) (24-50) (38-18) 

Center 3 .12(fix) 3.12(fix) 3.12(fix ) J.l2(fix) 3.12(fix) 3.12 Ar XVH 

(keV) (3.10- :U-l) 

Flux 0.40 0.54 0.08 0.24 0 1.18 
(10- 4 ph em -2 s-1) (0.25-0 .55) (0 .38-0.70) ( <0.21) (0.11-0.37) ( <0.07) (0.88-1.48) 

Equivalent Width 39 37 6 23 0 21 
(eV) (24-55) (26-49) ( <17) ( 11-35) ( <9) ( 16-26) 

Center 3.89(fix) 3.89(fix) 3.89(fix) 3.89(fix) 3.89(fix) 3.8!-J Ca XIX 

(keV) (3.87-3.90) 

Flux 0.22 0.36 0.14 0.18 0.07 1.00 
(10- 4 ph em- 2 s- 1) (0.10-0.33) (0 .24-0.48) (0.04-0.24) (0.08-0.28) (<0.15) (0.76-l.22) 

Equivalent Width 42 48 21 32 15 ;_tl 

(eV) (20-64) (32-64) (5-37) ( 15-49) ( <34) (26-41) 

Center 6.69 6.65 6.68 6.68 6.64 6.67 Fe XXV 

(keV) (6.67-6.72) (6.62-6.69) (6.66-6.70) (6.67-6.70) (6.62-6.66) (6.66- 6.68) 

Flux 0.69 0.83 0.68 0.78 0.54 4.4 -l 

(10- 4 ph em -2 s-1) (0.54-0 .85) (0.68-0.98) (0.55-0.82) (0.64-0.92) (0.42- 0.66) (1.04--1 . ' 3) 

Equivalent Width 1154 ' 21 7:15 906 739 1060 

(eV) (888-1455) (674-1000) (587-897) (734- 1088) (568-921) (95 - 116G) 

Center 7.86(fix) 7. '6(fix) 7.86(fix) 7.86(fix) 7.86(fix) 7.c.:'G fe XXV 

(keV) (7./G- 7.92) and 1'/i XXV[I 

Flux 0.23 0.10 0.31 0.20 0.14 0.55 

( 10- 4 ph em -2 5 -1) (0.05-0.41) ( <0.22) (O.ll- 0.46) (0.06-0.35) (0.02-0.25) (O.:l0- 0./9) 

Equivalent Width 860 220 711 474 378 '277 
(eV) ( 196-1572) (<493) (J71 -1066) (1:34-829) (GL - 712) (152- 105) 

* The errors in the brackets are at 90% confidence level. 



6.2. SPECTRAL AN~ALYSIS A1VD RESULTS 67 

Table 6.2: Th result of the thermal bremsstrahlung and narrow line model fitting to the GIS 

spectra.* 
Radius 0' - 2' 2'-4' 4' - 6' 6' - 8' 8' - 10' 0' - 10' Identify 

Brems kT 2.05 2.38 2.42 2.54 2.47 2.31 

(keV) (1.90- 2.21) (2.23- 2.55) (2.26-2.58) (2.37-2.73) (2.28-2.68) (2.24-2.39) 

x2 /d.o .f. 163.8/128 173.2/176 193.4/185 150.8/178 196.8/164 404.3/356 

Center 6.64 6.69 6.63 6.60 6.60 6.63 Fe xxv 
(keV) (6.59- 6.69) (6.63- 6.74) (6.57-6.69) (6.55-6.65) (6.54-6.67) (6 .60-6 .65) 

Flux 1.05 0.83 0.78 0.81 0.59 4.20 
(lO--t ph cm-2 s - 1 ) (0.86- 1.23) (0.67- 1.00) (0.62-0.94) (0.66-0.97) (0.45-0 .74) (3.77-4 .64) 

Equivalent Width 1415 807 733 834 712 944 

(eV) ( 1098- 1777) (617- 1015) (562- 929) (652-1031) (517-926) (825- 1074) 

Center 7.82(f1x) 7.82(fix) 7.82(fix) 7.82(fix) 7.82(fix) 7.82 Fe xxv 
(keV) (7.75-7.90) and Ni XXVII 

Flux 0.30 0.27 0.30 0.13 0.16 1.10 
( LQ-·1ph cm-2 s- 1 ) (0.16-0.45) ( 0. 13- 0 .41 ) (0.16-0..14) (0.01-0.25) (0.03-0.28) (0.83-1.39) 

Equivalent Width 897 521 .580 276 388 527 

(eV) (432-1438) (242-835) (295-'95) (24-553) (79-736) (382-681) 

* The errors in th brackets are at 90% confidence level. 
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Figure 6.5: Equivalent width of en1ission lines plotted as a function of radius fron1 the center 

of 187. 
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6.2.3 Thin Thermal Plasma Model 

tviany emission lines detected with ASCA tells us that the X-ray emission of tvi87 is due to 

optically thin plasma. Therefore, we tried to fit the SIS and GIS spectra simultaneously with 

a thin thermal plasma model modified by interstellar absorption over the entire energy band of 

0.4 - 10 keV for the SIS and 0.7 - 10 keV for the GIS. The plasma temperature, normalizations 

(i.e. emission integral; hereafter EI) for the SIS and GIS, interstellar absorptions for the SIS 

and GIS and metal abundances of 0 , tvig, Si, S, Ar, Ca, and Fe were free parameters. vVe used 

the metal abundances given by Anders and Grevesse (1989) [2] as the solar values (table E.1). 

vVe fix d the abundances of C, and Ne to be the same as that of 0. Furthern1ore , we set 

th Ni abundance equal to that of Fe. The other elements in table E .1 like He, Na, Al and so 

on are fixed to be the solar values. For the plasma model, we used the Raymond-Smith model 

(hereafter RS n1odel; the revised version of Rayn1ond and Smith (1977) [110]). Comparison 

between the RS model and tviEKAL n1odel is given in Appendix B. 

Th b st-fit x2 I d.o.f is given in table 6.3. This model is rejected 1n v1ew of the large 

values of x2 I cl.o.f.. In figur A.5, we give best-fit 1nodel curves and their residuals . Significant 

residuals were found around 1 ke V and above 7 ke V; also, the isothermal model gave a poorer 

fit in th inn r regions rath r than in the outer regions. 

Tabl 6.3: The '(2 I cl.o.f values of the one-te1nperature RS model fitting. 

0'- 2' 2' - 4' 4'- 6' 6'- 8' 8'- 10' 

chi2 I cl.o. f. 18211629 1882/716 12091726 985.11712 914.51682 

v¥ then tri l a two-tenlperature QlOd l. In the two-tenlperature model fits , the free pa­

ranl t rs wer th ten1peratur of the hot and cool components , the abundances of 0, Si, S, 

Ar , Ca and F th nonnalization of the hot con1ponent for the SIS and the GIS, the ratio 

of nonnalization of th cool con1ponent to that of the hot con1ponent, and the interstellar 

absorptions for th SIS and the GIS . 

\r assu rned that th m tal abundan e for the cool con1ponent is the san1e as that of 

the hot cornpon nt. \Yithout thi assu1nption for elen1ents other than Fe, the present data 

gave virtually no con traint on the abundan e in each plasn1a con1ponent. Fe is reasonably 

constrained without this assurnpt.ion. Hm\·eyer , the re ~ uJt trongly depends on plasn1a n1odel. 

In figure G.G. \ve how confidence contours of F abundance. when we fitted the spectra of the 

innennost r gion of l\ I I ( 0' 2') \Yith the ns and IEI-..:AL model. In case of the RS n1odel. Fe 
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abundance of the cool component is ahnost the same a that of the hot component. On the other 

hand , when we used the rviEKAL model , Fe abundance of the hot con1ponent is significantly 

larger than that of the cool component. This difference between the RS and IEKAL n1odel 

is due to the difference in estimation of the Fe-L shell e1nission lines. Therefore we should not 

separate Fe abundance of the cool component frmn that of the hot component until this Fe-1 

shell emission problem will be solved. If we assumed that Fe abundance of the cool con1ponent 

is the same as that of the hot component, there is no clear difference in F abundance between 

the RS and tviEKAL n1odel (see Appendix B.) 
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Figure 6.6: Confidence contours of Fe abundance when we fitted the spectra of the innermost 

region of tvi87 (0'- 2') with the two-temperature plasrna model. The horizontal a.'Cis shows the Fe 

abundance of cool component, and the vertical shows that of hot component. Tlue ontours 

of each panel show ~x2 = 2.71, 4.61 , 9.21: (a) RS model , (b) 1\tiEKAL model. 

We demonstrate the best-fit model curves in figure A.6, which can b con1pare l to figure 

A.5. V·ie found that the two-temperature n1odel gives a significant irnprovement on the single­

tenlperature model. The best-fi t paran1eters from each region are given in tabl 6.4. The derived 

kT for the lower temperature c01nponent is consistent with that derived by the Einstein SSS 

(Lea et al. 1982 [77]) . 

In terms of the x2 ld.o.f. value, the two-ten1perature model was still rejected statistically. 

\Ve therefore further tried a 3-tenlperature n1oclel , but ohtained no irnproven1ent in the x2 I d.o.f. 

\·alue. The large x2 values con1e prirnarily fron1 residuals near to 1 keV and 0.5 keV. The large 

residuals around 1 keV is consistent \vith an origin in the Fe- L con1pl x. Since the atornic data 
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Table 6.4: The results of the two-temperature RS model fitting.* 
Radius 0'-2' 2'-4' 4'-6' 6' 8' 8'-10' 

NH(SIS) 5.78 6.59 6.25 5.04 5.41 
(102ocm-2) ( 5.22-6.36) (6.14-6.96) (5.78-6.74) ( 4.53-5.5f:l) ( 4.82-6.02) 

NH(GIS) 3.37 3.18 2.29 0.48 2.06 

(1020 cm-2 ) ( 1.86-4.90) ( 1.84-3.98) (0.89-3.71) ( <2.05) (0 .03-3.85) 

kT1 1.17 1.36 1.41 1.44 1.43 

(keV) (1.14-1.24) ( 1.33-1.38) ( 1.38-1.44) ( 1.43-1.61) ( 1.34-1.67) 

kT2 2.51 3.32 3.20 3.27 3.09 
(keV) (2.37-2.81) (3.01-4.01) (2.92-3.57) (3.06-3.80) (2.78-3.90) 

Abundance (Solar) 
0 0.32 0.35 0.44 0.33 0.29 

(0.23-{).42) (0.27-{).43) (0.34-{).54) (0 .23-{).45) (0.17-D.43) 

Mg 0.00 0.00 0.00 0.00 0.00 
( <0.01) ( <0.01) ( <0.02) ( <0.03) ( <0.11) 

Si 0.76 0.68 0.60 0.62 0.47 

(0.68-D.83) (0.62-{) .74) (0.54-{).67) (0.55-{).69) (0.39-0.55) 

s 0.74 0.66 0.49 0.50 0.42 
(0.66-0.82) (0.60-D.73) (0.42-{).55) (0.42-{).58) (0.33-0.52) 

Ar 0.57 0.74 0.33 0.53 0.34 
(0.34-{).80) (0.54-0.88) (0.13-{).53) (0.29-D.77) (0.09-0.60) 

Ca 0.89 0.96 0.36 0.54 0.38 
(0.55-1.24) (0.65-1.18) (0.07-{).65) (0.21-{).87) ( 0.04-{). 73) 

Fe 0.55 0.45 0.37 0.35 0.29 

(0.51-{).59) (0.42-{).48) (0.34-{).40) (0.32-{).38) (0.26-0.33) 

El(SIS)§ 7.89 7.25 7.24 6.80 6.08 

(1064 cm- 3 ) (6.19-8.73) (5.57-8.50) (6.09-8.35) (4.81-7.47) (3. 70C""7,32) 

EI(GIS)§ 8.48 6.33 7.38 6.75 6.81 

(1064 cm- 3 ) (6.65-9.40) ( 4.94-7.43) (6.21-8 .52) ( 4.77-7.42) (4.18-8.21) 

EI ratioi 0.94 1.76 1.14 0.80 0.60 

( cool-kT/hot-kT) (0.72-1.52) ( 1.32-2.68) (0.83-1.59) (0.62-1.55) (0.31-1.65) 

Cool Component 
Fx( 10-11 erg/s/cm2 )t 

SIS '2.40 3.83 2.39 1.58 0.99 

GIS 2.71 3.57 2.64 1.71 1.19 

Lx(1041 erg/s)tt 
SIS 7.29 11.71 7.28 4.68 2.97 

GIS 7.84 10.23 7.43 4.64 3.33 

Hot Component 
Fx( 10- 11 erg/s/cm2 )t 

SIS 3.08 3.15 3.03 2.89 2.43 

GIS 3.42 2.86 3.25 3.04 2.85 

Lx(1041 erg/s)tt 
SIS 8.99 9.17 8.83 8.28 7.02 

GIS 9.65 8.00 9.00 8.22 7.87 

x2 jd.o.f. 1016/627 1127/714 971.2/724 850.5/710 851.4/680 

• The errors in the brackets are at 90% confidence leveL 

§ EI is Emission Integral of hot component. 

t Ratio of EI of cool component to that of hot component. 

t X-ray flux in the 0.5- 10 keV band from each annulus. 

tt X-ray luminosity in the 0.5- 10 keV band from each annulus. 
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of these lines still have considerable ambiguity. the residual structure may depend on the thin 

thermal model that we used. vVe therefore tried the tvlEKAL n1odel and found no essential 

difference fron1 the RS model (Appendix B). vVe defer any discu sion of the 1 ke V structure in 

further detail until more reliable iron L-shell data becon1e available to the thin plasn1a codes. 

For the large residuals around 0.5 ke V, Yamashita ( 1995) [143] reported that many objects 

show the structures like this and concluded that this is possibly due to a calibration problen1 

of the SIS. Accordingly, we presently consider the two-temperatur n1odel to be an ad quate 

representation of the data. 

vVe found that the temperatures of the hot and cool components are ahnost constant within 

the M87 region which are shown in 6. 7. The mean value of the b st-fit ten1perature of the hot 

and cool component weighted using relative errors is 2.9 and 1.4 ke V. 
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Figure 6. 7: Temperature distribution of the 
10 

two- ten1perature IlS model. 

We show in figure 6.8( a) the distribution of the ratio of EI of the cool con1ponent to that of 

the hot component. There is only weak evidence of a radial variation of the EI ratio within its 

large errors. However, since the EI and ten1perature of each component are strongly coupled in 

the fitting procedure, we fixed the ten1perature of the hot component to be its mean value (2.9 

ke V) and re-evaluated the spectral paran1eters. The best-fit paran1eters and n1odel curv s are 

shown in table 6.5 and figure A./. Except for EI , flux , lun1inosity of each con1ponent and EI 

ratio, we can see no essential differences between table 6.4 and 6.5. However, in figure 6.8(b), 

we can find that the cool cmnponent decreases 1nore rapidly than that of the hot con1ponent. 

Plots of the radial distribution of the best-fit abundances for each eletnent are given in figure 

6.9. vVe can see that the abundances of Si , S, and Fe have a strong concentration to\vard the 

~I87 center, as suggested in subsection 6.2.2. On the other hand, the 0 abundance is rather 

constant from place to place. \\'e can say nothing about the distributions of Ar and Ca. becau e 
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Table 6.5: The results of the two-ten1perature RS model fitting. The ten1perature of the hot 

component is fixed to 2.9 ke V .* 
Radius 0'-2' 2'-4' 4'-6' '-10' 

NH(SIS) 5.95 6.45 6.17 4.99 5.35 
(10~ 0 cm- 2 ) (5.39-6.52) (6.02-6.89) (5.71-6.63) (4.49-5.49) (4.77-5.93) 

NH(GIS) 3.48 3.18 2.25 0.51 2.80 
(10~ 0 cm- 2 ) ( 1.97-5.02) (1.72-4.39) (0.85-3.65) ( <2.07) (0.29-3.83) 

kT1 (keV) 1.25 1.33 1.39 1.42 1.40 
(1.23-1.27) ( 1.31-1.34) ( 1.36-1.41) ( 1.39-1.4 7) (1.34-1.'14) 

kT2(keV) 2.9(fix ) 2.9(fix) 2.9(fix) 2.9(fix) 2.9(fix) 

Abundance (Solar) 
0 0.29 0.38 0.46 0.40 0.31 

(0.21~.39) (0.29-0.46) (0.36- 0.56) (0.29-0.52) (0.18-0.45) 
Mg 0.00 0.00 0.00 0.00 0.00 

( <0.01) ( <0.01) ( < 0.03) (<0.04) ( < 0.13) 
Si 0.71 0.72 0.63 0.65 0.48 

(0.65~.77) (0.67-0.77) (0.58-0.69) (0.58-0. 73) (0.41-0.57) 

s 0.72 0.69 0.50 0.50 0.43 
(0.64~.80) (0.62-0.76) (0.43~.57) (0.41-0.58) (0.33-0.52) 

Ar 0.65 0.68 0.29 0.46 0.32 
(0.42~.88) (0 .49-0.87) (0.10~.-18) (0.23-0.68) (0.07-0.57) 

Ca 0.97 0.87 0.33 0.50 0.:36 
(0.61-1.33) (0.60- 1.15) (0.06~.60) (0.20-0.80) (0.03-0.69) 

Fe 0.52 0.48 0.39 0.37 0.31 
(0.49~ . 55) (0.45-0.50) (0.36-0.41) (0.35- 0.40) (0.2 -0.33 ) 

EI(SIS)§ 5.84 8.91 8.40 8.02 6.69 
(1064 cm-3) (5 .52-6.16) (8.55-9.27) (8.06-".74) (7.69-8.35) (6.38-7.04) 

EI(GIS)§ 6.28 7.78 8.57 7.96 7.51 
(1064 cm- 3) (5.94-6.61) (7.47-8.09) (8.23-8.92) (7 .64-8.27) (7.17-7.85) 

EI ratiot 1.68 1.19 0.82 0.50 0.44 

(low-kT/high-kT) (1.52-l. '6) (1.10-1.30) (0.71-0.91) (0.43-0.57) (0.:37-0.52) 

Cool Component 
Fx(l0- 11 erg/s/cm2)t 

SIS 3.07 3.29 2.02 1.19 0.83 

GIS 3.47 3.07 2.23 1.29 0.96 

Lx(1041 erg/s)tt 
SIS 9.32 10.05 6.16 3.52 2.41 

GIS 10.03 8.79 6.29 3.50 2.70 

Hot Component 
Fx( L0- 11 erg/s/cm2 )t 

SIS 2.4:2 3.66 3.39 3.26 2.61 

GIS 2.68 3.34 3.64 3.45 3.06 

Lx(1041 erg/s)tt 
SIS 7.02 10.71 9.88 9.37 7.55 

GIS 7.54 9.36 10.09 9.31 8.47 

x2 I d.o.f. 1020/62' ll ~ll /715 971.1/725 858.9/7 11 85:2.7/681 

* The errors in the brackets are at 90% confidence level. 

§ EI is Emission Integral of hot componen t. 

t Ratio of EI of cool component to that of hot component. 

t X-ray flux in the 0.5- 10 keV band from each annulus . 

tt X-ray luminosity in the 0.5- 10 keY band from each annuliJs. 
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the errors are relatively large. There is no evidence of a gradient of S /Fe or Si/S over the entire 

image , and the observed Si/Fe ratio is similar to that found in clusters of galaxies ( Iushotzky 

e t al. 19 9 6 [ 1 0 5]) . 

The obvious spectral distinctions between the "cluster gas" and the gas associated with 

1vi87 is the rise in the absolute abundance and the increasing prominence of a cooler spectral 

component. 
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of each component is a free para1neter. 
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6.2.4 X-ray Emission from AGN of M87 

A power-law component, probably due to an AGI\i located in the nucleus of 1vi87, has previously 

been reported with HEA0-1, Einstein , and Ginga ( eg. Lea et al. 1981 [78]; Schreier et al. 1982 

[123]; Takano 1990 [128]; Takano and Koyama 1991 [129) ; Hatsukade 1989 [57]). vVe therefore 

examined for the presence or absence of this power-law component in the ASCA spectra and 

image. 

The power-law component dominates the Ginga spectra above the 4 keY band (Takano 

1990 [128); Takano and Koyama 1991 [129]; Hatsukade 1989 [57]). Therefore we study the hard 

band image of :tvi87. In figure 6.10(a) , we show the X-ray image of Nl87 taken with the GIS in 

the 7 - 10 keY band. Figure 6.10(b) shows the radial profile of this image and the point spread 

function (PSF). Since the radial profile is much broader than the PSF, we concluded that we 

can see no point-like object at the position of Ivi87 in the ASCA image. 
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Figure 6.10: (a) Hard band (7 - 10 keY) X-ray in1age of :tvi87 taken with the GIS; (b) Radial 

profile of (a). The oli l line shmvs th exp ctecl radial profile for a point-like source. 

vVhen we fitt. cl th ASC:\ pectra of the innern1ost region of lvi87 with the two-temperature 

thermal plasma rnoclel , there i no significant residual in the high energy band. which can be 

seen in fi gur A .. G and A./. Therefore \ve concluded that v,;e can find no po·wer-law component 

in the ASCA spe tra. 

To estirnate the upper lirnit. of the fiux of the power-la\Y component, \Ve added the pmver­

law model to the two-t.en1perature ns rnoclel and fitt ed the :\SCA spectra of the innennost 
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region of 11187 with this model. The photon index of the power-law component is fixed to be 

1.7, which is the typical value for AGN ( Iushotzky et al. 1993 [102]). Furthermore , because 

the flux of the power-law component and the temperature of the hot component is strongly 

coupled , we fixed the temperature of the hot component to be 2.9 ke V. The upper limit of the 

absorption-corrected flux in the 0.5 -- 10 keY band of the power-law con1ponent is 2.2 x 10-12 

erg/cm2 /s for the SIS and 2.7x 10-12 erg/cm2 /s for the GIS. 

6.2.5 Cooling Flow Model 

Many X-ray observations of Iv187 reported the existence of the cooling flow at the center of 

Tvi87 with the mass deposition rate of 3 - 20 :tvi0 /yr (Fabricant et al. 1980 [40]· Fabricant and 

Gorenstein 1983 [41]; Canizares et al. 1979 [22); Canizares et al. 1982 [23); Lea et al. 1982 [77); 

Niushotzky 1984 [101); Stewart et al. 1984 [125]). 

Therefore we fitted both the SIS and GIS spectra within 10' radius from the center with the 

constant-pressure cooling flow n1odel (hereafter "cflow" model) (:tv1ushotzky and Szyn1kowiak 

1988 [106]) plus an additional thermal plasma rnodel modified by interstellar absorption ; this 

model is expressed as 

AB( iVH) X [CF( 1VI, Tmin , Tmax, Abundances)+ P(Tmax, Abundances, EI)], (6.4) 

where AB is the interstellar absorption n1odel , C F is the cflow model and P is the additional 

thermal plasma model which represents the hot plasrna that has not yet cooled down. C F 

is a function of the mass deposition rate lvf, the n1aximum temperature Trnax fron1 which the 

gas cools clown, the minimum ternperature Tmin to which the gas cools. the temperature is 

distributed continuously from Tmax to Tmin and each temperature c01nponent has ernission 

integral which is inversely (EI) proportional to the total en1issivity of that temperature. The 

additional thermal plasma component must have the sarne ternperature as Trnax· In this fitting , 

the free parameters were the normalization of the cflow n1odel (i.e. lvJ) for the SIS and GIS , 

Tmax, the abundances of 0, Si, S, Ar , Ca, and Fe , the ratio of the nonnalization of the additional 

thermal component (i.e . EI) to that of the cflow model , and the interstellar absorptions for 

the SIS and the GIS. We tied the abundance of each elernen t of the additional thern1al plasma 

cornponent to be the same as that of the cflow rnoclel. Because J'VJ and Tmin are strongly 

coupled, we have to fix Tm in . According to Fabian et al. 1904 [37], the lowest ten1perature of 

the cooling flow should be belo\v 0.1 keV. Therefore we fixed Trnin to be 0.1 keY . 

The best-fit paran1eters and rnodel curves are shown in figure 6.11 and table G.G. The 

large residuals and \.2/ d.o.f. shmY that this rnodel cannot fit the ASCA spectra successfully. 
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We think the reason for this failure is that the cfiow model is too simple; 1) the cfiow model 

assumes that all of the cooling flow is within the beam of the spectrometer. Since the nominal 

cooling radius is larger than 10' (Stewart et al. 1984 [125]); this is an important effect for an 

analysis of the Nl87 data; 2) the cfiow model does not take into account of a "dropping out" 

of mass with radius; 3) the cfiow model does not include the abundance gradient; 4) the cflow 

model assumes that the pressure of the plasma is constant. Therefore we do not discuss about 

this result any further. 
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Figure 6.11: The ASCA spectrum of :tvi87 in the 0'- 10' regwn. The solid line shows the 

best-fitting cooling flow plus additional thermal plasma model. 

Table 6.6: Results of the cfiow model fitting 

iVH(SIS) (cn1- 2) 

N H( GIS) ( cm-2) 

kTmin (keV) 
kTmax (keV) 
A bun dance (solar) 
0 
:tvig 
Si 
s 
Ar 
Ca 
Fe 

JVJ (SIS)(:tvi0 /yr) 
1\ri (GIS)( I0 /yr) 

nonn ratio f 
ch·i2 / d .o.f. 

The errors are at 90% confidence level. 

(6.1±0.3)x1020 

(2 .4±0.7) X 1020 

0.1( fix) 
2.1±0.01 

0.68±0.05 
0( <0.06) 

0.69±0.03 
0.57±0.04 
0.40±0.10 
0.71±0.13 
0.48±0.01 

1.0±0.3 
1.2±0.3 

0.3±0.1 
2579/1006 

t t
. norm of additional thern1al plasn1a model 

norn1 ra 10 = , nonn of cfiow rnodel 
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6.3 Discussion 

6 .3.1 Interstellar Absorption 

The column density for the interstellar absorption due to our Gala,""{y is -H=2.6x 1020 cm-2 

(Heiles 1975 [59]). In fact; the HEA0-1 observation (Lea et al. 1979 [76]) and the Einstein 

IPC observation (Fabricant, Gorenstein 1983 [41]) gave this value. The Einstein SSS spectrum 

gives higher values of (5 - 20)x1020 cm- 2 (Lea et al. 1982 [77]) and 17.5x1020 cm-2 (vVhite 

et al. 1991 (141]). However; Tsai (1994) [134] found no evidence that the absorption is larger 

than the Galactic value in the SSS spectrum, and claimed that the large value of the previous 

report may have been due to remaining calibration problems. 

In our analysis, although the GIS data give colun1n densities that are consistent with the 

Galactic valu , those frorn the SIS data are rv 5 x 1020 cn1-2
, twice the Galactic absorption. 

Since th thickness of the thennal shield of the XRT and Si02 of the CCD electrode is equivalent 

to rv3 .5 x 1 02 L em - 2 (:tvliyata et al. 1994 [98]), the SIS is originally not so sensitive to the Galactic 

value. Ther fore w think this difference of colun1n density between the SIS and GIS is within 

th errors of the pr sent calibration of the SIS and GIS. 

vVe should note that the GIS data give a lower column density for the mapping observation 

of the Virgo cluster (s chapter 7). This suggests that the absorption seen in the central 

r gions of th Ivi87 r gion n1ay be real, and larger than that at the regions far from 1vi87. This 

n1ay be due to th cooling flow (vVhite et al. 1991 [141]). 

6.3.2 Nuclear Activity of M87 

vVe detected no strong X-ray activity due to the AGl- of l'vi87. Because 187 has the nuclear 

black hol of 3x 109 I0 (Ford et al. 199~ [43]; Harn1s et al. 1994 [55]), if an accretion fron1 

the IC I with J."'vf rv 10 Io /yr occurs, it would produce quasar-like lunlinosity of rv 1 X 10
46 

rgjs . It is a puzzle that uch lun1ino ity are not obs rved . To solve this puzzle , Reynolds et 

al. ( 1996) [113] a lop ted a model of the adYection-clmninated accretion disc and found that the 

n1odel can explain th core flux fron1 radio through to X-ray wavelengths. 

Son1e of pr viou X-ray ob rvations of I 7 reported the lun1inosity of the power-law com­

ponent or th upp r lirnit of thi compon nt ( S brei r. Gorenstein and Feigelson 1982 [123]; 

Lea et al. 1982 [77]; Han~on tal. 1990 [5~]; Takano and Eoyama 1991 [129]). vVe converted 

these values to tho in the 0.5 - 10 ke\- band as. un1ing the distance to ~187 is 15 lpc and 

hmv then1 in table G./ and figure 6.12. Thus. the nucleus of I I has exhibited a long-tenn 
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variability from the Einstein to ASCA observations. 

Table 6.7: Luminosity of the power-law component in the 0.5 - 10 keV band. 
Detector Observation Lx ( erg/s) f Reference 
HEA0-1 A2 + A4 1977 Dec. 17- 31 (3.1±1.0) x 1043 Lea et al. 1981 [78] 
HEA0-1 A2 + A4 1978 .June 13 - 26 (8.1±3.7) x 1042 Lea et al. 1981 [78] 
Einstein SSS 1978 June 22 - 26 (2.6±0.4) x 1042 Lea et al. 1982 [77] 
HEA0-1 A2 + A4 1978 Dec. 16- 1979 Jan. 1 (7.4±2.1) x 10.t3 Lea et ~1. 1981 [78] 
Einstein HRI 1979 July 5 - 9 <1.4x104 L Schreier et al. 1982 [123] 
SL2XRT 1985 July 29 & Aug 6 <3.6 x 1041 Hanson et al. 1990 [54] 
Ginga LAC 1988 June 6 - 9 (6 .6±1.1) x 10·11 Takano et al. 1991 (129] 
ASCA SIS and GIS 1993 June 7 <6.6 x 1040 This thesis 

tLuminosity in the 0.5- 10 keV band. We assume the distance to M87 is 15 Mpc. 
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Figure 6.12: Tin1e variability of the power law cornponent of l'vi87. Th downward arrows shmv 

the upper lin1it. 
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6.3.3 Temperature Structure 

vVe found the need for at least two spectral components in the X-ray emitting plasn1a in the 

11187 region. The temperature of the hot component is found to be about 2.9 ke V, with no 

significant radial variation. The temperature of the hot component is slightly higher than that, 

as found with Ginga (Takano 1990 (128]; Takano, Koyama 1991 [129]; Hatsukade 1989 (57]). 

Ginga detected X- rays above 2 ke V energy. If we fit the ASCA data above 2 ke V with a 

single-temperature model in order to simulate a Ginga observation, we derive a temperature 

consistent with the Ginga result. Bohringer et al. ( 1994) [16) fitted isothermal models to the 

ROSAT data, and derived a slightly lower temperature than that found by ASCA. Hmvever, 

the range of the energy band of ROSAT is below 2.5 ke V and its energy resolution is limited. 

vVe simulated the ROSAT result by fitting a single-temperature plasma to the ASCA data in 

the limit d energy band below 2.5 ke V, after summing the data to have an energy resolution 

con1parable to that of ROSAT. vVe find a kT consistent with the Bohringer et al. (1994) [16) 

result. Th refore, the apparent difference in the estimated temperatures between the ASCA, 

Ginga, and ROSAT is due to the difference in the energy bands , energy resolution, and fitted 

model. 

Sin e th temperature of the hot con1ponent obtained with ASCA is aln1ost the same as 

that obtained with non-in1aging instruments with a wider field of view than ASCA, and since 

the hot co1nponent extends beyond 40' from the center (see chapter 7), we conclude that the 

hot component is due to the intracluster plas1na which pervades the Virgo cluster with a nearly 

constant te1nperatur of 2.9 keY [however, we note that the ten1perature near to the :NI49 

subcluster has b en reported to be higher than that of the rv187 n1ain cluster (Koyama, Takano, 

and Tawara 1991 (75]; Takano 1990 [128])]. Since the EI of the cool component drops n1ore 

rapidly with distanc fron1 187 than that of the hot component, and the ten1perature of the cool 

component is also constant within the 10' region centered on :N187, it is ten1pting to associate the 

cool con1ponent not with the intracluster gas, but rather with the I\1187 gala.."'{y. Alternatively, 

the cool con1pon nt could be dire tly associated with the postulated cooling flow, since the 

cooling tin1es in the central region are ,-erv 1nall: based on our spatially resolved spectra. less 

than 2 x 109 yr in th central 2' radiu . If we attribute th lu1ninosity of the cool co1nponent 

to the cooling fiow, w can e tinB.t the 1na s depo ition rate ( 1\1) using the relation of 

5 i~f 
Lrool = --kT (6.5) 

. 2/Lnlp 

(Stewart et al. 198-± [120]), ,,·here Lcool is bolon1etric X-ray lu1nino ity of the cool con1ponent 

\vhich is equal to the energy los rate of the cooling fiow. an l kT i the t.en1perature at. the 
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cooling radius. Substitute our results to this equation. we get j\J "' 1 10 /yr. Since the cooling 

radius of I\1187 is larger than 10' and we do not see the whole cooling region, this value is thought 

to be the lower lin1it and consistent with the previous observations. 

6.3.4 Abundance Structure 

Although a marked gradient in the Fe abundance has been found in so1ne clusters of galaxies 

(Ohashi et al. 1994 [108]; Fukazawa et al. 1994 [45]; Ikebe 1996 (64]), such a gradient has not 

been previously observed in the Si and S abundances. 

We have confirmed the Ginga (Koyama, Takano, and Tawara 1991 [75); Takano 1990 [128]) 

result that Fe is concentrated toward the 11187 center, and have extended this result to the inner 

region of I\1187. However, the 0 abundance shows no significant radial variation. 

With the ASCA data of 187, the Fe abundance is detern1ined by both the F K and L 

lines. Therefore this Fe concentration is due not only to the incr ase of quival nt width of the 

Fe-K e1nission (figure 6.5) but also to the Fe-1 emissions. This is confirmed by Hwang et al. 

(1997) [63], who reported that the Fe abundance derived only by the Fe-K line is consistent with 

that derived only by the Fe-1 lines using the ASCA M87 data. This consistency of abundance 

measurements between Fe K and Fe L is also reported by :Niushotzky et al. (1996) (105] and 

Fukazawa (1997) [47) using ASCA data of other clusters of galaxies. 

We fitted the abundance profile of iron with an analytic function of the fonn, 

(6.6) 

The best-fitting parameters and errors are 0.62±0.07 solar for ZoFe, 0.38±0.11 solar for Z3 and 

5' .2±4' .5 for A. Assuming that the density profile of the plasma of Iv187 is the beta profile, 

we can estimate the mass of iron within 10' from the center. According to the results of the 

Einstein observation, we assumed the central proton density, beta and core radius are 3.6 x 10-2 

cn1-3 , 0.44 and 1' .6, respectively (Fabricant and Gorenstein 1983 [41 ]), and calculated the iron 

1nass within 10' to be 4.3x 107:NI0 . If the gas had a spatially uniforn1 iron abundance at 0.3 

solar, which is the abundance of the outermost region, the iron n1ass would be 3.6 x 107Ivi0 . \Ve 

define the difference between thern, i.e. 0.7x 106:NI0 as an "extra'' 1nass of iron, and compared it 

with the results of the stellar n1ass loss rate; the standard n1ass-loss rate is 1.5 x 1 o- 11 rv10 / L 8 jyr, 

where Ls is a B-bancl lu1ninosity of a galaxy in a Solar unit (Awaki et al. 1994(7]; Ciotti et 

al. 1991 [24]). According to the lun1inosity profile of de Vaucouleurs and l\ieto ( 1978) [28] 

with an asstnnpt.ion of B-hand absorption of 0.06 rnag (Tsai 1993 [133]). rvl87 has the I3-band 
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luminosity of L 8 rv 4.5 x 10 10 within 10', and we thus estimated the mass loss rate of :NI87 to be 

0.68 I0 /yr. Assurning that iron abundance of the stellar mass loss is one solar, we found that 

it would take rv 4 x 109 yr for the stellar mass loss to produce the needed amount of 'extra" 

iron . Since the abundance ratio does not change towards the center, this also strongly limits the 

contribution of a type-I S to the production of additional metals , since they would primarily 

produce Fe, and thus change the abundance ratios. A detailed calculation of the metallicity 

gradient in each species would also have to include the effects of the cooling flow (Reisenegger, 

Iiralda-Escude , and Waxman 1996 [111]). 

Th abundan e ratio of 0 /Fe is found to be smaller than the solar value, which disagrees 

with th Einst in FPCS r sult; the 0 /Fe ratio is 3 - 5 times the solar value ( Canizares et al. 

1982 [23]; Tsai 1994 [134]). 

On may argu that the abundance of oxygen strongly depends on the colun1n density of 

the interst llar absorption. To make this clear, we performed a two-temperature analysis for 

the 0' - 10' spectrum, in which the column density was assun1ed to be 1 x 1021 cm-2 , about 

two-times larg r than the n1a.'<imum value of the b st-fit iVHs. Still the ratio of 0 /Fe is found 

to b at most 1.5 the solar value. Therefore, the smaller 0 /Fe in the ASCA data compared to 

the Einst in result is not an artifact due to a possible ambiguity in the fitted column density. 

For a furth r check of whether the line fl uxes detected with FPCS (table 6.8 which is fron1 

the table 1 of Canizares et al. 1982 [23]) are consistent with the ASCA SIS spectrun1 in t he 0' -

10' r gion, w sin1ulat d a FPCS p ctrun1, convolved it with the SIS response and compared it 

with the ASCA SIS spe trum in the OA - 6 ke V band. We made a convolved F P CS spectrum by 

applying a thern1al br rnsstrahlung n1oclel for a continuum n1odified by interstellar absorption , 

then added 10 narrow lines with the fixed-flux ratio given in table 6.8. To this spectrum we 

furth r add cl narrow lin who e ent r energies are outside of the energy band of FPCS (> 

1.2 k ) on by on until we obtain d no significant decrease in the x2 value. F igure 6.13 is 

the result of this " imulation sp ctrun1" together with the real SIS spectrun1 of the I87 region . 

The best-fit 'sinntlat cr values of the colun1n density and ten1perature were found to be JVH 

= 9.6 x 1020 cn1-2 and kT = 2.1 k V. r spectivelv. This colun1n density is about 4- 5 tirnes 

th Galactic valu . Ev n with this unrea onable large ~ H . \Ve found a large rnodel excess of 

around 0.65 ke V at th n rgy of th 0 nu Lyo: line. This suggests that th flux of the 0 VIII 

Lyo: line estin1atecl bv anizares t. al. ( 19 2) [23] i significantlv larger than that seen in the 
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Table 6.8: X-ray lines fron1 ).187 detected \Vith the Einstein FPCS ( Ca.nizares t al. 1982) 

Line Rest Energy Corrected Line Fh 1x f Dmninant. Ions 
(eV) 10-3 ph ctn- 2 s-1 

0 VIII Lya G54 9.4±3.1 0 VIII 
0 VIII Ly(3 774 <1.2 0 VIII 
Blend 1 945 978 2.1±0.4 Fe XX, XXI, XXII 
Blend 1.5 980 999 <0.5G 
Blend 2 1000 1029 1.9±0.4 N e X, Fe XVII , XX, XXI, XXII 
Blend 3 1030 1052 l.G±0.4 Fe XXI, XXII 
Blend 4 111G 1138 0.9±0.4 Fe XIX 
Blend 5 1145 1192 1.0±0.2 Fe XIX, XXIV 
Blend G 1194 - 1223 O.G±0.3 Fe XX 
Fe XVII 82G 1.2±0.5 Fe XVII 

t Corrected for a colu1nn density of 2 x 1020 c1n -:2. 
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ASCA spectrurn. Figure 6.13: Result of bre1nsstrahlung and line-en1ission 1noclel fitting, where son1e of the lines 

On the other han l, ". noti ed that th r is an x e .. of data cotnpared to the rnodel at the 

0 vu 1\:-o: line energv of 0 . .)6 keY. One rnay argue that. adding this line to the above model 

are in accordance with table 3 .8. 
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and increasing the column density, the residuals around 0.65 ke V 1nay disappear. \Ye therefore 

estimated the flux of the 0 v11 K-a line to be one-fifth of that of the 0 vu1 Lya line using 

the EI distribution of Canizares et al. (1982) [23]. and added this line to the above model. 

However , the r sult essentially did not change. \Ve also noticed a large excess compared to the 

best fit two-te1nperature model around 1.07 keY, which is attributable to the L-shell transitions 

of Fe xxu - xx111. Since FPCS did not detect any strong emission lines near to 1.07 ke V, this 

may b anoth r cliscr pancy betw en the ASCA and FPCS data. One possible explanation of 

this apparent discrepancy is attributable to the different fields of view between the ASCA and 

FPCS. Howev r, in this case, w are required to postulate large and asymmetric abundance 

variations within about 30' regions of :\187, which are not clear in our data, and are inconsistent 

with the ROSAT analysis of Bohringer et al. ( 1995) [17]. ::'-Jote that the discrepancy between 

the ASCA data and simulated FPCS spectnnn is alrnost the same as that between the FPCS 

and SSS data (Tsai 1994; figure 3.8). We think this suggests some problems exist in the FPCS 

data rather than in the ASCA data. 

\V found that the abundances of S and Si in the inner regions are larger than those of 0 

and F , with no significant gradients on the ratios of Si:S:Fe. The Si:Fe ratio is rather similar 

to that found in rich clusters, while the S:Fe ratio is rather larger (:v!ushotzky et al. 1996 [105)· 

Fukazawa. 1997 [4 7]). 

Th abundance ratio of 0 /F is smaller than the solar ratio. This combination of low O:Fe 

and high Si:F is rather difficult to account for in relatively straightforward models of che1nical 

evolution (Loew nst in, and Ylushotzky 1996 [82]), since both 0 and Si tend to come from the 

same 1na: siv stars. 

Chapter 7 

ASCA Mapping Observation of the 

Virgo Cluster 

7.1 Observations and Data Reduction 

ASCA observed the region 40' northwest of lv187 (hereafter "lv187NW") on 1994 June 8. Fur­

thermore, ASCA conducted n1apping observations of the Virgo cluster from 1996 December 25 

to 28 and frmn 1997 June 14 to 18. The log and positions of the observation are shown in table 

7.1 and figure 7.1. 

The SIS data were obtained with the 4-CCD bright mode for th 1vi87 NvV region , and the 

2-CCD faint mode for the other observations. However, since the SIS was heavily damaged by 

proton irradiation while in orbit, the energy resolution and dark current of the SIS at the tin1e 

of the Virgo mapping observation were significantly degraded and increased compared with 

those just after the launch of ASCA (Yamashita 1995 [143]; Dotani et al. 1996 [30]; Tomida et 

al. 1997 [132]). Therefore \Ve did not used the SIS data. 

The GIS data were obtained with the normal PH mode. vVe excluded th data affected by 

the South Atlantic Anon1aly: Earth occultation, and regions of low geomagnetic rigidity. vVe 

also applied a rise- tin1e rejection to exclude particle events. 

From the ROSAT observations (Bohringer et al. 1994 [16]), it is predict cl that the X-ray 

flux from the Virgo cluster at the position far fron1 1vi87 (like P1, P7, P8 and P9) is cornparable 

to the background level (i.e. sun1 of the Cosrnic X-ray Backgronn l (CXD) and on X-ray 

Background ( -xB)). Therefore, we further apply the "flare-cut" criteria to exclude the -xB 

e\'ents as n1any as possible (Ishisaki 1996 [67]; Ishisaki et al. 1991 [68]). 

After the abo\·e rnentioned data screening, we corrected the pulse height gain , and cornbined 

88 
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Table 7.1: Log of ASCA observations of the Virgo cluster. 

Filed Position(.J2000) Distance Date (UT)t Exposure§ Nt 
H 

RA (H M S) DEC(D M S) arcmin ~ Start End (sec) (1020 cm-2) 

M87 NW 12 28 24.14 12 38 50.64 37.78 93/06/08 07:11 93/06/08 18:36 27528 

Pl 12 22 56.21 13 41 53.16 138.51 96/12/25 19:15 96/12/26 11:20 39054 
P2 12 23 33.20 13 07 13.80 114.13 96/12/26 11:20 96/12/26 22:19 39044 
P3 12 25 15.38 13 32 32.28 105.85 96/12/26 22:21 96/12/27 15:20 40644 
P4 12 27 34.03 13 23 21.84 75.66 96/12/27 15:21 96/12/27 20:30 17914 
P5 12 29 15.82 13 48 50.04 87.67 96/12/27 20:30 96/12/28 03:47 17302 
P7 12 24 02.98 14 41 27.60 168.86 97/06/14 22:05 97/06/15 15:51 53200 
P8 12 24 36.48 14 07 56.28 137.51 97/06/15 16:26 97/06/16 06:44 39156 
P9 12 26 19.03 14 32 45.60 144.25 97/06/16 06:15 97/06/16 20:46 37890 

P10 12 26 58.08 13 59 48.48 110.78 97/06/16 21:18 97/06/17 09:25 39136 
Pl1 12 28 34.06 14 22 36.12 122.91 97/06/17 08:56 97/06/18 01:47 34818 
P12 12 30 12.98 13 18 25.56 55.05 97/06/14 11:37 97/06/14 22:10 20052 
~ Distance from the center of M87. The coordinate of the center of M87 is (a, 8) 12000 - (12 

30 46.46 , 12 23 59.28). 

t The start and end time of observation in year/month/day hour:rninutes. 

§ Total exposure tim of the GIS 2 and 3 after the data screening described in section 7.1. 

t Galactic line of sight column density from Einstein On-line Service(EI N LIN E) 

----·--------------r-----------------------r---- -------·-::---
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Virgo GIS2+3 image 

Figure 7.1: X-ray in1age of the 

\ rirgo clu ter obtained with the GIS 

(Eikuchi 199/) . 
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the GIS2 and GIS3 data. 

7.2 Analysis and Results 

7.2.1 Source Detection 

The GIS images in the 0.7 - 10 keV and 3 - 10 keV bands are shown in figure C.l. v\·e can see 

some X-ray peaks in these images. 

To study the X-ray spectrum from the ICI'vi in the Virgo cluster, we have to xclude con­

tamination of X-ray sources other than ICl\ti. For this purpose, we did sourc detection for 

these images in the 0.7 - 10 keV band. vVe extracted a peak count rate fron1 a 1'.3 x 1'.3 

square region , and estimated background counts using a source-free region n ar to the p ak in 

the same field of view. After subtracting the background count rat frorn that of the peak, we 

regarded the peak having signal-to-noise ratio greater than 5.0 as a source. vVe calculated the 

real source count rate correcting for the point spread function ( th 1' .3 x 1'.3 quar region 

includes about 36% of the incident flux) and the XRT vignetting. vVe then converted these 

count rates to absorption corrected X-ray fluxes assurning photon indices of their spectra are 

equal to 1.7 which is the typical value for AG (Tviushotzky. Done and Pounds 1993 [102]) and 

Galactic colun1n densities sho,vn in table 7.1. vVe sun1n1arized the results in tabl 7.2. In table 

7.3 , we show the candidates for the sources of which S / - ratios are greater than 4.5 and less 

than 5.0. In these tables, \Ve also showed the source count rates estin1ated using in1ages in the 

3 - 10 ke V band. Note that the three sources in P12 are extremely brighter than th other 

sources. Since Pl2 is close to l'vi87 which is a very bright X-ray source, the region is heavily 

contaminated by the stray light from I\1!87. Furthermore , all th positions of the three sources 

are at the nearest side of 'I87. Therefore we think these are probably artifacts due to the stray 

light from .fvi87. 

Using so urces in table 7.2 , we can estin1ate the Log - - Log S relation. To d rive this 

relation. we have to count the nun1ber of sources with flux greater than S, and calculate 

V( S) = -un1ber of Sources ( fi ux > S) 
- > D(S) ( 7.1) 

where .0( S) represents the net area where the sensitivity lirnit is achieved to b less than S 

( eg. Uecla 199G [1-±0]). Therefore \Ve have to estimate the con1pletcness area, D( S). Since the 

sensitivity lin1it. depends on parameters such as the exposure. vignetting. and backgrounclle\·el. 

it is different from point to point even in the san1e field of ,·ie\v. Thus it i very con1plicated 
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and difficult work to estimate D(S) correctly (Cecla 1996 [140]), and it is beyond the scope of 

this thesis. Therefore, we used the net observed area as n( 5). In this case, we have to regard 

_ '(> S) as the lower limit. Excluding the regions of 1vl87N\V and P12 because these two have 

strong contamination of the stray light from f\II8T, D( S) is 3.3 deg2 . Then we calculated the 

Log N - Log S relation, which is shown in figure 7.2. I\.""ote that the area upper than the solid 

line is the allowed region by our analysis. In this figure, we also show the result of the A.SCA 

CXB study (U cla 1996 [140]). Though the relation we derived is the lower limit , it is almost 

the san1e as that of the ASCA CXD study above l.Oxl0-13 erg/cm2/s in the 2-10 keV band. 

Since the differ nee betw en our D(S) and the real D(S) is expected to decrease asS goes high , 

we think our estin1ation of J.V(> S) is a good approximation of the real _N(> S) in a high flux 

region. Therefore this suggests that though there are many galaxies in the Virgo cluster, most 

of them emit no strong X-rays. This can be seen in figure C.l, where positions of most of the 

VCC sources (Binggeli et al. 1985 [12]) are not coincident with X-ray structures detected with 

ASCA. 

o Log N - Log S relation 
0 ~----~~--~~~~.-,----~--~~~~~ 

-

I 
L ......,-

I 

I -, 
-- -Ueda 1996 -

I 

1 o-13 

2 - 10 keV Flux (ergs/cm 2 /sec) 

Figure 7.2: Log T - Log S relation cleriv d by the Virgo n1apping observation . -ote that the 

region upper than th soli t lin i allowed by our analysis. Dashed line sho·ws the result of the 

ASCA CXB analy is (V da 1996). 
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Table 7.2: ASCA GIS detections in the Virgo Cluster Region. 

Filed No. Position( .12000) Count Ratel Flux ~l SjN§ ID Reft 
RA DEC .-\11 Band Hard Band 

H M S D r (0.7-10keV) (3-lOkeV) (0.5-10keV) (2-lOkeV) 

l 12 22 21.8 13 48 15., . 77±1.56 2.44±0. 1 4.0±0.7 2.6±0.5 5.61 121!151 + 1:3.5702 BBN91 
2 12 23 22.5 13 41 38.2 5.27±0.96 2.26±0.57 2.4±0.4 1.6±0.3 5.52 
3 12 22 30.9 13 40 09.8 9.53±1.52 6.34±0.89 4.3±0.7 2.8±0.4 6.23 

2 12 23 11.1 13 04 09.8 9.74±1.27 3.02±0.70 4.4±0.6 2.9±0.4 7.65 PGC40202 RC3 

2 2 12 23 51.9 13 04 09.8 4.88±0.96 1.22±0.52 2.2±0.4 1.4±0.3 5.11 
2 3 12 24 16.6 13 01 05.5 9.94±1.63 3.94±0.96 4.5±0.7 2.9±0.5 6.11 VCC0723 vc 
3 12 26 06.4 13 24 18.2 10.3±2.02 3.23±1.11 4.7±0.9 3.0±0.6 5.09 

3 2 12 26 02.3 13 20 52.1 15.9±2.55 1.58±1.10 7.2± 1.2 4.7±0.7 6.21 

3 3 12 25 26.5 13 23 19.6 7.77±1.50 0.48±0.65 3.5±0.7 2.3±0.4 5.1 
5 1* 12 29 31.5 13 46 00.0 14.6±1.9 3.32±1.06 6.6±0.9 4.3±0.6 7.39 1227+ 140 HB '9 

5 2* 12 29 27.9 13 44 32.2 14.2±1.94 4.11±1.13 6.5±0.9 4.2±0.6 7.32 
7 1 12 23 47.7 14 39 00.7 3.77±0.68 1.41±0.42 1.7±0.3 l. l ±0.2 5.52 
8 12 24 02.5 14 12 57.8 7.79±1.31 3.14±0.81 3.5±0.6 2.3±0.4 5.95 
8 2 12 24 50.7 14 15 47.3 7.40±1.35 2.37±0.7 3.4±0.6 2.2±0.4 5.47 1222+ 145 HB89 

8 3 12 24 32.4 14 07 11.8 4.63±0.85 1.30±0.47 2.1±0.4 1.4±0.3 5.43 1222+14J TXS 

9 1 12 26 08.4 14 33 37.5 4.31±0.78 1.75±0.48 2.0±0.4 1.3±0.2 5.54 
9 2 12 26 36.3 14 31 02.9 12.5±1.27 3.57±0.70 5.7±0.6 3.7±0.4 9.81 
10 1* 12 26 53.0 13 55 37.6 8.95±1.13 2.80±0.60 4.1±0.5 2.6±0.3 7.90 
10 2* 12 26 31.8 13 52 55.5 6.96±1.24 1.99±0.64 3.2±0.6 2.0±0.4 5.60 122-lOO. ·H 140831 7GB 

or VCC92-l vc 
10 3* 12 26 28.2 13 55 08.0 7.81±1.28 3.05±0.71 3.6±0.6 2.3±0.4 6.13 
12 1 12 30 47.2 13 02 13.6 49.1±7.50 4.48±3.04 22.3±3.4 14.4±2.2 6.55 
12 2 12 30 05.9 13 02 58.0 47.1±5.85 2.72±2.17 21.4±2.7 13.8±1.7 8.04 
12 3 12 29 42.7 13 03 05.3 32. '±6.16 1.91±2.52 14.9±2.8 9.6±1.8 5.33 vee 1229 v 

*: Contaminates with eac h other . 

t: After corrections of the point spread function and the vignett ing. The unit is 10- 3 counts/sec. 

§: Signal-to-Noise ratio in t he 0.7- 10 keY band. Only the sources with S/N > 5.0 are shown in this table. 

~: Absorption corrected X-ray flux calculated from the cou nt rate in the 0.7- 10 keV band assuming the photon index of 1.7 and 

Galactic column density in table 7.1. The unit is 10- 13 eegjsec/cm2 

t: VCC Binggeli, Sandage and Tammann 1985 [12] 
BB.'J'91 Batuski et al. 1991 [10] 
RC3 de Vaucouleurs et al. 1991 [29] 
HB '9 Hewitt and Burbidge 1989 [61] 
TXS Douglas et al. 1996 [31] 
87GB Gregory and Condon 1991 [53] 

Table 7.3: Source candidates detected with the ASCA GIS in the Virgo Cluster Region. 

Field No. Position(J2000) Count Ratef Flux~l s; § ID Rerf 
RA DEC All Band Hard Band 

H M S D M S (0.7-10keV) (3-lOkeV) (0.5-10keV) (2- 10keV) 

1 4 12 22 48 .1 13 49 00.2 5.14±1.06 0.96±0.54 2.:3±0.5 1.5±0.3 1. \l 

2 4 122418.1 13 07 21.1 6.78±1.:38 2.11±0.78 :3.1±0.6 2.0±0.4 4.90 

3 4 12 25 15.4 13 34 37.2 4.35±0.92 2.32±0.56 2.0±0.4 1.3±0.3 4.72 
3 5 12 26 08.4 13 27 07.6 8.86±1.80 1.55±0.89 4.0±0.8 2.6±0.5 4.91 
3 6 12 25 16.9 13 16 56.7 10.4±219 1.35±1.04 4.7±1.0 :~.1±0 .6 4.74 VCC0789 vee 
3 7 12 25 11.9 13 22 42.8 6.57±1.-15 1.25±0.67 :l.0±0.7 1.9±0.1 1\ . .52 
7 2 12 24. 39.0 14 53 44.3 7.1 '±l.-15 0.62±0.71 3.:3±0.7 2.1±0..1 4.9tl. 

7 3 12 24 20.7 14 40 21.7 3. ':l±O.I' 1.19±0.·16 1.7±3.5 1.1±0.2 4. .92 
7 4 12 2:3 27.4 14 38 2:u :1.07±0.85 1.:1:3±0.50 1.9±0.4 1.2±0.:1 4.78 
10 4 12 27 27.9 13 .56 5 '.5 6.·15±1.·1 1 2.98±0.78 2.9±0.6 1.9±0.4. 4 . .56 122'157.8+ 1·11 :!01 ' 7C: B 

10 5 12 27 23.4 13 s:J 10.2 6.98±1.·19 :J.2l±O. 2 :L2±0.7 2.1±0.<1 4.70 

t: After corrections of the point spread function and the vignetting. The unit is 10 •
1 count/sec. 

§:Signal-to- Noise ratio in the 0.7- 10 keV band. The candidates for the sources with -1.5 < Sj'N < 5.0 are :;hown in this table. 

~: .\bsorption corrected X-ray fl.tiX calctdated from the c011nt rate in the 0.7- 10 keV band assuming the photon index of 1.7 and 

C:alactic column density in table 7.1. The unit is 10- 1:5 ergjsec/cm2 

t: VCC Binggeli, Sandage and Tammann 19 '5 [ 12) 
'7GB = Gregory and Condon 1991 [5:1] 
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7.2.2 Spectral Analysis 

For the data of each pointing, we rnacle an X-ray spectrum of the IC::VI using the events within 

18' from the center of the field of view after excluding contan1inations fron1 the sources in table 

7.2 and 7.3. To exclude the contarnination from each source, we discard the events within the 

circular region cantered on the source whose radius is typically 3' . For a bright source, we used 

larger radius than 3'. 

We could not use the san1e background as that in the case of the analysis of :\1187, since 

that background is made with no adoption of the flare-cut criteria. Therefore we have to use 

the data of other obs rvation as a background. Because the Galactic latitude of the Virgo 

cluster is rather high (the Galactic coordinate of the Virgo cluster is (l, b) = (279.7, 74.5)), 

we have to use data of a region of high Galactic latitude to exclude contamination from the 

Galactic ridge ernission. Therefore we selected three regions of QSF3, Jupiter and Lockman 

Hol as background data which arc sbm;~.;n in table 7.4. Though the "Jupiter" observation was 

conduct cl to obscrv Jupiter, it \vas very faint. Therefore we decided to use the field as a 

background. As for QSF3 we con1bined the data of the 4 paintings . These have characteristics 

sumn1arizecl as foll ws; 

1. Thcs ~ arc high Galactic-latitude ob crvations. 

2. Jupiter and Lockn1an Hole arc at the north side of the Galactic plane, while QSF3 is at 

th south ide. 

3. The date of observation of Jupiter is near to those of QSF3. However, the observation 

of Lockn1an Hole was conducted in 1997. Therefore, c01nparing then1, we can study the 

-ffect by th<' long-tcnn l XB iucrea e (Isllisaki 1996 [67]; Ishisaki et al. 1997 [68]). 

For these background data \V adopted tlle S£-UllC criteria of the data screening as those 

for the Virgo duster to exclude th' clat.a affected by th' the South Atlantic Anon1aly, Earth 

occultation, regiorL of lo\v ge01nagn 'tic rigidity, and flare events. vVe also applied a rise-tin1e 

rejection to cxclucle parti ·lc event .. vVc r hcu clicl the source search in the sarne way as described 

iu tllc subsection 7.2.1 vvhich rc,·ult<'cl in the cletcctiou of 2. 6 and 5 ources in the Jupiter, 

QSF3 and Locknum Hole fields. After cxclHcliug these so11rces, we extracted X-ray spectrun1 

frmn each observation using the CY<'nts \\·ithiu 1 ' radins fron1 the center of the field of vinv. 

\Ve show the GIS SI .. H'C'tra. of these rcgious iu fignr' I .3. To st11cly the spectral changes between 

these rcgious. -vvc calculated t ht' ratio of couu t ratl' l)('t.\\·ccll t.hcsc tllrcc regions which arc shmYn 
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Table /.-1: Log of obsen·ation of the background region. 

I'\ an1e Date Position* Expo~ure f 
YY/~1 1/DD b (sec) 

Jupiter 93/06/06 286.2 61.2 62160 
QSF3 93/07/11 250.8 -52.0 6/11 
QSF3 93/09/10 250.8 -52.0 41481 
QSF3 93/09/15 250.8 -52.0 47069 
QSF3 93/09/21 250.8 -52.0 35836 

Lockn1an Hole 97/04/29 149.2 53.2 17038-± 

* Galactic coordinates of the center of the field of Yiew. 

count rat t PI~ 
c/s/dete tor 

0.219 P\' 
0.20/ PV 

PV 
PV 
P\r 

0.265 Ishisaki, Y. 

t Total exposure ti1ne of the GIS2 and 3 after data screening. 
t Count rate after correcting differences of the spectral extraction ar a. 
§ Principal Investigator. PV rneans observations in the Perforn1ance Verification phase. 

in figure 7.4, and found that the spectral shapes of these tlu e regions ar ahnost identical. 

However: the absolute count rate of Lockrnan Hol is larger than those of .Jupit r and QSF3, 

while these two have aln1ost the san1e absolute fluxes· after correcting th cliff ren of tb 

spectral extraction area, the count rates in the 0.7-10 keV band of Jupiter, QSF3 and Lockn1an 

Hole are 0.219, 0.207 and 0.265 counts/sec/detector, respectively. 

One rnay argue that the difference between the count rates is due to the long-tenn NXB 

increase (Ishisaki 1996 [67] · Ishisaki et al. 1997 [68]). To study this: we n1ade the X-ray spectra 

of night Earth in June 1993 and June 1997 using the data of the pointing observations of QSF3, 

f\GC4365, N GC4472, and iGC720 in 1993 and the Virgo mapping observations in 1997. \Ve 

screened the data afFected by the South Atlantic Anomaly, regions of low geomagnetic rigidity. 

\Ne also excluded the flare events and applied a rise-ti1ne rejection to exclude particle events. 

After the above data screening, we extracted X-ray spectra using the data obtained while ASCA 

was looking at the night Earth, which are shown in figure 7.5. Although the spectral shape 

of them are aln1ost identical, the count rates of NXB in 1993 and 1997 are 0.070 and 0.085 

counts/sec/detector, respectively. This increase of the NXB count rate is consistent with that 

reported by Ishisaki (1996) [67] and Ishisaki et al. (1997) [G8], and is too s1nall to explain the 

differences of count rates bet\veen QSF3, Jupiter and Lockman hole. Therefore we conclude 

the differences of the count rates between QSF3, Jupiter and Lockman Hole is due to the 
' 

fluctuation of the CXB. According to the CXB analysis done by Ishisaki (1996) [67], the fluxes 

of Jupiter and QSF3 are consistent \vith the average flux of the CXB within the errors, and 

the relative flux uncertainty of the CXB from field to field is about 2 %. Because the count 
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Figure 7.3: GIS spectra used as a background· (a) Jupiter, (b) QSF3, and (c) Lockman Hole. 
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rate of Lockman Hole is 21 % brighter than that of Jupiter, we regard Jupiter and QSF3 as a 

standard background. and Lockman Hole as a extren1ely bright exan1ple. 

Since the X-ray e1nission of the Virgo cluster extends over a region n1uch larger than the 

ASCA field of vievl, stray lights occupy a significant fraction of the photons detected at each 

region. For exarnple, in th cas of the unifon11ly extended CXB, if ·we integrate X-ray photons 

within the racbus of 20 ' fro111 optical axis, the nun1ber ratio of the X-ray photons which con1e 

frmn the region out r than 20 ' to that of the total X-ray photons is about 45 % at 1 ke \ 

(Ishisaki 199G [67]). In our case, M87 is extren1elv brighter than the surface brightness of each 

region , the ratio of the contan1ination is expected to be larger than 45 % at 1 keV. Therefore 

w hav to tak the stray light effect into account for the Virgo analysis. According to Ishisaki 

(1996) [67], it is nough to take into account stray lights which cmne from the region within 

180 'frmn the optical axis. To do this approxin1ately, ·we assun1ed the beta model as S(r1) in 

Eq. (6.3), setting the th core radius and beta equal to 2' .3 and 0.45, respectively, according 

to tb r sults of th ROSAT observation (Bohringer et al. 1994 [16]). To calculate the ARF, 

1ve used the "Sin1ARF" package. \t./e used the standard RMF provided the GIS tean1. 

\Ne then fitted the X-ray spectra in the 0.7 - 10 keV band with a one-ten1perature RS 

n1odel n1odifi d by interstellar absorption. Free paran1eters are the plasn1a temperature, metal 

abundance, and norn1alization. V-le assurned that the relative ratios of abundances between 

h avy el rnents ar th sarne as the solar ratios (table E.1 ). If we set the interstellar absorption 

to be fre , the best-fit values are 0 in the all observed regions. Con1paring with the results 

of M87 (chapter 6) , this suggests that the interstellar absorption toward the center of M87 is 

larger than that toward th region far fron1 M87. However , since the statistical errors are large 

and the confidence rang s are consistent with the Galactic values in table 7.1, 1ve fixed then1 

to the Galactic values. The best-fit paran1eters and rnodel curves are shown in table 7.5 and 

figure D.l. Th best-fit x2 valu show this rnodel can fit the data quite well . 

The ten1perature and abundance distributions are shown in figure 7.6 . Though the statistical 

errors are very larg , both the ten1perature and abundance distribution seem to have spherical 

syn1metry. Therefore, v-. e fitted the data of the regions having the sirnilar radii fron1 M87 

sirnultaneously 1vith the on -ten1perature RS rnodel to reduce the statistical errors excluding Pl. 

The plasn1a ten1perature. abundance, and norn1alization for each region are the free paran1eters. 

V/e also fixed the colurnn density of each re.gion to be the Galactic value in table 7.1. The best­

fit values of the x2 / d.o.f. show this n1odel can fit the spectra quite well. We show the best-fit 

parameters in table 7.6. The spatial distributions of the temperature and abundance are shown 

in figure 7. 7. 
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Figure 7.5: GIS spectra of night Earth in 1993 and 1997; (a) GIS2 , (b) GIS3. 
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Tabl 7.5: The b st-fit parameters and 90% confidence errors frmn the one-tetnperature RS 

tnodel fitting. 
===========w================================~======= 

BGD~i 
I 

x2 I d.o.f Name Tern perature Abundance Surface Brightness T 
(keV) (solar) (erg/cm2 /s/amin2

) 

M87NW J 2.67:0·{ 2 0.26~0-62 3.8o:g:0 ~ x 10-14 233 .5/274 

Q 2.65 ~~:}~ 0.25 ~~-6~ 3.82~~:~~ x Io- 14 234.7/274 

L 2 52+0.10 0.22 +0.09 3.65=~:~~ X 10-14 235.1/274 . -0.11 -0.09 
P1 J 1. 73 :0 :~; 0 17+0.b9 4.57:g:~~ x 1o-15 54 .00/59 

1. 70+8.45 
. -0.17 

Q o.13~0 :f1 4.89~~:~~ X 10-15 58 .53/59 

L 1.23+8:¥~ 0 07+8.15 3.76:=~:~~ x 1o-15 45.38/59 -0.23 . -0.07 
P2 J 2.19+0.b4 0 33+0.58 5.43:g:~~ x 1o- 15 46.06/76 

2.10~8j~ 
. -0.27 

Q 0.25~0 ·~~ 5. 70:=0 :~~ x 10-15 48.51/76 

L 1 41 +8.31 0 06 +8:2I 4.38+8·22 x 1o- 15 39.09/76 . -0.21 . -0.06 -0.23 
P3 J 2.18 +0 -~0 0.28:0 :~ i 6 . 37:0j~ x 1o-15 62.88/80 

Q 2 13+8Jr 0 22+8.25 6.61~~j~ X 10-15 68.86/80 . -0.26 . - 0.16 
L 1 61 +0.19 0 13+0.17 5.32~~:~} X 10-15 65.37/80 . -0.21 . -0.11 

P4 J 2 39 +0.28 0.32+0.25 L31=g:g~ x 1o-14 53.74/81 . -0.27 - 0.19 
Q 2.35=0:~~ 0.29~0 ·i~ 1.33~0 · 0j X 10-14 56.06/81 

L 2.07~8:~~ 0 21 +8: 1 ~ 1.21~8:8! x 1o-14 51.77/81 . -0.13 
P5 .J 2.17:0 :~6 0.27~0 -~ 7 8.99~0J~ x 1o-15 51.39/56 

Q 2 15+8.39 o.24~8:r~ 9 . 22~~:~! x 1o-15 49.15/56 . -0.29 
L 1 72+0.34 0 15+0.23 7.96=~:~~ x 1o-15 45.14/56 . - 0.21 . - 0.13 

P7 J 3.17£ Li3 1 13+2·71 2 . 78£ 0j~ x 1o-15 22.41/39 
2 49+0 ·8~ 

. -1.07 
2 . 87~~:i~ X 10-15 Q 0 35+0.91 31.61/39 . -0.72 . - 0.35 

L 1.09+0.31 0 09 +o.4o 1.53=~:i~ x 1o-15 28.76/39 -0.23 . -0.09 
P8 J 3 24+0.69 1 o8+1.42 4.97:g:~~ x 1o-15 34.25/37 . - 0.72 . -0.78 

Q 2.94~0 :g 1 0 . 73 ~0 -~6 5.11~0 :~g x 10-15 38.46/37 

L 1 67+8.49 0 . 18 ~~:1~ 3.34=~:~~ X 10-15 29 .50/37 . - 0.33 
P9 .J 2.86=0 ·~4 0 . 62=1.~~ 4.4 1:g : ~~ x 1o-15 15 .62/35 

Q 2.55~8:~~ 0 31 +8:g7 4.65~~ : ~g x 1o-15 17.26/35 
1 55+8 :~9 

. - 0.31 
L 0 06+0.33 3.17~~:~~ X 10-15 15.90/35 . - 0.32 . -0.06 

P10 J 2 54+0.39 0 43+0.48 7 . 65:g:~~ x 1o-15 29.22/46 . - 0.38 . - 0.28 
Q 2.42=0 :~j 0.32~0 :~~ 7.86~0 : ~~ X 10-15 38.83/46 

L 1 78+8.31 0 13+8.23 6.32~~:~: X 10-15 27.27/46 . - 0.20 . -0.12 
P11 J 2 46 +0.4S 0 35+0.4S 6 . o4:g:~+ x 1o-15 27.18/41 . - 0.42 . - 0.29 

Q 2.27~0:~~ 0.21 +0.34 6.24~0 :~: x 1o- 15 35.26/41 

L 1 72+8.29 0 14+8J~ 4 . 80~~:~j X 10- 15 34.68/41 . -0.23 . -0.14 
Pl2 .J 2.27=0 :1~ 0.17~0 :fi 1.74=0:0g x 10-14 100.8/95 

Q 2 24+8.25 0 16+8.16 1.76~~:~~ X 10- 14 96.57/95 . -0.15 . -0.12 
L 2 08+o.17 0 12+0.13 1.65~~:~~ X 10- 14 88.95/95 . -0.16 . -0.10 

~ Backgroud used for the analysis. 
' J", '·Q" , and "L" r pres nt Jupiter , QSF3, and Lockman Hole , respectively. 

t Absoption corrected value in the 0.5 - 10 keV band. 
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Figure 7.6: Results of the one-temperature, model fitting of the Virgo cluster ; (a) ten1perature , 

and (b) abundance. V\fe also plot the results of M87. Dots , triangles and squares represent the 

cases that we used the data of Jupiter , QSF3, and Lockn1an Hole a.s a background. 



1.2. .·LYALYSIS A.\~D RESeLTS 101 

Table 7.G: The b st-fit para1neters and 90 % confidence errors of the one-temperature model 

fitting. In this case, we fitted the data of the regions having the similar radii from the center 

of I'v187 sin1ultaneously. 

Region BGD~I Ten1perature Abundance x2 jd.o.f. 
(keY) (solar) 

M87N\V J 2 67+0.12 . -0 .10 0 26+0.12 . -0.08 233 .5/274 
Q 2 65+0 .10 . -0 .10 0 25+0.10 . -0.08 234.7/274 
L 2 52+0.10 . -0.11 0 22+0.09 . -0.09 235.1/274 

P12 J 2 27+0.29 . -0.16 0 17+0.20 . -0.11 100.8/95 
Q 2 24 +0.25 . -0.15 0 16+0.16 . -0.12 96.57/95 
L 2 o8+0.17 . -0.16 0 12+0.13 . -0.10 88.95/95 

P4+P5 J 2 27+0.30 . -0.17 0 29+0.22 . -0.14 105.8/139 
Q 2 24+0.26 . -0 .16 0 26+0.18 . -0.12 105.7/139 
L 1 99+0.17 . -0.17 0 20+0.14 . - 0.10 99.37/139 

P2+P3+P10+P11 J 2 39+0.l2 . -0.25 0 37+0.21 . -0.18 167.3/249 
Q 2 21 +0.18 . -0.14 0 24 +0.13 . -0.10 193.4/249 
L 1 66+0.11 . -0.11 0 12+0.09 . -0.06 170.1/249 

P1+P8+P9 J 2 64 +0.41 
. -0.41 0 61 +0.56 . -0.34 110.9/135 

Q 2 24+0.47 
. -0.21 0 29+0.38 . -0.17 123 .5/135 

L 1 40+0.24 . -0.13 o o8+o.1s . -0.06 96.60/135 

P7 J 3 17+1.13 
. -1.18 1 13+2·11 

. -1.07 22.41/39 
Q 2 49+0.86 . -0.72 0 35+0.91 . -0.35 31.61/39 
L 1 09+0.31 

. -0.23 o o9+oAo . -0.09 28.76/39 

~: Backgroud used for the analysis. 
"J ' , "Q", and "L" represent Jupiter, QSF3 , and Lockman Hole, respectively. 

102 CHAPTER 7. ASCA 1\IA.PPL\TG OBSER\ATIOi\'" OF THE VIRGO CLUSTER 

,.--..... 

> 
Q) 

..Y. 
'-.../ 

Q) 
I.-
:::J 

-+--' 
0 
I.-
Q) 
Q_ 

E 
Q) 

f-

,.--..... 
1.-

0 
0 

(f) 
'-.../ 

Q) 

u 
c 
0 
-o 
c 
:::J 

-.;j-

N 

0 

0 

_o 0 
<( 

Jf) 

r-

++4 

0 

r-

+ 
+t 
+ 

r-

0 

00 

(a) 

Virgo Temperature Distribution 

I I I 

• BGD = Jupiter 
A BGD QSF3 -

• BGD = Lockman Hole 

\ 
~ 

~ ~ ~ -
l 
T 'j 

T 

M87NW P1 +P8+P9 
P12 P4+P5 P7 

P2+P3+P1 O+P11 
I I I 

50 100 150 200 
Distance from M87 (arcmin) 

(b) 

Virgo Abundance Distribution 

I I I 

• BGD = J~iter • BGD = Q F3 
• BGD = Lockman Hole 

-

~ ~I 
liT 
I 

I -

M87NW P1+P p+P9 

P12 P4-t P5 F 
P2+P3+P10+P11 

I I J. 

50 100 150 200 
Distance from M87 (arcmin) 

Figure 7. 7: (a) Tern perature and (b) abundance distribution of the Virgo cluster. We also plot 

the results of M87. In this case, we fitted the data of the regions having the sin1ilar radii fron1 

the center of M87 simultaneously. Dots , triangles and squares represent the cases that we used 

the data of Jupiter, QSF3, and Locl~n1an Hole as a background. 
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Note that whatever background we used, the tcrnpcraturc goes clown with radius fron1 about 

2.9 kcV at the center of M87 to about 2.2 kcV at the region 50' from the center. If we used 

Jupiter or QSF3 as a background, the outer part of the t<'n1pcraturc profile beyond 50' is 

consistent with a constant te1upcraturc. On the other hand, if we used the data of Lockman 

Hole as a background, the tcn1pcraturc still continues to decrease with radius beyond 50' ; at 

the outennost region, the ternpcraturc r<'achcs to about 1.0 keV. However, the flux of LoclGnan 

Hole is cxtr<'nwly bright cmnparecl with the average CXB + NXB as 1nentioned above, this 

decrease 1nay be an artifact. 

In this c asc, the u1ct al abundance is prin1ary dctcnninccl by the Fe L lines. Therefore we 

should regard this 1nctal abuuclaucc as that of Fe. Though the statistical errors arc rather 

large, the abunclanC'c of each region is less than that at the central region of M87 and consistent 

with a spatially constant profile in all cases . Therefore we can conclude that the Fe abundance 

clecr·eascs with radius frorn the center of M87 to 40' radius. Beyond this radius, the n1etallicity 

is ahnost spatially coust aut at 0.3 solar. 
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7.3 Discussion 

7 .3.1 Mass Distribution 

The surface brightness distribution are sho-wn in figure 7 .. in "Yrhich 'ive al o shoYr the result 

of the two-ten1perature n1odel fitting to the data of 1\181 fixing the ten1peratur of the hot 

con1ponent to be 2.9 keV (table 6.5) . \Ve can see that the hot con1ponent of 1\187 can be 

sn1oothly extrapolated to the ICM of the Virgo cluster: which suggests that the hot and cool 

components are the gases associated with the Virgo cluster and 1\1:87 respectively. This is the 

san1e situation as other clusters of gala.,~ies having cool con1ponents at the region of the central 

dmninant galaxies (Ikebe 1996 [64], Fukazawa 1997 [47]). 

\~ie fitted these profiles fr01n 40' to 200' with the beta n1odel fixing the core radius to 

be 2'.3 (Bohringer 1994 [16]). The best-fit paran1eters are sun1n1arized in table 7.7, vlhich are 

consistent with the previous observations (Fabricant and Gor nstein 1983 [41]; I3ohringer 1994 

[16]; Fukazawa 1997 [47]). \Ne converted the central surface brightness , Sx(O) , to the central 

proton density, n(O), assuming the te1nperature and abundanc of the ICM are the sa1ne as 

their averaged values; 2.55 keV and 0.27 solar for the case of Jupiter, 2.47 keV and 0.24 solar 

for the case of QSF3, and 1.94 keV and 0.15 solar for the case of Locl~1nan Hole. 

\~/e fitted the radial te1nperature profile of figure 7.7 (1 ) with an analytic function of the 

form, 

(7.2) 

We fixed the central temperature, T0 to be 2.9 ke V. The free para1neters are A and Ts. The 

best-fit para1neters are summarized in table 7.8. 

Table 7.7: Surface brightness fit with the beta modelt. 

BGD (3 Sx(O) n(o)§ 
ergjc1n2 /s/amin2 cm-3 

Jupiter 0.43±0.1 (2.9±0.4) X 10 12 (3.00±0.03) X 10 2 

QSF3 0.43±0.1 (3.3±0.2) X 10-12 (3.10±0.02) X 10-2 

Lock1nan Hole 0.47±0.1 ( G.5±0. 7) X 10-12 (3.09±0.03) X 10-2 

t : From expression surface brightness Sx =.= Sx(O)[l + (r/rc) 2F-3!3+0.5). We fixed rc to be 2'.3. 

§: Central proton density. 
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Figure 7.8: The 0.5 - 10 keV surface brightness profile of the Virgo cluster. Dots, triangles 

and squares represent the cases ·we used the data of Jupiter, QSF3, and Lockn1an Hole as a 

background, resp ctively. Stars and diamonds show those of the hot and cool components in 

M87, respectively. In this case, we fitted the spectra of M87 with the two-temperature RS 

model fixing th temperature of the hot c01nponent to be 2.9 keV. 
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Table 7.8: A.nalytic form of the radial tern perature profile t. 
BGD~I Ts A 

( ke V) ( arcn1in) 

Jupiter 
QSF3 

0.53±0.3~ 49.3( <111.8) 
0.97±0.80 96.1( <218.9) 

Lockman Hole 6.9( <20.9) 575.8( <1861) 

t: We fitted the radial temperature profile of figure 7.7 with a function of 

T(r) =To-Ts (1- exp( -r/'A)). 

We fixed T0 to be 2.9 ke V. 

~: Data used for the background . 

Substituting these results for Eq. (2.43), we calculated the integrated mass profile of the 

total gravitating rnatter and IC"NI. We also calculated the stellar mass distribubon using the 

optical brightness data of Binggeli , Sandage, Tammann (1985) , [12] assuming the mass-to-light 

ratio is equal to 5. In figure 7.9, we show the integrated n1ass profiles of various components 

in the Virgo cluster. The mass of the IC"NI dominates the baryon mass beyond 20' ( rv 87 kpc) 

from the center. However, beyond 50' from the center, the ratio of the mass of the IC"NI to 

that of the stellar mass keeps a constant value of about 5. The baryon fraction is gradually 

increases with radius from 0.06 at 40' (rv 170 kpc) to 0.18 at 200' (rv 870 kpc), because the 

slope of the ICM is steeper than that of the total gravitating rnass. 

7.3.2 Temperature Dist ribut ion 

"Niarkevitch et al. ( 1997) [87] and Sarazin , Wise, and Nlarkevitch (1997) [117] observed n1any 

rich clusters of galaxies and found that the temperature 

vVhatever background we use , the ten1perature of the Virgo cluster decreases with radius 

fr01n 2.9 ke V at the center of 187 to 2.2 ke V at 50' radius ( rv 220 kpc) fr01n the center. If we 

used the data of .Jupiter or QSF3 which we think as a standard background, the ten1perature is 

aln1ost spatially constant with radius beyond 50'. In the case of Lockn1an Hole, the tern perature 

continues to decrease beyond 50'. However , this n1ay be an artifact because w think Lockn1an 

Hole is an exan1ple of an extren1ely bright background. Th ten1perature decrease with radius 

can be seen in rnany rich clusters of galaxies ( i\Iarkevitch et al. 1997 [87]: Sarazin, vVise, and 

1\.Iarkevitch 1997 [117]) . Though the averaged profile of rich clusters is consistent with our 
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profile within large errors , the profile of rich clusters seen1s to be steeper than that of Virgo. 

This may suggest that the rich clusters have steeper profiles than those of low mass clusters. 

An entropy distribution of ICivi sometimes provides a physically n1eaningful way of diag­

nosing merging clusters (1viarkevitch Sarazin, and Irwin 1996 [86]). Assuming the ICivi is an 

ideal gas of a monoatomic molecule, the entropy per particle , s, is expressed as 

s( n, T) = ~k ln ( ~) +a, 
2 n2 

(7.3) 

where n is the number density of rcrvr , and a is the chemical constant which is independent 

from T and n. We then define the extra entropy, 6.s as follows, 

6s _ s - s0 = ~kIn [ (~) ( ~) -~] , (7.4) 

where the subscript zero denotes values at any fiducial region in the cluster. Approxitnating 

n/no rv Sx / Sxo for a qualitative est imate, where Sx is the X-ray surface brightn ss of the 

cluster, we get an approximate expression as 

3 r T s~ -tl 
6 s ~ 2k In l (rJ (s~J . (7.5) 

We chose the central point as the fiducial region , and substituted 2.9 ke V and the best-fit value 

of Sxo in table 7.7 for To and Sxo , respect ively. We thus got the en tropy distribution of the 

Virgo cluster , which is shown in figure 7.10. 

In the case of Jupiter and QSF3, the entropy increases with radius , which is usually se n 1n 

many clusters of galaxies (David , Jones and Forman 1996 [26] ). This is clue to the decrease of 

the gas density with radius . On the other hand, when we used the data of Lockman Hole as a 

background , the entropy is ahnost spatially constant, because the temperature decrease cancels 

the density decrease . This suggests that the ICivi of the Virgo cluster is heated adiabat ically. 

For example, the ICNI has recently mixed turbulently via merging, and the ten1perature gradient 

would then result from the adiabatic con1pression required to reach hydrostatic equilibrium. 

However, since the Lockn1an hole is an extremely bright exan1ple, this spatially constant en tropy 

may be an artifact . 

Though P 1, P 8 and pg have almost the same radii , P 1 has significantly lower entropy than 

P8 and P9 in all cases . This is because the temperature at P 1 is lower than those at P8 and 

P9 , which can be seen in figure 7.6 (a). The ROSAT observation shows that P1 has the lowest 

level of the X-ray surface brightness , i.e. P1 is the edge of the X-ray e1nission (Bohringer et al. 

199-1 [1G]). These suggest that the infall prin1orclial gas tnakes a shock wave at P1 , and the gas 

is now undergoing shock heating and has not yet got ten1perature as high as those of P8 and 

P9 . 
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Figure 7.10: Entropy distribution relativ to the central value. The upper, n1iddle and lower 

panel show the cases that we used the data of Jupiter QSF3, and Lockn1an hole as a back­

ground, respectively. 
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7.3.3 Abundance Distribution 

vVe discovered an abundance gradient in the Virgo cluster. Because iron nuclei have high 

atomic weight, the iron tends to settle into the core of the cluster. This effect may cause this 

abundance gradient. Fro1n now on, we try to estimate this effect quantitatively. 

vVe consider the situation in which a 'test particle' n1oves through an ionized gas. The 

test particle has a mass m, a charge Ze, and a velocity v . . 11 fi lcl particles with which the 

test particles collide have the same mass, m 1, and charge ,Z 1e. The nun1ber density and 

temperature of the field particle is n f and T, respectively. vVe define the thermal velocity of 

the test particle, Vf, as 

(7.6) 

The rate at which the 1noving test particle are slowed down by interaction with the field 

particles, 6.v, can be expressed as, 

(7.7) 

where the diffusion constant AD is defined by 

81re4n 1 Z
2 Zj ln A 

An == 2 ' m 
(7.8) 

where A is the Coulomb logarithm. The function G( x) is defined in tern1s of the usual error 

function, <I?( x), by the relationship 

where <I?(x) is 

G(x) == <I?(x)- ~<I?'(x)' 
2x 

cf>(x) = ~ { e-y' dy 

(Spitzer 1962 [124]). If x ~ 1, substituting 1- y2 for e-v2 in equation (7.10), we get 

2x 
G(x) rv-

3/'if 

(7.9) 

(7.10) 

(7.11) 

(7.12) 

Therefore, if the velocity of the test particle, v, is n1nch sn1aller than the thern1al velocity of 

the test particle. u 1. we get 

(1.13) 
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Because this dynamical friction force should balance with the inward gravitational force in a 

stationary state, we can estimate the drift speed of the test particle, VD, by equating 6.v with 

the cluster gravitational acceleration, g, 

(7.14) 

g can be expressed as 
G vi(< r) 

g = 2 ' r 
(7.15) 

where NI ( < r) is th total gravitating mass within a radius r . In our case, the test and field 

particl s are iron and proton, respectively, and 1 + mjm f rv A, where A is the mass number of 

iron (A ~ 56). Therefore the drift speed of the test particle can be written , 

(7.16) 

wh r rnP is th proton Inass (Fabian and Pringle 1977 [38]) . We also have to take collisions 

with helium nuclei into account in a real situation, which reduce the drift speed by a factor of 

1.8. Thus we get the iron drift velocity numerically, 

(7.17) 

(R phaeli 1978 [ 112]). sing this relation, we estimated the travel distance of iron within the 

Hubbl tim ( rv 10 10 yr) in the Virgo cluster , which is shown in figure 7.11. vVe used the results 

shown in table 7.8, table 7.7, and figure 7.9 to estimate T, n1, and g . The travel distance 

of iron is rath r short in all cases. If magnetic fields exist in the Virgo ICTvi, they are likely 

to reduce this listan e significantly. Therefore we expect that the present positions of iron 

nucl i reflect the positions 'vhere they were expelled fron1 n1ember galaxies and that there is 

a correlation b tween th ICrvi abundance and the positions of member galaxies. We show 

distributions of lun1ino ity densiti s of rnernber gala"'{ies calculated using the data of Binggeli 

et al. (1985) [12] in figur 1.12, wh re clots represent early type galaxies (E +SO+ dE+ clSO), 

while triangl show lat type galaxie (S + Irr). The abundance profile is roughly consistent 

with the distributions of the hunino it~· d n ity of early type galaxies. and extren1ely different 

frorn that of spiral galaxi This ugo·e ts the origin of iron in the IC I of the Virgo cluster 

is early type galaxie , which ~upport conclusions of Arnaud et al. ( 1992) [5] and Tsuru ( 1993) 

[137]. 
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Chapter 8 

Conclusion 

vVe observed the Virgo cluster of gala.-xies with ASCA. vVe summarize our results as follows: 

1. We det ct cl two-t mperature plasrna components from the region near to 1vi87. On the 

other hand, th IC:tvi of the Virgo cluster at a region beyond 40' from l\!!87 is one­

temperature plasma. 

2. The t mp ratur of the hot con1ponent of 187 is about 2.9 ke V and it is nearly constant 

frorn O'to 10'. The surface brightness of the hot component is smoothly extrapolated to 

that of the IC t! b yond 40'. Therefore the hot component is likely to be the ICrvi of the 

Virgo main body. 

3. The temperatur of the IC I decreases with radius from 10' to 50' from 187. Beyond 

50', the t n1p rature of 2.2 ke V is ahnost spatially constant. 

4. The tern perature of the cool cornponent of M87 is ""' 1.3 ke V, and shows no variation over 

the :field of 187. The flux of the cool con1ponent is more concentrated toward the center 

of I\ri87 than that of the hot con1pon nt. 

5. vVe found a cl ar abundance gradient of Fe Si, and S; for iron the values range fron1 

0.5 of th solar valu at the 1v187 center , and decrease to about 0.2 - 0.3 of the solar 

value beyond .JO' frorn l\.1 I. I3 yond .J:O'fron1 I\187, the iron abundance is aln1ost spatially 

constant. Ho,,·ever. there is no significant radial variation in the abundance of 0. 

6. We found th·:tt th . abundanc of S and Si in the inner regions are larger than those of 

0 and Fe with no sie;;nificant gradi nts on th ratio of Si:S:Fe. The Si:Fe ratio is rather 

sirnilar to that found in rich luster ( i\I ushotzky et al. 1996 [1 05]). while the S :Fe ratio 

is rather larger. 
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7. The abundance ratio of 0 /Fe is smaller than the solar ratio. This combination of low 

O:Fe and high Si:Fe is rather difficult to account for in relatively straightforward models 

of chemical evolution (Loewenstein, and t1ushotzky 1996 [82]) , since both 0 and Si tend 

to come from the same massive stars. 

8. The abundance distribution in the Virgo cluster is consistent with a eli tribution of lumi­

nosity density of early type galaxies . This suggests the origin of iron in the ICi'vi of the 

Virgo cluster is early type galaxies. 

9. We found a low-temperature region at 140'fron1 NI87. This suggests the ICi'vi at the region 

is now undergoing shock heating. 

10. vVe found no strong nuclear activity from M87. The upper lin1it of the absorption cor­

rected flux of the power-law con1ponent is"" 2.5 x 10- 12 erg crn- 2 s- 1 in the 0.5- 10.0 keV 

band. We found a long-term variability of the AGN activity. 



Appendix A 

ASCA spectra of M87 

A.l The spatially re solaved ASCA spectra of M87 

We show the spatially resolved X-ray specta of M87 taken with the SIS and GIS. The back­

ground spectrum is subtracted from each spectrurn. 
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A.2 The bremsstrahlung plus Gauss ian lines m odel fit-

ting 

We fitted the SIS (1.6 - 10 keY) and GIS (3.0- 10 keV) spectra of N18T with the thermal 

bremsstrahlung continuum and Gaussian lines model. vVe show the best-fit n1odel and its 

residuals in figure A.3 and A.4 . 
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Figur~ A.3: There ult of the thennal brern ' trahlung plus Gaussian lin rnodel fitting to the 

spatiallv resolved SIS pectra of the high-energy lnncl (l.G 10 ke\-). 

120 

~ ~ < c) 
(.) 

v 
en 0 

';;;- c) 
c n 
::l I 
0 0 
(.) ~ 

..;-

data and folded model 

M87 GIS 0' - 2' 

10 L-----'-----'---'-'----...l......i._---L...__;,__...l.....__J 

> 
Q) < 0 
u 
Q) 

en o ? 0 
c n 
:l I 
0 0 
(.) ~ 

..;-

5 
channel energy (keV) 

data and folded model 

M87 GIS 4' - 6' 

,. 

i 
r 

10 

10 L,___ __ __.__ __ _._ _ _,___--L-1..___---L..._:___..J.,...__J 

N 

>< 0 

> 

N 
I 

Q) ~ 

5 
channel energy (keV) 

data and folded model 

M87 GIS 8' - 1 0' 

< 0 ""~,__.,,, A .. 
(.) 
Q) 

en 0 

';;;- 0 

c n 
:l I 
0 0 
u ~ 

..;-

10 

10 L,___ __ __.__ __ _.__....,___-"-'----L...--'--...l.....__J 

" ~ ~~~l~/~~itft1/!±+-_ 
I ~-~--'-----'-----'-~--'----L...-........__J 

5 10 
channel energy (keV) 

APPENDIX A. ASCA SPECTRA OF i\1187 

> Ill ~ < 0 
u 
Ill 
en 0 

';;;- 0 
c n 
::J I 
0 0 
u ~ 

..;-

data and folded model 
M87 GIS 2' - 4' 

.I 
I 
r 

I' 

' 1 
ol,___--~--~---~~~~~__J 

channel energy (keV) 

data and folded model 

M87 GIS 6' - 8' 

~ ~ < ar'T"'~~~~ ......... 
(.) .. ,.,...,"-'"'"' " 
Ill z ~ 
!2 0 
c n 
::J I 
0 0 
(.) ~ 

..;-

10 '-------'-----'----..l.J._-""'----'----L...-...l.....__l 

>< 0 
N 
I 

v I ~~-~-~--~~-~~~ 

> 
Q) < 0 
(.) 
Q) 

en ~ 
';;;- 0 

C n 
:l I 
0 0 
u ~ 

5 
channel energy (keV) 

data and folded model 

M87 GIS 0'- 10' 

10 

..;­

'oL-----'---~=--~-~~--..J.,...__J 

5 10 

channel energy (keV) 

Figure AA: The result of the thern1al bre1nsstrahlung plus Gaussian lines rnodel fitting to the 

spatially resolved GIS spectra of the high-energy band ( 3 10 ke V). 



A.3. THE SPECTRA OF NI87 FITTED WITH THE 0 1'iE-TE1viPERATURE RS 1viODEL121 

A.3 The spectra ofM87 fitted with the one-temperature 

RS model 

We fitted the SIS (0.4 - 10 ke V) and GIS (0. 7 - 10 ke V) spectra of N187 simulatneously with 

the one-te1nperature RS model. The plasma temperature, normalizations for the SIS and GIS , 

the interstellar absorptions for the SIS and GIS and metal abundances of 0 , Nlg, Si, S, Ar , Ca, 

and Fe were free parameters. 

Figure A.5: The spatially resolved SIS and GIS spectra of M87. The solid line shows the 

best-fitting one-temperature RS model. The model was fitt ed with the SIS and GIS data 

simultaneously. However, for clarity, we show the SIS and GIS spectra in the left and right 

columns separately. 
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A.4 The two temperature RS model fitting (I) 

We fitted the SIS (0.4 - 10 keY) and GIS (0 .7 - 10 keV) spectra of l\1187 si1nulatneously with the 

two-temperature RS model. In this case, both temperatures of the hot and cool components 

are free parameters. 

The other free parameters were the abundances of 0, Si, S, Ar: Ca, and Fe, the normal­

izations of the hot component for the SIS and the GIS, the ratio of normalization of the cool 

component to that of the hot component, and the interstellar absorptions for the SIS and the 

GIS. We assumed that the metal abundances for the cool component is the same as that of the 

hot component. 

Figure A.6: The spatially resolved SIS and GIS spectra of 1vl87. The solid line shows the 

b st-fitting two-t n1perature RS model. The model was fitted with the SIS and GIS data 

simultan ously. Howev r, for clarity, we show the SIS and GIS spectra in the left and right 

columns separately. 
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A.5 The two temperature RS model fitting (II) 

vVe fitted the SIS (0.4 10 keV) and GIS (0.7 - 10 keY) spectra of :NI87 simulatneously with 

the two-temperature RS model. In this case, the temperature of the hot component is fixed to 

2.9 keV. 

The free parameters were the temperature of the cool component, the abundances of 0, 

Si, S, Ar, Ca, and Fe, the normalizations of the hot component for the SIS and the GIS , the 

ratio of norn1alization of the cool component to that of the hot component, and the interstellar 

absorptions for the SIS and the GIS. vVe assumed that the metal abundances for the cool 

component is the same as that of the hot component. 

Figur A. 7: T he spat ially resolv d SIS and GIS spectra of :NI87. The solid line shows the 

best-fitting two-ternperat ure RS model. In this case, the temperature of the hot component is 

fixed to 2.9 keY. The model was fitted with the SIS and GIS data simultaneously. However , 

for clarity, we show the SIS and GIS spectra in the left and right colun1ns separately. 
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Appendix B 

The MEKAL model fitting 

B.l RS model vs MEKAL model 

In figur I3 .1, we show model spectra from thin thermal plasma. The temperature of it is 1.4 

ke V, whi h is almost the same temperature of the cool component of :tvi87. The abundance of 

it is 1.0 solar. We can see clear differences between the RS and :tviEKAL models around 0.8 

- 2 keY. Decause this rnay significantly change our results with the RS model, we used the 

.tviEKAL model to fit the spectra of NI87. 
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Figure I3.1: :tvioclel spectra fron1 thin thennal plasnu1. of whose tetnperature n1etal abundance 

are 1.-± keY and 1.0 solar; (a) ns tnodel: (b) :l\IEI\:AL tnoclel. 
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B.2 The one-temperature MEKAL model 

First we fitted the spatially spectra taken with the SIS and GIS sin1ultaneously with the one­

temperature :NIEKAL model n1odified by interstellar absorption. The free and fixed parameters 

are the same as those of the one-temperature RS model (p. 69). The best-fit tnodel curves 

and spectra are shown in figure B .2. We show the best-fit x2 / cl.o.f. in table B .1 which can 

be compared with table 6.3. Though the values are significantly smaller than those of the 

RS model fitting, the fit is not satisfactory. Therefore we tried the two-temperature :tviEKAL 

model. 

Table B .l: The x2 jcl.o.f values of the one-temperature :LviEKAL model fitting. 

0'- 2' 2'- 4' 4'- 6' 6'- 8' 8'- 10' 
h ·2/cl j' c z .0 .. 1284/629 1250/716 969.4/726 840.7/712 835.3/682 
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Figure B.2: The spatially resolved SIS and GIS spectra of Ivi87. The solid line shows the 

best-fitting one-temperature IviEKAL model. The model was fitted with the SIS and GIS data 

simultaneously. However, for clarity, we show the SIS and GIS spectra in the left and right 

columns separately. 
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B.3 The two-temperature MEKAL model 

The one-temperature could not fit the spectra, we then tried the two-temperature I'viEKAL 

n1odel. The free and fixed parameters are the same as those of the two-temperature RS model 

(p . 69) except for the ternperature of the hot component. In the case of this model fitting the 

temperature of the hot component is much strongly coupled with the ratio of normalization of 

the cool component to that of the hot component than in the case of the RS model. We thus 

fixed the temperatur of the hot component to be 2.9 keV, which is the average temperature of 

the hot compon nt obtained by the two-temperature RS model fitting. The best-fit parameters 

and model curves are shown in table B .2 and figure B.3, respectively. 

Comparing table B.2 with table 6.5, the chi2 values are significantly smaller than those of 

the RS 1nodel. However , there is no essential difference between the RS and I'viEKAL model as 

summarized b low; 

1. Though the temp ratures of the cool cmnponent of the IEKAL model are slightly higher 

than those of the RS n1odel, they are almost spatially constant . 

2. The EI of th cool con1pon nt is more concentrated toward the center of 187 than that 

of th h t tnpon nt. 

3. Th abun laces of Si, S and Fe show strong concentration toward the I'vi87 center. 

4. Th abundace of 0 is aln1o t ·patially constant . 

5. The abundance ratio of 0 /F is smaller than the solar ratio. 

6. Th abundance ratios of Si:S:Fe are almost spatially constant. 

vV thus con lucl that th r sults of our thesis are not essentially changed even if we used 

the I'viEI~AL tno l 1 inst ad of th RS model. 
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Table B.2: The results of the two-temperature MEKAL model fitting. The temperature of the 

hot component is fixed to 2.9 keV.* 
Radius 01-21 21-41 41-61 61- 81 81-101 

NH(SIS) 5.49 5.99 5.54 4.49 4.76 
(1020 cm-2) ( 4.94-5.96) (5.54-6.41) ( 5.09-5.99) (4.02-4.98) ( 4.20-5.33) 
NH(GIS) 2.72 2.34 1.35 0.00 1.17 
(1 020 cm- 2) ( 1.22-4.18) (1.03- 3.66) (0.00-2. 74) (<1.49) ( <2.93) 
kT1 (keV) 1.41 1.53 1.66 1.74 1.75 

(1.39-1.43) ( 1.50-1.56) ( 1.60- l. 73) ( 1.64- 1.86) ( 1.60-1.82) 
kT2 (keV) 2.9(fix) 2.9(fix) 2.9(fix) 2.9(fix) 2.9(fix) 
Abundance (Solar) 

0 0.21 0.29 0.43 0.32 0.32 
( 0.13-0.30) ( 0.21-0.38) (0.34-0.54) (0.20-0.44) (0.18- 0.39) 

Mg 0.09 0.06 0.17 0.12 0.21 
( <0.18) (0.00-0.15) (0.07-0.27) (0.00-0.25) (0.06-0.36) 

Si 0.74 0.76 0.68 0.69 0.52 
(0.68-0.81) (0.70-0.82) (0.62-{).75) (0.61-0.77) (0.44- 0.61) 

s 0.70 0.68 0.51 0.52 0.46 
(0.63-{) .78) (0.61-{) .75) (0.44-{) .59) (0.43-0.61) (0.36-0.57) 

Ar 0.50 0.58 0.21 0.41 0.29 
( 0.28-{). 72) (0.39- 0.76) ( <0.41) (0.18- 0.65) (0.04-0.55) 

Ca 0.98 0.90 0.27 0.49 0.37 
(0 .61 -1.32) (0.62-1.18) ( <0.56) (0.16-0.82) ( <0.74) 

Fe 0.46 0.44 0.38 0.37 0.31 
(0.44-{).49) ( 0.42- 0.46) (0.36-{).40) (0.35-0.40) (0.28-0.34) 

EI(SIS)§ 5.16 7.73 7.13 7.14 5.87 
(1064 cm-3) (5.02-5.28) ( 7.19-8.23) (6.38-7.70) (6.33-7.77) ( 4.90-6.50) 

EI(GIS)§ 5.53 6.74 7.27 7. 11 6.57 
(1064 cm- 3 ) (5.35-5.94) (6.28-7.19) (6.52-7.86) (6.30-7.74) (5.50-7.27) 

EI ratiot 1.99 1.51 1.07 0.64 0.57 
(low-kT/high-kT) (1.75-2.25) ( 1.33-1. 70) (0.91-1.31) (0.51-0.85) ( 0.42-{).87) 
Cool Component 

Fx(I0- 11 erg/s/cm2 )t 
SIS 3.34 3.75 2.46 1.50 1.05 
GIS 3.77 3.50 2.71 1.62 1.26 

Lx(l041 erg/s)tt 
SIS 9.99 11.27 7.34 4.37 3.08 
GIS 10.12 9.83 7.48 4.34 3.'15 

Hot Component 
Fx(l0- 11 erg/s/cm2 )t 

SIS 2.13 3.19 2.93 2.94 2.36 
GIS 2.37 2.92 3.17 3.11 2.78 

Lx(1041 erg/s)tt 
SIS 6.15 9.27 8.49 8.40 6.77 
GIS 6.59 8.08 8.66 8.35 7.58 

x2 jd.o.f. 977.6/628 997 .8/715 892.27725 806.8/711 819.07681 

• The errors in the brackets are at 90% confidence level. 

§ EI is Emission Integral of hot component. 

t Ratio of EI of cool component to that of hot component. 

t X-ray flux in the 0.5- 10 keV band from each annulus. 

tt X-ray luminosity in the 0.5- 10 keV band from each annulus. 
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Figure B.3: The spatially resolved SIS and GIS spectra of M87. The solid line shows the 

best-fitting two-temperature MEKAL model. The model was fitted with the SIS and GIS data 

simultaneously. However , for clarity, we show the SIS and GIS spectra in the left and right 

columns separately. 
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Appendix C 

ASCA GIS illlages of the Virgo cluster 

We show the X-ray images of the Virgo cluster obtained with the GIS2 . The all band (0.7 - 10 

keY) images are shown in the left column, while the hard band (3 - 10 keV) images are shown 

in the right colu1nn. Dots show sources with S/N ratios greater than 5.0 , while triangles show 

candidates for sources with S/N ratios greater than 4.5 and smaller than 5.0. Crosses shows 

the VCC sources (Binggeli, Sandage and Tammann 1985 [12]). 
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Figure C.l: The GIS i1nages of the Virgo clusters. 
~87 40 m in NW 0.7 - 10 keV 

ASCA GIS2+3 1993 Jun 8 Exposure: 27528 s 

X Pixels 

Virgo P1 0 .7 - 10 keV 
ASCA GIS2+3 1996 Dec 25 Exposure : 39054 s 

l---+----+----+----+----i+13'15'00" 

X Pixels 

Virgo P2 0 .7 - 10 keV 
ASCA GIS2+3 1996 Dec 26 Exposure: 39042 s 

1:z"H'"49' 12"23'"«' 12"22"'39' 12"21"'~' 
g.---~--,-~--r-~-r--~ 

N 

0 
0 
N 

0 1------'~~...-Y~....t---~~~~~~--H+13'15'00" 
lfl 

0 
lfl 

oL--_..I.l.._ __ _t___L_ _ _L_ _ _L_-L __ .J.LJ 

0 50 100 150 200 250 

X Pixels 

~87 40 min NW 3 - 10 keV 
ASCA GIS2 + 3 1993 Jun 8 Exposure: 27528 s 

g.---...,---..,.....,.--~_,.--,-----,.--n 

N 

0 
lfl 
N 

X Pixels 

Virgo P1 3 - 10 keV 
ASCA GIS2+3 1996 Dec 25 Exposure: 39054 s 

12 .. 24"'J1• 12"23"'281 12"22"'21. 12"21"'1&· 

X 

1--f----+----+----+---++13'15'00" 

oL---L--J..._ __ _u__ __ ..J.-j___-L_-'--_.J.J 

0 50 100 150 200 250 

X Pixels 

Virgo P2 3 - 10 keV 
ASCA GIS2 +3 1996 Dec 26 Exposure: 39042 s 

8 
N 

0 
I---41W1~--?"c-_,_..:...,<="---r~Y.:~--+-I+ 1 J' 1s·oo· 

lfl 

OL__ __ ..u__ __ .J._..L-_..J.-_._L___._ __ _u_; 

0 50 100 150 200 250 

X Pixels 



~ 
a: 

"' ~ a: 
>-

"' ~ 
a: 
>-

Virgo P3 0 .7 - 10 keV 
ASCA GIS2+3 1996 Dec 26 Expo!ure: 40644 s 

12"27"'15' 12"'26""10. 
0 ~----~---.---,----,-,------,r------n 

~ H--------+-----t-----t-----1+1~-oo·oo .. 

0 
0 
N 

0 
ill 

X 

X 

X 

0 H-----l~~~~~~~~,------t----;+13" 15'00" 
ill 

X 

0 ~----~---L---L----J-~----~L_----~ 
0 50 100 150 200 250 

0 
0 
N 

X Pixels 

Virgo P4 0.7 - 10 keV 
ASCA GIS2+3 1996 Dec 27 Exposure : 179 12 s 

~ 1-----hf?~f-L:?~Lft.:r:Y~~~t\:~--t----j+ 13"30'00" 

0 

o 1---.11-P--rt~~~-Pl~m~---J~;s,r£-----t----1 · 1 3"15'00" 

0 oL---~5L0---1~0-0J_ __ 1~5~0-~~2~00~-~2~5~0 

12"3 1"'2l' 
0 
ill 
N 

X Pixels 

Vi rgo PS 0.7 - 10 keV 
ASCA GIS2+3 1996 Dec 27 EM posure: 17300 s 

1211 29'" 1J' 

~----+-----+-----t-----j+14" 1 5'00" 

0 
ill 

X 

0 L---~L-~-~--~~---~~-~~ 
0 50 100 150 200 250 

X Pixels 

~ 
a: 
>-

"' ~ 
a: 
>-

"' ~ a: 
>-

Virgo PJ 3 - 10 keV 
ASCA GIS2+3 1996 Dec 26 Exposure: 40644 s 

12.27"'15" 12"26""108 

0 ~----~---.--.-----.-r------,r------r 

~ H-----+-----+-----+----+14"00'00" 

0 
0 
N 

0 
ill 

0 
0 

X 

0 LL---~---L---L----~L-----~~----~ 
0 50 100 150 200 250 

X Pixels 

Virgo P4 3 - 10 keV 
ASCA GIS2+ 3 1996 Dec 27 Expos ure: 17912 s 

~ l----+'l+-f----f-,,..'!>...-~~+-f~::>.,.jct---+-::J+1 3"l0'00" 

0 

0 f---~~--::::----fJt~~"""--\l,..,.;:"f-"--:f//'----t"""'""i+ 1 3"15'00" 

0 
ill 

0 L---~---~-L---L--L--L--~~ 
0 50 100 150 200 250 

0 

2 

0 
ill 

X Pixels 

Virgo P5 3 - 1 0 keV 
ASCA GIS2+ 3 1996 Dec 27 Exposure: 17300 s 

~----t-------f-------:f-----j+ 14"15'00" 

X 

X Pixels 

137 138 

., 
~ 
a: 
>-

~ 
a: 

APPEN"DL\ C. ASCA GIS Ii\IAGES OF THE VIRGO CLUSTER 

Virgo P7 0.7 - 10 keV 
ASCA GIS2+3 1997 Jun 14 Exposure: 53198 s 

~ r--.--r---, - ---,.----.-.---n 
N 

l--t--- - --+--- ---+-----+-----i+ 14"15'00" 

0 L--~-L---~---~~--~-~-~ 
0 ~ 100 1 ~ wo 2~ 

X Pixels 

Virgo P8 0 .7 - 10 keV 
ASCA GIS2 +3 1997 Jun 15 Exposure: 39 156 s 

1 ~25"~se• , 2"'2• ""sJ• t2"2J""•e• 12"22~ •J ' 
~ r------rr-------,,-----,---r---r----,-n 
N 

0 
0 
N 

~ J------,6dr----b'~:,91:T-~;o;::;::~+-V-~::---t-l+ 14"15'00" 

0 

0 t------\'tt--=--><7""'<><t"-7~t:~-t(---,.J-J'--t---t• 14"00'00" 

0 
ill 

0 L---~L---~~--~-~-~--~-W 
0 50 100 150 200 250 

X Pixels 

Virgo P9 0.7 - 10 keV 
ASCA GIS2 +J 1 997 Jun 16 Exposure: 37890 s 

12"26'"19' 12"24"'o9' 
~ r----,-,r---.- -,r--.---,rr----n 
r------1~-----1~-----1~-----1• 1 5'00'00" 

0 
0 
N 

0 
ill 

0 
0 

X 

X 

t----t-"-:l-"t4if+'tl8'1¥-:l::¥~-::f--o-H'----;+ 1 4"JaOO" 
12"24"'o9' 

0 r-----r-..:>.....n:-::,.-"'.Sl-'""':L.J~j-7.c-.t-------1+1 4" 1 5'00" 
ill 

X 

X Pixels 

Virgo P7 J - 10 keV 
ASCA GIS2+3 1997 Jun 14 Exposure: 53198 s 

~ r---~-.------ro-------r.------r--~---n 
N 

X 

g 1:::---+----""-,.F~.L-~=...'!=>;~.---+---l+ 1 5'00'co" 
N 

0 
ill 

0 
0 

0 
ill 

r--+-----+------+-------t------,+14" 15'00" 

0 ~--~~------~------~~----~--~---W 
0 50 100 150 200 250 

X Pixe ls 

Virgo P8 3 - 1 0 keV 
ASCA GIS2+ 3 1997 Jun 15 Exposure: 39156 s 

0 r-----~.------,~-----.---r---r-----r-n 
ill 
N 

0 

0 f-----l\/M_,L..,__.o::"rf:..._.x--_ .....,,..-+--i--H----t----1+ 14'00'00" 

0 0 ~------5~0-------10~0~----1~5-0--~-2~0~0----~2~50 

X Pixel s 

Virgo P9 3 - 1 0 keV 
ASCA GIS2 +3 1997 Jun 16 Exposure : 3 7890 s 

~ .------,---,.---~---,---r-----.-r-------n 

N 1-----jf--- ---j------!------!+15"00'00" 

g 
N 

0 
ill 

0 
0 

X 

X 

t----+...,..,f-:f-7'~~-:ffl.i"'t'--:::--t'if+-17"'-1-----; + 14".l0'00" 
12"24"'09' 

0 t-----;>---~~-~~~~rl"'--1:------;+1 4" 15'00" 
111 

0 L-----~~L---~----L-~------~-----~ 
0 ~ 100 1~ 200 ~0 

X Pixels 



Ill 

Virgo P10 0.7 - 10 keV 
ASCA GIS2+3 1997 Jun 16 Exposure: 39134 s 

~ ~=r:=:::r===t=::r::===:t====:J====1F=4~14'.JO'oo" 
N 

0 
0 

N l--+----.,.....jS.'-e-r-:7+'f-=-'-"""to~----jl"-----,~ 14'15'00" 

0 
<f) 

0 
<f) 

0 t::=±=:::::;:==±::::L===±:===:i=!:::=:::L + 1J".l0'00"' 
0 50 1 00 1 50 200 250 

X Pixels 

Virgo P1 1 0.7 - 10 keV 
ASCA GIS2 + 3 1 997 Jun I 6 Exposu re: 3481 7 s 

0 

~ 1--li~-rlr=::-\:-7<\~"tt<ct\--W--"T-il"rtt----H~ 14'30'00" 

0 
<f) 

~ ... 1 ... 15'00" 

u: 
0 
0 

0 
<f) 

~----+----+----+----H+1J'45'oo" 

0 oL_ ___ 5~0----10LO-L--1~5-0_J-_2~0-0---~25~0 

X Pixels 

Virgo P12 0.7 - 10 keV 
ASCA GIS2+3 1997 Jun 14 Exposure: 20052 s 

0 r--~-.----rr----.,---,r--r--n 
I() 
N 
~-+-----t------t-----t----j+1J'45'00" 

)( 

X 

0 L__~_J---LL---~--~~~-~ 
0 ~ 100 1~ wo 2~ 

X Pixels 

Virgo P lO 3 - 10 keV 
ASCA GIS2+3 1997 Jun 16 Exposure: 39134 s 

t2''28"'·~· 12"27"'o40' 

~ ~=t==::I===t=:::r::===F==:::r=f==::q+H'.JO'OO" 
"' 

0 

~ 1--+-----,"'\1"-/---1.;.1-tr'-;~ .... -t------1+14'15'00" 

0 
<f) 

0 
0 

0 
<f) 

0 t::=±=:=i:==±:i::===±::==:::::;::::j==::d+1J'JO'OO" 
0 so 100 150 200 250 

X Pixels 

Vi rgo P11 3 - 10 keV 
ASCA GIS2+3 1997 Jun 16 Exposure: 34817 s 

0 

~ t--f:~..Ltif-F+-'I-,-~.-.<J...~---"-:-t»)------j---j+14'.l0'00" 

0 
0 

0 
<f) 

f----+-----+----t--------I----I+1J'45'00" 
0 L_ __ _L ____ J_J_ __ L__L-~--~~ 

0 ~ 100 1~ 200 2~ 

X Pixels 

Virgo P12 3- 10 keV 
ASCA GIS2+3 1997 Jun 14 Exposure: 20052 s 

12"'28'"38' 
~ r---.--r---..-----rr---.-,---n 
~--+------+-----+------+-----I+1J'45'00" 

X 

)( 

o L--~~--~LL---~---_J-~-~ 
0 ~ 100 1~ wo ~0 

X Pixels 

139 

Appendix D 

ASCA GIS spectra of the Virgo 

cluster 

We show the GIS spectra of the Virgo mapping observations with the best-fit one-temperature 

RS model curves. We used the data of Jupiter , QSF3, and Lockman Hole as a background, 

which are shown in the left , n1iddle, and right colun1ns, respectively. 
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Figure D.1: ASCA GIS spectra of the Virgo cluster. 
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Appendix E 

The Solar Abundance 

Table E.l: The number ratios of various ele1nents relative to Hydrogen, which are used as the 

Solar abundance ratios throughout this thesis. These are fron1 Anders and Grevesse (1989). 

H 1.00 
He 9.77x1o-2 

c 3.63x1o-4 

N 1.12 X 10-4 

0 8.51 X 10-4 

Ne 1.23x 10-4 

Na 2.14x 10-6 

Mg 3.80x 10-5 

Al 2.95 X 10-6 

Si 3.55 X 10-5 

s 1.62x 10-5 

Cl 1.88x 10-7 

Ar 3.63 X 10-6 

Ca 2.29x1o-6 

Cr 4.84x1o-7 

Fe 4.68x 10-5 

Ni 1.78x 10-6 

Co 8.GOx 10-8 

1-!5 
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