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S pace... is big. Really big.
You won'’t believe how vastly hugely
mindboggingly big it is.

DOUGLAS ADAMS
‘THE HiTCH HIKER’S GUIDE TO THE GALAXY’

B ut pardon, gentles all,

The flat unraised spirits that hath dar'd
On this unworthy scaffold to bring forth
So great an object ...

O, pardon! since a crooked figure may
Attest in little place a million;

And let us, ciphers to this great accompt,
On your imaginary forces work.

‘WILLIAM SHAKESPEARE
‘KING HENRY V’
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Abstract

Starbursts represent an important phase in galaxy evolution. Mass and energy input from
starburst regions into the interstellar medium (ISM) by stellar winds and supernovae have
a strong impact on the chemical composition of the ISM in galaxies. Large-scale outflows
from starburst galaxies are important for the evolution of the intergalactic medium in
galaxy clusters. From theory different triggering mechanisms of starbursts have been
discussed, like e.g. a bar potential in giant spirals or gravitational interaction between
galaxies. Central activity in giant gas-rich spirals has been observed in the form of a nuclear
or circumnuclear starburst as well as an active galactic nucleus (AGN). The consistent
requirement for both phenomena, i.e. huge amounts of gas concentrated in the galactic
center, rises the question of a possible connection.

This work presents the observed X-ray properties of a small sample of four starburst
galaxies differing in distance, morphology, and external influence. The study serves to
investigate the complexity of starburst activity, the influence of different external factors,
and the detectable consequences for the starburst host systems in the X-ray regime. The
observations have been carried out by the German X-ray satellite ROSAT.

NGC 4410 consists of two close gravitationally interacting galaxies. The western spiral
component NGC 4410 a reveals an X-ray bright center with a total 0.1-2.4 keV luminosity
of 4x10*! erg s~!. It is the brightest X-ray sources in the galaxy sample indicating the
influence of interaction on central activity, as observed in the majority of luminous TRAS
galaxies. For the eastern companion only an upper limit of its X-ray luminosity can be
specified.

More details about the spatial distribution of X-ray sources in galactic disks of star-
burst spirals are investigated in the face-on Virgo galaxy NGC 4303. This galaxy belongs
to the class of barred spirals. The X-ray observations are discussed in connection with
gas dynamics caused by the bar potential as trigger mechanism of the observed central
starburst in NGC 4303. The dominant X-ray source is the nucleus, additional sources
are at the tips of the bar and within the spiral arms, consistent with hydrodynamical
simulations of the gas component in barred galaxies.

A common phenomenon of spirals with central starbursts is observed in NGC 4569
and NGC 2903. Hydrodynamical simulations predict the existence of kpc-scale gaseous
outflows from the center into the halo of these systems. These galactic superwinds have
been observed in several edge-on starburst galaxies. In this work I present the first obser-
vations of hot X-ray gas several kpc above the galactic disk in spirals with intermediate
inclination, i.e. NGC 2903 and NGC 4569. The properties of the X-ray halo gas in these
two systems are discussed in comparison with reported X-ray halos of edge-on galaxies.
NGC 2903 has a barred morphology and is classified as ‘hot-spot’ galaxy, i.e. the nucleus
consists of several optically bright emission spots. In X-rays NGC 2903 reveals a one-sided
gaseous outflow from the center, extending more than 5 kpc into the galactic halo.

In contrast to this isolated galaxy, NGC 4569 experiences strong interaction with the
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Virgo ICM. Its H1 and Ha structure clearly indicate the influence of the ICM. Most
strikingly, the one-sided western X-ray outflow coincides with a giant Ha feature up to
10 kpc above the disk. Such an extended feature has not been observed in any other
starburst galaxy of comparable morphology so far. The nature of the very compact core
of NGC 4569 is not yet fully understood, whether dominated by an ultraluminous compact
super star cluster or an AGN.

The analysis of the ROSAT data, the resulting complexity of central starbursts, and
the restricted possibilities of achieving detailed information from the ROSAT data about
the nature of these phenomena make clear the requirements to follow-up X-ray missions.
Better spatial and spectral resolutions of new instrumentation onboard the recently started
satellites Chandra and Newton-XMM provide a more detailed investigation of starbursts
in X-rays. This is necessary to encounter existing contradictory interpretations of ob-
servations in the literature and to check the observed properties of starbursts with the-
oretical predictions from improved X-ray emission models, including e.g. effects from
non-ionization equilibrium conditions of the observed hot plasma.



Zusammenfassung

Kurzzeitige hohe Sternbildungsaktivitdten in Galaxien (Starbursts) stellen eine wichtige
Phase in der Entwicklung dieser Systeme dar. Materie und Energie, die durch stel-
lare Winde und Supernovae aus Sternentstehungsregionen in das interstellare Medium
abgegeben werden, haben einen starken Einfluss auf die chemische Zusammensetzung der
interstellaren Materie in Galaxien. Grofiskalige Gasausfliisse von Galaxien sind fir die
Entwicklung der Materie in Galaxienhaufen von grofier Bedeutung. Aus theoretischen Be-
trachtungen heraus wurden unterschiedliche Auslésemechanismen, wie beispielsweise ein
Balkenpotenital in grolen Spiralgalaxien oder gravitative Wechselwirkung zwischen Ga-
laxien, fiir erhohte Sternentstehung diskutiert. Aktivitdt in Zentren von grofien gasreichen
Spiralgalaxien wurden einerseits in Gestalt eines zentralen oder das Zentrum ringforming
umgebenden Starburst, andererseits in Form eines aktiven galaktischen Kerns beobachtet.
Die Ubereinstimmung der Voraussetzung fiir diese beiden Phénomene, nimlich die An-
sammlung grofler Mengen von Gas im galaktischen Zentrum, fiithrt zu der Frage einer
moglichen kausalen Verbindung.

In dieser Arbeit werden die Rontgenbeobachtungen einer kleinen Gruppen von vier
Starburstgalaxien, die sich in ihrer Entfernung, Morphologie, und aufleren Einflissen
voneinander unterscheiden, vorgestellt. Die Untersuchung soll die Komplexitit von Regio-
nen mit erhohter Sternentstehungsaktivitit, den Einfluss unterschiedlicher duflerer Fak-
toren und die beobachtbaren Auswirkungen auf die einen Starburst beherbergenden Ga-
laxien im Rontgenbereich verdeutlichen. Die Beobachtungen wurden mit dem deutschen
Rontgensatelliten ROSAT durchgefiihrt.

NGC 4410 besteht aus zwei dicht beieinanderstehenden, gravitativ wechselwirkenden
Galaxien. Die westliche Komponente NGC 4410 a zeigt ein im Rontgenbereich zwischen
0.1 und 2.4 keV hell leuchtendes Zentrum mit einer Gesamtleuchtkraft von 4x10*! erg s=1.
Sie stellt die leuchtkriftigste Rontgenquelle in der Gruppe der prisentierten Objekte dar.
Dies verdeutlicht bereits den Einfluss von Wechselwirkungen auf die zentrale Aktivitat, wie
er in einem Grofteil der leuchtkraftigen IRAS-Galaxien beobachtet wird. Fiir den 6stlichen
Wechselwirkungspartner kann lediglich eine obere Grenze fiir die Rontgenleuchtkraft
angegeben werden.

Genauere Erkenntnis iiber die rdumliche Verteilung von Rontgenquellen in galak-
tischen Scheiben von Spiralgalaxien mit einem Starburst kann aus NGC 4303 im Virgo-
Haufen gewonnen werden, deren Scheibe nahezu frontal beobachtbar ist. Diese Galaxie
gehort zu der Gruppe der Balkenspiralen. Die Rontgenbeobachtungen werden im Zusam-
menhang mit der Dynamik des Gases in dieser Galaxie, die durch das Balkenpotential
als auslosendem Mechanismus der erhohten Sternentstehung im Zentrum verursacht wird,
diskutiert. Die dominierende Rontgenquelle stellt das galaktische Zentrum dar, zusatzliche
Quellen befinden sich an den Enden des Balkens, sowie in den Spiralarmen. Dies ist in
Ubereinstimmung mit hydrodynamischen Simulationen der Gaskomponente in Balken-
galaxien.
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Ein gingiges Phianomen in Spiralgalaxien mit zentralen Starbursts wird in NGC 2903
und NGC 4569 beobachtet. Hydrodynamische Simulationen solcher Systeme sagen die
Existenz grofiskaliger Gasausfliissse (im kpc-Bereich) aus dem galaktischen Zentrum in
Richtung des Halos voraus. Diese galaktischen Superwinde wurden in einer Reihe von in
Seitenansicht beobachtbaren Galaxien nachgewiesen. In dieser Arbeit werden die ersten
Beobachtungen von Spiralgalaxien mit mittlerer Scheibenneigung vorgestellt in denen
heifles Rontgengas mehrere kpc oberhalb der Scheibe beobachtet werden kann, NGC 2903
und NGC 4569. Die Eigenschaften des Rontgenhalogases in diesen beiden Systemen wer-
den im Vergleich mit berichteten Rontgenhalos von Galaxien in Seitenansicht diskutiert.
NGC 2903 weist eine Balkenmorphologie auf und wird als ‘hot-spot’-Galaxie klassifiziert.
Das bedeutet, dass der Kern aus einer Anzahl kleiner optisch leuchtkraftiger Gebiete
besteht. Im Rontgenbereich ist in NGC 2903 ein einseitiger Gasausfluss erkennbar, der
vom Zentrum mehr als fiinf kpc in den galaktischen Halo reicht.

Im Gegensatz zu der isolierten Galaxie NGC 2903 erfihrt NGC 4569 eine starke Wech-
selwirkung mit der Materie innerhalb des Virgo-Haufens. Die Erscheinung der Galaxie in
Hi- und Ho-Beobachtungen lisst deutlich den Einfluss des Haufengases erkennen. Auferst
auffallig ist, dass der einseitige westliche Ausfluss im Rontgenbereich raumlich mit einer
riesigen Ha-Struktur ubereinstimmt, die sich bis zu einer Ausdehnung von zehn kpc aus
der Scheibe heraus erstreckt. Eine solch ausgedehnte Struktur wurde bisher in keiner
anderen Starburst-Galaxie mit vergleichbarer Morphologie beobachtet. Die Natur des
sehr kompakten Kerns von NGC 4569 ist noch nicht vollkommen verstanden. Er besteht
moglicherweise aus einem extrem leuchtkraftigen kompakten Sternhaufen oder einem ak-
tiven galaktischen Kern.

Die Analyse der ROSAT-Daten, die sich hieraus ergebende Kenntnis der Komplexitat
zentraler Starbursts und die Einschrankungen, detailierte Information aus den ROSAT-
Daten iiber die Natur dieser Phanomene zu erhalten verdeutlichen die Anforderungen an
zukiinftige Rontgensatellitenmissionen. Verbesserte raumliche und spektrale Auflésung
neuer Messinstrumente an Bord der kiirzlich gestarteten Satelliten Chandra und Newton-
XMM ermoglichen eine genauere Untersuchung von Starbursts im Rontgenbereich. Dies
ist n6tig, um bestehende widerspriichliche Deutungen von Beobachtungen in der Literatur
aufzuklaren und um die beobachteten Higenschaften von Starbursts mit theoretischen
Vorhersagen aus verbesserten Emissionsmodellen, die unter anderem Einfliisse eines Nicht-
Tonisationsgleichgewichts in heiflen Plasmen berucksichtigen, zu vergleichen.



Chapter 1

Introduction

Galaxies form very complex systems consisting of different morphological (bulge, disk,
halo) and mass components (gas, dust, stars). The interaction between stars, hot (up
to several ten million Kelvin) and warm (several thousand Kelvin) interstellar gas, and
cold cloudy medium is a continuous process of mass and energy exchange. It is directly
connected to morphology and dynamics of the galaxies, and determines their chemical
evolution.

Formation of new stars from the cloudy medium, stellar evolution depending on their
masses, return of mass by stellar winds, planetary nebulae, and supernovae, evaporation,
and condensation build a permanent cycle, which characterizes the observational appear-
ance of galaxies. By understanding these processes, it is possible to get a coherent picture
of the past, present, and future of galaxies.

1.1 Starburst galaxies

Starburst galaxies are systems in a brief episode of their evolution where the formation
of stars from interstellar gas increases drastically. Starbursts (SBs) in giant spirals occur
in the most central regions of galaxies (102 to 10® pc; 1 pc = 3.086x10'*® c¢m) with large
amounts of gas and dust, and dominate the overall luminosity of these systems. The
conversion of gas into stars in these evolutionary phases would consume the total amount
of gas in a timescale much shorter than the lifetime of galaxies. So SBs can only be short
transient phenomena. They last for only 108 yr or shorter (e.g. Heckman 1998). The main
energy source in SBs are luminous (L > few 1000 Le; Le = 3.85x10%3 erg s~!) high-mass
O- and B-type stars (HMS; the lower mass limit for HMS depends on the mass loss during
the asymptotic-giant-branch or AGB phase of the star; it lies at about Mo, = 8 Mg; Mg
= 1.989x10% g). Because of their short evolution of several 108 to several 107 yr, OB
stars are good tracers of the actual star formation rate (SFR). They produce fast stellar
winds, propagating supersonically into the ambient ISM and forming expanding bubbles
(Castor et al. 1975; Weaver et al. 1977). As Leitherer (1994) showed, the wind speed and
the subsequent mass loss of the individual stars are dependent on the stellar metallicity
Z:

VWind X L70'3 M0.6 Té)f'fG ZO.I (11)

MWind x L2.5 Mfl.l Telf.f3 Z0'8. (12)

After 20 Myr or less, depending on the stellar mass, the OB stars end up in type II super-
nova (SNII) explosions, forming expanding bubbles filled with hot gas that emits X-rays.



6 CHAPTER 1. INTRODUCTION

Due to the strong grouping and the short evolution timescale, stellar winds and expand-
ing SNR shells accumulate to superbubbles. Leitherer (1994) discussed the contribution
of energy input EWmd and mass injection MWmd from stellar winds and SNRs. Up to the
time of the first SNII(depending on the upper-mass cutoff of the initial mass function,
IMF, of the central stellar cluster) the only energy input is contributed by stellar winds.
Then SNRs provide a significant energy fraction. From the equations for vywinq and Mwmd
we can derive Eying & Z. Model calculations by Leitherer (1994) with a continuous SFR
of 1 Mg yr~! have shown that only for Z > Zg stellar winds are still important after
the first SNe IThave exploded at t ~ several 10° yr. For lower metallicities, SNe ITtotally
dominate the energy input.

First SB galaxies were selected optically, showing bright blue nuclei with strong narrow
emission lines (Weedman et al. 1981). The IRAS survey revealed a new class of ultra-
luminous infrared galaxies (ULIRGs; Soifer et al. 1987; Sanders & Mirabel 1996) with
far-infrared (FIR) luminosities of up to a few 10'2 L. HMS have temperatures above
25000 K, their emission thus peaks in the ultraviolet (UV). The UV photons are absorbed
effectively by the surrounding dust, whose absorption cross-section is a strong inverse func-
tion of the wavelength in the UV. Therefore SBs are believed to be the dominant sources
in galaxies with FIR luminosities Lpir > few 10'° L. It turned out that the most lumi-
nous ULIRGs are strongly interacting or merging galaxies. For example, one of the most
prominent and closest ULIRGs is Arp 220 at a distance of 77 Mpc with a FIR luminosity
of 1.3x10'2 Ly (Lutz et al. 1996). Assuming that its FIR emission is dominated by a
SB (Sturm et al. 1996), this would imply a SFR, of more than 200 M yr~! (Kennicutt
1998). A matter of debate is still how much of the produced FIR emission originates from
massive star formation or from an active galactic nucleus (AGN). The relation between
SBs and AGNs will be discussed shortly in Sect. 1.4.

The importance of SBs can be realized when we consider that SBs are the domi-
nant type of galaxies in the FIR galaxy luminosity function with Lpg > few 1019 Lg
(Heckman 1998). They contribute by about 10% to the total bolometric emissivity of the
local universe. Heckman also concluded that in the four galaxies with the most luminous
circumnuclear SBs within a distance of less than 10 Mpc (i.e. M82, NGC 253, M 83,
NGC 4945) 25% of all HMS in this region of the near universe are formed. So SBs are
important energy sources and contribute significantly to the structure of galaxies.

SBs provide excellent laboratories for studying the formation and evolution of HMS and
their impact on the surrounding interstellar medium (ISM). Energy and mass transfer into
the ISM by stellar winds and supernovae observed in these systems are of great interest
for the inpact on theoretical stellar models (Leitherer 1994). One important goal is to
answer the question how strong these winds and outflows of processed matter contribute
to the chemical enrichment not only of the local ISM but also of the intracluster medium
(ICM) in clusters of galaxies.

The detection of field galaxies at z >3 with enhanced star-formation activity (Steidel
et al. 1996) leeds to the question whether nearby SBs are similar to galaxy formation
processes in the early universe. This makes the study of SBs also very important in a
cosmological sense.

1.2 Star formation and galaxy morphology

Often the expression ‘central SB’ refers to the central active region of spiral galaxies. In
fact, from the two main morphology groups in the Hubble sequence, spirals and ellipticals
(for a more detailed classification of galaxy morphologies see e.g. Binggeli (1994)), only
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the first one shows typical features of SBs. On the other hand, several giant ellipticals
contain supermassive BHs at their center and show strong non-thermal nuclear activity.
A prominent example is the central giant elliptical galaxy in the Virgo cluster, M87, with
an estimated central mass of 3x10° Mg, (Kormendy & Richstone 1995; Junor et al. 1999).
One big difference to spirals is that most ellipticals contain no or only a little amount of
cool gas (e.g. Phillips et al. 1986; Wiklind et al. 1995) and reveal no recent star formation.
However, observations with the Finstein satellitediscovered a hot ISM component in Virgo
cluster ellipticals (Forman et al. 1979). Because of the high X-ray luminosities of this gas
(up to 10*? erg s~! at 0.5-4.5 keV; Fabbiano 1989, and references therein), this emission
is believed to originate from a sequence of outflow and inflow of interstellar gas rather
than from galactic superwinds, as observed in SBs (Ciotti et al. 1991). The formation of
elliptical galaxies is still in question. In hierarchical scenarios, where ellipticals are believed
to form from mergers, the influence of star formation and starbursts may be very important
to produce the observed structural and dynamical properties (e.g. Hultman & Pharasyn
1999). But the understanding of galaxy formation has not progressed sufficiently to rule
out dissipationless formation processes (see e.g. de Zeeuw & Franx 1991 and references
therein).

A further type of galaxies, forming the low-mass end of morphological classification, is
the group of dwarf galaxies (DGs), presumably dominating all other galaxies by number
in the universe (Binggeli & Cameron 1991; Ferguson & Binggeli 1994), with total masses
between 10% and 10'° Mg and diameters of <10 kpc. The group contains a variety of
morphologies, arising the question of formation and evolution of such galaxies. In contrast
to giant spirals and ellipticals, the formation of DGs can be observed up to the present
as products of galaxy interactions, i.e. formed in tidal arms and stripped off or by self-
gravitationally collapsing clouds in gas bridges (Mirabel et al. 1992; Duc & Mirabel 1994;
Miller et al. 1997; Duc & Mirabel 1998). For an overview on the different morphologies
of DGs see e.g. Binggeli (1994).

One major subgroup of DGs are the dwarf ellipticals (dEs), containing only a very old
stellar population and representing the small analogy of giant ellipticals. dEs are typical
cluster galaxies, dominating their central regions (e.g. Virgo: Binggeli et al. 1985; Coma:
Thompson & Gregory 1993; Fornax: Bothun et al. 1991). Comparable to giant ellipticals
they do not show evidence of recent star formation. In contrast to dEs, dwarf irregulars
(dIrrs) contain large amounts of gas, comparable to or even exceeding the gas amount
of giant spirals. Their appearance is much more multiplex than the one of dEs. Several
subgroups have been defined, concerning their appearance and characteristics: Hit DGs,
containing large H1I regions like 30 Dor in the Large Magellanic Cloud; blue compact
DGs (BCDGs); X-ray DGs; Wolf-Rayet DGs. In BCDGs one or several violently star-
forming regions are observed, forming massive super star clusters (SSCs), embedded in an
old elliptical stellar population. They are also called starburst dwarf galaxies (SBDGs)
(Driver et al. 1995; Papaderos et al. 1996; Guzman et al. 1998). Hit DGs are characterized
by strong narrow emission line features, which originate from recent star formation, also
indicated by their blue color and mass-to-light ratio (Koo et al. 1995). Also SBDGs in
form of faint DGs with blue colors (therefore called faint blue galaxies FBGs) and similar
features as local SBDGs have been observed at intermediate redshifts z <0.7 (Colless et
al. 1990; Lilly et al. 1991; Guzman et al. 1998).

A significant property of dIrrs and SBDGs is the overall lower metallicity (up to
1/40 Z®) in comparison to giant spirals (Skillman et al. 1989). If we consider the impact
of gas flow and galactic winds in SB galaxies and the much lower gravitational potential
well in DGs, the chemical and dynamical evolution of SBDGs is of special interest to
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understand the observed chemical properties in DGs. Different stellar components often
hint to a complex star formation history (SFH) in these systems, often with several active
phases of star formation followed by more quiescent epochs. Of special interest are DGs
with the lowest observed metallicities, like IZw 18 (Kunth et al. 1995) and SBS 0335-52
(Izotov et al. 1990), because they might reflect the early epoch of the ISM. In this context
mixing processes, galactic winds from SBs and different SFHs are discussed to explain the
observations (Matteucci & Tosi 1985; Garnett 1990; Pilyugin 1992; Marconi et al. 1994;
Bradamante et al. 1998).

1.3 Triggering mechanisms of central starbursts

Observations reveal a clear relation between the SB phenomenon and galaxy interaction.
Approximately 70% of interacting galaxies show enhanced star formation (Bushouse 1986).
Most of the interacting systems, which are strong infrared emitters, also contain nuclear
SBs (Joseph et al. 1984; Lonsdale et al. 1984; Telesco 1988). The number of interacting
galaxies and mergers in the FIR galaxy luminosity function increases drastically from 10%
at Lprr = 109 Ly to 95% at Lpr = 10'? L (Sanders & Mirabel 1996). It should be
noted, however, that the fraction of AGN features in these systems also increases with
luminosity.

Also results from numerical simulations connect SBs with interaction processes (Mihos
& Hernquist 1994a,b). Chemodynamical models calculated in our working group at Kiel
University lead to the result that enhanced star formation on short timescales, strong
enough to suffice observations can only be achieved by means of external disturbances or
an early rapid cooling and collapse phase of the system. Energy input from massive stars
into the ISM, evaporation and condensation cause a self-regulating effect which keeps a
galaxy in a quiet equilibrium (K&ppen et al. 1995; Képpen et al. 1995).

The main problem in triggering a central SB is the mechanism to accumulate a large
amount of gas in the central 1 kpc of the galaxy on a timescale short enough with respect
to the feedback time of star formation (few 107 yr). Therefore this mechanism has to
be effective in transferring angular momentum from the gaseous component. Numerical
simulations are used to investigate how strongly merging processes or encounters of galaxies
induce enhanced star formation (e.g. Jog 1995 and references therein; Mihos & Hernquist
1996).

Generally, an m =2 non-axialsymmetrical bar potential is the most effective way for
angular momentum transfer, a radial gas flow toward the center, and gas accumulation
in the central 1 kpc of a galaxy (Noguchi 1988; Heller & Shlosman 1994; Piner et al.
1995). The location of the principal resonances, particularly the inner Lindblad resonances
(ILRs), arising from the interplay between the bar and the stellar orbits, are of importance.
Depending on the disk rotation curve and the rotation velocity of the bar, a galaxy can
have zero, one, or two ILRs (for a more detailed description on this subject see, e.g.,
Binney & Tremaine 1987). These resonances produce density waves of ring-like structure
at the location of the ILR. The density waves cause an enhancement of cloud collisions
and coalescence of giant molecular clouds (Combes & Gerin 1985) leading to enhanced
star formation (Roberts & Stewart 1987).

The possibility of a connection between bar strength, FIR luminosity, and activity (SB
and/or AGN) has been investigated in several galaxy samples. Huang et al. (1996) find
that stellar bars have a strong enhancing effect on the SFR for galaxies with a ratio of FIR
to optical B-band luminosity Lyigr /L > 1/3. According to the authors the importance of
bars is only given for morphological types earlier than Sbc. In contrast, Martinet & Friedli
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(1997) and Chapelon et al. (1999) found a strong correlation between strong, long bars
and star formation activity for late-type (> SBbc) morphologies in their samples of 32
and 121 barred galaxies, respectively. Although the sample of Martinet & Friedli (1997)
only consists of late-type galaxies, Chapelon et al. (1999) have not found any correlation
between bar strength and activity or bar length and activity for early-type systems. The
influence of bars has also been discussed concerning radial abundance gradients in spiral
galaxies (e.g. Vila-Costas & Edmunds 1992). Martinet & Friedli (1997) found that young
strong bars are connected to high SFRs. While young bars show very steep and spatially
distinct gradients, indicating strong star formation at the central region, the strength of
the bar is an indicator for the speed of flattening of the initial gradient.

1.4 The starburst—AGN connection

A major discussion issue is a possible connection between central SBs and AGNs. In both
cases one critical point is the fueling with a sufficient amount of gas to maintain the central
activity. Since this requires similar triggering processes, like galaxy interaction and bars,
the question arises whether both phenomena are of the same physical nature.

The acronym AGN samples a number of various objects (Woltjer 1990). A common
feature of these objects is a very compact massive central source, emitting a non-thermal
continuum, in contrast to SBs whose emission mechanism is based on stars and supernovae.
AGNs show strong variability on short timescales indicating the very high compactness
of the central source. From large emission line widths we know that very deep potential
wells cause high gas velocities at the center. The large rate of continuum energy output
highly exceeds that of known stellar sources. So the common model for the central source
is a massive black hole (BH) accreting gas from a surrounding disk, powered by the
gravitational energy. The group of AGNs is empirically divided into three subgroups,
characterized by their total central luminosity (Netzer 1990): a) Quasars (QSOs) with
L ~ 10%-10*7 erg s71; b) Seyfert 1 (Sy 1) and Seyfert 2 (Sy 2) with L ~ 10*3-10*° erg s~1;
c¢) LINERs (low-ionization nuclear emission-line regions) with L ~ 10*!-10*3 erg s~1.

Although the powering sources in SBs differ from those in AGNs, several authors
discussed the question whether the connection SB-AGN represents an evolutionary track
(Weedman 1983; Shapiro & Teukolsky 1985; Norman & Scoville 1988). In these models
a central stellar cluster evolves, collapses into a BH, and thereby creates an AGN. A
symbiotic model describing the coexistence of a nuclear SB and a massive BH at the
center of active galaxies has been discussed by Perry (1992) and Williams et al. (1999).
In this model the AGN is powered by accretion of the nuclear ISM produced by the stellar
mass-loss from the central stellar cluster. Other authors consider AGNs as manifestations
of different evolution phases of a central stellar cluster and the extreme examples of nuclear
SBs (Terlevich 1990; Terlevich et al. 1994; Cid Fernandes 1997).

Terlevich (1990) pointed out the similarities of a 40 Myr old SB to a typical AGN.
According to the author, the sum of spectral features from a young stellar population,
supernovae, and supernova remnants produces the energy distribution as observed in active
nuclear regions. Many observations of AGNs do not contradict the scenario of a connection
between SBs and LINERs or Seyfert 2 nuclei being an evolution track from central giant
Hi1 regions over a Seyfert phase with strong narrow forbidden lines, to a typical appearance
of a LINER (Terlevich & Melnick 1985). In this model the strong high-excitation lines are
produced by photoionization of the HiI regions by very hot Wolf-Rayet stars of a special
spectral type, called warmers. Nevertheless, this would not explain every type of AGNs,
like Blazars and BL Lacs, showing strong collimated emission in the radio regime.
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Sanders et al. (1988) studied a sample of 10 ULIRGs observed with IRAS and found
a smooth progression from SB-dominated to AGN-dominated systems with increasing
luminosity. In fact there is a number of galaxies which can be resolved into a central
compact non-thermal nucleus surrounded by a circumnuclear star-forming ring, typically
a few hundred pc in diameter, e.g. NGC 1097, NGC 7469, and NGC 1068 (Keel 1985;
Pérez-Olea & Colina 1996; Davies et al. 1998).

1.5 Galactic superwinds

In this section I want to introduce the phenomenon of galactic superwinds since the X-ray
data hint to the existence of such large-scaled outflows within two galaxies in our sample,
i.,e. NGC 4569 and NGC 2903. These two objects reveal a one-sided extraplanar diffuse
X-ray component, comparable to X-ray halos observed in a number of edge-on galaxies
(e.g. Dahlem 1997). The X-ray properties of these halos will be introduced in Sect.2.3.2.
Here I will give a short general overview on the formation and evolution of superbubbles
and galactic superwinds.

The term ‘superwinds’ denotes kiloparsec-scale gaseous outflows from galactic disks
into the halo. They are driven by stellar winds from massive stars and cumulatively
exploding SNelIl. The hot gas from these stellar winds and supernovae merges to build a
superbubble around the star-forming region expanding into the ambient ISM (Castor et
al. 1975; Mac Low & McCray 1988). To create and drive a superwind two basic conditions
have to be fulfilled: a) The energy injection rate from the SB must be sufficient to create
a region filled with hot gas having a cooling timescale much higher than the expansion
timescale. b) The outflow must be powerful enough to break out of the ambient ISM of
the galactic disk. Otherwise it would remain embedded as hot bubble in the disk. These
conditions are given for typical SBs as Heckman et al. (1990) and Norman & Ikeuchi
(1989) have concluded.

The evolution of such expanding superbubbles can be subdivided into several phases,
the very short free expansion phase and Sedov phase of the stellar winds and supernova
ejecta, the snowplow phase, and the blow-out phase. In the free expansion phase the ejecta
expand until the swept up mass of the ISM comparable to their own. In the Sedov adiabatic
expansion phase the bubble is driven by thermal pressure. The swept material forms a
shell behind the shock front. After a few 10* yr the bubble enters the radiative or snowplow
phase where the swept-up material cools radiatively. In the blow-out phase the diameter
of the superbubble exceeds several times the scaleheight of the disk, breaks out from the
disk and expands almost freely into the halo or beyond. Starting from a SB embedded in a
molecular disk, the bubble will expand most rapidly along the steepest pressure gradient,
i.e. perpendicular to the disk (e.g. Schiano 1985; Mac Low & McCray 1988; Tomisaka
& Tkeuchi 1988; Suchkov et al. 1994). In the snowplow phase the expansion time of the
bubble exceeds the radiative cooling time of the ambient material. The expanding bubble
sweeps up and shock-heats the surrounding ISM. This scenario contains five physically
different zones: 1) The SB itself as the innermost region where energy and momentum
from the stellar winds of the massive stars and from the supernovae are injected into the
bubble. This region is filled with hot (T' ~ 10® K) gas expanding slowly with subsonic
speed. The gas has been shock-heated by high-speed collisions of the ejected material
from stellar winds and supernovae. 2) The expanding gas passes through the sonic radius
into a supersonic-outflow zone. The pressure in this region is dominated by ram pressure
depending on the momentum ejected from the SB into the outflow. The gas in this zone
undergoes a free expansion and reaches velocities up to several 1000 km s~!. 3) The gas
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passes an internal wind shock. The shocked material is reheated to ~10® K and is a strong
source of thermal X-ray emission. 4) It is surrounded by a thin shell of swept-up, shocked
ambient ISM causing the shocked wind gas in zone 3. It cools radiatively and emits strong
optical lines. The expansion of this shell reaches velocities of a few hundred km s !. 5)
The outermost zone is the undisturbed ambient medium.

The bubble reaches the blow-out phase when it has a diameter of a few times the
scaleheight of the disk. The swept-up thin shell fragments via Rayleigh-Taylor instabilities
and the hot wind material breaks out of the disk of the galaxy. The wind expands into
the halo at velocities of several thousand km s~! and builds bow shocks in front of density
inhomogeneities immersed in and shock-heated by the outflow. These clouds are possible
sources of optical and UV emission lines and soft X-ray emission, depending on the speed
of the wind. The wind material may then condensate in the halo and fall back to the disk
or escape the gravitation potential of the galaxy and propagate out into the intergalactic
medium (IGM). A fraction of the swept-up material from the ISM may also be accelerated
to velocities high enough to escape the galaxy.

Superwinds are an important process in many galactic and intergalactic environments.
The dynamics of the metal-enriched material in the superwind represents an effective way
of mixing material from star-forming regions and the ISM on galactic scales. Since the
wind material consists of metal-enriched gas from the stellar winds and supernovae it has
been assumed to be the source of a hot ICM (de Young 1978). Enhanced interactions
of galaxies in clusters trigger SBs which chemically enrich and heat up the ICM (White
1990; Heckman et al. 1990). Superwinds may also play an important role in formation
and evolution of diverse galaxy types (Ostriker & Cowie 1981; Dekel & Silk 1986; Mathews
1989; Berman & Suchkov 1991). The contribution from galactic winds to the cosmic X-
ray background has been discussed, e.g., by Bookbinder et al. (1980), Breitschwerdt &
Schmutzler (1999), and Moran et al. (1999). Finally, some complex QSO absorption lines
may be explained by metal-rich gaseous halos around Magellanic-type dwarf irregulars
originating from galactic outflows (York et al. 1986).

In this work I will focus on the X-ray properties of four different galaxies where each
SB is triggered by a different dynamical process: NGC 4410, NGC 4303, NGC 4569, and
NGC 2903. The main selection criterion for these systems was the existence of indica-
tors for a nuclear SB, although the central source also may be dominated by an AGN.
The objects differ in some way from each other, whether in orientation, morphology, or
environment.

NGC 4410 is a distant strongly interacting system of two merging galaxies within a
group of 11 members. Smith (2000) has observed the entire group in the radio regime and
discusses the influence of galaxy—galaxy and galaxy—ICM interaction in the NGC 4410
group. The work on this object was focussed on the two merging galaxies NGC 4410a and
NGC 4410b. NGC 4303 is a nearby face-on barred late-type galaxy where one can nicely
study different X-ray sources distinguishable within the galactic disk. I will discuss the
influence of the bar on the central starburst and the appearance in X-rays of this object.
The Virgo cluster member NGC 4569 is of interest due to its interaction with the ICM.
This system and the isolated ‘hot-spot’ galaxy NGC 2903 are observed at intermediate
inclination (i = 60°). So the central source is still not totally covered by the disk compo-
nent. The most interesting fact about the X-ray observations of these two galaxies are the
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one-sided diffuse X-ray halos. Additionally, a very interesting giant Ha outflow coincides
with the extraplanar X-ray gas in NGC 4569 and will be discussed separately.

Of course with such a small and inhomogeneous sample of objects the aim of this
work is not to find any statistical conclusions. Rather the influence of different factors
on the X-ray properties of the single objects, like interaction or barred morphology, was
of interest for studying these galaxies. Because of the inhomogeneity, the study of each
object is unique and illustrates the complexity of the astrophysical phenomenon with the
collective notation ‘starburst’. Also the analysis of the ROSAT data reveals the limit of
interpretation from the X-ray observations alone, providing the requirements for follow-up
X-ray missions like XMM-Newton or Chandra.

The work is structured as follows: In the Chapter 2 I shall summarize astrophysical
sources and emission mechanisms in the X-ray energy range within SB galaxies. Chap-
ter 3 contains general information about the X-ray satellite ROSAT and the reduction
and analysis techniques used for the applied data. The central part of this thesis are
Chapters 4 to 8, containing the analysis of the individual objects of the galaxy sample.
Chapters 4 and 5 have been published in the European journal ASTRONOMY AND AS-
TROPHYSICS. Chapters 6 to 8 have been submitted to the same journal. Each of those
chapters is presented in the form as they are published or have been submitted, respec-
tively. The attainments from the analyzed X-ray data are summarized in chapter 9. It
furthermore deals with the approach of open questions and the requirement and possibil-
ities of sequencing X-ray missions.



Chapter 2

X-ray sources and emission models

What do we observe from SBs in X-rays? In general, X-ray emitting sources can roughly
be divided into two subgroups: discrete point-like objects and extended diffuse sources.
Since it is often a question of resolution, it is not always trivial to determine if a source
belongs to the first or the second category. An intensively discussed example is the soft
X-ray background (e.g. McCammon & Sanders 1990; Fabian 1992), a composition of
different components from the Local Bubble (Snowden 1998), the Galactic Halo (Pietz et
al. 1998), and distant extragalactic sources (Burrows & Mendenhall 1991; Barber et al.
1996). It is often also at the edge of or beyond the capability of available instruments
to resolve single point sources in distant galaxies, and to distinguish them from extended
gaseous emission. A concrete example is one subject of this work, i.e. X-rays from active
galactic nuclei, which could be caused by a compact AGN or by circumnuclear star-forming
regions. In the following, I specify the most important X-ray sources in galaxies and discuss
their characteristic spectral energy distributions (SEDs), not only the intrinsic shapes but
also the ones we are actually observing, when the photons have passed the Galactic and
intergalactic medium.

2.1 Absorption of X-ray emission

ROSAT is sensitive in the soft X-ray regime of 0.1-2.4 keV (see Sect. 3.1). In this spectral
range the emission is strongly exposed to photoelectric absorption in the ISM on its way
from the source towards the observer. At energies above 2 keV the influence of the ISM
is quite low, but for lower energies absorption quickly becomes important. To illustrate
this, the mean free path for X-rays in the Galactic plane as a function of photon energy
is plotted in Fig. 2.1. Observing in the X-ray regime toward the Galactic center gives
a maximum distance of less than 10 kpc for sources at energies of about 2 keV, rapidly
decreasing to lower energies. Particularly in the soft X-ray range of ROSAT, absorption
plays an important role, and receiving information on the intrinsic emission from distant
sources requires to consider this process.

The factor by which the flux is reduced depends on two parameters: the hydrogen
column density Npr, i.e. the number of neutral hydrogen atoms per cm™? in the line of
sight, and the photoelectric absorption cross section o of the ISM. Besides absorption in
the ISM of our own Galaxy, additional components can arise from the IGM and intrinsic
absorption within the observed galaxy itself, depending on the location of the X-ray source
within the galaxy. This case is of special interest for observations of X-ray emission outside
the disk of galaxies, as from extraplanar superbubbles and galactic superwinds (Sect. 1.5).
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Figure 2.1: Mean free path of X-ray photons through the
Galactic plane. The dashed line represents the distance to
the Galactic center. Adapted from Watson (1990).

There the orientation of disk and extraplanar component relative to the observer is of
importance. In the cases of NGC 4569 and NGC 2903, this will be discussed in more
detail.

Since we are observing from a position within the Galactic disk, the amount of Ny
strongly depends on the Galactic longitude and latitude of the observed object. The
Hi1 all-sky survey by Dickey & Lockman (1990) serves as orientation for particular sky
coordinates of interest. This survey is based on a series of several radio observations with
>10" angular resolution. So it provides a first estimate to determine the absorption in
observed X-ray fluxes, since, as already mentioned, an additional fraction may be caused
by intrinsic absorption. On the other hand, small scale fluctuations below the resolution
of the survey and, therefore, possibly lower or higher Galactic column densities cannot be
excluded. So the flux from extragalactic X-ray sources with low line-of-sight absorption
may actually be exposed to a smaller column density than given by the values from Dickey
& Lockman (1990).

In the X-ray regime between 100 eV and several keV the cross section o for photoelec-
tric absorption in the ISM contains contributions from the hydrogen and helium Lyman
continuum as well as K absorption edges and some L absorption edges of several heavier el-
ements (Fig. 2.2). The net cross section used in this work is based on Batuciriska-Church &
McCammon (1992). Their calculations are based on the results from Henke et al. (1982),
and contain 17 relevant elements in the energy range of 0.03-10 keV: H, He, C, N, O, Ne,
Na, Mg, Al, Si, S, Cl, Ar, Ca, Cr, Fe, and Ni.

The contribution from absorption to the observed SED is a multiplicative component
with an exponential shape:

Abs(E) = exp(—Nu1o(E)), (2.1)

where Abs(E) is the factor by which the intrinsic X-ray emission is reduced, Ny is the neu-
tral hydrogen column density, and o(E) is the energy dependent photoelectric absorption
cross section.
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Figure 2.2: Photoelectric absorption cross section as a func-
tion of photon energy, scaled by (E/1 keV)3. The K absorp-
tion edges of the single elements are specified in the graph.
Contributions by hydrogen and hydrogen+helium are drawn
separately. Adapted from Morrison & McCammon (1983).

Besides the multiplicative absorption component, each model of an observed X-ray
spectrum contains one or several additive components, describing the intrinsic unabsorbed
SED of the astrophysical object. Depending on the nature of the X-ray source, the re-
sulting SED reflects the underlying emission mechanism, like a non-thermal power law,
thermal Bremsstrahlung (free-free emission), or emission-line spectra (Raymond-Smith
model: Raymond & Smith 1977; MEKAL: Mewe et al. 1986). In general, each emission
model f has the following structure:

£(B) = Y- Absi(B) (3 Emiy(E)), 22)

with the multiplicative absorption components Abs(E), the additive emission components
Em(E), m the number of different absorption components, and m the number of emission
components diminished by the absorption Abs;(E). Note that for a model containing more
than one emission model, each one can be assigned to a different absorption component.
This is useful for complex objects with different intrinsic absorption. However, this dif-
ferentiation requires a sufficiently bright spectrum, which is usually not the case for the
presented data. In the following sections, relevant extragalactic X-ray objects and their
typical spectral emission models will be introduced.
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2.2 Discrete X-ray sources

In general, basic information about the nature of discrete X-ray sources are obtained from
nearby systems within the Local Group, mainly the Milky Way Galaxy (MWG) and the
Magellanic Clouds. Main stellar X-ray sources are low-mass X-ray binaries (LMXBs),
high-mass X-ray binaries (HMXBs), and supernova remnants (SNRs). The latter objects
belong to the category of extended sources and will be discussed in Sect. 2.3.1. Another
class of compact X-ray sources are the massive cores of active galaxies.

2.2.1 Low-mass X-ray binaries

LMXBs are binary systems with a low-mass late-type star (M < 1 Mg) and a neutron star
(NS) or a BH. Through mass transfer from the late-type star to the compact component via
Roche lobe overflow an accretion disk around the NS/BH is created because of conservation
of angular momentum. At some stage this material looses angular momentum by friction
and falls onto the NS/BH, forming a hot spot on the surface. If a strong magnetic field is
present around the neutron star, the mass is diverted to the poles. Rotation of the compact
component then leads to the phenomenon of an X-ray pulsar. The energy emitted in the
X-rays comes from the gravitational energy of the material falling onto the neutron star/
black hole. The overall shape of the SED of these systems is characterized by a relatively
hard (E > 2 keV) power law, indicating the non-thermal nature of the emission by the
accretion mechanism:

I(E) x E'T. (2.3)

The exponent I' is called the spectral index. Typical values for I" in the SED of LMXBs lie
in the range of unity (Nagase 1989). Their X-ray luminosity spans a wide range of Lx ~
1035-10%8 erg s—'. LMXBs are old Population II systems and, therefore, do not contribute
significantly to the X-ray flux in SB regions. The number of LMXBs in the MWG is ~70
objects with about 10 located in the Galactic bulge and also in globular clusters (Watson
1990).

2.2.2 High-mass X-ray binaries

A second, for SBs much more important class of X-ray emitting binary systems are the
HMXBs. These objects consist of a massive, early-type star (M > 5 Mg) and, as in
LMXBs, a compact companion (either a NS or a BH). These systems are also powered by
mass transfer from the first to the latter component. There are two subcategories for the
donor star: an OB supergiant, where the mass transfer occurs via Roche lobe overflow or
stellar wind capture, or a Be main sequence star. In the latter case the mass accretion is
considered to be fed only by the stellar wind. As for LMXBs, the SED of HMXBs has a
power-law shape with a spectral index I' of about unity at energies above 2 keV (Nagase
1989). The X-ray luminosity of the OB binaries lies in the range of Lx ~ 1036-103 erg s—!
(Watson 1990). Most Be binaries have luminosities about 2 or 3 orders of magnitude lower.
But they are often highly variable with emission peak close to the level of OB binaries.
HMXBs are Population I systems and are therefore important contributors to the observed
X-ray emission in highly star-forming regions.

About 100 HMXBs have been detected in the MWG and the Magellanic Clouds.
Twelve of these systems are observed in the Large Magellanic Cloud (LMC) and 20 bina-
ries in the Small Magellanic Cloud (SMC) (Coe 2000). Haberl & Sasaki (2000) recently
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reported that the number of HMXBs in the SMC is possibly as high as 45. This very
high number, compared to the MWG, strongly suggests SB activity in this dwarf galaxy
(Popov et al. 1998).

2.2.3 Active Galactic Nuclei

As for HMXBs and LMXBs, the SED of AGNs can be described by a power law, since the
energy is also gained by gravitation from accretion of mass onto a central compact source,
in this case a massive BH with a total mass in the range of 10° to 10°° M® (Kormendy
& Richstone 1995). It seems from observations that the SED of Seyferts and Quasars is
characterized by two different spectral indices. The hard spectrum above about 2 keV can
be described by a power law with I' ~1.6-1.9, while the soft range below 2 keV reveals a
steeper shape with I' ~2—4 (Turner et al. 1993; Mulchaey et al. 1993; Reeves & Turner
2000).

However, several Seyferts seem to have more complex spectra, i.e. they show a soft
excess. The origin of this additional component at energies below about 0.6 keV can have
different causes, e.g. a blend of emission lines from the circumnuclear gas, reprocessing of
the continuum radiation by material near the nucleus (Netzer 1993), partial covering of
the core, where holes in the circumnuclear material cause penetrating X-ray emission to be
photoelectrically absorbed by only a very little fraction, or scattering of nuclear radiation
by electrons into the line of sight (Mulchaey et al. 1993). The latter assumption arises
from comparison of Sy 1 and Sy 2 X-ray spectra, showing similar features. Following a
unified model for AGNs (Woltjer 1990), differences in AGN types arise from different line
of sights toward the core. While in Sy 1s the observer looks more face-on onto the central
accretion disk and core, in the case of Sy 2s the center is covered by that disk. From this
geometry also internal absorption features arise in the soft regime (Netzer 1993). In the
case of a composite AGN+SB source in our objects, only a simple power-law model was
fitted for the non-thermal component, since their PSPC spectra are too faint to be suitable
for very complex models.

2.3 Diffuse X-ray emission

2.3.1 Supernova remnants

Observations by ROSAT or the Japanese-American X-ray satellite ASCA (Advanced Satel-
lite for Cosmology and Astrophysics) have spatially resolved X-ray emitting shells around
single SNRs in the MWG (e.g. Slane et al. 1999; Borkowski et al. 2000b). Thermal X-ray
emission in the range of 100 eV to several keV is produced by the ambient ISM around
the SNR and the SN ejecta material, heated up by the blast wave shock from the SN
explosion and reverse shocks from interaction of the ejecta material with the surrounding
shell (Borkowski et al. 1996; Borkowski et al. 2000a; Decourchelle et al. 2000). Although
such a thermal component dominates many X-ray spectra of SNRs, acceleration of elec-
trons by shocks in SNRs is expected to be high enough to produce additional non-thermal
synchrotron radiation at higher energies above a few keV (Reynolds 1998). In fact, there
are several cases where a high-energetic tail is observed in the X-ray spectrum, consistent
with synchrotron emission from shock acceleration (Allen et al. 1997; Borkowski et al.
2000b).
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2.3.2 Superbubbles

The strong stellar winds in the OB associations and cumulatively exploding SNe ITare the
origin and driving force of superbubbles. Hard X-ray emission will be produced by the hot
interior gas of several 107 to 10® K, heated up by internal shocks (Heckman et al. 1993).
The swept-up ambient material is also shock-heated and forms a thin shell, emitting in the
soft X-ray regime, like in the case of single SNR shells. Suchkov et al. (1994) calculated
hydrodynamical models of superbubbles and galactic superwinds, and found an analytical
expression for the produced X-ray luminosity in the 0.1-2.2 keV energy range:

Lx o E3/° ng/5 £9/5, (2.4)

where E is the energy injection rate from the SB, ny is the halo density, and ¢ is the
expansion time of the superbubble. The authors find that this soft component is dominated
by the thin swept-up shell around the superbubble. The bulk of hard X-ray radiation above
2 keV is from the galactic superwind material, in agreement with Heckman et al. (1993).

Large kpc-scale outflows from disks of SB galaxies have been observed in several edge-
on galaxies, where a distinction from X-ray sources within disk and galactic nucleus is
possible. Examples for such X-ray halos are M82 (Lehnert et al. 1999; Weaver et al.
2000), NGC 253 (Dahlem et al. 1998; Pietsch et al. 2000; Weaver et al. 2000), NGC 3628
(Dahlem et al. 1996), NGC 4565 (Vogler et al. 1996). For a review on observed X-ray
halos see Dahlem (1997). However, there are significant discrepancies between theory and
observations according to the X-ray emission that should be observed from stellar wind
bubbles and superbubbles (Mac Low 2000). In general, the X-ray luminosities predicted
by simple radial-symmetric models are of the order of one magnitude lower than the
observed ones (Chu & Mac Low 1990; Martin & Kennicutt 1995). Several solutions for
this disagreement have been proposed. Chu & Mac Low (1990) have considered off-center
supernova explosions, Franco et al. (1993) included the interaction of fragmented ejecta
with the outer shell, and Martin & Kennicutt (1995) concluded that the evaporation of
clouds passed by the shock front and embedded into the hot plume may be a dominant
mechanism to increase the X-ray emission. This also reduces the temperature of the hot
bubble plasma.

Further controversial properties are metallicities of the X-ray emitting material. Sev-
eral authors have analyzed observations by applying sub-solar iron abundances and about
solar abundances for the a-process elements (Persic et al. 1998; Ptak et al. 1999). In con-
trast, Dahlem et al. (2000) and Weaver et al. (2000) claim that there is a strong ambiguity
in the spectral fits. In the case of the two best studied SB galaxies, M82 and NGC 253, in-
stead of subsolar metallicities, the spectra can be explained by multi-temperature models.
The hitherto available spectral X-ray observations leave a lot of different possible interpre-
tations, which will hopefully be much more improved with new observational possibilities
in the next months and years. First results from XMM-Newton observations of NGC 253
seem to support the picture of a highly complex multi-temperature X-ray halo structure
(Pietsch et al. 2000).

2.3.3 Emission models for a hot thermal plasma

The luminosity of a hot plasma, like in stellar winds, SNR shells, and superbubbles, is
determined by the emissivity A of the gas. This quantity expresses the power emitted by
a plasma volume element with temperature 7" and density n. The luminosity is then given
by
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L= /n2 A(T) dV. (2.5)

Calculations of the emissivity in X-rays for a hot optically thin plasma have been per-
formed by Raymond & Smith (1977) or Mewe et al. (1986) (see also Kaastra et al. 1996;
Dere et al. 1997). These models take into account several contributions, like a continuum
component and emission lines from a series of important elements, i.e. He, C, N, O, Ne,
Mg, Si, S, Ar, Ca, Fe, and Ni. The continuum emission is a composition of a recombination
spectrum, a bremsstrahlung spectrum, and a two-photon spectrum by collisional excita-
tion. In contrast to line emission, the ion is excited to a metastable level and recombines
in a two-step continuum emitting process. A Maxwellian electron velocity distribution is
assumed. The contribution to the line emission spectrum is from collisional recombination
and dielectronic recombination, where a free electron collisionally excites an ion and is
simultaneously captured.

For all these processes collisional equilibrium is assumed. This is not necessarily the
case for superbubble plasmas with their low densities. The existence or non-existence of
ionization equilibrium in superbubbles has strong impact on the interpretation of the ob-
served X-ray spectra, since direct measurement of spectral lines lies beyond the resolution
capacity of instruments like the ones onboard ROSAT. Even for the two nearest and best
studied SB galaxies, M82 and NGC 253, the interpretation of observations remain equiv-
ocal, in terms of ionization equilibrium as well as metallicities, as mentioned above (see
Ptak et al. 1997; Tsuru et al. 1997 in contrast to Weaver et al. 2000). This uncertainty
continues in interpretation of fainter spectra from more distant galaxies. One only ob-
serves integrated blends of emission lines. The fit to these SEDs leaves the possibility of a
relatively strong contribution from the continuum with several less strong lines, or a con-
tinuum at much lower level with a much larger portion from line emission. This would be
the case for non-ionization equilibrium, where high excitation levels are in a quasi-frozen
state, because of less recombination processes. As a result, the derived total luminosity
for this plasma would be overestimated. Additionally, the completeness of atomic rates
from experiment and theory, which the plasma codes are based on, is not given. There
are still differences in different codes (Smith & Brickhouse 2000). This again requires
high-resolution X-ray spectroscopy, as feasible with XMM- Newton.
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Chapter 3

X-ray observations and data
reduction

The main part of this work is based on ROSAT X-ray observations proposed by Norbert
Junkes (principal investigator, PT) and Gerhard Hensler (co-investigator, Col) from the
Institute of Theoretical Physics and Astrophysics, University of Kiel. To get as much
information from the sources in the X-ray regime as possible high resolution imaging with
the HRI detector (see 3.1.3) as well as spectral information with the PSPC detector (see
3.1.2) has been taken into account. To obtain PSPC observational data of NGC 4303 I used
the ROSAT Data Archive at the Max-Planck-Institut fir extraterrestrische Physik (MPE)
in Garching, Germany. Additional optical data of NGC 4410, NGC 4569, and NGC 2903
are included in the work. Since these data were contributed by external collaborations and
the reduction was carried out elsewhere, I shall only report on the reduction techniques of
the ROSAT X-ray data performed by myself.

3.1 The X-ray satellite ROSAT

Since the earth’s atmosphere is totally opaque for external X-ray radiation, observations in
this energy regime cannot be performed by classical ground-based observatories. Therefore
the beginning of observational X-ray astrophysics required to bring an X-ray detector
several hundred kilometers above the ground outside the protecting atmosphere. It started
in 1949 with the detection of X-ray emission from our sun by a photon counter on board
of a sounding rocket. The first extrasolar X-ray detection (the binary system Sco X-1) was
then obtained in the early sixties (Giacconi et al. 1962). Also balloon experiments carrying
detectors to altitudes of about 40 km were used, with the advantage of a larger exposure
time of several hours compared to only several minutes for the rocket experiments. On
the other hand, the relatively low altitude of several tens of kilometers reached with the
balloons made observations only possible in the hard X-ray regime of more than 20 keV.
The first X-ray survey has been performed by the UHURU satellite, launched in 1970,
with a final number of 339 sources (Forman et al. 1978), mainly X-ray binary systems,
supernova remnants, Seyfert galaxies, and galaxy clusters. Further important missions in
the following decades were, e.g., the HEAOQO project, Ginga, the Einstein satellite, and the
ROSAT satellite. For a review on X-ray missions until 1990, see Bradt et al. (1992).
ROSAT (an acronym for the German expression Rontgensatellit) is a joint German,
US and British space mission. the project was proposed by the MPE in 1975 and sub-
sequently approved by the Bundesministerium fiir Forschung und Technologie (BMFT),



22 CHAPTER 3. X-RAY OBSERVATIONS AND DATA REDUCTION

17 m - —_—

I—-——-— W0 com—
Thermal Precollimator
Telescope Door Sun Wolter Type 1 Mirror System
Sensor
; SN/
+ —

t. Deflect
/M I Focal Plane
7 T | Assembly
_,"

|
F
- |
BEips T' |

Star_Sensor F""‘ Bench / Focal Plane

Figure 3.1: Schematic cross-sectional view of the XRT. The focal plane turret on the
right houses one HRI and two PSPC detectors with filter wheels. Adapted from Briel
et al. (1997).

L"_'.'..—..___.._.:____:ﬁ‘_ 1

now Bundesministerium fiir Bildung, Wissenschaft, Forschung und Technologie (BMBF).
The satellite was realized in a collaboration between the MPE, the American National
Aeronautics and Space Administration (NASA), and the British Science and Engineering
Research Council (SERC). While NASA provided the launch of the satellite, the MPE
was responsible for the scientific management and the Positional Sensitive Proportional
Counter (PSPC), one of three instrument types on bord of ROSAT. The High Resolution
Imager (HRI) was developed by the Smithsonian Astrophysical Observatory (SAQ), and
Leicester University was contributing the Wide Field XUV Camera (WFC).

The satellite was launched on a Delta-II rocket on June 1, 1990. Ground-based con-
trol of the spacecraft was performed by the German Space Operation Center (GSOC) at
Weilheim, Germany. The mission ended on February 12, 1999. The scientific goal of the
mission was two-fold: at first, the ROSAT all-sky survey (RASS) in the X-ray and EUV
range, and, secondly, the detailed study of selected X-ray and EUV sources. The X-ray
telescope operated in the energy range of 0.1-2.4 keV (HRI and PSPC), while the WFC
observed in the range between 0.04 and 0.2 keV. From the WFC survey, it became clear
in May, 1991, that the count rates were systematically (about 20%) lower than expected.
Since no data from the WFC is included in this work I shall concentrate on the X-ray
telescope and detectors. For more detailed information on ROSAT see Briel et al. (1997).

3.1.1 The X-ray telescope

The X-ray telescope (XRT) consists of the X-ray mirror assembly (XMA), a magnetic
deflector, two South Atlantic Anomaly Detectors (SAADs), and the scientific detectors,
one HRI and two PSPCs, mounted on a turret in the focal plane (Fig. 3.1). The XMA is
a grazing incidence Wolter type I configuration with four parabolic and hyperbolic nested
mirror shell pairs. It has an aperture of 84 ¢cm and a focal length of 240 cm. The mirror
shells are made out of a glass ceramic with a very small thermal expansion coefficient,
called Zerodur, and coated with a thin gold layer in order to increase X-ray reflectivity.
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The magnetic deflector serves to reduce any flux from soft electrons in the focal plane. The
two SAADs are charged particle detectors, N-type silicon semi-conductors, which monitor
the particle background. While orbiting the earth, the satellite crossed regions of intense
particle background: the belt regions and the South Atlantic Anomaly. In that case, the
high voltage of the operating detector was turned down to a minimum.

3.1.2 The Position Sensitive Proportional Counter (PSPC)

Originally, two PSPC detectors, PSPC-B and PSPC-C, were operating on board of ROSAT.
During the RASS, on January 25, 1991, PSPC-C was destroyed, because of an onboard
computer error which caused a scan across the sun. Afterwards all observations were per-
formed by PSPC-B (additional detectors PSPC-A and PSPC-D were used for the ground
calibration). All PSPC data in this work are obtained by PSPC-B.

The PSPC is a set of two multiwire proportional counters. Two anode grids are made
of gold-plated tungsten wires, 10 pym in diameter, with a spacing between the wires of
1.5 mm and 2 mm, respectively. Two cathode grids consist of platinum iridium wires
with a diameter of 50 ym and a spacing of 0.5 mm. The counters contain a gas mixture
of 656% argon, 20% xenon, and 15% methane. The PSPC entrance window is a 1 pum
foil of polypropylene coated with carbon and lexan, making it opaque at energies just
above 0.28 keV. The transmission below that energy is about 50%. The protecting foil is
supported by a wire grid structure, as shown in Fig. 3.6. An X-ray photon penetrating
the detector gas produces an electron by photo-electric absorption. Ionization of other gas
atoms causes secondary electrons.

The total field of view (FOV) is 2°. Four different filters can be placed in front of the
detector for diverse options, ‘standard’ observations, monitoring, or calibration purposes.
With the cathode wire alignment, an on-axis angular resolution of ~25"” can be achieved.
The energy resolution, depending on the photon energy, is AE/E = 0.43(E/0.93)70
full width at half maximum (FWHM). The quantum efficiency (the fraction of photons
converted into counts) of the ROSAT PSPC as a function of energy is shown in Fig. 3.2.
The curve includes the window transmission, the average transmission of the window
support structure, and the absorption of the detector gas.

3.1.3 The High Resolution Imager (HRI)

The second type of detector onboard ROSAT is the HRI, a two-dimensional position
sensitive microchannel plate (MCP) detector. This instrument is basically identical to the
Einstein Observatory HRI. One significant difference is the material of the photocathode,
cesium iodide instead of magnesium fluoride, to increase the quantum efficiency by a factor
of three (Fig. 3.3). The detector has no intrinsic energy resolution. Since the cesium iodide
coated MCPs are sensitive to UV radiation, a 1.05 pgm thick aluminium-coated plastic
window has been placed in front of the MCPs. This also protects the photocathodes from
positive ions near the satellite. The energy detection range is limited by this UV /Ion filter
at low energies and by the decreasing mirror reflectivity at high energies.

The FOV of the detector is 38'. Spatial and timing resolution of the HRI are ~1”7
(FWHM) and 61 ps, respectively. Main characteristics for the XMA, PSPC, and HRI are
summarized in Table 3.1.
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Figure 3.2: Quantum efficiency of the PSPC as a function
of energy. Window transmission, transmission of the sup-
port structure, and gas absorption efficiency are included.
Adapted from Briel et al. (1997).

Figure 3.3: Quantum efficiency of the HRI MCPs as a func-
tion of energy. Adapted from ROSAT AO-2 (1991).
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Table 3.1: Main characteristics of the ROSAT components XMA, PSPC, and HRI.

Component Attribute Quantity

XMA Mirror Wolter I; 2x4 mirror shells; gold-coated Zerodur
Focal length 240 cm
Aperture 84 cm
Geometric area 1141 cm?

High energy cutoff  ~2 keV

Angular resolution ~ <5” half energy width
PSPC FOV 2°

Detector gas 65% Ar, 20% Xe, 15% CH4

Energy resolution 0.43 at 1 keV

Spatial resolution ~25" at 1 keV
HRI FOV 38'

Spatial resolution 17 (FWHM)

Temporal resolution 61 us

3.2 asic reduction of the X-ray data

The ROSAT observations used in this work are listed in Table 3.2. The reduction of
the ROSAT data has been performed by means of several software packages. The most
basic part, i.e., creation of images and spectra, has been done with already existing data
processing codes, written by Ralph Dickow (Dickow 1995), partly upgraded and changed
for special purposes. These codes are written in IDL (Interactive Data Language, Re-
search Systems, Inc.). Further analysis of the X-ray spectra was performed by using the
interactive X-ray spectral-fitting program XSPEC v10 (Arnaud 1996). I also used the
Extended Scientific Analysis System (EXSAS) for interactively analyzing X-ray data in
general (Zimmermann et al. 1997).

Several corrections of the raw data have to be performed before a quantitative analysis
is possible, i.e.:

energy dependence of mirror reflectivity and detector sensitivity
off-axis angle dependence of the point-spread function
vignetting effects

shadowing by support structure

wobble movement of the satellite

background contamination

These corrections are described in the following. The bf energy dependence is described
by the effective area of the combined mirror+detector, which is the integrated collective
area, size if each incoming photon would be detected. This quantity depends on the o -
axis angle of incoming photons within the FOV. The effective area is determined by the
quantum efficiency of the detector and the mirror collective area. The effective areas for
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Figure 3.4: XMA/PSPC on-axis effective area with
(dotted line) and without (solid line) boron filter.
The optional boron filter divides the carbon window
below 0.28 keV into two subbands. Adapted from
ROSAT AO-2 (1991).

the combinations XMA /PSPC and XMA /HRI are shown in Figs. 3.4 and 3.5. The feature
at 0.28 keV is due to the carbon absorption edge of the carbon coated entrance window.
The minimum around 0.6 keV in Fig. 3.5 is caused by the Cs and I absorption edges from
the MCPs. The drop at high energies comes from the decreasing reflectivity of the mirror.

Vignetting is a radius-dependent effect and occurs from shadowing at the entrance
window boundaries increasing toward the edge of the FOV. Another shadowing effect is
caused by the PSPC entrance window support structure (see Fig. 3.6). To expose the
detector areas covered by this structure at least partly the satellite performs a perma-
nent one-dimensional wobbling motion perpendicular to the optical axis. This prevents
contamination of the images from the small-scale wire grids. However, the large-scale
support structure cannot totally be corrected by this method, although it will be taken
into account in the exposure maps (see text below). So off-axis sources located in these
image areas have to be handled with caution.

For the PSPC observations the vignetting effect, the shadowing by the support struc-
ture, and the wobble motion are corrected by a calibration image, called exposure map.
Such an exposure map has been generated for each single PSPC observation. In Fig. 3.7
on can nicely discern the radial intensity gradient to take the vignetting into account. The
wobble direction is indicated by the blurred support structure. HRI images are corrected
by a standard vignetting correction image from calibration measurements.

Contamination by background events, i.e., detected photons not originating from the
astrophysical object of interest, can have five different reasons:

Particle background

Scattered solar X-ray background by the earth’s residual atmosphere
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Figure 3.5: XMA/HRI on-axis effective area.
Adapted from ROSAT AO-2 (1991).

Figure 3.6: ROSAT PSPC window support structure.
Adapted from ROSAT AO-2 (1991).
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Figure 3.7: Exposure map for the PSPC observation of
NGC 4569. The support structure is clearly visible. The
blurring in one direction is caused by the wobble motion of
the satellite. The radial brightness difference indicates the
vignetting effect correction.

Auroral induced X-ray background
Cosmic X-ray background

Long term enhancements of unknown origin

In the HRI an additional component has been detected, an internally produced continuum
background. It is supposed to originate mainly from residual radioactivity in the MCPs
and surrounding structure. The internal background from the PSPC has turned out to be
negligible. To correct for the background contamination, source-free areas in each image
were selected and subtracted from the object area. The procedure will be described in
more detail in the next section.

3.3 maging

X-ray images were created with the IDL code 1 (Dickow 1995), which allows
to specify pixel binning and resolution. The binning factor determines how many detector
pixels are binned to one pixel in the resulting image. At first, a photon list of all events in
the defined time and energy range is created. This list contains information about position,
arrival time, and energy channel (PSPC) of each detected event. Additionally, two files are
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created containing general information about the observation, e.g. total exposure time,
object name, sky coordinates, detector information.

From this photon list, a 512x512 pixel image is created. Depending on binning and
resolution the image is convolved with a Gaussian filter. Next step is the correction for
vignetting and shadowing effects in the image. PSPC images are corrected by dividing
through the corresponding exposure map. HRI images are divided by a normalized stan-
dard calibration exposure map which has been multiplied by the exposure time. The pixel
values of the corrected image are in units of counts per seconds. From the image binning
information, the final image is then normalized to pixel value units of cts s~! pixel™!. In
this context the quantity pixel is independent of the image binning and has a size of 15x15

El.I‘CS@C2 .

3.4 Spectroscopy

The analysis of the energy distribution from PSPC observations is subdivided into two
parts: the creation of a background-corrected spectrum with selected energy binning and
its interpretation by fitting emission models to the observation. The first part is carried
out with the IDL code _ (Dickow 1995), while for the model fits the interactive
software package XSPEC has been used.

For retrieving the spectral distribution an image was created, as described in Sect. 3.3.
From this image the source area and a number of background fields, containing no ad-
ditional sources, were selected. Typically, three background fields near the source were
chosen and concatenated. This was done either interactively or by using the information
of area position and size from an input file. For the source field a polygon for extended
asymmetric sources or a circular region could be chosen. The background fields were either
an area of circular shape beside the source or a ring around the source field (only for the
case of a circular source area). From these background areas mean count rates, sigmas,
and background-to-source area ratios were determined. The background contamination
level was subtracted from the source field, and the remaining source counts were divided
in energy bins. The size of the energy bins was chosen either to be the same for each bin
or variable yielding the same signal-to-noise ratio. This means the binning boundaries
had to be chosen in a way that the number of source counts had to exceed the number
of background photons by that ratio. The spectrum was then converted to a format for
further processing with XSPEC.

The basic concept performed with XSPEC is as follows: The obtained spectral dis-
tribution does not directly correspond to the intrinsic distribution from the astrophysical
source. Beside of absorption of X-ray photons on their way from the source to the de-
tector, the spectrum also contains sensitivity characteristics from the observing detector.
These characteristics have partly been mentioned above, i.e., the energy and off-axis angle
dependent effective area (Sect. 3.2). Additionally, incoming X-ray photons at a defined
energy have a considerable probability to be detected in neighbouring energy channels.
This is specified by the energy resolution of the detector. Since the inversion of this
process is equivocal, one has not the possibility to infer directly the undisturbed energy
distribution from the observation. Therefore, the fit of any theoretical emission model to
the observation is done iteratively. The model is folded by the detector response matrix,
containing the response probability of each energy channel for a photon with a defined
energy. Afterwards the folded model is fitted to the observed data.
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ROSAT X-ray observations of the interacting pair
of galaxies NGC 4410: evidence for a central starburst
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Abstract. Thelate-typegalaxyNGC 4303(M61) is oneof the
mostintensiely studiedbarredgalaxiesin the Virgo Cluster
Its prominentenhancedstar formationthroughoutlarge areas
of the disk canbe nicely studieddueto its low inclination of
about27 .

We presentobsenations of NGC 4303 with the ROSAT
PSPCandHRI in the soft X-ray (0.1-2.4keV). Thebulk of the
X-ray emissionis locatedat the nuclearregion. It contrikutes
morethan80%to thetotal obseredsoft X-ray flux. Theexten-
sionof thecentralX-ray sourceandthe  / ratiopointto a
low luminousAGN (LINER) with acircumnucleastarforming
region. Severalseparatalisk sourcesanbedistinguishedvith
the HRI, coincidingspatiallywith someof the mostluminous
H regionsoutsidethe nucleusof NGC 4303. The total star
formationrateamountsto 1-2M yr . The X-ray structure
follows the distribution of starformationwith enhancemerut
thebartypical patterns.

The bestspectralfit consistsof a power-law component
(AGN andHMXBs) anda thermalplasmacomponenof hot
gasfrom supernearemnantandsupertibbles.Thetotal 0.1—
2.4keV luminosity of NGC 4303amountsto 5 10 ergs
consistentvith comparablagyalaxiesjike e.g.NGC 4569.

Key words: galaxies:individual: NGC 4303— galaxies:star
burst— galaxies:active — X-rays: galaxies

1. Intr oduction

Barred galaxiesconstitutea major fraction of all disc galax-
ies classifiedin the optical, more than 50% including strong
bars and intermediatemorphologies(Sellwood & Wilkinson

1993).This fractionincreasesvhenalsonearinfraredimages
areusedfor classificationthusunderliningthe importancefor

thegeneralnderstandingf theevolutionof galaxiesThenon-
axisymmetriqotentialhasastrongimpactonthegasdynamics
andthe starformationin barredsystemsObsenationsreveal
a correlationbetweenthe radial abhundancegradientand the
strengthof the bar (Martin & Roy 1994; Friedli et al. 1994;
Martinet& Friedli1997).Thisis interpretedastheresultof two

effectscausedy thebar:astrongeradialgasflow andhencea
strongeradialmixing of metalsandtheefficiency of starforma-

Send offprint requests to: D. Tschbke

tion. Theradialmasgransferconcentrategasnearthe galactic
centerandat the endsof the bar at corotation.Enhancedstar
formationis theconsequencef gasaccumulationTherotating
bar potentialalsoheatsup the outerdisk partswhich leadsto
largerstellarvelocity dispersiongndaradialdiffusionof stars.
(Selwood & Wilkinson 1993).

Galacticbarshave alsobeenconsideredo supportthe cen-
tral infall of gasto feed a central“monster”(e.g.Beck et al.
1999).Severalauthorshave claimedthatactive galacticnuclei
(AGN) aremorelikely in barredgalaxiesthanin non-barred
ones(e.g.Simkin etal. 1980;Arsenault1989).Hummelet al.
(1990) notethatthe fraction of centralradio sourcesn barred
spiralsis by afactorof 5 higherthanin non-barredpirals Other
authorgdoubtthatthereis a significantlyhighernumberof bars
in galaxiesharboringan AGN (e.g.Balick & Heckman1982;
Ho et al. 1997).1t appeardhat the concentratiorof gason a
scaleof 1 kpc atthe galacticcenterrequiredto enhancehe
centralstarformationcaneasilybeachieved by abarpotential.
It seemanuchmoredifficult, however, to accumulateenough
gason a scaleof afew pcto tensof pcin orderto producean
AGN. Othereffectsdependingntheenvironmentof thegalax-
ies(interaction:ElImegreenetal. 1990;H contentsCayatteet
al. 1990)play animportantrole in massdistribution, gasflow,
andthereforen theformationandevolution of barsandthestar
formationhistoryin thesesystems.

One of the mostfamous,closestand mostwidely studied
barredyalaxiess NGC4303(M61), memberof theVirgo Clus-
ter, whichis obseredataninclinationof 27 (Guhathakurtat
al. 1988). Optical spectraof this galaxy indicatethat it con-
sistsof a nuclearstarturstanda LINER or Se/fert 2 nucleus
(Filippenko & Sagent1986; Kennicuttet al. 1989; Colina et
al. 1997;Colina& Arribas1999,hereafteiCA99). Indications
for ahigh starformationrate(SFR)in NGC 4303aregiven by
thenumerousH regions(Hodge& Kennicutt1983;Martin
& Roy 1992, hereafteMR92) andthreeobsened superneae
(vanDyk 1992).It alsoshows strongradioemissiondistributed
over the entire disk (Condon1983).Colina et al. (1997)and
CA99discussedhequestiorof astarlhurst—-AGN connectiorin
thisbarredgalaxy usingopticalspectroscopandHSTUV im-
ages.Thedatarangefrom a nuclearspiral structureof massve
starforming regionswith anouterradiusof 225pc down to the
unresohed coreof asize 8pc. Fromthe UV datait is not
clearif thecoreis amassve stellarclusteror apureAGN.
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VLA obsenationg(Cayatteetal. 1990)shav thatNGC4303
isnothighlyH deficientwhichcanbeexplainedby only slight
ernvironmentalinfluencesin the outermostregion of the Virgo
Cluster The projecteddistanceto M87 is 8 2 (Warmels1988).
Nosignificantdifferenceof theabundancegradienin thediskof
NGC4303comparedo non-barredpiralgalaxieshasbeenob-
sened (MR92). Martinet& Friedli (1997)discussedhe abun-
dancegradientslopein termsof barage.Accordingto them,a
steepgradientin thebarandaflat onein theouterdisk aretyp-
ical for ayoungbarwhile a singleflat gradientin baranddisk
characterizeanold bar MR92 did not determinethe gradient
at large radii becausef a smallnumberof H regions.Mar-
tinet& Friedli (1997)alsoclaimedthatbarsin late-typespirals
with enhancedtarformationlike NGC 4303areexpectedo be
young.

Probableinteractioncompanionsare the nearbygalaxies
NGC 4303A (Condon1983) and NGC 4292 (Cayatteet al.
1990),at distance®f 7 5 northwestand10 northeastrespec-
tively.

2. Observations and data reduction

In this paperwe presentdatafrom the High Resolutionimager
(HRI) andthe PositionSensitve ProportionalCounter(PSPC)
on boardof the X-ray satellite ROSAT. This X-ray telescope
was operatingin the enegy rangeof 0.1-2.4keV. For details
concerningROSAT and its detectorsseethe ROSAT Users

Handbook(Briel etal. 1996).

2.1 HRI

We proposeRI pointedobsenationsof NGC 4303(ROSAT
sequenc&aumber600854,PI: N. Junkes),which were carried
outinthetimeperiodsiuly2—-8,1996,Juned—23,1997 andJan-
uary6—7,1998with integrationtimesof 16055sec,27538sec,
and 5600sec, respectiely (seeTable 2). All three obsena-
tions are centeredon RA(2000)= 12 21 55 2; Dec(2000)=
+04 2811 5.

The threephotonlists were combinedto createonesingle
image.The datawereanalyzedusingthe commercialinterac-
tive datalanguagesoftwarepackagdDL (Interactve Datal.an-
guage)All presentedmagescontainpixel valueswith unitsof
countsper pixel andsecondTheimageswerecorrectedor vi-
gnettingbut notfor backgroundTo quantifyary sourcecounts
threecircularsource-fredieldswith radiiof 49 , 34 ,and39 ,
respectiely, were selectedo determinethe backgroundevel
(Table2). Theaveragedackgroundlux amount$03.52 10
ctss arcsec .

Fig.1 shovstheHRI field of view (FOV) of thethreecom-
bineddatasets,corvolvedwith a Gaussiarof 5 FWHM. For
reasonsf identificationthe5 sourceddetectedwith a max-
imum likelihood method are numberedin Fig.1 and listed
in Table 3. Several single sourcedetections(no. 9—-13) coin-
cide with optical peaksin the galaxy Sourceno. 18 can be
identified asthe QSO 1219+044 which sened asthe central
sourceof the PSPCpointedobsenationusedfor spectralanal-

D. Tschbke et al.: X-raysfrom the barredgalaxyNGC 4303

Fig. 1. Total field of view of the combinedROSAT HRI obsenation
of NGC4303.Thedetectedd sourcesrelabeledwith numbersThe
sourcesn the center(nos.9-13)correspondo NGC 4303.

Table 1. Somebasicparametersf NGC 4303.

NGC 4303 Reference
alternatve name M61
IRAS 1219440444

type SAB(rs)bc 1
RA (2000) 12 21 549 2
Dec(2000) +04 2825 2
distance 16.1Mpc 3

diameter 59 4
axisratio 0.97 4
inclination 27 5
log 10.53 4
log 9.71 4

References: 1) de Vaucouleur®tal. (1991)
2) NASA/IPAC ExtragalactidDatabase
3) Ferraresetal. (1996)
4) Tully (1988)
5) Guharthakurtatal. (1988)
Correctedor adistanceof 16.1Mpc.

ysisin Sect2.2.Sourceno. 7 coincidesspatiallywith the QSO
1219+047(Bowenetal. 1996).1t turnedout thatthe sourceis

variablethe X-rays. Its flux increasedy afactorof 3 between
the secondandthird HRI obsenation (Junel997andJanuary
1998).

2.2. PSPC

Sincethereexist no particularPSPCobsenationspointedon
NGC 4303, we use ROSAT obsenations from the archive
(ROSAT sequencaumber701095PI: R. Staubert)NGC4303



D. Tsclbke et al.: X-raysfrom the barredgalaxyNGC 4303

Table 2. Date,integrationtime, andsourceandbackgroundcountratesof the HRI andPSPCobsenations.

Date Integrationtime  Countrate Background
[s] [ctss ] [ctss arcsec ]
HRI July 2—-8,1996 16055 8.8 10 3.52 10
June9-23,1997 27538
January6—7,1998 5600
PSPC DecembeR4-26,1992 8135 0.062 5.14 10

CombinedHRI obserations

Table 3. EXSAS sourcedetectionof X-ray sourcesn the HRI coincidingwith the opticalimageof NGC 4303.

Sourceno. RA Dec Countrate Identification
(2000) (2000) [10 ctss ]
1 12 21 398 +04 3917 125 2.4
2 12 22 357 +04 3844 16.5 2.9
3 12 21 141 +04 3654 26.1 3.0 GSC00285-00416
4 12 21 323 +04 3601 135 2.1 unidentifiedoptical pointsource
5 12 22 039 +04 3406 6.4 1.4
6 12 22 307 +04 3219 79 1.7
7 12 21 380 +04 3028 47.2 3.2 QS01219+047yariable
8 12 22 012 +04 2940 53 13
9 12 21 561 +04 2929 10.8 2.0 NGC 4303
10 12 21 549 +04 2827 36.1 3.0 NGC 4303
11 12 21 583 +04 2815 85 1.6 NGC 4303
12 1221 518 +04 2808 6.9 15 NGC 4303
13 12 21 540 +04 2740 119 2.0 NGC 4303
14 12 23 044 +04 2603 294 5.1
15 12 22 526 +04 2326 28.8 3.5
16 12 21 348 +04 2317 218 2.3
17 12 22 225 +04 1623 18.8 2.8
18 12 22 225 +04 1316 351.6 9.2 QS01219+044
liesintheFOV at an off-axisdistanceof 17 whichis still within
theinnerpartof the supportingring structureof thetelescope.
The position of the X-ray counterpartof NGC 4303is given
in Fig.2. The central sourceis the QSO 1219+044(no. 18
in Fig.1). The imagehasbeencornvolved with a Gaussiarof
25 FWHM. Dueto strongasymmetryand broadeningof the
point spreadfunction (PSF)with radial distancefrom the op-
— tical axis( 25 FWHM for anon-axispoint sourceat 1keV,
67 FWHM foral7 off-axispointsourceat1keV; Hasinger
etal. 1994)we cannotgetary usefulspatialinformationfrom
the PSPCdata.

This PSPCexposurewas carriedout betweerDecembef4
and26, 1992, with anintegrationtime of 8135sec.The back-
groundflux was determinedrom threecircularsource-frear-
easin the field with radii of 83 , 88 , and75 andamounts
t05.14 10 ctss arcsec . To analyzethe PSPCdatawe
usedIDL andthe softwarepackageXSPEC(Arnaud1996)for
interactvely fitting X-ray spectra.

For NGC 4303,we adoptthesamedistanceasof M100,the

10 brightestspiralin the Virgo Cluster(16.1Mpc; Ferraresetal.
e |

1996).Thentheresolutionof the ROSAT detectorof 5 full

Fig. 2. Totalfield of view of theROSAT PSPCobsenationaroundthe
QS01219+044 The positionof NGC 4303at an off-axis distanceof
17 is marked.

width athalf maximum(FWHM) for theHRlIand 67 FWHM
for the PSPCat an off-axis distanceof 17 scaleto 390pc and
5.3Kkpc, respectiely.
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Table 4. X-ray sourcesspatiallycoincidingwith the opticalgalaxyNGC 4303.The sourcedesignationseferto Fig. 3.

Source RA Dec Countrate Sourcearea Flux (0.1-2.4eV) Luminosity(0.1-2.4keV)
(2000) (2000) [10 ctss ] [arcsec] [10 ems cm] [10 emgs ]
A 12 21 545 +04 2938 34 1.1 200 14 05 43 15
B 12 21 563 +04 2928 99 1.8 531 41 0.8 12.7 25
C 12 21 553 +04 2903 59 14 290 25 0.6 7.8 1.9
D 12 21 583 +04 2814 89 1.7 380 3.7 0.7 115 2.2
E 12 21 517 +04 2808 75 15 315 3.1 0.6 9.6 1.9
F 12 21 539 +04 2743 8.7 1.7 383 3.6 0.7 11.2 2.2
nucleus 12 21 555 +04 2828 43.9 35 1321 87.8 7.0 272 21

Enegy corversionfactorECF:disk sourcesA—F, ECF=2.4 10 ctscm emg

100 A
o
50 A B
Py C
2
= ( ) < i)
©
N
6 7507 &
F
—100 1
—100 —50 0 50 100

Offset (arcsec)

Fig.3. The inner 4 of the pointed HRI obsenration. The labeled
sourcegA—F) aretheonesspatiallycoincidingwith theopticaldisk of

NGC 4303(seetext andTable4 for details). Theimageis centeren
the coordinate®f the pointedobsenation. The distancen the axes
arerelative to thecentralX-ray sourcewith the coordinates (2000)=

12 21 555; (2000)=+04 28 28 5. Northis up, eastis to theleft.

3. Results
3.1. Spatial analysis

As alreadymentionedno usefulspatialinformationon the X-
ray structureof NGC 4303canbeobtainedrom thePSPCdata
dueto thespatialresolutionof thedetectorandmoreover to the
17 off-axis positionof the sourcein the FOV.

In contrastthe moredetailedHRI imagerevealsa number
of X-ray sourcedistributed over the galacticdisk (Fig.4). In
comparisorto the numberedsourcesn Fig.1 the closerview
allowsto distinguishmoredetails.For example,sourceno.9in
Fig.1 splitsinto threeX-ray spots(labeledA—C in Fig.3). The
mostluminoussourcecoincideswith the centerof NGC 4303
and dominatesn the soft X-rays. The countratesand fluxes
derived for sourcegrom the HRI arelistedin Table4. Thecor-

;nucleusECF=5 10 ctscm emg

respondingireasreplottedin Fig. 3. Todeterminghefluxeswe
usedtheenegy corversionfactor(ECF)from the ROSAT Call

For Proposals documentationThe ECF determineghe ratio
betweercountratesandunabsorbedourceflux in the ROSAT

bandfor given spectraparameterd-or thedisksourceA—F we
assumea 0.3keV Raymond-Smitthmodel(Raymond& Smith
1977)with anabsorptiorcolumndensityof 3 10 cm . For

the nucleusa power law with =2.6 and a column densityof

3 10 cm (seeSect3.2andTableb) is appliedasspectral
model.

The contoursof sourcesB, C, D, andF in Fig.3 areall
locatedwithin theopticalarmstructureandcoincidewith bright
H emissiorregionswithin thespiralarms(Fig.4). In addition,
sourceE isembeddedh thefaintouterpartof thesouthwestern
spiralarm.MR92 distinguished/9H regionsin NGC 4303,
mainly in the spiralarms.The X-ray contouroverlay over the
H imagein Fig.4 revealsthatthe X-ray sourcesB, C, D, and
F coincidewith H regions,while sourcesA andE arelocated
nearsuchregions.

Gasdynamicaimodelsof barredyalaxiefEnglmaiei& Ger
hard1997)show stronggasaccumulatioratthetips of thebars
dueto corotationof the barstructurewith thedisk whatshould
leadto enhancedtarformation.H obsenationsaswell asthe
existenceof prominentH featuresstrikingly supportthe out-
comeof thesemodels.The X-ray contoursB and F seemto
arisefrom theseregions.The X-ray maximumbD is connected
with anotherinterestingfeatureof NGC 4303:in the eastern
partthegalacticarmseemdo bedeformedo aboomerang-lik
bow wheresourceD liesatthebendbut withoutary significant
brighteningin H .

Thelower X-ray contoursof thenucleusndicatea possible
extendedsourceRecenhigh-resolutiorJV obsenationsof the
centralregionwith the HubbleSpaceTelescopaevealaspiral-
shapedstructureof massie young (2—3Myr) starforming re-
gions with an outer radius of 225pc (CA99). This structure
cannotberesohedby HRI. Dueto thelow ageof thestarclus-
tersalmostothermalX-ray emissioris expectechtthegalactic
nucleus(seeSect4). The extendedX-ray contoursmay origi-
natefrom additionalsourcestdistance®f aboutl kpcaround
thenucleus.

No X-ray emissiorhasbeendetectedrom the possiblein-
teractioncompaniondNGC 4303A andNGC 4292.
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Fig.4a and b. Overlay of the HRI X-ray contoursonto the opticalimageof NGC 4303a taken from Frei et al. (1996)andthe H
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Fig. 5. Background-subtracte®OSAT PSPCspectrunof NGC 4303
in the enegy rangeof 0.1-2.4keV. The 505 photonswerebinnedto
geta signal-to-noiseatio of 6. The dashed-dottetine representshe
contrikbution of the backgroundseetext).

3.2. Properties of the X-ray spectrum

Sincethe HRI maximaareseparatedby only 50 , andbecause
of the reasongmentionedin Sect2.2, the PSPCobsenrations
do not allow to study the spectraof the X-ray components
of NGC 4303 individually. ROSAT PSPCdetected505 24
backgroung-subtracteurcecountsfrom NGC 4303in atotal
integrationtime of 8135sec.The spectraof the sourceandthe
backgroundareshown in Fig. 5.

Wefitted thespectrumwith severalsingle-componenhod-
els,asBremsstrahlungBS), Raymond-Smithmodel(RS),and

a power law (PO),anda combinedRS-POmodel. Theresults
arelistedin Table5.

A singlepower-law modelimpliestheassumptionthatthe
actvenucleusof NGC4303dominatesheX-ray emissionFur-
thermore the sourcegletectedby the HRI in the galacticdisk
would alsohave to bedescribedvith the samepower law. The
photonindex in this modelis =3.2 0.2. The emissionof an
AGN in the ROSAT enepgy bandis bestdescribedy a power
law with a photonindex of 2.4; neverthelesssomecases
have beenobsered with 3 (MCG -5-23-16:Mulchagy et
al. 1993;Mkn 335: Turneretal. 1993).High-massX-ray bina-
ries(HMXB) foundin youngstarforming regionsin the spiral
armshave a similar spectralshapein the 0.1-2.4keV enegy
rangewith a photonindex of 2.7 (Mavromatakis1993).
The column density of the absorbingcomponentamountsto
5.7 10 cm ,whichisbyafactorof 3higherthantheGalac-
tic foregroundH columndensity(Dickey & Lockman1990,
DL90). Neverthelessself-absorptionvithin NGC4303mustbe
expectedandsmall-scaleleviationsfromtheobsenedGalactic
valueby DL90 cannoberuledoutandmayresultin ahigherab-
sorptionfrom the Milky Way. Theresulting0.1-2.4&keV X-ray
luminosityamount¢o1.3 10 erys . Theflux portionfrom
thesourceoutsidethenuclearegionasobsenedwith theHRI
amountsto 1.4 10 ems in thecaseof a single power
law emissionmodelwith =3.2 usingthe correspondingeCF
of 1 10 ctscm erg . Assuminga meanX-ray luminosity
of 10 emgs for an HMXB, asobseredin the Milky Way
(Fabbiancetal. 1982;Watson1990)would requireanunlikely
high numberof 14000f thesesystemgo producethe obsened
X-ray flux. Theratio of OB starsto HMXBs is assumedo be

500(Fabbiancetal. 1982).This meanghatatotal numberof
7 10 OB starswould be requiredto accountfor the HMXB
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Table 5. Bestspectralffits to the PSPCdataof NGC 4303andthe derived modelparametersi-or the determinatiorof the X-ray luminosity a

distanceof 16.1Mpcis assumed.

Model Norm Red. d.o.f.

1) (2 3) 4) (5) (6) @) ® (10)

RS+PO 3.34 0.32 2.6 1 6.2(RS) 1.3 8 1.50 4.7
1.5(PO) (0.19 ) (0.59 )

PO 5.72 3.2 0.2 2.1 1.4 10 4.18 12.9

RS 2.87 0.57 0.006 1.4 1.4 9 1.13 3.47

BS 3.19 0.56 2.5 1.4 10 1.26 3.91

Col. (1) — Spectraimodels:BS = thermalBremsstrahlungR S = Raymond-SmithPO = power law.

Col. (2) — Columndensityin unitsof 10 cm

Col. (3) — Plasmaemperaturén unitsof keV.

Col. (4) — Photonindex.

Col. (5) — Metallicity in unitsof Z

Col. (6) — Scalingfactor: for BS in units of (10
(10 /4 ) d,
Col. (7) —Reduced

Col. (8) — Degreesof freedom.
Col. (9) — Unabsorbed-ray flux in unitsof 10
Col. (10)— X-ray luminosityin unitsof 10 ergs

UCIN)

egcm s

X-ray flux in NGC 4303.Evenif we considerto have 10 OB
starsin NGC 4303,asobsenede.g.in Mkn 297 (Bernvenutiet
al. 1979),it is still afactorof 7 higherthanexpectedMoreover,
thisis therequirednumberonly for the disk sourceandwould
involve almost1.5 10 M in massve starswith a Salpeter
IMF and,by this,wouldrequireamoderateljhigh SFRof about
15M yr inthedisk.Ontheotherhand,thecorresponding
superneatype (SN )rate(0.lyr )shouldcontributetothe
X-ray emissiorvia hotgas.

ThesinglecomponenmodelsBS andRS show similar re-
sults.Consequentlywe only achieze anadequatdit of RSwith
very low metallicity, e.g.the portion of emissionlines to the
spectrunis very small.In contrastjt is expectedhatemission
lines of highly ionizedelements|ike Fe and Mg, shouldplay
animportantrole in the X-ray spectrumof SNe in starhurst
regionsbecausef thenucleosynthesisf massie SN progen-
itor stargWoosley & Weaver 1985).I1n bothmodelsthecolumn
densityis about3 10 cm andthe plasmatemperaturds
0.6keV. For the BS modelwe geta total X-ray luminosity of
4 10 ermys , for theRSmodelit is 3.5 10 ems . RS
modelswith different higher metallicitiesyield unacceptable
fits.

Thefit of the X-ray spectrunwith atwo-componenimodel
(RS+PO)is only slightly betterthanthe one-componentits.
Neverthelessfrom the points mentionedabove andthe phys-
ical picturediscussedn Sect4 this model senes asthe best
explanationfor the obsered soft X-ray emission.Hydrogen
columndensity( =3.3 10 cm ) andpowerlaw spectral
index ( =2.6)lie within theexpectedange(asdiscussedor the
single power law above). The plasmatemperatureof 0.3keV
fits with the obsened valuesof othergalaxies(e.g.NGC 253:
Forbesetal. 1999;NGC1808:Junlesetal. 1995).Thetotal0.1—
2.4keV luminosityfor thismodelamountd04.7 10 ergs

d
= electronandH densitiegcm ); for POin unitsof 10  photonskeV

, = electronand ion densities(cm ); for RS in units of
cm s atlkeV.

. Valuesin bracletsgive the contribution of thethermalcomponent.
. Valuesin bracletsgive the contritution of thethermalcomponent.

with 13%contrikution from theRScomponentThespectralit
togethemwith theresidualds plottedin Fig. 6.

4. Discussion

Fromthequality of thespectrafits alonethereis nosignificance
for favoringasingle-componennodelor acombinatiorof two
componentsDueto the lack of ary spatialinformationin the
PSPCimagethereis no possibility to distinguishbetweerdif-
ferentspatialandspectracomponentsimultaneouslySo only
thecombinednformationfrom the PSPCandHRI dataallows
amoredetailedinterpretatiorof the X-ray results.

Several points speak againstthe single PO component
model, as discussedn Sect3.2. A morelikely scenariois a
compositionof several differentemissionsourcesjike an ac-
tive nucleus HMXBs, andsupernea remnant{SNRs).In the
following wewill thereforediscussacompositemissiormodel
andthecomparisomwith theUV andopticalobsenationsof the
galacticcore.

4.1. The nucleus of NGC 4303

As canbediscernedrom the HRI image(Fig. 3 and Table4),
mostof the X-ray emissionof NGC 4303 (83%) comesfrom
the centralregion of the galaxy Threedifferent picturesare
imaginablefor thenucleusacentralactive nucleusacentralor
circumnuclearegionwith enhancedtarformation,oracombi-
nationof bothphenomenalny of thesecasesequiresa suffi-
cientgasdensityatthegalacticcenter This canbe achieved by
abarredpotentialwhichtriggersradial gasflow from the outer
regionstowardthe nucleusOntheotherhand,from numerical
simulationsincluding gasdynamicsbar formation hasproved
to beonly atransienphenomenoifCombes2000).In this pic-
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Fig. 6. Fit of theobsened ROSAT PSPCspectrunof NGC 4303with

the two-componentnodelRS+PO(solid line). The parameteralues
for this modelarelisted in Table5. The long-dashedine shavs the
spectrumof the thermalmodelcomponentthe short-dashetine rep-
resentghe power-law componentTheresidualsof the fit areplotted
in thelower box.

ture, the galacticbarwill be destryed by the gasinflow after
only afew cycles.A new barphasecanfollow this gasinfall
dueto a subsequengravitational instability from the accreted
centralmass.Theproblemwith this pictureis the contradiction
of anecessargasinflow to form andfeedary nuclearactivity
(starturstand/orAGN) andthefactthatthis gasinflow destrys
thebar It seemghata sufficiently massve black hole canpro-
videfor its fuelling (Fukudaetal. 1998).Anotherefficientway
for gasto flow furtherinto the centeris a secondsmallerbar
embeddedhto thefirst onedueto asecondnnerLindbladres-
onance(Friedli & Martinet 1993).In somecasesa gaseous
circumnuclearing is formedatthe endof the secondbar.

The concentrate-ray emissionfrom the galacticcorein
NGC 4303 may originatefrom an AGN and/ora nuclearor
circumnucleasstarturst. A starlurstcancontritute in two dif-
ferentwaysto theX-ray flux. First,theproducedstarpopulation
containdHMXBs, emittinganX-ray radiationin spectrakhape
similartoanAGN. HMXBs cannotbedistinguishedrom AGN
in the ROSAT data.Additionally, high-massstars(abore 8-
10M ) evolveto SNe atanageof 10 yr, dependingon
theirinitial massTheSNe fromonestarclusterformacumu-
lative expandingsuperlibblefilled with hot gaswhich canbe

[

describedy athermalBremsstrahlungpectrumandadditional
emissiorlinesandrecombinatioredgef highly ionizedheary
elementproducedn high-masstarsaandreleasedby theirSN
explosions,e.g.O, Ne, Mg, Si, andFe.Theoreticaimodelsfor
thespectrabmissiorof suchahotdiffusegasareMEKA (Mewe
etal. 1985)andthemodelby Raymond& Smith(1977),which
we usedin our spectraffit.

If we apply atwo-componenmodelto describethe X-ray
spectrumof NGC 4303,the comparisorof theflux ratio from
thenucleus(83%in theHRI) andthedisk sourceg17%in the
HRI) suggestshatthe centralsourcecanbe describedoy the
power-law componen{87%in thespectralfit). ThethermalRS
emissionexclusively originatesfrom the disk sourcesindicat-
ing ongoingstarformation.To considerthe possibleextension
of 25 ofthecentralsourceasrepresentebly thelowestcon-
tours, it is imaginablethata smallfraction of the X-ray flux is
emittedby a circumnuclearstarlurst at a distanceof 1 kpc
aroundthe core. This would add a thermalcomponento the
non-thermalX-ray nucleus.On the other hand,a fraction of
the X-ray flux from the disk sourcesmay comefrom HMXBs
within thesestarforming regions.

Fuellingan AGN on scalesof afew parsect the centerof
the galaxy leadsto the problemof reducingthe angularmo-
mentumof the centralgasby several ordersof magnitudeas
dynamicalsimulationsshav (Barnes& Hernquist1991).Con-
centrationof gasin aring-like featurearoundthe nucleuswith
aradiusof 1 kpcis dynamicallymucheasierto achieve. The
HRI imageagreesvith thepictureof anextendedX-ray source
with adiameterof theorderof 2 kpc atthe galacticcenterof
NGC 4303,explainedby a circumnucleastarlurstregion with
an additionalpossiblecompactnuclearsource.Thedecorered
massve rotatingcircumnucleadiskin NGC 4303canprovide
by its spiral-like structureof massve starforming regionsan
effective mechanisnto channelyasfrom the circumnucleare-
gionsfurtherdown to thenucleugo feedthe AGN. But onehas
to considetthatthe spiralstructurein the UV hasa diamaterof
only 225pc, while the extensionof the centralX-ray sourceis
about2 kpc in diameter The spiral featuredetectedn the UV
cannotberesohedwith theHRI.

Fromtheanalysisof UV andopticalmagnitudesndcolors
of the central250pc Colina& Wada(2000)estimatedagesof
5-25Myr for the starforming regions.Consequentha contri-
bution to the centralX-ray flux from SNRsand cumulatively
expandinghot gashasto be expected.The questionremains
whetherwe obsenre a pure nucleusof massve starforming
clustersor a compositionof thesestar clustersand a low lu-
minousAGN. If NGC 4303containsa non-thermakctive nu-
cleus,the X-ray luminosityof 4 10 ergs pointstoonly a
low luminousAGN (LINER). Koratkaret al. (1995)found a
correlationbetween  and for low luminousAGNs of

/ 14. Pérez-Olea& Colina (1996)investigatedthe
correlationbetweenoptical and X-ray luminositiesof several
AGNswith circumnucleastarforming rings, pureAGNs,and
purestarturstgalaxiesThe purestarlurstsin their galaxysam-
pleshav / valuesof 0.03-0.3,100 timessmallerthan
for pure AGNSs. If we take the H luminosity of NGC 4303



([

derived by Keel(1983)andassumeéhat10%originatefrom the
nucleus,we getlog (nucleus)= 39.2 (adoptedfor a dis-
tanceof 16.1Mpc). Thereforethe X-ray-to-H ratio amounts
tolog( / ) = 1.4, which agreeswith the valuefound by
Koratkaret al. (1995). Even the lower value from a sin-
gle RSmodel( 2.5 10 emys for the nucleus)resultsin
log( / ) = 1.2. Typical pure starlurst galaxiesshov H
luminositiesof the orderof their X-ray luminositiesor higher

4.2. The galactic disk

At first glancethe optical disk of NGC 4303seemdo have the
quite symmetricalmorphologyof a late-typespiral. A closer
look revealsthattheeasterrspiralarmof thegalaxyhasamuch
more prominentform with a boomerang-lik shapeand a lot
morebrightemissiorregionsthanthewesterrncounterpartThe
northerndisk shavs a comple structurewith mary separate
featuresThis asymmetryis morediscerniblein theH image.
TheH regionsaremainly locatedin the northernpartof the
disk at the junction of the barwith the easterrspiralarmand
alongthatarm.A closeencountenf oneor bothof the nearby
galaxiesNGC 4303A andNGC 4292 may have causedhese
features.The interactionwithin the Virgo Clusteris another
possiblesourcelnfall into theintraclustemediumcouldcause
rampressureffects.NeverthelessNGC 4303is locatedat the
outeredgeof the cluster which may produceonly a moderate
disturbanceThisagreesvith theH distributionover thewhole
optical disk. Galaxieslying nearerto the clustercentershav
H deficienciesand concentratiorof the neutralhydrogenin
thecentralregions,indicatingpastinteractionswith theH gas
beenstrippedoff from the outerdisk regions.

As a striking indication for accumulationof gasin these
regions,the X-ray sourcesA—C andF within the galacticdisk
of NGC 4303arelocatedat the endsof thebar Gasdynamical
simulationsof barredgalaxieshave shavn this accumulation
dueto massflows alongthe barto the centerandto the ends
of the bar, respectiely (Noguchi1988; Englmaier& Gerhard
1997).Theincreasediensitiedeadto enhancedtarformation.

Fromthe low inclination of NGC 4303 no directinforma-
tion canbe obtainedwhetherthe disk is warpedor not. But it
is striking that sourceD lies exactly at the bendof the east-
ernboomerang-shapeatrm. This may indicatethat this X-ray
sourcds causedy thetidal forceleadingto alocalgasconcen-
tration. Anotherindirecthint for a pastinteractioncomesfrom
thespectraftheQS01219+04 sourceno.7inFig.1),aQS0O
whoseline-of-sightpenetratetheouterH diskof NGC 4303.
Bowenetal. (1996)detecteccomplex Mg  absorptionspan-
ningavelocityrangeof 300kms , despitethelow inclined
galacticdisk. This high velocity is not fully understoodOne
possibleexplanationcouldbetheresultof interactionsdetween
NGC 4303andthenearbycompanions.

4.3. Sar formation in the disk

Table4 liststheobsenedcountratesandderived 0.1-2.4keV lu-
minositiesfor thesingleX-ray sourcesn thediskof NGC4303.
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Theseinclude the assumption®f a Raymond-Smithplasma
with solarabundancestatemperaturef 0.3keV. A powerlaw
modelwould increasethe valuesby a factor of 2.5. A rough
estimationof the SFRin the disk from the X-ray luminosities
is doneby calculatingthe SN rate usinga SNR model
by Cioffi (1990),andassuminga SalpetedMF within a mass
intervalfrom0.1M to100M andwith all starswith masses
above8M evolving to SNe . Accordingto Cioffi, a SNR
expandinginto anISM with adensityof 1cm  radiatesatotal
enegyof4.7 10 erginthesoftX-ray regimeabore 0.1keV
for atime of 10 yr. Normané& lkeuchi(1989)investigated
the cumulatve effect of a numberof SNRs.The total SFRin
the disk of NGC 4303 from the X-ray luminosity amountsto
0.5M yr . This however is just a very simple estimation,
containingseveral simplifications,ase.g.the sumof the single
SN modelfrom Cioffi (1990)for severalcumulatively expand-
ing SNRsin anevolving OB assoziationor thederivationof the
totaldisk SFRfrom singleX-ray sourcesA moredetaileddeter
miationof the SFR,for exampleusingananalyticsuberlibble
modelby Suchlov eta. (1994),would needinformationabout
theextensionsandexpansiortime of thesuperlubbles,n order
to determinghe mechanicaknepy releaseéby the SNeand,by
this,the SNrate.Thiscanbecomparedvith theobsenedX-ray
luminosity.

Besidesthe mentionedrestrictionsthe differencebetween
the SFRestimatedrom the X-ray flux andthe SFRderived by
theH flux by Kennicutt(1983)(14M yr ) maybedueto
severalreasonsKennicuttuseda Miller-ScalolMF which in-
creaseshe SFRby afactorof aboutl.5. ThetotalH luminos-
ity underliesa distancedeterminatiorwith a Hubble constant
of 50kms Mpc . Takingaradial velocity of 1569kms
(de Vaucouleurset al. 1991)leadsto a 3.8 timeshigherlumi-
nosity than taking the distanceof 16.1 Mpc which we used.
Additionally, thefactthatnotall H regionsmayemitanade-
quateX-ray flux or arenot strongenoughto bedetectedowers
the estimatedSFR from the X-ray luminosity which implies
theexistenceof high-massstarshaving beenevolvedto SNe .
PossibleX-ray emissionfrom diffuse hot gaswithin the disk
maylie below thedetectionimit of 1.1 10 ctss arcsec
(5 above backgroundevel). A very faint componentocated
at the spiral armscanbe seenin outlinesin Fig.3, but is not
detectecata 3 level. This limit corresponds$o an X-ray flux
of46 10 emgs cm arcsec (ECFfor aRSmodelas
in Table4). Kennicutt(1983)alscadmittedto treatthe derived
H flux andresultingSFRwith extremecautionbecausef only
moderataccurag dueto possiblystrongextinctioneffects.The
H flux derived by Keel (1983)is by afactorof 30 lowerthan
theonederived by Kennicutt,afteradoptingthe samedistance.

Strikingly, the sourcesB andF both coincidewith someof
themostH IluminousH regions(Source$0.s27and69with
log = 12.12andlog = 11.99respectrely,inMR92).
Dependingnthefractionof thecentralX-ray flux stemingfrom
SNRsandsupertibblesor from an AGN componentthe SFR
for thecoreis of theorderof 1M yr
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5. Conclusions

We have analyzedspatialandspectratlatafrom thebarredate-
typespiralgalaxyNGC 4303in the soft X-ray regime. Several

separat&X-ray sourcexanbe obsenredin the coreanddisk of

the galaxy The locationsof the sourcescorrespondo several

H regionsandindicatea concentratiorof gasat the center
andattheendsof thegalacticbar, in agreemenivith numerical
simulationsof gasdynamicsin a barredpotential.

The low spatial resolution of the PSPC obsenration of
NGC 4303 doesnot allow a distinction of several individual
X-ray sourceswithin the object. The bestfit of the soft X-ray
spectruntakinginto accountheinformationfrom thehighres-
olution HRI obsenation is a combinationof a RS component
with atemperaturef 0.3keV andapowerlaw componentvith
aspectraindex of 2.6. Thetotal 0.1-2.4keV X-ray luminosity
amountto4.7 10 ergs ,inagreementith othercompara-
ble barredgalaxieswith anuclearstarturst,like e.g.NGC 4569
(Tschbke et al. in preparation)A purestarturstmodelfor the
nucleusof NGC 4303would requirea specialexplanationfor
theunusuallyhigh  / ratio.

Thecombinatiorof theflux fractionof theseparatsources,
thespectrainformation,andthecomparisorwith theH lumi-
nosityfromthecoreleadgothefollowing picture:thesoftX-ray
emissiororiginatesfrom acompositiorof severaldistinctemis-
sionregions.Thecentralsourceconsistof alow luminousAGN
anda circumnucleastarturst. The disk sourcesaredominated
by SNRsandsuperlubblesin starforming regionspreferably
atthe endsof the barandalongthe easterrspiralarm. Several
HMXBs may contrituteto the X-ray flux.

The disk X-ray sourcesare coincidentwith someof the
mostluminousH regionsin the galaxy The estimatedotal
SFRfrom the X-ray flux is 1-2M yr . MostH regions
are not detectablen the X-ray, like mostH sourcesin the
easterrboomerang-shapetm.Theenhancedtarformationin
NGC 4303may have beencausecby somekind of interaction
althoughtheH morphologyof thegalaxydoesnotsupportvery
strongperturbationlf a dwarf galaxyhasfallenin andmemged
with NGC4303in thepastthebarmayhavebeerproducedvith
thesubsequerttiggeringof thestarformationatthecenterand
in thespiralarms.Theaccretediwarf galaxywould beresohed
andnotdirectly detectable.
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