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ABSTRACTWe present the study of three bright Early-Type galaxies hosted in groups or poor 
lusters:NGC 1399, NGC 1404 and NGC 507. We used ROSAT HRI and PSPC data to study the mor-phologi
al stru
ture of the X-ray halo and, when available, the higher resolution Chandra data.Our study revealed a 
omplex halo stru
ture for the two dominant 
luster galaxies, NGC 1399 andNGC 507. The halo 
enter was found to be dominated by a bright X-ray peak 
oin
ident withthe position of the opti
al galaxy. This 
entral peak is not explained by the 
lassi
al homogeneousor inhomogeneous 
ooling 
ow models. Instead our data suggest that these features are produ
edby stellar eje
ted material, kineti
ally heated by stellar mass losses. The total mass distributionshows that, within the e�e
tive radius, the hot halo distribution is essentially tra
ing the gala
ti
potential due to luminous matter. At larger distan
es the halo dynami
s is dominated by a largeamount of dark matter extending on group and 
luster s
ales. The NGC 1399 X-ray halo possessa more 
omplex morphology than NGC 507. This �nding requires either that the dark matter dis-tribution has a hierar
hi
al stru
ture, or that environmental e�e
ts (ram stripping from ICM, tidalintera
tion with nearby galaxies) are produ
ing departures from hydrostati
 equilibrium. We foundsigni�
ant density 
u
tuations in the hot gas distribution of both NGC 1399 and NGC 507. Someof these features are explained by the intera
tion of the radio-emitting plasma, �lling the radio jetsand lobes, with the surrounding ISM. This eviden
e indi
ates that Radio/X-ray intera
tions are amore widespread phenomena than observed before. The nature of the remaining stru
tures is moreun
ertain: we spe
ulate that they 
an be the result of galaxy-galaxy en
ounters or wakes produ
edby the motion of the galaxy through the ICM. Alternatively they may re
e
t the inhomogeneityof the 
ooling pro
ess invoked by many authors as an explanation for the failure of the standard
ooling-
ow models.NGC 1404 represents a puzzling 
ase. In fa
t, despite a large X-ray luminosity and halotemperature, whi
h suggest a similarity with dominant 
luster members, signi�
ant di�eren
es arefound in the regular halo pro�le, small velo
ity dispersion and low metalli
ity. These 
on
i
tingeviden
es 
an be explained assuming that environmental e�e
ts, su
h as sti
ing of gala
ti
 windsby the ICM, are a�e
ting the physi
al status of the halo.Finally, we studied the population of dis
rete sour
es found in proximity of the two dominantgalaxies. We were able to assess that the observed ex
ess of sour
es observed in the Fornax 
lusteris asso
iated with NGC 1399. This result was later 
on�rmed by the higher resolution Chandradata.
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INTRODUCTION
This thesis dis
usses the X-ray properties of Early-Type (i.e. Ellipti
al and S0) galaxiesin groups and poor 
lusters. We fo
us on the brightest Early-Type (BETG) whose X-rayluminosity is dominated by the thermal emission from the gaseous halo. The study of thesehot halos is of fundamental importan
e for understanding BETG, sin
e its properties are
onne
ted with the evolution of the stellar population and to the formation history of thegalaxy; moreover they are very good tra
ers of the gravitational stru
ture and allow us tostudy the amount of dark matter hosted by these systems.Despite the fast development of s
ienti�
 instrumentation and analysis methods, theX-ray properties of BETG are still a matter of debate. The X-ray satellites of the last gener-ation (Chandra and XMM) permit to 
learly separate, for the �rst time, the 
ontribution ofdi�erent 
omponents (i.e. a

reting binaries, hot gas, 
ooling 
ow); however their dis
overiesare also seriously 
hallenging many of the 
lassi
al models used to des
ribe the physi
al sta-tus of the halos. For instan
e the large s
atter of the X-ray properties of BETG, whi
h showinstead a high degree of homogeneity in opti
al bands, is not fully understood. The 
ooling
ow models, whi
h were assumed to be responsible for the stru
ture of the inner halo, arenot able to des
ribe the temperature stru
ture of the hot gas; the presen
e of multiphasemedium, that they predi
t, is still un
ertain and the fate of the a

reted material is stillunknown. Studies of large samples of Early-Type galaxies are suggesting that the X-raystru
ture of these systems is mostly determined by the gravitational potential well produ
edby large amounts of dark matter rather than by thermal me
hanisms.These problems are enhan
ed in dominant Early-Types at the 
enter of groups or 
lustersof galaxies sin
e these obje
ts lie at bottom of large-s
ale potential stru
tures whi
h musta�e
t the hot gas properties. Moreover they are likely to form and evolve through intera
tionswith nearby galaxies and with the Intra Cluster Medium, and may thus reveal how importantthese me
hanisms are in the galaxy formation framework.In the present work we study BETG through pointed and ar
hival data of the ROSATand Chandra X-ray satellites. We 
hoose galaxies at the 
enter of two nearby systems: thei



ii INTRODUCTIONFornax 
luster, a poor 
luster lo
ated lo
ated � 20 Mp
 from our galaxy, and the NGC507 group, whi
h is part of the Pis
es 
luster lo
ated at � 66 Mp
. These systems hostvery bright dominant galaxies whi
h, due to their proximity, permit a detailed study of theirX-ray properties. The 
hoi
e to study BETG in poor 
lusters and groups is justi�ed bythe fa
t that these environments allow us to better disentangle the properties of individualgalaxies from those of the ICM: the intergala
ti
 gas is less dense than in ri
h 
lusters andthere are no large 
luster 
ooling 
ows whi
h may a�e
t the formation and evolution of thedominant galaxies.We will fo
us on the analysis of the morphology and of the dynami
al stru
ture of theX-ray halo in order to separate small and large s
ale stru
tures and to determine to whi
hextent the gala
ti
 halo properties are in
uen
ed by the lo
al environment. We will theninvestigate the presen
e of intera
tion between the radio sour
es, hosted in the 
ore of somegalaxies, and the surrounding interstellar medium. When possible we will also study theproperties of the dis
rete sour
e population.The 
omparison between di�erent galaxies will help to understand whi
h me
hanismsplay a fundamental role in determining the X-ray properties of bright Early-Type galaxiesand, more in general, a�e
t the formation and evolution of these massive systems.The thesis is organized as follows:- in 
hapter 1 we introdu
e the properties of Early-Type galaxies in the X-ray band anddis
uss the main sour
es of X-ray emission. We then fo
us on the informations that 
an beinferred from the study of the X-ray halos and on the e�e
t of the lo
al environment, payingparti
ular attention to the latest developments;- in 
hapters 2, 3 and 4 we present the data analysis 
on
erning the individual galaxies anddis
uss the results on ea
h obje
t separately. A preliminary version of the work dis
ussed inChapter 2 is presented in Paolillo et al. (2000, 2001); the �nal results of Chapters 2 and 3have been published in Paolillo et al. (2002). Chapter 4 will be in
luded in a separate paperthat is 
urrently in preparation;- in 
hapter 5 we 
ompare the results on the individual galaxies obtained in previous 
haptersand dis
uss global properties of bright Early-Type X-ray emission in the 
ontext of thedi�erent halo formation and evolution s
enarios.



Chapter 1
X-RAY EMISSION FROMEARLY-TYPE GALAXIES
1.1. THE EARLY-TYPE GALAXIESEarly-type galaxies are large, bright stellar systems with 
onsiderable stru
tural regularity.A

ording to the Hubble (1926) 
riteria (Figure 1.1), whi
h 
lassi�es galaxies based on theirmorphology and light 
on
entration toward the nu
leus, the Early-Type galaxies representa group whi
h in
ludes both Ellipti
al (E0-E7) and Lenti
ular (S0) galaxies. These stellarsystems are 
hara
terized by approximately ellipti
al and 
on
entri
 isophotes with axialratios ranging from 1 (E0) to 0.3 (E7). In the 
ase of S0 galaxies the ellipti
al bulge isintegrated by a disk 
omponent, missing the `arms' typi
al of spiral (S) galaxies.The Early-Type galaxies represent a 
lass of well studied obje
ts both be
ause of theirhomogeneous properties and be
ause of their high luminosity (absolute magnitudes in therange �24 < MB < �20) whi
h allows to dete
t them at large distan
es. These obje
ts areusually 
omposed by an `old' stellar population, sin
e the last major star formation evento

urred several Gyrs ago. Their opti
al emission is thus 
entered at longer wavelengths withrespe
t to the `bluer' spiral galaxies. Photometri
 studies (Capa

ioli 1989; Caon, Capa

ioli& D'Onofrio 1993) revealed that the surfa
e brightness of Ellipti
als is well represented bya de Vau
ouleurs pro�le (de Vau
ouleurs 1948):log � I(r)I(r
)� = �3:331"� rr
�1=4 � 1# (1.1)where I represents the surfa
e brightness, r is the proje
ted distan
e from the gala
ti
 
enter1



2 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIES

Fig. 1.1.| The Hubble (1926) 
lassi�
ation of galaxies. The numbers represent the relativeabundan
e of ea
h type.and r
 is the e�e
tive radius, i.e. the radius whi
h in
ludes half of the total light of the galaxy.S0 galaxies possess an additional disk 
omponent with an exponential pro�le:I(r) = I0 exp(�r=rd) (1.2)where I0 is the 
entral brightness and rd is the dis
 s
ale length.Unlike Late-Type galaxies (Spirals and Irregulars), Early-Types have depleted alreadytheir hydrogen supply either by forming stars or eje
ting it into the Intra Cluster Medium(ICM) (Sarazin 1988). However while the 
ontent of 
old gas, emitting at opti
al wave-lengths, is usually small, we will see in x 1.2 that this situation is reversed when we take intoa

ount the hot, fully-ionized Inter Stellar Medium (ISM).The stellar dynami
 of these systems is 
hara
terized by a high triaxial velo
ity dis-persion and small or no rotation (de Zeeuw & Franx 1991, and referen
es therein). Forthis reason Early-Type galaxies are often 
alled `hot systems' with a dynami
al temperatureTdyn = �mp�2=k � 1:4� 5:4 � 106 K, where � is the mean mole
ular mass, mp the protonmass, k the Boltzmann 
onstant and � � 150 � 300 km s�1 the stellar velo
ity dispersion(e.g. Whitmore, M
Elroy & Tonry 1985; Graham et al. 1998). The homogeneity of Ellipti-
al galaxies is supported by the fa
t that stellar velo
ity dispersion, surfa
e brightness ande�e
tive radius are 
onstrained to a `fundamental plane' (Djorgovski & Davis 1987; Dressleret al. 1987).Early-Type galaxies are found to be more numerous in high-density environments, su
has groups or 
lusters of galaxies. This suggests that their formation is related, to someextent, to galaxy-galaxy intera
tions: Ellipti
al galaxies may a

rete either by means of



1.1. THE EARLY-TYPE GALAXIES 3tidal intera
tions, 
apturing smaller galaxies or part of them in their deeper potential well,or by merging of smaller systems, maybe Spirals whi
h loose part of their angular momentum,
reating a spheroidal system with high velo
ity dispersion (Barnes 1988; Barnes & Hernquist1992; Hernquist 1993).1.1.1. 
D GalaxiesEven though Early-Type galaxies seem to be a nearly homogeneous 
lass, the data a
quiredin the last 20 years has shown that signi�
ant departures from the general properties areoften present in the form of large quantities of dust and gas (Capa

ioli & Longo 1994),anomalous or 
ounter-rotating nu
lei, polar rings (Bertola & Galletta 1978; Bender 1988;Whitmore, M
Elroy & S
hweizer 1987). Moreover Ellipti
al galaxies are often strong X-rayand radio emitters.Within the pe
uliar Early-Type galaxies there are the largest known stellar systems:the giant 
D Ellipti
als. 
D galaxies were de�ned by Mathews, Morgan & S
hmidt (1964)as galaxies with a nu
leus of a very luminous Ellipti
al (represented by the de Vau
ouleurbrightness pro�le) embedded in an extended amorphous halo of low surfa
e brightness. Theyare usually found at the 
enter of regular, 
ompa
t 
lusters of galaxies (Bautz & Morgan1970) but several 
Ds have been also found in poor 
lusters and groups (Morgan, Kayser &White 1975; Albert, White & Morgan 1977; Killeen & Bi
knell 1988). Their pe
uliar natureis 
on�rmed by the fa
t that these galaxies are too bright (MV � �24) to belong to the samegalaxy luminosity fun
tion that �ts the other bright Ellipti
als distribution (S
he
hter 1976).They also often have double or multiple nu
lei (Minkowski 1961; Hoessel 1980; S
hneider &Gunn 1982) and/or intense X-ray and radio emission.Their spe
ial stru
tural and kinemati
 properties suggest that they have been formedor modi�ed by dynami
al pro
esses in 
lusters. Gallagher & Ostriker (1972) and Ri
hstone(1975, 1976) have suggested that 
Ds 
onsist of the debris from galaxy 
ollisions in whi
hthe outer envelopes of galaxies are stripped by tidal e�e
ts and then settle at the 
luster
enter. An alternative s
enario (Ostriker & Tremaine 1975; Gunn & Tinsley 1976) is one inwhi
h the orbits of massive 
luster galaxies de
ay due to dynami
al fri
tion and subsequentlymerge in the 
luster 
enter forming a single massive galaxy. This galaxy would then swallowany smaller galaxy passing through the 
luster 
enter (the so 
alled `gala
ti
 
annibalism',Ostriker & Hausman 1977). However the 
ore of a ri
h 
luster is a very a
tive physi
alenvironment in whi
h many other pro
esses may be important.



4 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIES1.2. X-RAY PROPERTIES OF NORMAL EARLY{TYPE GALAXIESThe �rst identi�
ation of extragala
ti
 X-ray sour
es and their asso
iation with galaxy 
lus-ters were made with balloon and ro
ket-borne dete
tors (e.g. Byram, Chubb & Friedman1966; Fritz et al. 1971) while the study of their physi
al properties begun with the Uhuru,Ariel and HEAO satellites (e.g. Kellogg et al. 1973; Kellogg 1973, 1975; Elvis et al. 1975;Ulmer et al. 1981). However, before the laun
h of the Einstein satellite (Gia

oni et al.1979), just four individual galaxies had been dete
ted in X-rays1: the Milky Way, M31 andthe Magellani
 Clouds. In general the so 
alled `normal' galaxies were thought to be of littleinterest for X-ray astronomy be
ause they were missing an a
tive nu
leus or star formingregions.The Einstein satellite showed that normal Early-Type galaxies are strong X-ray emitterswith luminosities ranging from 1039 erg s�1 to 1043 erg s�1, the upper limits being rea
hedby 
D galaxies in the 
enter of ri
h 
lusters. Einstein (see Fabbiano 1989 for a review ofEinstein results) and the following generation of X-ray satellites with improved spatial andspe
tral resolution (ROSAT: Pfe�ermann et al. 1987, David et al. 1996; ASCA: Tanaka,Inoue & Holt 1994; Beppo-SAX: Boella et al. 1997) allowed to study in detail the propertiesof these systems.Di�erent physi
al me
hanism were suggested to be responsible for the X-ray luminosityof normal Early-Type galaxies: i) integrated stellar 
oronal emission; ii) thermal emissiondue to the hot ISM; iii) end produ
ts of stellar evolution (
ompa
t binary systems andsupernovae remnants); iv) X-ray di�use emission due to non-thermal pro
esses.Stellar 
oronae have X-ray luminosities rea
hing up to 1033 erg s�1 (Vaiana et al. 1981)but their integrated emission does not 
ontribute signi�
antly to the total X-ray emission ofnormal Early-Type galaxies, ex
ept for the fainter ones or at low energies (< 0:3 keV, e.g.Pellegrini & Fabbiano 1994). Instead, the emission 
oming from hot ISM and end produ
ts ofstellar evolution must be taken both into a

ount to explain the Early-Type X-ray emission.Fabbiano (1984) and Forman, Jones & Tu
ker (1985) have shown that Ellipti
al galaxiesmust be divided in two groups depending on their total luminosity. Obje
ts with LX < 1041erg s�1 seems to be dominated by the integrated emission of 
ompa
t a

reting systems.This is demonstrated by the `hard' spe
tra (kT> 2 keV) and by the 
orrelation betweenopti
al and X-ray luminosity similar to the one seen for Spiral galaxies, whose emission is1Ex
luding sour
es asso
iated with Seyfert nu
lei
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Fig. 1.2.| Early-Type galaxies with high X-ray luminosity (�lled 
ir
les) show a steeper
orrelation (
ontinuous line), in the LX -LB plane, di�erent from the one expe
ted if the emis-sion was due only to dis
rete sour
es (long-dashed line), as happens for Spirals and fainterEllipti
als. LSN represent the expe
ted 
orrelation if the hot gas is heated by Supernovaeexplosions (from Canizares, Fabbiano & Trin
hieri 1987).mostly due to dis
rete sour
es (Kim, Fabbiano & Trin
hieri 1992b; Irwin & Sarazin 1998b;Trin
hieri et al. 2000, and referen
es therein).Early-Type galaxies with LX > 1041 erg s�1 show a 
orrelation between LB and Lxsteeper than the one observed for Spirals and fainter Ellipti
als (Figure 1.2, Canizares,Fabbiano & Trin
hieri 1987). This result implies the presen
e of an additional 
omponent inthe bright galaxies. This 
omponents is represented by hot (� 1 keV) ISM trapped by thegalaxy potential well (Eskridge, Fabbiano & Kim 1995) whose emission is due to thermalpro
esses (see x 1.3.1).The origin of the hot ISM is still un
lear. The gas may be the remainings of theprimordial gas from whi
h the galaxy formed or may be the result of the stellar mass lossesand supernovae eje
tions a

umulated during the galaxy life. The possibility to as
ertainwhi
h of these theories is true relies on our ability to measure the ISM metalli
ity: low



6 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIESmetalli
ities would 
on�rm the primordial origin while near-solar ones would indi
ate metalenri
hment after the galaxy formation. In fa
t primordial nu
leosyntesis models predi
t thatduring the formation of the universe (the Big Bang) no elements than hydrogen, helium andlithium were formed, be
ause of the la
k of any stable isotopes with atomi
 weights of 5 or8 (Weinberg 1972; see also Longair 1998). All the me
hanisms whi
h have been suggestedfor the formation of heavier elements involve pro
essing in stars.The low spe
tral resolution of Einstein and ROSAT allowed both single-temperaturesspe
tral models with subsolar metalli
ities or multi-temperature �ts with solar metalli
ities(e.g. Kim & Fabbiano 1995). However extensive ASCA studies (Matsushita, Ohashi &Makishima 2000; Buote 2000a) have now shown that the ISM metalli
ity is nearly solar upto great distan
es (� 100 kp
) from the galaxy 
enters, thus supporting the stellar origin ofthe ISM. This result seems to be further 
on�rmed by the latest Chandra results (e.g. Davidet al. 2000).In X-ray faint Early-Type the hot interstellar gas, that dominates the emission of their bright
ounterparts, may have been lost in gala
ti
 winds (Loewenstein & Mathews 1987; David,Forman & Jones 1991), by ram-pressure stripping by ambient intra
luster or intragroup gas(White & Sarazin 1991; Toniazzo & S
hindler 2001). The bulk of the X-ray emission inX-ray faint Early-Type is un
ertain: it might be due to low-mass X-ray binaries (LMXBs),to an a
tive gala
ti
 nu
leus (AGN, Allen, di Matteo & Fabian 2000), to interstellar gas(Pellegrini & Fabbiano 1994) or to fainter stellar sour
es.In general X-ray faint galaxies have signi�
antly di�erent X-ray spe
tral properties thantheir X-ray bright 
ounterparts. In fa
t X-ray faint galaxies exhibit two distin
t spe
tral
omponents. They have a hard � 5� 10 keV 
omponent, most easily seen in ASCA spe
tra(Matsumoto et al. 1997), whi
h is roughly proportional to the opti
al luminosity of thegalaxy. A
tually, both X-ray faint and X-ray bright Early-Type galaxies appear to havethis hard X-ray 
omponent, thus suggesting that it is due to LMXBs like those seen in thebulge of our Galaxy (e.g. White, Nagase & Parmar 1995). However, the ASCA observations
annot resolve this 
omponent into dis
rete sour
es be
ause of its low angular resolution,nor they provide mu
h detailed information on its spe
trum.X-ray faint galaxies also have a very soft (� 0:2 keV) 
omponent, whose origin isun
ertain (Fabbiano, Kim & Trin
hieri 1994; Pellegrini 1994; Kim et al. 1996). Suggestedstellar sour
es for this soft emission in
lude M stars and RS CVn binaries or supersoftsour
es (Kahabka & van den Heuvel 1997), but none of these appears to work quantitatively(Pellegrini & Fabbiano 1994; Irwin & Sarazin 1998a). It was also proposed that the soft X-rays may be due to warm (0.2 keV) ISM (Pellegrini & Fabbiano 1994) or to the same LMXBs



1.2. X-RAY PROPERTIES OF NORMAL EARLY{TYPE GALAXIES 7population responsible for the hard emission (Irwin & Sarazin 1998a,b). Re
ent ROSAT andChandra (Weisskopf et al. 1996) studies have now identi�ed these dis
rete sour
es in thefaint Early-Type galaxy NGC 4697 and demonstrated that they 
an a

ount for > 70% ofthe total X-ray emission (Irwin, Sarazin & Bregman 2000; Sarazin, Irwin & Bregman 2001).They also showed that, in this galaxy, the soft emission is mainly produ
ed by warm ISM.The presen
e of di�use non-thermal X-ray emission in Early-Type galaxies requires thepresen
e of a population of high energy ele
trons. The existen
e of su
h a population isnow well established through radio measurements. In fa
t radio observations have shown
ollimated radio jets emanating from the nu
leus itself, with velo
ities approa
hing the speedof light. The jets are believed to be made up of very energeti
 parti
les expelled from thenu
leus and fueling di�use stru
tures 
alled `radio lobes'. Bright spots (hotspots) are oftenobserved at the extremities of the lobes. The radio emission is invariably polarized and is
hara
terized by large brightness temperatures (1010 � 1012 K) so that it is assumed to begenerated by the syn
hrotron pro
ess.The two primary me
hanisms normally 
onsidered in order to explain X-ray emissionin radio sour
es are syn
hrotron emission itself and inverse Compton (IC) emission (Harris1999). Syn
hrotron emission is often 
onsidered to explain X-ray emission from knots andhotspots asso
iated with radio jets. The gas 
owing in the jet at supersoni
 velo
ity, de
el-erates suddenly near the hot spot and this 
auses a sho
k wave to form a
ross the jet. Beforerea
hing the sho
k wave, most of the energy is in the form of ordered kineti
 energy. Thepassage through the sho
k 
onverts this into relativisti
 ele
tron energy and magneti
 �eldenergy. The relativisti
 ele
trons with 
 � 107 are thus able to radiate syn
hrotron emissionin the X-ray band. An example is knot A in the M87 jet (Biretta, Stern & Harris 1991).Alternatively the relativisti
 ele
trons, responsible for the radio emission, may s
atterlow energy photons into the X-ray energy band through inverse Compton. The IC pro
ess
an work on any photon distribution: in parti
ular with syn
hrotron emission and 3 Kba
kground photons. The syn
hrotron self Compton (SSC) emission requires 
ompa
t, high-brightness radio stru
tures in order to be dete
table by 
urrent X-ray systems. For instan
e ithas been established to be responsible for the hotspots of Cygnus A (Harris, Carilli & Perley1994). IC s
attering of ba
kground photons, instead, may produ
e di�use, low-brightnessX-ray emission 
orresponding with the position of the radio lobes, su
h as has been observedin the strong radio galaxy Fornax A (Feigelson et al. 1995; Kaneda et al. 1995). This pro
essmay be important also in faint radio galaxies and will be dis
ussed in greater detail in x1.3.2.



8 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIES1.3. X-RAY EMISSION MECHANISMS1.3.1. Thermal EmissionThe ISM responsible for the thermal 
omponent of the X-ray emission in normal Early-Typegalaxies is in the form of a hot (T � 107 K) and low density (n < 10�1 
m�1) plasma. Inthese 
onditions it is possible to make several simpli�
ations (Sarazin 1988): i) the times
ale for elasti
 Coulomb 
ollisions between parti
les in the plasma is mu
h shorter than theage, or 
ooling time (see x 1.5), of the plasma, and thus the free parti
les 
an be assumed tohave a Maxwell-Boltzmann distribution at temperature Tg; this is the kineti
 temperatureof ele
trons whi
h determines the rate of all ex
itation and ionization pro
esses; ii) dueto the low density, 
ollisional ex
itation and de-ex
itation are mu
h slower than radiativede
ays and thus any ionization or ex
itation pro
ess 
an be assumed to be initiated fromthe ground state of an ion; three-body (or more) 
ollisional pro
esses 
an be ignored; iii) theradiation �eld in a 
luster is suÆ
iently dilute that stimulated radiative transition are notimportant, and the e�e
t of the radiation �eld on the gas is insigni�
ant; iv) at these lowdensities the gas is opti
ally thin and the absorption pro
esses do not a�e
t the radiation�eld. These assumptions 
onstitute the '
oronal limit', under whi
h ionization and emissionresult primarily from 
ollisions of ions with ele
trons (
ollisions with ions 
an be ignored).Finally, v) the time s
ales for ionization and re
ombination are generally 
onsiderably lessthan the age of the galaxy or any other relevant hydrodynami
 time s
ale, so that the plasma
an be assumed to be in ionization equilibrium.In the ISM (and almost in all astrophysi
al plasma) hydrogen and helium are the most
ommon elements with all the heavier elements being 
onsiderably less abundant. It is 
on-ventional to use solar abundan
es as a standard when studying many astrophysi
al systems.Sin
e most of the ele
trons originate in hydrogen and helium atoms, and they are fully ion-ized under the 
onditions 
onsidered here, the ele
tron number density is nearly independentof the state of ionization and is roughly given by ne = 1:21 np where np is the hydrogennumber density. This is the assumption that we will use throughout this work.The X-ray 
ontinuum emission of a hot di�use plasma is due primarily to three pro
esses:thermal bremsstrahlung (free-free emission), re
ombination (free-bound) emission and two-photon de
ay of metastable levels. Pro
esses that 
ontribute to the X-ray line emissionin
lude 
ollisional ex
itation of valen
e or inner shell ele
trons, radiative re
ombination,inner shell 
ollisional ex
itation and radiative 
as
ades following any of these pro
esses.Compilations of emissivities (emitted energy per unit time, frequen
y and volume) for X-raylines and 
ontinua have been given by various authors (e.g. Mewe, Gronens
hild & van den



1.3. X-RAY EMISSION MECHANISMS 9Oord 1985; Landini & Monsignori Fossi 1990); however throughout this work we adopted theRaymond-Smith model (Raymond & Smith 1977, and more re
ent updates) whi
h is oneof the most used in literature and is in
luded in many spe
tral �tting pa
kages (e.g. Xspe
,CIAO).Sin
e all the emission pro
esses just mentioned have emissivities proportional to theprodu
t of the ion and of the ele
tron densities, and otherwise depend only on the temper-ature, we 
an write: �(�; Tg) =XX;i �Xi(�; Tg) nXi ne (1.3)where �(�; Tg) is the emissivity at frequen
y � and gas temperature Tg, �Xi is the emissionper ion at unit ele
tron density, nXi is the number density of the i-th ionization stage of theelement X and ne is the ele
tron number density. If nX is the total density of the elementX, in equilibrium the ionization fra
tions f(X i) = nXi=nX depend only on the temperatureand equation (1.3) be
omes:�(�; Tg) = npneXX;i nXnp [f(X i; Tg) �Xi(�; Tg)℄ (1.4)If we assume solar abundan
es the ratio nX=np is known and the quantity [f(X i; Tg) �Xi(�; Tg)℄depends only on the temperature. Thus equation (1.4) 
an be written as:�(�; Tg) = npne �(�; Tg) = n2e1:21�(�; Tg) (1.5)where �(�; Tg) =XX;i nXnp [f(X i; Tg) �Xi(�; Tg)℄ (1.6)is usually 
alled '
ooling fun
tion'. Examples of 
ooling fun
tions from literature, integratedover the whole spe
trum, are shown in Figure 1.3. The di�eren
es arise from the di�erentapproximations and atomi
 models adopted by the authors to 
al
ulate the relative 
ontri-bution of ea
h physi
al pro
ess involved in the radiative pro
ess.In dis
ussing whi
h properties 
an be derived by X-ray measurements we must 
onsiderthat X-ray dete
tors allow us to measure the X-ray 
ux and spe
trum, both of whi
h arethe result of the ISM emissivity integrated along the line of sight. �(�; Tg), instead, dependsonly on the lo
al gas properties. The shape of the spe
trum thus re
e
ts the distribution oftemperatures, abundan
es n(X)=n(H) and density through the gas. Deriving these quanti-ties from the measured X-ray spe
trum through thermal models �tting 
an be a very diÆ
ulttask, unless we make some assumptions on how these parameters vary within the ISM. In
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ooling fun
tions from literature.the simplest 
ase we 
an assume that the gas temperature and the 
hemi
al 
omposition are
onstant along the line of sight, so that the total luminosity L� of a galaxy is given by:L(�; Tg) = Z �(�; Tg)dV = Z npne�(�; Tg)dV = EM � �(�; Tg) (1.7)where EM = Z npnedV (1.8)is the emission measure of the plasma and V is the emitting volume. Thus knowing Tg fromthe spe
tral �t we 
an derive EM .To de�ne 
ompletely the status of the gas we need to �nd ne, and thus the gas density.This implies the knowledge of the observed volume and of the gas distribution through thisvolume. This problem 
an be solved in part assuming some simple distribution of the hotgas, su
h as those dis
ussed in x 1.4. We will also see that the use of `deproje
tion' te
hniques
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onsider more 
omplex situations in whi
h the ISM is 
hara
terized by di�erenttemperatures and abundan
es at ea
h radius from the galaxy 
enter.1.3.2. Inverse Compton s
atteringAmong the physi
al pro
esses dis
ussed in x 1.2, whi
h produ
e non-thermal X-ray emission,we are mostly 
on
erned with Inverse Compton s
attering from the 3 K ba
kground photons(3 K IC). This is be
ause the galaxies 
onsidered here are only weak radio sour
es. The radioemitting plasma is most probably moving at subsoni
 speed so that the sho
k produ
ed at thelobe leading edge is not strong enough to produ
e `hotspots'. Similarly the radio brightnessis too low to produ
e dete
table SSC emission. 3 K IC instead may be an important pro
essalso in radio faint sour
es and will be dis
ussed in greater detail to obtain some importantrelations that will be useful later.Nonthermal syn
hrotron radio emission generally has a spe
trum in whi
h the 
ux Sr(�)is well represented as a power-law over a wide range of frequen
ies � (Robertson 1983):Sr / ���r (1.9)where �r is the radio spe
tral index, with typi
al value of � 0:8. It is generally assumed thatthis spe
tral shape is due to the power-law energy distribution of the relativisti
 ele
trons:Ne(E)dE = N0E�pdE El < E < Eu (1.10)where NedE is the number of ele
trons with energies between E and E +dE, E = 
me
2 isthe ele
tron energy, El and Eu de�ne the lower and upper energy 
uto� of the distribution.In this 
ase the number of ele
trons with 
 < 103, whi
h 
ontribute to IC s
attering ofba
kground photons to energies � 1 keV (Harris & Grindlay 1979), will be larger than thosein the range 
 � 103� 105 whi
h are responsible for the syn
hrotron emission, so that everyradio galaxy must be a sour
e of IC emission as well.These extremely relativisti
 ele
trons (
 >> 1) will s
atter photons with initial fre-quen
y �b up to an average frequen
y (Longair 1992):< �x >= 4
2�b3 : (1.11)The resulting IC radiation has a spe
trum given by (Sarazin 1988):dLxd�x = 3�T 
h2pN0 p2 + 4p+ 11(p+ 3)2(p+ 1)(p+ 5) �Z ��xb nb(�b)d�b� ��xx (1.12)



12 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIESwhere Lx is the X-ray luminosity emitted at frequen
y �x, nb is the number density ofba
kground photons as a fun
tion of frequen
y �b, �T is the Thompson 
ross se
tion, andthe X-ray spe
tral index is related to the ele
tron distribution index by:�x = p� 12 (1.13)If the sour
e of low energy photons is the 3 K 
osmi
 ba
kground radiation, taken to be abla
kbody at temperature Tr, then:dLxd�x = 3��Th2
2 b(p)N(kTr)3�kTrh�x��x (1.14)for frequen
ies in the range 
2l << (kTr=h�x) << 
2u. The fun
tion b(p) is given by Sarazin(1988).The syn
hrotron radio luminosity Lr produ
ed by the same ele
tron population is givenby dLrd�r = 8�2e2�BN0
 a(p)�3�B2�r ��r (1.15)where �B � eB=2�me
 is the gyrofrequen
y in the magneti
 �eld B and a(p) is an analyti
fun
tion of p (Sarazin 1988).The radio spe
tral index �r is equal to the X-ray index �x. The syn
hrotron radio andIC X-ray emission from the same relativisti
 ele
trons will thus have the same spe
tral shape,re
e
ting the underlying ele
tron energy distribution. The luminosities in the two bands aresimply related: LxLr = UbUB (1.16)where Ub and UB = B2=8� are the energy density of the ba
kground radiation and of themagneti
 �eld, respe
tively. This result shows that the X-ray luminosity expe
ted from ICs
attering in a radio sour
e 
an be easily determined if one knows the radio luminosity andthe magneti
 �eld energy density, sin
e the 
osmi
 ba
kground energy density is well known.Equivalently we 
an determine UB if we 
an measure both Lx and Lr.In pra
ti
e, 
uxes at a single frequen
y are easier to measure than integrated luminosi-ties. Harris & Grindlay (1979; also see Feigelson et al. 1995) obtained an expression for themagneti
 �eld BIC required to produ
e a measured ratio of radio to X-ray 
ux:BIC = �(4790)�rC(�r)G(�r)(1 + z)3��rSrE�rx1070Sx��r sin� �1=(1��r) (1.17)where z is the sour
e redshift, � is the angle between the (assumed) uniform magneti
 �eldand the line of sight, Sr is the radio 
ux density measured in Jansky at �r (in GHz) and
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ux density (in ergs s�1 
m�2 Hz�1) at energy Ex (in keV). The fun
tionsC(�r) and G(�r) are given in Harris & Grindlay (1979).The problem in estimating the X-ray 
ux expe
ted from a given radio sour
e is toestimate the magneti
 �eld intensity in the radio lobes, where the bulk of the IC emissionoriginates. In fa
t the nature of syn
hrotron emission is su
h that it is diÆ
ult to separatethe number density of relativisti
 ele
trons from the magneti
 �eld strength. The generalapproa
h is to invoke equipartition to allow order of magnitude estimates.The total energy 
ontained in the lobes is given by the sum of the magneti
 �eld energydensity UB = B2=8� and the parti
les energy density Up / B�3=2 (obtained assuming apower law distribution of the parti
les and a high energy 
uto�, as in equation (1.10) ) sothat: Utot = aB�3=2 + bB2 (1.18)Here a and b are two 
onstants whi
h depend on the power-law index p, the total radioluminosity and the energy 
uto�s (see for instan
e Pa
hol
zyk 1970). The equipartitionapproa
h 
onsists simply in determining the value of B that yields the minimum energydensity: �Utot�B = �32aB�5=2 + 2bB = 0 (1.19)The full expression for the minimum energy �eld BME is given by Miley (1980):BME = 5:69� 10�5 "(1 + k)� (1 + z)3��r 1�2s sin3=2 � Sr��rr ��r+(1=2)2 � ��r+(1=2)1�r + 12 # (1.20)where � is the �lling fa
tor of the syn
hrotron emitting region, � is the lobe diameter (inar
se
onds), s is the path length through the sour
e (in kp
) and �1 and �2 (in GHz) are theupper and lower 
uto� frequen
ies for the radio syn
hrotron spe
trum. Sin
e the syn
hrotronemission is essentially due to ele
trons, the energy density 
ontained in heavier parti
les 
annot be inferred dire
tly from observations. Thus the fa
tor k, de�ned as the ratio of theenergy in heavy parti
les to the energy in ele
trons, is introdu
ed in equation (1.20) to takeinto a

ount this 
ontribution.Equation (1.19) also yields b = 3=4 aB�7=2 and thus:UpUB = aB�3=2bB2 ' 1 (1.21)whi
h explains why the minimum energy 
ondition is also 
alled `equipartition'. Of 
oursethe equipartition 
ondition is not ne
essarily valid but allows to obtain lower limits on theexpe
ted X-ray emission from IC s
attering in radio sour
es.



14 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIES1.3.3. Dis
rete Sour
es EmissionWe have seen in x 1.2 that dis
rete sour
es 
ontribute signi�
antly to the X-ray emissionof faint Early-Type galaxies and are present in bright galaxies too. These sour
es are basi-
ally represented by binary stellar systems emitting in X-rays (Trin
hieri & Fabbiano 1985;Canizares, Fabbiano & Trin
hieri 1987; Irwin & Sarazin 1998a,b; Irwin, Sarazin & Bregman2000; Sarazin, Irwin & Bregman 2001). The knowledge of the properties of these obje
tsis very important to understand the star formation history and the evolution of the stellarpopulation in galaxies. An exhaustive treatment of the physi
al pro
esses responsible for theX-ray emission in these systems is a very 
omplex task and is beyond the aim of this work.Instead, I will qualitatively dis
uss the s
enario in whi
h the X-ray emission is produ
ed andmention the main properties of this emission. More detailed informations 
an be found inthe referen
es in
luded below.An X-ray binary is 
omposed either by a neutron star or a bla
k hole a

reting materialfrom a 
ompanion star (see Lewin, van Paradijs & van den Heuvel 1995 for an extensivereview). The primary fa
tors that determine the emission properties of an a

reting 
ompa
tobje
t are i) whether the 
entral obje
t is a bla
k hole (BH) or a neutron star (NS), ii) if it isa neutron star, the strength and geometry of its magneti
 �eld, and iii) the geometry of thea

retion 
ow from the 
ompanion (disk vs spheri
al a

retion). These determine whetherthe emission region is the small magneti
 polar 
ap of a neutron star, a hot a

retion disksurrounding a bla
k hole, a sho
k heated region in a spheri
al in
ow, or the boundary layerbetween an a

retion disk and a neutron star. Two more fa
tors are the mass of the 
entralobje
t and the mass a

retion rate; these in
uen
e the overall luminosity, spe
tral shape andtime variability of the emission.A neutron star with a strong magneti
 �eld (� 1012 G) will disrupt the a

retion 
owat several hundred neutron-star-radii and funnel material onto the magneti
 poles (Pringle& Rees 1972; Davidson & Ostriker 1973; Lamb, Pethi
k & Pines 1973). If the magneti
 androtation axes are misaligned, X-ray pulsations will be observed if the beamed emission fromthe magneti
 poles rotates through the line of sight (Meszaros, Nagel & Ventura 1980; Nagel1981a,b). When the magneti
 �eld of the neutron star is relatively weak (< 1010 G), the diskmay tou
h or 
ome 
lose to the neutron star surfa
e. The energy released from the innera

retion disk and the boundary layer between the disk and the neutron star will dominatethe emission (e.g. Mitsuda et al. 1984). If the 
entral obje
t is a bla
k hole the X-rays 
omefrom the inner disk and are the results of vis
ous heating (Shakura & Sunyaev 1973).Instabilities in the emission region, or its in
uen
e on the nearby a

retion 
ow, 
angive rise to rapid 
u
tuations, or quasi-periodi
 os
illations. The material, as it a

umulates
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h a 
riti
al size and undergo a thermonu
lear 
ash, resultingin an X-ray burst. Instabilities in the a

retion 
ow 
an also give rise to X-ray bursts or
ares (Taam & Fryxell 1988).The spe
tral type of the 
ompanion determines the mode of the mass transfer to the
ompa
t obje
t and the overall environment in it's vi
inity. In the low-mass X-ray binaries(LMXBs) the 
ompanion is later than type A and 
an, in some very evolved systems, be awhite dwarf. A late type or degenerate star does not have a natural wind strong enough topower the observed X-ray sour
e. Signi�
ant mass transfer will o

ur only if the 
ompanion�lls its 
riti
al gravitational lobe: the Ro
he lobe.In high-mass X-ray binaries (HMXBs) the 
ompanion is an O or B star whose op-ti
al/UV luminosity may be 
omparable to, or greater than, that of the X-ray sour
e(Conti 1978; Petterson 1978). X-ray heating is minimal, with the opti
al properties dom-inated by the 
ompanion star. The 
ompanion star has substantial stellar wind, removing10�6�10�10M� yr�1 with a terminal velo
ity up to 2000 km s�1. A NS or BH in a relatively
lose orbit will 
apture a signi�
ant fra
tion of the wind, suÆ
ient to power the X-ray sour
e.Ro
he lobe over
ow 
an be a supplement to the mass transfer rate.Many X-ray binaries are transient sour
es that appear on a times
ale of a few days, andthen de
ay over tens or hundreds of days (White, Kaluzienski & Swank 1984; van Paradijs &Verbunt 1984). The transient episodes may result from an instability in the a

retion disk,or a mass eje
tion episode from the 
ompanion.The 
ow geometry is determined by the angular momentum per spe
i�
 mass of thea

retion 
ow. If the 
ompanion star �lls its 
riti
al Ro
he lobe, then a stream of material willbe driven through the inner Lagrangian point. This stream will orbit the 
ompa
t obje
tat a radius determined by its spe
i�
 angular momentum (Lubow & Shu 1975). Vis
ousintera
tions and angular momentum 
onservation will 
ause the ring to expand into a disk.The disk's outer radius is limited by tidal for
es, whi
h will transfer angular momentumba
k to the binary orbit.Our knowledge of dis
rete sour
es 
omes basi
ally from obje
ts in our galaxy or in verynearby ones (e.g. M31). Only re
ently the use of XMM and Chandra satellites is revealingthe properties of these sour
es in more distant galaxies. In parti
ular the emission dueto dis
rete emission in Early-Type galaxies is thought to be mainly due to low-mass X-raybinaries. This is be
ause in HMXBs the time taken by the massive 
ompanion of the neutronstar to evolve from the neutron-star-forming supernova event to the end of the X-ray emittingphase is relatively short (� 5� 106 yr , van den Heuvel 1992). In LMXBs, on the 
ontrary,this interval lasts � 1 � 2 � 109 yr (Ghosh & White 2001). HMXBs are thus expe
ted to



16 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIESfade away shortly after the last relevant star formation event, while LMXBs survive mu
hlonger. In Early-Type galaxies star formation ended several Gyrs ago (x 1.1) and very few(if any) HMXB are expe
ted to be still present.The spe
tral properties of the LMXBs population in Early-Type galaxies is still a matterof debate. The assumed spe
tra is usually a thermal bremsstrahlung with 
hara
teristi
temperature � 5 keV (e.g. Irwin, Sarazin & Bregman 2000). However studies of gala
ti
LMXBs revealed that these obje
ts may exhibit di�erent spe
tral features. The physi
s ofthe a

retion pro
ess, whi
h is very 
omplex and not fully understood, allows the presen
eof other 
omponents su
h as a multi-temperature bla
kbody spe
trum, attributed to thea

reting disk, or a power-law spe
trum, due to IC s
attering of the emitted photons in thedense environment surrounding the 
ompa
t a

reting obje
t (e.g. La Parola et al. 2001; alsosee White, Nagase & Parmar 1995 for a review of the LMXBs spe
tral properties).Sarazin, Irwin & Bregman (2001) found that a bremsstrahlung model with kT � 8 keV�ts well the average spe
tra of X-ray sour
es in faint ellipti
al galaxies. However the X-rayluminosity fun
tion of LMXBs has a `knee' at Lx = 3:2 � 1038 erg s�1, and sour
es fainterthan this limit have additional soft emission (kT � 0:15). The di�erent spe
tra and the
hange in slope of the luminosity fun
tion may re
e
t di�eren
e in the emission me
hanismdue to the presen
e of a BH instead of a NS in the binary system. In fa
t, stellar evolutiontheories predi
t that the upper mass limit of a NS is � 1:4 M�, sin
e more massive obje
tsundergo the gravitational 
ollapse whi
h 
reates a BH. Assuming equilibrium between thegravitational for
e a
ting on the infalling material and the radiative pressure, it is possibleto 
al
ulate the `Eddinghton luminosity', i.e. the maximum luminosity expe
ted from thea

reting material on a NS:LEdd � 4�GMmp
�T = 1:3� 1038 MM� erg s�1 (1.22)where M is the mass of the a

reting star, mp is the mass of the proton, �T is the Thomson
ross se
tion. Thus, the 3:2 � 1038 erg s�1 luminosity is 
lose to the upper limit expe
tedfrom a 1.4 M� NS. Higher luminosities would destabilize the a

retion 
ow and 
an beexplained only taking into a

ount relativisti
 e�e
ts asso
iated with a BH (Fabbiano 1989,and referen
es therein).



1.4. PHYSICAL STATUS OF THE HALO 171.4. PHYSICAL STATUS OF THE HALOThe di�erent luminosities observed in bright Early-Type galaxies, i.e. those where the main
ontribution to the X-ray 
ux 
omes from the hot halo, is believed to be due to the 
apabilityof the system to `
on�ne' the gas. Large galaxies are usually lo
ated at the bottom of thelo
al gravitational well, often also due to their position at the 
enter of 
lusters or groups ofgalaxies.The X-ray data 
an be used to derive the physi
al properties of the hot emitting gas,su
h as 
entral density, 
ooling times and total gaseous mass. They also allow to infer thetotal amount of matter (both luminous and dark) present in su
h systems and thus to testdi�erent galaxy formation s
enarios and 
osmologi
al models. However we have seen in x1.3.1 that we need to assume the distribution that 
hara
terizes the gas density. In thisse
tion we will des
ribe some of these models and show how they 
an be used to de�ne thephysi
al status of the hot halo and the underlying total matter distribution.1.4.1. Beta isothermal modelIn general, elasti
 
ollision times for ions and ele
trons in the ISM are mu
h shorter thanthe time s
ales for any heating, 
ooling or dynami
al pro
ess that o

urs in the gala
ti
and 
luster halos, so that the gas 
an be treated as a 
uid (Sarazin 1988). Moreover, sin
ethe sound 
rossing time (i.e. the time for a sound wave in the ISM to 
ross the galaxy) ists � 108 yr and thus mu
h smaller than the age of the galaxy of � 1010 yr, the gas will behydrostati
 and the pressure will be a smoothly varying fun
tion of the position, unless veryfast heating or 
ooling me
hanisms are present. In this 
ase:rP = ��gr�(r) (1.23)where P = �gkT=�mp is the gas pressure2, �g is the gas mass density and �(r) is thegravitational potential of the 
luster. If the system is assumed to be spheri
ally symmetri
,equation (1.23) redu
es to: 1�g dPdr = �d�dr = �GM(r)r2 (1.24)where r is the radius from the galaxy 
enter and M(r) is the total 
luster mass within r.2Due to its high temperature and low density, the physi
al status of the ISM is very similar to that of anideal gas.



18 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIESThe simplest distributions of gas temperatures is the isothermal one, i.e. Tg(r) =
onstant. This distribution has been often used sin
e temperature pro�les based on lowspe
tral resolution instruments seemed to be almost isothermal (e.g. Kim & Fabbiano 1995;Rangarajan et al. 1995; Jones et al. 1997). Although re
ent studies support the presen
e ofmulti-phase medium in the gala
ti
 halos (e.g. Buote 1999; Buote, Canizares & Fabian 1999;Buote 2000a), this remains a simple and useful model to derive the halo physi
al properties.If an isothermal distribution is assumed equation (1.24) be
omes:d ln �gdr = �mpkTg d�(r)dr (1.25)In most models the galaxy potential is assumed to be that of a self-gravitating isothermalsphere (Chandrasekhar 1942; King 1966). Sin
e this 
an not be represented exa
tly in termsof simple analyti
 fun
tions, the King (1962) approximation is often used:�(r) = �0 "1 + � rr0�2#�3=2 (1.26)�(r) = �4��0r20 ln[(r=r0) + (1 + (r=r0)2)1=2℄r=r0 (1.27)where � is the total mass density, �0 is the 
entral total density and r0 is the 
ore radius ofthe distribution. These parameters are related to the line-of-sight velo
ity dispersion of testparti
les (e.g. the stars) by: �2r = 4�G�0r209 (1.28)(see Sarazin 1988 for a detailed derivation of this equation). The resulting gas distributionis given by (Cavaliere & Fus
o-Femiano 1976):�g(r) = �g;0 "1 + � rr0�2#�3�=2 (1.29)Here � = �mp�2rkTg (1.30)represents the ratio between the energy stored in stars to the one in the gas. This model isoften referred to as Beta model in order to distinguish it from a true isothermal distribution(see dis
ussion in Appendix C of Trin
hieri, Fabbiano & Canizares 1986).The X-ray surfa
e brightness at a proje
ted radius b, integrated over the whole spe
trum,is then (Sarazin & Bah
all 1977, Gorenstein et al. 1978):�(b; Tg) = �(Tg) � Z nenpdl = �0(Tg)"1 + � br0�2#�3�+1=2 (1.31)



1.4. PHYSICAL STATUS OF THE HALO 19where R nenpdl is the emission measure of the gas along the line-of-sight l through the galaxy,at proje
ted radius b, and�0(Tg) = �(Tg)p��nenp� �2g;0 r0�(3� � 1=2)�(3�) (1.32)is the 
entral surfa
e brightness.To determine the free parameters �g;0 and r0, that de�ne the gas distribution in theBeta model, the usual approa
h is to �t the observed X-ray surfa
e brightness pro�le withexpression (1.31). �, instead, 
an be derived both by a surfa
e brightness �t or throughequation (1.30) if we know the gas temperature and the stellar velo
ity dispersion. Todistinguish the two methods in the following 
hapters, we will adopt the symbol � when werefer to the brightness pro�le and �spe
 for the spe
tral determination.The surfa
e brightness �ts generally give � � 0:4 � 0:6 (e.g. Trin
hieri, Fabbiano &Canizares 1986; Fabbiano & S
hweizer 1995; Kim & Fabbiano 1995), although departuresfrom a simple power law are quite 
ommon (see x 2.2.4). This suggests that the gas isgenerally hotter than the stars. However Matsushita (2001a) has re
ently shown, by meansof spe
tral PSPC data, that this dis
repan
y is largely redu
ed if the Early-Type spe
-trum is modeled with two 
omponents: a thermal emission due to hot ISM plus a hardbremsstrahlung whi
h models the 
ontribution of dis
rete sour
e. She obtains �spe
 � 1 forfaint galaxies, whi
h means that the hot halo is probably heated by stellar mass losses. Forbrighter systems instead �spe
 � 0:5, thus requiring additional heating. This is believed tobe due to gravitational heating 
aused by the deep potential well whi
h surrounds thesegalaxies.Other heating me
hanisms may be: supernova heating (Canizares, Fabbiano & Trin
hieri1987; Bertin & Toniazzo 1995), thermal 
ondu
tion from the hotter Intra Cluster Medium(ICM) or, when nu
lear radio sour
es are present, heating from relativisti
 ele
trons (Fab-biano 1989, and referen
es therein).1.4.2. Empiri
al Gas DistributionsThe in
onsisten
e of the isothermal Beta model for the brightest galaxies in 
lusters, dis-
ussed in the previous se
tion, and the possible presen
e of multi-phase gas, has led todevelop more empiri
al methods to derive the gas distribution.Instead of assuming an a-priori model, the gas distribution 
an be derived dire
tly fromobservations of the X-ray surfa
e brightness. The X-ray surfa
e brightness at a proje
ted



20 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIESdistan
e b from the 
enter of a spheri
al galaxy is:�(b) = 2 Z 1b �(r)drpr2 � b2 (1.33)where � is the X-ray emissivity de�ned in equation (1.5). This Abell integral 
an be invertedto give the emissivity as a fun
tion of radius (e.g. Binney & Tremaine 1987):�(r) = � 1� Z 1r d�(b)db dbpb2 � r2 : (1.34)Be
ause of the dis
retized nature of X-ray observations and the sensitivity of integral in-version to noise, the surfa
e brightness data are often smoothed, either by �tting a smoothfun
tion to the observations or by applying this equation to the surfa
e brightness averagedin rings about the galaxy 
enter.The emissivity � is given by equation (1.5) and depends on the elemental abundan
es,the gas density and temperature. If the ISM abundan
es and temperatures are known(e.g. through spe
tral �ts) equation (1.34) allows to determine the gas density ne(r) in thehypothesis that the gas is 
hara
terized by a single density and temperature at ea
h radius.An iterative pro
edure whi
h exploits this method has been developed by Kriss et al. (1983)and will be applied to our data in x 2.2.6, 3.2.3 and 4.2.6.For the sake of 
ompleteness we noti
e that more general politropi
 models have alsobeen employed to model the hot gas distribution (e.g. Killeen & Bi
knell 1988). We willnot dis
uss them here sin
e they are not employed this work but more informations 
an befound in Sarazin (1988).1.4.3. Total Mass DeterminationOn
e the density and temperature distributions of the gas are known, it is possible to derivethe total underlying mass distribution, in the hypothesis that the gas is in hydrostati
equilibrium. We have seen in x 1.4.1 that this is a reasonable assumption unless the galaxyis undergoing merger events or strong ram pressure stripping from the surrounding medium,and the gas motions remains subsoni
.If the gas is spheri
ally distributed the hydrostati
 equilibrium 
ondition is expressedby equation (1.24). Combining it with the ideal gas law we obtain:M(< r) = �rkT (r)�mpG �d log �gd log r + d logTd log r � (1.35)



1.4. PHYSICAL STATUS OF THE HALO 21where M(< r) is the mass 
ontained within r, T is the gas temperature, and d log �g=d log rand d logT=d log r are respe
tively the logarithmi
 gradients of the gas density and temper-ature.Equation (1.35) has been used by many authors to dis
over massive dark halos sur-rounding Early-Type galaxies with masses of � 1013 M� (Fabri
ant, Le
ar & Gorenstein1980; Kim & Fabbiano 1995; Jones et al. 1997, e.g). This method may be applied also whengas 
ows due to temperature gradients (see x 1.5) develop inside the halo, be
ause dynami
altimes
ales are long 
ompared to the sound 
rossing time. However the resulting masses mustbe 
onsidered upper limits sin
e it is possible that other me
hanisms, su
h as the pressureof the ICM, may 
ontribute to lower the mass required to 
on�ne the hot gas (Fabri
ant,Le
ar & Gorenstein 1980; Vedder, Trester & Canizares 1988).



22 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIES1.5. COOLING FLOWSIf the gaseous halos observed in Early-Type galaxies are in equilibrium with the gravitationalpotential of the galaxy, the energy released in the X-ray band is 
ompensated by the energya
quired by gravitational infall, keeping the temperature 
onstant and the gas in quasi-hydrostati
 
onditions. However, we have seen in x 1.3.1 that the thermal emissivity isproportional to the square of the density (equation 1.5). A reasonable approximation of thegas emissivity is (Sarazin 1988):� / T an2e na = �1=2 T < 3� 107 Ka = 1=2 T > 3� 107 K (1.36)where T is the gas temperature and ne is the ele
tron density. This implies that in the 
enterof the halo the gas 
ools more rapidly than in the outskirts, and its pressure drops. Thispro
ess is not 
ompensated by the drop in temperature, sin
e below 3�107 K the emissivityis inversely proportional to the temperature and, however, the dependen
e on T is weakerthan the one on density. The weight of the overlaying gas then 
auses a slow, subsoni
 in
owwhi
h is usually 
alled \
ooling 
ow".The presen
e of 
ooling 
ows at the 
enter of gaseous halos has been proposed sin
e the
ooling times �
 in the 
entral regions of most galaxies are smaller than the Hubble time (i.e.the epo
h of galaxy formation). For an isobari
 transformation (Fabian et al. 1981):�
 = 52 nkTnenp� (1.37)where n = mp + ne is the total number density. Typi
al 
ooling times in the 
enter ofEarly-Type galaxies are � 108 yrs (see for instan
e Canizares, Fabbiano & Trin
hieri 1987).Even if no dire
t proof of the presen
e of 
ooling 
ows exist, su
h as the Doppler shiftof X-ray emission lines (the spe
tral resolution of modern dete
tors are still too low tomeasure these slow motions), X-ray observations have allowed to dis
over both imaging andspe
tros
opi
 indire
t eviden
es: a) X-ray images of bright Early-Type galaxies show a strong
entral emission peak, whi
h is attributed to the emission of the dense 
ooling 
omponent inthe galaxy 
ore; b) the gas temperatures inferred from spe
tral analysis revealed a 
entraldrop3, explained with the presen
e of 
ooler gas (Fabian 1994, and referen
es therein).If a steady-state spheri
al 
ow develops in the halo, we 
an derive the amount of massdeposited in the galaxy 
enter from the 
ow equations (Fabian & Nulsen 1977; Binney &3The isothermal models dis
ussed in x 1.4.1 are still a reasonable approximation of the gas distributionsin
e the temperature drop a�e
ts only the 
entral regions of the halo.



1.5. COOLING FLOWS 23Cowie 1981; Canizares, Stewart, & Fabian 1983):_M = 4�r2�2g�(T )� ddr �52 kT� + �(r)���1 (1.38)and 
ompare it with the observed 
entral X-ray peak. This kind of 
omparisons have shownthat the 
entral brightness ex
ess is mu
h smaller than the one expe
ted if all the 
oolingmass rea
hed the galaxy 
enter. Moreover observations at other wavelengths have shownno eviden
e of the presen
e of the a

reted material. This suggests that the 
ool materialdoes not remain in the gaseous phase but 
ools enough to form stars. However this wouldresult in a bluer 
olor of the Early-Type 
ore, whi
h is not seen. To avoid this problemsome authors have proposed that the star formation pro
ess 
reates low-mass obje
ts thatare more diÆ
ult to dete
t.Alternative s
enarios 
onsider the possibility that the steady-state 
ooling 
ow model iswrong, and the gas does not rea
h the galaxy 
enter but is deposited throughout the galaxyat all radii. This hypothesis is supported by the fa
t that the mass deposition pro�les derivedby many X-ray studies are not 
onstant (as would be expe
ted in a steady-state 
ow) butare proportional to the gala
to
entri
 radius: _M / r (e.g Bertin & Toniazzo 1995; Kim &Fabbiano 1995; Rangarajan et al. 1995; Matsushita et al. 2001b).If 
ool material is deposited throughout the halo we expe
t to see multiphase gas.In fa
t re
ent observations suggest that multi-temperature models �t better than single-temperatures ones the observed X-ray spe
tra of ASCA and ROSAT (Buote 1999; Buote,Canizares & Fabian 1999; Buote 2000a; Makishima et al. 2001). However the 
ooling-
owmodels are now in serious troubles sin
e re
ent studies with XMM found no eviden
e of multi-phase gas and showed that, in several 
ases, a lower temperature 
uto� must be introdu
edin the 
ooling 
ow models to explain the observed spe
tra (Peterson et al. 2001; Kaastra etal. 2001; Tamura et al. 2001). The latter point requires the presen
e of additional heatingsour
es, su
h as a high supernova rate or an a
tive nu
leus, to prevent the gas from 
ooling.Finally there are eviden
es that the hot halo stru
ture is more related to the shapeof the gravitational well, than to the presen
e of a 
entral 
ooling 
ow (Makishima et al.2001; Matsushita 2001a; Matsushita et al. 2001b). In faint Early-Type galaxies the halotemperature seems to be 
ompatible with stellar mass-loss heating, while in brighter galaxiesthere is an additional extended 
omponent that may be produ
ed by a large amount of darkmatter in the galaxy outskirts.



24 CHAPTER 1. X-RAY EMISSION FROM EARLY-TYPE GALAXIES1.6. ENVIRONMENTAL EFFECTSThe dependen
e of galaxy properties on the environmental 
onditions is a well establishedfa
t. Opti
al studies have shown that galaxy morphology is strongly dependent on the densityof galaxies in the sense that while Early-Type galaxies represent the dominant morpholog-i
al 
lass in groups and 
lusters of galaxies, Late-Types are more 
ommon in low densityenvironments (e.g. Bah
all 1996). The galaxy luminosity fun
tion has a steeper slope indenser environments, thus indi
ating that di�erent evolutionary pro
esses are at work (e.g.Trentham 1998; Christlein 2000). Moreover giant and 
D ellipti
als are only found in the
enter of ri
h systems. Even if it is not 
lear whi
h are the main parameters (e.g. lo
aldensity, total density of the 
luster, distan
e from 
luster 
enter) that play a fundamentalrole, it is generally a

epted that galaxy en
ounters, merging and intera
tion with the ICMare all pro
esses that must a�e
t the properties of galaxies to some extent.It is thus not surprising that environmental e�e
ts may be suspe
ted to 
ontribute indetermining also the X-ray properties of galaxies. Although there are several suggestedme
hanisms by whi
h the environment may a�e
t the X-ray halo of a galaxy, the a
tualrole that these e�e
ts play is un
lear. Ram-pressure stripping is likely to remove gas fromgalaxies passing through a dense intra-
luster medium (Gunn & Gott 1972), and turbulentvis
ous stripping may be as e�e
tive in the group environment (Nulsen 1982). It is also likelythat the ICM provide reservoirs of gas whi
h 
an be 
aptured by slow moving or stationarygalaxies.However the observational eviden
e is 
on
i
ting and often diÆ
ult to interpret. Forinstan
e White & Sarazin (1991) found that, for a sample of Early-Type galaxies observedwith Einstein, galaxies with logLx=LB < 30 erg s�1 L�1B had � 50% more neighbors than X-ray bright galaxies. They attribute this to ram pressure stripping, whi
h would be expe
tedto redu
e LX more in higher density environments. An opposite view was presented by Brown& Bregman (2000), who found that LX=LB in
reased with environmental density. Theirexplanation is that for the majority of galaxies ram-pressure stripping is a less-importante�e
t than the sti
ing of gala
ti
 winds by a surrounding ICM. In this model the ICMen
loses the galaxy, in
reasing the gas density of its halo and therefore its X-ray luminosity.Brown & Bregman (1998) 
laimed an environmental dependen
e based on a 
orrelationbetween LX=LB and Tully density parameter � (Tully 1988) for their sample. However,Helsdon et al. (2001) show that group dominant galaxies often have X-ray luminosities whi
hare more related to the properties of the group than of the galaxy. Their high luminositiesare more likely to be 
aused by a group 
ooling 
ow than by a large galaxy halo. On
e theseobje
tions are removed from 
onsideration, the 
orrelation between LX=LB and � be
omes



1.6. ENVIRONMENTAL EFFECTS 25very weak.In a large ROSAT PSPC sample, O'Sullivan, Forbes & Ponman (2001) found no eviden
eof a 
orrelation between LX=LB and the environmental density, while the similarity of theLX=LB relation in �eld, groups and 
lusters suggest that the environment does not 
hangethe properties of the whole population. They noti
e that their result does not mean thatthere are no e�e
ts on the X-ray properties of galaxies but that none of the pro
esses a�e
tingthe X-ray halos is dominant or that they 
ounter-balan
e ea
h other.Numeri
al simulations generally suggest strong environmental in
uen
e on the X-rayhalo properties. Toniazzo & S
hindler (2001) showed that intera
tion with the ICM mayprodu
e large 
u
tuations of the halo luminosity, depending on the galaxy orbit through the
luster. If the galaxy moves at supersoni
 speeds ram pressure stripping is very e�e
tive inremoving large quantities of gas from the halo, while slow subsoni
 motions allow the galaxyto a

umulate the gas produ
ed by stellar mass losses. Su
h variation in halo gas 
ontentduring the galaxy orbit is large enough to explain the observed s
atter in X-ray luminosities.D'Er
ole, Re

hi & Ciotti (2000) studied tidal intera
tions in ellipti
al galaxies, showingthat tidal stripping may produ
e strong 
u
tuations in the halo shape and luminosity, aswell as removal of hot gas from the galaxy outskirts. Barnes (2000) further showed that su
hen
ounters may produ
e deformations of the X-ray halo and pro�le.Finally the lo
ation of the larger X-ray halos, asso
iated with giant and 
D ellipti
als, atthe 
enter of groups and 
lusters of galaxies indi
ates that the stru
ture of the gravitationalpotential well must play an important role in retaining the hot gas. As already dis
ussed inthe previous se
tion, this s
enario is supported by re
ent works by Makishima et al. (2001)and Matsushita (2001a) whi
h stress the fa
t that the properties of most massive system aremainly due to the presen
e of large potential stru
tures.
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Chapter 2
NGC 1399
2.1. INTRODUCTIONNGC 1399 is the 
entral dominant galaxy of the Fornax 
luster. Due to its proximity (19Mp
 for H0 = 75 km s�1 Mp
�1), this very regular, almost spheri
al (E0; Ferguson 1989) 
Dgalaxy has been extensively studied in a wide range of wavelengths, ranging form radio toX-rays. The opti
al radial pro�le, �rst studied by S
hombert (1986) and later in more detailby Killeen & Bi
knell (1988), reveals a large halo extending up to 250 kp
. The galaxy issurrounded by a large number of globular 
lusters, 10 times in ex
ess with respe
t to thoseof its nearer 
ompanion NGC 1404 and of the Fornax galaxy NGC 1380 (Kissler-Patig et al.1999). Dynami
al studies of the stellar population of NGC 1399 indi
ate that the 
entralregions of the galaxy are 
hara
terized by a high velo
ity dispersion, de
reasing with radius,and slow rotation, as expe
ted in giant ellipti
als (Graham et al. 1998). At larger radiithe velo
ity dispersion starts in
reasing again, as shown by studies of the planetary nebulae(Arnaboldi et al. 1994) and globular 
lusters dynami
al properties (Grillmair et al. 1994).This suggests a di�erent dynami
al stru
ture, than that of the inner stellar body, for thegalaxy envelope and the globular 
luster population.NGC 1399 hosts a weak nu
lear radio sour
e (Killeen, Bi
knell & Ekers 1988) withradio luminosity of � 1039 ergs s�1 between 107 and 1010 Hz. The radio sour
e has two jetsending in di�use lobes, 
on�ned in proje
tion within the opti
al galaxy. Killeen, Bi
knell &Ekers (1988) suggest that the radio sour
e is intrinsi
ally small and 
on�ned by the thermalpressure of the hot ISM.X-ray data have shown the presen
e of an extended hot gaseous halo surrounding NGC1399. Observations made with the Einstein IPC by Kim, Fabbiano & Trin
hieri (1992a)27



28 CHAPTER 2. NGC 1399
onstrained the gas temperature to be kT > 1:1 keV. The Einstein IPC data were used alsoby Killeen & Bi
knell (1988) to derive the mass distribution of the galaxy. They found thatboth models with and without dark matter were 
ompatible with those data, dependingon the assumed temperature pro�le. White (1992) suggested the presen
e of a 
ooling 
owin the 
enter of the galaxy, depositing 0.8�0:6 M� y�1. Ginga observations (Ikebe et al.1992) led to the dete
tion of extended emission out to a gala
to
entri
 radius of �250 kp
.Serlemitsos et al. (1993) 
onstrained the X-ray temperature to be 1:0 < kT < 1:5 keV withthe Broad Band X-ray Teles
ope (BBXT). Rangarajan et al. (1995, hereafter RFFJ), usingthe ROSAT PSPC, have studied in detail the temperature pro�le of the hot inter-stellarmedium (ISM) out to 220 kp
 �nding an isothermal pro�le (0:9 < kT < 1:1) from 7 to 220kp
, and a 
entral 
ooling 
ow (0:6 < kT < 0:85) of at least 2 M� y�1.Ikebe et al. (1996) were able to identify with ASCA the presen
e of di�erent 
omponentsin the X-ray halo, asso
iated respe
tively with the galaxy and the Fornax 
luster potential.Jones et al. (1997) used the better resolution of the ROSAT PSPC for studying in detail the
luster X-ray stru
ture and �nding a total binding mass of (4.3-8.1)�1012 M� within 100 kp
,with a mass-to-light ratio in
reasing from 33 M�/L� at 14 kp
 to 70 M�/L� at 85 kp
. Theyalso found a metal abundan
e of 0.6 solar. Buote (1999) analyzed ASCA data �nding thateither a two temperature spe
tral model or a 
ooling-
ow model with solar Fe abundan
es,are required to �t the thermal X-ray emission, and additional absorption is needed in thegalaxy 
enter. Matsushita, Ohashi & Makishima (2000) found similar near solar metalli
itiesbut argued that the metalli
ity inferred by ASCA spe
tral �ts is dependent on the assumedatomi
 physi
s model and is not solved by multi-
omponents spe
tral models.More re
ently Sulkanen & Bregman (2001) used ROSAT data to pose an upper limiton the nu
lear sour
e brightness. The Chandra data were used by Loewenstein et al. (2001)to further 
onstrain the nu
lear sour
e and by Angelini, Loewenstein & Mushotzky (2001)to study the point sour
e population hosted by globular 
lusters.In this 
hapter we present the results of a deep observation of the NGC 1399/NGC 1404�eld obtained from data 
olle
ted between 1993 and 1996 with the ROSAT High ResolutionImager (HRI, for a des
ription see David et al. 1996). We take advantage of the � 5" reso-lution of the HRI to study in detail the stru
ture of the gala
ti
 halo and relate the resultsto those obtained at larger s
ales with poorer resolution instruments. We study the intera
-tions between the nu
lear radio sour
e and the gala
ti
 halo and dis
uss the properties of thedis
rete sour
es population. A preliminary analysis of Chandra data supports the ROSATresults.We adopt H0 = 75 km s�1 Mp
�1 and a distan
e of 19 Mp
 (1'=5.5 kp
).



2.2. OBSERVATIONS AND DATA ANALYSIS 292.2. OBSERVATIONS AND DATA ANALYSISThe NGC 1399 �eld, in
luding NGC 1404, was observed at three separate times with theROSAT HRI: in February 1993, between January and February 1996 and between July andAugust of the same year. The total exposure time is 167.6 ks (Table 2.1). The data werepro
essed with the SASS7 8 and SASS7 9 versions of the ROSAT standard analysis software(SASS). For our data analysis, we used the IRAF/XRAY and CIAO pa
kages developed atthe Smithsonian Astrophysi
al Observatory and at the Chandra X-ray Center (CXC), andother spe
i�
 software as mentioned in the text.Table 2.1: ROSAT HRI observations of NGC 1399.name Field 
enter sequen
e id. Exp.time obs. date P.I.(a)R.A. De
 (se
)NGC 1399 03h38m31s {35Æ27'00" RH600256n00 7265 1993 Feb 17 D.-W. Kim" " " RH600831n00 72720 1996 Jan 04-1996 Feb 23 G. Fabbiano" " " RH600831a01 87582 1996 Jul 07-1996 Aug 26 G. Fabbiano
(a) Prin
ipal Investigator2.2.1. Aspe
t Corre
tionThe HRI data pro
essed with the SASS versions prior to SASS7 B of Mar
h 1999 (as ithappens for our data) su�er from an error in the aspe
t time behavior (Harris 1999). Thistranslates into an error on the position of the in
oming photons and thus it results in adegradation of the Point Response Fun
tion (PRF). Be
ause high resolution analysis is theprimary obje
tive of this work we run the 
orre
tion routine ASPTIME (F. Primini 2000,private 
ommuni
ation) on the data, to improve the aspe
t solution. Visual inspe
tion ofthe brightest pointlike sour
es in our �eld (Figure 2.1) demonstrates the improvement in theimage quality.Additional problems that may pre
lude the attainment of the HRI potential resolutionare the imperfe
t 
orre
tion of the spa
e
raft wobble and the wrong tra
king of referen
estars due to the variable pixel sensitivity a
ross the dete
tor (Harris et al. 1998). We followedthe pro
edure suggested by Harris and 
ollaborators, of dividing the observations in time
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Fig. 2.1.| Comparison between the aspe
t of the brightest pointlike sour
e in the NGC1399/1404 �eld (No.8 in Table 2.3) before (left) and after (right) 
orre
tion. The pixel sizeis 4". Contour levels are spa
ed by 5:9 � 10�2 
nts ar
min�2 s�1 with the lower one at6� 10�2 
nts ar
min�2 s�1.bins (OBI) and realigning these segments by using the 
entroids of a referen
e pointlikesour
e in ea
h OBI.Our data 
an be divided in 4 OBIs in RH600256n00, 43 in RH600831n00 and 33 inRH600831a01. We 
he
ked ea
h OBI individually using the brightest point sour
e in the�eld (No.8 in Table 2.3). We found that in the �rst observation (RH600256n00) the OBIare well aligned and no 
orre
tion is needed. The se
ond observation (RH600831n00) has 7OBIs out of 43 that are 7"-10" displa
ed; however, the overall PRF is 6" FWHM so thatjust a slight improvement 
an be obtained dewobbling the image. The third observation(RH600831a01) has a 8" PRF but the signal to noise ratio of the individual OBIs is worsethan in the previous observations so that the dewobbling pro
edure 
annot be applied.Given these results, we de
ided not to apply the dewobbling 
orre
tion, and to take as gooda resulting PRF, in the 
omposite image, of '7" FWHM.2.2.2. Composite Observation and Exposure Corre
tionsThe aspe
t-
orre
ted observations were 
o-added to obtain a \
omposite observation". Tomake sure that pointing un
ertainties did not degrade the image we used the 
entroids ofthree bright pointlike sour
es in the �eld (No.8, 19 an 24 in Table 2.3) to align the images.The applied 
orre
tions were all within 2 ar
se
. The resulting 
omposite image is shown inFigure 2.2. This image was then 
orre
ted for vignetting and variations of exposure time andquantum eÆ
ien
y a
ross the dete
tor by produ
ing an \exposure map" for ea
h observationwith the software developed by Snowden et al. (1994, hereafter SMB).
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Fig. 2.2.| The `raw' NGC 1399/NGC 1404 HRI �eld. The 
omposite image is here displayedafter it was rebinned to 5 ar
se
/pixel. Even without exposure 
orre
tion the extendedemission surrounding NGC 1399 is 
learly visible. The elongated features in the lower left
orner are due to the presen
e of \bad pixels" on the dete
tor. North is up and East is left.
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e Brightness Distribution and X-ray/Opti
al Com-parison
To study the large-s
ale brightness distribution of the NGC 1399 �eld we rebinned theexposure 
orre
ted data in 5"�5" pixels. We then adaptively smoothed the image with theCXC CIAO 
smooth algorithm whi
h 
onvolves the data with a gaussian of variable width(depending on the lo
al signal to noise range of the image) so to enhan
e both small andlarge s
ale stru
tures.The resulting image (Figure 2.3a) shows a 
omplex X-ray morphology. The 
enter ofthe image is o

upied by the extended halo of NGC 1399. The galaxy possess a 
entralemission peak and an external extended and asymmetri
 halo. This halo is not azimuthallysymmetri
 with respe
t to the X-ray peak, but it extends more on the SW side. The X-raysurfa
e brightness distribution of the halo appears �lamentary, with elongated stru
turesand voids. As it 
an be seen from a 
omparison with the opti
al Digitized Sky Survey (DSS)image (Figure 2.3b), while the X-ray emission peak is 
entered on the opti
al galaxy, theX-ray halo extends radially mu
h further than the opti
al distribution. Moreover most of thefeatures seen in the X-ray image have no dire
t opti
al 
ounterpart. The SW 
lump 
enteredat RA, De
=3h38m12s,{35Æ30'00" and the one at 3h39m12s,{35Æ26'12" were also dete
ted bythe wavelets algorithm (sour
es No.42 and 43 in Table 2.3 and Figure 2.19) presented in x2.2.9.A number of pointlike sour
e in the �eld is visible in Figure 2.3a. The analysis of thesesour
es is dis
ussed in x 2.2.9. The X-ray emission of NGC 1404, instead, will be dis
ussedin detail in Chapter 3.We examined the inner halo of NGC 1399 in greater detail using a 1"/pixel resolution.The adaptively smoothed image (Figure 2.4) reveals an elongation of the inner halo stru
turein the N-S dire
tion plus a large ar
 protruding to the West side of the halo. Several voidsare present in the X-ray distribution, the largest being 1.5 ar
min NW of the emission peak.The 
entral peak appears 
ir
ular with at most a slight N-S elongation.These features are all above 3� signi�
an
e, sin
e 3� was the minimum signi�
an
e levelrequested for an intensity 
u
tuations to be smoothed on a given s
ale. We 
an rule outthat features on s
ales of 1 ar
min are of statisti
al nature, be
ause their signi�
an
e 
an beas high as 6� (see x 2.2.5). These brightness 
u
tuations must be due to the lo
al physi
al
onditions of the hot gaseous halo.
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Fig. 2.3.| (a) 5�5 ar
se
/pixel adaptively smoothed image of the 
entral part of the NGC1399/1404 HRI �eld. Colors from bla
k to yellow represent logarithmi
 X-ray intensitiesfrom 5:6� 10�3 to 3:58� 10�1 
nts ar
min�2 s�1. (b) X-ray brightness 
ontours overlaid onthe 1 ar
se
/pixel DSS image (logarithmi
 grays
ale). Contours are spa
ed by a fa
tor 1.1with the lowest one at 6:1� 10�3 
nts ar
min�2 s�1. The X-ray emission peak is 
entered onthe opti
al galaxy for both NGC 1399 and NGC 1404. In the 
ase of NGC 1404 the X-rayisophotes are 
onsistent with the opti
al distribution while in NGC 1399 the X-ray emissionextends further out than the opti
al one.
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Fig. 2.4.| Adaptively smoothed image of the inner NGC 1399 halo. Colors from bla
k toyellow represent logarithmi
 X-ray intensities from 6:4 � 10�3 to 7:7 � 10�1 
nts ar
min�2s�1.2.2.4. Radial Brightness Pro�lesAs a �rst step in the quantitative study of the X-ray emission, we 
reated a radial pro�lefrom the HRI data, assuming 
ir
ular symmetry. Count rates from the exposure-
orre
ted
omposite image, were extra
ted in 
ir
ular annuli 
entered on the X-ray 
entroid RA,De
=3h38m28s:9, {35Æ27"02'.1. We took 
are to remove the 
ontribution of all the dete
tedpoint-like sour
es by ex
luding 
ir
les within the 3� radius measured by the wavelets algo-rithm (x 2.2.9), from the sour
e 
entroid1. We also ex
luded a 150" 
ir
le 
entered on NGC1404 (see x 3.2.2).The X-ray brightness pro�le is shown as a 
ontinuous line in Figure 2.5. The emissionextends out to � 500" (46 kp
 at the assumed distan
e of 19 Mp
). The radial pro�le
attens out past 500" (dash-dotted line in Figure 2.5) suggesting that we have rea
hed the�eld ba
kground level and that any residual halo emission is below our sensitivity limit.Nevertheless we know from previous investigations of the Fornax 
luster with Ginga (Ikebe1The 
ounts in ea
h annulus are renormalized to the net observed area by the extra
tion pro
edure.
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knell 1988) and ROSAT (Jones et al. 1997), that extendedX-ray emission, bright enough to be dete
ted in our data, is present at gala
to
entri
 radii> 50000. We thus expe
ted to see a smooth gradient in the X-ray pro�le 
ontinuing past 500".We 
he
ked to see if a very high ba
kground was present in some OBIs or either in some ofthe HRI spe
tral 
hannels2 but we found none that 
ould explain our la
k of sensitivity. Apossible explanation is that we didn't rea
h the ba
kground level around 500" and the a
tualba
kground is mu
h lower but, due to un
ertainties in the exposure 
orre
tion near the edgeof HRI �eld of view, we are not able to see the expe
ted de
line in the X-ray emission.We used the SMB software to 
al
ulate a ba
kground map for this �eld. The radialpro�le derived from this ba
kground map is shown as a small dashed line in Figure 2.5. TheSMB model however may underestimate the \true" HRI ba
kground somewhat be
ause itmodels only the 
harged parti
le 
ontribution. We therefore 
orre
ted this value using the52 ks ROSAT PSPC observation RP600043N00 
entered on NGC 1399, taken on the 1991August 15 (Figure 2.6). Even if the PSPC observation is mu
h shorter than our HRI image,the higher sensitivity and lower ba
kground of this instrument allows a better study of thelarge s
ale X-ray emission.The exposure 
orre
ted PSPC pro�le is shown in Figure 2.7. The ba
kground level(dashed line) was estimated from the 2400"-3000" annulus. We 
ompared our radial pro�leto the one derived by Jones et al. (1997) and RFFJ, who made use of the same data, �nding
onsistent results. We then res
aled the SMB ba
kground to �nd the best agreement betweenHRI and PSPC 
ounts in the 50-400 ar
se
 region, after rebinning the HRI data to mat
hthe wider PSPC PRF. The \true" HRI ba
kground level found in this way (long-dashed linein Figure 2.5) lies in between the 
attening level of the HRI pro�le and the SMB ba
kgroundand was used to derive the HRI ba
kground-subtra
ted pro�le shown as empty 
ir
les. Thisway of �nding the HRI ba
kground assumes that the PSPC brightness pro�le is not a�e
tedby systemati
 errors on the ba
kground determination and 
an thus be used to res
ale theHRI 
ounts. However, even if the PSPC ba
kground su�ered from residual errors (e.g. dueto un
ertainties in the exposure 
orre
tion at large radii), they would not signi�
antly a�e
tthe 
entral region pro�le { used to res
ale the SMB HRI ba
kground { be
ause there theX-ray brightness is one order of magnitude larger than the PSPC ba
kground level.The HRI radial surfa
e brightness pro�le has a 
omplex stru
ture. In the `
entral' region,i.e. within 50" from the emission peak, the X-ray emission is well represented by a simpleBeta model (equation 1.31) with best �t parameters r0 = 3:93�0:16 ar
se
, � = 0:506�0:0032The ROSAT HRI has 11 spe
tral 
hannels. The spe
tral a

ura
y is too low to perform a reliable analysisbut 
an be used to 
he
k for instrumental problems.



36 CHAPTER 2. NGC 1399

Fig. 2.5.| HRI radial pro�le of NGC 1399 X-ray surfa
e brightness (
ontinuous line) afterex
luding all point sour
es (x 2.2.9) and NGC 1404. The dot-dashed line represents the
attening level of the HRI pro�le measured in the 500"-850" annulus. Short and long dashedlines represent respe
tively the SMB ba
kground level before and after res
aling to mat
hPSPC 
ounts. The res
aled ba
kground was used to derive the ba
kground-subtra
ted 
ounts(open 
ir
les) and the best-�t Beta model within 50" shown in Figure 2.8 (dotted line). TheHRI PRF range is represented by the shaded region. Radial bins are 2" wide up to r=50",and 5" wide at larger radii.and �2 = 14:5 for 22 degrees of freedom (Figure 2.8). To determine the best �t parametersthe model was 
onvolved with the HRI on-axis PRF (David et al. 1996). At radii larger than1 ar
min the surfa
e brightness pro�le shows a signi�
ant ex
ess over this model (see Figure2.5), indi
ating the presen
e of an additional `gala
ti
' 
omponent. Restri
ting the �t to r <40" to 
he
k if this more extended 
omponent 
ontributes around 50", gives 
onsistent resultswith r0 = 3:88+0:20�0:16 ar
se
 and � = 0:504+0:004�0:003 (�2 = 11 for 17 degrees of freedom). Thus,for 3" < r < 50" the X-ray emission falls as r�2:04�0:02. As 
an be seen by the 
omparisonwith the HRI PRF (shaded region in Figure 2.5), whose un
ertainty is due to residual errorsin the aspe
t solution (David et al. 1996), the 
entral 
omponent is extended and 
annot bedue to the presen
e of a nu
lear point sour
e, that in fa
t is not dete
ted in our data (see x
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Fig. 2.6.| Exposure 
orre
ted PSPC image of the NGC 1399/1404 �eld. The two brightest
entral emission peaks represent the two galaxies (NGC 1399 and NGC 1404) visible also inthe HRI �eld. X-ray 
ontours, spa
ed by a fa
tor of 1.3 with the lowest level at 3:5� 10�3
nts ar
min�2 s�1, 
learly show the presen
e of an extended halo mu
h larger than the HRIFOV (
entral 40 � 40 ar
min). The bla
k line delimits the two se
tors used to extra
t theradial pro�les shown in Figures 2.9a, b. Radial ribs are due to the PSPC support stru
ture.

Fig. 2.7.| Exposure 
orre
ted PSPC radial pro�le of NGC 1399 (
ontinuous line). Thedashed line represents the ba
kground level measured in the 2400-3000 ar
se
 region, usedto derive the ba
kground-subtra
ted 
ounts (open 
ir
les). The X-ray halo 
learly extendsat mu
h larger radii than visible in the HRI FOV but the 
entral region is not well resolveddue to the larger PRF.
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Fig. 2.8.| The best-�t model and the residuals of NGC 1399 brightness pro�le within 50".The 66%, 90% and 99% 
ontour levels relative to the 
ore radius r0 and slope � are shownin the inner panel.2.2.8).The PSPC pro�le in Figure 2.7 shows that X-ray emission extends to mu
h larger radiithan visible in the HRI data and suggests the presen
e of a third 
omponent dominant atr > 400". Large azimuthal di�eren
es are seen in the X-ray pro�le at radii larger � 1ar
min. We derived 
omposite HRI-PSPC X-ray pro�les in two se
tors dividing the imagesalong the line 
onne
ting the X-ray 
entroids of NGC 1399 and NGC 1404: a NE se
tor(Position Angle: 331:5Æ <P.A.< 151:5Æ) and a SW se
tor (151:5Æ <P.A.< 331:5Æ). Whilethe emission within 1 ar
min is azimuthally symmetri
, the gala
ti
 
omponent (r > 10) ismu
h more extended in the SW dire
tion and presents a steep de
line in the NE se
tor, assuggested by Figures 2.3a and 2.4. The even more extended 
omponent visible in the PSPCdata follows the opposite behavior, being 3 times brighter around 1000" on the NE side thanon the SW one. While these asymmetries have been reported by Jones et al. (1997), theirPSPC data alone do not have enough resolution to 
learly separate the 
entral 
omponentfrom the external halo. Jones and 
ollaborators used a single power-law model to �t thewhole distribution, thus obtaining a value of �0.35 for the power law slope.
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(a)

(b)

Fig. 2.9.| Ba
kground subtra
ted radial pro�le of NGC 1399 in the NE (a) and the SW (b)se
tors. Open 
ir
les represent HRI data (2" annuli for r < 50", 5" for r > 50"), while �lledtriangles represent PSPC data (15" annuli for r < 300", 30" for r > 300"). PSPC 
ountsare redu
ed by a fa
tor � 0:3 to mat
h the HRI pro�le; the inner 30" are not shown be
auseof the lower resolution. The dashed line represents the opti
al pro�le (
onvolved with theHRI PRF) from Killeen & Bi
knell (1988).



40 CHAPTER 2. NGC 13992.2.5. Bidimensional Halo ModelsBe
ause of the 
omplex halo stru
ture it is not possible to obtain a satisfa
tory �t of theentire surfa
e brightness distribution of NGC 1399 with a single 
ir
ularly symmetri
 model.The Sherpa modeling and �tting appli
ation of the CIAO pa
kage allows us to adopt a morerealisti
 approa
h: we added together three models to represent the di�erent 
omponentsseen in the surfa
e brightness pro�le (Figures 2.5 and 2.7). Moreover, to take into a

ount thedeviations from 
ir
ular symmetry (Figures 2.9a and 2.9b), ea
h 
omponent is representedby a bidimensional extension of the 
lassi
al Beta model (equation 1.31) of the form:�(x; y) = A(1 + (r=r0)2)3��0:5 (2.1)where r(x; y) = x2new(1� �)2 + y2new1� � (2.2)and xnew = (x� x0) 
os(�) + (y � y0) sin(�) (2.3)ynew = (y � y0) 
os(�)� (x� x0) sin(�): (2.4)Here xnew and ynew 
orrespond to the position of the X-ray 
entroid, � = 1� minor axismajor axis is theellipti
ity and � the Position Angle.The �nal bidimensional model has to be �tted dire
tly on the X-ray images, rather thanon the radial pro�les (as done in Figure 2.5). To exploit both the HRI spatial resolution (tosample the halo 
ore) and the large PSPC FOV (to in
lude the large-s
ale 
omponents) wehad to �t the HRI and the PSPC data simultaneously. However, at the time this work wasin progress, the CIAO pa
kage didn't allow to �t two datasets at the same time. Thus weused the following iterative pro
edure: (a) we rebinned the HRI image in 15"�15" pixels, inorder to have enough 
ounts per pixel to �t the galaxy halo and to smooth out small s
aleasymmetries; NGC 1404 and all the dete
ted point-like sour
es (x 2.2.9) were masked outbefore performing the �t. (b) The PSPC data were rebinned in 45"�45" pixels; the regions
ontaining the support stru
ture where masked, together with all the sour
es dete
ted in theHRI �eld. Be
ause the PSPC �eld of view (FOV) is larger than the HRI one, to mask all theremaining PSPC sour
es we used the sour
e parameters measured by the wavelets algorithmin the 
ontext of the GALPIPE proje
t (Ma
kie et al. 1996, and referen
es therein), whi
hhas produ
ed a list of all sour
es present in the ROSAT PSPC ar
hive3. (
) We built a3An online version of the GALPIPE database and do
umentation 
an be found at the D.I.A.N.A. home-page at the Palermo Observatory: http://dbms.astropa.unipa.it/



2.2. OBSERVATIONS AND DATA ANALYSIS 41Table 2.2: Best-�t parameters for the bidimensional multi-
omponent halo model.Component Center Position r0 � � � �2� �R.A. De
 (ar
se
) (rad) (d.o.f.)Central 03h38m28.9s {35Æ27'01" 3.93(a) 0.54�0.02 0.0(a) 0.0(a) o1.2(b) 1612(b)Gala
ti
 03h38m25.0s {35Æ27'40" 2125� 800 41� 25 0.018� 0.018 1.09+1:97�1:09Cluster 03h38m48.2s {35Æ23'05" 9000� 500 24� 3 0.14� 0.02 0.0 � 0.1 1.5 4790(a) The Central 
omponent parameters r0, � and � have no error be
ause they were held �xed during the �t.(b) The �2 and � values are the same for the `Central' and `Gala
ti
' 
omponents be
ause they were �ttedtogether on the HRI image.Note - un
ertainties are 1� 
on�den
e level for 5 interesting parametersmodel 
omposed of three bidimensional � 
omponents represented by expression (2.1) plusa 
onstant ba
kground. (d) The �rst two 
omponents, representing the 
entral and gala
ti
halo emission, were �tted to the 15"�15" HRI data. Be
ause at this resolution it is notpossible to properly determine all the parameters of the 
entral 
omponent, we �xed the
ore radius to the best-�t value obtained from the radial �t shown in Figure 2.5. Whilethe 
entral 
omponent shows a slight N-S elongation (� � 0:05, x2.2.3) at this resolutionour attempts to vary also ellipti
ity � and position angle � resulted in no improvementsof the �t, so that they were �xed to zero. (e) The third 
omponent, 
orresponding tothe 
luster emission, was �tted to the 45"�45" PSPC data, �xing the 
entral and gala
ti
halo parameters to the values obtained in step (d). The ba
kground value was �xed to the
attening level measured in x2.2.4. (f) Steps (d) and (e) were repeated iteratively until thebest �t parameters 
onverged within the errors.The best-�t model parameters are shown in Table 2.2. In Figure 2.10 we show the model
ontours superimposed on the 45"/pixel PSPC image (main panel); the nu
lear region isshown in greater detail in the right-bottom panel, with 
ontours overlaid on the 15"/pixelHRI image. The three 
omponents have di�erent features: while the 
entral one is 
enteredon the galaxy and is highly peaked, the more extended gala
ti
 halo is displa
ed to theSouth-West thus a

ounting of the observed asymmetries shown in Figure 2.9. In 
ontrastwith the 
ir
ular symmetry of the smaller 
omponents (�Central � 0:05; �Gala
ti
 = 0:02) thethird 
omponent is elongated in the East-West dire
tion and its 
enter is displa
ed to theNorth-East of the opti
al galaxy. These results suggest a di�erent origin of ea
h 
omponent,



42 CHAPTER 2. NGC 1399

Fig. 2.10.| Main panel: 
ontours of the bidimensional halo model superimposed on the40"/pixel PSPC image. The 
luster 
omponent is 
learly displa
ed with respe
t to thegala
ti
 halo; the 
entral 
omponent is not visible at this resolution. Contours are spa
ed bya fa
tor of 1.1 with the lowest one at 3.1�10�3 
nts ar
min�2 s�1. Bottom-right panel:bidimensional model 
ontours overlaid on the 15"/pixel HRI image, showing in greater detailthe gala
ti
 halo region. Contours are spa
ed by a fa
tor of 1.1 with the lowest one at6.0�10�3 
nts ar
min�2 s�1.that will be dis
ussed in detail in x 2.3.The �2 values obtained from the �t are quite large. This is not surprising 
onsideringthe large spatial anisotropy of the X-ray surfa
e brightness (see x 2.2.3). The situation isworse for the PSPC data (see Figure 2.6), also be
ause of the poor knowledge of the exposure
orre
tions past � 110000 from the 
enter of the FOV (the position of the support ring) andthe large and irregular PRF at these radii that makes diÆ
ult a 
orre
t sour
e masking. In
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Fig. 2.11.| Radial pro�les 
ompared to the bidimensional model pro�les. Open 
ir
lesrepresent HRI 
ounts while triangles represent PSPC 
ounts res
aled to mat
h the HRI. The
ontinuous line represents the best-�t model while dot-dashed, short-dashed and long-dashedlines represent respe
tively the 
entral, gala
ti
 and 
luster halo 
omponents. The residualsare shown in the lower panel in �2 units. The verti
al dotted line marks the position of thePSPC support ring; at larger radii the exposure 
orre
tion is poorly known.Table 2.2 the `Central' and `Gala
ti
' 
omponents have the same �2 value be
ause they were�tted together to the HRI data. If we restri
t the �t to the region within 1 ar
min and usehigher resolution (2"/pixel) we obtain a �2� � 0:6, in agreement with the results obtained inx 2.2.4 from the pro�le �tting.The relative 
ontribution of ea
h 
omponent to the global pro�le is shown in Figure 2.11.We must noti
e that here both global and individual 
omponents pro�les were extra
ted inannuli 
entered on the X-ray 
entroid (rather than 
entering ea
h one on the respe
tive
omponent 
entroid) so to allow a 
omparison of the observed data with the model. Thebottom panel shows the radial residuals respe
t to the best �t model. The high �2 values arein agreement with the values obtained from the bidimensional �t; in parti
ular the residualsare systemati
ally higher at radii larger than 1100" due to the problems explained above.
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Fig. 2.12.| Residuals of the bidimensional �t on the 15 ar
se
/pixel HRI image, after
onvolving with a gaussian of � = 3000. Colors from bla
k to white represent residualsfrom �2:5� to 22�. For 
omparison we superimposed the 
ontour levels of the adaptivelysmoothed image (Figure 2.3a).The residuals of the bidimensional �t to the HRI image are shown in Figure 2.12. Thepresen
e of stru
tures in the gaseous halo is evident and 
on�rms the results obtained withthe adaptive smoothing te
hnique. The highest residuals are 
oin
ident with the positionsof point sour
es dete
ted in the �eld, as 
an be seen from the overlaid 
ontours. Consideringthe 
u
tuations on s
ales of 60" (� 5 kp
) the statisti
al errors are redu
ed of a fa
tor 4with respe
t to the 
olors
ale levels shown in Figure 2.12, and the signi�
an
e of the residualemission is in
reased of the same fa
tor. This means, for instan
e, that the deep `hole'on the North-West side of the halo is approximately signi�
ant at the 6� level above the
u
tuations expe
ted from the multi
omponent model, while the ex
ess emission regions onthe North and South sides of the gala
ti
 
enter are signi�
ant at the 3� level. Even thoughthe multi-
omponent bidimensional model may not be a proper physi
al representation ofthe hot X-ray halo this result shows that the �lamentary stru
tures seen in the halo are notdue to statisti
al 
u
tuation over a smooth surfa
e brightness distribution. This result isfurther 
on�rmed by the Chandra data presented in x 2.2.10.



2.2. OBSERVATIONS AND DATA ANALYSIS 452.2.6. Density, Cooling Time and Mass Pro�lesTo derive the hot gas density of NGC 1399 we used the pro
edure dis
ussed in x 1.4.2. Sin
ethe global gas distribution has a 
omplex and asymmetri
 stru
ture, we 
annot apply thismethod to the total emission; instead we applied it to the single 
omponents separately. Forthe `
entral' and `gala
ti
' 
omponents we assumed spheri
al symmetry; this is a reasonableapproximation be
ause their ellipti
ities, derived from the bidimensional models, are small(see previous se
tion). The same approximation is not valid, instead, for the 
luster haloso that, in deriving the density pro�le, we assumed rotational symmetry around the minoraxis. We found that assuming symmetry around the major axis the di�eren
e is of the orderof a few per
ents (ex
ept at very large radii where exposure 
orre
tion un
ertainties aredominant) and resulted in minor 
hanges to our 
on
lusions. The 
entral, gala
ti
 and 
luster
omponents were assumed to be isothermal with temperatures of respe
tively kT =0.86, 1.1and 1.1 keV, in agreement with the PSPC temperature pro�les derived by RFFJ. Buote(1999) showed that ASCA data suggest the presen
e of multiphase gas within the 
entral5' of NGC 1399, better �tted by 
ooling 
ows models. However, as he notes, the narrowerROSAT energy range and the lower spe
tral resolution is unable to 
learly dis
riminatebetween single and multi-temperature models (even though it reveals the presen
e of radialtemperature gradients) so that our assumption of isothermal 
omponents is adequate for thekind of analysis performed here.The ele
tron density pro�les of the isothermal 
omponents are shown in Figure 2.13.The density pro�les are 
entered on the 
enters of their respe
tive 
omponents and thus thetotal density does not take into a

ount the 
enters o�set. In
luding the displa
ements ofea
h 
omponent with respe
t to the galaxy 
enter results in a slightly smoother pro�le in theouter regions, due to the azimuthal averaging (see Figure 2.13). ROSAT and ASCA spe
tral�ts (RFFJ; Buote 1999; Matsushita, Ohashi & Makishima 2000) revealed that additionalabsorption, over the gala
ti
 value, may be required in the galaxy 
enter. We thus estimatedan upper limit for the density of the 
entral 
omponent assuming an absorption of 2� 1021
m�2 (downward triangles in Figure 2.13).We must noti
e that adding the single density 
omponents, derived from the surfa
ebrightness de
omposition, to obtain the total density pro�le is not stri
tly the 
orre
t ap-proa
h sin
e the surfa
e brightness does not depend linearly on the gas density (see equations1.7 and 1.31). However regions of the image in whi
h more than one 
omponent are sig-ni�
ant are small and the good agreement of our results with the estimate of RFFJ (whodeproje
ted the total surfa
e brightness) indi
ates that we are not introdu
ing signi�
anterrors in our total density estimate. The same 
onsiderations hold for the mass pro�lesderived below.
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Fig. 2.13.| Density pro�les derived from deproje
tion. Dot-dashed, short dashed andlong dashed lines represent respe
tively the 
entral, gala
ti
 and 
luster halo 
omponent.Downward triangles show the upper limit on the 
entral 
omponent pro�le adopting a 
entralabsorbing 
olumn of 2� 1021 
m�2. The thi
k (thin) 
ontinuous lines show the total densityignoring (in
luding) the 
enter o�set of the di�erent 
omponents (see dis
ussion in text). For
omparison the values obtained from Rangarajan et al. (1995) are shown as �lled squares.As in Figure 2.11 the verti
al dotted line marks the position of the PSPC support ring.Using the density pro�les and the assumed temperatures we estimated the 
ooling time(equation 1.37) as a fun
tion of radius. We adopted the 
ooling fun
tion given by Sarazin& White (1987). Figure 2.14 shows that the 
entral and gala
ti
 
omponents have 
oolingtimes mu
h shorter than the age of the universe, assumed to be � 1010 years, out to 250"and 350" (23 and 32 kp
) respe
tively.The 
umulative gas mass pro�le is shown in Figure 2.15a as a fun
tion of radius. The
at pro�le of the gala
ti
 
omponent over 600" (55 kp
) re
e
ts the steep slope of theBeta pro�le. The �lled triangles show that the adoption of a high absorbing 
olumn inthe galaxy 
enter does not a�e
t signi�
antly the gas mass estimates, giving a di�eren
e of�33%. The total gravitating mass was 
al
ulated using expression (1.35). We tried fourdi�erent temperature pro�les based on published data: we used both the linear and power-law approximations derived by Jones et al. (1997) based on PSPC spe
tral �ts, a 
onstanttemperature of 1.1 keV that approximates the isothermal pro�le found by RFFJ and a power-
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Fig. 2.14.| Cooling time pro�les derived from deproje
tion. The symbols have the samemeaning as in Figure 2.13. Note that the assumption of a high 
entral absorption translatesinto lower limits on the 
entral 
ooling time (�lled triangles).law pro�le T (r) = T0r�, with T0 = 0:6 keV and � = 0:13, representing the temperature dropin the inner 150" (14 kp
). The gravitating mass, extra
ted in 
on
entri
 annuli 
entered onthe X-ray 
entroid (i.e. taking into a

ount the o�set between the di�erent 
omponents), isshown in Figure 2.15b. The similarity of the 
ontinuous lines indi
ates that the gravitatingmass is weekly dependent on the assumed temperature pro�le and is mostly determined bythe density pro�le. The largest deviation is seen in the model taking into a

ount the 
entraltemperature drop, whi
h is systemati
ally lower in the inner 100". Our pro�les are in goodagreement with RFFJ and fall within the range predi
ted by opti
al observations (shadedregion, Saglia et al. 2000). We 
learly distinguish the transition between the galaxy and
luster halo near 700" (64 kp
), in agreement with the ASCA data (�lled 
ir
les, Ikebe etal. 1996). Both 
omponents ex
eed the luminous mass, based on an extrapolation of stellarmeasurements (thin dashed line), indi
ating the presen
e of a 
onsistent amount of darkmatter.Thanks to the ROSAT HRI resolution in the inner 100" (9 kp
) we are able to resolvethe dynami
al behavior of the 
entral 
omponent. The gravitating mass follows 
loselythe stellar mass pro�le, 
on�rming that the 
entral galaxy dynami
s are dominated by the
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(b)

Fig. 2.15.| Integrated mass pro�les derived from deproje
tion. (a) Integrated gas mass,with symbols having the same meaning as in Figure 2.13. (b) Integrated gravitating massfor our di�erent temperature pro�les (see dis
ussion in text) are shown as 
ontinuous lines.Open squares and �lled 
ir
les represent the total gravitating mass estimated respe
tivelyby Rangarajan et al. (1995) and Ikebe et al. (1996). The gravitating mass range derived bySaglia et al. (2000) from opti
al observations of stars, GCs and PNe, is shown as a shadedregion. The 
ontribution of the stellar matter measured (extrapolated) by Saglia et al. (2000)is represented by the thi
k (thin) dashed line.



2.2. OBSERVATIONS AND DATA ANALYSIS 49luminous matter (Saglia et al. 2000).2.2.7. Total Fluxes and LuminositiesTo determine the total HRI X-ray 
ux of NGC 1399 we measured the total net 
ountswithin a 500" radius from the X-ray 
entroid. The ba
kground 
ounts were extra
ted fromthe res
aled parti
le map (see x 2.2.4) in the 500"{850" annulus . We then 
orre
ted theba
kground subtra
ted 
ounts for the 
ontamination of pointlike sour
es within the 500"
ir
le. This was done by subtra
ting, for ea
h sour
e, the net 
ounts measured by thewavelets algorithm (see x 2.2.9). The �nal 
ount rate, for the hot halo of NGC 1399, is0.451�0.004 
ounts se
�1.To 
onvert this 
ount rate into a 
ux we used the best �t Raymond-Smith (RS) modelfound by RFFJ from the ROSAT PSPC data (a main thermal 
omponent with kT '1 keVplus a softer emission with kT = 80:8 eV 
ontributing for 16% of the emission in the 0.2{0.3keV range). Using the HEASARC-XSPEC software, we simulated a RS spe
trum �xing theabsorbing 
olumn to the gala
ti
 value (1:3�1020 
m�2) and the metal abundan
e to the solarvalue. With this spe
trum, we 
al
ulated the 
onversion fa
tor between 
ounts and 
uxesusing the PIMMS software, that takes into a

ount the HRI spe
tral response fun
tion.We obtain 1 
ount se
�1=3.158�10�11 erg s�1 
m�2 so that fX = (1:42 � 0:01) � 10�11erg s�1 
m�2 in the 0.1-2.4 keV energy range. Assuming a distan
e of 19 Mp
, LX(0:1 �2:4keV ) = (5:50�0:04)�1041 erg s�1. Taking into a

ount the un
ertainties in the exposure
orre
tion and ba
kground extra
tion, this result agrees within 10% with the estimate ofRFFJ, 
onverted to our adopted distan
e.We also sear
hed for eviden
e of nu
lear variability in our data, �nding none.2.2.8. X-ray/Radio ComparisonNGC 1399 is known to be a radio galaxy with a faint radio 
ore (S
ore � 10 mJy at 5 GHz,Ekers et al. 1989). Killeen, Bi
knell & Ekers (1988) studied in detail the 6 and 20 
m radioemission. The 6 
m radio 
ontours (their Figure 1) are superimposed on the `
smoothed'X-ray image in Figure 2.16. The radio 
ore lies in the 
enter of the galaxy, but the nu
learsour
e is not distinguishable from the radio jets at this resolution.We sear
hed our X-ray data for a 
entral point sour
e that 
ould be the 
ounterpartof the radio 
ore. Trying to model the nu
lear emission with a Beta model plus a deltafun
tion, 
onvolved with the HRI PRF, resulted in minor variations in the Beta model



50 CHAPTER 2. NGC 1399parameters and no improvement in the �t statisti
s, thus indi
ating no need for additionalnu
lear emission. To estimate an upper limit we varied the 
entral point sour
e brightnessand repeated the �t until we rea
hed a 3� 
on�den
e level. We obtain an upper 
ount ratelimit of 2:25�10�3 
ounts s�1. Assuming a power law spe
trum with photon index �ph = 1:7and gala
ti
 absorption NH , we get f 3�X = 1:0� 10�13 erg s�1 
m�2 in the 0.1-2.4 keV band,
orresponding to L3�X = 3:9�1039 erg s�1. This value is approximately half of the one derivedby Sulkanen & Bregman (2001) making use of one of our HRI observations (RH600831a01)and 30% of the limit estimated by RFFJ by means of spe
tral analysis. Re
ently Loewensteinet al. (2001) were able to further redu
e the upper limit on the nu
lear sour
e by one orderof magnitude making use of Chandra data.By 
omparing the 6 
m radio 
ontours with the X-ray halo (Figure 2.16) we identifyseveral interesting features: i) in the X-rays the nu
lear region is elongated in the N-Sdire
tion, following the radio jets. This elongation is more pronoun
ed in the Southerndire
tion, where there is an ex
ess of X-ray emission following the Western side of the jet(region A); ii) At the point where the Southern jet ends in the lobe there is a steep gradientin the X-ray emission. The lobe is bent towards the West and aligned with a region of lowX-ray emission (region B); iii) The Southern lobe ends in an irregular 
lump 
oin
ident witha region of higher X-ray emission (region C); iv) No features as the ones seen in the Southernlobe are evident in the Northern one. Here the radio jet ends smoothly in a regular lobewith no sign of sharp transition and there is no eviden
e of 
avities (minima) in the X-rayemission. Instead the jet and the lobe are aligned with an X-ray stru
ture that seems tobe 
oin
ident with the right side of the jet/lobe. At the North-West end of the Northernlobe there are two X-ray 
lumps (region D): they are dete
ted as a single sour
e by thewavelet algorithm (No.32 in Table 2.3). To a more a

urate visual inspe
tion we foundthat the smaller and 
ompa
t sour
e is 
oin
ident with an opti
al (probably ba
kground)
ounterpart, while there is no 
ounterpart for the di�use 
lump (x 2.2.9) suggesting that itis a lo
al feature of the hot gaseous halo.From the residual image of the two-dimensional �t (Figure 2.12) we 
an 
al
ulate thesigni�
an
e of these features. We �nd that the depletion 
orresponding to the Southern lobe(region B) and the Northern di�use 
lump (region D) are signi�
ant respe
tively at the 2:5�and � 4� level. Region C 
orresponds to a 3� brightness enhan
ement (x 2.2.5).To examine in greater detail the nu
lear region we subtra
ted the halo model developedin x 2.2.5 from the X-ray image to produ
e a residual map of the nu
lear region with a2"/pixel resolution (Figure 2.17). As dis
ussed at the beginning of this se
tion, there is noeviden
e of a nu
lear point sour
e aligned with the radio 
entroid. Instead residual emissionis visible on both sides of the radio jets a few ar
se
onds (� 1 kp
) from the nu
leus. There
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Fig. 2.16.| 6 
m radio 
ontours (green; from Figure 1 of Killeen, Bi
knell & Ekers 1988)superimposed on the adaptively smoothed 1"/pixel X-ray image. The logarithmi
 
olor s
alerepresents intensities from 8.6�10�3 (bla
k) to 6.7�10�1 (white) 
nts ar
min�2 s�1.is no eviden
e that any of these ex
esses may be due to the nu
lear sour
e be
ause they aredispla
ed with respe
t to the radio emission. Moreover the radio emission seems to avoidthe X-ray ex
ess on the eastern side of the nu
leus, suggesting that these features may be
orrelated.In 
oin
iden
e with the dire
tion of the radio jets there are two regions of negativeresiduals (� �2�), extending up to � 20", where additional ex
ess emission, on both theNorthern and Southern sides of the X-ray 
ore and aligned with the radio jets, is 
learlyvisible. The Southern ex
ess 
orresponds to region A of Figure 2.16. Residual emission is
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Fig. 2.17.| 6 
m radio 
ontours superimposed on the 2"/pixel residuals X-ray image ofthe nu
lear region. The image has been smoothed with a gaussian of � = 4". In thelogarithmi
 
olor s
ale bla
k represents negative residuals while 
olors from blue to whiterepresent in
reasing positive residuals. The residuals range from �2:2� to +4�. The white
ir
les on the left show the positions of X-ray sour
es dete
ted by the wavelets algorithm(No.2 and 11 in Table 2.3). The radius of the 
entral sour
e (
orresponding to the 
entralX-ray peak) is � 22".also present on the Western side of the nu
lear region. Visual inspe
tion of the Chandraimage (Figure 2.21) shows that this ex
ess is probably due to the presen
e of point sour
esunresolved in the HRI image.From the density pro�les obtained in x 2.2.6 we were able to obtain the pressure pro�lesof the three halo 
omponents shown in Figure 2.18. The pressure pro�les are 
ompared tothe minimum radio pressure measured by Killeen, Bi
knell & Ekers (1988) in the Northern(
ir
les) and Southern (triangles) radio jets/lobes. The Figure 
on�rms their result that theradio sour
e 
an be 
on�ned by the ISM whose pressure is higher than the radio one. Wemust noti
e that they found a di�eren
e between radio and thermal pressure of more thanone order of magnitude, while we �nd PThermal=PRadio = 3 � 4. This is mostly due to thepoor ISM temperature 
onstraint obtained from the Einstein IPC data and to our betterspatial resolution.
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Fig. 2.18.| Gas pressure pro�les derived from deproje
tion. The symbols have the samemeaning of Figure 2.13. Open 
ir
les and triangles represent respe
tively the radio pressureof the Northern and Southern lobes measured by Killeen, Bi
knell & Ekers (1988). Theverti
al error bar in the Figure indi
ates the pressure range of the D region (see dis
ussionin text).The verti
al error bar in the Figure indi
ates the pressure estimate for the di�use 
lumpobserved in the D region. To 
al
ulate this value we assumed that the brightness enhan
e-ment is due to a homogeneous sphere of � 9" (800 p
) radius at the same temperature ofthe gala
ti
 halo (1.1 keV). Depending on whether the ba
kground is extra
ted lo
ally (anannulus 9" wide) or from the Beta model, the `bubble' pressure 
an vary up to 25%, so thatthe allowed range is shown as an error bar. This estimate is dependent on the assumedgeometry of the emitting region and on proje
tion e�e
ts, so that it must be 
onsidered asan upper limit on the a
tual pressure.2.2.9. Dis
rete Sour
esWe used the algorithm developed at the Palermo Observatory by F. Damiani and 
ollabo-rators (Damiani et al. 1997a) to dete
t the dis
rete sour
es present in the HRI �eld. Thealgorithm measures the relevant parameters in a wavelet transformed spa
e, using di�er-
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ales to optimize the dete
tion of both 
ompa
t and extended sour
es. Thewavelet algorithm found 43 sour
es in our �eld, using a signal to noise threshold of 4.65.The threshold was 
hosen to assure a 
ontamination of one/two spurious dete
tions per �eld(F. Damiani private 
ommuni
ation, see also Damiani et al. 1997b). Three more sour
eswere found with the algorithm, but being 
learly asso
iated to the ribbon-like features dueto the presen
e of bad pixels in the dete
tor (Figure 2.2), were ex
luded from the subsequentanalysis. After visual inspe
tion of the adaptively smoothed image (Figure 2.3) three moredete
tions (No.44, 45, 46) with a lower S/N ratio but showing 
lear features of pointlikesour
es, were added to the list.The sour
e positions in the �eld are shown in Figure 2.19. Sour
es No.42 and 43 are
learly extended and seem to be asso
iated to stru
tures in the NGC 1399 halo revealed bythe adaptive smoothing algorithm (x 2.2.3).Table 2.3 lists the parameters measured with the wavelets algorithm for ea
h sour
e:position, 3� radius, number of 
ounts with statisti
al error, maximum signal to noise ratio(for sour
es dete
ted at di�erent spatial s
ales), 
ount rate and 
ux in the 0.5-2.0 keV bandfor both HRI and PSPC data. We 
omputed the 
ux of ea
h sour
e assuming a power lawspe
trum with photon index �ph = 1:96� 0:11 (f pow:law in Table 2.3), as found by Hasingerand 
ollaborators for faint sour
es. This gives a 
onversion fa
tor of 1 
nt s�1=2:087� 10�11ergs s�1 
m�2 in the 0.5-2.0 keV band (the same used by Hasinger). We also tried a Raymond-Smith spe
trum with kT = 0:52 KeV and abundan
e Z � 0:2 Z�, following the results ofKim & Fabbiano (1995) in their study of pointlike sour
es near NGC 507, and obtaining analmost identi
al result. In Table 2.3 f max abs: represent the 
ux estimated with the power lawmodel �xing the absorption to the upper limit of 4:5� 1020 
m�2, allowed from the spe
tralanalysis performed by RFFJ.The the last three 
olumns of Table 2.3 report the sour
e short-term variability obtainedwith a Kolmogorov-Smirnov test of the HRI light 
urves, long-term variability from 
om-parison with PSPC 
uxes (as explained below), and possible opti
al 
ounterparts (withinthe 3� radius measured by the wavelets algorithm) found by both visual inspe
tion of theDSS photographi
 plates and 
ross-
he
king with known sour
es present in the NASA Ex-tragala
ti
 Database (NED). The names of the 
ounterparts 
orrespond to those reported byHilker et al. (1999b) or Smith et al. (1996) in their opti
al and NUV studies of the Fornax�eld. Sour
es No.27 and 28, representing respe
tively NGC 1399 and NGC 1404, are notin
luded in the table.
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Fig. 2.19.| The sour
es dete
ted with the wavelets algorithm of Damiani et al. (1997a,b)superimposed on the 5"/pixel adaptively smoothed HRI image. Solid 
ir
les show the regionof maximum S/N ratio for ea
h sour
e. Dashed 
ir
les represent reff and 5reff for NGC1399 and NGC 1404 (Goudfrooij et al. 1994).



Table 2.3: Dis
rete Sour
es PropertiesSour
e R.A. De
. 3� Radius Counts Max S/N Count Rate f pow:lawHRI (a) fmax abs:HRI (a) f pow:lawPSPC (a) Time Var.(b) Opt.id. NED obj.(
)No. (J2000) (ar
se
) (10�4 Cnts se
�1) short-term / long-term1 3:38:20.0 -35:24:42 8.7 35�12 4.7 2.1�0.7 4.3�0:2 5.6 28�7 n/y - -2 3:38:32.0 -35:26:45 8.7 54�17 6.1 3.2�1.0 6.7�0:3 8.6 - n/� � � - -3 3:38:25.3 -35:22:42 8.7 49�14 6.7 2.9�0.8 6.1�0:3 7.8 - n/� � � - -4 3:38:45.9 -35:22:50 8.7 42�12 6.1 2.6�0.7 5.3�0:3 6.9 9�3 n/n y CGF 02025 3:38:31.8 -35:26:02 11.9 165�23 13.0 10�2 20�1 26.0 - n/� � � - CGF 02336 3:39:12.3 -35:28:12 13.2 172�21 14.9 10�1 21�1 27.5 25�4 n/n y -7 3:38:31.8 -35:33:42 12.2 56�16 6.0 3.3�0.9 6.9�0:3 8.9 8�3 n/n - -8 3:38:41.2 -35:31:35 10.8 1000�35 60.6 59�2 123�6 159.2 170�8 99%/y y -9 3:38:49.8 -35:24:57 12.2 47�14 5.0 2.8�0.9 5.8�0:3 7.5 - n/� � � - -10 3:39:08.1 -35:31:22 12.2 56�16 6.2 3.3�0.9 6.9�0:4 8.9 22�6 n/n - -11 3:38:32.4 -35:27:05 13.7 171�30 11.5 10�2 21�1 27.2 - n/� � � - -12 3:38:51.7 -35:26:42 11.6 295�22 24.7 17�1 36�2 47.0 58�6 95%/y y CGF 010213 3:38:48.6 -35:28:35 12.2 77�20 7.7 4.5�1.1 9.3�0:5 12.0 - n/� � � y -14 3:39:09.7 -35:27:07 12.2 46�14 5.0 2.8�0.8 5.7�0:3 7.4 - n/� � � y -15 3:38:01.9 -35:26:27 17.3 62�19 4.7 3.6�1.1 7.5�0:4 9.7 - n/� � � - -16 3:38:29.4 -35:25:05 17.3 75�23 4.8 4.4�1.3 9.1�0:5 11.7 - n/� � � - -17 3:38:31.6 -35:30:58 12.2 70�18 6.8 4.1�1.1 8.6�0:5 11.1 - n/� � � - -18 3:38:03.7 -35:33:27 17.3 65�19 5.4 4.1�1.2 8.5�0:4 10.9 - n/� � � y CGF 035419 3:38:08.5 -35:34:20 15.0 908�34 52.3 57�2 119�6 152.7 127�7 99%/n y -20 3:38:43.5 -35:33:50 15.2 105�18 8.7 6.3�1.1 13.1�0:7 16.8 - n/� � � y -21 3:39:20.1 -35:29:22 16.5 527�30 33.0 32�2 68�4 86.9 83�7 99%/n y -22 3:38:24.1 -35:14:52 17.3 60�18 4.9 3.8�1.2 8.0�0:4 10.3 12�4 n/n y -23 3:38:12.2 -35:16:17 17.3 59�18 4.8 3.7�1.1 7.7�0:4 9.9 - n/� � � y -(a) Flux in the 0.5-2.0 KeV band in units of 10�15 erg s�1 
m�2.(b) Short-term = probability of the Kolmogorov-Smirnov test: `n' means no variability dete
ted at the 95% level.Long-term = di�eren
e between PSPC and HRI 
ounts: `y' means variable sour
e (> 3�), `n' means no variability dete
ted,`� � �' means no available data.(
) CGF=Hilker et al. (1999b); FCCB=Smith et al. (1996)



Table 2.3: - ContinuedSour
e R.A. De
. 3� Radius Counts Max S/N Count Rate f pow:lawHRI (a) fmax abs:HRI (a) f pow:lawPSPC (a) Time Var.(b) Opt.id. NED obj.(
)No. (J2000) (ar
se
) (10�4 Cnts se
�1) short-term / long-term24 3:37:58.5 -35:19:42 16.7 379�27 24.9 24�2 48�2 61.6 75�7 n/y y -25 3:37:34.8 -35:24:04 17.3 64�19 5.3 4.0�1.2 8.3�0:4 10.6 - n/� � � - -26 3:38:43.1 -35:33:10 17.3 73�21 5.6 4.3�1.2 9.0�0:5 11.6 - n/� � � y -29 3:39:43.0 -35:24:11 24.3 143�27 8.6 10�2 21�1 26.7 62�8 n/y y -30 3:38:31.0 -35:14:17 26.4 586�38 26.5 38�2 79�4 102.1 - 99%/� � � y FCCB 126331 3:38:17.1 -35:15:57 24.5 124�31 7.2 8�2 16.4�0:8 21.1 - n/� � � y -32 3:38:25.7 -35:25:27 24.5 145�37 6.2 8.5�2.2 17.7�0:9 22.8 27�7 n/n y -33 3:37:36.5 -35:33:37 24.2 921�40 41.4 60�3 125�6 161.5 - n/� � � y -34 3:37:39.4 -35:34:17 21.9 426�31 24.2 28�2 58�3 74.5 - n/� � � y -35 3:37:50.1 -35:21:27 34.6 139�37 5.8 8.4�2.3 17.6�0:9 22.6 - n/� � � y -36 3:39:27.8 -35:18:52 34.6 129�35 5.6 8.6�2.3 18.0�0:9 23.2 46�8 n/y y -37 3:37:36.3 -35:14:47 49.0 153�44 5.1 11�3 24�1 30.7 25�7 n/n - -38 3:37:33.4 -35:17:17 49.0 190�49 6.0 13�3 27�2 35.2 - n/� � � - -39 3:37:29.0 -35:41:11 69.3 580�119 14.1 67�14 140�7 180.1 232�12 n/� � � y -40 3:38:14.7 -35:17:57 69.3 244�67 5.2 15�4 31�2 40.3 - n/� � � - -41 3:38:36.7 -35:41:32 62.9 366�61 8.9 24�4 51�3 65.8 57�7 n/n - -42 3:39:12.3 -35:26:12 98.0 312�91 4.7 19�5 39�2 50.7 - n/� � � - -43 3:38:12.2 -35:30:02 98.0 365�101 5.0 22�6 46�2 59.1 60�14 n/n - -44 3:38:05.1 -35:19:05 12.2 42�13 4.6 2.5�0.8 5.3�0:3 6.8 - n/� � � - -45 3:37:59.9 -35:23:30 17.3 56�18 4.4 3.3�1.0 6.8�0:4 8.8 - n/� � � - -46 03:37:59.2 -35:11:37 49.0 134�42 4.4 9.9�3.1 20�1 26.6 28�8 n/n - -(a) Flux in the 0.5-2.0 KeV band in units of 10�15 erg s�1 
m�2.(b) Short-term = probability of the Kolmogorov-Smirnov test: `n' means no variability dete
ted at the 95% level.Long-term = di�eren
e between PSPC and HRI 
ounts: `y' means variable sour
e (> 3�), `n' means no variability dete
ted,`� � �' means no available data.(
) CGF=Hilker et al. (1999b); FCCB=Smith et al. (1996)



58 CHAPTER 2. NGC 1399We tried to determine whi
h X-ray sour
es belong to the Fornax 
luster both by visualinspe
tion of the photographi
 DSS plates and by 
omparing their positions with those ofpublished 
atalogs of the Fornax region. Sour
es No.2 and 11 are likely to belong to NGC1399 be
ause of their position within the opti
al e�e
tive radius (reff = 44:7", Goudfrooijet al. 1994) while sour
es No.16 and 32 appear to be 
oin
ident with the position of twoglobular 
lusters (Kissler-Patig et al. 1999). Two sour
es are 
learly asso
iated with ba
k-ground obje
ts: sour
e No.4 
orresponds to a ba
kground galaxy lo
ated at z = 0:1126 andrepresents the X-ray 
ounterpart of the strongest 
omponent of the radio sour
e PKS 0336-35 (Carter & Malin 1983); sour
e No.30 is 
oin
ident with two opti
al ba
kground galaxies
lassi�ed as intera
ting by Ferguson (1989) and 
learly visible on the DSS plates. For theremaining sour
es there is no 
lear indi
ation of whether they belong to the Fornax 
lusteror not.Sour
es No.8, 12, 19, 21, 30 are variable at the 95% 
on�den
e level, a

ording to our KStests. Sour
e No.30 is asso
iated with a short X-ray burst o

urred in the ba
kground galaxybetween January and August 1996. In fa
t the sour
e is not dete
ted in both the August1991 PSPC (RP600043n00) and the February 1993 HRI observations (RH600256n00). It ispresent, instead, in the last two HRI observations (RH600831n00 and RH600831a01) with ade
rease in the observed 
ount rate of a fa
tor 8 between the two.We must noti
e that our HRI ba
kground level was also variable so that the presen
e ofshort-term temporal variability was 
learly dete
t only for the strongest sour
es (f pow:lawHRI �3� 10�14 erg s�1 
m�2). However, sin
e the ba
kground subtra
tion was performed lo
ally(i.e. extra
ting the ba
kground in a region surrounding the sour
e, see Damiani et al. 1997a),this variability does not a�e
t the sour
e 
ounts reported in Table 2.3. To further 
he
k thereliability of the wavelets algorithm, we extra
ted the 
ounts manually for ea
h sour
e usinga lo
al annulus to measure the ba
kground, �nding 
onsistent results (within 1�) with thosederived by the wavelets te
hnique.We 
ross-
he
ked our sour
e list with the list of sour
es dete
ted on the PSPC imageby the GALPIPE proje
t (see x2.2.5). Several sour
es dete
ted in the HRI �eld were brightenough and suÆ
iently isolated to allow a 
omparison of the PSPC 
ux with the HRI resultsand to 
he
k for long-term variability. We 
onverted the PSPC 
ount rates to 
uxes in the0.5-2.0 keV band (1 
ps=6.397�10�12 ergs 
m�2 s�1), assuming the same power law spe
tralmodel used for 
onverting the HRI 
ounts (see below). The PSPC 
uxes and long-termvariability (i.e. when PSPC and HRI 
ux estimates di�er more than 3�) are in
luded inTable 2.3.This 
omparison also 
on�rmed that sour
es No.39 and 46, both near the very edgeof the HRI FOV, are not an artifa
t of the poor S/N ratio or the steep emission gradient
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ause both are present in the PSPC data as well and dete
ted with high signi�
an
e.We 
ompared our sour
e 
ux distribution to the expe
ted ba
kground 
ounts obtainedfrom a deep survey of the Lo
kmann hole (Hasinger et al. 1993). We used the sensitivitymap generated by the wavelet algorithm to weight ea
h sour
e for the e�e
tive dete
tor areaabove the 
orresponding limiting 
ux. In this way we are able to normalize the measured
ounts at ea
h 
ux to the total surveyed area. The 
ux distribution is shown in �gure 2.20where our di�erential 
ounts are 
ompared to the Hasinger ones. The horizontal error barstake into a

ount un
ertainties in the the power law slope. Our 
ounts are higher than theHasinger estimate, giving a total of 312� 47 sour
es vs 230� 15 expe
ted 
ounts, but still
ompatible within 2�. To take into a

ount absorption un
ertainties we estimated a lowerlimit on the number of expe
ted sour
es adopting the higher absorption value found by RFFJin the NGC 1399 �eld (see above). In this 
ase the number of expe
ted 
ounts de
reases to184� 14 leading to an upper limit of the observed ex
ess of � 2:6�.The spatial distribution of dete
ted sour
es is not uniform. In Figure 2.20 we show thesour
e ex
ess in 
ir
ular annuli 
entered on NGC 1399. We �nd that the ex
ess is peaked onthe dominant galaxy, suggesting that the inner sour
es are likely to be asso
iated with NGC1399 rather than being ba
kground obje
ts. In fa
t, ex
luding the 
entral 300" (28 kp
),the measured 
ounts drop to 244� 37, in agreement within less than 1� from the expe
tedvalue. The X-ray luminosity of the sour
es within the 
entral 300" range from 1:7 � 1038erg s�1 to 1:4 � 1039 erg s�1, if they are in NGC 1399. Thus all of them have luminositiesin ex
ess of 1:3 � 1038 erg s�1, i.e. the Eddinghton luminosity for a 1 M� neutron star (x1.3.3), suggesting that they may have massive Bla
k Hole 
ompanions if they are a

retionbinaries.2.2.10. The Chandra dataWhile this work was in progress the Chandra data on NGC 1399 be
ame publi
. A full dataredu
tion of the Chandra data, whi
h is however already in progress (Angelini, Loewenstein& Mushotzky 2001; Loewenstein et al. 2001), is beyond the aim of the present work. Howeverwe de
ided to 
ompare the ROSAT data with the Chandra image to see if our 
on
lusionsare supported by the improved Chandra resolution and sensitivity.We used the longest Chandra observation of 60 ks (Obs. ID 319, 55.942 ks live time),performed on 2000 January 18 with the ACIS-S dete
tor. We produ
ed a 0.5 ar
se
/pixelimage in the energy band 0.3-10 keV, from the ACIS-S3 
hip, whi
h 
overs the 
entral 8� 8ar
min of NGC 1399. The image was then adaptively smoothed with the 
smooth algorithmin
luded in the CIAO pa
kage. The �nal image is shown in Figure 2.21. No exposure
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(b)

Fig. 2.20.| (a) Measured vs expe
ted sour
e 
ounts. Measured 
ounts, 
orre
ted for sensi-tivity variations a
ross the dete
tor, are represented by empty 
ir
les, while the 
ontinuousline is the expe
ted distribution from Hasinger et al. (1993). Horizontal error bars take intoa

ount un
ertainties in the power law slope. Arrows represent upper limits obtained �xingthe absorption to 4:5�1020 
m�2 (Rangarajan et al. 1995). (b) Radial ex
ess of sour
es overthe expe
ted number from Hasinger et al. (1993). The ex
ess is 
on
entrated around NGC1399, thus suggesting to be due to sour
es asso
iated with the galaxy.
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Fig. 2.21.| Adaptively smoothed Chandra ACIS-S image of NGC 1399 in the energy range0.3-10 keV. Colors from bla
k to white represent 
ount rates from 0.021 
nts s�1 ar
min�2to 7.7 
nts s�1 ar
min�2. Cir
les represent the position of sour
es dete
ted by the waveletsalgorithm in the HRI image.
orre
tion was applied be
ause the 
smooth algorithm works better on the un
orre
ted data.However the exposure map is quite 
at and we further 
he
ked that any feature present inthe exposure map does not a�e
t our 
on
lusions.Figure 2.21 shows a large number of pointlike sour
es present in the NGC 1399 �eld,most of whi
h were unresolved in the HRI image. We marked with 
ir
les the sour
es dete
tedin the HRI �eld (see x 2.2.9). The Chandra data show that sour
es 2, 11 and 5, identi�ed assingle sour
es in the HRI image, are instead multiple sour
es.The �lamentary stru
tures found in the HRI image (Figure 2.4) are present in the
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Fig. 2.22.| Raw 4 ar
se
/pixel Chandra image of NGC 1399. The long ar
 following theWestern edge of the radio lobe is visible South of NGC 1399.Chandra image as well. The `arm' protruding on the Western side and the `voids' in theX-ray emission are 
learly seen. The hypothesis that the �lamentary stru
tures may be dueto the presen
e of a large number of pointlike sour
es unresolved in the HRI image, is ruledout by Chandra data. In fa
t the 
smooth algorithm 
learly separates point sour
es fromthe extended stru
tures (Figure 2.21) and shows that the two 
omponents are not spatially
orrelated.The 
orresponden
e between the halo features and the radio jets/lobes, dis
ussed inx 2.2.8, are 
on�rmed. Moreover the Chandra data revealed the presen
e of a long ar
extending South that follows 
losely the Western edge of the radio lobe. The ar
 is bettervisible on the raw Chandra image shown in Figure 2.22. This feature has a low statisti
alsigni�
an
e (2�) but the 
orrelation with the radio lobe argues in favor of a real stru
ture.



2.3. DISCUSSION 632.3. DISCUSSIONThe study of gala
ti
 and 
luster gaseous halos has often been based on the assumption ofhomogeneity and spheri
al symmetry. The deep HRI image of the NGC 1399 halo has showninstead signi�
ant departures from these simpli�ed assumptions. Here we brie
y summarizethe result of our analysis, and then dis
uss their physi
al impli
ations.We model the X-ray brightness distribution of NGC 1399 with three distin
t 
ompo-nents: (1) a 
entral 
omponent (dominating for r < 50"), 
oin
ident with the opti
al galaxy;(2) a `gala
ti
' 
omponent (50" < r � 400") displa
ed South-West of NGC 1399 and (3)an ellipsoidal `
luster' 
omponent (r > 400") 
entered North-East of the opti
al galaxy.The 
ooling times of the 
entral and gala
ti
 
omponents are smaller than the Hubble time,suggesting the presen
e of a 
entral 
ooling 
ow. The binding mass estimates, obtainedassuming hydrostati
 equilibrium, revealed that the dynami
s of the 
entral 
omponent aredominated by stellar matter while, at radii larger than 2 ar
min there is a large dark matterhalo with two distin
t 
omponents dominating respe
tively on gala
ti
 and 
luster s
ales.We also found signi�
ant �lamentary stru
tures and 
avities in the X-ray emission.Some of these stru
tures are 
orrelated with the morphology and the position of the radiojets and lobes of NGC 1399, suggesting intera
tions between the radio emitting plasma andthe hot gas.Finally we used a wavelets based algorithm to dete
t 46 sour
es in the HRI �eld, 8 ofwhi
h show signi�
ant time variability. Their distribution is 
onsistent with the ba
kgroundsour
e distribution at the 3� level. However there is ex
ess over ba
kground 
ounts 
enteredon NGC 1399. The presen
e of a large number of pointlike sour
es near the galaxy 
enter isfurther 
on�rmed by Chandra data.2.3.1. Origin of the Central X-ray PeakThe 
enter of the gaseous halo is o

upied by a strong emission peak (see Figure 2.3a) 
en-tered on the opti
al galaxy. Su
h emission is often found in 
ooling 
ow galaxies (Canizares,Stewart, & Fabian 1983; Kim & Fabbiano 1995; see also Fabian, Nulsen & Canizares 1991)be
ause of the higher density of 
ooler hot gas in the gala
ti
 
enter. RFFJ revealed thepresen
e of a 
ooler region within the 
entral 1.5 ar
min (14 kp
); this is 
ompatible withthe extent of the region dominated by the X-ray peak, as shown by the radial pro�le inFigure 2.11. Moreover both the 
entral and gala
ti
 
omponents have 
ooling times belowthe Hubble time (assumed to be � 1010 years) within respe
tively 250" (23 kp
) and 350"
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), so that signi�
ant 
ooling must have taken pla
e. The 
ooling time of the 
luster
omponent, instead, is 
ompatible with the Hubble time, suggesting that the 
ooling 
ow ismainly of gala
ti
 origin.The alternative hypothesis that the 
entral peak 
an be due to the presen
e of a nu
learsour
e (Jones et al. 1997) is 
learly ruled out by our data, be
ause the observed pro�le(Figure 2.5) is wider than the HRI PRF even taking into a

ount the PRF un
ertainties.The di�eren
e between the opti
al (with slope � � �1:6, Hilker et al. 1999a) and X-raypro�les (� � �2 for the 
entral 
omponent, see x 2.2.4) seen in Figure 2.9 also suggests thatis unlikely that the 
entral peak 
ould be due to stellar sour
es. Allen, di Matteo & Fabian(2000) analyzing ASCA data, found that the addition of a power-law 
omponent to theirNGC 1399 spe
tral model signi�
antly improves the quality of the �t. They noti
e that theluminosity of the power-law 
omponent is 
ompatible with the 
ontribution expe
ted froma population of unresolved hard X-ray binaries. However, the HRI 
ount rate that wouldbe produ
ed by this power-law 
omponent falls more than an order of magnitude belowthe inner 
omponent 
ount rate. We 
an thus ex
lude that this hard dis
rete populationdominates the 
entral 
omponent emission.The gravitational mass estimate derived from the hydrostati
 equilibrium (equation1.35) shows that the hot gas within 100" follows 
losely the stellar mass pro�le. This resultis independent on the assumed temperature pro�le (Figure 2.15) being mostly determinedby the hot gas density pro�le. These X-ray data are thus in ex
ellent agreement with theopti
al mass determinations of Saglia et al. (2000) who �nd no eviden
e of dark matter inthe galaxy 
ore.The origin of the 
entral density enhan
ement may be due to hot gas in
ow withinthe inner 1 ar
min. The deproje
tion te
hnique des
ribed in x 2.2.6 allowed to derive the
umulative gas mass pro�le of the 
entral 
omponent (Figure 2.15). A

ording to the massdeposition rate measured by RFFJ, whi
h is in good agreement with our data, we expe
t to�nd � 2:5� 109 M� of deposited gas within the 
entral 60" (� 5 kp
) over 1010 yr, while weonly observe � 2�108 M� in the hot phase. Taking into a

ount a possible larger than line-of-sight 
entral absorption, the observed mass would in
rease of � 30%, but the depositionrate would also in
rease (see RFFJ), so that the result remains almost un
hanged. Thisdi�eren
e suggests that � 90% of the hot gaseous mass that rea
hed the inner regions ofNGC 1399 has 
ooled enough to be
ome invisible in X-rays. However RFFJ argue that themissing mass is not seen in any other phase. The situation gets even worse 
onsidering thatwe are ignoring stellar mass losses whi
h must be 
onsiderable sin
e the metalli
ity of theISM in the gala
ti
 
enter is 
onsistent with stellar values (Buote 1999; Matsushita, Ohashi& Makishima 2000). If the age of the 
ooling 
ow is lower than 1010 yr, this disagreement
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ed. Equating the observed hot gas mass to the amount expe
ted from the
ooling 
ow, we estimate a lower limit of 109 years to the age of the 
ooling 
ow.We must noti
e that the latest studies of 
ooling 
ows in 
lusters and galaxies withNewton-XMM are revealing that the 
lassi
al 
ooling 
ow model is not able to reprodu
ethe observed temperature distributions (Peterson et al. 2001; Kaastra et al. 2001; Tamuraet al. 2001). Matsushita (2001a) has shown that taking into a

ount only the 
entral region(r < 1:5re) of NGC 1399, �spe
 � 1 indi
ating that the gas temperature is in good agreementwith the stellar velo
ity dispersion (x 1.4.1). This result suggest a 
orrelation of the 
entral
omponent with the stellar population. Moreover Makishima et al. (2001) proposed thatthe 
ooler halo 
omponent found in the 
enter of galaxy 
lusters is due to the stru
tureof the gravitational well around 
D galaxies, rather than to the presen
e of a 
ooling 
ow.An alternative to the 
ooling-
ow s
enario is thus emerging, whi
h may provide a goodexplanation for the presen
e of the 
entral emission peak. We will dis
uss this possibility indetail in se
tion 5.2.2.3.2. Dynami
al Status of the HaloGravitational E�e
tsThe X-ray brightness pro�les (Figure 2.9) shows that past 1 ar
min the hot gas distributionis more extended than the stellar distribution. If the gas is in hydrostati
 equilibrium,additional matter is required to explain this broader distribution. The 
hange in slope of theX-ray brightness pro�le for r > 400" further requires the presen
e of two 
omponents thatwe identi�ed with the `gala
ti
' and `
luster' halo. This 
omplex distribution was previouslyfound by Ikebe et al. (1996) using the ASCA data, and explained in terms of a di�erent
on
entration of dark matter on gala
ti
 and 
luster s
ales (Ikebe et al. 1996; Makishima etal. 2001). Our data further show that this gala
ti
 
omponent is not 
orrelated with stellarmatter, whi
h is even more 
on
entrated (Figure 2.15b) and dominates the dynami
s of thegala
ti
 
ore.The kinemati
s inferred from the GCs and PNe (see Figure 6 of Kissler-Patig et al.1999) indi
ate that for 10 < r < 160 (5 kp
< r <90 kp
) from the galaxy 
enter, thevelo
ity dispersion in
reases with radius. This result is 
onsistent with our measurementsand suggests either the presen
e of a signi�
ant amount of dark matter asso
iated with theouter radii of NGC 1399 or equivalently that the outer gala
ti
 dynami
s is dominated bythe 
luster potential.We must noti
e however that while on gala
ti
 s
ales the mass pro�les may be explained
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e of dark matter, the deviations from symmetry, i.e. the o�set between thestellar 
omponent (
onsistent with the 
entral 
omponent) and the gala
ti
 dark halo, arehardly explained in the galaxy formation framework. For this reason in next se
tions wetake into a

ount possible departures from equilibrium.Galaxy-Galaxy Intera
tionsAn alternative s
enario has re
ently been advan
ed by Napolitano, Arnaboldi & Capa

ioli(2001, in preparation), that 
ould explain our results by means of galaxy intera
tions. Their
al
ulations show that the energy inje
tion due to galaxy-galaxy en
ounters 
an a

ount forthe outer galaxy dynami
s as seen in PNe and GCs, and is in agreement with the observedX-ray temperature pro�le. In this 
ase there would be no need for additional dark matterin the `gala
ti
' halo. Support for the tidal intera
tion pi
ture 
omes from Kissler-Patig etal. (1999) who showed that the GC system of NGC 1399 is 10 times more abundant thanthose of neighbors galaxies, while their properties are very similar. In the hypothesis that allgalaxies initially had the same number of GCs per unit luminosity, the ex
ess around NGC1399 may be 
ompatible with tidal stripping of GCs from nearby Fornax galaxies.The e�e
ts of tidal intera
tions on the gaseous halos of ellipti
al galaxies have been ex-plored by D'Er
ole, Re

hi & Ciotti (2000, hereafter DRC). They found that the intera
tionstrongly a�e
ts the gas 
ow, altering the ISM density and thus in
reasing the 
ooling speedand luminosity. This me
hanism is enhan
ed when energy inje
tion from SNe Ia is in
ludedand the gas remains turbulent independently from the epo
h of the en
ounter. In this pro
essthe surfa
e brightness is s
ar
ely a�e
ted and the global isophotes remain 
ir
ular, althoughlo
ally distorted. The DRC model predi
ts that the gas in
ow produ
es steeper pro�les inthe 
entral regions of the galaxy in the moment of maximum luminosity, indi
ating that thetidal perturbations may 
ontribute to the formation of 
entral brightness peaks su
h as theone seen in the NGC 1399 
ore. The steep slope of the gala
ti
 
omponent (Table 2.2) toomay be due to tidal gas stripping be
ause the galaxy undergoes signi�
ant mass losses (up to50%) in the outer regions. However, we must noti
e that in the 
ase of NGC 1399, the e�e
tof tidal stripping may be smaller than what expe
ted from the DCR models be
ause PSPCdata (Jones et al. 1997) suggest a lower SN rate than assumed by D'Er
ole and 
ollaborators.For these models to be 
onsistent with the X-ray observations, tidal intera
tion muststrongly a�e
t the halo density distribution: the in
rease in the M/L ratio past 2 ar
min(Figure 2.15) is mainly determined by the shallower slope of the gas density pro�le in theouter gala
ti
 regions, sin
e the isothermal model still exhibits the multi-
omponent behav-ior (x 2.2.6). Thus a simple temperature in
rease would not produ
e the observed agreement
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al data. Su
h strong pro�le alterations are not seen in the DRC simulations.Conversely Barnes (2000) found that en
ounters between galaxies of di�erent masses 
an pro-du
e both radial pro�les with a 
entral peak and a `shoulder' similar to our multi-
omponentstru
ture and azimuthal asymmetries as those seen in the NGC 1399 gala
ti
 halo. Howeverhis simulations also show that the stellar pro�le follows the gas pro�le, whi
h is not seen inour data.The X-ray surfa
e brightness analysis (x 2.2.3) revealed the presen
e of 
omplex stru
-tures in the gala
ti
 halo. We have shown in x 2.2.5 that these brightness 
u
tuations arenot due to artifa
ts of the smoothing algorithm, be
ause they are present in the residuals ofthe bidimensional model, and have high statisti
al signi�
an
e. Due to the weak dependen
eof the HRI spe
tral response on the temperature around 1 keV (see Clarke, Harris & Carilli1997), they must be due to lo
al density 
u
tuations of the hot gas. While some of thesefeatures 
an be due to the intera
tion between the radio jets and the surrounding ISM (x2.2.8), most of them are not related to any evident radio or opti
al feature and are spreadall around the galaxy, suggesting a `disturbed' nature of the whole halo.It is possible that these stru
tures are the signature of intera
tion between the NGC 1399halo and other Fornax galaxies. In fa
t DRC predi
t signi�
ant density 
u
tuations in thehot gas and the formation of �lamentary stru
tures near the galaxy 
enter as a 
onsequen
eof galaxy-galaxy en
ounters. It's not easy to determine if these perturbations are due to thenearby NGC 1404 or to more distant members be
ause, a

ording to DRC, the perturbinge�e
ts lasts several Gyrs. We sear
hed for possible signatures of intera
tions between NGC1399 and NGC 1404 looking for ex
ess emission in the region between the two galaxies. Theslight ex
ess we found is only signi�
ant at the 2� level, so that no signi�
ant 
on
lusion 
anbe drawn from our data.Ram PressureA di�erent s
enario that 
ould explain the 
luster and gala
ti
 halo displa
ement is one inwhi
h NGC 1399 is moving in the Fornax 
luster potential, thus experien
ing ram pressurefrom the 
luster hot gas. The radial pro�les in Figure 2.9 show a high degree of asymmetrywith respe
t to the opti
al galaxy. The 2D models indi
ate that the gala
ti
 
omponent isdispla
ed � 10 (5 kp
) South-West with respe
t to the X-ray peak (and thus opti
al galaxy),while the 
luster 
omponent seems lo
ated � 5:6 ar
min (31 kp
) North-East of NGC 1399.Jones et al. (1997) argue that this displa
ement is 
ompatible with the hypothesis that thegalaxy is slowly moving (40 km s�1) South-East in a larger potential. This would explainthe displa
ement of the galaxy with respe
t to the 
luster 
omponent but not the one of the
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ti
 halo. In the ram pressure s
enario, the displa
ement and large s
ale asymmetry ofthe `gala
ti
' halo may suggest that NGC 1399 is not sitting at the very 
enter of the 
lusterpotential and is slowly moving North-East toward the `
luster' 
omponent.The e�e
t of ram stripping has already been observed in nearby galaxies. For instan
eIrwin & Sarazin (1996) observed the presen
e of a very irregular halo in the Virgo galaxy NGC4472. They found a steeper gradient in the X-ray emission in the dire
tion of the 
luster
enter asso
iated with a temperature enhan
ement. They 
al
ulate that ram stripping isable to explain the observed halo features if the galaxy is moving at � 1300 km s�1 in the
luster potential. Their ROSAT HRI images also revealed �lamentary stru
tures and holesin the gala
ti
 halo, very similar to the features that we observed in the adaptively smoothedimage of the inner halo (Figure 2.4). Additional eviden
e that galaxies moving in the 
lusterenvironment 
an produ
e �laments of 
ooler gas behind them were found by David et al.(1994) or Fabian et al. (2001b).The a

urate simulation of dynami
 stripping in 
luster and group ellipti
al galaxiesperformed by Toniazzo & S
hindler (2001), show that the e�e
t of dynami
 stripping dependson the galaxy orbit and the duration of the subsoni
 and supersoni
 phases whi
h determinethe balan
e within gas losses and a

retion onto the galaxy. In general their simulationsreveal the formation of 
omplex and elongated tails behind the galaxy (similar to those seenin NGC 4472) and strong de
entering of X-ray isophotes due to supersoni
 stripping. Su
hirregular stru
tures are not seen in the NGC 1399 gala
ti
 halo whi
h seems instead rather
ir
ular (�Gala
ti
 = 0:02, see Table 2.2).A very rough estimate of the velo
ity of NGC 1399 
an be obtained supposing that thedispla
ement of the opti
al galaxy, 
oin
ident with the X-ray 
entroid, with respe
t to thegala
ti
 halo is due to the de
eleration of the halo 
aused by ram pressure from the 
luster
omponent. In the hypothesis that the motion is highly subsoni
, we 
an treat the di�erent
omponents as homogeneous spheres and 
al
ulate the initial velo
ity required to produ
ethe observed displa
ement after a time t = 109 yr due to the ram pressure of the 
lusterhalo P � �
lusterv2. Using the parameters derived form the bidimensional model (x 2.2.5):�galaxy=�
luster � 4, Rgalaxy � 40 and a displa
ement �S � 12R, we obtain an initial velo
ity of� 10 km s�1, 
onsistent with the initial assumption of subsoni
 motion. Even 
onsidering amore re
ent intera
tion where t = 108 the galaxy motion remains highly subsoni
 (� 100 kms�1). This result is in agreement with the observations, showing that the halo morphologyis only weakly distorted. In 
on
lusion, even though extreme proje
tion e�e
ts may hidestronger stripping features, ram pressure may be 
ausing the galaxy halo displa
ement butseems unlikely to be responsible for the observed inner halo stru
ture of NGC 1399.
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tsFor what 
on
erns the elongated 
luster halo 
omponent, in many 
ases irregular featuresin the 
luster halos seems asso
iated with merger events (see for instan
e Sun et al. 2000;Mazzotta et al. 2000). Simulations of 
luster merging (Roettiger et al. 1996) show thatelongation and twisting of the X-ray isophotes are a general result of su
h intera
tions.In the 
ase of the Fornax 
luster Drinkwater, Gregg & Colless (2000) found eviden
e of asub
luster 3 degrees South-West of NGC 1399 
entered on NGC 1316 (Fornax A). They
laim that the two 
omponents are at the early stage of merging; in this 
ase merging isunlikely to be the 
ause of the elongation of the 
luster X-ray isophotes. To further studythe dynami
al status of the 
luster halo we would need temperature maps of the whole
luster, as 
an be obtained with Chandra or XMM.It is worth noti
ing that the X-ray 
entroid of the 
luster 
omponent is displa
ed withrespe
t to the opti
al distribution of Fornax 
luster galaxies, whi
h tend to 
on
entrateSouth-West of NGC 1399 (see Figure 1 fromHilker et al. 1999b and Figure 3 from Drinkwater,Gregg & Colless 2000). If the merging pi
ture is 
on�rmed, this may imply that the galaxiesin the two sub
lusters are infalling in the global potential well faster than the asso
iatedgaseous halos.Kim & Fabbiano (1995) 
ompared three X-ray dominant galaxies in poor groups: NGC1399, NGC 507 and NGC 5044. They show that even if these galaxies have similar properties(temperatures, 
ooling 
ore) their X-ray brightness pro�les are very di�erent. This suggeststhat the shape of the potential and the mass deposition me
hanism may vary from galaxyto galaxy. If environmental e�e
ts (tidal intera
tions, ram pressure stripping) are importantfa
tors in determining the NGC 1399 halo stru
ture, they must be 
onsidered as well in orderto explain the observed di�eren
es.2.3.3. X-ray/Radio Intera
tionsSigns of intera
tion between radio jet/lobes and the surrounding gaseous medium have beenreported in powerful radio galaxies (see for instan
e Carilli, Perley & Harris 1994 for CygnusA; B�ohringer et al. 1993; M
Namara et al. 2000; Fabian et al. 2000 for eviden
e of su
h inter-a
tion in 
lusters hosting powerful radio sour
es). NGC 1399 is a faint radio galaxy whoseradio lobes are entirely 
ontained within the opti
al galaxy. Nevertheless the stru
tures seenin Figure 2.16 suggest that the same me
hanisms at work in more powerful sour
es may beresponsible for some of the gala
ti
 halo stru
tures. The residual image in Figure 2.17 showsex
ess emission on both sides of the nu
leus and a la
k of X-ray emission along the radio jets



70 CHAPTER 2. NGC 1399in the inner 15" (� 1:4 kp
), as if the radio jets are displa
ing the ambient gas. For r � 25"(� 2:3 kp
) more X-ray emission is seen in the North and South part of the galaxy, alignedwith the dire
tion of the radio jets.Clarke, Harris & Carilli (1997) have studied, by means of hydrodynami
al simulations,how these features are produ
ed during the propagation of the radio jet trough the ICM.They show that, for a � 1 keV gaseous halo and a dete
tor response similar to the ROSATHRI (see their Figure 8), we expe
t to see ex
ess emission lo
ated on the side of the jets,due to the sho
ked gas near the tail of the radio lobes, as the one seen in Figure 2.16 (regionA) and in Figure 2.17.In 
oin
iden
e with the radio lobes, X-ray enhan
ements or de�
its are expe
ted de-pending on the thi
kness of the sho
ked gas �r with respe
t to the lobe radius r. Near theedge of the radio lobe, where r � 3:4�r, the sho
ked gas density is high enough to produ
ea brightness enhan
ement. On the 
ontrary, in the tail of the lobes the 
ompressed gas hadtime to expand, so that r < 3:4�r and the X-ray brightness is diminished, produ
ing a `
av-ity'. This pi
ture is very similar to what we see in our data. Features B and C in Figure 2.16may suggest respe
tively the presen
e of a 
avity produ
ed by the Southern lobe in the ICMand the ex
ess emission asso
iated with the edge of the lobe. The alternative hypothesis,that the ex
ess is due to the presen
e of a bow sho
k at the leading end of the lobe, seemsunlikely both be
ause Carilli and 
ollaborators showed that the bow sho
k is hardly seenat energies < 4 keV and be
ause the signatures of bow sho
ks are usually sharper than theone seen in our data, showing up as 
ompa
t bright spots or ar
s. The Chandra image alsorevealed the presen
e of a long ar
 South of NGC 1399. The steeper gradient of the radioemission on the Western side of the Southern lobe, with respe
t of the Eastern side, suggeststhat this feature may represent a layer of hot gas 
ompressed by the radio emitting plasma.Signatures of intera
tion with the ICM do not show up so 
learly in the Northern lobe,but this 
ould be due to proje
tion e�e
ts (see for instan
e Brunetti et al. 2000; Finoguenov& Jones 2000). The brightness enhan
ement near the West side of the lobe 
ould be dueto the thin layer of 
ompressed gas surrounding the lobe while the steeper radio gradientnear region D suggests that the lobe is avoiding a region of higher gas density. Indeed the
rude estimate indi
ates that the pressure of the bubble (x 2.2.8) 
an be up to 4 times higherthan that of the surrounding ISM. An upper limit of k ' 420 on the ratio of the ele
tronto heavy parti
le energy (or alternatively a lower limit of 0.005 on the �lling fa
tor) 
an bederived by mat
hing the radio pressure to the thermal pressure of the bubble (Figure 2.18),in agreement with Killeen, Bi
knell & Ekers (1988).As dis
ussed in x 1.3.2, Inverse Compton (IC) s
attering of Cosmi
 Ba
kground photonsby the radio emitting parti
les is often 
onsidered as an alternative pro
ess to explain the X-



2.3. DISCUSSION 71Table 2.4: Southern lobe magneti
 �eld strenght.� � �1 k SX BME BIC BME=BIC(rad) (GHz) (ergs s�1
m�2Hz�1) (�G) (�G)1 �=2 1:00� 10�2 1 2:90� 10�32 4.90 0.37 13:31 �=6 1:00� 10�2 1 2:90� 10�32 6.59 0.54 12.21 �=2 1:00� 10�2 100 2:90� 10�32 15.0 0.37 40.91 �=2 1:00� 10�4 1 2:90� 10�32 4.90 0.37 13:40.1 �=2 1:00� 10�2 1 2:90� 10�32 9.46 0.37 25.70.01 �=2 1:00� 10�2 1 2:90� 10�32 18.3 0.37 49.71 �=2 1:00� 10�2 1 3:64� 10�33 4.90 1.16 4:211 �=6 1:00� 10�2 1 3:64� 10�33 6.59 1.7 3.85Note - The 
al
ulation uses equations (1.17) and (1.20) assuming the following parameters: radio spe
tralindex �r = �0:8, radio 
ux density Sr = 0:0825 Jy at �r = 1:465 GHz, lobe diameter � = 28" and pathlenght through the sour
e s = 25:7 kp
. The X-ray 
ux SX density is 
al
ulated at 1 keV assuming a gala
ti
absorption of 1:3� 1020 
m�2; the upper syn
rotron 
uto� is taken to be �2 = 100 GHz.ray brightness enhan
ements near radio lobes (Harris & Grindlay 1979; Kaneda et al. 1995).We have evaluated this possibility for the X-ray ex
ess near the edge of the Southern radiolobe of NGC 1399, following Feigelson et al. (1995), and 
omparing the minimum energy�eld strength BME (equation 1.20) with the magneti
 �eld BIC (equation 1.17) required toprodu
e a measured ratio of radio to X-ray 
ux. We estimated the ratio BME=BIC for a gridof values of the involved parameters: the �lling fa
tor � of the syn
rotron emitting region,the angle � between the magneti
 �eld (assumed to be uniform) and the line of sight, thelower 
uto� frequen
y �1 of the radio syn
rotron spe
trum, the ratio k of energy in heavvyparti
les with respe
t to ele
trons and the X-ray 
ux density SX . We used the radio 
ux forthe Southern lobe measured by Killeen, Bi
knell & Ekers (1988), 
orre
ted for the fa
t thatjust half of the lobe 
ontributes to the X-ray ex
ess. The results are shown in Table 2.4.The X-ray 
ux was measured from the residuals shown in Figure 2.12, assuming that all theex
ess over the 2D model is due to IC s
attering; this value may vary of 25% dependingon the region used for the extra
tion, so that we in
luded both the upper (3:64� 10�33 ergss�1
m�2Hz�1) and lower (2:90� 10�32 ergs s�1
m�2Hz�1) 
ux limits in Table 2.4. We �ndthat it is unlikely that more than a few per
ent of the ex
ess near the edge of the Southernradio lobe may be due to IC s
attering, sin
e the ratio BME=BIC is always > 1 for any 
hoiseof the parameters involved in the 
al
ulation.
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on�nement of the radio lobes (Killeen, Bi
knell & Ekers 1988) is supported byour data (Figure 2.18). If the in
lination of the radio sour
e is < 45Æ, the radio jets remain
ollimated up to the radius within whi
h the high density 
entral 
omponent dominates (�50", Figure 2.18) and di�use in lobes as soon as they enter in the lower density environment.A larger in
lination is unlikely be
ause the thermal pressure of the 
luster 
omponent (long-dashed line in Figure 2.18) is of the same order of magnitude as the radio lobes pressure,and would probably not be able to 
on�ne the radio emitting plasma, if this was extendingat greater distan
es.Finally, we analyzed the possibility that the power-law 
omponent found in the spe
tralmodel of Allen, di Matteo & Fabian (2000) for NGC 1399 (see x 2.3.1) may be due toan a
tive nu
leus. Their estimated 
ux (
onverted to our adopted distan
e) is twi
e thevalue expe
ted from our upper limit on a possible nu
lear sour
e, adopting their best �tparameters. Considering that Loewenstein et al. (2001) further redu
e this upper limit byan order of magnitude it appears that the bulk of the power-law emission 
omes from thedis
rete sour
e population revealed by the Chandra data (see Figure 2.21).2.3.4. Dis
rete sour
esThe presen
e of a population of individual X-ray sour
es in E and S0 galaxies was �rst sug-gested by Trin
hieri & Fabbiano (1985). Additional eviden
e was then provided by ROSATand ASCA observations (e.g. Fabbiano, Kim & Trin
hieri 1994; Kim et al. 1996; Mat-sumoto et al. 1997). These X-ray sour
e populations are now been dete
ted down to mu
hlower luminosities with Chandra (e.g. Sarazin, Irwin & Bregman 2000, 2001). The HRIdata demonstrate the presen
e of su
h population, possibly of a

retion binaries, also inNGC 1399. This result is 
on�rmed by the Chandra data whi
h reveal a large numberof pointlike sour
es surrounding the galaxy, many of whi
h asso
iated with globular 
lus-ters (Angelini, Loewenstein & Mushotzky 2001). This population of a

retion binaries isprobably responsible for the hard spe
tral 
omponent (Buote 1999; Matsushita, Ohashi &Makishima 2000; Allen, di Matteo & Fabian 2000) required to �t the high energy spe
trumof NGC 1399. As demonstrated by 
omparing the 5" resolution ROSAT HRI image with the10 times sharper Chandra ACIS image, subar
se
ond resolution is essential for the study ofX-ray sour
e populations in galaxies.



Chapter 3
NGC 1404
3.1. INTRODUCTIONNGC 1404 is a bright early-type lo
ated � 10 ar
min South-East of NGC 1399, within theFornax 
luster. The galaxy is 
lassi�ed as an ellipti
al in the the RC3 
atalogue (E1; deVau
ouleurs et al. 1991) and in the RSA 
atalogue (E2; Sandage & Tammann 1981). Howeverkinemati
al studies have shown that NGC 1404 is likely to be a rotationally supported systemand a thus mis
lassi�ed S0 galaxy (D'Onofrio et al. 1995; Graham et al. 1998).Due to her proximity to the dominant Fornax galaxy, in the X-ray band NGC 1404has been usually studied in asso
iation with its brighter 
ompanion. The �rst dete
tion ofX-ray emission was obtained by the HEAO-1 satellite (Nugent et al. 1983) but the EXOSATsatellite was the �rst able to separate the NGC 1404 emission from NGC 1399 (Mason& Rosen 1985). The Einstein satellite 
on�rmed the presen
e of an extended halo withLX � 3 � 1041 erg s�1 in the 0.2-4.0 keV band (Thomas et al. 1986; Fabbiano, Kim &Trin
hieri 1992), and a temperature > 1 keV at the 90% 
on�den
e level (Kim, Fabbiano &Trin
hieri 1992a).Loewenstein et al. (1994) analyzed ASCA data �nding eviden
e of a very subsolar metalabundan
e (Z < 0:2Z� at the 90% level) in the NGC 1404 halo and a temperature of 0:75keV, suggesting a strong radial metalli
ity gradient. These �ndings were 
on�rmed by Joneset al. (1997) using ROSAT PSPC data (kT = 0:65 keV and Z = 0:16Z�). They also foundan elongated feature protruding on the SE side of the galaxy interpreted as a signature ofram pressure stripping of the NGC 1404 
orona infalling toward the denser NGC 1399 halo.Arimoto et al. (1997) noti
ed that the ASCA data are 
ompatible with the presen
e of ahard spe
tral 
omponent due to unresolved point sour
es. Buote & Fabian (1998) found73



74 CHAPTER 3. NGC 1404that a higher metalli
ity is allowed if the spe
trum is �tted with a two temperature model.The low metalli
ity is invoked by Irwin & Sarazin (1998b) to explain the soft ROSAT PSPCspe
trum.In their study of a sample of early-type galaxies Brown & Bregman (2000) and Mat-sushita (2001a) found that the NGC 1404 
orona has a higher temperature than othergalaxies with similar velo
ity dispersion and luminosity; they explain this result as a strongenvironmental in
uen
e on the physi
al status of the halo. Toniazzo & S
hindler (2001) sim-ulated the e�e
t of gas stripping on galaxies similar to NGC 1404. Comparing their surfa
ebrightness pro�le to the one measured by Fabbiano, Kim & Trin
hieri (1992) they foundthat their models tend to predi
t a steeper pro�le than it is observed. Finally, the needfor additional heating, over the one provided by gravity alone, is found by Bregman, Miller& Irwin (2001) using the Far-Ultraviolet Spe
tros
opi
 Explorer (FUSE) satellite, sin
e themeasured 
ooling rate is lower than the one expe
ted by X-ray measurements.In this 
hapter we use the ROSAT HRI resolution to explore the stru
ture of the NGC 1404
orona and the intera
tions with the surrounding intra
luster medium. As for NGC 1399,we adopt H0 = 75 km s�1 Mp
�1 and a distan
e of 19 Mp
 (1'=5.5 kp
).3.2. OBSERVATIONS AND DATA ANALYSISNGC 1404 was observed at the same time of NGC 1399 sin
e, being lo
ated near the dominantFornax galaxy, it falls within the HRI �eld of view. For this reason the basi
 data redu
tion(aspe
t 
orre
tion, exposure 
orre
tion and 
omposition of the three observations) is thesame des
ribed in 
x 2.2.1 and 2.2.2. The position of NGC 1404 inside the HRI �eld isshown in Figure 2.2.3.2.1. Brightness Distribution and X-ray/Opti
al ComparisonFrom Figure 2.2 it is evident that NGC 1404 is missing the large extended halo whi
hsurrounds its nearby 
ompanion. This is was 
on�rmed by the adaptively smoothed imageshown in Figure 2.3a: the X-ray emission of NGC 1404 is almost symmetri
 and 
entered onthe opti
al galaxy (Figure 2.3b).We examined the NGC 1404 halo in greater detail 
reating an adaptively smoothedimage of the galaxy with a 2 ar
se
/pixel resolution. Figure 3.1a shows that the hot halo is
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ir
ular in the 
enter and be
omes slightly elongated in the NE-SW dire
tion past 40" fromthe 
enter, with an axial ratio of � 0:8 at r = 80". At larger radii the surfa
e brightnessasymmetries are more pronoun
ed: there is a steep gradient on the NW side of the haloand a `tail' protruding on the SE side of the galaxy. The tail 
orresponds to the elongatedfeature reported by Jones et al. (1997) in the PSPC data.The 
omparison with the DSS image (Figure 3.1b) shows that the extension of the X-rayhalo is 
onsistent with the opti
al distribution. A more a

urate analysis also reveals that thestellar distribution is 
attened in the NW-SE dire
tion, i.e. perpendi
ular to the elongationof the X-ray isophotes. This indi
ates that the ellipti
ity of the X-ray isophotes does notre
e
t the underlying stellar distribution, but is probably due to ram pressure e�e
ts.We noti
e that the presen
e of the bright star visible near the edge of the NGC 1404 tail(Figure 3.1b), does not a�e
t our analysis sin
e we didn't dete
t any stellar X-ray emissionin the raw (unsmoothed) HRI data.3.2.2. Radial Brightness Pro�lesWe derived the brightness pro�le of NGC 1404 extra
ting 
ount rates in 2" annuli 
enteredon the galaxy 
entroid. The ba
kground determination for this galaxy is even more diÆ
ultthan for NGC 1399 (see x 2.2.4), due to the fa
t that it is embedded in the halo of itsbright 
ompanion. Thus we had no other 
hoi
e than to estimate the ba
kground level fromthe region between 200" and 300" from the galaxy (see Figure 3.2a), obtaining 5:60� 10�3
ounts ar
min�2 se
�1. The measured 
ount rates are shown in Figure 3.2a as a 
ontinuousline while the ba
kground subtra
ted pro�le is represented by open 
ir
les. The NGC 1404emission extends out to 110" (�10 kp
) from the galaxy 
enter and shows no sign of a multi
omponent stru
ture as the one dete
ted in NGC 1399. The surfa
e brightness is almostsymmetri
 (Figure 3.1a) and de
lines with a power law pro�le out to 90". Past this radiusthe e�e
t of ram pressure stripping be
omes evident as a sharp 
uto� in the radial pro�le.In Figure 3.2b we 
an see that in the North-West se
tor (thin dashed line) the gala
ti
halo suddenly disappears in the X-ray ba
kground for r > 90" (r > 8 kp
) while in theSouth-East one (
ontinuous line) the emission from the tail, seen in the adaptively smoothedimages (Figure 2.3), extends up to � 150" (14 kp
).We �tted the observed radial brightness distribution, within a 90" radius, with a Betamodel (equation 1.31). In this 
ase the on-axis PRF we used for NGC 1399 is no longer validbe
ause NGC 1404 is lo
ated 10 ar
min South-West of NGC 1399. Although an analyti
al
orre
tion of the on-axis PRF is possible (David et al. 1996), it doesn't take into a

ountthe PRF azimuthal asymmetry. We thus 
onvolved the Beta model with the on-axis PRF
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Fig. 3.1.| (a) 2�2 ar
se
/pixel adaptively smoothed image of NGC 1404 HRI �eld. Colorsfrom bla
k to yellow represent logarithmi
 X-ray intensities from 1:1 � 10�3 to 1:3 � 10�1
nts ar
min�2 s�1. (b) X-ray brightness 
ontours overlaid on the 1 ar
se
/pixel DSS image(logarithmi
 grays
ale). Contours are spa
ed by a fa
tor 1.3 with the lowest one at 1:4�10�3
nts ar
min�2 s�1.
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(a)

(b)

Fig. 3.2.| (a) Radial pro�le of NGC 1404 extra
ted in 2" annuli (
ontinuous line). Cir
lesrepresent the ba
kground subtra
ted pro�le using the 
ount rate measured in the 200"-300"interval (dashed line). The opti
al pro�le from Forbes et al. (1998) is shown as a dashedline. The HRI on-axis PRF range is represented by the shaded region. (b) Radial pro�lesextra
ted in 5" annuli in the North-West (270Æ <P.A.< 360Æ, thin dashed line) and theSouth-East (90Æ <P.A.< 180Æ, 
ontinuous line) se
tors. The opti
al pro�les and ba
kgroundlevels are represented respe
tively by the thi
k dashed line and the dotted line.
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Fig. 3.3.| The best-�t model and residuals of NGC 1404 brightness pro�le within 90". The66%, 90% and 99% 
ontour levels relative to the 
ore radius r0 and slope � are shown in theinner panel.and 
onsidered the resulting 
ore radius as an upper limit to the 
orre
t value, obtainingr0 = 6:21+0:25�0:2 ar
se
 and � = 0:513+0:005�0:004 with �2 = 51:5 for 42 d.o.f. The best �t model isshown in Figure 3.3.3.2.3. Density, Cooling Time and Mass Pro�lesFollowing the method outlined in x 2.2.6 we derived the ele
tron density, 
ooling time andmass pro�les for NGC 1404. Sin
e the deproje
tion algorithm tends to enhan
e the 
u
tua-tions present in the brightness pro�le, we used the best �t model to derive the deproje
tedele
tron density. This is possible be
ause the NGC 1404 radial brightness pro�le was well�tted by a single symmetri
 Beta model out to 90" (x 3.2). Figure 3.4a shows the goodagreement between the deproje
ted density derived from the Beta model (
ontinuous line)and the one from the surfa
e brightness pro�le (�lled 
ir
les). The dis
repan
y in the in-ner 5" is due to the fa
t that the Beta model is de
onvolved for the instrumental PRF. Westopped the deproje
tion at 80" to avoid un
ertainties related to the ba
kground subtra
tion



3.3. DISCUSSION 79and to the asymmetries due to ram pressure stripping (x 3.2), both of whi
h tend to in
reasethe 
u
tuations at large radii.The 
ooling time pro�le derived from the Beta model is shown in Figure 3.4b andsuggests that signi�
ant 
ooling must be present in the NGC 1404 halo be
ause the 
oolingtime is smaller than 109 yr within the inner 80" (�7 kp
). We adopted the 
ooling fun
tionof (Sarazin & White 1987).The integrated gas mass and the total gravitating mass derived from equation (1.35)are shown in Figure 3.5. We assumed NGC 1404 to have an isothermal pro�le with kT = 0:6keV (Jones et al. 1997).3.2.4. Total Fluxes and LuminositiesIn the 
ase of NGC 1404 we used a single temperature Raymond-Smith spe
trum withkT = 0:6 keV and metal abundan
e 0.2 solar, following Jones et al. (1997). We measureda 
ount rate of 0:117� 0:001 
ounts se
�1 within a 150" radius, extra
ting the ba
kgroundfrom the 200"-300" annulus. The 
orresponding (0.1-2.4 keV) 
ux and luminosity are fX =(4:06� 0:03)� 10�12 erg s�1 
m�2 and LX = (1:57� 0:01)� 1041 erg s�1.3.3. DISCUSSIONIn 
ontrast with NGC 1399, NGC 1404 possesses a very regular and symmetri
 halo, wellrepresented by a Beta pro�le within 90" (8 kp
). The X-ray brightness pro�le falls as� r�2:08�0:03, in good agreement with the opti
al brightness pro�le � / r1:9�0:1 (Forbes et al.1998). Sin
e the X-ray emission measure is a fun
tion of n2e (equations 1.5 and 1.7) it is easyto see that �2g � �stars. If the gas and the stars are two isothermal spheres experien
ing thesame gravitational potential, equations (1.26) and (1.29) imply that Tg � 2Tstars (Fabbiano1989). This is further supported by the ROSAT PSPC spe
tral data, whi
h yield �spe
 � 0:6(Brown & Bregman 1998; Matsushita 2001a), suggesting that the gas distribution is produ
edby the same gravitational potential that is binding the stellar population, out to r � 80"(� 7 kp
; Figure 3.2b).This s
enario is in disagreement with the �nding that luminosities and temperatures ofX-ray 
ompa
t galaxies are well explained by kinemati
al heating of gas supplied by stellarmass losses (Matsushita 2001a), whi
h should give �spe
 � 1. However Matsushita (2001a)noti
e that NGC 1404 is a pe
uliar galaxy, in the sense that it is signi�
antly brighter than
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(b)
Fig. 3.4.| (a) Deproje
ted ele
tron density pro�le of NGC 1404. The �lled 
ir
les representthe pro�le obtained from dire
t surfa
e brightness deproje
tion while the 
ontinuous lineshows the smoother pro�le obtained by deproje
ting the best-�t Beta model. (b) Coolingtime pro�le derived from the best �t Beta model.
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Fig. 3.5.| Integrated mass pro�les of NGC 1404 derived from deproje
tion. The total gasmass is represented by the lower line while the total mass derived using equation (1.35) isshown by the upper line.other 
ompa
t ellipti
als with the same opti
al luminosity. In fa
t, without being a 
entral
luster galaxy, its luminosity is of the same order of magnitude of NGC 1399 (1041 erg s�1).She explains this result in term of intera
tion with the ISM.Indeed at radii larger than 80" the in
uen
e of dynami
 stripping is evident from thepresen
e of an elongated tail on the South-East side of the galaxy and the steep surfa
ebrightness gradient on the opposite side (Figure 2.3 and 3.2b). These features are alignedwith the position of NGC 1399, suggesting that they may be due to the infall of the galaxytoward the 
luster 
enter. Ram pressure may be also responsible for the 
attening of theX-ray isophotes in dire
tion perpendi
ular to this motion. In fa
t, if the hot gas is justexperien
ing the same potential of the stellar 
omponent, we would expe
t an elongation inthe same dire
tion of the opti
al isophotes.However the e�e
t of ram stripping from the ICM is to redu
e the X-ray luminosity,removing hot gas from the gala
ti
 halo (Toniazzo & S
hindler 2001). The regularity ofthe X-ray brightness pro�le and its similarities to the opti
al pro�le within 90" (� 8 kp
)



82 CHAPTER 3. NGC 1404implies that either the stripping eÆ
ien
y is low or that it a�e
ts signi�
antly only the outergala
ti
 regions. This is further supported by the fa
t that our brightness pro�le is shallowerthan expe
ted from simulations of dynami
ally stripped galaxies performed by Toniazzo& S
hindler (2001), even though they noti
e that their models may be overestimating theimportan
e of the 
ooling pro
esses. An alternative and more promising explanation isrepresented by the sti
ing of gala
ti
 winds (x 1.6). In fa
t the presen
e of the dense NGC1399 halo may both in
rease the X-ray luminosity and raise the halo temperature (see forinstan
e Brown & Bregman 2000).The gas, 
ooling time and total mass pro�les derived in x 3.2.3 are in the same range ofthose of the 
entral 
omponent of the NGC 1399 halo, within the inner 80". This seems in
on
i
t with the di�erent dynami
al status of the halo 
ore of NGC 1399, suggested by the�spe
 � 1 value found by Matsushita (2001a). The explanation may lie in the presen
e of theadditional and extended halo 
omponents (i.e. gala
ti
 and 
luster 
omponents) generallyfound in 
D galaxies and related to the 
entral position inside the 
luster potential well (e.g.Makishima et al. 2001). We will dis
uss further this possibility in x 5.4.



Chapter 4
NGC 507
4.1. INTRODUCTIONNGC 507 is the brightest member of a group of galaxies belonging to a poor system: thePis
es 
luster. The latter in turn is part of the Perseus-Pis
es super
luster (e.g. Wegner,Haynes & Giovanelli 1993; Sakai, Giovanelli & Wegner 1994), lo
ated at � 66 Mp
1 fromour galaxy (Hu
hra, Vogeley & Geller 1999). NGC 507 is 
lassi�ed as E/S0 galaxy (deVau
ouleurs et al. 1991). Gonz�alez-Serrano & Carballo (2000) showed that, while the surfa
ebrightness pro�le follows a de Vau
ouleur law (equation 1.1) out to � 15" from the galaxy
enter, at larger radii there is signi�
ant ex
ess emission over the r1=4 pro�le. Barton, deCarvalho & Geller (1998) studied the galaxy distribution in the surrounding of NGC 507�nding that it is part of a group in
luding � 70 members.The �rst studies in the X-ray band based on Einstein data (Kim, Fabbiano & Trin
hieri1992a,b) measured a luminosity 
omparable to those of poor 
lusters (LX ' 1043 ergs s�1)with a temperature kT > 1:5 keV at the 90% level, and suggested the presen
e of a 
ooler
ore. These �ndings where 
on�rmed by Position Sensitive Proportional Counter (PSPC)mounted on the ROSAT satellite whi
h revealed extended X-ray emission out to a radiusof at least 16 ar
min. Kim & Fabbiano (1995) were able to resolve the 
ooler region withinthe 
entral 150", thus supporting the presen
e of a massive 
ooling 
ow, and suggested that
ooling 
lumps may be distributed at large radii. They estimated a hot gas temperature� 1:1 keV with no sign of ex
ess absorption over the gala
ti
 value. The data 
onstrainedthe metalli
ity to be not higher than the solar one.1Assuming H0 = 75 km s�1 Mp
�1 83



84 CHAPTER 4. NGC 507Matsumoto et al. (1997) exploited the higher spe
tral resolution and larger energy rangeof the ASCA satellite to separate two distin
t 
omponents in the NGC 507 X-ray spe
trum: asoft thermal emission with kT ' 1 keV and a harder 
omponent with kT � 10 keV probablydue to unresolved dis
rete sour
es. The ASCA data seem to favor a subsolar metalli
ity of� 0:3 Z�. The di�erent metal abundan
e obtained by ROSAT and ASCA is explained inpart by the new analysis performed by Buote (2000b) on the ROSAT PSPC data, whi
hfound a steep gradient in the metalli
ity pro�le of the hot halo.NGC 507 is a radio galaxy with a steep radio spe
trum and weak 
ore (Colla 1975;de Ruiter et al. 1986; Parma et al. 1986). It may be a sour
e with parti
ularly weak jets,or possibly a remnant of a radio galaxy whose nu
lear engine is almost ina
tive and whoseluminosity has de
reased due to syn
hrotron or adiabati
 losses (Fanti et al. 1987). Canosaet al. (1999) used the ROSAT HRI data to study the 
orrelation between the radio andX-ray emission of a possible nu
lear sour
e, obtaining an upper limit for the nu
lear X-ray
ux whi
h ex
eeds the expe
tation based on the radio data by more than two orders ofmagnitude.In this work we use the data 
olle
ted by the ROSAT HRI to study the stru
ture of the NGC507 hot halo. In parti
ular we 
on
entrate on the properties of the nu
lear region, where theHRI resolution allows to resolve small s
ale stru
tures. We then relate the results to thoseobtained by the ROSAT PSPC at larger s
ales.4.2. OBSERVATIONS AND DATA ANALYSIS4.2.1. The DataThe NGC 507 �eld, in
luding NGC 499, was observed on January 1995 by the ROSATHRI (David et al. 1996) for a total time of � 28 ks (Table 4.1). The data, 
onsisting of2 Observing Bin Intervals (OBI), were redu
ed with the SASS7 5 versions of the ROSATstandard analysis software (SASS). To 
orre
t for the errors in the aspe
t time behavior(Harris 1999), dis
ussed in x 2.2.1, we run the ASPTIME routine (F. Primini 2000, private
ommuni
ation).We further tried to 
orre
t for problems related to the spa
e
raft wobble (Harris et al.1998, also see x 2.2.1); however the pointlike sour
es dete
ted in our �eld (Table 4.3) arenot bright enough to allow an a

urate determination of the X-ray 
entroid (
ru
ial for the
orre
tion), when divided in time bins. Sin
e the global PRF is � 7" FWHM we de
ided to



4.2. OBSERVATIONS AND DATA ANALYSIS 85Table 4.1: The ROSAT HRI observation of the NGC 507/NGC499 �eld.name NGC 507Field 
enter(R.A., De
) 01h23m39s 33Æ15'36"sequen
e id. RH600680n00Exp. time 28310 sobs. date 1995 Jan 14P.I. D.-W. KimNo. OBI 2Distan
e (a) 65.8 Mp
NH (b) 5:3� 1020 
m�2(a)Estimated assuming H0 = 75 km s�1 Mp
�1 and a velo
ity of 4934 km s�1 (Hu
hra, Vogeley & Geller 1999)(b)Gala
ti
 line-of-sight 
olumn density (Stark et al. 1992)
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Fig. 4.1.| Raw HRI image of the NGC 507/NGC 499 �eld. The data are rebinned in 5� 5ar
se
 pixels. North is up and East is left.



86 CHAPTER 4. NGC 507use the un
orre
ted data. The HRI �eld of view (FOV) is shown in Figure 4.1.We have run the software developed by Snowden et al. (1994, hereafter SMB), toprodu
e an exposure map and a ba
kground map for our observation. We then 
orre
tedfor exposure time and quantum eÆ
ien
y variations a
ross the dete
tor by dividing the rawdata by this exposure map.4.2.2. Surfa
e Brightness DistributionTo study the surfa
e brightness distribution of NGC 507 the exposure 
orre
ted data wererebinned in 5� 5 ar
se
 pixels and then 
onvolved with a gaussian �lter of � = 15" (Figure4.2). The resulting image shows the presen
e of an extended X-ray halo surrounding thegalaxy. The 
entral part of the halo (the one en
losed in the dashed box) is relativelysymmetri
 but elongated in the NE-SW dire
tion. Two �lamentary stru
tures seem todepart from the gala
ti
 
enter toward NW and SE respe
tively. The morphology of theouter halo is very irregular due to the low S/N ratio of the HRI image. However thereappears to be more emission in the region en
losed within the two galaxies with respe
t tothe other dire
tions. The NGC 499 halo is less extended than the NGC 507 one and mu
hmore symmetri
. The positions of the sour
es dete
ted by the wavelets algorithm (Table4.3) and dis
ussed in x 4.2.7, are marked with 
rosses.The large s
ale distribution of hot gas was already studied by Kim & Fabbiano (1995)with the ROSAT PSPC, whi
h has a higher sensitivity than the HRI. We thus 
on
entrateon the stru
ture of the nu
lear region (dashed box in Figure 4.2) whi
h is better resolvedby the HRI. The 
omplex stru
ture of this region is already suggested by the fa
t that thewavelets algorithm dete
ts three distin
t emission peaks (white 
rosses).Examining this area in more detail (Figure 4.3a), a number of interesting features 
anbe dete
ted: 1) a strong emission peak 
an be observed in the 
enter of the X-ray halo; thispeak is slightly elongated in the NW-SE dire
tion due to the presen
e of two `tails': a mainone extending in the NW dire
tion and a fainter one visible on the SE side; 2) a se
ondarypeak is visible � 50" West of the primary peak (sour
e No.9); 3) a region of low X-raybrightness is interposed between the primary and se
ondary peak; 4) a third peak is visible� 40" East of the galaxy 
enter (sour
e No.5); 5) additional di�use emission is present onthe Southern side of the nu
leus, making the surfa
e brightness gradient 
atter than on theNorthern side.The main peak is almost 
oin
ident with the 
enter of the opti
al galaxy (Figure 4.3b).The se
ond and third peak, instead, are not related to any opti
al feature, although being
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Fig. 4.2.| Exposure 
orre
ted image of the 
enter of the HRI �eld. The data are rebinnedin 5�5 ar
se
 pixels and smoothed with a gaussian �lter of � = 15". The X-ray 
ontours arespa
ed by a fa
tor of 1.2 with the lowest one at 6:4� 10�3 
nts ar
min�2 s�1. Crosses showthe position of sour
es dete
ted by the wavelets algorithm (Table 4.3). The white dashedbox is the region enlarged in Figures 4.3, 4.5 and 4.6. In the �gure North is up and East isleft.within the stellar body of the galaxy. There is also some faint emission 
oin
ident with theposition of the ellipti
al galaxy NGC 508, lo
ated 1.5 ar
min North of NGC 507, whi
h mayindi
ate the presen
e of hot gas in the 
ore of this system.To reveal the presen
e of extended low S/N features we adaptively smoothed the HRIimage with the 
smooth algorithm 
ontained in the CIAO CXC pa
kage (see x 2.2.3). Inthe resulting image (Figure 4.4), in addition to the three emission peaks mentioned before,
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Fig. 4.3.| (a) 2:5� 2:5 ar
se
/pixel image of the nu
lear region of NGC 507. The image is
onvolved with a gaussian �lter of � = 5". Colors from bla
k to white represent logarithmi
X-ray intensities from 5:7� 10�3 to 8:1� 10�2 
nts ar
min�2 s�1. The dashed 
ir
les showthe region of maximum S/N ratio for the sour
es dete
ted by the wavelets algorithm. (b)X-ray brightness 
ontours overlaid on the 1 ar
se
/pixel Digital Sky Survey (DSS) image(logarithmi
 grays
ale). Contours are spa
ed by a fa
tor 1.3 with the lowest one at 1:4�10�2
nts ar
min�2 s�1. In the �gures North is up and East is left.
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Fig. 4.4.| Adaptively smoothed image of the 
enter of the NGC 507 halo. The data arerebinned in 1 � 1 ar
se
 pixels. Colors from bla
k to yellow represent logarithmi
 X-rayintensities from 6:3 � 10�3 to 1:5 � 10�1 
nts ar
min�2 s�1. The dashed box is the regionenlarged in Figures 4.3, 4.5 and 4.6.we 
an distinguish an elongated tail extending on the North and bending Westwards out to� 200" (63 kp
 2), and an X-ray tongue protruding by � 160" (51 kp
) on the South-Eastside. These two features 
orrespond to the �lamentary stru
tures visible also in Figure 4.2.4.2.3. X-ray/Radio ComparisonNGC 507 is known to be a weak radio sour
e. In Figure 4.5a,b we superimpose the radio
ontours at 20 
m (Parma et al. 1986; de Ruiter et al. 1986) on the smoothed X-ray image.The nu
lear radio sour
e, visible in the high resolution map (Figure 4.5b) is 
oin
identwith the position of the 
entral X-ray peak. However it seems to be slightly displa
ed(� 4") toward the South-East edge of the peak. The radio jets/lobes appear aligned with2At the the assumed distan
e of NGC 507, 1'=19.1 kp
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Fig. 4.5.| (a) 13" FWHM radio 
ontours superimposed on the X-ray nu
lear region ofNGC 507. The X-ray image is the same shown in Figure 4.3a. (b) Higher resolution (3.5"FWHM) radio 
ontours superimposed on the X-ray nu
lear region of NGC 507.
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tion of the se
ondary X-ray peaks. The western jet appears to be 
ollimated upto 10-15 ar
se
onds (� 4 kp
) and then expands in a large lobe. The latter is 
oin
identwith the region of low surfa
e brightness des
ribed in x 4.2.2. The higher resolution radio
ontours (Figure 4.5b) reveal a very good agreement between the morphology of the Westernlobe and the shape of the `
avity'. The se
ondary X-ray peak lies at the end of the radiolobe.The 
orrelation between the X-ray and radio surfa
e brightness are less evident for theEastern lobe. In fa
t this lobe is fainter than the Western one (27 mJy 
ompared to 40 mJyat 1.4 GHz; de Ruiter et al. 1986). From the low resolution radio 
ontours it seems that the
ompa
t X-ray peak falls in the 
enter of the radio lobe; however, when we look at the highresolution map, the radio emission seems displa
ed South of the X-ray peak and falls in aregion of low X-ray emission.4.2.4. Bidimensional Halo ModelTo study the 
omplex stru
ture of the inner halo of NGC 507 we built a bidimensional modelusing the Sherpa �tting software 
ontained in the CIAO CXC pa
kage. The model was 
om-posed by adding together two bidimensional Beta 
omponents (equation 2.1), representingrespe
tively the 
entral X-ray peak and the larger gala
ti
 halo. The 2D model was 
on-volved for the HRI PRF and then �tted on the exposure 
orre
ted HRI image following themethod outlined in x 2.2.5: we �tted the large gala
ti
 
omponent on a 30� 30 ar
se
 pixelimage and the 
entral 
omponent on a higher resolution 5� 5 ar
se
 pixel image.Table 4.2 shows the best-�t parameters of the bidimensional model. During the �t theellipti
ity � and the position angle (P.A.) � of the two 
omponents was �xed to 0. In fa
t thepoor S/N ratio of the HRI image at large radii makes the ellipti
ity and P.A. of the gala
ti

omponent diÆ
ult to determine and, anyway, of poor physi
al meaning. For what 
on
ernsthe 
entral 
omponent leaving � and � free to vary yields � = 0:56�0:02, � = 137Æ, and resultsin minor 
hanges on the slope (� = 0:63� 0:01) and the 
ore radius (r0 = 0:32� 0:02). The
entral 
omponent is thus elongated in the NW-SE dire
tion, as expe
ted from the presen
eof the nu
lear `tails' (x 4.2.2). The gala
ti
 
omponent 
entroid is displa
ed by � 22" (7 kp
)South-West of the 
entral emission peak (Figure 4.6); this is in agreement with the positionof sour
e No.10 dete
ted by the wavelets algorithm (Figure 4.3a) whi
h 
orresponds with thegala
ti
 halo 
entroid. The best-values r0 and � of the gala
ti
 
omponent are 
onsistentwithin 1 � with those found by Kim & Fabbiano (1995); however our 
ore radius is slightlylarger due to the fa
t that we have separated the 
ontribution of the 
entral peak from thelarger gala
ti
 halo.



92 CHAPTER 4. NGC 507Table 4.2: Best-�t parameters for the bidimensional halo model.Component Center Position r0 � � � �2� �R.A. De
 (ar
se
) (1� minor axismajor axis ) (rad) (d.o.f.)Central 01h23m39.8s 33Æ15'26" 0.22�0.02 0.58�0.01 0.0(a) 0.0(a) 0.5 73Gala
ti
 01h23m38.7s 33Æ15'07" 49� 9 0.48�0:04 0.0(a) 0.0(a) 0.9 776(a) The parameters � and � have no error be
ause they were held �xed during the �t (see dis
ussion in text).Note - un
ertainties are 1� 
on�den
e level for 5 interesting parameters4.2.5. Radial Brightness Pro�lesTo study quantitatively the hot halo of NGC 507 we derived radial pro�les of the X-raysurfa
e brightness. We binned the X-ray 
ounts in 2 ar
se
 annuli, 
entered on the mainX-ray peak, up to 20 ar
se
 and in 10 ar
se
 annuli at larger radii. This allows to bothexploit the HRI resolution in the inner regions, where the X-ray emission is stronger, and tohave a good S/N ratio in the outer regions. The derived pro�le is shown in Figure 4.7 as athin 
ontinuous line.To derive the instrumental ba
kground level we used the ba
kground map produ
ed bythe SMB software (dot-dashed line in Figure 4.7). However, as dis
ussed in x 2.2.4, the lattermay be a poor representation of the a
tual ba
kground when an extended sour
e is presentin the �eld. We followed the same approa
h used for NGC 1399, 
omparing the HRI datawith the PSPC pro�le obtained by Kim & Fabbiano (1995). The HRI pro�le was rebinned in30 ar
se
 annuli to mat
h the PSPC resolution and the SMB ba
kground was then res
aledto obtain the best agreement between the two pro�les in the 100-500 ar
se
 range. The�nal adopted ba
kground (dashed line) is in 
lose agreement with the 
attening level ofthe HRI pro�le, i.e. the brightness level measured at radii > 500 ar
se
. This result wasexpe
ted sin
e, di�erently from the 
ase of NGC 1399, the shorter exposure time resulted ina lower S/N ratio in the outer HRI �eld. Thus the measured ba
kground is dominated bythe instrumental 
ontribution expe
ted when no sour
e is present. Using this ba
kgrounddetermination we derived the ba
kground-subtra
ted pro�le shown as �lled 
ir
les.The inner 10 ar
se
 are dominated by the emission due to the 
entral X-ray peak showedin Figure 4.3a. A 
omparison with the HRI PRF suggests that the peak is extended. How-ever, taking into a

ount the PRF un
ertainties due to residual aspe
t problems (shadedregion in the Figure; David et al. 1996) and the asymmetries dis
ussed below, we �nd that
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Fig. 4.6.| X-ray 
ontours of the bidimensional model superimposed on the NGC 507 
entralhalo. The model 
ontours are spa
ed by a fa
tor 1.3 with the lowest one at 9:6� 10�3 
ntsar
min�2 s�1.the 
entral peak is marginally 
onsistent with the presen
e of a pointlike nu
lear sour
e.Past 20 ar
se
 (� 6 kp
) the X-ray pro�le 
attens due to the presen
e of the gala
ti
 halo
omponent, and then de
reases with a power-law pro�le for r > 60".Figure 4.8 shows the model pro�le (x 4.2.4) { 
onvolved with the HRI PRF { superim-posed on the HRI data. The 
ontribution of the two 
omponents are shown by the dashedand the dot-dashed line for the 
entral and gala
ti
 
omponent respe
tively. The PSPC pro-�le measured by Kim & Fabbiano (1995) is in very good agreement with the HRI data andshows that the halo brightness de
reases as a r�1:88 power-law even outside the range 
ov-ered by the HRI points. For 
omparison we also show the opti
al V band surfa
e brightnesspro�le measured by Gonz�alez-Serrano & Carballo (2000).
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Fig. 4.7.| HRI surfa
e brightness pro�le of NGC 507 (thin 
ontinuous line). The dashed(dot-dashed) line represent the SMB ba
kground map pro�le after (before) res
aling to mat
hPSPC 
ounts. Filled 
ir
les show the ba
kground subtra
ted pro�le obtained using theres
aled SMB ba
kground. The PRF pro�le and the un
ertainties due to residual aspe
terrors, are shown respe
tively as the thi
k 
ontinuous line and the shaded region.From Figure 4.8 we 
an see that in two regions, for 10" < r < 20" and 40" < r < 100",the HRI 
ounts are in ex
ess with respe
t to those predi
ted by the bidimensional model. Toinvestigate these features we derived radial pro�les ex
luding some of the stru
tures des
ribedin x 4.2.2. Figure 4.9 shows that ex
luding sour
es No.5 and 9 (Table 4.3), 
orresponding tothe se
ondary emission peaks shown in Figure 4.3a, signi�
antly redu
es the 
ounts measuredin the range 30" < r < 70".To study the ex
ess in the range 10" < r < 20" we derived a radial brightness pro�leadding together the 
ounts extra
ted in two se
tors (100Æ <P.A.< 160Æ and 280Æ <P.A.<340Æ; `Tail' in Figure 4.10a) aligned with the tails extending on the NW and SE side ofthe 
entral X-ray peak (x 4.2.2). In Figure 4.10b, this pro�le is 
ompared with the oneobtained in the NE se
tor (340Æ <P.A.< 100Æ; `No tail' in Figure 4.10a) where the 
entral
omponent gradient is steeper. The pro�le in the region ex
luding the nu
lear tails showsa better agreement with the bidimensional model out to 15"; at larger radii it falls belowthe model be
ause it is missing mu
h of the 
ontribution of the gala
ti
 
omponent, whi
h
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Fig. 4.8.| Radial pro�le of the bidimensional HRI model (
ontinuous line). The 
entraland gala
ti
 
omponents are represented respe
tively by the dashed and dot-dashed lines.HRI (PSPC) 
ounts are shown as �lled 
ir
les (empty squares). The dotted line shows theV band surfa
e brightness pro�le measured by Gonz�alez-Serrano & Carballo (2000).
is 
entered SW of the main peak (Figure 4.6).Sin
e most of the morphologi
al stru
tures seen in the 
entral halo of NGC 507 may bedue to the presen
e of the radio-emitting plasma, we also derived radial pro�les in se
torso

upied or avoided by the radio lobes (Figure 4.11a). The results are shown in Figure 4.11b.The pro�le avoiding the radio lobe regions shows a better agreement with the bidimensionalmodel through all the range 
overed by the HRI data; 
onversely the pro�le extra
ted fromregions o

upied by the lobes shows signi�
ant deviations from the bidimensional model.We 
an summarize the results of this se
tion as follows: the bidimensional model is areasonable representation of the X-ray brightness distribution. The main deviations from themodel are asso
iated to regions where the hot gas is presumably intera
ting with the radioemitting plasma; when su
h regions are ignored the radial pro�les show a good agreementwith the model pro�le.
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Fig. 4.9.| HRI radial pro�les of the NGC 507 nu
lear region in
luding (�lled 
ir
les) andex
luding (empty 
ir
les) the se
ondary emission peaks 
orresponding to sour
es No.5 and9 (Figure 4.3a). The meaning of the lines is the same as in Figure 4.8.4.2.6. Density, Cooling Time and Mass Pro�lesTo derive the density pro�le of the X-ray emitting gas we followed the method dis
ussedin x 1.4.2 and applied to NGC 1399 and NGC 1404 in x 2.2.6 and 3.2.3 respe
tively: wedeproje
ted the measured emission in 
on
entri
 shells assuming an isothermal temperaturepro�le with kT = 1:1 keV and the 
ooling fun
tion given by Sarazin & White (1987). Asdis
ussed in x 4.2.5, the bidimensional model provides a good representation of the overallX-ray emission; it also models the X-ray pro�le ex
luding the 
ontribution of regions wherethe intera
tion with the radio-emitting plasma 
auses strong 
u
tuations in the surfa
ebrightness. For su
h reason we use the model pro�le shown in Figure 4.8 to derive theunderlying gas density. Sin
e the temperature pro�le measured by Kim & Fabbiano (1995)shows the presen
e of a 
entral temperature drop, we also used a lower temperature for the
entral 
omponent, obtaining an almost identi
al result. The deproje
ted density is shownin Figure 4.12. The dashed and dot-dashed lines represent the 
ontribution of the gala
ti
and 
entral 
omponent respe
tively.Using this density pro�le we 
al
ulated the 
ooling time (equation 1.37) of the NGC 507



4.2. OBSERVATIONS AND DATA ANALYSIS 97

1:23:404448 36 32

33:14:00

30

15:00

30

16:00

30

17:00

        Right Ascension (J2000)

   
   

  D
ec

lin
at

io
n

 (
J2

00
0) No tail

Tail

Tail

(a)

(b)
Fig. 4.10.| (a) X-ray surfa
e brightness image of NGC 507 showing the NW and SEse
tors used to extra
t the nu
lear tail pro�les and the NE se
tor ex
luding the nu
lear tail
ontribution. (b) HRI radial pro�les of the NGC 507 
entral region in
luding (empty 
ir
les)and ex
luding (�lled 
ir
les) the 
ontribution of the nu
lear tails. Both pro�les are extra
tedex
luding the se
ondary peaks (sour
es No.5 and 9 in Table 4.3). The meaning of the linesis the same as in Figure 4.8.
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Fig. 4.11.| (a) X-ray surfa
e brightness image of NGC 507 showing the East and West(North and South) se
tors used to extra
t the X-ray pro�les in the regions o

upied (avoided)by the radio lobes. (b) HRI radial pro�les of the NGC 507 
entral regions o

upied (�lled
ir
les) and avoided (empty 
ir
les) by the radio lobes. The meaning of the lines is the sameas in Figure 4.8.
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Fig. 4.12.| Deproje
ted density pro�le of the NGC 507 gaseous halo (
ontinuous line). Thedashed and dot-dashed lines show, respe
tively, the 
ontribution of the 
entral and gala
ti

omponent.halo shown in Figure 4.13. Our result is in good agreement with the Kim & Fabbiano (1995)estimate at large gala
to
entri
 distan
es (r > 60") with minor di�eren
es due to their useof a non-isothermal temperature pro�le. At smaller radii our HRI data are able to samplethe 
hara
teristi
s of the 
entral 
omponent, whose 
ooling time is more than one order ofmagnitude smaller than those of the gala
ti
 
omponent. Both 
omponents, however, have
ooling times smaller than the Hubble time (1010 yr) within the 
ooling radius ' 250" (80kp
).Figure 4.14 shows both the integrated gaseous mass and the integrated total mass asa fun
tion of radius. The gaseous mass, 
al
ulated from the gas density pro�le assuming
osmi
 abundan
es (see x 2.2.6), yields ' 1012 M� within 1000" (320 kp
). The 
ontributionof the 
entral 
omponent, whi
h dominates the inner 15" (5 kp
), is estimated to be � 1010M� at r = 1000", representing � 1% of the total gaseous mass.The total mass pro�le was 
al
ulated using equation (1.35). We assumed three di�erenttemperature pro�les: an isothermal pro�le at 1.1 keV, a linear �t kT = �2:3� 10�4 r+1:21keV (r is expressed in ar
se
) to a

ount for the temperature de
line after � 150", and
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Fig. 4.13.| Cooling time pro�les of NGC 507. The lines have the same meaning as in Figure4.12. The 
ooling times derived by Kim & Fabbiano (1995) are shown as �lled squares.a power law kT = 0:04 r0:5 + 0:7 keV to �t the 
entral temperature drop. Figure 4.14bshows that the total mass pro�les are weakly dependent on the assumed temperature pro�le,ex
ept in the inner 100" (32 kp
) where the 
entral mass obtained a

ounting for the low
entral temperature is � 50% smaller. The shaded region represents the total stellar mass
al
ulated from the surfa
e brightness pro�le measured by Gonz�alez-Serrano & Carballo(2000) and assuming a M/L ratio ranging from 6 to 8 M�/L�.For r > 50" our mass pro�le is in good agreement with Kim & Fabbiano (1995) andsuggests the presen
e of dark matter, sin
e it ex
eeds the stellar mass estimate extrapolatedfrom the opti
al pro�le measured by Gonz�alez-Serrano & Carballo (2000). For r< 50"the X-ray mass estimate yields an unphysi
al result: in fa
t it falls below the stellar massand its gradient is < 0 for 10" < r < 50", whi
h is impossible for an integrated pro�le.The diÆ
ulties involved in deriving a

urate mass pro�les in the halo 
ore, from X-raymeasurements, have been already noti
ed in previous works and 
an be explained by thepresen
e of non-gravitational e�e
ts3 (see for instan
e Brighenti & Mathews 1997). In our3Within a few ar
se
 from the main emission peak we must also 
onsider the in
uen
e of the PRF. Even
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(a)

(b)
Fig. 4.14.| (a) Integrated gaseous mass within r. The meaning of the lines is the sameas in Figure 4.12. (b) Integrated total mass within r. The 
ontinuous lines represent thegravitating mass estimates obtained assuming the di�erent temperature pro�les des
ribed inthe text. The total mass estimate of Kim & Fabbiano (1995) is shown as �lled squares. Theshaded (dotted) region shows the stellar mass 
ontribution estimated (extrapolated) fromthe opti
al pro�le measured by Gonz�alez-Serrano & Carballo (2000), assuming a M/L ratioranging from 6 to 8 M�/L�. Noti
e the unphysi
al behavior of the total mass pro�le forr < 50", whi
h is dis
ussed in the text.
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ase we have seen how the presen
e of the nu
lear radio sour
e strongly perturbs the 
entralhalo morphology (x 4.2.3). This is re
e
ted in the gas density pro�le and thus on the totalmass determination. Although we derived the total mass pro�le through the bidimensionalmodel, whi
h is less a�e
ted by X-ray/Radio intera
tions (see x 4.2.5), the re
onstru
tion ofthe unperturbed gas distribution is a diÆ
ult task. However we noti
e that for 2" < r < 10",i.e. where the 
entral 
omponent emission dominates, the total mass pro�le does not greatlyex
eed the stellar mass, suggesting that the gala
ti
 
enter is dominated by luminous matter.This result is in agreement with those found in other galaxies (e.g. Brighenti & Mathews1997) and will be dis
ussed in detail in x 5.2.4.2.7. Dis
rete Sour
esTo study the population of dis
rete sour
es in the HRI �eld we used the wavelets algorithmdeveloped by Damiani et al. (1997a,b) and already des
ribed in x 2.2.9. Using a S/N thresholdof 4.24 (
orresponding to a 
ontamination of 1 spurious sour
e per �eld) the algorithmdete
ted 11 sour
es shown in Figure 4.15. The properties of these sour
es, as measured bythe wavelets algorithm, are reported in Table 4.3. Sour
es No.10 and 11 are missing fromthe table sin
e they are NGC 507 and NGC 499. We also noti
e that sour
es No.5 and 9
orrespond to the se
ondary 
entral peaks dis
ussed in x 4.2.2.To derive the X-ray 
uxes we used the PIMMS software to 
al
ulate a 
onversion fa
torbetween the HRI 
ount rate and the in
ident 
ux. We assumed the same spe
tral modelsdis
ussed in x 2.2.9: a power law with photon index 1:96� 0:11 (f bHRIpow:law in Table 4.3)following the results of Hasinger et al. (1993) for faint sour
es, and a thermal spe
trum withkT = 0:52 and abundan
e Z � 0:2 Z� (f RSHRI in Table 4.3) as found by Kim & Fabbiano(1995). Assuming a gala
ti
 absorption of 5:3� 1020 
m�2 we obtain a 
onversion fa
tor of1 
ps=6:925 � 10�11 ergs s�1 and 1 
ps=4:076 � 10�11 ergs s�1 respe
tively in the 0.1-2.4keV energy range. We noti
e that the energy range is di�erent from the 0.5-2.0 keV usedin x 2.2.9 sin
e here we are mainly interested in 
omparing our results with those of Kim &Fabbiano (1995). Restri
ting our energy band to the 0.5-2.0 keV interval, as we have donein x 2.2.9, results in a redu
tion of the X-ray 
uxes of � 55% for the power law model andof � 34% for the thermal model.In Table 4.4 we 
ross-
orrelate the sour
es dete
ted in the HRI �eld with those found byif the bidimensional model a

ounts for instrumental e�e
ts, an a

urate de
onvolution is very diÆ
ult.4This value di�ers from the one used in x 2.2.9 for NGC 1399, sin
e it depends on the S/N ratio of thedata and thus on the exposure time.
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Fig. 4.15.| Dis
rete sour
es dete
ted by the wavelets algorithm superimposed on the adap-tively smoothed HRI �eld. The 
ir
les show the region of maximum S/N ratio for ea
hsour
e. The position of sour
es No.5 and 9 is shown in greater detail in Figure 4.3a.
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rete Sour
es - Results of the Wavelets algorithmSour
e R.A. De
. 3� Radius Counts Max S/N Count Rate f pow:lawHRI (a) f RSHRI (a)No. (J2000) (ar
se
) (10�4 Cnts se
�1)1 1:23:38.6 +33:21:48 8.7 13�6 4.3 5�2 35�14 20�82 1:23:07.5 +33:15:23 12.2 31�9 7.0 11�3 76�21 45�123 1:23:11.5 +33:10:58 12.2 37�10 8.0 13�4 90�28 53�164 1:23:25.0 +33:25:31 17.3 47�13 7.6 17�4 118�28 69�165 1:23:43.2 +33:15:21 17.3 33�11 4.8 12�4 83�28 49�166 1:22:58.7 +33:22:43 24.5 39�12 5.2 14�4 97�28 57�167 1:23:44.6 +33:26:08 24.5 33�11 4.6 13�4 90�28 49�168 1:23:43.4 +33:32:23 34.6 46�14 4.9 21�6 145�42 65�209 1:23:35.8 +33:15:03 34.6 104�28 6.1 37�10 256�69 151�41(a) Flux in the 0.1-2.4 KeV band in units of 10�15 erg s�1 
m�2.Kim & Fabbiano (1995). The 
uxes that they derive from PSPC data are reported in 
olumnf RSPSPC. We sear
hed for long-term variability of the mat
hing sour
es 
omparing these 
uxeswith those measured by the wavelets algorithm (Table 4.3). We mark as variable thosesour
es whose 
ux varied by more than 3� between the PSPC and HRI observations, i.e.between 1993 and 1995. We found that only sour
e No.3 show signi�
ant variability in thisinterval. To 
he
k if the di�erent pro
edures, extra
tion radii and ba
kground subtra
tion,signi�
antly a�e
t the PSPC 
ount rate determination, we extra
ted from the GALPIPEdatabase (see x 2.2.5) the 
ount rates measured by the wavelets algorithm on the se
ond ofthe PSPC observations (RP600254a01) used by Kim & Fabbiano (1995). The results are ingood agreement with the Kim & Fabbiano (1995) determinations, ex
ept for sour
e No.4.In this 
ase however the proximity to the NGC 499 halo and the large PSPC PRF may
ompromise the wavelets a

ura
y. We must noti
e that sour
es No.5 and 9, whi
h are likelyto be produ
ed by the intera
tion of the radio lobes with the surrounding ISM (see x 4.3.2),have no PSPC 
ounterpart sin
e they are undete
ted due to the lower spatial resolution ofthis instrument.The opti
al DSS image of the NGC 507/499 region was visually inspe
ted to �nd opti
al
ounterparts of the X-ray sour
es within a 2� radius (Table 4.3) from the X-ray 
entroid. Inthis 
ase we 
hoose a smaller size (2�) than the one adopted for NGC 1399 sin
e the opti
alimage of the NGC 507 region is more 
rowded. The results are summarized in 
olumn\Opt.id." of Table 4.4. We also 
ross-
orrelated our sour
e list with the 
atalogs 
ontainedin the NED database. We found that sour
e No.7 
orresponds to the radio sour
e NVSSJ012345+332554 (Figure 4.16).
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rete Sour
es - Comparison with PSPC results and 
ataloguesSour
e PSPC(a) f RSPSPC (a;b) f RSHRI (b) Time Var. Opt.id. NED obj.No. No. long-term(
)1 - - 20�8 - n -2 8 21� 10 45�12 n y -3 10 171� 20 53�16 y y -4 12 91� 12 69�16 n y -5 - - 49�16 - n -6 7 81� 12 57�16 n y -7 13 43� 10 49�16 n y NVSS J012345+3325548 - - 65�20 - n -9 - - 151�41 - n -(a) As reported in Table 2 of Kim & Fabbiano (1995)(b) Flux in the 0.1-2.4 KeV band in units of 10�15 erg s�1 
m�2.(
) Di�eren
e between PSPC and HRI 
uxes: `y' means variable sour
e (> 3�), `n' means no variabilitydete
ted.Table 4.5: PSPC-HRI Sour
es Comparison - Upper limits from HRI dataPSPC(a) f RSPSPC (a;b) f RSHRI f RSHRI Time Var.No. 3� upper limit long-term(
)3 79� 15 14� 25 90 -4 36� 10 21� 24 93 -5 61� 14 40� 24 111 -6 300� 27 116� 42 243 y9 45� 11 8� 23 77 -11 42� 11 14� 24 86 -14 38� 10 32� 25 108 -15 32� 10 9� 21 72 -16 28� 10 9� 22 75 -17 51� 11 11� 22 78 -18 46� 13 67� 23 135 -20 60� 14 19� 21 83 -(a)As reported in Table 2 of Kim & Fabbiano (1995)(b) Flux in the 0.1-2.4 KeV band in units of 10�15 erg s�1 
m�2.(
)Di�eren
e between PSPC 
ux and HRI upper limit: `y' means variable sour
e (> 3�), `-' meansno variability dete
ted.
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1’

7

Fig. 4.16.| Radio 
ontours superimposed on the opti
al DSS image of the region 
ontainingsour
e No.7. The position of the X-ray 
entroid is marked by a 
ross.
Many of the sour
es dete
ted in the PSPC data by Kim & Fabbiano (1995) are notdete
ted in the HRI �eld. We derived upper limits on the HRI 
ux to �nd whether thisresult is due to the lower HRI S/N ratio or by the temporal variability of the sour
es. Forall PSPC sour
es not dete
ted in the HRI �eld, we extra
ted 
ount rates using the radiireported in Table 2 of Kim & Fabbiano (1995) res
aled by a fa
tor 1/3 to take into a

ountthe di�eren
e between the HRI and PSPC PRF. The ba
kground was measured lo
allyin an annulus of radius twi
e the one used for the sour
e. The resulting 
uxes (obtainedwith the same 
onversion fa
tors dis
ussed above) and 3� upper limits, are shown in Table4.5. The 
omparison with the PSPC 
uxes shows that all sour
es ex
ept one are below theHRI sensitivity. Sour
e No.6 is the only one whi
h must be signi�
antly variable sin
e theexpe
ted 
ux is higher than the 3� upper limit indi
ated by the HRI data.The impli
ations of these results on the nature of the dis
rete sour
es found in the NGC507/499 �eld will be dis
ussed in x 4.3.4.



4.3. DISCUSSION 1074.3. DISCUSSION4.3.1. Origin of the Central ComponentThe surfa
e brightness distribution shown in Figure 4.3a,b revealed the presen
e of a brightX-ray emission peak 
entered on the opti
al galaxy. The surfa
e brightness pro�les (Figure4.7 and 4.8) show that the peak dominates the X-ray emission within the 
entral 10 ar
se
 (3kp
). The HRI data alone do not allow to distinguish between a pointlike or extended natureof the 
entral peak, sin
e the 
omparison of the X-ray pro�le with the HRI PRF (Figure4.7) and the small 
ore radius of the 
entral 
omponent obtained from the bidimensional �t(Table 4.2) are marginally 
onsistent with the presen
e of a nu
lear X-ray sour
e. Howeverthe displa
ement of the radio nu
leus with respe
t to the X-ray peak (x 4.2.3) seems toex
lude the dis
rete nature of this 
omponent. This result is 
on�rmed by the ChandraX-ray pro�le obtained re
ently by Forman et al. (2000).We noti
e that Canosa et al. (1999), using the ROSAT HRI data, found an upper limiton the X-ray 
ux of a possible nu
lear sour
e that ex
eeds, by more than two orders ofmagnitude, the emission expe
ted from the Radio data. The extended nature of the 
entralpeak implies that the 
ux of the nu
lear sour
e is mu
h smaller than though before, thusredu
ing the disagreement between the radio and X-ray data.The 
omparison between the opti
al and X-ray pro�le (Figure 4.8) seems to rule outthe possibility that the 
entral peak is due to the unresolved emission of gala
ti
 X-raybinaries. In this 
ase the X-ray pro�le of the 
entral 
omponent would be 
lose to theopti
al one, sin
e the X-ray sour
e population should follow the stellar distribution. Theprevious 
onsiderations support the gaseous nature of the 
entral peak, even though weexpe
t some 
ontribution from the unresolved sour
es present in the galaxy 
enter.Kim & Fabbiano (1995) noti
ed that signi�
ant mass deposition should be presentwithin the 
ooling radius sin
e the 
ooling times of the gaseous halo are smaller than theHubble time (Figure 4.13). Their estimate (see equation 1.38), after res
aling to our adopteddistan
e5, yields a mass in
ow rate of � 20 M� yr�1. If the 
entral X-ray peak was dueto the mass deposited by the 
ooling 
ow, we would expe
t to �nd � 2 � 1011 M� within250 ar
se
 from the galaxy 
enter while the total mass of the 
entral 
omponent is only� 2 � 109 (Figure 4.14a) within the same radius. An identi
al result holds if we assume5The mass in
ow rate is inferred from the gas density (equation 1.38) whi
h in turn depends on theX-ray luminosity. Sin
e we 
an only measure the X-ray 
ux we have to res
ale their estimate to our adopteddistan
e.
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ow where _M / r (Fabian 1994). In fa
t, extrapolating the mass in
owdown to r = 10" where the 
ontribution of the 
entral 
omponent is better de�ned, we obtaina deposited mass of � 1010 M� while we observe less than 108 M�. This result holds also ifwe take into a

ount all the un
ertainties in
luded in the 
al
ulation su
h as the gas �llingfa
tor and the age of the 
ooling 
ow.The problem of the missing deposited mass has been largely debated in literature (seefor instan
e Fabbiano 1989; Fabian 1994; Rangarajan et al. 1995). Re
ently the failure toobserve 
ool gas in the 
enter of galaxies and 
lusters supposed to host large 
ooling 
ows(Matsushita et al. 2001b; Peterson et al. 2001; Kaastra et al. 2001; Tamura et al. 2001) hasled many authors to stress the failure of the standard 
ooling 
ow models. In a re
ent studyof a sample of early-type galaxies, Matsushita (2001a) noti
ed that the ISM temperature ofX-ray 
ompa
t galaxies is 
ompatible with �spe
 ' 1 where �spe
 is de�ned in equation (1.30).She argues that this 
on
lusion holds also for X-ray extended galaxies (su
h as NGC 507) ifwe 
onsider only the inner gala
ti
 halo (r < 1:5re). The lower 
entral temperatures wouldbe explained by kinemati
al heating from stellar mass losses rather than by the 
ooling 
ows
enario.In the 
ase of NGC 507 the 
entral X-ray peak may be produ
ed by the gas eje
tedby the stellar population. The stellar origin of the gas is supported by the solar metalli
ityfound by Buote (2000b) in the halo 
enter. If the gas is in equilibrium with the stellar
omponent, as suggested by Matsushita (2001a), we expe
t to �nd a 
entral temperature
lose to 0.6 keV. The work of (Matsumoto et al. 1997), whi
h found �spe
 � 0:6, does notrule out su
h a possibility sin
e it does not take into a

ount the temperature drop within150". In order to sample the inner 15", where the 
entral 
omponent emission dominates,and to see if su
h low temperatures are present in the 
enter of NGC 507, we will have toexploit the Chandra or XMM resolution.4.3.2. X-ray/Radio CorrelationsWe showed in x 4.2.2 that the 
entral NGC 507 halo has a very 
omplex morphology. Figure4.3 revealed the presen
e of se
ondary emission peaks and 
avities in the X-ray emission. Asdis
ussed in x 2.3.2, the weak dependen
e of the HRI spe
tral response on the temperaturenear 1 keV (Clarke, Harris & Carilli 1997), suggests a 
orrelation between surfa
e brightnessand density 
u
tuations of the hot gas. The 
omparison of these X-ray features with theradio maps of Figures 4.5a,b supports the s
enario in whi
h the hot gas has been displa
edby the pressure of the radio-emitting plasma. In fa
t the very good agreement betweenthe shape of the Western radio lobe and the X-ray 
avity indi
ates that the lobe may have
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ed a low-density 'bubble' in the gaseous medium, 
ompressing the gas at the edge ofthe lobe. This intera
tion is also likely to be responsible for the N-S elongation of the lobesin
e the radio plasma expanded avoiding the denser Western and Southern regions.The presen
e of su
h intera
tions is not so evident in the Eastern lobe. This may be dueto proje
tion e�e
ts and/or to the fa
t that the Eastern lobe seems to expand in a less denseenvironment (the X-ray 
entroid of the gala
ti
 
omponent is displa
ed by � 20"=6 kp
South-West of the nu
lear radio sour
e). The Radio/X-ray 
omparison in Figure 4.5a showsthat a se
ondary emission peak lies in the 
enter of the Eastern radio lobe. As already donein x 2.3.3, we used equations (1.17) and (1.20) to 
al
ulate the expe
ted X-ray emission dueto Inverse Compton s
attering of Cosmi
 Ba
kground photons into the X-ray band, for a gridof values of the involved parameters. We used the radio 
ux for the Eastern lobe measured byde Ruiter et al. (1986) and we measured the X-ray 
ux density extra
ting 
ounts from a 25"
ir
le 
entered on the se
ondary emission peak. Sin
e the X-ray 
ux depends on the assumedspe
trum, we estimated an upper (1:18� 10�31 ergs s�1
m�2Hz�1) and lower (8:87� 10�32ergs s�1
m�2Hz�1) limit using respe
tively power laws with photon index �ph = 1:8 and�ph = 3. The results are shown in Table 4.6. We found that the expe
ted X-ray emissionfalls an order of magnitude below the measured ex
ess sin
e the ratio BME=BIC is always>> 1 for any 
hoise of the parameters.Conversely, the higher resolution radio 
ontours shown in Figure 4.5b suggest that thebulk of the radio emission may fall south of the peak, in a low emitting region. In this
ase both the se
ondary emission peak and the SE `tongue' found in the adaptive smoothedimage (Figure 4.4) may be produ
ed by hot gas 
ompressed by the radio-emitting plasma,similarly to what seen for the Western lobe.The thermal 
on�nement of the radio lobes is supported by the intera
tions between theradio and X-ray emitting plasma dis
ussed above. Morganti et al. (1988) studied the pressurebalan
e between the radio lobes and the surrounding ISM, �nding that the thermal pressuregreatly ex
eeded the radio one (Pthermal=Pradio > 7). However their estimate was based onEinstein data, whi
h resulted in a temperature twi
e the ROSAT PSPC value. Taking intoa

ount the ROSAT temperature redu
es the disagreement by more than 50%; the remainingex
ess may be explained by the departures from the minimum pressure 
onditions dis
ussedin their work.Finally we noti
e that no sharp features, su
h as sho
ks or knots, are seen in the HRIimage, as expe
ted in a weak radio sour
e (Fanti et al. 1987).



110 CHAPTER 4. NGC 507Table 4.6: Eastern lobe magneti
 �eld strenght.� � �1 k SX BME BIC BME=BIC(rad) (GHz) (ergs s�1
m�2Hz�1) (�G) (�G)1 �=2 1:00� 10�2 1 1:18� 10�31 2.5 0.08 321 �=6 1:00� 10�2 1 1:18� 10�31 3.4 0.11 291 �=2 1:00� 10�2 100 1:18� 10�31 7.8 0.08 991 �=2 1:00� 10�4 1 1:18� 10�31 2.5 0.08 320.1 �=2 1:00� 10�2 1 1:18� 10�31 4.9 0.08 620.01 �=2 1:00� 10�2 1 1:18� 10�31 9.5 0.08 1201 �=2 1:00� 10�2 1 8:87� 10�32 2.5 0.09 271 �=6 1:00� 10�2 1 8:87� 10�32 3.4 0.14 25Note - The 
al
ulation uses equations (1.17) and (1.20) assuming the following parameters: radio spe
tralindex �r = �0:8, radio 
ux density Sr = 0:027 Jy at �r = 1:465 GHz, lobe diameter � = 60" and pathlenght through the sour
e s = 19 kp
. The X-ray 
ux SX density is 
al
ulated at 1 keV assuming a gala
ti
absorption of 5:3� 1020 
m�2; the upper syn
rotron 
uto� is taken to be �2 = 10 GHz.4.3.3. Large-s
ale Halo stru
tureIn se
tion 4.2.2 we have shown that the HRI data reveal the presen
e of a large halo sur-rounding NGC 507. Even though the irregular morphology of the halo may be a�e
ted bythe low S/N ratio of the HRI data at large radii, a 
omparison with the PSPC image shownin Figure 4 of Kim & Fabbiano (1995) suggest that some of these features are indeed real.The X-ray emission is more extended in the region between NGC 507 and NGC 499,
reating a large halo that surrounds the two galaxies. The total mass pro�le (Figure 4.14b)shows that for r > 80" (25 kp
) the mass distribution is dominated by dark matter. Ifthe hot gas distribution tra
es the gravitational potential this dark matter is distributedpreferentially on group s
ales rather than being asso
iated with the dominant galaxy of the
luster. In fa
t, on gala
ti
 s
ales, the total mass is 
ompatible with the stellar matter
ontribution inferred from the surfa
e brightness pro�le.Exploiting the HRI resolution to study the inner halo (r < 50) we found (x 4.2.2) a
omplex morphology. We have seen in the previous se
tion that some stru
tures are likelyto be due to the intera
tion with the radio lobes. However the presen
e of some `tails',revealed by the adaptive smoothing te
hnique (Figure 4.4), requires a di�erent explanation.



4.3. DISCUSSION 111The study of the inner halo also showed that the opti
al galaxy is 
entered on the 
entralX-ray peak and is thus displa
ed with respe
t to the gala
ti
 halo. This result is 
on�rmedindependently by the bidimensional �t, whi
h shows that the gala
ti
 
omponent 
entroidis lo
ated � 22" (7 kp
) South-West of the opti
al galaxy (Figure 4.6), and by the waveletsalgorithm, whi
h 
entered sour
e No.10 (asso
iated with the NGC 507 halo) South-West ofsour
e No.9 (
oin
ident with the 
entral peak, see Figure 4.3a). These results imply thatthe de
entering of the gala
ti
 halo with respe
t to the opti
al galaxy is not an artifa
tprodu
ed by the X-ray/radio intera
tions in the halo 
ore whi
h displa
ed South-West theX-ray 
entroid, sin
e the bidimensional model �tting (and to a lesser extent the waveletsalgorithm) are strongly a�e
ted by the X-ray distribution at large radii.We 
an imagine di�erent s
enarios to explain these observations: in the �rst one the hothalo distribution tra
es the gravitational potential. The latter is asso
iated with the galaxygroup and, instead of being 
entered on the dominant galaxy, is displa
ed toward NGC 499.This small displa
ement seems 
ompatible with the distribution of galaxies within the NGC507 group studied by Barton, de Carvalho & Geller (1998).A se
ond possibility is that tidal intera
tions between NGC 507 and NGC 499 areresponsible for the asymmetries in the hot gas distribution. In x 2.3.2 we dis
ussed thepossibility that su
h intera
tions may produ
e large density 
u
tuations and the formationof �lamentary stru
tures. The presen
e of `
lumps' of 
ooler gas in the halo, suggested byKim & Fabbiano (1995) (see x 4.3.4) may support su
h s
enario.The displa
ement of the opti
al galaxy with respe
t to the large-s
ale gas distributionmay be produ
ed by the motion of the stellar body within the larger gala
ti
 halo. The
entral 
omponent would be 
entered on the opti
al galaxy sin
e it may be due to gas ofstellar origin in equilibrium with the stellar 
omponent (x 4.3.1). The northern tail seen inthe adaptively smoothed image (Figure 4.4) may represent a 
ooling wake produ
ed by su
hmotion, similar those found by David et al. (1994) or Merri�eld (1998). The smaller North-Western tail departing from the 
entral 
omponent found in the surfa
e brightness map andthe radial brightness pro�les (Figure 4.10a,b) may have a similar origin, even though we 
annot ex
lude that it simply represents a layer of gas sho
ked by the radio plasma on the edgeof the Western radio lobe.These 
onsiderations do not ne
essarily ex
lude ea
h other sin
e a 
ombination of dif-ferent e�e
ts is likely to be present in high density environments.
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rete Sour
esKim & Fabbiano (1995) revealed the presen
e of many pointlike sour
es in the NGC 507halo. The 
o-added spe
trum of these sour
es was found to be well �tted by a soft thermalmodel (kT=0.52) with low abundan
e (0.0-0.2), leading the authors to spe
ulate that they
ould be 
ooling 
lumps in the gaseous halo.As dis
ussed in x 4.2.7 we used the wavelets algorithm to investigate the nature ofdis
rete sour
es in the HRI �eld (4.15). After ex
luding NGC 507 (sour
e No.10), NGC 499(No.11), we 
ross-
orrelated the HRI sour
es (Table 4.3) with those dete
ted in the PSPCdata (Table 2 of Kim & Fabbiano (1995)). Only 5 out of the 17 sour
es PSPC sour
es fallingwithin the HRI �eld6 are dete
ted in the HRI data.We 
ompared the 
uxes measured by the two instruments, sin
e any temporal variabilitywould ex
lude the extended nature of these sour
es. As shown in Tables 4.4 and 4.5 twosour
es varied signi�
antly between 1993 and 1995. One more obje
t (Sour
e No.7) is likelyto be asso
iated with a ba
kground radio sour
e.In 
on
lusion � 20% of the sour
es dete
ted by Kim & Fabbiano (1995) are likely tobe 
ompa
t obje
ts; this number must be 
onsidered as a lower limit sin
e 4 additionalHRI sour
es possess an opti
al 
ounterpart 
andidate. This result is not ne
essarily indisagreement with the soft spe
trum reported by Kim & Fabbiano (1995) sin
e re
entlySarazin, Irwin & Bregman (2001) 
laimed the dis
overy of supersoft sour
es in NGC 4697(even though their sour
es are preferentially lo
ated near the galaxy 
enter). The nature ofthe remaining sour
es is still un
ertain. If the emission is due to a

reting binaries asso
iatedwith NGC 507 these systems must host massive bla
k holes sin
e their luminosity wouldex
eed, by at least an order of magnitude, the Eddinghton luminosity (equation 1.22) for a1.4 M� Neutron Star. Finally, we 
an not ex
lude the di�use origin of many sour
es sin
ethe irregular stru
ture of the gala
ti
 halo and the �lamentary features seen in the halo
ore suggest that signi�
ant density 
u
tuations may be present in the hot gas distribution,similar those found for NGC 1399.
6Sour
es No.1,2,19,21 of Kim & Fabbiano (1995) fall outside or on the edge of the HRI FOV.



Chapter 5
DISCUSSION
5.1. Summary of the ResultsIn this Se
tion we brie
y summarize the main results obtained in the previous Chapters; inthe following Se
tions we 
ompare the di�erent galaxies of the sample and dis
uss the globalproperties of bright Early-Types.5.1.1. NGC 1399We have analyzed a deep ROSAT HRI observation 
entered on the 
D galaxy NGC 1399,in the Fornax 
luster, in 
onjun
tion with the ar
hival ROSAT PSPC data of the same�eld. We found an extended and asymmetri
 halo extending on 
luster s
ales (r > 90 Kp
).The halo pro�le is not 
onsistent with a simple Beta model but suggests the presen
e ofthree di�erent 
omponents. The 
ombined HRI and PSPC data were �tted with a multi-
omponent bidimensional model, 
onsisting of: (1) a `
entral' 
omponent (dominating forr < 50") 
entered on the opti
al galaxy and whose distribution follows the luminous matterpro�le; (2) a `gala
ti
' 
omponent (50" < r � 400") displa
ed 10 (5 kp
) South-West of NGC1399 and (3) a `
luster' ellipsoidal 
omponent (r > 400") 
entered � 5:60 (31 kp
) North-East of the galaxy. The HRI image also revealed the existen
e of �lamentary stru
tures and
avities in the gala
ti
 halo, due to density 
u
tuations in the hot gas. The presen
e of thesefeatures is 
on�rmed by a preliminary analysis of Chandra data.The large s
ale surfa
e brightness distribution 
an be explained if the galaxy hosts alarge dark halo with di�erent dark matter distributions on gala
ti
 and 
luster s
ales (Saglia113



114 CHAPTER 5. DISCUSSIONet al. 2000; Ikebe et al. 1996). Alternative models, that explain the GCs abundan
e andits opti
al velo
ity dispersion pro�les through tidal intera
tions with Fornax 
luster galaxies(Kissler-Patig et al. 1999; Napolitano, Arnaboldi & Capa

ioli 2001, in preparation), are
ompatible with our data only if su
h en
ounters result in shallower slope of the outer gasdistribution. Tidal intera
tions may also explain the presen
e of the density 
u
tuationsin the gala
ti
 halo (D'Er
ole, Re

hi & Ciotti 2000). Ram pressure from the 
luster halo(e.g. Irwin & Sarazin 1996; David et al. 1994; Fabian et al. 2001b) is able to a

ount for thede
entering of the opti
al galaxy with respe
t to the gala
ti
 halo if NGC 1399 is movingsubsoni
ally (10-100 km s�1) in the 
luster potential. The displa
ement of the 
enter of the
luster 
omponent with respe
t to the nearest Fornax galaxies may suggest that the 
lusteris not relaxed and may be undergoing a merger event.We do not dete
t the X-ray 
ounterpart of the nu
lear radio sour
e (Killeen, Bi
knell &Ekers 1988) and pose an upper limit of L3�X = 3:9�1039 erg s�1 on its luminosity in the 0.1-2.4keV band. In agreement with Killeen and 
ollaborators, our data support thermal pressure
on�nement of the radio emitting plasma. We found X-ray emission enhan
ements alignedwith the radio jets that may be due to sho
ked gas and X-ray `holes' and enhan
ements
oin
ident with the position of the radio lobes. The latter are 
onsistent with a s
enarioin whi
h the hot gas is displa
ed by the radio plasma pressure (e.g. Clarke, Harris &Carilli 1997), while alternative models of Inverse Compton s
attering of Cosmi
 Mi
rowaveBa
kground photons fail to a

ount for the observed ex
esses.We dete
ted 43 dis
rete sour
es in our �eld. Their 
ux distribution is 
onsistent at the2� level with the number expe
ted from X-ray ba
kground 
ounts. However, the spatialdistribution of these sour
es has a signi�
ant ex
ess peaked on the 
entral galaxy, suggestinga population of galaxian X-ray sour
es in NGC 1399. This is 
on�rmed by the Chandra data,that reveal a large number of point-like sour
es asso
iated with the opti
al galaxy. Thesesour
es are likely to explain the hard 
omponent found by ROSAT and ASCA spe
tralanalysis (Buote 1999; Matsushita, Ohashi & Makishima 2000; Allen, di Matteo & Fabian2000).5.1.2. NGC 1404The surfa
e brightness distribution of the NGC 1404 halo is regular and almost 
onsistentwith the stellar distribution. The brightness pro�le is well represented by a single Beta modelout to 90". The similarity with the '
entral' 
omponent of the NGC 1399 halo suggest thatthe ISM distribution of NGC 1404 is produ
ed by the same gravitational potential thatis binding the stellar population. However the agreement with the opti
al pro�le implies



5.1. SUMMARY OF THE RESULTS 115that the halo is `hotter' than the stars (Fabbiano 1989), in agreement with the spe
tralmeasurements of Matsushita (2001a).This s
enario 
an be explained by intera
tions with the surrounding environment. In-deed, for r > 90" the e�e
t of ram pressure stripping be
omes evident as a sharp brightness
uto� in the North-West se
tor and an elongated tail on the opposite side of the galaxy.Even though the 
ooling times, derived from the deproje
ted density pro�le of the NGC1404 halo, are shorter than the Hubble time, no bright emission peak due to 
ool gas in thegalaxy 
enter is dete
ted. Finally, the mass pro�le shows no eviden
e of multiple 
omponents.5.1.3. NGC 507The ROSAT HRI data showed, in agreement with previous studies, a bright X-ray halosurrounding NGC 507. The large-s
ale surfa
e brightness distribution is irregular and moreextended in the North dire
tion.The halo 
ore revealed a 
omplex morphology: there is a main X-ray peak, 
oin
identwith the position of the opti
al galaxy, and several se
ondary peaks. The radial brightnesspro�le is only marginally 
onsistent with the presen
e of a nu
lear point sour
e; howeverre
ent Chandra data rule out this possibility. The 
omparison with the opti
al pro�le seemsto ex
lude that the main peak is due to the integrated emission of unresolved point sour
es.We 
on
lude that this feature is likely produ
ed by dense hot gas in the galaxy 
ore.There are 
lear signs of intera
tion between the radio-emitting plasma and the sur-rounding ISM, produ
ing density 
u
tuations in the hot gas. The eviden
e is stronger forthe Western lobe than for the Eastern one. However alternative physi
al pro
esses, su
h asIC s
attering of ba
kground photons, predi
t X-ray emission an order of magnitude lowerthan observed.Modeling the halo surfa
e brightness with a bidimensional double Beta model, we foundthat the gala
ti
 halo 
entroid is displa
ed � 22" (7 kp
) South-West of the opti
al galaxy.This result suggests a di�erent origin for the 
entral and the gala
ti
 
omponents. Eventhough the 
ooling time of the halo within 250" (80 kp
) is shorter than the Hubble time,the mass of the gas present in the 
entral 
omponent falls two orders of magnitude belowthe expe
ted amount inferred from previous works. We propose that the 
entral 
omponentis produ
ed by stellar mass losses, in agreement with its high metalli
ity found by Buote(2000b).The displa
ement of the 
luster halo from the opti
al galaxy and the �lamentary stru
-



116 CHAPTER 5. DISCUSSIONtures observed in the halo 
ore suggest that the galaxy is slowly moving within the grouppotential. The total mass pro�le derived from the bidimensional model shows that a signi�-
ant amount of dark matter is required at large radii, if the gas is in hydrostati
 equilibrium.The dark halo extends on 
luster s
ales and is likely asso
iated with the whole 
luster ratherthan with NGC 507, sin
e the 
ore region within 80" is dominated by stellar matter.We found that � 20% of the sour
es dete
ted by Kim & Fabbiano (1995) in the NGC507 halo are due to point sour
es. The nature of the remaining population is un
lear. Ifasso
iated with NGC 507, they 
an be either a

reting binaries hosting a massive bla
k holeor density 
lumps of the X-ray halo.5.2. The Origin of the Central Emission Peak in NGC1399 and NGC 507In Chapters 4 and 2 we have shown that the X-ray halo of the two dominant galaxies analyzedin the present work, NGC 1399 and NGC 507, possess a 
entral bright X-ray peak. Thesefeatures show some interesting similarities: i) in both 
ases the bright peak is 
entered onthe opti
al galaxy, ii) the peak is displa
ed several kp
 (5 kp
 for NGC 1399, 7 kp
 for NGC507) with respe
t to the gala
ti
 halo 
entroid, iii) the peaks 
annot be due to the presen
e ofa nu
lear point sour
e nor to an unresolved population of point sour
es (even though some
ontribution is expe
ted) thus suggesting to originate from thermal emission from di�usegas. The presen
e of a 
entral emission ex
ess over a simple Beta model, often found ingalaxies and 
luster of galaxies (see Fabbiano 1989; Fabian 1994), is usually attributed tothe presen
e of a 
ooling 
ow whi
h deposits large amounts of 
ooler gas in the halo 
ore(Sarazin 1988). The higher gas density should produ
e a bright 
entral peak sin
e the thermalemissivity is / n2e (see equation 1.5). However this interpretation has been 
hallenged by the�nding that the observed ex
ess is smaller than what is expe
ted if all the 
ooling gas rea
hesthe halo 
enter (Fabian 1994). The mass deposition pro�les derived by many authors haveshown that _M / r (Fabbiano 1989), thus indi
ating that a signi�
ant amount of 
ooling gasmust be deposited at large radii and is not able to rea
h the halo 
ore.Our data are 
onsistent with the hypothesis that the 
entral peaks are not due to thegas deposited by the 
ooling 
ow. In fa
t the expe
ted amount of gas deposited by the
ow ex
eeds the mass of the 
entral 
omponent by, at least, an order of magnitude (x 2.3.1and x 4.3.1). This result is valid also when we restri
t the analysis to the region where the
entral peak dominates the emission (50" and 15" respe
tively for NGC 1399 and NGC 507)



5.2. THE ORIGIN OF THE CENTRAL EMISSION PEAK 117and we take into a

ount the inhomogeneous 
ow s
enario, where only part of the 
oolinggas rea
hes the halo 
enter. Moreover, while in the 
ase of NGC 1399 the disagreement isre
on
ilable with the 
ooling 
ow s
enario if we redu
e to � 109 yr the age of the 
ooling 
ow(but we are still ignoring stellar mass losses), this solution doesn't work for NGC 507, wherethe disagreement is larger. A further indi
ation that the 
entral X-ray peak is not related tothe 
ooling 
ow is its displa
ement from the gala
ti
 halo 
entroid. If the brightness ex
esswas related to the deposited 
ooling gas we would expe
t the in
owing mass to be lo
atedapproximately in the halo 
enter.These 
onsiderations lead us to two separate 
on
lusions: the �rst one is that sin
e theobserved X-ray ex
ess is not due to the presen
e of a 
ooling 
ow, the mass in
ow mustbe signi�
antly smaller than the rates predi
ted not only by homogeneous models (a wellestablished fa
t) but by the inhomogeneous s
enario ( _M / r) as well for both galaxies, inagreement with the most re
ent spe
tros
opi
 results from XMM (Matsushita et al. 2001b;Peterson et al. 2001; Kaastra et al. 2001; Tamura et al. 2001).The se
ond 
on
lusion is that the distribution of the denser 
entral gas must be relatedto the underlying stellar distribution. In fa
t Brighenti & Mathews (1997) argue that thetemperature drop within 4 e�e
tive radii (re) observed in many galaxies, in
luding NGC 507and NGC 1399, is not a natural result of 
ooling 
ow models. Matsushita (2001a) studiedthe spe
tral properties of a sample of Early-Type galaxies as a fun
tion of the distan
e fromthe halo 
enter and found that the hot 
orona of X-ray 
ompa
t galaxies is likely due tothe gas inje
ted into the ISM by stellar losses. The X-ray luminosities and temperatures are
ompatible with the expe
tations obtained 
onsidering stellar motions as the main sour
e ofheat, leading to a mean value of �spe
 ' 1 (see equation 1.30). X-ray extended galaxies asNGC 1399, instead, have a mean halo temperature whi
h ex
eeds the value expe
ted if thegaseous 
omponent is in equilibrium with the stellar population (�spe
 ' 0:5).This di�eren
e between 
ompa
t and extended galaxies is redu
ed if we restri
t theanalysis to the region within � 1 re from the galaxy 
enter. In the 
ase of NGC 1399 �spe
 '0:9 for r � re ' 45" (re is from Faber et al. 1989), i.e. the region dominated by the 
entralX-ray peak. Taking advantage of the HRI resolution we 
an further improve this result.Matsushita (2001a) 
ould not sample the luminosity of the region within 1:5 re be
ause ofthe large PSPC PRF. Our data, instead, indi
ate that redu
ing the region observed downto re the X-ray 
ux is redu
ed to � 40% so that the luminosity of NGC 1399 is 
omparableto the energy inje
ted in the ISM by stellar motions (see Figure 4 of Matsushita 2001a).In the 
ase of NGC 507 the 
orrelation between the stellar population and the 
entral
omponent is less obvious. In fa
t, if the 
entral peak is produ
ed by stellar mass losses, wewould expe
t its extension to be related to the underlying stellar distribution. The extension
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entral peak is r ' 5 kp
 in both NGC 1399 and NGC 507 but, while this radius is
omparable with the opti
al e�e
tive radius for the former, the latter has a broader opti
aldistribution with re ' 77"(Faber et al. 1989). The dis
repan
y is solved in part by notingthat the NGC 507 gala
ti
 halo has a 
entral density approximately twi
e the one of NGC1399, whi
h gives a surfa
e brightness � 4 times higher (the thermal emissivity s
ales asn2e, see equation 1.5). Thus the larger gala
ti
 halo luminosity prevents the observer tofollow the 
entral peak brightness, whi
h de
lines as r�2:5, out to large radii. Moreover theintera
tion between the ISM and the radio lobes (x 4.2.3) may have signi�
antly altered theISM distribution of the 
entral 
omponent, thus making a 
omparison with NGC 1399 morediÆ
ult.The 
omparison of the hot plasma temperature with the one expe
ted assuming dynam-i
al equilibrium with the stellar 
omponent is a diÆ
ult task for NGC 507. It requires toobtain a reliable spe
trum from the 
entral 15", whi
h has be
ome possible only very re
entlywith the Chandra and XMM satellites and whose data are not available yet. Matsumotoet al. (1997) found �spe
 � 0:6 for NGC 507; however they used a 1.4 ar
min extra
tionradius whi
h is mu
h larger than the 
entral peak extension. Taking into a

ount the 
en-tral temperature drop and the fa
t that Matsumoto and 
ollaborators found a 20% lowertemperature using the MEKA model (Mewe, Gronens
hild & van den Oord 1985) insteadof the 
lassi
al Raymond-Smith 
ode (Raymond & Smith 1977), we believe that the 
urrentdata are 
ompatible with a �spe
 value 
lose to one, as found for NGC 1399.We 
on
lude that the 
entral X-ray peak found in NGC 507 and NGC 1399 are likely tobe produ
ed by the material eje
ted by stars in the ISM. The same me
hanism at work in X-ray 
ompa
t galaxies, i.e. kinemati
al heating by stellar mass losses, may be responsible forthe 
ooler 
ore observed in many bright Early-Type galaxies, even though some 
ontributionfrom 
ooling gas 
an not be ex
luded.5.3. Dynami
al Status of the HaloThe bidimensional models used in x 2.2.5 and 4.2.4 to des
ribe the stru
ture of the X-ray halosurrounding NGC 1399 and NGC 507, allowed us to separate the 
ompa
t 
entral 
omponent(dis
ussed in previous se
tion) from the gaseous halo 
omponents extending on gala
ti
 andon 
luster spatial s
ales. In both galaxies we found a displa
ement of several kp
 between theX-ray 
entroid of these extended 
omponents and the opti
al galaxy. Assuming hydrostati
equilibrium we further showed that the total mass (Figures 2.15b and 4.14b) is dominated bystellar matter within a few e�e
tive radii from the opti
al 
entroid while, at larger distan
es,there is a signi�
ant 
ontribution of dark matter.



5.3. DYNAMICAL STATUS OF THE HALO 119These two results (the displa
ement of the opti
al galaxy and the small 
ontribution ofdark matter on gala
ti
 s
ales) suggest that the gas distribution on large s
ales is mostlydetermined by the 
luster potential rather than being asso
iated with the dominant galaxy.The 
omparison of the halo temperature outside a few e�e
tive radii and the stellar velo
itydispersion yield values of �spe
 ' 0:5 (Matsumoto et al. 1997; Brown & Bregman 1998,2000; Matsushita 2001a) thus supporting the need for additional heat to the one providedby stellar mass losses alone. Sour
es of heat su
h as a 
entral a
tive nu
leus or supernovaeexplosions, are not enough to a

ount for the observational data (e.g. Matsumoto et al. 1997)and would however a�e
t in �rst pla
e the halo 
enter. The alternative explanation proposedby Makishima et al. (2001) and Matsushita (2001a) is that X-ray extended galaxies are atthe bottom of large potential stru
tures 
orresponding to galaxy groups, whi
h provide theadditional heat by gravitational infall. This s
enario is 
onsistent with our data whi
h showthat both NGC 1399 and NGC 507 lie at the 
enter of extended dark halos.Nevertheless the X-ray halo presents one main di�eren
e between the two galaxies (Fig-ure 2.11 and 4.8): to model the surfa
e brightness distribution of NGC 1399 we had tointrodu
e three di�erent 
omponents whi
h we asso
iated with the 
entral, gala
ti
 and
luster halo. Conversely the NGC 507 halo stru
ture 
ould be modeled with only two 
om-ponents. Comparing our total mass pro�les to those obtained by other authors (Brighenti &Mathews 1997; Matsushita et al. 1998; Matsushita 2001a; Matsushita et al. 2001b) in brightEarly-Types we �nd that a double stru
ture is quite 
ommon. All these authors found a
entral region, within a few e�e
tive radii, dominated by stellar matter and a large dark haloextending outside the opti
al galaxy, in analogy with our �ndings. The mass pro�les arethus tra
ing the gala
ti
 potential in the inner region and the dark extended halo elsewhere.It is however very diÆ
ult to assess the presen
e of a third 
omponent sin
e this requiresdata of both high S/N ratio and high spatial resolution.Two possibilities arise from this dis
ussion: the �rst is that the gala
ti
 and 
luster halo
omponents are two separate entities re
e
ting the hierar
hi
al nesting of the dark matterhalos around dominant ellipti
al galaxies. In this 
ase two separate 
omponents may bepresent in all bright Early-Types but, depending on the 
ontribution of ea
h 
omponent,their dis
overy through surfa
e brightness analysis may be diÆ
ult, sin
e the superposition
an mimi
 a one-
omponent pro�le. NGC 1399 may be a lu
ky 
ase where the displa
ementof the di�erent 
omponents and the faintness of the 
luster halo makes the multi-
omponentstru
ture more evident. In this 
ase we expe
t the gala
ti
 and 
luster 
omponents to havedi�erent spe
tral signatures. In fa
t the region where the gala
ti
 
omponent dominates theX-ray emission roughly 
oin
ides with the temperature maxima found by Kim & Fabbiano(1995). Spatially resolved spe
tros
opi
 studies with Chandra may test su
h a possibility.



120 CHAPTER 5. DISCUSSIONThis s
enario holds if we assume that the gas distribution is tra
ing the gravitationalpotential, i.e. is in hydrostati
 equilibrium. Thus an alternative possibility is that otherphysi
al me
hanisms, su
h as tidal intera
tions (D'Er
ole, Re

hi & Ciotti 2000, e.g.), rampressure (Toniazzo & S
hindler 2001) or gala
ti
 wind sti
ing from the ICM (Brown &Bregman 1998, 2000) are signi�
antly altering the hot gas distribution. As dis
ussed in x2.3.2, some of these e�e
ts (ram pressure, tidal intera
tions) may explain the displa
ementbeween the opti
al galaxy and the gala
ti
 halo 
omponent, whi
h is otherwise diÆ
ult toa

ount for in the hierar
hi
al dark halo s
enario.5.4. NGC 1404: a pe
uliar galaxy?Our study of NGC 1404 was motivated by the fa
t that this galaxy, even though it is nota dominant 
luster member, represents a very bright Early-Type with an X-ray luminosity(LX � 1:6 � 1041 erg s�1) of the same order of magnitude of NGC 1399. This X-rayluminosity is one order of magnitude larger than other Early-Types with similar opti
alluminosity (Brown & Bregman 1998; Irwin & Sarazin 1998b) and ex
eeds the one expe
tedfrom kineti
al heating by stellar mass losses (Matsushita 2001a). The hot halo temperature(kT � 0:6 keV) ex
eeds the one expe
ted from the stellar velo
ity dispersion (� � 220� 250Km s�1, D'Onofrio et al. 1995; Graham et al. 1998) yielding �spe
 � 0:6 (Brown & Bregman1998; Matsushita 2001a). Although some authors (D'Onofrio et al. 1995; Graham et al.1998) noti
ed that NGC 1404 has a large rotation velo
ity (� 100 Km s�1) and is thus likelyto be a mis
lassi�ed S0 galaxy, even taking into a

ount the rotational 
ontribution we stillobtain �spe
 � 0:7.All these fa
ts suggest that NGC 1404 is more similar to X-ray extended galaxies, su
h asNGC 1399 and NGC 507, than to 
ompa
t galaxies of similar opti
al luminosity and velo
itydispersion. However the analysis presented in Chapter 3 shows a number of signi�
antdi�eren
es: i) the X-ray surfa
e brightness of NGC 1404 is smooth and is 
onsistent with thestellar distribution; ii) the radial brightness pro�le is well represented by a single Beta modeland there is no sign of the presen
e of a multi 
omponent stru
ture; iii) the X-ray and opti
alpro�les are in good agreement, suggesting on
e more that �spe
 � 0:5 (see x 3.3). Moreoverthe hot halo is 
hara
terized by a very subsolar metalli
ity (Loewenstein et al. 1994; Jones etal. 1997), in 
ontrast with the solar abundan
es found in the 
enter of many bright ellipti
als(Buote & Fabian 1998; Buote 2000b; Matsushita, Ohashi & Makishima 2000).The 
ooling times and total mass pro�les derived in Chapter 3 are more similar to thepro�les of the 
entral 
omponents derived for NGC 1399 and NGC 507 than to the propertiesof the extended gala
ti
 and 
luster halo, thus suggesting a similar origin. However in this
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ase we would expe
t �spe
 ' 1 as found for the 
entral 
omponents of the two dominantgalaxies (x 5.2).These 
on
i
ting eviden
es suggest that NGC 1404 is a pe
uliar galaxy and other phys-i
al me
hanisms must be responsible for the status of the hot halo. Matsushita (2001a)noti
ed that environmental e�e
ts must be important sin
e NGC 1404 is embedded in theNGC 1399 halo. We have seen that NGC 1404 possess an elongated tail whi
h is likelyto be produ
ed by ram pressure from the surrounding ICM. Toniazzo & S
hindler (2001)simulated the e�e
ts of ram pressure stripping on galaxies similar to NGC 1404 �nding thatit 
ould explain di�eren
es in the X-ray luminosity similar to those observed between NGC1404 and other Early-Types. Anyway a 
omparison is diÆ
ult sin
e their models predi
t ahigher halo temperature and steeper brightness pro�les than observed, indi
ating that thebalan
e between mass inje
tion from stellar losses and 
ooling dropout is not well under-stood. Moreover the radial pro�les shown in Figure 3.2b also showed that ram pressurestripping seems to a�e
t the gala
ti
 halo only at large radii (r > 3 re).Brown & Bregman (1998, 2000) proposed that the temperature ex
ess, over the value
al
ulated from stellar velo
ity dispersion, 
an be produ
ed by supernovae heating. Thiswould produ
e strong stellar winds, thus redu
ing the total X-ray luminosity. Conversely,in high density environment, the sti
ing of gala
ti
 winds by the surrounding ICM pressurewould in
rease the total luminosity of the galaxy. This s
enario 
on
i
ts with the very lowmetalli
ity observed in the NGC 1404 halo, be
ause high supernova rates lead to higherabundan
es. However Loewenstein et al. (1994) noti
e that the presen
e of a metalli
itygradient in the NGC 1404 halo (maybe due to the subsolar ICM abundan
e), may bias theASCA results, whi
h are a�e
ted by the low spatial resolution. This hypothesis is supportedby the larger Z � 0:59 Z� metalli
ity reported by Matsushita (2001a) within 4 re.The pe
uliar nature of NGC 1404 suggests the need for further studies; in fa
t thisobje
t represents a very good 
andidate to understand the e�e
t of the environment on thephysi
al status of the X-ray halo.5.5. Density Flu
tuations in the ISMMost of the work done on Early-Type X-ray halos has been based on the simpli�ed as-sumption of homogeneity and spheri
al symmetry. These assumptions were based mainly onthe low spatial resolution of the X-ray satellites before ROSAT. Our HRI observations haveshown the presen
e of signi�
ant brightness 
u
tuations and �lamentary stru
tures in thehalo of both NGC 1399 and NGC 507. Sin
e the ROSAT HRI spe
tral response is weakly



122 CHAPTER 5. DISCUSSIONdependent on the temperature (Clarke, Harris & Carilli 1997), these features must re
e
tdensity 
u
tuations in the hot gas distribution. Ex
luding the stru
tures 
learly asso
iatedto the radio jets and lobes (see next se
tion), these features have no obvious explanation.In x 2.3.2 we dis
ussed a number of possible s
enarios that 
ould a

ount for the density
u
tuations found in the NGC 1399 halo, in
luding tidal intera
tions with nearby galaxiesand ram pressure stripping of the gala
ti
 
orona by the ICM.We were not able to dete
t these features with 
omparable signi�
an
e in the NGC 507halo, be
ause of the poorer S/N ratio of the data. In the halo 
enter, where the S/N ratiois higher, the adaptive smoothing te
hnique revealed the presen
e of �lamentary stru
tures.At larger radii the presen
e of `
lumps' in the hot plasma was reported by Kim & Fabbiano(1995) using ROSAT PSPC data. Our HRI analysis showed that � 20% of these sour
es arelikely to be point sour
es but the origin of the remaining obje
ts is still un
ertain. We 
anspe
ulate that they re
e
t a 
omplex stru
ture of the X-ray halo similar to those found inthe dominant Fornax galaxy.The 
urrent data do not allow to distinguish between di�erent s
enarios: the 
entral�lamentary stru
tures may represent X-ray wakes due to the motion of the galaxy withinthe 
luster halo (David et al. 1994; Merri�eld 1998). However these motions alone 
annota

ount for the distribution of these features all over the hot halo; more 
omplex intera
tions,su
h as those proposed for NGC 1399, must be 
onsidered. One further possibility is that this
omplex morphology re
e
ts the inhomogeneity of the 
ooling pro
ess suggested by manyauthors (e.g. Kim & Fabbiano 1995; Peterson et al. 2001; Fabian et al. 2001a), thus givingimportant 
lues to understand the failure of 
ooling-
ow models.We expe
t that signi�
ant insight in the nature of these stru
tures will 
ome shortlyfrom the analysis of Chandra and XMM data.5.6. X-ray/Radio Intera
tionBoth dominant galaxies studied in this work (NGC 1399 and NGC 507) are faint radiosour
es. The analysis performed in x 2.2.8 and x 4.2.3 revealed the presen
e of intera
tionsbetween the radio emitting plasma and the ISM. Su
h intera
tions have been predi
ted byseveral authors (e.g. Clarke, Harris & Carilli 1997; Reynolds, Heinz & Begelman 2001) anda
tually observed in many 
lusters of galaxies (B�ohringer et al. 1993; M
Namara et al. 2000;Fabian et al. 2000) and in a limited number of strong radio galaxies (e.g. Carilli, Perley &Harris 1994). Our data extends this result to weak radio sour
es as well, 
on�rming that theintera
tion of radio jets and lobes with the surrounding medium is a widespread phenomena.



5.7. DISCRETE SOURCES POPULATION 123This intera
tion shows both similarities and di�eren
es between NGC 507 and NGC1399: in both galaxies we found a low-emission region 
oin
ident with the position of thebrighter radio lobe and ex
ess emission at the edge of the lobe. We showed that the mostlikely explanation of these brightness variations is a 
hange in the environmental gas densityprodu
ed by the radio plasma pressure. However, while for NGC 1399 these features havebeen 
learly revealed only by the adaptive smoothing te
hnique, in the 
ase of NGC 507 thee�e
t of the radio lobes on the 
entral halo morphology is immediately evident. Moreoverthe NGC 1399 radio jet and lobe morphology is only slightly disturbed while in NGC 507the lobes look irregular and more di�use.A possible interpretation of these di�eren
es 
an be found in the di�erent gas densityin the gala
ti
 halo 
ore. The ele
tron density pro�les, presented in Figures 2.13 and 4.12,show that the NGC 507 halo density (and thus the pressure sin
e the halo temperatures aresimilar) is more than twi
e the NGC 1399 value. This must produ
e a stronger intera
tionin NGC 507, in qualitative agreement with the observations.Finally our data 
on�rm the role played by ISM to 
on�ne and shape the radio plasma:in both galaxies the radio and thermal pressure are found to be in good agreement whilehigh density regions are usually asso
iated to `anomalies' in the radio lobe morphology.5.7. Dis
rete Sour
es PopulationThe 
ontribution of dis
rete sour
es to the total X-ray emission of Early-Type galaxies hasbeen widely dis
ussed in literature. However, before the laun
h of Chandra, most eviden
ewas indire
t, obtained through spe
tral analysis and by extrapolation from nearby Late-Typegalaxies. Our analysis revealed a large number of sour
es asso
iated with NGC 1399, withina few e�e
tive radii from the galaxy 
enter. This result was 
on�rmed by the high resolutionChandra observation. The brightest point sour
es seem to be lo
ated, in prevalen
e, in theglobular 
lusters surrounding the 
D galaxy, as shown by Angelini, Loewenstein &Mushotzky(2001).As for NGC 507, the lower quality of the data did not allow us to perform a similaranalysis; hen
e we will have to wait for higher quality Chandra data.
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CONCLUSIONS
In this work we presented the study of three bright Early-Type galaxies hosted in groups orpoor 
lusters of galaxies. We used ROSAT HRI and PSPC data to study the morphologi
alstru
ture of the X-ray halo and, when available, the higher resolution Chandra data.Our study revealed a 
omplex halo stru
ture for the two dominant 
luster galaxies, NGC1399 and NGC 507, not well des
ribed by a simple Beta model. The halo 
enter was foundto be dominated by a bright X-ray peak 
oin
ident with the position of the opti
al galaxy.This 
entral peak is not explained by the 
lassi
al homogeneous or inhomogeneous 
ooling
ow models. Instead our data suggest that these features are produ
ed by stellar eje
tedmaterial, kineti
ally heated by stellar mass losses.The total mass distribution shows that within the e�e
tive radius the hot halo dis-tribution is essentially tra
ing the gala
ti
 potential, dominated by luminous matter. Atlarger distan
es from the galaxy 
enter the X-ray surfa
e brightness and temperature re-quire the presen
e of a large amount of dark matter. The presen
e of a di�erent dynami
alregime depending on the gala
to
entri
 distan
e was already found by many authors. Ourstudy, however, 
learly asso
iates the 
entral halo region with the stellar distribution andthe external regions with the dark halo whi
h extends on group and 
luster spatial s
ales.The NGC 1399 X-ray halo possess a more 
omplex morphology than NGC 507. This�nding requires either that the dark matter distribution has a hierar
hi
al stru
ture, or thatenvironmental e�e
ts (ram stripping from ICM, tidal intera
tion with nearby galaxies) areprodu
ing departures from hydrostati
 equilibrium. The latter hypothesis would explainthe displa
ement between the di�erent halo 
omponents, whi
h is diÆ
ult to a

ount forotherwise.We found signi�
ant density 
u
tuations in the hot gas distribution of both NGC 1399and NGC 507. Some of these features are explained by the intera
tion of the radio-emittingplasma, �lling the radio jets and lobes, with the surrounding ISM. This eviden
e indi
atesthat Radio/X-ray intera
tions are a more widespread phenomena than observed before. The125



126 CONCLUSIONSnature of the remaining stru
tures is more un
ertain: we spe
ulate that they 
an be theresult of galaxy-galaxy en
ounters or wakes produ
ed by the motion of the galaxy throughthe ICM. Alternatively they may re
e
t the inhomogeneity of the 
ooling pro
ess invokedby many authors as an explanation for the failure of the standard 
ooling-
ow models.NGC 1404 represents a puzzling 
ase. In fa
t, despite a large X-ray luminosity and halotemperature, whi
h suggest a similarity with dominant 
luster members, signi�
ant di�er-en
es are found in the regular halo pro�le, small velo
ity dispersion and low metalli
ity.These 
on
i
ting eviden
es 
an be explained assuming again strong environmental e�e
ts.Even though NGC 1404 is indeed experien
ing ram pressure stripping from the NGC 1399extended halo, as demonstrated by the elongated SE `tail', this phenomena seems to a�e
tonly the outer halo regions. A more promising explanation is, instead, the sti
ing of gala
ti
winds by the ICM.We studied the population of dis
rete sour
es found in proximity of the two dominant galax-ies. We were able to assess that the observed ex
ess of sour
es observed in the Fornax 
lusteris asso
iated with NGC 1399. This result was later 
on�rmed by the higher resolution Chan-dra data.
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LIST OF ACRONYMS ANDABBREVIATIONSACIS - AXAF Charged 
oupled Imaging Spe
trometer(on board of the Chandra satellite)ADAF - Adve
tion Dominated A

retion FlowAGN - A
tive Gala
ti
 Nu
leusASCA - Advan
ed Satellite for Cosmology and Astrophysi
sAU - Astronomi
al Unit (1 AU = 1:49� 1013 
m)AXAF - Advan
ed X-ray Astronomi
al Fa
ility: former name of the Chandra satelliteBBXT - Broad Band X-ray Teles
opeBETG - Bright Early-Type GalaxiesBH - Bla
k Hole
D - 
D galaxy: ellipti
al galaxy embedded in an extended amorphous halo(see x 1.1)CIAO - Chandra Intera
tive Analysis of Observations (standard analysis toolfor Chandra data)
nt - 
ountCXC - Chandra X-ray CenterDe
 - De
linationDSS - Digital Sky SurveyEXOSAT - European X-ray Spa
e Agen
y Teles
opeFOV - Field Of ViewFWHM - Full Width Half MaximumHEAO - High Energy Astrophysi
al ObservatoryHEASARC - High Energy Astrophysi
s S
ien
e Ar
hive Resear
h CenterHMXB - High Mass X-ray BinariesHRI - High Resolution Camera (on board of Einstein and ROSAT satellites)HST - Hubble Spa
e Teles
ope 129



130 ACRONYMS AND ABBREVIATIONSIPC - Imaging Proportional Counter (on board of the Einstein satellite)IRAF - Image Redu
tion and Analysis Fa
ilityIC - Inverse ComptonICM - Intra Cluster MediumISM - Inter Stellar MediumL� - Solar luminosityLB; LV - Opti
al luminosity in the B (�eff � 4300 �A) and V (�eff � 5500 �A) bandsLMXB - Low Mass X-ray BinariesM� - Solar massMB;MV - Absolute magnitudes in the B (�eff � 4300 �A) and V (�eff � 5500 �A)opti
al bandsMEKA - Emissivity model for a thin hot plasma developed byMewe, Gronens
hild & van den Oord (1985)NH - The amount of H per 
m�2 interposed between the sour
e and the observer,used to estimate the absorption due to the ISM.NED - Nasa Extragala
ti
 DatabaseNS - Neutron StarOBI - OBservation Interval: temporal intervals in whi
h ea
h ROSATobservation is dividedp
 - parse
 (1 p
 = 3:1� 1018 
m)P.A. - Position Angle: measured 
ounter-
lo
kwise starting from the NorthP.I. - Prin
ipal Investigator: the main s
ientist involved in a s
ienti�
 proje
t.PIMMS - Portable Intera
tive Multi-Mission Simulator (X-ray software)PROS - Post Redu
tion O�-line SoftwarePRF - Point Response Fun
tionPSPC - Position Sensitive Proportional Counter (on board of the ROSAT satellite)QSO - Quasi Stellar Obje
t (also quasar)RA - Right As
ensionre - gala
ti
 e�e
tive radius obtained from the surfa
e brightness pro�le(see x 1.1)ROSAT - Roentgen SatelliteRS CVn - Late-type, evolved (spe
tral type K) stars with high 
oronala
tivity, found in binary systemsS/N - Signal to Noise ratioSASS - Standard Analysis Software System (standard pro
essing for ROSAT data)SAX - Satellite per Astronomia X (also Beppo-SAX)SED - Spe
tral Energy Distribution



ACRONYMS AND ABBREVIATIONS 131SN, SNe - Supernova, SupernovaeSNR - Supernova RemnantsSSC - Syn
hrotron Self ComptonULX - Ultra Luminous X-ray sour
eXMM - X-ray Multi Mirror teles
ope (also XMM-Newton)Xspe
 - X-ray spe
tral analysis toolyr - yearZ - metalli
ity: abundan
e of elements with atomi
 number > 2.Z� means the solar metalli
ity.
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