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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.
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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),
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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).
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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 Basic 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.:

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

e vignetting effects

e shadowing by support structure

e wobble movement of the satellite

e 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 off-
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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Table 3.2: List of ROSAT observational data.

Observation  Object Detector Central coordinates Date of Exposure  Principal Co-Investigator
ID (ROR) RA (J2000) Dec (J2000) observation time (sec) investigator

600587p NGC 4410 PSPC 12"26™28%8  +09°01/12”  Jun 28-30, 1993 23368 N. Junkes®  G. Hensler?
600694h NGC 4410 HRI 1226™28%58  +09°01/12”  Jun 27-Jul 1, 1995 36726 N. Junkes G. Hensler
701095p® NGC 4303 PSPC 12M22M2156  404°13'11”  Dec 24-26, 1992 8135 R. Staubert

600854h NGC 4303 HRI 120215552 404°28'11"  Jul 2-8, 1996 16055 N. Junkes G. Hensler
600854h-1 NGC 4303 HRI 120215552 404°28'11"  Jun 9-23, 1997 27538 N. Junkes G. Hensler
600854h-2 NGC 4303 HRI 12P21M5552  404°28'11"  Jan 6-7, 1998 5600 N. Junkes G. Hensler
600437p-1 NGC 4569 PSPC 12"36™4850 +13°10'12"  Dec 19-21, 1992 17976 N. Junkes G. Hensler
600603h NGC 4569 HRI 12036™4850  +13°09’36”  Jul 10-11, 1994 2109 N. Junkes G. Hensler
600603h-1 NGC 4569 HRI 12"36™4850  +13°09'36”  Jun 18-21, 1995 21858 N. Junkes G. Hensler
600093p NGC 2903 PSPC 09"32m0956  +21°30'00" May 6-7, 1991 9184 H. Zinnecker N. Junkes
600602h NGC 2903 HRI 09132m0956  +21°30'00"  Apr 27-29, 1994 13619 N. Junkes G. Hensler
600602h-1 NGC 2903 HRI 091320956 +21°30'00"  Nov 7, 1994 8284 N. Junkes G. Hensler

¢ Data taken from the ROSAT Data Archive

b University Kiel, Germany
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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:

e Particle background

e Scattered solar X-ray background by the earth’s residual atmosphere



28

CHAPTER 3. X-RAY OBSERVATIONS AND DATA REDUCTION

Effective Area HRI/ROSAT Mirror

On-axis
o
9 -~
o |
@
=
w
E o |
8 ©
[0
<
<
[
= o
E <
i}
o
(Y]
o 4
T T T T T
0.0 0.5 1.0 1.5 2.0 2.5
Energy (keV)

Figure 3.5: XMA/HRI on-axis effective area.
Adapted from ROSAT AO-2 (1991).
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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.

e Auroral induced X-ray background
e Cosmic X-ray background

e 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 Imaging

X-ray images were created with the IDL code ROSAT_IMAGE (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 ROSAT_SPEC (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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Abstract. We present X-ray observations of the interacting pair
of galaxies NGC 4410a/b with the ROSAT HRI and PSPC. The
ROSAT HRI images reveal a point-like source corresponding to
NGC 4410a and an X-ray halo, extending 10" from the nucleus
toward the southeast. The halo emission accounts for ~1/3 (Lx
=1.3x10%*! ergs~!in the 0.1-2.4 keV ROSAT band) of the total
X-ray emission detected from NGC 4410a. The spectrum of the
total X-ray emission from NGC 4410a can be fitted at best with a
two-component emission model, combining a Raymond-Smith
spectrum with 7 = 10”7 K and a power-law spectrum (I" = 2.2).
The fraction of the thermal component to the total flux within
this model is 35%, supporting the results of the HRI observation.
The total unresolved X-ray luminosity detected with the PSPC
amounts to 4x 10*! erg s~! in the ROSAT PSPC band (for D =
97 Mpc).

A preferable explanation might be the interaction between
the two galaxies causing a circumnuclear starburst around the
active nucleus in the peculiar late type Sab galaxy NGC 4410a.
As a cumulative effect of exploding stars a superbubble forms
a bipolar outflow from the galactic disk with an expansion time
of ~8 Myr. The central source injects mechanical energy at a
constant rate of a few times 10%2 erg s~! into the superbubble.

A HST WFPC2 image decovers that NGC 4410a is seen
almost face-on so that only the approaching outflow is visible.
The HRI contours reveal an elongation of this outflow indica-
tive for a faint X-ray ridge below the detection limit (Lx <
1.4x10% erg s~ ') toward the neighbouring galaxy NGC 4410b
caused by its tidal interaction. NGC 4410b houses only a faint
X-ray source (Lx < 3.8x10%%ergs™1).

Key words: X-rays: galaxies — galaxies: starbust — galaxies:
interactions — galaxies: individual: NGC 4410 — galaxies: active

1. Introduction

The pair of interacting galaxies NGC 4410a/b belongs to a group
of 11 members (Hummel et al. 1986, hereafter HKG86) which
are located behind the Virgo cluster. It consists of a peculiar
Sab (NGC 4410a) (Thuan & Sauvage 1992) and an E galaxy

Send offprint requests to: D. Tschoke

(NGC 4410b) (HKGS86) located in east-west direction and sep-
arated by 18”7 (8.8 kpc at a distance of 97 Mpc) (Mazzarella &
Boroson 1993, hereafter MB93). NGC 4410a is located at RA
=122 26™ 2759, Dec = +09° 01’ 18" (J2000). Spectral analysis
of the nuclei of both components led to the classification as two
LINERs (Mazzarella et al. 1991; Bicay et al. 1995; Thuan &
Sauvage 1992). In the eastern component NGC 4410b a super-
nova type I has been detected in 1965 (SN 1965 A) from which
Turatto et al. (1989) derived a distance of 139 Mpc. The sys-
tem has a radial velocity of about 7300 kms—! (Mazzarella et
al. 1991; Batuski et al. 1992; Thuan & Sauvage 1992; MB93).
With a Hubble constant of 75kms~! Mpc~! this leads to a
distance of 97 Mpc. In this paper we apply the latter value to
all distance-dependent parameters, like e.g. luminosities etc. A
distance of 97 Mpc for NGC 4410 results in an absolute length
scale of 470 pc arcsec™!.

HKGS86 found a spatial coincidence of the western opti-
cal component NGC 4410a with a radio point source of lu-
minosity Lr ~10%? ergs~! embedded in a strong, extended
radio source around NGC 4410a with a total radio luminosity
L ~7x10%%ergs~1,

The phenomenon of interaction between galaxies is closely
related to the occurrence of starbursts (SBs): A large fraction
of interacting galaxies (~70%) exhibits typical characteristica
of SBs (Bushouse 1986) and vice versa. It is also striking that
the majority of infrared-bright galaxies shows evidence for re-
cent interactions as indicated by the presence of close neigh-
bours, or by their disturbed morphology and tidal tails (Joseph
et al. 1984; Lonsdale et al. 1984; Telesco 1988). The fraction of
mergers increases drastically in the infrared luminosity range
L from 10*° L, (12%) to 1012 L (95%) (Sanders & Mirabel
1996). Although alarge IR luminosity is not necessarily a tracer
for enhanced star formation, it is one of the typical features for
SB galaxies.

Norman & Scoville (1988) demonstrated that gas inflow
from the galactic disk toward the central region, as required for
building a central SB, will be triggered by a non-axialsymmetric
gravitational potential like in interacting galaxies. They argued
that perturbed orbits of gas clouds caused by an encounter lead
to enhanced cloud collisions within the galactic central region
and trigger the formation of massive stars. An alternative model
for triggering a central SB was given by Jog & Das (1992) and
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Jog & Solomon (1992). The infall of giant molecular clouds
(GMCs) into an intercloud medium with a higher mean pressure
in the central region drives a radiative shock into the GMCs and
ignites the SB.

The inflow of gas from the galactic disk is not only required
for a central SB but also for fuelling an AGN. It is still un-
der debate whether SBs are progenitors of AGN (Norman &
Scoville 1988) or whether both are different physical processes.
Weedman (1983) proposed that if a large number of massive
stars form fast in a small central volume, the compact stellar
remnants from these could act as accretors. Also the stellar dy-
namical merging of a dense cluster of massive stellar remnants
would plausibly form a black hole nucleus (Rees 1984).

The nuclei of several nearby galaxies, like NGC 1068, NGC
1097, and NGC 7469, can be resolved into a central AGN and a
circumnuclear SB ring (Keel 1985; Pérez-Olea & Colina 1996,
hereafter PC96). Some host galaxies of quasars also exhibit
evidence for SBs, such as 3C 48 (Stockton 1990).

Assuming an evolution from starbursts to AGNs during the
interaction of galaxies one would expect more AGNs with the
age of the merger process. Recent observations of ultraluminous
IR galaxies with the infrared satellite ISO however do not show
any obvious tendency of an increasing fraction of AGNs within
interacting galaxies with advanced merging process (Lutz et al.
1998; Genzel et al. 1998). Half of the observed galaxies re-
veal both an AGN and starburst activity. It seems more likely
that more local and shorter term conditions like time-dependent
compression of the circumnuclear interstellar gas, the accre-
tion rate onto the central black hole, and the associate radiation
efficiency determine AGN or starburst dominated luminosities.

In this paper we present the spectral and imaging X-ray
properties of NGC 4410 observed by the ROSAT Position Sen-
sitive Proportional Counter (PSPC) and High Resolution Imager
(HRI), respectively. We are able to resolve the two optical com-
ponents in the ROSAT HRI image. The paper is structured as
follows: In the next section we are considering the X-ray obser-
vations in general, detecting and trying to identify the emergent
X-ray sources in the field and discussing the data reduction. In
Sect. 3 we concentrate on NGC 4410 presenting the HRI results
at first before we study the spectral flux distribution of the PSPC
data with particular concern of comparison with a sequence of
X-ray radiation models. The results are then discussed in Sect. 4
making use of a HST WFPC2 image of NGC 4410a for a geo-
metrical consideration of its inclination.

2. Observations and data reduction

The data presented in this paper were taken with the HRI and the
PSPC detectors on board of the X-ray satellite ROSAT. This X-
ray telescope is operating in the energy range of 0.1 to 2.4 keV.
The spatial resolutions of the HRI is 1”/7. The point spread func-
tion (PSF) of this detector at the optical axis in combination with
the telescope is 3. The PSPC has a PSF of 25”. The two detec-
tors have a field of view of 38’ and 2°, respectively. For details
concerning ROSAT and its instruments see the ROSAT User’s
Handbook (Briel et al. 1996).

Fig. 1. Central 42 of the PSPC field of view centered around NGC 4410
(bright central source) with an exposure time of 23.4 ksec. The image is
smoothed with a Gaussian filter (20" FWHM). The scale of the image
is slightly different from the one in Fig.2. North is up, east is to the
left.

NGC 4410 was observed on June 28-30, 1993 with the
ROSAT PSPC detector for a total effective exposure time of 23.4
ksec. The total number of background-subtracted counts from
the central source associated with NGC 4410 is 870+31. Fig. |
shows the central 42’ of the PSPC field of view. For the spec-
tral analysis of the source we used the software package IDL.
The source photons were extracted from a circular area of 92"
around the central source and corrected for telescope vignetting
and detector dead-time. The spectrum of the source was binned
according to a signal-to-noise ratio of 8. For the background cor-
rection we selected three uncontaminated circular areas close to
NGC 4410 with radii of 86”, 101" and 141”. The background
contributes an X-ray flux of (1.360.27)x 102 cts arcsec 2 in
the ROSAT bandpass. In order to fit a model spectrum to the
PSPC data we used the X-ray spectral-fitting software package
XSPEC (Arnaud 1996).

Our ROSAT HRI observations have been taken between
June 27 and July 1, 1995 with a total effective exposure time of
36.7 ksec which led to 1524-24 counts for the central source as-
sociated with NGC 4410. The background X-ray flux amounts
to (1.62£1.1)x 10~ 2 cts arcsec 2.

2.1. Source detection

Ten X-ray sources above a limit of 5o are found within the field
of view of the HRI detector using a standard source-detection
algorithm in the EXSAS X-ray analysis software package (Zim-
mermann et al. 1997) (Fig.2). In Table 1 the detected sources
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Table 1. ROSAT HRI detections in the NGC 4410 frame with a maximum likelihood threshold of 5o.

No. RA (2000) Dec (2000)  countrate (HRI)" angular distance from  identification
[1073cts s™1] NGC 4410a* [arcmin]

1 128 27™ 1655 +9°14'1178  3.9040.50 17.70 QSO 1224+095

2 128 26™ 0338 +9°12/59”4  2.38+0.33 13.27

3 12M 25™ 4934 +9°06/5678  1.17+0.25 11.30

4 128 27™ 1155 49°06/53”3  1.97+0.31 12.20 unidentified optical point source

5 12P 26™ 457 +9°04'0579  0.57+0.15 5.21

6 128 26™ 0234 +9°02'1674  0.90+0.18 6.58

7 12" 26™ 1650 +9°01'1874  0.54+0.14 3.09

8 128 26™ 282 +9°01'1370  4.1340.36 0.00 NGC 4410a

9 125 26™ 191 49°00'3679  1.32+0.20 2.39

10 12" 27™ 2650 +8°50°0677  5.30+0.78 18.20 Abell 1541

T background subtracted ¥ NGC 4410a coordinates see no. 8
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Fig.2. ROSAT HRI X-ray sources around NGC 4410 (source no. 8)
detected by the maximum likelihood method and with a threshold of
50 (o0 =3.0x10 " ctss ! arcsec2), plotted over an optical image
taken from the Digitized Palomar Observatory Sky Survey. The size of
the field corresponds to the HRI field of view. (Note the different scale
compared to Fig. 1.) North is up, east is to the left.

are listed with position, background subtracted count rates and
optical identifications.

From these detected X-ray sources in the HRI image, four
coincidences with optical objects can be found (see Table 1
and Fig.2). The X-ray source no. 8 can be clearly identified
with NGC 4410a, while an extended X-ray source (no. 10, 44"
FWHM) belongs to the galaxy cluster Abell 1541. In addition,
the source no. 1 coincides with the QSO 12244095 and no. 4
is still unidentified in the optical. In order to investigate further
identifications of X-ray sources with optical objects we decrease
the detection limit to 3¢. This leads to 32 sources in the HRI

image with 10 counterparts in the optical. Three of them are
identified as the Abell galaxy cluster 1541 (extended), the QSO
1224+095 (1" offset) and the K7-star G60-2 (8" offset). The
offsets between optical and X-ray sources do not indicate any
systematical shift or rotation, requiring a position correction of
the superposition of the two images at this point.

3. Results
3.1. X-ray imaging

Using the coordinates of the ROSAT HRI pointing the overlay
of X-ray and optical image reveals a shift between the optical
(NGC 4410a) and X-ray maximum of 4. Strikingly, an addi-
tional X-ray source, that is visible at the 30 contour level at a dis-
tance of ~18” from the central X-ray maximum to the east, has
the same displacement from the maximum of the eastern optical
component NGC 4410b. It contains about 1% of the count rate
of the central source in the HRI image. From the detection limit
of 30 =9.0x 10~ 7 cts s~ arcsec ~2 in the HRI image and the en-
ergy conversion factor (ECF) of 6.7x10° ctscm? erg ! for the
HRI and a power-law spectrum with I' = 2.4 from the ROSAT
User’s Handbook (Briel et al. 1996) we get an upper limit of
3.8x10% ergs~! for the X-ray luminosity of NGC 4410b.
Furthermore, radio observations of NGC 4410 present a sim-
ilar emission feature as the X-ray contours. The maximum ra-
dio contours correspond spatially to the optical maximum of
NGC 4410a and the lower emission levels are elongated to-
ward the southeast (HKG86). To check whether the eastern
X-ray maximum has to coincide with the optical structure of
NGC 4410, we compare its X-ray luminosity with the blue
luminosity Ly of NGC 4410b. With mp= 15.28 (MB93) we
derive a blue luminosity Lg = 1.2x101° L for NGC 4410b.
Brown & Bregman (1998) analysed a sample of 34 early-type
galaxies observed with ROSAT PSPC and HRI and studied the
X-ray-to-optical distribution. The estimated X-ray luminosity
of ~ 10%3%ergs—! for NGC 4410b fits well into the observed
distribution of the sample. This obtrudes to superpose the X-ray
maxima of both components NGC 4410a and b to the optical
image of the pair. This fine tuning requirement is not detectable
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Fig. 3. Overlay of the HRI X-ray contours onto the optical image of
NGC 4410 taken from the Digitized Palomar sky survey. The X-ray
image was smoothed with a Gaussian filler FWHM of 3. The contour
levelsareat 3, 5,7, 10, 15,20, 30 and 350 above the mean background
with o = 3.0x107 7 cts s ™! arcsec™2. The relative position of optical
image and X-ray contours was corrected as explained in Sect. 3.1. North
is up, east is to the left.

and therefore not necessary on the scale of the full HRI image
(Fig.2) as pointed out in Sect. 2.1.

Fig. 3 shows the position corrected contour plot of the central
2" of the HRI image with the X-ray source overlaid onto an
optical image of NGC 4410 of the Digitized Palomar sky survey
plates. The HRI image was smoothed with a Gaussian filter
FWHM of 3”.

The contours of the HRI image indicate a radial extension
from the maximum of NGC 4410a toward the southeast by 3”
to 10”. Since this elongation is close to the resolution limit it
has to be checked whether it is real or artificial. Morse (1994)
found out that in some ROSAT HRI observations the contours of
point-like X-ray sources are elongated over a scale of ~5" to 10”
because of errors in the attitude correction as the satellite was
wobbled during the observation. On the other hand, it is strik-
ing that the extended radio emission of NGC 4410a (HKG86)
agrees in its direction with the X-ray contours. Moreover, the
elongation of the X-ray contours is not symmetrical with respect
to the elongation axis, as one would expect if it is caused by the
wobbling satellite, similar to the point-like sources in the paper
by Morse (1994). Another possible error namely that the elon-
gation is caused by an incorrect superposition of the different
used observation intervals (OBIs) was also checked by us but
didn’t explain the effect.

We fit a Gaussian distribution with FWHM 3’5 (spatial res-
olution of HRI = 177, image smoothed with Gaussian filter
FWHM 3" corresponding to the HRI PSF) to the point-like
source and subtract it from the original image. The result is
plotted in the Figs.4 and 5. The residual reveals a ~10” x5"
emission feature 7" to the southeast of the X-ray maximum vis-
ible up to 130 above the background. As expected, the wings
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Fig. 4. Residual X-ray flux after subtracting a point-like source with
Gaussian distribution (FWHM 3.5") at the position of the maximum of
the X-ray flux from the original total flux image (see Fig. 5). The cross
marks the position of the maximum and coincides with the nucleus
of NGC 4410a. The contours are 3, 5, 7, 10 and 130 above the mean
background with o = 3.0x10 " cts s~ * arcsec 2. North is up, east is
to the left.

of the Gaussian distribution in the Figs. Sb—f fit very well to the
X-ray source except in the direction of deformation of the X-ray
contours.

As a working hypothesis which will be supported by the
finding of a thermal emission (see Sect. 3.2) we assume that the
extended X-ray contours represent a superbubble originating
from type 11 SNe in the starburst region, and expanding into the
halo. Since its elongation is too small to resemble the edge-on
view of an outflow we further assume that the residual emission
in Fig. 5 represents the front part of a bipolar outflow from the
central region of the galactic disk. To verify this assumption,
we estimate the ratio of the integrated flux from the residual
image with the total flux of the original image. For that we in-
tegrate the flux within a radius of 13" from the maximum in
both the residual image and the original one. We derive a ratio
of 0.34£0.05 (5248 counts). The error is estimated by vary-
ing the integration radius around the source by 2" and from
the mean fluctuation of the background flux. This result is sup-
ported by the spectral analysis of PSPC data where a flux of Lx
= 1.3x10%*! ergs™? for the thermal emission component is de-
rived as part of the combined thermal and power-law spectrum
(see Sect. 3.2). However, since the fraction of the superbubble
within the point-like source is neglected, this estimate is only a
lower limit.

An X-ray ridge toward the optical position of NGC4410b
is discernible at the 3¢ level, which corresponds to an upper
count level of 3.0x 10~ 7 ctss~! arcsec 2. Using the HRI ECF
of 1.8x10'2 ctscm? erg ! for a 1 keV Raymond-Smith plasma
with log Ny = 20.0 from the ROSAT User’s Handbook (Briel
et al. 1996) one gets an upper limit for the X-ray luminosity
of 1.4x10% ergs—'. Two regions of enhanced X-ray emission
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Fig. 5. a Positions of the five sections (dashed lines) through the HRI
image of NGC 4410. The contours are the same as in Fig. 3. North is
up, east to the left. The following five plots show the corresponding
sections through the X-ray maximum of the HRI image. The dashed
lines in all five section plots represent the fitted Gaussian distribution
with a FWHM 3”5 to the point-like source of NGC 4410a. b Sect. 1,
east-to-west. The local maximum 18" east of the X-ray peak spa-
tially corresponds to NGC 4410b. ¢ Sect. 2, southeast-to-northwest.
d Sect. 3, southeast-to-northwest. e Sect.4, southwest-to-northeast.
f Sect. 5, southwest-to-northeast. In each plot the Gaussian distributed
compact source (dashed lines) fits well to the HRI contours except in
the direction of deformation of the X-ray contours.

are visible 15” and 22" south of the maximum X-ray source
that were not contained in our source list with a 30 confi-
dence level. Depending on the spectral model and therefore on
the ECF the upper limit for the X-ray flux of these sources is
2.25x107'/ECFergs ' cm™2,

3.2. Spectral analysis

In addition to the spatial information of emission components
we got from the HRI data, we now want to decompose these
components by using the spectral information obtained from
the PSPC data. With the PSF of 25" of the PSPC we get no
satisfactory spatial resolution.

The 870 background corrected counts of the central source
detected with the PSPC in the energy range of 0.1-2.4 keV were
binned in order to achieve a constant signal-to-noise ratio of
8. To fit the observed PSPC X-ray spectrum we apply differ-
ent models of absorbed emission spectra including a thermal
Bremsstrahlung spectrum (BS), the spectrum of an optically
thin thermal plasma in collisional equilibrium (RS) as calcu-
lated by Raymond & Smith (1977) and a power-law spectrum
(PO) with a photon energy distribution oc E~T', as well as sev-
eral combinations of those. The absorption of the spectra de-
pends on the hydrogen column density Ny between the source
and the observer. As a first-order estimate and as a lower limit
of Ng we use the Galactic foreground value in the direction
of NGC 4410. This value for Ny amounts to 1.73x 1020 cm—2
(Dickey & Lockman 1990).

The model fits for the X-ray emission to the observation
are shown in Table 2. Usually the RS model is applied under
the assumption of solar abundances (Anders & Grevesse 1989).
Reasonably, this is not an ideal approach because expanding
SN ejecta should contain the nucleosynthesis products of their
massive stellar progenitors. For this reason we use two different
sets of chemical abundances. Beside the classical model with
solar abundances we fit one with enhanced abundances of SNe
according to the yields by Woosley & Weaver (1985), but inte-
grated over all massive stars between 10 and 100 M, and with
a Salpeter initial mass function (IMF).

The main uncertainty to fit the data comes in by the value
of the hydrogen column density /Nyg. In each model, except the
combinations of RS+PO and the single component models BS
and PO, the free parameter Ny turns out to become much too
low for the best fit. For the single thermal model RS it is not
possible to fit both, the soft and the hard part of the spectrum
reasonably without an unrealistically low value of Ny.

This is also true for the combined two temperature plasma
model RS+RS(ww). The best fit results in an unrealisti-
cally low Ny value of 0.35x102° cm—2. For the same model
with solar abundances RS+RS(sol), the best fit yields Ny =
0.45%10%9 cm—2, In addition, the plasma temperature of more
than 3x107 K for the second component is abnormally high
for halo gas. This temperature may only be reached for gas in
the central regions of starburst galaxies, for example NGC 253
(Ptak et al. 1997) and M82 (Mathews & Doane 1994). In the
case of fixing the column density to the Galactic value, the re-
sulting plasma temperatures of 1.7x10% K and 8.8x10° K for
RS+RS(so0l) and 0.9x10°K and 9.3x10% K for RS+RS(ww)
are much more reasonable. But both fits to the observed spectra
are much worse (see Table 2).

In the case of fitting the observation with a single PO the
column density of 3.4x102° cm~?2 becomes plausible because
of an expected additional absorption within NGC 4410. The
photon index of 2.3940.09 is in agreement with the results from
Turner et al. (1993) and Mulchaey et al. (1993), who found
a mean value for Seyfert 1 and Seyfert2 galaxies of I' = 2.4.
Comparing all these single-component models the model PO
and BS provide the best fits to the observation. The fits are
plotted in Fig. 6.
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Table 2. Spectral fits to the PSPC data of NGC 4410 and the derived model parameters. For the determination of the X-ray luminosity a distance

of 97 Mpc is assumed.

model Nu T r norm red. x> dof. Fx Lx

(M 2 3) “4) o) (6) (7 ®) ©)

BS 2061039 1.0t+% 8.0 1.6 10 3.62 4.08

RS (sol) 14172 127195 - 162 47 10 2.96 3.33

RS (sol) 1.73 1 13.0193 - 180 10.7 11 2.66 2.99

RS (ww) (0.0672%99) %1075 11.7756  — 17 7.0 10 3.28 3.69

RS (ww) 1.73 1 114403 - 17 12.7 11 2.81 3.16

RS+RS (sol) 0.4575-21 44%08  — 35 1.0 8 3.33 3.75
32168 - 224

RS+RS (sol) 173 1 1.7198 - 100 6.6 9 2.73 3.07
g.8r3t  _ 65

RS+RS (ww) 0.3575-3% 23505 - 2.4 0.9 8 3.65 4.10
120108 - 15

RS+RS (ww) 173 7 09708 - 2.6 3.1 9 2.78 3.13
93720 - 11

RS+PO (sol) 1164958 72153 1.85+0.14 76 0.8 8 3.46 (0.88)  3.90 (0.99)

RS+PO (sol) 173 1 77755 2087310 25(RS); 8.0(PO) 0.7 9 3.44(0.78)  3.87(0.87)

RS+PO (ww) 1417852 9.17%4 203733 64 (RS);4.8(PO) 07 8 3.41(1.15)  3.84(1.30)

RS+PO (ww) 1.73 1 93799 2.174+0.10 5.4 (RS); 6.5(PO) 0.6 9 3.47(1.20)  3.91(1.35)

RS+PO (ww) #  1.73 T 1.079-3 2.6 (RS) 1.3 8 3.20(0.38)  3.60 (0.43)

30.675-8 4247537 275 (PO)
PO 3.421059 - 239409 12 2.3 10 3.83 431

T fixed to Galactic foreground value
# separate absorption for each component

Col.(1) Emission models abbreviated as: BS = thermal Bremsstrahlung, RS = Raymond-Smith, PO = power-law. The specification in brackets
indicates the used element abundances for the hot thermal plasma, solar (sol) or abundances of a supernova calculated by Woosley and Weaver
(ww) and integrated over all stars between 10 and 100 M, for a Salpeter IMF.

Col. (2) column density in units of 10%° cm—2.

Col. (3) plasma temperature in units of 10° K.
Col. (4) photon index.

Col. (5) scaling factor: for BS in units of (107"%/(47D?)) [ nenidV, ne,nu = electron and ion densities (cm™*); for RS in units of
(10_20/(471'D2))f nenudV, ne, nu = electron and H densities (cm™?); for PO in units of 10™5 photons keV~"cm™2s~! at 1 keV.

Col. (6) reduced x>.
Col. (7) degrees of freedom.

Col. (8) X-ray flux in units of 10~ ergem™2? s~ !, corrected for the fitted absorption. Values in brackets give the contribution of the thermal

component.

Col. (9) X-ray luminosity in units of 10*' ergs™". Values in brackets give the contribution of the thermal component.

The best fit by far for the whole observed spectrum can be
reached by applying a two-component model which combines a
thermal and a power-law spectrum (RS+PO) with a photon index
of 2.1740.10 and a plasma temperature of (9.3£1.0)x10°K
(see Fig.9). Nevertheless, the fit becomes worse for applying
a higher value for Ny than the Galactic one. The combined
PO+RS fit yields the best result with an absorption corrected
luminosity of (3.9140.55)x 10*! erg s~! for the assumed dis-
tance of 97 Mpc.

Under the assumption, that the nonthermal emission orig-
inates from a central active nucleus heavily obscured by dust
and gas, and that hot plasma has expanded into the outer parts

of NGC 4410a, we fit the RS+PO model with different column
density values for each component. One would expect a column
density Nu rs ~ Nu,qal for the less obscured plasma outflow
and a much higher Ny po for the AGN because of the intrin-
sic absorption within the NGC 4410 nucleus. While we apply
Nurs = NH,Gal = 1.73%x10%9 cm~2 for the RS component,
Ny po for the PO component is set to 3.1x10%! cm™2. This
yields the best fit for a lower plasma temperature of 1.0x 106 K
and a very steep power-law for the central AGN with I' = 4.24
(see Fig. 11). In the very soft range (0.1-0.3 keV) the spectrum
is determined by the intrisically unobscured RS component.
Raising the absorption for the PO component prohibits its con-
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Energy/kev Energy/kev lower graphs show the residuals of the fits.
tribution to the soft spectral range, which means that the total PONER=LAN
X-ray flux there has to originate from the hot ionized gas. As a "
consequence the temperature of the plasma is almost one order
of magnitude lower than in the RS+PO model with only one
common absorption. The hard spectrum >0.5keV originates
completely from the nonthermal component. Nevertheless the  § = | J
photon index is unplausibly steep. <
4. Discussion
4.1. The X-ray halo I |
The HRI image strongly suggests a twofold spatial correlation 002 003 oor 005

between the X-ray and the radio emission: we have a compact
central emission peak apparently coinciding with NGC 4410a
and a diffuse halo slightly elongated about 10" toward the south-
east. Subtraction of the central point-like source from the total
X-ray emission enables us to unveil a clear extension in this
direction. Because of the asymmetrical elongation and the spa-
tial correlation in the X-ray and radio flux we are convinced
not to be mistaken by an artifact. Furthermore, the flux ratio of
0.3440.05 from this feature compared to the total flux corre-
sponds to the best fitting model for the observed spectrum, a
two-component model, combining a thermal Raymond-Smith
spectrum and a power-law spectrum. As a hypothesis we as-
sume that the thermal emission originates from an expanding
X-ray halo gas with a plasma temperature of a few 10% K whose
expulsion is driven by a central engine (SB + AGN).

The SE elongation of the emission contours could be caused
by two effects:

(1) If the pec Sab galaxy NGC 4410a is seen at moderate in-
clination, a circumnuclear superbubble or a bipolar outflow is
visible in soft X-ray which expands vertically to both sides out
of the galactic disk only the part in front of the HI disk. X-ray
emission in the ROSAT band originating from gas outflowing
into the reverse halo hemisphere is absorbed by cold gas in the

Column Density NH/WO22 cm™?

Fig. 7. x” contours of the fit parameters column density Nt and photon
index I" of the PO model (Fig. 6). The levels represent 99%, 90% and
68% confidence.

BREMSSTRAHLUNG

Plasma Temperature kT/keV

N N L n ;
0.015 0.02 0.025 0.03
N 22" -2

Column Density N,,/10°° cm

0.01

Fig. 8. x” contours of the fit parameters column density Ny and plasma
temperature k7' of the BS model (Fig. 6). The levels represent 99%,
90% and 68% confidence.
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RAYMOND—-SMITH + POWER-LAW
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Residuals
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Energy/kev

Fig. 9. Observed X-ray spectrum of NGC 4410 and best fit (solid line)
with a combined RS and PO model(RS+PO(ww)). The parameter val-
ues for this model are shown in Table 2. The long-dashed line shows the
spectrum of the thermal component. The short-dashed line shows the
contribution of the power-law. The contribution of the RS component
to the total flux is 35%. The residuals of this fit are plotted in the lower
box.

RAYMOND—SMITH + POWER—LAW (WW)

T T

Photon Index

‘0.7‘ — ‘0.8‘ — ‘0.9‘ — 1
Plasma Temperature kT/keV
Fig. 10. x? contours of the fit parameters plasma temperature k7" and
photon index I of the two-component RS+PO(ww) model (Fig. 9). The
levels represent 99%, 90% and 68% confidence.

disk of NGC 4410. This fact also accounts for the low Ny that is
required from the best model fit and is lacking of any additional
contribution to the Galactic foreground value.

(2) The X-ray halo gas is exposed to the tidal force of the com-
panion galaxy NGC 4410b.

In order to decide which of the two effects causes the de-
formation of the X-ray halo, information about the inclination
angle of NGC 4410a is necessary. Fig. 12 shows the Hubble
Space Telescope (HST) WFPC2 image of the central part of
NGC 4410a in the V (5843 A) broad band filter taken from the

RAYMOND-SMITH + POWER-LAW
0.100 T T T T

0.010

Counts/(s keV)

0.001

0.4

0.2

0.0

Residuals

-0.2

—-0.4

0.5 1.0 1.5 2.0 2.5
Energy/kev
Fig. 11. Fit of the RS+PO(ww) model with individual column densities
for each component and residuals of the fit. The different lines represent
the same components as in Fig.9. As expected the soft part of the
spectrum is dominated by the unabsorbed thermal emission from the
hot plasma. The hard spectrum >0.5keV originates from the power-
law component. Yet the spectrum can only be fitted with much too
steep photon index of more than 4.

Hubble Space Telescope archive. One can discern the nucleus,
a bright emission region at the lower left, and a line of addi-
tional smaller bright knots at the left. At the right-hand side of
the nucleus a long tidal arm probably caused by the interaction
is clearly visible. Since the morphology in this image leads to
a very low inclination, we prefer the second explanation of an
interaction-induced deformation of the X-ray halo. However,
the HST image suggests an additional possibility, namely, that
the bright emission region at the lower left is a starburst region,
and that the extended part of the X-ray contours originates from
this region.

The X-ray contours reveal a faint ridge toward NGC 4410b
(Lx < 1.4x10%* ergs~1!) which has only a very faint corre-
sponding X-ray counterpart centrally of NGC 4410b (Lx <
3.8x10%? erg s—1) as indication of any activity in or around the
nucleus of NGC 4410b. The non-detection of a similar radio
emission admits at best a radioquiet AGN.

4.2. Physical conditions of the X-ray emission

As one can see in Table 2 the derived values for the X-ray lumi-
nosity are all of the same order of 3—4x 10*! ergs~! and inde-
pendent of the applied model. From this point of view it is not
possible to distinguish between the different models. The two
most acceptable models with reasonable values for Ny are the
two-component combination RS+PO and the single-component
PO model, respectively.
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Fig. 12. Broad band image in the V (5843 A) filter of the nucleus of NGC 4410a with a logarithmic grayscale taken from the Hubble Space
Telescope archive. As a consequence of the interaction, a chain of knots and dust, a bright emission region near the nucleus and a long tidal arm
are visible. The image has a size of 34" x34”. North is up, east is to the left.

Although the photon index of I" = 2.394-0.09 of the sin-
gle PO model is in good agreement with observed values for
low luminousity AGNs (Turner et al. 1993; Mulchaey 1993),
it is obvious that the observed X-ray spectrum of NGC 4410
cannot be fitted properly by a single PO model but requires
an additional component as can be seen in Table 2 and by
comparing Fig.6 with Fig.9. The RS+PO model for the X-
ray source leads to a luminosity of the thermal component Lx
= (1.3540.19)x10*! erg s~! (35% of the total X-ray luminos-

ity). Nevertheless, the X-ray luminosity can vary by a factor of
4 because of the uncertainty of the distance to the source. To
compare the derived properties of NGC 4410 with theoretical
calculations, we apply the following model: We assume a cen-
tral SB to drive an expanding superbubble. The central source
injects mechanical energy since a time £y}, at a constant rate
Lmech by sequential supernova explosions into the bubble. The
supersonic expansion leads to a shock front and is heating the
ambient gas. Assuming a homogeneous density of this ambient
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gas would lead to a spherically expanding bubble, as calculated
by MacLow & McCray (1988).

This model, however, does not correspond to the realistic
conditions of a SB in a disk galaxy. Because of the vertically
decreasing gas density the superbubble forms a “chimney” and
blows out of the galactic disk into the halo by a bipolar out-
flow (Norman & Ikeuchi 1989). The dynamics, X-ray emission
and disk-halo interaction of these outflows are modeled under
different conditions of ambient disk gas density, halo gas den-
sity, energetic input into the superbubble, and expansion time
of the superbubble in a number of papers (Tomisaka & Ikeuchi
1986; Tomisaka & Ikeuchi 1988; MacLow et al. 1989; Suchkov
et al. 1994, hereafter S94; Michaelis et al. 1996). S94 found
that the soft X-ray emission of the suberbubble in the range of
(0.1-2.2) keV primarily originates from the shock-heated halo
and disk gas with temperatures of 106 — 107 K, rather than from
the supernova material itself. Depending on the density of the
disk and halo gas, the scale-height of the disk, and the energy
deposition rate from the SB, the morphology of the bipolar out-
flow varies in structural parameters: opening angle within the
disk, radius of the chimney, vertical extension of the superbub-
ble, and ratio of the two last properties. Independent of these
different conditions, the models always achieve a bipolar mor-
phology. S94 derived an analytic expression for the shell X-ray
luminosity in the (0.1-2.2) keV band:

Lx = 9.7 x10% (L42)3/5(n0,01)7/5(t7)9/5erg s7h (1

where L,» is the mechanical input energy in units of
10%2 erg s—1, ng g1 is the particle density of the halo gas in units
of 0.01 cm 3, and 7 is the expansion time of the superbubble
in units of 107 yr.

From the HRI observation we can estimate a maximum ex-
pansion of the outflowing gas into the halo of 10", scaling to 4.7
kpc at a distance of 97 Mpc. The models of Tomisaka & Ikeuchi
(1986), Tomisaka & Tkeuchi (1988), MacLow et al. (1989) and
S94 reveal chimney radii within the galactic disk between 200 pc
and 600 pc. The much more extended X-ray emission observed
in NGC 4410a can therefore only originate from the outflow
into the less dense galactic halo where it can expand in each di-
rection. This involves that the SB has to be old enough in order
to account for the escape of the expanding superbubble from the
disk into the halo. That means a lower limit of ¢y, > 4 Myr for
the expansion time (Tomisaka & Ikeuchi 1988).

We estimate the mechanical energy input by the starburst
into the superbubble from the emitted Ho radiation using the
shock model by Binette et al. (1985). They calculated the radia-
tive cooling mechanism of shock-heated gas, emitting optical
line radiation, and found that Ly, ~ 1072 L pyecn. With Ly, =
6.6x10%0 erg s—! for NGC 4410 (MB93) this leads t0 Lyech &
6x10*2ergs™!. Applying 10°! erg for the energy release per
SNi1 and taking into account that roughly only 20% is converted
into mechanical luminosity we derive a SNiIrate of ~1.0yr 1,

Under the simplified consideration of a spherically expand-
ing gas one can estimate its density. With the scaling factor of
the RS model and setting the electron density equal to the hy-

drogen density we get the following expression for the electron
density of the hot gas:

»  3D%Ngg
e ng

n X 1014077"f‘L37 )

where Ngg is the scaling factor, D is the distance to the source,
r is the radius of the superbubble and f is a filling factor taking
into account that the hot gas is not distributed homogeneously
but broken up into separate bubbles. With the parameters of
D =97 Mpc, r =4 kpc, Ngs = 5x107%cm® and an assumed
filling factor of 0.1 one obtains an electron density of 0.03 cm 2.
Changing the filling factor to f = 0.9 leads to n, = 0.01 cm~3.
An expansion time of 107yr with a halo gas density
of 0.01cm™2 leads to an X-ray luminosity of the shell of
2.8x10%* ergs~t. A lower SNiirate of 0.5yr* and a slightly
smaller expansion time of 8 x 106 yr reduce the obtained X-ray
luminosity to 1.2x 10* erg s~! in the ROSAT band. The derived
plasma temperature of 107 K lies at the upper bound of the range
with log T = 6.0-6.9 found by S94 for the (0.1-2.2) keV band.
For a Salpeter IMF, a SNII activity between 10 and 100 M,
and a SN rate of 0.5 yr—! the star formation rate results to ~95
Mg yr— 1. Depending on the fraction of the mechanical energy
release of a SNII this value can increase up to a factor of 5.

4.3. Comparison with other galaxies of similar properties

Each galaxy and, in particular, mergers, galaxy pairs or SB
galaxies are unique systems. In order to get an insight on whether
NGC 4410 and its derived structures are somehow typical for
close encounters, we compare the derived X-ray luminosity in
the ROSAT band with other disturbed and isolated SB galaxies.
The peculiar galaxy NGC 2782 e.g. is thought to be a merger of
two disk galaxies of unequal mass and has Lx =4x10*! ergs~!
(Schulz et al. 1998). Another galaxy with disturbed morphol-
ogy and comparable X-ray luminosity (Lx = 1.4x10*! ergs—1)
is NGC 1808. In contrast the PSPC data of this object do not
show any X-ray outflow out of the central source into the halo.
But one has to mention that NGC 1808 has a SFR of only 10
Mg yr—! (Junkes et al. 1995). Relatively isolated systems with-
out any companion, like e.g. NGC 253 (Fabbiano et al. 1992),
NGC 2903 and NGC 4569 (Junkes et al. in preparation), con-
tain X-ray luminosities of a few 10%° erg s~!, emphasizing the
importance of interaction for star-forming activity.

PC96 found a significant difference in the Lx/Lu, ratio
between pure AGN, pure SBs and galaxies with circumnuclear
star-forming rings with an active nucleus. The pure active nu-
clei show log(Lx / Lua) between 0.00 and +1.68, while the pure
SBs in the sample lie between -1.46 and -0.36. The three galax-
ies with combined X-ray emission from AGN and SB have
values of -0.26 (NGC 1097), +0.16 (NGC 1068) and +0.63
(NGC 7469), indicating a continuous decrease from AGN to SB.
From this tendency one would expect alog(Lx / Lua)<O for the
RS+PO model for NGC 4410. Our results, however yields +0.77
thereby, approximately the same as for a single PO model with
log(LX/LHQ) =+0.81.
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The fraction of Ly, from the SB relative to the total Ha
luminosity amounts to 98%, 80% and 40% for NGC 1097,
NGC 1068 and NGC 7469, respectively. Comparing only the
contributions from the SB to the Ha and X-ray luminosity,
PC96 found log(Lx/Luq) = -0.99, -0.70 and -0.36 for NGC
1097, NGC 1068 and NGC 7469, respectively. If we consider
the fraction of Ha luminosity from the SB in these galaxies, and
assume that 90% of the total Ha luminosity originates from the
SB within NGC 4410a, Ly, would result in 5.9x 100 ergs—!
and log(Lx /Lua) = +0.36, which is quite high compared to the
sample analysed by PC96.

5. Conclusions

We observed the interacting pair of galaxies NGC 4410
with the ROSAT HRI and PSPC. Spectral investigations of
NGC 4410 suggest that the integral X-ray emission (Lx =
3.9x10*! ergs™!) can be decomposed into a thermal compo-
nent (described by a RS spectrum) and a component from the
AGN (described by a power-law spectrum). The HRI image re-
veals an extended X-ray halo related to NGC 4410a with an
extension of 10” from the nucleus of NGC 4410a to the south-
east. Combining spatial and spectral informations reveals an
X-ray luminosity of the halo gas of Lx =1.3x10%*! ergs~* (1/3
of the total X-ray emission). The companion galaxy NGC 4410b
houses only a very faint central point-like source below the 3o
level, corresponding to an upper limit of 3.8 x103% ergs~! for
the X-ray luminosity.

As a reasonable model we can assume that the tidal inter-
action in the pair of galaxies NGC 4410 has two effects on the
one partner, the face-on pec Sab galaxy NGC 4410a:

(1) A central monster is either formed due to this interaction
or has already existed before and is now fed by infalling gas
during the merging event, producing AGN signatures. Evidence
for an existing AGN comes from the ROSAT X-ray spectrum
supported by the spatially correlated radio emission.

(2) The merging process has ignited a nuclear SB ejecting an
X-ray gas into the halo. Due to the tidal forces of NGC 4410b,
the X-ray halo of NGC 4410a is deformed toward its neighbour-
ing galaxy, either directly by gravitational forces or indirectly,
originating from a decentred starburst region as a consequence
of the merging process.

This system of merging galaxies represents a highly inter-
esting object because it is a close interacting pair where the
effects of tidal forces on nuclear activity and SB can be stud-
ied in detail with large telescopes. The HST WFPC2 image of
NGC 4410a suggests a possible relation between the deformed
X-ray halo and a bright emission region near the nucleus. With
ROSAT imaging it is not possible to distinguish between the nu-
cleus and the bright emission region resolved by HST. Further
spectroscopic observations of this region and additional infrared
imaging could help answering the question of the exact origin
of the X-ray emission.
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Abstract. Thelate-typegalaxyNGC 4303(M61) is oneof the
mostintensively 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 Lx/Ly,, ratiopointto a
low luminousAGN (LINER) with acircumnucleastarforming
region. Severalseparatalisk sourcecanbe distinguishedvith
the HRI, coincidingspatiallywith someof the mostluminous
H 11 regionsoutsidethe nucleusof NGC 4303. The total star
formationrateamountsto 1-2 M., 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 5x 10 ergs ™,
consistentvith comparableyalaxiesJike e.g.NGC 4569.

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

1. Intr oduction

Barredgalaxiesconstitutea major fraction of all disc galax-
ies classifiedin the optical, more than 50% including strong
barsand intermediatemorphologies(Sellwood & Wilkinson

1993).This fractionincreasesvhenalsonearinfraredimages
areusedfor classificationthusunderliningthe importancefor

thegeneralnderstandingf theevolutionof galaxiesThenon-
axisymmetrigpotentialhasastrongimpactonthegasdynamics
andthe starformationin barredsystemsObsenrationsreveal
a correlationbetweenthe radial abundancegradientand 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. Tscldke

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

Galacticbarshave alsobeenconsideredo supportthecen-
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).It appeardhatthe concentratiorof gason a
scaleof ~1 kpc at the galacticcenterrequiredto enhancehe
centralstarformationcaneasilybeachieved by a barpotential.
It seemanuchmoredifficult, however, to accumulateenough
gason a scaleof afew pcto tensof pcin orderto producean
AGN. Othereffectsdependingntheenvironmentof thegalax-
ies(interaction.Elmegreenetal. 1990;H 1 contentsCayatteet
al. 1990)play animportantrole in massdistribution, gasflow,
andthereforen theformationandevolution of barsandthestar
formationhistoryin thesesystems.

One of the mostfamous,closestand mostwidely studied
barredgalaxiess NGC4303(M61), membeiof theVirgo Clus-
ter, whichis obsenedataninclinationof 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
the numerousH 11 regions (Hodge& Kennicutt1983; Martin
& Roy 1992, hereafteMR92) andthreeobsened superneae
(vanDyk 1992).It alsoshows strongradioemissiondistributed
over the entire disk (Condon1983).Colina et al. (1997)and
CA99discussedhequestionof astarlurst—AGN connectiorin
thisbarredgalaxy usingopticalspectroscopandHSTUV im-
ages.Thedatarangefrom a nuclearspiral structureof massve
starforming regionswith anouterradiusof 225pc down to the
unresoled core of a size < 8pc. Fromthe UV datait is not
clearif the coreis amassve stellarclusteror apureAGN.
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VLA obsenationg(Cayatteetal. 1990)shav thatNGC4303
isnothighly H 1 deficientwhich canbeexplainedby only slight
environmentalinfluencesin the outermostregion of the Virgo
Cluster The projecteddistanceto M87 is 872 (Warmels1988).
Nosignificantdifferenceof theabundancegradientin thedisk of
NGC4303comparedo non-barregpiralgalaxieshasbeenob-
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 small numberof H 11 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. Obserwvations and data reduction

In this paperwe presentlatafrom 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).

21 HRI

We proposeRI pointedobsenationsof NGC 4303(ROSAT
sequenc&aumber600854,PI: N. Junkes),which were carried
outin thetimeperiodsiuly2—-8,1996,Juned—23,1997 andJan-
uary 6—7,1998with integrationtimesof 16055sec,27538sec,
and 5600sec, respectiely (seeTable 2). All three obsena-
tions are centeredon RA(2000) = 12821™55:2; Dec(2000)=
+04°28'11"5.

The threephotonlists were combinedto createonesingle
image.The datawereanalyzedusingthe commercialinterac-
tive datalanguagesoftwarepackagdDL (Interactve Datal.an-
guage)All presentedmagescontainpixel valueswith unitsof
countsperpixel andsecondTheimageswerecorrectedor vi-
gnettingbut not for backgroundTo quantifyary sourcecounts
threecircularsource-fredieldswith radii of 497, 34", and39’,
respectiely, were selectedo determinethe backgroundevel
(Table2). Theaverageackgroundlux amountso3.52x 10~ 7
ctss~! arcsec?.

Fig.1 shovstheHRI field of view (FOV) of thethreecom-
bineddatasets,cornvolved with a Gaussiarof 57 FWHM. For
reasonsf identificationthe 50 sourcesdetectedwith 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 canbe
identified asthe QSO 1219+044 which sened asthe central
sourceof the PSPCpointedobsenationusedfor spectralanal-
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Fig. 1. Total field of view of the combinedROSAT HRI obsenation
of NGC4303.Thedetectedbo sourcesarelabeledwith numbersThe
sourcesn the center(nos.9-13)correspondo NGC 4303.

Table 1. Somebasicparametersf NGC 4303.

NGC 4303 Referenceé
alternatve name M61
IRAS 12194+0444

type SAB(rs)bc 1
RA (2000) 124210549 2
Dec(2000) +04°2825" 2
distance 16.1Mpc 3
D5 diameter 59 4
axisratio 0.97 4
inclination 27° 5
log Lr 10.52 4
log My 9.7 4

& References: 1) deVaucouleur®tal. (1991)
2) NASA/IPAC ExtragalactidDatabase

3) Ferraresetal. (1996)

4) Tully (1988)

5) Guharthakurtatal. (1988)

b Correctedor adistanceof 16.1Mpc.

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

variablethe X-rays.lIts flux increasedy a factorof 3 between
the secondandthird HRI obsenation (Junel997andJanuary
1998).

2.2. PSPC

Sincethereexist no particularPSPCobsenationspointedon
NGC 4303, we use ROSAT obsenations from the archive
(ROSAT sequencaumber701095P1: R. Staubert)NGC4303
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Table 2. Date,integrationtime, andsourceandbackgroundcountratesof the HRI andPSPCobsenations.

Date Integrationtime  Countrate Background
[s] [ctss™] [ctss™! arcsec?]
HRI July 2-8,1996 16055 8.8x107% @ 3.52x10° 7 @
June9-23,1997 27538
January6—7,1998 5600
PSPC DecembeR4-26,1992 8135 0.062 5.14x10° "

2 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"21m3G:8  +04°3917" 12.5+2.4
2 12"22"357  +04°3844" 16.5£2.9
3 12'21m14£1  +04°36'54" 26.1£3.0 GSC00285-00416
4 12"21m3Z3  +04°36'01” 13.5+2.1 unidentifiedoptical point source
5 124227039  +04°3406" 6.4+1.4
6 12"22m307  +04°3219’ 7.9£1.7
7 12"217380 +04°30/28" 47.2£3.2 QS01219+047yariable
8 12822m012 +04°29'40" 5.3+1.3
9 1'21M561  +04°2929" 10.8t2.0 NGC 4303
10 12'21m549  +04°2827" 36.1+3.0 NGC 4303
11 1221583 +04°2815" 8.5+1.6 NGC4303
12 1221518  +04°28 08" 6.9+1.5 NGC 4303
13 12"21™540 +04°2740" 11.9£2.0 NGC 4303
14 12237044 +04°26'03" 29.4£5.1
15 1222526 +04°2326" 28.8+3.5
16 12'21m348  +04°2317" 21.8+2.3
17 12822275  +04°16'23" 18.8+2.8
18 12122m225  +04°1316" 351.6£9.2 QS01219+044
liesin theFOV at an off-axisdistancenf 17 whichis still within
theinnerpartof the supportingring structureof thetelescope.
The position of the X-ray counterpariof NGC 4303is given
. in Fig.2. The central sourceis the QSO 1219+044(no. 18
; in Fig.1). The imagehasbeencornvolved with a Gaussiarof
1 25" FWHM. Dueto strongasymmetryand broadeningof the
. - point spreadfunction (PSF)with radial distancefrom the op-
b e tical axis (~25" FWHM for an on-axispoint sourceat 1 keV;
~67" FWHM for a17 off-axis pointsourceat1keV; 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", and 75’ andamounts

" t0 5.14x10° 7 ctss~! arcsec?. To analyzethe PSPCdatawe
usedIDL andthesoftwarepackageXSPEC(Arnaud1996)for
interactvely fitting X-ray spectra.

3 For NGC 4303,we adoptthesamedistanceasof M100,the
10 ; . brightestspiralin the Virgo Cluster(16.1Mpc; Ferraresetal.
e | ol

1996).Thentheresolutionof the ROSAT detectorf ~5” full

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

width athalf maximum(FWHM) for theHRI and~67" FWHM
for the PSPCat an off-axis distanceof 17 scaleto 390pc and
5.3kpc, 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™']  [arcseé] [107'*ems!cn?] [10%® emys—1]
A 12"21m545  +04°2938" 3.4+1.1 200 1.440.5 4.3+1.5
B 12"21"56:3  +04°2928" 9.9+1.8 531 4.11+0.8 12425
C 12P21™553  +04°2903" 5.9+1.4 290 2.5+0.6 7.8£1.9
D 1221583  +04°2814" 8.9+1.7 380 3.7+£0.7 11.5+2.2
E 12821™527  +04°2808" 7.5+1.5 315 3.1+0.6 9.6+1.9
F 12h217539  +04°27'43" 8.7+1.7 383 3.6+0.7 11.2+2.2
nucleus 12"21™555 +04°2828" 43.9+3.5 1321 87.8£7.0 272+21

2 Enegy corversionfactorECF: disk sourcesA—F, ECF=2.4<10'° ctscn? erg~!; nucleus ECF=5x 10" ctscn? erg—*
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Fig.3. The inner 4’ of the pointed HRI obsenation. 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 sourcedrom the HRI arelistedin Table4. Thecor-

respondingireasreplottedin Fig. 3. Todeterminghefluxeswe
usedtheenegy conversionfactor(ECF)from the ROSAT Call
For Proposals documentationThe ECF determineghe ratio
betweercountratesandunabsorbedourceflux in the ROSAT
bandfor given spectraparameterd-or thedisksourcepA—F we
assumea 0.3keV Raymond-Smithmodel(Raymond& Smith
1977)with anabsorptiorcolumndensityof 3x10?° em—2. For
the nucleusa power law with I'=2.6 and a column density of
3x10%° em~2 (seeSect3.2 andTableb) is appliedasspectral
model.

The contoursof sourcesB, C, D, andF in Fig.3 areall
locatedwithin theopticalarmstructureandcoincidewith bright
Ha emissiorregionswithin thespiralarms(Fig. 4). In addition,
sourceE isembeddedh thefaintouterpartof thesouthwestern
spiralarm.MR92 distinguished’9 H 11 regionsin NGC 4303,
mainly in the spiralarms.The X-ray contouroverlay over the
Ha imagein Fig. 4 revealsthatthe X-ray sourcesB, C, D, and
F coincidewith H 11 regions,while sourcesA andE arelocated
nearsuchregions.

Gasdynamicaimodelsof barredyalaxiefEnglmaie& Ger
hard1997)shav stronggasaccumulatioratthetips of thebars
dueto corotationof thebarstructurewith the disk whatshould
leadto enhancedtarformation.H 1 obsenationsaswell asthe
existenceof prominentHa 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 lies atthebendbut withoutary significant
brighteningin Ha.

Thelower X-ray contoursof thenucleusndicatea possible
extendedsourceRecentigh-resolutiorJV obsenationsof the
centralregion with theHubbleSpaceTelescopeevealaspiral-
shapedstructureof massie young (2—3Myr) starforming re-
gions with an outer radius of 225pc (CA99). This structure
cannotberesohedby HRI. Dueto thelow ageof the starclus-
tersalmostothermalX-ray emissioris expectedatthegalactic
nucleus(seeSect4). The extendedX-ray contoursmay origi-
natefrom additionalsourcesatdistance®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 Ha imageb
takenfrom MR92. The contourlevelsareat 5, 7, 10, 15, 20, and 30 above the meanbackgroundwith o = 1.5x10° 7 ctss * arcsec 2. The
imagesarecenteredn the coordinate®f the pointedobseration. The axis scalesarerelative to the centralX-ray maximumat coordinatesy

= 12821555 § = +04°28 28/5. Northis up, eastis to theleft.
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Fig. 5. Background-subtracteddOSAT 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-subtractemurcecountsfrom NGC4303in atotal
integrationtime of 8135sec.The spectraof the sourceandthe
backgroundareshavnin 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 I'=3.2+0.2. The emissionof an
AGN in the ROSAT enepgy bandis bestdescribedy a power
law with a photonindex of I' ~2.4; neverthelesssomecases
have beenobseredwith I' >3 (MCG -5-23-16:Mulchasy et
al. 1993;Mkn 335: Turneretal. 1993).High-massX-ray bina-
ries(HMXB) foundin youngstarformingregionsin thespiral
armshave a similar spectralshapein the 0.1-2.4keV enegy
rangewith a photonindex of I' ~2.7 (Mavromatakis1993).
The column density of the absorbingcomponentamountsto
5.7x10?° em~2, whichis by afactorof 3 higherthantheGalac-
tic foregroundH 1 columndensity(Dickey & Lockman1990,
DL90). Neverthelessself-absorptionvithin NGC4303mustbe
expectedandsmall-scaleleviationsfromtheobsenedGalactic
valueby DL90 cannoberuledoutandmayresultin ahigherab-
sorptionfrom the Milky Way. Theresulting0.1-2.4keV X-ray
luminosityamountgo 1.3x10* ergs—!. Theflux portionfrom
thesourceoutsidethenuclearegionasobseredwith theHRI
amountsto ~1.4x10* ergs~! in the caseof a single pover-
law emissionmodelwith T'=3.2 usingthe correspondingeCF
of 1x 10 ctscm? erg—!. Assuminga meanX-ray luminosity
of 103" ergs~! 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
7x10° OB starswould be requiredto accountfor the HMXB



52
(I

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

Table 5. Bestspectralffits to the PSPCdataof NGC 4303andthe derived modelparametersi-or the determinatiorof the X-ray luminosity a

distanceof 16.1Mpc is assumed.

Model N kT r A Norm Red.x®> d.of. Fx Lx

) @ 3 “ ®) (6) ) ® (10)

RS+PO 3.347,9 03270, 2692 1 6.2(RS) 1.3 8 1507058 4713
L5(PO) 0195 (0597553

PO 572558 3.240.2 21 1.4 10 418709 12,9759

RS 2.8770¢57  0.57795% 0.006 1.4 1.4 9 113759 34752

BS 3.1970%  0.565000 25 1.4 10 12670512 3.9170%

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

Col. (2) — Columndensityin unitsof 10°° em~2.

Col. (3) — Plasmaemperaturén unitsof keV.
Col. (4) — Photonindex.
Col. (5) — Metallicity in unitsof Z,.

Col. (6) — Scaling factor: for BS in units of (10~ '®/(4xD?)) [ nen1dV, ne,n1 = electronand ion densities(cm™?); for RS in units of

(107"°/(47 D?)) [ nenudV, ne, ny = electronandH densitiegcm™?); for POin unitsof 10~ photonskeV ~' em™2s™"

Col. (7) —Reducedy?.
Col. (8) — Degreesof freedom.

Col. (9) — Unabsorbe-ray flux in unitsof 102 egyem=2

atlkeV.

s~'. Valuesin bracletsgive the contritution of thethermalcomponent.

Col. (10)— X-ray luminosityin unitsof 10*° emys™!. Valuesin bracletsgive the contritution of thethermalcomponent.

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 almost1.5x 10" M, in massie starswith a Salpeter
IMF and by this,wouldrequireamoderatehhigh SFRof about
15Mg yr—! in thedisk. On the otherhand,the corresponding
superneatyperr (SN11) rate(0.1yr 1) shouldcontrituteto the
X-ray emissiorvia hotgas.

ThesinglecomponenmodelsBS andRS show similar re-
sults.Consequentlywe only achieve anadequatdit of RSwith
very low metallicity, e.g.the portion of emissionlines to the
spectrunis very small.In contrastjt is expectedhatemission
lines of highly ionizedelementslike Fe and Mg, shouldplay
animportantrole in the X-ray spectrumof SNeir in starturst
regionsbecausef thenucleosynthesisf massie SN11 progen-
itor stargWoosley & Weaver 1985).I1n bothmodelsthecolumn
densityis about3x10?° em~2 andthe plasmatemperaturés
0.6keV. For the BS modelwe geta total X-ray luminosity of
4x10% ergs—1, for the RS modelit is 3.5x10° elgs~!. 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 picture discussedn Sect4 this modelsenesasthe best
explanationfor the obsenred soft X-ray emission.Hydrogen
columndensity(INg=3.3x10?° em~2) andpower-law spectral
index (I'=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).Thetotal 0.1—
2.4keV luminosityfor thismodelamountgo 4.7x 10*° emgs—!

with 13%contrikutionfrom theRScomponentThespectralit
togethemwith theresidualss 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
the combinednformationfrom the PSPCandHRI dataallows
a moredetailedinterpretatiorof the X-ray results.

Several points speak againstthe single PO component
model, asdiscussedn Sect3.2. A more likely scenariois a
compositionof several differentemissionsourceslike an ac-
tive nucleusHMXBs, andsupernea remnant{SNRs).In the
following wewill thereforediscussacompositemissiormodel
andthecomparisowith theUV andopticalobsenationsof the
galacticcore.

4.1. The nucleus of NGC 4303

As canbe discernedrom 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,or acombi-
nationof bothphenomenalny of thesecasesequiresa suffi-
cientgasdensityatthe galacticcenter This canbeachiesed by
abarredpotentialwhichtriggersradial gasflow from the outer
regionstowardthe nucleus Onthe otherhand,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.The problemwith this pictureis thecontradiction
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 formedat theendof the secondoar.

The concentrate-ray emissionfrom the galacticcorein
NGC 4303 may originatefrom an AGN and/ora nuclearor
circumnucleastarturst. A starturstcancontributein two dif-
ferentwaysto theX-ray flux. First,theproducedstarpopulation
containdHMXBs, emittinganX-ray radiationin spectrashape
similartoanAGN. HMXBs cannotbedistinguishedrom AGN
in the ROSAT data.Additionally, high-massstars(above ~8—
10 M) evolve to SNerr at an ageof ~107 yr, dependingon
theirinitial massTheSNerr from onestarclusterform acumu-
lative expandingsuperlibblefilled with hot gaswhich canbe
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describedy athermalBremsstrahlungpectrumandadditional
emissiorlinesandrecombinatioredgef highly ionizedheary
elementproducedn high-masstarsandreleasedby their SNt
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 the HRI) andthedisk sourceg17%in the
HRI) suggestghatthe centralsourcecanbe describedy the
power-law componen{87%in thespectrafit). ThethermalRS
emissionexclusively originatesfrom the disk sourcesindicat-
ing ongoingstarformation.To considerthe possibleextension
of ~25" of thecentralsource asrepresentetly 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 parseat 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 imageagreewith the pictureof anextendedX-ray source
with a diameterof the orderof ~2 kpc atthe galacticcenterof
NGC 4303, explainedby a circumnucleastarturstregion with
an additionalpossiblecompactnuclearsource.Thedecorered
massve rotatingcircumnucleadisk in 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 the HRI.

Fromtheanalysisof UV andopticalmagnitudesndcolors
of the central250pc Colina& Wada(2000)estimatedagesof
5-25Myr for the starforming regions.Consequentla contri-
bution to the centralX-ray flux from SNRsand cumulatiely
expandinghot gashasto be expected.The questionremains
whetherwe obsene a pure nucleusof massve starforming
clustersor a compositionof thesestar clustersand a low lu-
minousAGN. If NGC 4303 containsa non-thermakhctive nu-
cleus,the X-ray luminosity of 4x10*° ergs~! pointsto only a
low luminousAGN (LINER). Koratkaret al. (1995)found a
correlationbetweenLx and Ly, for low luminousAGNs of
Lx/Ly, =~ 14.Pérez-Olea& Colina (1996)investigatedthe
correlationbetweenoptical and X-ray luminositiesof several
AGNswith circumnucleastarforming rings, pureAGNs,and
purestarturstgalaxiesThepurestarturstsin their galaxysam-
ple shawv Lx/Ly, valuesof 0.03-0.3,100 timessmallerthan
for pure AGNs. If we take the Ha luminosity of NGC 4303
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derived by Keel(1983)andassumeéhat10%originatefrom the
nucleus,we getlog Ly, (nhucleus)= 39.2 (adoptedfor a dis-
tanceof 16.1 Mpc). Thereforethe X-ray-to-Hux ratio amounts
to log(Lx/Lu.) = 1.4, which agreeswith the valuefound by
Koratkaret al. (1995). Even the lower Lx value from a sin-
gle RS model (~2.5x10*° elgs~! for the nucleus)resultsin
log(Lx/Lyu,) = 1.2. Typical pure starlurst galaxiesshov Ha
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 shapeanda lot
morebrightemissiorregionsthanthewesterrncounterpartThe
northerndisk shavs a complex structurewith mary separate
featuresThis asymmetryis morediscerniblein the Ha image.
TheH 11 regionsaremainly locatedin the northernpartof the
disk at the junction of the bar with the easterrspiralarmand
alongthatarm.A closeencountef oneor both of thenearby
galaxiesNGC 4303A andNGC 4292 may have causedhese
features.The interactionwithin the Virgo Clusteris another
possiblesourcelnfall into theintraclustemediumcould cause
rampressureeffects.NeverthelessNGC 4303is locatedat the
outeredgeof the cluster which may produceonly a moderate
disturbanceThisagreesvith theH 1 distributionover thewhole
optical disk. Galaxieslying nearerto the clustercentershav
H1 deficienciesand concentratiorof the neutralhydrogenin
thecentralregions,indicatingpastinteractionswith theH 1 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.

Fromthelow inclination of NGC 4303no directinforma-
tion canbe obtainedwhetherthe disk is warpedor not. But it
is striking that sourceD lies exactly at the bendof the east-
ernboomerang-shapearm. 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 1 disk of NGC 4303.
Bowenetal. (1996)detecteccomplex Mg absorptionspan-
ning avelocity rangeof ~300kms~!, despitethelow inclined
galacticdisk. This high velocity is not fully understoodOne
possibleaxplanationcouldbetheresultof interactiondbetween
NGC 4303andthe nearbycompanions.

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 solarabundanceatatemperaturef 0.3keV. A powerlaw
modelwould increasethe valuesby a factorof 2.5. A rough
estimationof the SFRin the disk from the X-ray luminosities
is doneby calculatingthe SN11 rate vsy usinga SNR model
by Cioffi (1990),andassuminga SalpetedMF within a mass
interval from 0.1M , to 100M;, andwith all starswith masses
above8M (, evolving to SNeir. Accordingto Cioffi, a SNR
expandinginto anISM with adensityof 1 cm~2 radiatesatotal
enegy of 4.7x10* erg in the soft X-ray regime abose 0.1keV
for atime of ~10* yr. Norman& lkeuchi(1989)investigated
the cumulatve effect of a numberof SNRs.The total SFRin
the disk of NGC 4303 from the X-ray luminosity amountsto
0.5 M, yr—'. This however is just a very simple estimation,
containingseveral simplifications,ase.g.the sumof thesingle
SN modelfrom Cioffi (1990)for severalcumulatvely 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
the Ha flux by Kennicutt(1983)(14 M, yr—*) maybedueto
severalreasonsKennicuttuseda Miller-ScalolMF which in-
creaseshe SFRby afactorof aboutl.5. Thetotal Ha luminos-
ity underliesa distancedeterminationwith a Hubble constant
of 50kms~! Mpc—!. Taking aradial velocity of 1569kms~!
(deVaucouleurset al. 1991)leadsto a 3.8 timeshigherlumi-
nosity than taking the distanceof 16.1 Mpc which we used.
Additionally, thefactthatnotall H 11 regionsmayemitanade-
quateX-ray flux or arenot strongenoughto be detectedowers
the estimatedSFR from the X-ray luminosity which implies
theexistenceof high-massstarshaving beenevolvedto SNerr.
PossibleX-ray emissionfrom diffuse hot gaswithin the disk
maylie belav thedetectiorlimit of 1.1x1076 ctss™! arcsec?
(50 above backgroundevel). A very faint componentocated
at the spiral armscanbe seenin outlinesin Fig.3, but is not
detectedat a 3o level. This limit corresponds$o an X-ray flux
of 4.6x10" 7 ergs—! em~2 arcsec? (ECFfor aRS modelas
in Table4). Kennicutt(1983)alscadmittedto treatthe derived
Ha flux andresultingSFRwith extremecautionbecausef only
moderateaccurayg dueto possiblystrongextinctioneffects.The
Ha flux derived by Keel (1983)is by afactorof 30 lowerthan
theonederived by Kennicutt,afteradoptingthe samedistance.

Strikingly, thesourcesB andF both coincidewith someof
themostHa luminousH 11 regions(Source$10.s27 and69with
log Fu,=—12.12andlog Fg,=—11.99 respectiely,in MR92).
Dependingnthefractionof thecentralX-ray flux stemingirom
SNRsandsupertibblesor from an AGN componentthe SFR
for thecoreis of theorderof 1 M, yr—".
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5. Conclusions

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

separat&X-ray sourcexanbe obseredin the coreanddisk of

the galaxy The locationsof the sourcescorrespondo several

H 11 regions andindicatea 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
amountgo4.7x10% egs—!, inagreemenwith othercompara-
ble barredgalaxieswith anuclearstarturst,likee.g.NGC 4569
(Tschdke et al. in preparation)A purestarturstmodelfor the
nucleusof NGC 4303would requirea specialexplanationfor
theunusuallyhigh Lx/Ly, ratio.

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

The disk X-ray sourcesare coincidentwith someof the
mostluminousH 11 regionsin the galaxy The estimatedotal
SFRfrom the X-ray flux is 1-2 M, yr—!. Most H 11 regions
are not detectablen the X-ray, like mostHa sourcesin the
easterrboomerang-shapetm.Theenhancedtarformationin
NGC 4303may have beencausedy somekind of interaction
althoughtheH 1 morphologyof thegalaxydoesnotsupportery
strongperturbationlf a dwarf galaxyhasfallenin andmemged
with NGC4303in thepastthebarmayhavebeerproducedvith
thesubsequerttiggeringof thestarformationatthecenterand
in thespiralarms.Theaccretediwarf galaxywould beresohed
andnotdirectly detectable.

Acknowledgements. Theauthorsaregratefulto Dominik Bomansfor
stimulatingdiscussionsandto Dr. OlgaSil’chenko for hersubstantial
andconstructve report. The ROSAT projectis supportedy the Ger
man Bundesministeriunfiir Bildung, WissenschaftForschungund
Technologig BMBF) andthe Max-Planck-SocietyThis researctas
madeuse of the NASA/IPAC ExtragalacticDatabasgNED) which
is operatedby the JetPropulsionLaboratory Caltech,undercontract
withtheNASA. Obsenationsmadewith theNASA/ESAHubbleSpace
Telescopenere used,obtainedfrom dataarchive at STScl. STSclis
operatedy theAssociatiorof Universitiesfor Researcin Astronomy
Inc. (AURA) underthe NASA contractNAS 5-26555.

References

ArnaudK.A., 1996 AstronomicaDataAnalysisSoftwareandSystems
V, ASP Conf. Ser vol. 101,eds.JacobyG., Barnesl.,p. 17

ArsenaultR., 1989,A&A 217,66

Balick B., HeckmanT.M., 1982, ARA&A 20,431

Barnesl.E.,HernquistL.E., 1991,ApJ 370,L65

BeckR.,EhleM., Shoutenkv V., Shukura A., Sololoff D., 1999,Nat
397,324

BervenutiP, CasiniC.,Heidmannl.,1979,Nat 282,272

BowenD.V., Blades].C.,PettiniM., 1996,ApJ472,L77

Briel U., AschenbacIB., HasingerG., et al., 1996, ROSAT Users
HandbookMPE, Garching)

CayatteV., vanGorkomJ.H.,Balkowski C.,Kotaryi C.,1990,AJ 100,
604

Cioffi D., 1990,in “Physical Processem Hot Plasmas”NATO ASI
SeriesC, Vol. 305,eds BrinkmannW., FabianA.C., GiovanelliF,,
Kluwer, Dordrechtp. 1

ColinalL., ArribasS.,1999,ApJ 514,637 (CA99)

ColinalL., Garda-VamgasM.L., Mas-Hesse).M., Alberdi A., Krabbe
A., 1997,ApJ484,L41

ColinalL., WadaK., 2000,ApJ 529,845

CombesF,, 2000,in “Galaxy Dynamics:from the Early Universeto
the Present” ASP ConferenceSeries Vol. 197, eds.CombesF,,
MamonG.A., Charmandari¥., p. 15

CondonJ.J.,1983,ApJS53,459

de Vaucouleurss., de VaucouleurdA., Corwin Jr. H.G., etal., 1991,
Third ReferenceCatalogueof Bright Galaxies,SpringerVerlag,
New York

Dickey J.M.,LockmanF.J.,1990,ARA&A 28,215(DL90)

ElmegreenD.M., ElmegreenB.G., Bellin A.D., 1990,ApJ 364,415

EnglmaierP, GerhardO., 1997, MNRAS 287,57

FabbianoG., FeigelsorE., ZamoraniG., 1982,ApJ 256,397

Ferraresd.., Freedmarw.L., Hill R.J.,etal., 1996,ApJ 464,568

Filippenko A.V., SagentW.L., 1986,in “Structureand Evolution of
Active GalacticNuclei”, eds Giuricin G.,Mardirossiarf., Mezetti
M., RamellaM., Dordrecht:Reidel,p. 21

ForbesD.A., Polehamptork., Stevensl.R., Brodie J.P, Ward M.J.,
1999,submittedto MNRAS, astro-ph/9908048

FreiZ., Guhathakurt&®, GunnJ.E.,TysonJ.A.,1996,AJ 111,174

Friedli D., MartinetL., 1993,A&A 277,27

Friedli D., BenzW., KennicuttrR., 1994,ApJ 430,L105

FukudaH., WadaK., HabeA., 1998, MNRAS 295,463

Guhathakurt®, vanGorkomJ.H.,Kotaryi C.G.,BalkowskiC.,1988,
AJ 96,851

Hasinger G., Boese G., Predehl P, et al., 1994, Legay 4, 40,
MPE/OGIPCalibrationMemo CAL/ROS/93-015Version:1995,
May 8

Ho L.C., Filippenko A.V., SagentW.L.W., 1997 ,ApJ 487,591

HodgePW., KennicuttR.C.,1983,AJ 88,296

HummelE., van derHulst J.M., KeelW.C.,1990,A&A 236,333

JunlkesN., Zinnecler H., HenslerG., DahlemM., PietschW., 1995,
A&A 294,8

KeelW.C.,1983,ApJS52,229

KennicuttR.C.1983,ApJ 272,54

KennicuttR.C.,KeelW.C.,BlahaC.A., 1989,AJ 97,1022

KoratkarA., DeustusS.E.,Heckmanr., et al., 1995,ApJ 440,132

Martin P, Roy J.-R.,1992,ApJ 397,463(MR92)

Martin P, Roy J.-R.,1994,ApJ 424,599

MartinetL., FriedliD., 1997,A&A 323,363

MavromatakisF., 1993,A&A 273,147

MeweR., GronenschilE.H.B.M.,vandenOordG.H.J.,1985,A&AS
62,197

Mulchagy J.S.,ColbertE., Wilson A.S.,etal.,1993,ApJ 414,144

NoguchiM., 1988,A&A 203,259



56

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

NormanC.A., IkeuchiS.,1989,ApJ 345,372 TurnerT.J.,Geogel.M., Mushotzly R.F, 1993,ApJ 412,72

Pérez-OledD.E.,ColinaL. 1996,ApJ 468,191 van Dyk S.D.,1992,AJ 103,1788

RaymondJ.C.,SmithB.W., 1977,ApJS35,419 WarmelsR.H.,1988,A&AS, 72,427

SelwoodJ.A., Wilkinson A., 1993,Rep.Prog.Phys.56,173 WatsonM.G., 1990, in “Windows on Galaxies”,eds. FabbianoG.,

Simkin S.M., SuH.J.,SchwarzM.P, 1980,ApJ 237,404 Gallagher.S.,RenziniA., Kluwer, Dordrechtp. 177

Suchlov A.A., BalsaraD.S.,HeckmanT.M., LeithererC.,1994,ApJ Woosleg/ S.E.,Weaver T.A., 1985,in “Radiation Hydrodynamicsin
430,511 StarsandCompacObjects”,Proc.of thelAU ColloquiumNo. 89,

Tully R.B., 1988, Nearby GalaxiesCatalog, CambridgeUniversity eds.MihalasD., Winkler K.-H., p. 91

PressCambridge



Chapter 6

A giant outflow of the Virgo
cluster galaxy NGC 4569

Submitted to
ASTRONOMY AND ASTROPHYSICS






59

A giant outflow of the Virgo cluster galaxy NGC 4569

D. J. Bomans!, D. Tschoke?, G. Hensler?, and A. Boselli?

1

email: bomans@astro.ruhr-uni-bochum.de

Astronomisches Institut, Ruhr-Universitdt Bochum, Universitatsstr. 150, D-44780 Bochum, Germany,

2 Institut fiir Theoretische Physik und Astrophysik, Universitit Kiel, D-24098 Kiel, Germany,

email: hensler,tschoeke@astrophysik.uni-kiel.de

3 Laboratoire d’Astrophysique de Marseille, BP-8, Traverse du Siphon, F-13376 Marseille Cedex 12, France,

email: Alessandro.boselli@astrsp-mrs.fr

Abstract. In this paper we report the detection of a giant
region of diffuse Ha emission extending to at least 8.8 kpc
above the plane of the nuclear starburst/LINER galaxy
NGC 4569. The structure of the emission region strongly
resembles that of galactic scale outflows observed in sev-
eral other nuclear starburst galaxies, but the spatial size
of the Ha structure places it at the top of all outflows
of local starburst galaxies known today. While the inter-
pretation as outflow is most appealing, we discuss several
other aspects which may play a role in forming this giant
Ha spur. Most being linked to the nature of NGC 4569
as HI deficient spiral galaxy moving very fast through the
hot gas of the Virgo Cluster.

Key words: Galaxies: active — Galaxies: starburst —
Galaxies: individual: NGC 4569 — Galaxies: halos

1. Introduction

NGC 4569 (M90) is a bright early-type spiral galaxy
of type Sab (Tully 1988) or SAB(rs)ab (Ho et al. 1997)
within 2° from the center of the Virgo Cluster at a(2000)=
12h36m49:8, §(2000)= +13°09'46"". Tt is one of the very
few galaxies outside the local group with a negative radial
velocity of almost —250 km s~! (Stauffer et al. 1986). Due
to its HI properties (see below) NGC 4569 is a certain
cluster member and we therefore use a distance of 16.8
Mpc (Tully 1988; H,=75 km s~ Mpc™!), consistent with
the Cepheid distance to the Virgo cluster of 15.9+2 Mpc
(Graham et al. 1999), corresponding to an absolute scale
of 81 pc arcsec™!.

The galaxy exhibits a bright, extremely compact nu-
cleus in optical and UV bands which has not been resolved
by HST observations in the UV (Maoz et al. 1995). This
results in an upper limit of 0.05” or 4 pc for the diam-
eter of the nucleus in the HST F220W filter (Pogge et
al. 2000, hereafter: P00). From the optical spectrum it is
classified as LINER2 AGN with some doubt because of
weak [O1] and [S11] lines (Stauffer 1983, Keel 1983). Of all
LINER (low ionization nuclear emission region) galaxies

observed with HST, NGC 4569 has the brightest UV nu-
cleus (P00). The UV spectrum is dominated by emission
of massive stars (Maoz et al. 1998); an optical investiga-
tion by Keel (1996) that compared starburst and AGN
features of the nucleus of NGC 4569 explains it as a very
compact starburst.

Most interestingly, the Hi 21cm emission of NGC 4569
is clearly confined to the central part (Cayatte et al. 1990,
hereafter: C90). The HI distribution has a ring-like struc-
ture and is located within the high surface brightness part
of the optical disk. Since galaxy clusters as the Virgo
Cluster are known to be permeated by large amounts
of hot intracluster medium (ICM), the observed neu-
tral gas deficiency of spiral galaxies can be attributed
to the interaction of the hot ICM with the interstellar
medium (ISM) of the galaxies. There are other Virgo
Cluster members having similar morphological type as
NGC 4569 which also show LINER activity, like NGC 4388
and NGC 4579. NGC 4569’s individual line-of-sight veloc-
ity with respect to the Virgo Cluster velocity amounts
to almost 1250 km s~!, which is very similar to that of
NGC 4388. In NGC 4388 two effects were recently de-
tected (Veilleux et al. 1999), namely, a large-scale outflow
caused by the nuclear activity, as well as an extended gas
halo created from ram-pressure stripping by the ICM.

In this letter we present Ha observations of NGC 4569
that reveal filaments on galactic scales proceeding from
the galactic disk of NGC 4569. We discuss the formation
and evolution of this prospective giant outflow briefly in
the context of the cluster membership of its parent galaxy.

2. Observations and Data Reduction

We observed NGC 4569 with the 1m telescope at Mt. La-
guna Observatory (California) in June 1995. Images were
taken through a Ha+[NiI] narrow band filter (6567/62
A) and Johnson B and R band filters. The detector was
a thinned 20482 pixel CCD giving a pixel scale 0.4" per
pixel. All images were reduced and registered using the
IRAF data reduction package. The continuum subtracted
Ha+[N11] image was produced by subtracting the scaled
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R image from the Ha image. Care was taken to match the
point spread functions and the optimal scaling factor was
determined by minimizing the residuals of the stars in the
field of view. The data were flux calibrated by linking our
CCD R band image to R band photometry of the back-
ground galaxy VPC 1071 (Young & Currie 1998), which
is also present in the field. No Johnson R band photometry
of NGC 4569 and the neighboring dwarf galaxy I1C 3583
is yet available. Using the calibration of the R image we
can transfer the calibration to the Ha image due to our
knowledge of the scaling factor, as demonstrated by e.g.
Golla et al. (1996).

We corrected the observed Ha flux and surface bright-
ness for 30% [N11] contamination, as estimated from the
spectral library of Kennicutt (1992). This may be a slight
underestimate when dealing with diffuse ionized gas. Since
we concentrate on halo emission, corrections for underly-
ing stellar Ha absorption will be negligible. The Galac-
tic foreground extinction to NGC 4569 is Eg_y = 0.046
(Schlegel et al. 1998), which we applied to correct the Ha
fluxes and surface brightnesses used in the analysis.

A second (somewhat less deep) data set of NGC 4569
was take with the OHP 1.2m telescope. The technical de-
tails are described in Boselli & Gavazzi (2000).

3. Morphology and Structural Features
3.1. Disk and nuclear region

The broad band B and R images of NGC 4569 clearly
show the low surface brightness outer disk that surrounds
the well known high-surface brightness inner disk. The
northern part shows a distinct spiral arm, which connects
into the higher surface brightness region. In addition to
this arm, a faint structureless 'disk’ is visible.

The HST Ha image (P00) shows details of the extreme
surface brightness peak in the center of the high surface
brightness disk. The dominant Ha source in NGC 4569 is
its nucleus which appears as a compact, giant HII region.
P00 show in their image an arm-like structure or closed
loops extending 2" from the nucleus in nearly north-south
direction. Enhancing the contrast compared to Fig.1c in
P00 reveals additional spike-like filaments pointing from
the edges of the ellipsoidal nucleus to the east and less
pronounced to the west. Although this may indicate that
the whole central star-forming region experiences an out-
flow that is confined by chimney-like or conical Ha walls,
no further prolongation of Ha structures in the same di-
rection is visible on the HST image.

Fig. 1 shows that the Ha emission is furthermore con-
centrated to the inner 2!0 of NGC 4569. A number of emis-
sion peaks with their brightest spot at the galactic cen-
ter are distributed throughout the inner disk, surrounded
by a diffuse component. Some fainter diffuse HiI gas is
present between the HII regions in the high-surface bright-
ness disk. But no large Ha shells and loops are detected
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Fig.1. A 9’ cutout of our Ho image centered on NGC 4569.
The broad-band R image is overlayed as contours. Note the
large diffuse Ha to the west and the faint broad spur to the
south-east of the disk.

within the disk, which may be due to the relatively low
spatial resolution of our ground based images.

3.2. The north-western Ha arm

From the northern end of the main Ha body an arm ex-
tends to the west consisting of several Ha knots. Com-
paring the shape of this Ha chain with the broad-band R
isophotes in Fig. 1, we conclude that this does not fit to
the global spiral-arm structure. A closer look also to the
winding of this arm shows that its direction deviates from
the elliptical shape of the inclined disk and opens south-
wards. This leads us to suggest that this outer arm does
not belong to the global spiral pattern, but represents an
own entity, that is individually bended as the whole. K
band data (taken by one of us (AB)) do not unambigu-
ously support the interpretation. Because of the lack of
local kinematical and spatial information the direction of
this arm relatively to the main galactic body cannot be
proven (or disproven) with the current data. We still fa-
vor the interpretation as a tidally /ram pressure disturbed
feature reaching out of the galactic plane.

3.3. Extended Ha filaments

Diffuse Ha emission is present west of the Ha disk, form-
ing a broad spur. The most prominent feature in the Ha
image is the diffuse western filament. It reaches out to a
distance of 1!8 from the major axis and appears to form
a coherent structure. With the assumed distance of 16.8
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Fig. 2. Continuum subtracted Ha image of NGC 4569: en-
larged image of Fig. 1. The different prominent Ho features
of the filament are marked by rectangular zones. The north-
western Ha arm is marked with curved line.

Mpc this implies a linear size of 8.8 kpc. This feature has
been independently confirmed by our other data set. If
we take the inclination of the disk (i = 64°) into account
and assume its direction perpendicular to the disk, this
filament may extend up to 9.8 kpc above the galaxy disk.
This is the largest known Ha outflow observed in a spi-
ral galaxy so far. The only comparable object is a small
isolated Ha filament 11.6 kpc above the starburst galaxy
M 82 reported by Devine & Bally (1999) and the Ha out-
flow of the merger galaxy Arp 220 (Heckman et al. 1990).
The north-western arm crosses the Ha filament and is
visible as pronounced knots, but can be only vaguely ex-
trapolated through the filament further to the south. In
Fig. 2 we subdivide the filament into four regions: Boxes
no. 1 and 2 contain parts of the Ha emission which lie on
one axis with the nucleus in east-west direction. In the left
box (no. 1) a 25" (2 kpc) long faint spur seems to originate
in the galactic center and points toward the large western
extension. In box no. 4 a faint Ha loop appears, suggestive
for a bubble wall. The brightest part of the whole filament
is enclosed in box no. 3. Its morphology looks very com-
plex and seems to be connected with the Ha disk and the
crossing Ha arc. The emission also seems to form the basis
of the Ha loop in box no. 4.

It is important to note here, that the whole region
south of the large Ha filaments shows faint diffuse Ha
emission more extended than the high surface brightness
disk. There are also several individual spurs discernible
extending away from the east side and south side of the Ha

disk. All this spurs and filaments can be best understood
as signs of large scale disk-halo interaction in NGC 4569.

4. Discussion

Because we are currently lacking detailed spectroscopic
data from the Ha filament and especially the large spur,
kinematics and ionization structure and, by this, the pro-
cess that is responsible for this feature is yet uncertain.
Therefore, our intention here is to present this extreme
case of an extended Ha structure reaching from the main
Ha disk of NGC 4569 to a distance of almost 10 kpc and
to emphasize its uniqueness. By a simple approach one
can start to derive some physical parameters from the ob-
served quantities.

At first, from the measured Ha flux Fg, of the fil-
ament and its projected size the electron volume den-
sity n. can be determined. If we consider the filament
at 3.4 kpc above the messy area near the nucleus, Fg,
of the whole western filament amounts to 7.1x10713 erg
s~ cm™2. For an approximate collective area of 50" x 70"
and an assumed electron filling factor of unity, the emis-
sion measure for the ionized gas amounts to 100 cm =% pc
(see e.g. Dettmar 1992). If we adopt a simplified geometry
for the 3d filamentary structure, i.e. a cylinder with 50"
(4.1 kpc) in diameter and 70" in height, i.e. 6.3 kpc long
for the given inclination, we derive a volume of 83.7 kpc®
homogeneously filled with ionized plasma of solar abun-
dances and for an (impact-parameter weighted) averaged
thickness a mean n, of 0.167 cm 3. The total mass of this
inclined cylinder then amounts to around 6.25x108 Mg,.

Although NGC 4569 is characterized by a central star-
burst, it is hard for the stellar radiation from the starburst
to photoionize this massive filament up to such a distance
above the galactic disk.

Seyfert 2 nuclei are featuring gaseous out-
flows with ionization cones, like e.g. NGC 3281
(Storchi-Bergmann et al. 1992) and Mrk 348
(Simpson et al. 1996). The general interpretation of
this high-excitation gas is that partially collimated
ionizing radiation escapes from the active nucleus and
hits the presumably bipolar outflow. Nevertheless, the
conically shaped ionized gas does not exceed an exten-
sion of only a few kpc (at most 2 kpc in NGC 3281;
Storchi-Bergmann et al. 1992).

Another possible ionization mechanism stems from
the cooling radiation of the outflowing superbubble itself.
Freyer & Hensler (2000) have recently examined the ion-
ization structure of gas enveloping a hot superbubble and
could explain the observed line ratios of the diffuse ionized
gas in edge-on spirals under particular conditions. This
would mean that the Ha is emitted from an Hil shell. In
addition, if the outflow is expanding into a gaseous envi-
ronment, it will produce shock fronts that also emit Ha.
Again, spectra are highly needed to test this hypothesis.
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Although such large-range expansion of a single su-
perbubble is unheard despite of the extreme starburst in
the core of NGC 4569, X-ray observations have recently
detected hot halo gas in NGC 4569 (Tschoke et al. 2000)
that must be replenished by continuous outflows of hot
gas. The X-ray emitting gas is visible to one side of the disk
only, to the north-west as the filament, and is directly bor-
dered to the south by the Ha filament suggesting a causal
link. The problems for this scenario however are two-fold:
First, one has to explain the nuclear Ha spikes to the east
in the HST Ha image that are suggestive for a one-sided
outflow from the central starburst, while no further ex-
tension of this outflow direction exists on galactic scales.,
which may be due to limited sensitivity of the HST data.
Still, large filament appears at the opposite side of the
nucleus. Secondly, superbubble models from centrally ac-
cumulated supernova explosions have revealed collimated
outflows (Suchkov et al. 1994) so that in NGC 4569 the
broad and complex Ha morphology requires the action of
multiple superbubbles.

One can derive the gravitational energy of the filament
from the Hi rotation velocity (C90) that is only measured
out to 1’ from the center where it reaches almost 180 km
s~!. Under the assumption of a static Ha emitting homo-
geneous cylinder of the derived mass in virial equilibrium
one obtains 4 x 10%%ergs. This is nearly equivalent to 4x 10°
SNII explosions, but gives only a lower energy input that
must be exceeded if the filament is still expanding or if
work has been executed against an external pressure like
the hot gas inside the Virgo Cluster.

For a better understanding of the physical cause one
can also study the overall distortions of NGC 4569. As
mentioned in sect. 3.1 a slight twist of the Ha disk is
discernible. Because of the truncated Hi disk, the HI rota-
tion curve (C90) only reflects the innermost disk dynamics
that should look regularly since the galaxy’s gravitation
dominates external influences like tidal effects. Yet mi-
nor deviations from regularity can be seen in the northern
part (C90) by a steeper and inclined velocity gradient,
but needs clarification by higher spatial and velocity res-
olutions.

Assuming a 3d structure of the Ha chain lying above
the disk and of the diffuse Ha filament, also a physi-
cal connection between these two features might be pos-
sible. But what is the physical mechanism that pro-
duces both features? The filament’s morphology resembles
that of NGC 4388 but is mirrored in east-west direction.
Veilleux et al. (1999) have constructed a dynamical model
in which ram-pressure stripping by the ICM is responsible
for the structures. Compared with NGC 4569, NGC 4388
is located on the opposite direction from the Virgo Cluster
core and moves with the same velocity in opposite direc-
tion with respect to the cluster velocity. In addition, a
possible interaction of NGC 4569 with IC 3583 should not
be excluded. This aspect is discussed in detail in the ac-
companying paper (Tschdke et al. 2000). NGC 4569 also

shows a huge radio continuum halo, which may be linked
to the outflow described here (Knapik et al. 2000).
Concluding, one has to emphasize the importance
of further spectroscopic and desirably multi-wavelength
studies of NGC 4569 in order to solve the above raised
questions and to provide an insight into the structural
and kinematical properties of this most exciting galaxy.
NGC 4569 can serve as an ideal laboratory to manifest
the mechanisms in detail for the central starburst, its ex-
traordinary outflow and the exceptional features.
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Abstract. We have observed the Virgo cluster spiral
NGC 4569 in X-rays with ROSAT (0.1-2.4 keV) and in
the optical. From the PSPC image one can distinguish
different components, like the dominant source in the nu-
clear region, the galactic disk, and a diffuse soft compo-
nent extended to the west. This latter one coincides with a
giant Ha structure. In both spectral ranges the structure
reaches up to 9 kpc out of the disk. This coincidence, the
soft X-ray energy distribution, and the existence of a cen-
tral starburst in NGC 4569 let us conclude that the X-ray
gas traces a large scale outflow from accumulating super-
nova explosions and stellar winds in the galactic center.
The resulting physical properties of this X-ray halo are
comparable to those derived from X-ray halos in edge-on
galaxies, like e.g. NGC 253. We also discuss the influence
of the intracluster medium on the observed X-ray and Ha
morphology.

The nature of the very compact core of NGC 4569 is
not yet fully understood. Nevertheless, the spectral 0.1
2.4 keV distribution of the central source and the X-ray—
to—Ha luminosity ratio favours a supermassive star cluster
at the very compact core rather than an accretion-powered
active nucleus.

The nearby Magellanic dwarf galaxy IC 3583 at a pro-
jected distance of only 30 kpc reveals an unresolved X-
ray point source, several blue knots in the optical, and
a narrow Ha spur, pointing toward NGC 4569, detected
also in the B band image. This is an indication for ongo-
ing star formation also in IC 3583. Some interaction with
NGC 4569 will be discussed although the relative radial
velocity between both objects of about 1300 km s~! makes
it rather unlikely.

Key words: Galaxies: active — Galaxies: starburst — Galax-
ies: halos — Galaxies: ISM — Galaxies: individual: NGC 4569,
IC 3583 — X-rays: galaxies

D-53121 Bonn, Germany

1. Introduction

Since starburst activities, i.e. short epochs in the life of
galaxies with exceedingly high star formation rate (SFR)
comared to the averaged one, must have played an im-
portant role in the evolutionary course of most galax-
ies, increasing attention is drawn to understand the dif-
ferent mechanisms that produce such starbursts. In the
recent past we have e.g. investigated a number of galax-
ies with clear attributes of nuclear starbursts: NGC 1808
(Junkes et al. 1995), NGC 2903 (Junkes & Hensler 1996;
Tschoke et al. 2001), NGC 4410 (Tschoke et al. 1999), and
NGC 4303 (Tschoke et al. 2000). The first two of these ob-
jects have so-called hot-spot regions within 1 kpc in the
center, which can be identified with tracers of star forma-
tion like H1I regions in the optical and supernova rem-
nants (SNRs) or superbubbles in the radio regime. The
situation for the first two above-mentioned objects in our
sample differs from galaxies like NGC 4410, NGC 4303,
and NGC 4569 since one cannot simply distinguish be-
tween starburst activity in the nuclear region and an active
galactic nucleus (AGN) for these three. The close galaxy
pair NGC 4410a/b is strongly influenced by their inter-
action, causing central activity. A major difficulty for this
system is the large distance of about 100 Mpc, resulting in
resolution problems. But even for the more nearby galax-
ies NGC 4303 and NGC 4569 the nature of their nuclei
leaves open questions. Central starbursts can e.g. be fu-
eled by dissipative gas accumulation in a barred potential
(see e.g. NGC 2903, NGC 4303). In addition to the ex-
ternal influence by close encounters, interaction with the
cluster gas can obviously enhance the star formation ac-
tivity.

Hydrodynamical simulations predict large extraplanar
X-ray emitting outflows of hot gas from central ands
circumnuclear starbursts in giant gas-rich spirals
(Suchkov et al. 1994; Strickland et al. 2000). Also AGNs
can produce central outflows, but these differ from the
former ones in the sense that they are produced by the
central accretion mechanism and collimated to jets by
magnetic fields. Starburst induced gaseous outflows, also
called galactic superwinds, receive their energy from stel-
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lar winds of massive young stars and accumulating su-
pernova explosions, driving hot gas into the interstellar
medium (ISM). Because of the density stratification in
galactic disks the resulting superbubble expands mainly
towards the steepest gradient, i.e. perpendicular to the
disk. In its ”snowplow” phase the bubble sweeps up and
shock-heats the ambient ISM. Depending on the strength
of the starburst and the fraction of kinetic energy in the
outflow, the hot gas breaks out of the dense ISM and prop-
agates into the galactic halo (Norman & Ikeuchi 1989;
Heckman et al. 1993). If the cooling timescale takes longer
than the dynamical one, the hot gas disperses in the halo
and can be observed by X-rays in edge-on galaxies
(Dahlem 1997). The low densities and the problem to dis-
tinguish between X-rays from above the disk and within
it make a detection of X-ray halos around galaxies with
intermediate or low inclination very difficult.

As one candidate for an observed X-ray halo at inter-
mediate inclination here we present NGC 4569, a bright
early-type spiral galaxy (type Sab; Tully 1988) located
within the inner 2° of the Virgo cluster. It is one of the
very few galaxies outside the local group with a negative
radial velocity (~ —250 km s~!; Stauffer et al. 1986). Its
low content of H1 gas makes it difficult to determine cor-
rectly the distance by using the Tully-Fisher relation. Ac-
cording to Binggeli et al. (1985) and Stauffer et al. (1986)
it is classified as cluster member. Hence, in the whole
paper we use a distance of 16.8 Mpc (Tully 1988; Hy =
75 km s~1), which is also confirmed by Cepheid distance
measurements to the Virgo cluster (Freedman 1996). Thus
1" corresponds to 81 pc. NGC 4569 reveals a deficiency
of H1 gas (Warmels 1988). Neutral hydrogen is only con-
fined to the central few kpc of the disk, which is typical
for spirals near the cluster center. The influence of the in-
tracluster medium (ICM) on the H1 distribution in clus-
ter spirals has been observed in several galaxy clusters
(Virgo: Cayatte et al. 1990,1994; Hercules: Dickey 1997;
Coma: Bravo-Alfaro et al. 2000). The high velocity of
~1250 km s~ relative to the Virgo ICM leads to the pre-
sumption that NGC 4569 is close to its pericenter in the
cluster potential, just passing the center of the Virgo clus-
ter. Consequently, the interaction with the ICM causes
the ISM to be removed from the galactic edge by ram
pressure stripping (e.g. Balsara et al. 1994). Furthermore,
NGC 4569 is located within the observable central X-ray
cooling flow of the Virgo cluster (Bohringer et al. 1994).
We will discuss the effect of the interaction between the
Virgo ICM and NGC 4569 and its consequences on the
observed structure in Sect. 5.5.

NGC 4569 exhibits an extremely compact nucleus which
has not even been resolved by HST FOC observations in
the UV (Maoz et al. 1995), resulting in an upper limit of
0.05" or 4 pc for its diameter in the HST F220W filter
(Pogge et al. 2000). Optical observations of this unique
compact nucleus led to its interpretation as a LINER 2,
however, with some doubt because of weak [O1] and [S11]
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lines (Stauffer 1983; Keel 1983). An optical investigation
by Keel (1996) compares starburst and AGN features of
the nucleus of NGC 4569 and explains the target as a
very compact starburst dominated by supergiant stars.
This stellar cluster is as large as the core of 30 Dor, but
more than 6 magnitudes brighter. In a LINER sample of
HST observations (Pogge et al. 2000) NGC 4569 has the
brightest UV nucleus. According to Keel (1996), the inter-
pretation as an AGN is equivocal because of constraints
provided by small line widths and dominance of a sin-
gle photospheric temperature in the optical spectra. In a
previous paper we reported the detection of a giant extra-
planar Ha feature up to 9 kpc above the disk of NGC 4569
(Bomans et al. 2000). The origin of this structure is not
yet fully understood. Ionization of halo gas from a central
starburst region has been discussed. Further analysis, re-
garding the nuclear activity of NGC 4569 and including
the X-ray observations, is one of the subjects of this pa-
per. The extension of the Ha disk is much smaller than the
stellar component and coincides with the H1 distribution,
indicating the effect of the ICM on the ISM of NGC 4569.
Moreover, several Ha emission knots are located outside
the main Ha disk.

Additionally, we discuss optical broad-band and X-ray
data from the nearby Magellanic irregular galaxy IC 3583,
which is located ~6' or in a projected distance of 30 kpc
northwest of NGC 4569. Its radial velocity of +1022 km s—!
(Garcia 1993) places it into the regime of the Virgo clus-
ter, too. The large difference of ~1300 km s ! in radial
velocity to NGC 4569 makes a direct connection between
both galaxies rather unlikely but cannot be excluded with-
out any doubt. Garcia (1993) classified different galaxy
groups in the Virgo cluster according to spherical posi-
tion and radial velocity, and associates IC 3583 with the
NGC 4472 group of galaxies. A lower limit of 14 Mpc for
the distance to IC 3583 is derived by Tanvir et al. (1991)
from a search for supergiant stars in a high-resolution
CCD image of that galaxy. Sandage & Bedke (1985) have
included this object as an excellent target in their candi-
date list for resolving supergiant stars in distant galax-
ies with the Hubble Space Telescope. Nevertheless, for
IC 3583 we also adopt a distance of d = 16.8 Mpc ac-
cording to the Virgo cluster distance (Tully 1988). Some
basic parameters of our target galaxies are compiled in
Table 1.

The outline of this paper is as follows. In Sect. 2 we
present the optical and X-ray data and the reduction pro-
cess. The results on the optical and X-ray observations are
given separately in Sects. 3 and 4. Sect. 5 contains the dis-
cussion of the results for nucleus, disk, and halo emission.
The paper closes with the conclusions in Sect. 6.
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Fig. 1. Field of view from the ROSAT (a) PSPC and (b) HRI pointed observations of NGC 4569. All sources detected with a
maximum likelihood threshold of 50 are plotted. The corresponding labels refer to the source numbers in Tables 3 and 4.

Table 1. NGC 4569 and IC 3583: Some basic parameters.

NGC 4569 1C 3583 Ref.®

alternate name M 90 UGC 7784

type Sab Irr 1
RA (2000) 12836™49:8 12836™m43%8 2
Dec (2000) +13°09'46" +13°15'30" 2
radial velocity =~ —250km s~ ! 41022 kms™! 34
distance 16.8 Mpc 16.8 Mpc 1
Ds5 diameter 8’8 2’5 1
axial ratio 0.51 0.64 3
inclination 64° 55° 1
log Ly 10.70 9.20 1
log Mmu: 9.28 8.73 1

“ References:
1) Tully (1988)
2) NED database
3) Stauffer et al. (1986)
4) Garcia (1993)

2. Observations and data reduction
2.1. X-ray observations

The field around NGC 4569 was observed with the ROSAT
PSPC (central coordinates: RA(2000) = 12h36™48:0,
Dec(2000) = +13°10'12") with total exposure of 18 ksec
and with the HRI (central coordinates: RA(2000) =
12836™4830, Dec(2000) = +13°9'36") for a total of 24 ksec.
For the observation log for both data sets see Table 2.
The observations were analyzed using the EXSAS
(Zimmermann et al. 1993), XSPEC (Arnaud 1996) and
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Fig. 2. PSPC observation of NGC 4569 and IC 3583 over an
optical 17/ x17" POSS II image centered on NGC 4569.

IDL software packages. All images presented in the fol-
lowing are normalized to values of counts per seconds and
pixel. Fig. 2 shows a 17'x 17" POSSII image centered on
NGC 4569 overlaid by contours of the central 17" of the
PSPC field (pixel size of 5" and convolved with a Gaussian
of 25" FWHM). The X-ray images have been corrected for
vignetting but not for contributions of the background.
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Table 2. ROSAT observations of NGC 4569.

Detector RA Dec Time of Obs. Exposure No. of OBIs
(2000) (2000) [s]
PSPC 12736480 +13°10'12” Dec 19 — 21, 1992 17976 14
HRI 12"36™4850  +13°09'36" Jul 10-11, 1994 2109 1
12P36™4850  +13°09'36”  Jun 18-21, 1995 21858 10

Table 3. Source detections in the ROSAT PSPC observation of NGC 4569 with a maximum likelihood

threshold of 14 (50).

No. RA (2000) Dec (2000) Existence Count rate (PSPC)® No. Identification
likelihood [1073 cts s™!] (HRI)

1 127 35™ 357  +13°34'43" 173 29.842.1

2 12" 35™ 5793 +13°29'29" 7237 317+4 BD +14 2519

3 12" 36™ 5138  +13°23'34"” 16 3.440.7 QSO 1234+136

4 12" 37™ 16°2  +13°22'43" 23 4.040.8

5 12" 37™ 3334 +13°19'07" 109 9.040.9 1 LBQS 1235+1335

6 12" 37™ 17%0  +13°17°02” 35 3.61+0.6 2

7 12h 36™ 43%7  +13°15'16"” 40 3.340.6 3 IC 3583

8 12" 37 09°4  +13°15'13" 230 11.240.9 4

9 128 38™ 2254  4+13°12'46" 153 23.141.7 QSO 1235+1329

10 12" 39™ 009  +13°10'00" 53 18.442.1

11 12" 35™ 369  +13°11'05" 20 9.1+1.4

12 12" 36™ 4656 +13°10'48" 78 6.0+0.7 NGC 4569°

13 12" 39™ 0150 +13°09'59" 58 21.242.3

14 12" 36™ 49°9  +13°09'46" 490 20.44+1.2 6 NGC 4569

15 12" 36™ 26°5 +13°08'10" 20 2.440.5

16 12" 36™ 25%4  +12°58'58" 20 2.940.6

17 12" 36™ 373 +12°58'53" 40 4.740.7

18 12" 35™ 380 +12°34'00" 36 26.7+2.5 NGC 4552

% background subtracted
b probably stellar foreground source, see text

They contain the total X-ray emission in the energy inter-
val of 0.1-2.4 keV. The 50 sources detected in the PSPC
and HRI field of view with a maximum likelihood method
are numbered in Fig. 1, and listed in the Tables 3 and 4
together with optical identifications. Source no. 14 in the
PSPC image coincides with NGC 4569 while source no. 7
is located at the optical IC 3583. These two sources corre-
spond to no. 6 and no. 3 in the HRI image. Source no. 12
in Fig. 1a near NGC 4569 is probably a stellar foreground
source (see Sect. 4.1.1).

The background value in the PSPC image was deter-
mined by three circular source-free fields near NGC 4569
with diameter of 164", 158", and 150", respectively.
The average background flux amounts to 6.3x10~7 cts
s~! arcsec™2. This value is twice the one given by
Bohringer et al. (1994) for the underlying X-ray halo
around M87, which however has been fitted to the 0.4—
2.4 keV emission, while the background specified here is
based on the total ROSAT energy range of 0.1-2.4 keV.
The background determination corresponding to the en-
ergy band used by Bohringer et al. (1994) results in

2.6x1077 cts s arcsec 2 for our data, in agreement with
the value from the literature. The gradient of the hot ICM
is too flat to show significant changes of the background in
the direct vicinity of NGC 4569 and IC 3583. Nevertheless,
a very slight increase is perceptible at the western edge of
the FOV (Fig. 1a) toward M87. The same procedure as
for the PSPC data was carried out in the HRI image with
the same background fields. The background for the HRI

exposure was determined to be 3.5x10~7 cts s~ arcsec 2.

2.2. Optical imaging

We observed NGC 4569 and IC 3583 with the 1m telescope
at Mt. Laguna Observatory (California) in June 1995. Im-
ages were taken through a Ha+[N11] narrow band filter
and Johnson B and R band filters. The detector was a
thinned Tektronics 20482 pixel CCD. The resulting field of
view of the setup is 13'x13’, therefore large enough to con-
tain both NGC 4569 and IC 3583 on one image. The seeing
was about 2" during the observations. The atmospheric
transmission was slightly variable during the observations,
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Table 4. Source detections in the ROSAT HRI observation of NGC 4569 with a maximum likelihood

threshold of 14 (50).

No. RA (2000) Dec (2000)  Existence Count rate (HRI)* No. Identification
likelihood [1073 cts s ] (PSPC)
1 12 37™ 33°46  +13°19'09” 155 7.8+0.7 5 LBQS 1235+1335
2 12" 37™ 17818 +13°17'01" 55 2.540.4 6
3 12" 36™ 43°19 +13°15'18"” 14 0.740.2 7 IC 3583
4 12" 37™ 09°37  +13°15'13" 84 2.4+0.4 8
5 12 36™ 24512  +13°10°09” 18 0.740.2
6 12" 36™ 49378  +13°09'48" 162 4.6+0.5 14 NGC 4569
¢ background subtracted

therefore we did not attempt to perform an absolute flux
calibration of these data. All images were reduced and
registered using the IRAF data reduction package. Par-
ticular results from the Ha+[N 11] exposure of NGC 4569
are discussed in a separate paper (Bomans et al. 2000).

3. Optical results

In addition to the well known high-surface brightness in-
ner disk, NGC 4569 clearly exhibits a low surface bright-
ness outer disk in the B and R broad band images. The
northern part reveals a distinct spiral arm, which connects
with the higher surface brightness region. In addition to
this arm a faint, structureless ‘disk’ is visible which seem
to be distorted roughly in the direction to IC 3583. We also
produced a B-R color image (not displayed) indicating a
bluer outer disk compared to the inner region. This may
reflect the large dust content or higher metallicity of the
inner high-surface brightness disk. In our continuum sub-
tracted Ha+[N 11] image (Fig. 1 from Bomans et al. 2000)
the extreme confinement of recent star formation to the
inner part of the disk and its correspondence with the
X-ray emission (Sect. 4.1.1) in extension is striking. In
Fig. 3 the Ha+[N 11] contours are plotted onto the B and
R broad band images of NGC 4569 and IC 3583. A spe-
cific attribute of NGC 4569 is the H1 21cm deficiency
and that its emission is also confined to the central part
(Cayatte et al. 1990). The H1 distribution has a ring-like
structure and is located within the high surface bright-
ness part of the optical disk. Our optical images clearly
reflect a high level of star formation activity concentrated
to a relatively small area of the disk of NGC 4569 (about
12 kpc in diameter). A dominant Ha source in the cen-
tral region of NGC 4569 appears as unresolved giant H11
region in our images. Faint diffuse emission is present be-
tween the large H 11 regions in the high-surface brightness
disk. The most remarkable structure in the Ha+[N 11] im-
age (Fig. 5) is the giant diffuse emission west of the disk,
forming a broad spur roughly pointing to the LINER nu-
cleus of NGC 4569. This diffuse emission coincides with
an extended X-ray component and may be due to ionized

gas above the disk of NGC 4569, tracing a large scale out-
flow or gaseous halo (see below). It is subject of a more
comprehensive discussion in Bomans et al. (2000).

The optical images of IC 3583 reveal that it is a Mag-
ellanic irregular galaxy experiencing a phase of high star
formation activity. The B and R band images exhibit a
number of blue knots coinciding with large H 11 regions in
our Ha+[N11] image. In addition to the bright clumps a
faint, more extended light component is present. The cen-
troid of this faint emission is displaced with respect to the
star formation regions. The overall color is very blue com-
pared to NGC 4569, not unexpected for a dwarf irregular
galaxy. A detailed structural analysis of IC 3583 is ham-
pered by 3 bright stars near and on top of the galaxy body.
Some diffuse H 11 appears to be present between the H 11
regions, but no large H 11 shells as present in some other
actively star-forming irregular galaxies (e.g. NGC 4449:
Hunter & Gallagher 1990; Bomans et al. 1997) could be
detected. The most remarkable feature in IC 3583 is a nar-
row Ha spur at its southern rim pointing toward NGC 4569.
Since it is also traceable in the B image but not in the R
image, it represents probably a spur of star formation re-
gions and not genuine diffuse H11.

4. X-ray results
4.1. NGC 4569
4.1.1. Spatial analysis

The X-ray emission in the direction of NGC 4569 is clearly
extended. From the superposition of the PSPC contours
onto the optical B band image of NGC 4569 (Fig. 4a)
one can distinguish different components in X-rays. In
the following the numbers refer to the division of the X-
ray area into different zones and the compilation of the
X-ray parameters (Table 5, see also Fig. 6). The maxi-
mum of the X-ray emission originates from the nuclear
region of the galaxy (area 2), but disk emission is also
clearly visible (area 3a and 3b). Additionally, the X-ray
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Fig. 3. Ha+[N11] contours over B (a) and R (b) broad band images of NGC 4569 and IC 3583. Contours are (1.2, 3.4, 9.1,
24.8)x107 ' erg s7! cm ™2 arcsec™? in logarythmic steps. Ha emission is confined within the inner 6 kpc radius, similar to the
H1 disk (compare Fig. 17b from Cayatte et al. 1990). Note the faint southern spur in IC 3583 in the B band image pointing
toward NGC 4569, not visible in the R band (see also Fig. 8).
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Fig. 5. (a) R band, (b) 0.1-0.4 keV X-ray, (c) 0.5-0.9 keV X-ray, and (d) 0.9-2.0 keV X-ray contours overlaid on an Ha+[N11]
image of NGC 4569. The contour levels in the X-ray overlays (b—d) all start at 30 above the mean background.

disk component fits well with the extension of the H1 con-
tours (Cayatte et al. 1990) and the Ha+[N1I] emission,
whereas the optical disk is much wider extended (Fig. 3).
Two nearby X-ray components are probably not directly
connected to NGC 4569: The source 2' northwest of the
center (area 4) may be associated with an X-ray source
in the stellar disk of NGC 4569, but it is more likely con-
nected to an independent foreground/background source
not related to the galaxy. A further source southwest of
the center of NGC 4569 (area 5) can be identified as the
background galaxy VPC 1071 visible in our B and R band

images (Fig. 3). Diffuse X-ray emission most likely in con-
nection with NGC 4569 is found west of the center (area 6)
, its soft spectral distribution lets us suggest a hot gas bub-
ble as the source of diffuse emission and indicates its origin
from above the disk (see below).

Table 5 compiles count rates and hardness ratios of
the different X-ray emission components in the direction
of NGC 4569 in comparison to the total area 1. We de-
fine the hardness ratio by HR = % with A and B be-
ing the counts summed over the 11 41 and 52 201 energy
channels, respectively (with a conversion factor E [keV] =
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Fig. 6. Definition of disk, bulge, halo, and external source areas
in the ROSAT PSPC image. Corresponding count rates and
hardness ratios are listed in Table 5.

Table 5. PSPC count rates and hardness ratios
of the X-ray components of NGC 4569, as labeled
in Fig. 6.

Component Count rates® Hardness ratio
[cts 5!
1 33.8+1.9 0.51+0.04
1° 27.94+1.4 0.560.04
2 14.440.9 0.7740.05
3a 3.410.6 0.99+0.12
3b 5.3+0.7 0.06+0.10
4 5.8+0.7 0.26+0.09
5 1.940.3 0.19+0.15
6 2.7+0.4 0.13+0.13

¢ background subtracted
b excluding area 4 (see text)

channel number/100).! It is quite obvious that the nuclear
emission of NGC 4569 is strongly absorbed (hardness ratio
HR = 0.8), whereas the contribution from area 6 is much
softer. This diffuse emission is of particular interest for the
possible existence of an extraplanar X-ray component in
NGC 4569 and will be discussed in detail in Sect. 5.3. An-
other interesting point is the appearance of the northern
and southern part of the disk emission of the galaxy. The
hardness ratios of both differ significantly. This is corrobo-
rated by the comparison of the X-ray emission in different
PSPC spectral ranges (Fig. 5): There is no emission in the

! The definition of HR here is slightly different to the one
used by Junkes et al. (1995).

. Tschoke et al.: Hot halo gas in NGC 4569

soft PSPC band (0.1-0.4 keV) visible from the northern
disk, whereas it is pronounced in the southern disk.

Although the exposure time of the HRI observation
was larger by a factor 1.3 than the one of the PSPC ob-
servation, only the nuclear source can be clearly identified,
but is unresolved at length scales of 5" or 400 pc (Fig. 4b).
The HRI detector is about 3 times less sensitive than the
PSPC detector.

4.1.2. The X-ray spectrum

In Fig. 7 the PSPC spectra of the different components
of NGC 4569 as labeled in Fig. 6 and from IC 3583 are
given. Whereas the distribution from the entire galaxy
contains a significant portion in the lower energy channels
below 0.5 keV, which is assumed to be mainly attributed
to emission from the southern disk and halo of NGC 4569,
the soft spectral part of the nuclear region is significantly
absorbed. The corresponding hardness ratios also support
this picture (HR = 0.77£0.05 for area 2) and an over-
all softer disk and halo component (HR = 0.56+0.04 for
area 1, excluding area 4). The much softer spectrum of
the peak emission in area 4 (HR = 0.26+0.09) points to
a foreground location of this source.

As already mentioned area 3a has a much harder spec-
tral distribution compared to area 3b (Table 5). Addition-
ally, the 0.1-2.4 keV X-ray emission from the disk seems
to be slightly asymmetric toward the south. We will dis-
cuss possible explanations for the difference in the disk
components in Sects. 5.2 and 5.5. The very soft compo-
nent westward of the disk (area 6) is of particular interest
and will be considered in Sect. 5.3.

The raw background-subtracted X-ray spectra from
the entire galaxy excluding area 4 and from the nucleus
are composed by 501£25 and 259416 counts, respectively.
They are fitted with several single component models,
like a Raymond-Smith model of a hot thermal plasma
(Raymond & Smith 1977: RS), a power-law model (PO),
and a thermal Bremsstrahlung model (BS). Additionally,
we fit the spectrum of the galaxy by a two-component
(RS+PO) model and by a single RS component but with
two different fixed abundances (i.e. 0.1 Zg and 1 Zg). The
resulting parameter combinations are listed in Tables 6
and 7.

The best spectrum fit of the whole NGC 4569 is achieved
with a combined RS+PO model for the X-ray emission
in the ROSAT band, accounting for contributions from
the hot gas in the disk and the halo and from possible
central sources, like an AGN, high-mass X-ray binaries
(HMXBs), and SNRs in the starburst region and the disk.
Since resolution and intensity of the PSPC spectrum are
not sufficient to determine the element abundances in the
Raymond-Smith plasma directly by fitting, only fixed val-
ues are applied to find an appropriate fit. We test models
with solar and 0.1 times solar abundances. The best fit for
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the nuclear component results in a pure RS model with
low metallicity of 0.1 Zg. This spectral fit does not sup-
port the assumption that the central X-ray emission is
dominated by an active non-thermal nuclear source, also
indicated by the relatively bad fit with a single PO model.
For all fits to the spectra of nucleus and total galaxy,
except the RS model with solar metallicity for the nu-
cleus, the corresponding absorption value lies at least at
the Galactic H1 column density of 2.47x10%° cm~2 in
the direction of NGC 4569 (Dickey & Lockman 1990) or
several times above. From the matching spatial distribu-
tions in X-rays and H1 an additional inherent absorp-
tion in NGC 4569 is expected. H1 maps of NGC 4569
(Cayatte et al. 1990) give column densities above
5x10%° cm~2 (up to 2x10?' ¢cm~? in the northern part
of the disk component). This, however, would support the
single PO model for the nucleus, since this is the only one
with an absorption component higher than 102! cm™2.
For the single RS model the resulting X-ray luminos-
ity in the ROSAT band (0.1-2.4 keV) for the total galaxy
amounts to 1.3x 104 erg s~1. Fits with the two-component
RS+PO models yield a 2-3 times higher luminosity of
2.8x10% erg s~ and 4.4x10% erg s~! for subsolar and
solar abundances, respectively. The nuclear X-ray lumi-
nosity amounts to 8x103% erg s~! for a RS model with low
metallicity 0.1 Ze and 1.6x10%° erg s~! for a BS model.
A single PO model for an AGN in NGC 4569 provides a
much higher nuclear luminosity of 6x10%° erg s=!, which
would at least be expected for a LINER or Seyfert core.
However, the worst fit quality seems to rule out this model.

4.2. The nearby irregular dwarf galazy IC 3583

IC 3583 has been tentatively identified in the Finstein ob-
servation of NGC 4569 (Fabbiano et al. 1992), however,
with a significant position offset. In our ROSAT image of
the field, IC 3583 appears as a compact source. In Fig. 8
the contours of the X-ray emission in the energy range 0.1

2.4 keV are overlaid onto the B band and Ha+[N 11] im-
age. The compact X-ray source at the position of IC 3583
has been detected by the PSPC with a count rate of
(2.840.4)x1073 cts s~! and by the HRI with (5.941.9)
x10~% cts s—1, respectively. It is not possible, however, to
spatially distinguish emission from IC 3583 from a fore-
ground star lying exactly on the line of sight to the galaxy.
For this reason we also investigate its spectrum. After cor-
rection for the background we have a total of 50+8 counts
in the 18 ksec exposure. The resulting hardness ratio is
0.95+0.12 which indicates a significant foreground absorp-
tion and/or a rather hard X-ray spectrum. This supports
the identity of the X-ray source with the irregular galaxy
IC 3583 and not to be a foreground star. A 3¢ spectrum
(i.e. a signal-to-noise ratio of 3 in each bin) results in only
5 bins (Fig. 7h). Fits of standard models (e.g. power law
and Raymond-Smith thermal plasma fit) to this spectrum

do not result in a good conformity to get any suitable
quantitative information.

5. Discussion
5.1. Nuclear activity in NGC 4569

The X-ray emission from the nucleus of NGC 4569 is not
spatially resolved by ROSAT, so that an upper limit of
~400 pc can be derived for its total extent from the HRI.
From high-resolution optical and UV data the nature of
the core of NGC 4569 is equivocal: It consists of a normal
bulge population, a supergiant dominated A-type popula-
tion within a radius of 20 pc, and a very compact, UV-
luminous core of less than 2 pc, undetected in the V band.
Keel (1996) studied two possibilities for the core: (a) an
active accretion-powered nucleus and (b) a compact and
very luminous central star cluster, as large as but more
than 6 magnitudes brighter than the core of 30 Dor. A
possible young starburst would be required as an expla-
nation for the existence of this unusually high number of
A supergiants, while the spectral shape, flat in the UV
with a steep drop in the optical, is not expected for an
AGN.

From the X-ray data two interpretations for the nu-
clear emission seem possible: X-ray emission from an un-
resolved compact nuclear source is associated either with
the LINER-type nucleus of NGC 4569 in the optical, or
with a slightly extended nuclear starburst region, simi-
lar to the ones found in NGC 1808 (Junkes et al. 1995),
NGC 2903 (Tschoke et al. 2001), and NGC 4303
(Colina & Arribas 1999; Tschoke et al. 2000) at a scale of
~1 kpc. From the optical and radio appearance, how-
ever, NGC 1808 and NGC 2903 are rather different: These
galaxies are clearly extended in the optical as well as in
the radio with several single emission peaks, leading to
the classification as hot spot galaxies (Saikia et al. 1990;
Sérsic 1973). In contrast, NGC 4303 resembles more
NGC 4569 in the sense that both exhibit a compact central
source with a diameter clearly below 1” (Maoz et al. 1995;
Colina & Arribas 1999). But contrary to NGC 4569, an
additional circumnuclear starburst of several hundred pc
in diameter can be resolved in the optical image of
NGC 4303. Finally, NGC 2903 and NGC 4303 belong to
the class of barred spirals.

The spectrum of the nuclear source in NGC 4569 can
well be fitted with a RS spectrum, either contributed by
cumulative stellar winds in a central super star cluster
(SSC), expanding supernovae of type II (SNell) bubbles
from extinguished massive stars in these SSCs, or a combi-
nation of both. With the spectral resolution of the ROSAT
PSPC it is not possible to clearly determine the nature of
the core emission, whether of thermal or non-thermal ori-
gin. The low photon statistics of the central source (10 bins
for a 50 spectrum) does not fully exclude the possibility of
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Table 6. Fit results on the X-ray spectrum from NGC 4569 (area 1 excluding area 4).

Model Nu kT Iy Z Norm Red. XZ d.of. Fx Lx

(1) (2) ®3) (4) () (6) (7) (8) (9) (10)

RS 2.391%-%  0.631513 0.1 42 1.2 15 0.37+5-01 1.2573%

RS 0.20%5:37  0.6310:15 1 58 2.4 15 0.22+5-9% 0.7415:9%

BS 5.7978:9¢  0.4570:08 2.1 1.2 15 0.911+9-96 3.06153%

PO 9.391 532 3.6+£0.2 13.1 1.5 15 5217377 17.61%5

RS + PO  4.91%%20 0447315 2773 01 53 (PO) 0.9 13 0.841%7 2.8411%5
34 (RS) (0.26£0.04)  (0.88+0.13)

RS + PO 5.85707% 046131% 30404 1 7.4 (PO) 0.9 13 1.3149-22 4.42131
3.3 (RS) (0.1275:03)  (0.4115:8%)

Col.(1) Spectral models: BS = thermal Bremsstrahlung, RS = Raymond-Smith, PO = power law.

Col.
Co

(2) Column density in units of 10%° cm
1. (3) Plasma temperature in units of keV.
(

-2

Col. (4) Photon index.

Col. (5) Metallicity in units of Zg (fixed).

Col. (6) Scaling factor: for BS in units of (10~'® /(4w D?)) [ nenidV, ne,n1 = electron and ion densities (cm™?); for
RS in units of (107'°/(47D?)) [ nZdV, ne,nu = electron density (cm™?); for PO in units of 10~° photons keV ™!
cm™? st at 1 keV.

Col. (7) Reduced x?.

Col. (8) Degrees of freedom.

Col. (9) Unabsorbed X-ray flux in units of 10™'% erg cm™

thermal comp

Col. (10) X-ray luminosity in units of 1

component.

2§71, Values in brackets give the contribution of the
onent.

0%° erg s~ !. Values in brackets give the contribution of the thermal

Table 7. Fit results on the X-ray spectrum from the nucleus of NGC 4569 (area 2).

Model Nu kT T 7Z Norm Red. x° dof Fx Lx

(1) (2) ®3) (4) (5) (6) (7 @ (9 (10)

RS 4107350 0775l 0.1 27 0.5 7 0.24+0.01  0.8140.03
RS 1.217953  0.8473:0¢ 1 49 1.7 7 0151507 0.5219:0%
BS 7.4172%9 .56 9.4 1.5 7 0467595 1.567017
PO 10.542.0 3.2103 86 24 7 1.8t11 6.013%

Col.(1) Spectral models: BS = thermal Bremsstrahlung, RS = Raymond-Smith, PO = power law.

Col

Col
Col

. (2) Column density in units of 10%° cm
Col. (3) Plasma temperature in units of keV.
- (
- (

-2

4) Photon index.
5) Metallicity in units of Zg.

Col. (6) Scaling factor: for BS in units of (107'°/(47D?)) [ nen1dV, ne,n1 = electron and ion densities
(cm™?); for RS in units of (107'?/(4xD?)) [ n2dV, ne,nu = electron density (cm™*); for PO in units
of 1075 photons keV~! cm™2 s7! at 1 keV.

Col.
Col.
Col.
Col.

Py

10) X-ray luminosity in units of 10*° erg s=*.

7) Reduced x2.
8) Degrees of freedom.
9) Unabsorbed X-ray flux in units of 107" erg cm™? s~

1
1
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Fig. 8. ROSAT PSPC contours in a 4'x4’ around IC 3583 overlaid onto the (a) B band and (b) Ha+[N11] image. The X-ray

contours are 3, 5, 7, and 10 o above the mean background of 5.3x10™7 cts s

! arcsec™! (0 = 1x1077 cts s7* arcsec™!). A

narrow Ha spur is visible at the southern end of IC 3583, also weakly traceable in the B band, pointing toward NGC 4569. The

spur is marked by the dashed box in each image.

an AGN component with a spectral distribution described
by a PO fit.

The total X-ray luminosity of 1 4x10%° erg s~1 (de-
pending on the applied model) is not too high to be ex-
plained solely by strong star-forming activity in NGC 4569.
From our analysis, we can interpret the spectrum of the to-
tal X-ray emission from NGC 4569 in two possible ways:
At first, the soft X-ray emission contains contributions
from two components - a hot thermal plasma (RS) from
the starburst as well as a PO component which can ei-
ther be attributed to an unresolved AGN component or
to HMXBs and SNRs in a compact nuclear starburst. Sec-
ondly, the central X-ray source is dominated by a very
compact luminous central SSC, described by a RS plasma
model in the ROSAT energy band.

Further evidence against an AGN-dominated nucleus
in NGC 4569 arises from the X-ray to Ha luminosity ratio.
For AGNs this ratio is up to 100 times higher than for pure
nuclear starbursts. With an Ho flux of 9.4x10%° erg s~!
for NGC 4569 (Kennicutt et al. 1994) we derive
log(Lx/Lua) = —1.1 to —0.3, consistent with other star-
burst galaxies, like NGC 1069 or NGC 1097
(Pérez-Olea & Colina 1996). Typical AGNs have values of
more than —0.2.

5.2. Disk emission

The total disk emission in X-rays from either side (NE
vs. SW) is comparable, their distributions throughout the

ROSAT band, however, differ significantly. The contribu-
tion from the northern part is clearly harder (Table 5).
This may be caused by a higher fraction of hard point
sources, like HMXBs and SNRs, and less contribution
from soft diffuse X-ray emission compared to the south-
ern region. A higher intrinsic absorption of the southern
disk is also likely to cause the observed properties. How-
ever, in the northern part the H1 column density reaches
2x102! cm~2 (Cayatte et al. 1990), while its southern max-
imum is at 1.5x10%! cm~2. A third possibility takes into
account the interaction with the Virgo ICM; this would
mean that the southern soft component is a result from
the central starburst, as supposed for the western soft X-
rays (Sect. 5.3), and experiences a strong impact from
the surrounding hot ICM. This interpretation will be dis-
cussed in a more complete framework for the entire galaxy
in Sect. 5.5.

5.8. Contribution from the halo

NGC 4569 has an inclination of ¢ ~ 64°. The galaxy
shows extended soft X-ray emission with contributions
from outside the nucleus and outside the disk. In con-
trast to edge-on galaxies, where emission components
from disk and halo can be quite easily distinguished
(e.g. Vogler et al. 1996), it is more difficult to disentangle
these components in the case of NGC 4569. Additional dif-
ficulties arise from the nearby two foreground/background
sources, northwest and southwest of the nucleus.
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The overall distribution of the soft X-ray emission ap-
pears to be very asymmetric with a spur of soft emission
extending from the galaxy center and some additional dif-
fuse patches both west of the galaxy. We mark a rect-
angle area of 50”x100"” (Fig. 6, area 6) taking care to
avoid any contamination by area 4. The expected halo
emission in area 6 becomes mainly polluted by the closer
and brighter northwestern source. To check its effect on
the X-ray flux in area 6 we subtract a point source from
the original image. Therefore we fit a Gaussian to the
nucleus of NGC 4569 (resulting FWHM 22") and nor-
malize it with the peak emission of the source in area 4.
From the residual image we get a reduction of the count
rate in area 6 by 14%. We derive a hardness ratio of
0.13£0.13 for this area which strongly depends on the
choice of the area coverage. Contamination from the much
harder nuclear emission increases the hardness ratio, if
we shift the eastern edge of area 6 closer toward area 2.
The total number of counts in the area 6 with boundaries
as defined in Fig. 6 is 49+7 after background subtrac-
tion. If we apply a RS model with strongly constraint pa-
rameters, i.e. assuming a reasonable column density value
of Ng=3x10%° cm~? (Galactic foreground value; H1 ob-
servations from Cayatte et al. (1990) give Ny values be-
low 5x10%° ¢cm~? in the relevant halo region) and solar
abundances, we obtain a plasma temperature of about
0.2 keV, resulting in a flux of 2.4x107* erg s~ cm™? in
the ROSAT band and an X-ray luminosity of 8x1038 ergs—!
Even abundances of 0.1 Zg do not alter the result sig-
nificantly. If we take HR = 0.39 as an upper limit for
the hardness ratio, a corresponding RS spectrum with a
column density of 3x102° cm~2 would have a tempera-
ture of 0.24 keV. A column density of 5x10%° cm~2 would
drop the temperature to 0.19 keV. With a lower hard-
ness ratio of 0.13 and a column density of 3x102° ¢m—2
we again get a plasma temperature of 0.2 keV. Again,
an increase of the absorption component will decrease the
corresponding temperature for the observed spectral dis-
tribution. Hence, for the X-ray emission from area 6 we de-
duce a low plasma temperature of approximately 0.2 keV,
similar to NGC 4449 (Bomans et al. 1997) or NGC 1705
(Hensler et al. 1998).

An additional strong argument in favour of diffuse X-
ray emission in the halo of NGC 4569 arises from the good
spatial connection of the soft (0.1 0.4 keV) X-ray emission
with a large diffuse Ha spur (Fig. 5; Bomans et al. 2000).
Similar correlations were observed in a number of nearby
starburst galaxies (e.g. M82: Strickland et al. 1997; NGC

253: Shopbell & Bland-Hawthorn 1998; Lehnert et al. 1999;

Strickland et al. 2000; NGC 3628: Dahlem et al. 1996;
NGC 4666: Dahlem et al. 1997) and are interpreted as a
signature for hot gas outflow from the starburst center.
Our optical and X-ray data are fully consistent with such
an interpretation in the case of NGC 4569.

7

5.4. Physical properties of the hot halo

In general, three different morphologies for a hot gaseous
halo are possible, depending on the types of outflow mech-
anisms from the galactic disk: (a) If the star formation
takes place in a compact central starburst, a conical out-
flow of gas occurs, driven by stellar winds of massive stars
and SNII explosions. A similar morphology arises from
an AGN producing a jet, which heats up the halo gas.
(b) If the star formation is distributed over large parts
of the galactic disk, several distinct star-forming regions
blow out hot gas into a more extended region around the
disk. (c) Another possibility is a mixture of these two mor-
phological cases.

If we assume a simplified geometry of an outflow from
a central starburst for the diffuse X-ray gas in area 6
(a cylindric shape with a height of 6 kpc and a diame-
ter of 4 kpc, and therefore a volume V of 8x10'° pc?),
we can estimate the mean electron density of the gas.
Applying solar abundances, the derived plasma temper-
ature of 0.2 keV is consistent with an emissivity Ag(T") of
2.5%10723 erg cm? s~! in the energy range of 0.1 2.4 keV.
This value is most sensitive to the chosen metallicity; for
0.3 times solar abundances it is about 1x 10723 erg cm3 s 1.
With Lx = n2 Ag(T) V we derive a mean electron density
of n, ~ 4x1073 f~1/2 cm =3, with f being the volume fill-
ing factor of the halo gas. The total mass of the hot gas is

.then M ~ 7x108 f1/2 Mg, and the total thermal energy

is By, &~ 4x10%* f1/2 erg. Pressure P = 2nkT and cooling
time Teoo1 = 3T /nA amount to 3x10~'2 f~1/2 dyn cm—2
and 3x108 f1/2 yr, respectively. A compilation of the phys-
ical properties of the halo of NGC 4569 and a few other
observed X-ray halos for comparison are given in Table 8.
The X-ray halo of NGC 4569 is in extension, luminosity,
mass, and density quite similar to the one of NGC 253.
Both galaxies reveal a few times lower X-ray luminosity,
at most 103 erg s~!, while other X-ray halos have lumi-
nosities of several times 103° erg s~!. The electron densi-
ties of NGC 4569 and NGC 253 are also somewhat lower
compared to the other galaxies. The two irregular galaxies
MS82 and NGC 4449 may not directly be comparable to the
rest of the sample because of their different morphology,
metallicity, and mass.

Applying the model for a single SNR by Cioffi (1990)
and taking into account the cumulative radiation
of a number of SNRs in a star-forming region
(Norman & Ikeuchi 1989), we can estimate the SFR from
the observed X-ray emission of disk and bulge in NGC 4569
(Junkes et al. 1995). A SNR expanding into an ISM with a
mean density of 1 cm™® radiates a total energy of
4.7%10% erg in the ROSAT energy band for about 10* yr.

With a total X-ray luminosity of 1.8x10%° erg s~! from
disk and bulge we derive a number of 120 SNRs and a
SNII rate of 0.012 yr—!. With a Salpeter IMF, between
1 Mg and 100 Mg and all stars with masses above 8 Mg
evolving to SNell, we derive a SFR of 1.6 Mg yr—! for
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Table 8. Properties of a number of observed X-ray halos.

kT Lx Ne M Tcool h Ref.
1 (2 3 () ®) (6) (M
M82 0.4-0.6 1.9x10™ 0.02 1.3x10%  1x10°® 6 1
NGC 4449 0.2 7x10%® 0.03 2x10° 2x107 1.8 2
NGC 253 0.2 1.6x10%  2x107% 5x108 2x108 10 3,4
NGC 3079 0.3 5.8x10%°  7x107* 2x10% 1.5x10° 135 5
NGC 3628 0.16 6.7x10%°  6x107* 4x108 3.8x10® 15/25 6
NGC 4565 0.17 2.6x10%  6x107% 2.2x107 4.2x10® 13 7
NGC 4569 0.2 8x10%8 4x107%  7x10° 3x108 9 8
Col. (1) — Plasma temperature in units of keV.
Col. (2) — X-ray luminosity (0.1-2.4 keV) in units of erg s™".
Col. (3) — Mean electron density in units of cm™3.
Col. (4) — Mass in units of M.
Col. (5) — Cooling time scale in units of yr.
Col. (6) — Maximal extension in z-direction above galactic disk in units of kpc.

The two values for NGC 3628 are for the northern and southern halo.

Col. (7) — References:
3) Pietsch (1993); 4) Dahlem et al. (1998); 5)
Dahlem et al. (1996); 7) Vogler et al. (1996); 8) this work.

NGC 4569. According to Thronson & Telesco (1986) we
can estimate the SFR from the far-infrared luminosity?
Lrr = 5.64x10° L, (Rice et al. 1988), which results in
3.7 Mg yr—!, about 2 times higher than the result from
the X-ray luminosity.

A more extended spherical X-ray halo cannot be ex-
cluded with absolute certainty. As can be seen in Figs. 4
and 5 the soft diffuse X-ray emission outside the galac-
tic disk of NGC 4569 is only visible in the western part.
This might imply that the outflow from the starburst core
takes place asymmetrically to only one side of the disk.
This can happen if the starburst cluster is not located
exactly in the equatorial plane so that the direction of
lower density is preferred (Suchkov et al. 1994). Another
possibility is that emission from an existing eastern X-ray
halo component in NGC 4569 is fully absorbed because
the eastern side of the disk is lying in front of the halo.
The coincidence of the Ha disk sources and the X-ray disk
emission indicates ongoing star formation throughout the
galactic disk up to radii of about 6 kpc. The extension
of the western X-ray halo component to the north and
south can be hardly determined because of the two X-
ray sources in the areas 4 and 5. Assuming a spherical
X-ray halo around NGC 4569 with a radius of 6 kpc and
an X-ray luminosity of Lx =~ 103 erg s~! ecm~2 would
decrease the electron density to 1x1073 f~1/2 ¢cm =3, and
enlarge the thermal energy to 5x10%° erg, so that the cool-
ing timescale increases to 1.3x 10° yr. The total halo mass
then amounts to 2.7x107 f1/2 Mg due to the much higher
halo gas volume of 900 kpc3.

2 Value adapted for the distance of 16.8 Mpc.

1) Strickland et al. (1997); 2) Bomans et al. (1997);
Pietsch et al. (1998); 6)

5.5. Interaction with the ICM in the Virgo cluster and
with IC 3583

The morphology of the X-rays in NGC 4569 still leaves
several questions open. For example, the distribution in
the 0.5-0.9 keV range (Fig. 5¢) is quite symmetrical in the
disk, whereas the 0.1-0.4 keV image leads to a contrary
picture: The northern part of the disk does not appear in
X-rays, while in the south extended emission is present.
This asymmetry has been mentioned above with explana-
tions to be caused by differences in absorption strength
or different unresolved X-ray sources. Now, we want to
discuss an alternative interpretation.

The high radial velocity of NGC 4569 relative to the
Virgo cluster and the close projected distance of 1°7 to-
ward M87 suggest that the influence from the ICM on the
morphology of the gas content in the galaxy is of impor-
tance. Taking 1000 km s~! for the mean radial velocity of
the Virgo cluster (Yasuda et al. 1997), NGC 4569 has a
relative radial velocity component of about 1250 km s~!
to the cluster. Numerical models of the interaction be-
tween galactic ISM and the ICM lead to the result that
significant removal of ISM gas from a galaxy penetrating
through a cluster medium happens not before the galaxy
has already passed its pericenter (Vollmer etal. 2000). On
the other hand, the high relative velocity of NGC 4569
to Virgo might indicate a location close to this pericen-
ter. From this fact in combination with the low amount
of H1 gas in the outer parts of the galaxy it seems conclu-
sive that NGC 4569 is not on its first passage through the
cluster. Furthermore it penetrates the ICM supersonically.
A sound speed of ¢s ~ 500 km s! (Veilleux et al. 1999)
for the ICM leads to a Mach number of M = v/cs = 2.5.
The galaxy and any large-scale outflow from the disk are
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exposed to the strong ram pressure from the ICM. Hence,
the spatial orientation of the disk becomes important.
Let us assume that the disk of NGC 4569 is orientated
with its western edge in front. Looking from east onto the
disk is also consistent with the HST Ha observations of
the core by Pogge et al. (2000): With enhanced contrast
spike-like features are discernible in their Fig. 1c, mainly
pointing from the center toward the east. Let us further-
more assume that a bipolar outflow of hot gas from the
central starburst occurs in NGC 4569. How can we inter-
pret the 0.1-0.4 keV image in that context? Firstly, the
western soft component represents the outflow at the far
side of the disk away from the observer. Since the H1 is
concentrated mainly at the center of the galaxy (confirm
Fig. 17b from Cayatte et al. 1990) the radial extension of
the X-ray feature is large enough not to be reduced by the
H1 disk. But where is the component expanding toward
the observer? Such a feature would have to be present on
the eastern side of the disk. This part of the galaxy faces
the ICM stream, while NGC 4569 drifts through the clus-
ter. So the outflow to that side experiences most of the
ram pressure. Looking again at Fig. 5b and comparing it
with Fig. 5c, one can recognize that the southern soft part
does not coincide with the disk. The contours have a bow
shape from the galactic center toward the southeast and
then bend to the south. At least the emission has a larger
extension from the major axis toward the east than in the
0.5 0.9 keV range. From this one can draw the picture
that we are actually seeing the eastern part of the bipo-
lar outflow, expanding toward the observer, but hit by the
ICM and deformed toward the south. This implies that the
eastern outflow is directly compressed and stripped what
means, on the other hand, that the motion of NGC 4569
has a small tangential component roughly in northeastern
direction. On the other hand, the western component is
shielded by the bow shock from the supersonic motion of
the galaxy. Such a protecting phenomenon has been dis-
cussed by Veilleux et al. (1999) for another Virgo cluster
galaxy, NGC 4388, which shows a large-scale ionization
cone in Ha from the central Seyfert nucleus. This object
has roughly the same high relative velocity to the cluster
gas as NGC 4569. Veilleux et al. (1999) argue by the for-
mation of a bow shock, separating the high velocity ICM
gas from the slowed-down post-shock gas, with the outflow
feature lying in the lee site of the galaxy. The opening an-
gle of the bow shock is determined by the Mach number.
The interaction of NGC 4569 with the ICM could also
provide an explanation for the chain of Ha knots west
of the main Ha disk emission with its shape diverging
from the disk ellipticity. In this context it is interpreted
as been stripped off by ram pressure from the northern
edge and possibly falling back onto the disk after cross-
ing the bow shock. Hydrodynamical simulations lean sup-
port of this scenario. Also diffuse emission is visible at the
eastern edge of the main Ha disk. A broad feature lies at
the south of the disk, coinciding partly with the south-

ern extended soft X-ray feature. The complex structure of
the overall Ha+[N 11] in NGC 4569 has been discussed in
Bomans et al. (2000).

The low number of X-ray counts from IC 3583 does
not allow a reliable prediction for the nature of the X-
ray source in this object. However, the faint southern Ha
spur, also traceable in the B band but not in the R band,
which therefore may not stem from diffuse H 11, indicates
ongoing star formation activity. The projected distance
of 6' from NGC 4569 leads to the question as to what
extent any interaction between the two objects occurs .
One important argument against any perturbation effect
is their high relative radial velocity of 1300 km s~!. This
also makes any detection of connecting features in H1 very
difficult, since the velocity range is too large to be covered
by the dynamical range of H1 images. In addition, a H1
bridge with a continuous brightness and velocity distribu-
tion from NGC 4569 to IC 3583 is very unlikely. A fast
passage and the resulting temporary perturbation of the
gravitational potential from NGC 4569 may have some in-
fluence on the gas component in IC 3583 and may trigger
shock-induced star formation. Any such feature would be
expected to show a structure perpendicular to the rela-
tive motion of both galaxies. As argued above the main
motion of NGC 4569 is expected to be toward the ob-
server. With 1022 km s~! IC 3583 has a radial velocity
close to the mean Virgo cluster radial velocity. Thus a
major tangential component in its motion can not be ex-
cluded. Although no strong tidal feature has been detected
in IC 3583 and NGC 4569, some minor distortion like the
faint Ha spur may be caused by some weak interaction.

6. Conclusions

We have observed the Virgo cluster spiral NGC 4569 and
the nearby Magellanic-type irregular galaxy IC 3583 in
the optical R and B broad band, in Ha+[N11], and in the
0.1-2.4 keV energy band. From the X-ray results the na-
ture of the very compact core of NGC 4569 still remains
unsolved, whether it is a very compact nuclear SSC or
an accretion-powered AGN. Yet several facts support a
central starburst: The spectral distribution of the nuclear
X-ray source favours a thermal plasma emission rather
than an AGN-typical power law. The resulting X-ray to
Ha luminosity ratio of log(Lx/Lu,) = —1.1 to —0.3 is
typical for galaxies with a central starburst and much too
low for LINER or Seyfert galaxies. On the other hand, the
much higher X-ray luminosity of 1.8x10% erg s—! for a
single power-law model results in an X-ray-to-Ha ratio
consistent with other LINERS or Seyferts. Nevertheless,
this model is not reasonable for the whole extended X-ray
emission in NGC 4569. Also, the extension of the observed
diffuse western soft X-ray component reveals a shape more
typical for a galactic wind from a central and/or circum-
nuclear starburst rather than a more collimated ionization
cone from an AGN.
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This soft western X-ray emission is remarkably
connected with a very extended Ha filament
(Bomans et al. 2000). This structure reaches from the disk
up to at least9 kpc into the halo of NGC 4569 which in
combination with its soft X-ray flux allows to be inter-
preted as an X-ray halo fed by the central starburst driven
outflow. Such an X-ray halo has by now only been detected
in edge-on galaxies, where an easier distinction between
sources within and above the galactic disk is possible.
NGC 4569 is the first spiral galaxy, where a direct connec-
tion of extraplanar Ha and X-ray emitting gas at scales
of 10 kpc has been observed. A comparable phenomenon
has only been reported by Devine & Bally (1999) for M82.
In this object a filament at a distance of 11 kpc from
the galactic center has been detected in Ha and X-rays.
Nevertheless, this structure is isolated with no detectable
connection to M82, and its association with the galaxy is
questionable.

The X-ray halo in NGC 4569 has a plasma tempera-
ture of 0.2 keV and a mean electron density of 0.004 cm—3
so that its total mass amounts to 7x10%® M. The cool-
ing time of 3x10® yr is long enough to be traceable in
X-rays at a galactic height of 9 kpc for an outflow velocity
as small as 30 km s~!. One crucial aspect in obtaining a
global picture of NGC 4569 is the spatial orientation of the
disk and extraplanar components. Several facts speak for
the western extraplanar features being located behind the
galactic disk. The extension of the H1 disk is small enough
not to hide the western X-ray component. Additional fea-
tures in the X-rays, like the southern soft emission, and
in He, like several emission knots outside the disk, fit in
the hydrodynamical interpretation of a strong interaction
with the Virgo ICM at a high relative velocity of about
1250 km s71.

The Magellanic irregular galaxy IC 3583 contains an
unresolved X-ray source which is suggested not to origi-
nate from a foreground star present in the optical because
of a very hard spectrum. A narrow Ha spur pointing from
the southern end toward NGC 4569, also visible in the
B band, indicates ongoing star formation in IC 3583. The
question of an interaction between the two galaxies at very
high relative radial velocity of about 1300 km s~! has to
be addressed to and must be explored by more detailed
observational and model analyses.
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An X-ray halo in the ‘hot-spot’ galaxy NGC 2903
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Abstract. The existence of galactic superwinds, giant
kpc-scale outflows from the center of starburst galaxies,
has been studied in several hydrodynamical simulations,
and observed in a number of edge-on galaxies, especially
in the X-ray regime. The detection of such hot gas above
the disk of spirals also with intermediate inclination en-
counters the difficulty of separating that contribution from
disk and active nuclear region.

In this paper we present ROSAT PSPC and HRI obser-
vations of the ‘hot-spot’ galaxy NGC 2903. This isolated
system strikingly reveals a soft X-ray feature extending in
north-west direction up to a projected distance of 5.2 kpc
from the center into the halo. The luminosity of the ex-
traplanar X-ray gas is several 1038 erg s, comparable to
X-ray halos in other starburst galaxies. The counterpart
from an expected bipolar outflow has not been detected,
indicating that the observed X-ray emitting gas lies in
front of the galactic disk moving toward the observer. The
extension of the X-ray emission from the disk coincides
with numerous H 11 regions visible in Ha. The estimated
star formation rates derived from both wavelength ranges

result in 1-2 Mg, yr—!.

Key words: Galaxies: active — Galaxies: starburst — Galax-
ies: individual: NGC 2903 — X-rays: galaxies

1. Introduction

Starbursts are important mechanisms for the chemical and
dynamical evolution of galaxies; the mass exchange pro-
cesses between different components (stars — interstellar
medium, ISM cloudy medium) and also between disk
and halo strongly influence the nature of these systems
and occur on rather short timescales. Typical durations of
starbursts are a few 107 yr. Numerous observations in dif-
ferent spectral ranges trace different evolutionary phases
and components of connected processes: Supernova rem-
nants (SNRs) in starburst regions are detectable by non-
thermal radio continuum emission; strong infrared sources
point to a huge amount of dust heated up by young mas-
sive stars; giant extragalactic star-forming HII regions in

the optical and OB associations in the UV are strong
tracers for the actual star formation (Shields 1990).

Our interest is directed on hot components observable
in the X-ray regime. Stellar winds from young massive
O- and B-type stars heat up the ambient ISM by shocks
(Leitherer 1994; Freyer & Hensler 2000). These stars end
in supernova explosions of type II (SNII), which then
expand into the ISM. Due to the strong spatial concen-
tration of OB associations and because of the short evo-
lution timescale of massive stars, the subsequent SNeIl
accumulate to build so-called superbubbles, filled with
several million Kelvin hot plasma. These superbubbles ex-
pand mainly perpendicular to a galactic disk, due to the
radial density gradient, and heat up the swept-up am-
bient medium thru shocks. If enough energy from the
starburst is converted into kinetic energy of the propa-
gating hot gas, it breaks out of the disk into the galac-
tic halo (Norman & Ikeuchi 1989; Heckman et al. 1990;
Suchkov et al. 1994; Strickland & Stevens 2000). These
hot gaseous outflows or superwinds have been detected in
the soft X-rays in several edge-on disk galaxies (Dahlem
et al. 1998, hereafter DWH98).

We investigate a small sample of spiral galaxies with
nuclear starburst activity in order to probe their
evolution (NGC 1808: Junkes et al. 1995; NGC 4410:
Tschoke et al. 1999; NGC 4303: Tschoke et al. 2000b;
NGC 4569: Bomans et al. 2000; Tschoke et al. 2000a).
From the theoretical point of view, hot gaseous outflows
from OB associations in the disk into the halo must be
a common phenomenon. Direct observations of these out-
flows, however, are rather difficult to achieve. The best
candidates are edge-on spiral galaxies with significant star
formation where any X-ray component outside the disk
can be well distinguished, and where a sufficient amount
of hot gas can be detected. Most prominent examples
are the two closest starburst galaxies, M82 and NGC 253
(Weaver et al. 2000; Pietsch et al. 2000). In contrast, for
the X-ray emission of galaxies observed at low or interme-
diate inclination angles the location of the diffuse compo-
nent, whether within or above the disk, is indistinguish-
able. Furthermore, parts of the soft (typically 0.2 keV)
X-rays from such gaseous outflows can be easily absorbed
via obscuration by the disk of the galaxy.
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One candidate of a galaxy at intermediate inclina-
tion with an observed X-ray halo is NGC 4569
(Tschoke et al. 2000a). Another one is NGC 2903, a nearby
barred galaxy where most of the investigations so far have
been concerned with its nucleus containing a central star-
burst. NGC 2903 has been classified as ‘hot-spot’
galaxy (Sérsic 1973) because of its complex optical
nuclear structure (Oka et al. 1974; Laques et al. 1980;
Simons et al. 1988; Planesas et al. 1997). It shows six sep-
arate emission peaks over an area of about 20" in diam-
eter. Radio maps of the nuclear region do not exactly
correspond to the optical hot spots. As an explanation,
Wynn-Williams & Becklin (1985) suggested the possibil-
ity of patchy extinction. Recent near-infrared observations
of the galactic core indeed reveal a ring-like morphology
with a diameter of 625 pc (Alonso-Herrero et al. 2000),
coinciding with the radio rather than with the Ha struc-
ture. The nucleus contains a strong non-thermal radio
source (van der Kruit 1973), reflecting SNRs in the nu-
clear starburst, and a moderately high FIR luminosity
of <7x10° Ly mainly produced by central OB stars
(Telesco & Harper 1980). Ha images of the full galaxy
clearly trace the bar and spiral structure with a dominant
central source (Jackson et al. 1991). A few basic proper-
ties of NGC 2903 are listed in Table 1.

In this paper we present spectral and imaging data of
NGC 2903 obtained by the X-ray satellite ROSAT in the
0.1-2.4 keV band. We discuss the contributions from dif-
ferent components of NGC 2903 (nucleus, disk, and halo)
in order to get a more complete picture from the processes
in this nuclear starburst galaxy. Sect. 2 presents the ob-
servation protocol and reduction techniques of the used
ROSAT data, Sect. 3 the results from imaging and spec-
tral analysis. In Sect. 4 we discuss the derived X-ray prop-
erties of NGC 2903, compare the derived star formation
rate (SFR) with results from other wavelengths, and con-
firm the existence of an extraplanar X-ray gas component
above the galactic disk. The results are summarized in
Sect. 5. Throughout the paper we adopt the recent pho-
tometric distance estimation of 8.9 Mpc for NGC 2903
(Drozdovsky et al. 2000). Hence 1" corresponds to 43 pc.

2. Observations and data reduction

The presented data were taken by the High Resolution Im-

ager (HRI) and the Position Sensitive Proportional Counter
(PSPC) onboard the X-ray satellite ROSAT. For details

concerning ROSAT and its detectors see the ROSAT User’s
Handbook (Briel et al. 1996). Some basic information on

the observations are given in Table 2. Source detection

(Tables 3 and 4) was performed with the EXSAS software

package (Zimmermann et al. 1997). Images and spectra

were created by using the Imaging Data Language (IDL)

software package. To fit the spectral distribution of the

X-ray source we used XSPEC (Arnaud 1996).
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Table 1. NGC 2903: Some basic parameters.

NGC 2903 Reference®

alternate name IRAS 0929342143

type SAB(rs)be 1
RA (2000) 09"32™10°1 2
Dec (2000) +21°30'04" 2
distance 8.9 Mpc 3
radial velocity 556 3
Ds5 diameter 11/6 1
axis ratio 0.49 1
inclination 66° 1
log Ly 10.13 1
lOg MHI 9.25 1

¢ References:
1) Tully (1988)
2) NED database
3) Drozdovsky et al. (2000);

2.1. HRI

Two separate observation runs were taken with the HRI
detector on April 27-29, 1994 (exposure time 13.6 ksec)
and November 7, 1994 (8.3 ksec) according to the proposal
by one of us (N.J.; ROR no. 600602h). Both exposures
are centered on the coordinates RA(2000) = 09P32™09%6;
Dec(2000) = +21°30'00”. The data were combined, creat-
ing one exposure of 21.9 ksec, corrected for vignetting, but
not for background contamination. The resulting image
was convolved with a Gaussian of 5" FWHM. To deter-
mine the background level, three source-free circular fields
around NGC 2903 were chosen, with radii of 93", 79",
and 60", respectively. The derived background amounts

to 3.6x10~7 counts s~ arcsec™2.

The source detection in the HRI field of view (FOV)
was carried out with a maximum likelihood method and
a lower detection limit of 50. The detected sources, cor-
responding sources in the PSPC FOV, and identifications
are given in Table 3.

2.2. PSPC

The PSPC exposure (ROR no. 600093p; PI: H. Zinnecker;
Col: N. Junkes) was carried out between May 6 and 7,
1991, with an integration time of 9184 sec. The observa-
tion is centered on the same coordinates as the HRI obser-
vations. The created image was corrected for vignetting
and convolved with a Gaussian of 25". The background
flux was determined from three circular source-free areas
in the field with radii of 95", 71", and 59"”. It amounts
to 3.2x1077 cts s~! arcsec™2. The source detection in the
FOV was carried out the same way as in the case of the
HRI observations. Results are given in Table 4.
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Table 2. ROSAT observations of NGC 2903.

Central coordinates Date Exposure Count rate” Background PI
RA(2000)  Dec(2000) time [s] [cts 571 [cts s™1 arcsec™?]
HRI 9" 32™ 96 +21°30°00” April 27-29, 1994 13619 0.020 ° 3.6x1077°? N. Junkes
9" 32™ 96 +21°30'00" November 7, 1994 8284 N. Junkes
PSPC 9" 32™ ¢5%6  +21°30'00" May 6-7, 1991 9184 0.091 3.2x1077 H. Zinnecker

“background subtracted
bcombined HRI observations

Table 3. Source detections in the ROSAT HRI observation of NGC 2903 with a maximum likelihood threshold

of 14 (50).
No. RA (2000) Dec (2000)  Existence Count rate (HRI)* No. Identification
likelihood [1072 cts s7') (PSPC)
1 9" 32™ 0554 4+21°32'36” 23 0.84+0.2 9 Hi11 region in NGC 2903
2 oh 33™ 2252 421°32'07" 18 3.3+0.7 10 2E 0930.5+2145
3 9b 32™ 1081  421°30°07" 180 7.81+0.6 11 NGC 2903
4 oh 31™ 487 +21°24'43" 20 1.0+0.3 14

“background subtracted

Table 4. Source detections in the ROSAT PSPC observation of NGC 2903 with a maximum likelihood threshold

of 14 (50).

No. RA (2000) Dec (2000)  Existence Count rate (PSPC)* No. Identification
likelihood [1072 cts s™') (HRI)

1 oF 32 132 +21°51'357 31 76+1.4 HD 82394 / BD +222102B
2 oM 32™m 1259  +21°48'12" 20 44+1.0
3 oM 33™ 1453 +21°46'00” 31 9.9+1.6
4 oM 31™ 5552 +21°43'58"” 19 4.4+1.0 QSO0 0929+2157
5 9P 32™ 3383 4+21°41'54" 36 5.1+£1.0
6 9" 30™ 56°5 +21°34'34" 37 6.7+1.2
7 oM 32™ 56'3  +21°33'57" 23 3.5+0.8
8 oM 31™ 25%6  +21°33'46" 46 5.14+0.9
9 oM 32™ 0555  +21°32'33" 33 3.6+0.8 1 H 11 region in NGC 2903
10 9" 33™ 2159  +21°32'12" 214 21.6+1.8 2E 0930.5+2145
11 9" 32™ 0959  +21°30'14" 1157 73.843.0 3 NGC 2903
12 9" 31™ 2087 +21°29'44” 19 3.0+0.8
13 9" 30™ 599  +21°29'09"” 18 3.7+0.9
14 9P 31™ 487 +21°24'48"” 19 2.640.7 4
15 9" 31™ 444 +21°17'04" 33 5.0+1.0
16 9" 32™ 0653 +21°15'03" 17 4.741.1 QS0 0929+2128
17 9" 33™ 479 +21°14'33" 376 55.24+3.3 QSO 093042128
18 9" 30™ 4555  +21°02'17" 50 18.742.5 HD 82157

“background subtracted

3. Results
3.1. X-ray tmaging

The X-ray emission in the ROSAT PSPC image of NGC
2903 (Fig. 2) is clearly extended. It covers the whole inner
region with the galactic bar and the inner spiral structure
up to a radius of 5 kpc, showing a strong emission peak
near the optical center and significant contribution from
the northern and southern disk component. The northern

elongation of the disk component at intermediate contours
indicate a second X-ray peak coincident with a luminous
H 11 region about 1’ north from the center, prominent in
the Ha image. This is more clearly traceable at a better
spatial resolution in the HRI image (Fig. 4).

The point source about 2!7 northwest from the cen-
ter (Table 4, source no. 9) spatially coincides with an H11
region in the norther spiral arm, supported by the coinci-
dence in the HRI image (Fig. 4; see also Table 3, source
no. 1). Furthermore, the spectral distribution is compara-
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Fig. 1. Source detections in the ROSAT HRI (a) and PSPC (b) observation of NGC 2903 with a maximum likelihood threshold
of 14 (50). The source numbers are listed in Table 3 (HRI) and Table 4 (PSPC), respectively.

NGC 2903 B—band + ROSAT PSPC (0.1-2.4 keV)
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Fig.2. ROSAT PSPC contours over B-band image of
NGC 2903. Contour levels are (0.7, 1.0, 1.6, 2.9, 5.4, 104,
15.4)x107° cts s™' arcsec™?, corresponding to 3, 5, 10, 20,
40, 80, and 1200.

15°

09"32M20°

ble with the one of the main disk emission (Component
no. 5 in Table 5; Fig. 3).

In Fig. 3 we directly compare the X-ray emission of
NGC 2903 from four energy bands, the total spectral range
of the PSPC (0.1 2.4 keV), the soft range (0.1 0.4 keV),
the intermediate regime (0.5-0.9 keV), and the hard X-ray

band (0.9-2.0 keV). The 0.9-2.0 keV band is clearly dom-
inated by the nuclear source. The lower contours do not
coincide with the bar’s S-shape and are rather caused by
two unresolved point sources in the spiral arms. Its north-
ern part coincides with a luminous H1I region in the disk
of NGC 2903, indicating possible contribution from un-
resolved hard point sources, i.e. SNRs and/or high-mass
X-ray binaries. In the intermediate band the X-ray emis-
sion covers the entire inner 4’ of the disk and traces quite
good the most prominent H 11 emission regions. The north-
ern point source visible in the HRI image located at the
H 11 region in the northern spiral arm is also present in the
PSPC exposure.

The structure in the soft image is of particular inter-
est, because of the distinct extension in western direc-
tion perpendicular to the major axis. It significantly ex-
ceeds the inner spiral structure in Ha and the 0.5-0.9 keV
emission from the disk. At the given distance of 8.9 Mpc
for NGC 2903 the projected radius of this soft feature is
5.2 kpc from the center. We will discuss this feature in
detail in Sects. 4.2 to 4.4. In the soft energy band the
luminous H 11 region 1’ north of the central source, as de-
tected in Ha and the hard ROSAT band, also appears.

In the HRI image (Fig. 4) no diffuse X-ray component
in the disk of NGC 2903 is discernible. The most promi-
nent source is again the nuclear region, covering the area
of the optical hot spots. The resolution of about 5" is not
sufficient to clearly separate any single source. Neverthe-
less, the X-ray emission covers an area of about 40" x30"
from the 30 level contours. The northern luminous H11
region at a distance of 1’ is again clearly detectable by the
HRI, as already indicated in the PSPC image. The sec-
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Fig. 3. ROSAT PSPC contours on top of the Ha image (Boselli, private communication) of NGC 2903 in four different energy
ranges: (a) 0.1-2.4 keV, (b) 0.1-0.4 keV, (c) 0.5-0.9 keV, (d) 0.9-2.0 keV. The contour levels in each image start at 30 and

increase by the same steps as in Fig.2

ond most luminous X-ray source in the HRI image is the
point source at the position of northern outlying bright
H 11 region at a distance of 2!7 from the center.

3.2. Spectral distribution

As can be seen from Fig. 3, different contributions in the
energy range emerge from different components of the

galaxy. Therefore we subdivide the PSPC image in sev-
eral regions (see Fig. 5), namely the entire galaxy (area 1),
nucleus (area 2), disk (areas 3a and 3b), eastern soft com-
ponent (area 4), and northern prominent point source
(area 5). A quantitative conclusion of the spectral distri-
bution for the different areas can be drawn from the hard-
ness ratio HR, defined by (B — A)/(B + A), where A and
B are the numbers of counts in the energy channels 11-41
(0.1-0.4 keV) and 52201 (0.5-2.0 keV), respectively. The
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NGC 2903 B—band + ROSAT HRI (0.1-2.4 keV)

]

Q

33

32

31
5)
8 ,
S 30
«©

29’

28
21727

09"32M20° 15% 10° 05%  32Mo0%  55°
a (2000)

NGC 2903 Hao + ROSAT HRI (0.1—=2.4 keV)

33

32

31

30

§ (2000)

29

10° 05%  32Mo0°  55°

o (2000)

09"32mM20° 158

Fig. 4. ROSAT HRI contours over (a) B-band and (b) Ha image of NGC 2903. Contour levels are (1.0, 1.4, 2.5, 4.7, 9.0)x10~°
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hardness ratio of the different components from Fig. 5 to-
gether with their count rates are listed in Table 5. It is
striking that HR = —0.16 of component no. 4 is the only
negative value and differs strongly from the other regions
which have values between +0.6 and +0.7, i.e. reveal much
harder X-ray spectra. Region no. 3a (northern disk) is with
HR = +0.39 slightly softer than region no. 3b. This can
already be perceived in Fig. 3. The bright H11 region 1”
north from the center emits a significant fraction in the
soft range. Nevertheless, the flux from this region is still
quite hard compared to area 4.

In Fig. 6, the 0.1-2.4 keV spectra of the components
as labeled in Fig. 5 are plotted. We fit several emission
models to the spectra of the entire galaxy (area 1) and
of the nucleus (area 2), like a power-law model (PO),
a Raymond-Smith model (Raymond & Smith 1977) for a
hot plasma (RS), and a thermal Bremsstrahlung model
(BS). For area 1 we also compare a combined PO+RS
model and a two-temperature RS+RS model considering
a high temperature central starburst component and a
low temperature halo component. The results are listed in
Tables 6 and 7.

From the quality of the fits alone none of the chosen
models for the spectral distribution of the entire galaxy
is most, preferable. A pure single-temperature RS model
with solar abundances is obviously not a good fit to the
spectrum. The models with a non-thermal component dif-
fer from the pure thermal ones in the following points: For
the models including a PO component the resulting total
0.1-2.4 keV flux lies in the range of 2.8-4.5x100 erg s—1,
whereas the pure thermal emission models yield
1-2x10% erg s='. The H 1 column density is for the

NGC 2903  X—ray components

34’

33

32

31

30

6 (2000)

29’

28’

@)
VoW
o
\

27

Ny e e e sy A

21°26

4\\\\\\\\\\\\\\\\\\\\\ﬁ\\\\\\\\\\

P P N RS R
09"32m 24" 18° 12° 06° 32700°  54°
o (2000)

Fig. 5. Definition of areas for the different galaxy components
in the PSPC exposure as used in the text: total galaxy (1),
nuclear region (2), northern disk (3a), southern disk (3b), halo
(4), northern point source (5).

latter in the range of the Galactic foreground value of
2.8x10%° cm~2 (Dickey & Lockman 1990), while it is about
two times higher for the fits with a PO component. In the
RS+PO model the non-thermal component dominates the
total flux by 90-95%. So these cases require an explanation
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Fig. 6. Spectral distribution of the different components (Fig. 5) in the 0.1-2.4 keV energy range: a) total galaxy, area 1; b)
nuclear region, area 2; c¢) northern disk, area 3a; d) southern disk, area 3b; €) halo, area 4; f) northern point source, area 5. For
the total galaxy and the nucleus the spectra were binned to a signal-to-noise ratio of 5, all other spectra have a ratio of 3.
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Fig. 7. Fits of a Bremsstrahlung model (a) and a low-metallicity Raymond-Smith model (b) to the 0.1-2.4 keV spectrum of
NGC 2903. Fit parameters are listed in Table 6.
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Fig. 8. Model fit of the 0.1-2.4 keV spectrum of the nucleus (area 2) with a Bremsstrahlung model (a) and a low-metallicity
Raymond-Smith model (b). Fit parameters are listed in Table 7.
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Table 5. Count rates and hardness ratios of the X-ray
components of NGC 2903 as labeled in Fig. 5.

Count rate® Hardness ratio

[107% cts s )

Component

1 84.0+3.4 +0.56+0.04
2 (nucleus) 36.9+2.2 +0.69+0.04
3a (northern disk) 11.74+1.2 +0.39+0.10
3b (southern disk) 10.0+1.2 +0.63+0.10
4 (halo) 5.940.8 —0.16+0.13
5 (point source) 3.54+0.6 +0.60+0.18

“background subtracted

for such a high contribution by non-thermal sources, i.e.
X-ray binaries, SNRs, and/or a central accretion-powered
nucleus. An AGN does not fulfill the general view of the
galactic center from other observations. Also the fit results
from the nuclear component do not match the assumption
of an AGN (see text below).

From the fits of thermal emission the suggestion arises
that the X-ray emitting plasma has low metallicity. We
achieve a much better fit with a RS model of 0.1 Zg
than with solar metallicity and an even better fit with
a BS model. The temperature lies in the range of 0.7—
1 keV, which also has been observed in other central star-
bursts (e.g. NGC 1365: Stevens et al. 1999; NGC 2146:
della Ceca et al. 1999). To take a low-temperature halo
component into account (area 4, see Sect. 4.2) we also
fitted the spectrum of NGC 2903 with a two-component
RS+RS model, as observed in edge-on starburst galaxies
with hot extraplanar gas (DWH98). The abundances were
fixed to 1 Z representing the central starburst with its
freshly synthesized material not yet mixed with the ambi-
ent ISM, and to 0.1 Zg for the outflowing mixed plasma
and the shock-heated swept-up ambient medium. The col-
umn density of the best fit lies in the range of the Galactic
foreground value, and the plasma temperature for the low-
metallicity component is with 0.3 keV compatible with
other observed X-ray halos (DWH98). Nevertheless, the
luminosity fraction of 50% from such a soft halo compo-
nent is unexpectedly high. In addition, an acceptable fit
is only achieved for the 1 Z; component with a very high
plasma temperature of 4 keV. This is not in agreement
with ASCA observations analyzed by DWH98. Further-
more, the soft energy range of ROSAT is not suited to
verify such a hard component.

The nuclear X-ray spectrum can better be explained by
a thermal emission model at low-metallicity. Because of a
decreasing contribution from emission lines in the model
sequence RS (1 Zg), RS (0.1 Zg), BS consequently the
fraction of absorbed flux increases. This, however, rules
out the 1 Zg RS model because the corresponding column
density reaches only 9.5x10'® cm~2 and therefore lies far
below the Galactic foreground value of 2.8 x102° cm =2 and
the intrinsic H 1 measurement by Wevers et al. (1986).
For a 0.1 Zg RS model the column density is somewhat

higher (3.5%10%° ¢m~2), while the BS model requires a
2.3 times higher value. The influence of emission lines in
the spectrum is perceptible also in the nuclear luminos-
ity because of the higher continuum flux for models with
lower metallicities. The 0.1 Zz RS and BS fits result in
Lx = 5.9x10% erg s7! and Lx = 1.2x10% erg s7!, re-
spectively. To achieve a good fit of the nuclear spectrum
with a PO model a column density of about 102! cm~2 is
required. As a consequence the X-ray luminosity amounts
to 4.5%10% erg s~1. This is much too high compared to
the derived total X-ray luminosity of the entire galaxy in
any of the applied models. In the case of a single PO model
the nuclear luminosity would be as high as the total lumi-
nosity of NGC 2903 without explaining the contributions
from the disk. For the other models the nuclear luminosity
would even exceed the total luminosity (see Table 6).

4. Discussion

4.1. Nuclear and disk X-ray emission — star formation
rate

Comparing the X-ray images from both ROSAT detectors
we find that the diffuse disk emission in the low-resolution
PSPC image has not been detected with the HRI. Only
the strongest disk sources (north and southeast from the
center) have counterparts in both HRI and PSPC images
(most easily visible in the hard band, Fig.3d). On the
other hand, if we notice that the HRI detector is about
three times less sensitive compared to the PSPC detec-
tor, sources at count rates lower than the strongest disk
sources cannot be distinguished from the background in
the HRI exposure. Depending on the emission model, the
fraction of the luminosity from the disk to the total lumi-
nosity amounts to 40-50%. In the thermal emission models
the total luminosity yields 6.8x103% erg s~!. This implies
the assumption that the X-ray flux originates from star-
forming H 11 regions as indicated by the Ha image and the
coinciding point sources in the HRI image.

According to Leitherer (1994), the X-rays from star-
forming regions are dominated by supernovae after 107
years. To determine the mean SFR in the disk of NGC
2903 one can wuse the simplistic approach from
Junkes et al. (1995) based on the work by Cioffi (1990)
for single cooling supernova shells:

SFR [Mg yr™'] = 1.1 x107% Lx [erg s7'].

However, this approach does not take into account any
effect by the accumulating and overlapping single super-
nova remnants. The SFR for the total galaxy is thus de-
rived to 1.4-2.0 Mg yr—!. Corresponding to the results
from the spectral distribution of nucleus and total galaxy
about 50% of the total SFR takes place in the nuclear
region.

The SFR can also be derived from the Ha emission
of H1I regions under the assumption of a specific IMF
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Table 6. Fit results on the X-ray spectrum from NGC 2903 (area 1).

Model Nu KT iy Z  Norm Red. x> dof Fx Lx
1) (2) ®3) (4) () (6) (7 ® 9 (10)
RS 0.50%51%  0.88F%, 1 27 3.8 27 0.78%5:97 0.7415:97
RS 2261526 1.0113:07 0.1 16 1.4 27 1.3140.01 1.2440.01
BS 3.74%35%  0.741510 3.3 1.0 27 1.9079-18 1.8019:13
PO 6.017078 2.81£0.17 4.0 1.0 27 4.7915:3% 4.5475 55
RS + PO 4.91%50%  0.57103%  2.61103% 3.3 (PO) 0.9 25 3.1615:2) 3.00%570
1 038 (RS) (0.1520.03)  (0.140.03)
RS + PO 4.7713%%  0.551037  2.56+0.37 3.1 (PO) 0.9 25 2.9513:52 2.8075 3¢
0.1 3.5 (RS) (0.30750r)  (0.2819:01)
RS+ RS 2.6870%2 4.34t§<_’?; 1 68 1.1 25 1'50t8§§1 1.42tgé)¢§0
0.3115:5% 0.1 12 (0.767958)  (0.7215:29

Col.(1) Spectral models: BS = thermal Bremsstrahlung, RS = Raymond-Smith, PO = power law.
Col. (2) Column density in units of 10%° cm™2.

Col. (3) Plasma temperature in units of keV.

Col. (4) Photon index.

Col. (5) Metallicity in units of Zg; fixed values.

Col. (6) Scaling factor: for BS in units of (107'%/(4wD?)) [ nenidV, ne,n1 = electron and ion densities (cm™?); for
RS in units of (107'%/(47D?)) [ nZdV, ne,nu = electron density (cm™?); for PO in units of 10~* photons keV ™'
cm™? 57! at 1 keV.

Col. (7) Reduced x>.

Col. (8) Degrees of freedom.

Col. (9) Unabsorbed X-ray flux in units of 107! erg cm™
thermal component.

Col. (10) X-ray luminosity in units of 10*° erg s~'. Values in brackets give the contribution of the thermal
component. For the RS+RS model the values in brackets are for the low-temperature component.

2 571, Values in brackets give the contribution of the

Table 7. Fit results on the X-ray spectrum from the nucleus of NGC 2903 (area 2).

Model Ny kT r Z Norm Red.x? dof Fx Lx

1 2 3) (4) (5) (6) (M ) 9) (10)

RS 0957922 0.8219:% 111 2.7 9 3.5810-22  3.3970-3
RS 3.5110:%  0.78%5:9%% 0.1 6.6 1.2 9 5.88109%  5.5710:%%
BS 6.56%53)  0.541910 2.4 1.1 9 11.8718  11.2%)3
PO 9.71%1°55 3.27+5-30 2.0 1.4 9 47739 45733

Col.(1) Spectral models: BS = thermal Bremsstrahlung, RS = Raymond-Smith, PO = power law.
Col. (2) Column density in units of 10*® cm™2.

Col. (3) Plasma temperature in units of keV.

Col. (4) Photon index.

Col. (5) Metallicity in units of Zg; fixed values.

Col. (6) Scaling factor: for BS in units of (10~ '*/(47D?)) [ nenidV, ne, nu = electron and ion densities
(cm™?); for RS in units of (107'®/(47D?)) [ nenudV, ne,nu = electron and H densities (cm™?); for
PO in units of 10™* photons keV~" ¢cm™2 s™* at 1 keV.

Col. (7) Reduced x>.

Col. (8) Degrees of freedom.

Col. (9) Unabsorbed X-ray flux in units of 10™*® erg cm™2 s7*.

Col. (10) X-ray luminosity in units of 10%° erg s™*.
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(Kennicutt 1983; Pogge & Eskridge 1987). Jackson et al.
(1991) measured the Ha flux resulting in a total luminos-
ity of 2.5x10%! erg s~! (for a distance of 8.9 Mpc). De-
pending on the conversion law the derived SFR
amounts to 2.2 Mg yr=! (Kennicutt 1983) or 1.4 M, yr—!
(Pogge & Eskridge 1987), respectively. About 13% of the
total Ha flux originates from the hot-spot region of the
galactic center, as denoted by Jackson et al. (1991) and
confirmed by the Ha data, provided by A. Boselli. Because
of the low spatial resolution of the PSPC the definition of
the chosen boundaries for the nuclear region (area 2) is
somewhat larger than the hot spots resolved in Ha and,
thus, contains also some flux from H 11 regions of the inner
disk component (compare Figs. 3a and 5). This may cause
the higher SFR value for the nucleus of about 0.5 Mg, yr—!
derived from the X-ray data.

In the FIR regime the total luminosity (for a distance
of 8.9 Mpc) amounts to 8.8x10° Lg (Rice et al. 1988).
By applying the Lypir—SFR relationship by
Thronson & Telesco (1986) the resulting SFR differs sig-
nificantly from the latter values. For the total galaxy we
get 5.7 Mg yr—!, while the nuclear region contributes
2.6 Mg yr!, if we use the estimation of 4x10° L for
the central FIR luminosity from Telesco & Harper (1980).
This discrepancy may reflect the uncertainty by the sim-
plified model to determine the SFR from the X-ray flux.
Since most of the soft X-ray emission originates from the

thin bubble shell, the swept-up ambient mate-
rial, and internal shocks (Heckman et al. 1990) the
effect of accumulating bubbles may be essential.

Thronson & Telesco (1986) compared SFRs derived from
Lpir with those from Ha luminosities pointing to uncer-
tainties due to extinction. The discrepancy for NGC 2903
is well within the range of their result.

4.2. The soft western halo component

As already mentioned in Sect. 3.1 the main interesting fea-
ture in the PSPC data is the very soft (HR = —0.16) X-ray
emission in area 4 (Fig. 3b). It extends 2’ (5.2 kpc) from
the nucleus to the west in the 0.1-0.4 keV regime. Com-
parison with Fig. 3c reveals that it exceeds the extension
of the 0.5-0.9 keV disk component. Also the asymmetrical
shape relative to the center is only discernible in the soft
regime. Whereas the spatial distribution in the intermedi-
ate energy range follows the optical disk, the soft emission
is primarily directed from the center to the west along the
minor axis with no eastern counterpart. Since the H 1 map
of NGC 2903 (Wevers et al. 1986) gives a column density
of at least 8x10%° ¢m~? in the inner disk (in particular
the region covered by X-ray emission) with a maximum
of about 1.7x102! cm™!, this soft extended component
cannot originate from behind the galactic disk. Reason-
ably, the emission may stem from one or several giant H 11
regions in the disk as is the case for the northern HRI

disk source. Whereas, however, the corresponding north-
ern H1I region is clearly detectable in the Ha image, no
strong Ha emission is visible in the western part of the
disk. Even if the soft component would originate from un-
resolved strong point sources they would also have to ap-
pear in the HRI image. A probable foreground star can be
excluded because there is no corresponding object in the
optical broad band image. We therefore prefer an X-ray
outflow as the most plausible explanation of the western
diffuse emission.

4.8. A galactic wind

Since NGC 2903 houses a central starburst, an X-ray halo
as observed in several edge-on galaxies (M82: e.g.
Lehnert et al. 1999; Weaver et al. 2000; NGC 253: e.g.
Pietsch et al. 2000; NGC 2146: della Ceca et al. 1999;
DWH98; NGC 3628: Dahlem et al. 1996; NGC 4565:
Vogler et al. 1996; NGC 4569: Tschoke et al. 2000a) can
cause this observational feature. X-ray halos in active galax-
ies are believed to be produced by giant kpc-scale outflows
of hot gas from stellar winds and cumulative SN IT explo-
sions in the central starbursts (Tomisaka & Ikeuchi 1988).
The outflow material forms a superbubble expanding into
the ambient ISM, preferably along the steepest density
gradient, i.e. perpendicular to the galactic disk. The hot
gas expands with velocities up to several 1000 km s~ !,
heated up by internal shocks of subsequent explosions to
some 107 to 108 K (Michaelis 1995). Thereby, it sweeps up
the ambient material in a shocked thin shell around the
superbubble.

Once the diameter of the bubble reaches several times
the scaleheight of the disk the thin shell fragments via
Rayleigh-Taylor instabilities and the hot gas blows out
into the halo. Internal shocks within the bubble are the
origin of hard (about 10 keV) X-ray emission, while evap-
oration of density inhomogeneities (clouds) in the halo
and the adiabatic cooling due to expansion lead to soft
X-ray emission and optical/UV line emission. Also
the thin swept-up shell can cause strong optical
line emission and soft X-rays (Heckman et al. 1993;
Strickland & Stevens 2000).

We already reported the existence of a similar X-ray
feature in the Virgo Cluster galaxy NGC 4569
(Tschoke et al. 2000a). In this object the soft western X-
ray emission coincides with a huge Ha filament. This re-
markable feature is unique in the sense that a coinci-
dence of Ha and X-ray emission of this extension has
not been observed in comparable starburst galaxies so far
(Bomans et al. 2000; Tschoke et al. 2000a). In the case of
NGC 2903 there is no diffuse Ha emission connected to
the soft X-ray feature. Noticeably, NGC 2903 is not a clus-
ter member and has no strongly disturbed morphology or
nearby companion. Also the observed X-ray halos in other
edge-on galaxies are not linked with Ha filaments as large
as the X-ray emission.
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The absence of a corresponding eastern counterpart
supports the galactic disk orientation in space with the
eastern part closer to the observer. Assuming a symmetri-
cal bipolar outflow (i.e. the same extension of the eastern
counterpart) any X-ray emission from that region would
have to penetrate through the galactic disk with a column
density of at least 8x10%° cm 2. Hence the soft X-ray flux
is blocked so that no detection is expected from a possibly
existing counterpart.

4.4. Physical halo properties

If we assume the western soft component to originate
from a superwind propagating from the galactic center of
NGC 2903 perpendicularly into the halo, we can estimate
some physical parameters of the hot halo gas, like temper-
ature T', mean electron density me, mass M, and cooling
time scale 7¢001 from the observed X-ray emission. Given
the X-ray luminosity and the volume of the halo gas V
we can estimate the electron density from the emissivity
of a thin hot plasma A for a RS model by the equation
Lx =n2A(T)V (see e.g. Bomans et al. 1997). The X-ray
flux from the halo region is quite faint. With a signal-to-
noise ratio of 3 we get a spectrum of only 6 bins (54 counts,
see Fig. 6e). So we have to presume some physical bound-
aries for the extraplanar gas. For the geometry we assume
a conical shape, as sketched in Fig. 9, perpendicular to the
disk with an inclination of 66°; the characterizing dimen-
sions are Ry.x = 4.5 kpc, Rnin = 3.8 kpc, and Dpax =
4.1 kpc. These boundaries are adapted from region no. 4
in Fig. 5. Contamination from nucleus and disk increases
with smaller distance from the center. We furthermore as-
sume a H 1 column density for this region equal to the
Galactic foreground value of 2.8x10%° ¢cm 2. The hard-
ness ratio of —0.16 corresponds to a plasma temperature
of about 0.2 keV for a RS spectrum observed with the
ROSAT PSPC. Under these conditions we deduce the 0.1—-
2.4 keV luminosity for the X-ray halo amounts to Lx =
4x10%8 erg s~'. Applying a single RS model with 0.1 Zg
leads to an emissivity of A = 4.8x10724 erg s~! cm?® and
results in a mean electron density for the extraplanar gas
of 0.020 9% cm 3, depending on the volume filling fac-
tor f of the X-ray emitting gas. The total mass amounts
to 3.5x108 95 M. The cooling time scale Teoo1 Of the
gas is 3kT/nA = 1.6x108 f0-5 yr. Thermal energy and
thermal pressure of the X-ray halo are Ey, = %ndT =
2.0x10%* f0-5 erg, and P = 2nkT = 1.3x107!! 795 dyn
cm™2,
The estimation of these properties is based on sev-
eral improper assumptions. To determine the reliability
of the values for the halo gas we try to confine the most
important error sources. The plasma temperature deter-
mined from the hardness ratio mostly depends on the cho-
sen absorbing column density. It is much less sensitive
with respect to metallicity. If we take an upper limit of

Fig. 9. Sketch of the applied geometry for the central outflow.
The lightgray area margins the X-ray emitting volume corre-
sponding region 4 in Fig. 5. To determine Rmin, Rmin, and
Dmax, an outflow orientation perpendicular to the disk with
the inclination of 66° has been used.

8x10%° cm~2 (the value for the H 1 disk of NGC 2903)
the uncertainty of the temperature is about 40%. There-
fore the corresponding emissivity of the RS plasma varies
by about 20%. A is much more sensitive to the chosen
metallicity. Taking solar metallicities the emissivity of the
plasma increases by a factor of 5, resulting in a mean elec-
tron density about 0.4 times smaller. From the error esti-
mation of plasma temperature and absorbing component
the resulting error for the X-ray luminosity reaches up to
50%. Therefore we estimate the uncertainty for the mean
electron density to be 7x1072 ¢cm 3, not including the
error from the metallicity in the determination of A and
the simplified geometry of the halo volume. The resulting
physical parameters for the X-ray halo of NGC 2903 are
listed in Table 8.

Comparing the halo properties of NGC 2903 with edge-
on galaxies we find that the low X-ray temperature fits
well in the former observations. The outflows in other star-
burst galaxies show plasma temperatures in the range of
0.16-0.3 keV. The 0.1-2.4 keV halo luminosity is some-
what lower than the ones in other galaxies. On the other
hand one has to note that the given luminosity is only
derived from the outer part of the outflow in NGC 2903
because of the inclined disk. Taking this into account the
flux probably lies in the lower limit range of the sample.
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Table 8. Physical properties of the X-ray halo of NGC 2903 with different volume

filling factors and metallicities of the X-ray emitting plasma.

Plasma metallicity Z/Zg 0.1 0.1 1 1
Volume filling factor f 1 0.2 1 0.2
Temperature kT /keV 0197500 0197507 0.187007 0187007
Luminosity Lx/(10%® ergs™!) 442 4+2 4+2 4+2
Electron density n/(10"%cm™%) 2.0+£0.7  4.5+1.6  0.94+0.3  2.0£0.7
X-ray halo mass M/(10° Mg)  3.541.2  1.6+£0.5  1.5+0.5  0.740.2
Cooling time 7/(10° yr) 1.6X%5  o07tlh o7tii o 03193
Thermal energy Ein/(10°* erg)  2.0779 0.975-2 0.979-2 04793
Pressure P/(10"" dyn cm™?) 1.3+£0.9 29420 0.6+04  1.340.9

@Taking the inclination ¢ = 66° of the galactic disk into account.

*Boundaries are chosen regarding region 4 in Fig. 5.

The cooling time scale of about 108 yr is high enough that
the expanding plasma still emits in the X-rays at kpc-scale
distances from the starburst.

5. Conclusions

The spatial and spectral distribution of the 0.1-2.4 keV X-
ray emission of the late-type ‘hot-spot’ galaxy NGC 2903
observed by ROSAT strongly suggests the existence of
an extended X-ray gas component about 5 kpc above
the disk of NGC 2903. This galaxy and NGC 4569 are
the only reported objects at intermediate inclination with
an observed X-ray halo so far. In contrast to NGC 4569
where additionally an Ha filament as extended as the X-
ray component has been detected and the interaction with
the ICM of the Virgo cluster plays an important role for
the observed X-ray and Ha morphology, NGC 2903 is no
cluster member, but instead an isolated system with no
disturbing companion. So no process induced by external
forces like ram-pressure stripping of the internal ISM, as
happens in galaxy clusters or by some close encounter, is
assumed to produce the extraplanar X-ray component.

The derived properties for the extraplanar feature match

the ones determined for the observed X-ray halos in edge-
on galaxies. From the spectral distribution we obtain a
plasma temperature of 0.2 keV and a luminosity of
4x10%8 erg s~1. This should be treated as a lower limit
because contamination from disk and nuclear region does
not allow to quantify the total area of the central out-
flow down to the galactic center. So the X-ray luminosity
may be higher by a factor of 2. Mass and electron density
of the X-ray emitting material in the considered region
lie in the range of several 106 Mg and 1072 ¢cm™3, re-
spectively. A more accurate determination of the physical
properties of the halo component requires deeper expo-
sures for a stronger spectrum, a higher spectral resolution
for a reliable determination of the metallicity of the soft
X-ray emitting gas, and a better spatial resolution of the
outflow structure

The spatial distribution of the 0.5 0.9 keV emission
coincides with the Ha image of NGC 2903, indicating on-

going star formation throughout the disk with a SFR of
1-2 Mg yr~!, consistent with the value derived from Ha.
The fraction of the SFR from the nuclear region estimated
by the X-ray flux is about 50%. This is somewhat higher
than the value given by Jackson et al. (1991) who esti-
mated about 13% of the Ha flux contributed by the nu-
clear region. However, the low spatial resolution of the
PSPC has to be taken into account. Because of the sim-
plified model the resulting values are possibly by a factor
of 2-5 too low as the FIR emission in NGC 2903 suggests.
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Chapter 9

Summary and future work

9.1 Conclusions from the X-ray analysis

The X-ray study of a small sample of four starburst galaxies have been presented, varying
in morphology, in influences from their surroundings, and in distance, obtained by the
ROSAT satellite telescope. The analysis intends to study the impact of a number of
different factors on the star formation activity and on the observable X-ray properties.
Besides statistical evaluations of large samples of galaxies, the study of single objects,
considering their individual characteristics, is necessary to obtain a better and more global
understanding of galaxy evolution.

In each of the objects, the nature of the central activity has been discussed, whether
being dominated by a central or circumnuclear starburst or by an accretion-powered AGN.
The most distant object in the presented sample, NGC 4410, consists of a close pair of
interacting systems. While the eastern elliptical component reveals at most a very faint
X-ray source, the nuclear region of the western spiral NGC 4410 a emits 4x10* erg s~! in
the ROSAT energy range of 0.1-2.4 keV. It is the most luminous object in the sample. This
is remarkable since NGC 4410 is the only strongly interacting object in the galaxy sample.
NGC 4410 a is dominated by a non-thermal component, while about 33% are contributed
by thermal emission. The origin of a small one-sided extension of this central source
has been discussed in this context. Provided NGC 4410 a contains a nuclear starburst,
expanding hot gas from a superbubble may cause this emission, being additionally exposed
to the complex potential of the disturbed system. As another possibility the existence of a
decentral source has been discussed. This is supported by the coincidence with a luminous
Hir1 region, visible in a V-band HST exposure.

A better spatial subdivision into several distinct X-ray sources can be performed in
the barred galaxy NGC 4303. The face-on orientation of the galactic disk provides a good
distinction between nuclear and disk X-ray emission. The distribution of X-ray sources
throughout the disk, i.e. a strong central source and additional sources at the ends of the
bar and within the spiral arms, is consistent with gas dynamical simulations in systems
with barred potential. Comparison of extension, spectral distribution, and X-ray flux of
the central source with UV and Ha observations lead to the interpretation of a compact
central source (preferably a low luminous AGN) surrounded by a circumnuclear starburst.
X-ray disk sources coincide with the most luminous HII regions, originating from stellar
winds of massive hot stars, supernova explosions, and/or HMXBs in several star-forming
regions.

NGC 4569 attracts attention in its structure, observable in Ha and X-rays. Unlike
any other comparable galaxy, this object contains a very extended extraplanar component



100 CHAPTER 9. SUMMARY AND FUTURE WORK

of 9 kpc, detectable in both spectral ranges. The soft nature of the X-ray feature and
the comparison with several edge-on galaxies with X-ray halos supports the existence of
a galactic superwind, originating from the central starburst in NGC 4569. As predicted
from hydrodynamical simulations, the coincidence of extended Ha and soft X-ray emis-
sion is expected for such a superbubble, expanding from the disk into the halo. The
alternative possibility of a photoionization cone from a central AGN does not correspond
with observations in other Seyfert galaxies in terms of morphology and extension. Fur-
thermore, it does not explain the soft extraplanar X-ray source. Strong impact from the
interaction with the Virgo ICM is discernible in the disturbed Ha morphology, revealing
several emission knots beside the disk. The influence from the ambient Virgo ICM on the
central gaseous outflow has been discussed. The Hi disk of NGC 4569 possibly serves as
protection shield for the extraplanar gas at the lee side, as discussed e.g for NGC 4388
(Veilleux et al. 1999).

Similar to NGC 4569, an extraplanar soft X-ray feature is detectable in NGC 2903.
Observations of X-ray halos are strongly biased, due to their low luminosity relative to
X-rays from nucleus and disk in starburst galaxies. X-ray halos have only been detected
in edge-on galaxies so far. NGC 4569 and NGC 2903 are the first reported systems with
intermediate inclination and an extraplanar soft X-ray component expanding 9 kpc and
5 kpc, respectively, into the galactic halo. In contrast to the former galaxy, NGC 2903
is an isolated system with no nearby companion or disturbed morphology. Also no coin-
ciding Ha emission, comparable to the one in NGC 4569, is present in NGC 2903. The
central X-ray source is slightly extended, covering the area of the optical hot spots. The
X-ray spectrum favours the interpretation of a central starburst. Whether the nuclear
activity originates from several distinct regions, as observable in the optical, or from a
patchy structure of central dust and gas while the central source is more homogeneous, as
concluded from radio observations, is not possible to determine from the spatial resolution
of the HRI data. Since X-rays in the ROSAT energy range are strongly affected by ab-
sorption, any hot-spot structure in the X-rays could be caused by such inhomogeneously
distributed central IGM, as well as by several distinct emission regions.

9.2 Open questions

One main difficulty in analyzing the presented ROSAT data turned out to be the relatively
low spatial and spectral resolution to meet the complex structure of starburst regions. How
important it is to distinguish spatially different components in starburst galaxies and to
discriminate their individual spectral distributions, has been indicated for the presented
objects, e.g. in terms of composition of the nuclear source or hot halo gas. Partly, the
available data allow only to examine blends of distinct components, like in the case of
NGC 4410 due to the large distance, or for NGC 4303 where simultaneous spectral and
spatial information is only given for the entire system.

The necessity to improve the data quality is obvious, if we note observations of nearby
galaxies with comparable properties. As mentioned in Sect. 2.3.2, there is a controver-
sial discussion on the determination of temperature and metallicity of the hot halo gas
in NGC 253 from available X-ray observations (Persic et al. 1998; Ptak et al. 1999;
Dahlem et al. 2000; Weaver et al. 2000; Pietsch et al. 2000). Comparable differing
interpretations have been published for M82. Especially, strong deviations turned out in
the resulting metallicity of the halo gas. While the works by Dickow (1995) and Dahlem
et al. (1998) yield a significant enhancement of metals compared to solar values, sub-solar
abundances down to 0.05 Z¢ have been stated by Strickland et al. (1999). This contradic-
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tion in metallicity determination emphasizes the necessity of improving spectral resolution
of X-ray detectors. The ROSAT PSPC provided the opportunity to carry out position
sensitive X-ray spectroscopy with moderate resolution. Nevertheless, with this detector
only broad blends of emission lines are detectable. The level of underlying continuum
and the strength of lines can only be folded into an applied emission model, including the
detector properties.

Better spectral resolution not only provides more accurate constraints to theoretical
models, but also helps to improve the knowledge on the plasma state in hot gas from
SBs. From theoretical considerations, the assumption of ionization equilibrium (IEQ) in
hot plasmas is not necessarily correct. The plasma temperature decreases due to expan-
sion work. The low-density halo gas (1, ~ 10~3 cm3) will be increasingly rarefied in the
expansion process. This leads to frozen-in high ionization states. The impact on these con-
ditions on the emissivity of hot gas has been investigated in our working group (Kiithnholz
1998). It turns out that deviation from TEQ grows significantly for superbubbles in the
blow-out phase. Such a hot plasma in non-IEQ cooling down while expanding conserves
higher ionization states than a plasma in IEQ. Therefore its line radiation is much more
effective in X-rays at a given temperature. Consequently, the interpretation of its spectral
distribution on the assumption of IEQ may lead to a temperature determination which
is too high. For solar abundances the effect increases significantly for X-ray halo gas at
heights of about 23 kpc or more above the galactic disk, while for a plasma with enhanced
metallicity with values according to Woosley & Weaver (1986) the temperature rapidly
drops and the deviation from TEQ becomes significant at heights of already 3 kpc.

9.3 Follow-up X-ray missions

The structural complexity of X-rays in starburst galaxies, as observable in M82 and
NGC 253, and the consideration of non-TIEQ effects, depending on metallicity, make clear
the requirements for follow-up X-ray satellites. Spectral resolution has to be improved to
put constraints on emission models. Simultaneously, high spatial resolution has to provide
the possibility to discriminate structural components. The latest generation of X-ray mis-
sions are the American X-ray telescope Chandra, developed by NASA, and the European
satellite XMM-Newton, developed by the European Space Agency (ESA).

Chandra has been launched in July, 1999. It carries two focal plane detectors, the High
Resolution Camera (HRC) for imaging with a high spatial resolution of ~0”5, and the
Advanced CCD Imaging Spectrometer (ACIS). The ACIS provides simultaneous imaging
with a resolution of ~1"” and spectroscopy with a moderate spectral resolution of AE/E
=9 at 1 keV. In comparison, ROSAT PSPC has AE/E = 0.43 at 1 keV. High resolution
spectroscopy (AE/E = 0.01-0.001) can be performed by two additional gratings. Chandra
operates in the energy range of 0.08-10 keV.

XMM-Newton has been launched in December, 1999. It provides the ability to carry
out simultaneous high spectral and spatial resolution observations (AE/E = 0.06 at 1 keV;
FWHM ~6") in the energy range of 0.1-15 keV. This is performed by the two European
Photon Imaging Cameras (EPIC). Additionally, with the Reflection Grating Spectrometer
(RGS) high resolution spectroscopy (AE/E = 0.02) can be done. The advantage of the
EPIC detectors lies in the fact that with a spatial resolution, comparable to the one of
the ROSAT HRI, the SED of X-ray sources with excellent spectral resolution can be
investigated. Another important point is the very large effective area of XMM-Newton,
providing the observation of very faint sources. This new generation of instruments not
only improves the study of nearby objects, but also increases the ability to observe and
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analyze X-rays from SBs in more detail.

The next generation of X-ray observatories has already been planned. Currently, ESA
is developing the X-ray Evolving Universe Spectroscopy Mission (XEUS), which will be
about 250 times more sensitive than XMM- Newton. It will provide spectroscopic observa-
tion of between 1 and 10 eV resolution over the energy range 0.05 to 30 keV with a spatial
resolution of 2".
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