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Abstract
The high sensitivity and precise imaging provided by the Einstein
Observatory instrumentation has enabled detailed X-ray studies of a
variety of astrophysical phenomena to be performed. In this thesis
Einstein observations are used to investigate the characteristic X-ray
properties of galaxies, thus allowing a galaxy's X-ray emission to be

related to the properties and evolution of its stellar population(s).

Analysis of Einstein HRI data for M82 - an archetypal peculiar galaxy
- reveals complex structure both in the "starburst" nuclear region and
in the galaxy's halo. The nuclear region's X-ray morphology
corresponds closely with Population I optical features, thus Tinking
the emission directly to the intense star formation activity.
Moreover, the halo of diffuse X-ray emission distributed along the
minor axis of M82 indicates thermal emission from dutf]owing hot gas,
which is maintained by starburst-induced supernova heating; rapid
cooling near shock fronts probably causes the observed correlation

with the famous H« filament system.

The majority of this thesis is devoted to an investigation of the X-
ray properties of early type galaxies. Analysis of Tluminosity
correlations displayed by the class as a whole, complemented by
detailed studies of individual galaxies, confirms previous suggestions
that for many early type galaxies, thermal emission from hot gas 1is
the dominant X-ray emission mechanism.  Supernova-driven hot winds
keep some galaxies essentially gas free; their X-ray emission
originates principally from stellar sources. In other galaxies hot
gas generated by stellar evolution is retained and possibly

incorporated into cooling flows. High resolution X-ray and radio



studies of NGC 4636 and NGC 4649 confirm that cooling flow scenarios
are viable for the central regions of both galaxies, thus explaining

the fueling of the observed radio sources.

Finally, the possibilities for further research presented by both

current and future observational facilities are discussed.
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CHAPTER ONE : INTRODUCTION

1.1 A Historical Perspective

Prior to the Tlaunch of the Einstein Observatory in 1978, and the
consequent 1000-fold improvement in source detection sensitivity due
to the use of imaging X-ray optics and detectors, the study of the X-
ray propérties of normal galaxies was essentially restricted to
observations of the various discrete sources which contribute to the
integrated X-ray luminosity of our own galaxy and the Magellanic
Clouds. Almost without exception the identified extragalactic X-ray
sources in the Uhuru and Ariel 5 catalogues (Forman et al. 1978,
McHardy et al. 1981) are either active galactic nuclei or clusters of
galaxies. Of all the individual galaxies detected in these early
surveys only M31 and M82 could not reasonably be classified as AGNs.
This essentially negative result was important, however, because it
established an effective upper 1limit to the X-ray luminosity
associated with the stellar population(s) and associated diffuse
matter of a typical (ie. normal) galaxy. The failure to detect
normal galaxies located within a sphere bounded by the Virgo Cluster

at a typical survey's flux limit of ~3 x 10-11 erg cm 2571 implied

42 1

characteristic X-ray luminosities { 107" erg s °. This result is not

in any way surprising; the 2-10 keV luminosity of our own spiral
galaxy, estimated by integrating the contributions from known discrete

39 1

X-ray sources, is only ~2 x 10°7 erg s = (e.g. Long and Van Speybroeck

1983).

The importance of the increase 1in sensitivity of the Einstein

instrumentation relative to its predecessors is almost impossible to



over-emphasize. A typical Einstein observation attained a source

detection sensitivity corresponding to a 0.2-4.0 keV flux of ~1x10'13

erg em™? s'l, which is similar to the predicted flux from a galaxy
jdentical to our own situated in the Virgo Cluster (D~15 Mpc). With
this quantum leap in sensitivity the study of the X-ray properties of
normal galaxies, both as a class and as individual objects, becomes

feasible.

Before its demise in 1981 Einstein observed several hundred individual
galaxies, including examples of both "normal" and "active" species.
The research reported in this thesis was performed during the period
1982 to 1984 and forms a part of a long-standing collaboration between
members of the Leicester University X-ray Astronomy Group and the
Harvard-Smithsonian Center for Astrophysics (a member group of the
Einstein Observatory consortium). A large proportion of the relevant
Einstein observations were wunavailable for use in this research
project. Instead of attempting a widely based study of all types of
galaxy, we have restricted our attention to a rather Timited sample of
normal and mildly active galaxies which belong to specific
morphological categories. Qur principal aims are to determine the
basic X-ray properties of these galaxies; examine the relationship
between their X-ray emission and the fundamental properties of their
stellar populations; and to perform detailed, high resolution studies

of a few individual galaxies of particular interest.

On what basis should we select galaxies for inclusion in this study?
As we have already noted, the availability of suitable data has proved

to be the primary consideration. A more fundamental selection problem



does exist, however; namely, to what extent can we distinguish between
"normal"™ and "active" galaxies? The standard definition for a normal

8 stars plus associated diffuse

galaxy envisages an ensemble of > 10
matter (gas and dust) which has evolved by thermal equilibrium
processes in a gravitationally stable configuration. In contrast, a
galaxy is active if it exhibits non-thermal radiative phenomena and/or
evidence of gravitational disequilibrium. A significant fraction of
all galaxies are therefore active, with the classical AGNs occupying
the extreme end of the activity scale. Since we are hoping to study
the relationship between the X-ray properties of a galaxy and the
properties of its stellar population(s) and interstellar medium, it is
obviously sensible to exclude galaxies which have a large fraction of
their X-ray luminosity generated by a single nuclear source. Seyfert
I galaxies are therefore excluded, as are all other classical AGNs.
In contrast, a galaxy like M82, which displays an unusual morphology
and radiates copious quantities of non-thermal emission, falls within

the compass of this thesis because it Tacks a dominant nuclear X-ray

source.

Although the results presented in this thesis do not impinge directly
upon the observed properties and derived physics of AGNs, it is
important to remember that in recent years the distinction between
normal and active galaxies has started to blur. It is increasingly
evident that a broad and continuous spectrum of activity exists among
galaxies, with the classical normal galaxies and AGNs at the extremes
of the distribution. Several examples exist of morphologically normal
galaxies with very modest X-ray luminosities which display optical

characteristics usually associated with Seyfert nuclei and QSOs (Elvis



and Van Speybroeck 1982, Elvis et al. 1984). These micro-quasars or
mini-AGNs may eventually prove to be common, indicating that the AGN
phenomenon spans many decades of luminosity. We should not exﬁ]ude
the possibility that all galaxies undergo one or more active phases

during their evolution.

1.2 Pre-Einstein Results

As we have already noted, normal and weakly active galaxies are almost
entirely absent from the Uhuru and Ariel 5 X-ray source catalogues.
There are, however, several observational results from the pre-
Einstein era which have considerable bearing on the characteristic X-

ray properties of galaxies.

The principal result 1is rather obvious, as is its implication,
although they are both still worth stating. Our galaxy contains ~200
discrete X-ray sources at or above the sensitivity limit of the 4U
catalogue (Forman et al. 1978). X-ray surveys of galactic sources are

36 erg s'l, so the high

complete above a 2-10 keV Tuminosity of 5 x 10
luminosity region of the X-ray source luminosity function for our
galaxy is reasonably well established. Many of these high Tuminosity
sources are members of binary star systems and are inferred to be very
compact on the basis of their short timescale X-ray variability.
Compact sources can crudely be separated into two categories; some are
objects associated with old, Tow-mass Population II stars, located in
the galactic bulge region or in globular clusters; the remainder are
associated with high mass extreme Population I stars, Tlocated in the

star-forming regions of spiral arms. Supernova remnants, specifically

the ISM material swept up and heated to X-ray emitting temperatures by



the passage of a SN shock wave, are a further class of persistent
galactic X-ray source. The handful of X-ray sources detected in the
SMC and LMC share similar X-ray properties with the equivalent high
luminosity objects in our galaxy (Clark et al. 1978, Bradt and
McClintock 1983). [t is therefore reasonable to assume that because
the various classes of X-ray binaries and SNRs are the result of
normal stellar evolution processes, they will contribute some fraction
of the X-ray luminosity of all galaxies. Indeed, one might naively
assume that such objects would be the only significant contributors to
the X-ray 1luminosity of a galaxy which does not exhibit AGN
characteristics. The X-ray observations presented in this thesis
allow wus to test this hypothesis, and to demonstrate that it is

invalid for at least some galaxies.

A second highly significant result concerns X-ray emission from
clusters of galaxies; at Tleast 45 of which are known to be the
counterparts of 4U sources. - Analysis of these non-imaging
observations indicated the presence of extended X-ray emission with a
scale size similar to the optical size of the cluster (eg. Lea et al.
1973), but with a total Tuminosity greatly exceeding that predicted
from integrating the 1ikely contributions from individual member
galaxies. Cluster X-ray spectra have been shown to be consistent with
thermal bremsstrahlung emission from plasmas with temperatures between
2 X 107 Kand 1 x 108 K. The detection of iron emission lines at 6.7
keV has proved that the plasma element abundances are near-solar, and
hence the bulk of this hot intra-cluster medium has been reprocessed

via stellar evolution within individual galaxies (eg. Serlemitsos et

al. 1977). The discovery that hot, reprocessed plasma pervades the



gravitational potential well of a typical cluster raised the
possibility that a similar situation, albeit on a much smaller scale,
might exist within individual galaxies. Could a significant
proportion of the X-ray emission from a normal galaxy be due to
gravitationally confined hot plasma? Partial support for this idea
came from the discovery of a hot phase within the interstellar medium
of our own galaxy (eg. Shapiro and Field 1976, Fried et al. 1980).
The vastly improved sensitivity and higher angular resolution of the
Einstein instrumentation allows the possibility that individual
galaxies have accumulated substantial quantities of hot gas to be

addressed in detail for the first time.

1.3 Einstein Results

It is not intended that this section should provide a detailed review
of the history of X-ray astronomy in the Einstein era. Nevertheless,
we consider it worthwhile to highlight certain important observational
results and briefly establish their significance in relation to the

properties of normal galaxies.

1.3.1 Resolved X-ray Sources in Nearby Galaxies

For galaxies situated within the Local Group, Einstein observations
enable detailed X-ray source surveys to be performed with a
sensitivity comparable to the Uhuru and Ariel 5 surveys of sources
within our galaxy. A significant fraction of the high luminosity
sources observed in the Local Group spiral galaxies are associated
with Population I dominated regions, eg. HII regions within spiral
arms; while others, particularly those associated with the bulge
region of M31, are probably older Population II objects (Long and Van

Speybroeck 1983). Among the well studied galaxies the observed number



37 erg s'l) scales Tlinearly

of high luminosity X-ray sources (Lx > 10
with galactic mass, and the number of sources of a given type is
consistent with the proportion of total galactic mass contributed by
its parent stellar population. The obvious implication, which should
apply to all galaxies, 1is that the evolution of a specific stellar
population will yield a characteristic set of discrete X-ray sources,
which will contribute some fraction of the integrated X-ray Tuminosity
of the galaxy which contains that population. On this basis, we would
not expect to find high mass Population I binaries contributing

significantly to the X-ray luminosity of an old, Population II

dominated system (eg. an elliptical galaxy).

1.3.2 The Normal Galaxy Survey

Long and Van Speybroeck (1983) examined a representative sample of ~70
morphologically normal galaxies. Although these authors did not
attempt a detailed analysis, they did identify a reasonably well
defined correlation between X-ray and optical Tuminosities, with no
compelling evidence for a strong dependence on galaxy type. The
existence of this correlation provides firm evidence that the X-ray
properties of .a normal galaxy are directly linked to the properties

and evolution of its stellar component.

1.3.3 The X-ray Properties of Peculiar Galaxies

Fabbiano et al. (1982) examined a sample of 33 galaxies which possess
abnormal colours and morphologies but Tack AGN characteristics. As
well as the predictable correlation between X-ray and optical
Tuminosities, this sample of peculiar galaxies also exhibited an even

stronger correlation between X-ray and radio Tluminosities. This,



coupled with their abnormally blue colours and high values of LX/LV,
has been interpreted as evidence for the occurrence of intense bursts
of star formation 1in these galaxies, resulting in an excess of

Population I X-ray sources.

1.3.4 X-ray Emission from Main Sequence Stars

Einstein observations have clearly established that main sequence
stars are a pervasive class of lTow Tuminosity X-ray sources (Vaiana et
al. 1981). Coronal X-ray emission has been detected from stars along

the entire main sequence. Early type stars have X-ray luminosities in

34 erg s'l, whereas late type stars exhibit much

26 30 erg 5—1.

the range 1031 - 10

lower luminosities, ie. 10°" - 10 The X-ray Tuminosity

function for normal stars is not currently well established, but it is
plausible that Tow mass dwarfs could contribute significantly to the

integrated X-ray luminosity of a normal galaxy. An ad-hoc population

of~1011 K-type dwarfs, each having Lx~'3 X 1027 erg s'1 (eg. Vaiana

38 1

et al. 1981), could generate~3 x 10°° erg s - of integrated X-ray

luminosity, ie. ~10% of the X-ray luminosity of our own galaxy.

1.3.5 X-ray Haloes Associated with Galaxjes in Clusters

One of the most important and striking Einstein results has been the
discovery that several early type galaxies situated near the core
regions of rich clusters are surrounded by extended haloes of X-ray
emission (Forman et al. 1979, Bechtold et al. 1983). Their high
lTuminosity Lv1041 erg s_l), physical extent (3 10 kpc) and lack of
direct association with powerful radio sources argues against non-
thermal emission mechanisms; thermal bremsstrahlung from a hot plasma
is the most likely origin of the halo X-ray emission. Studies of X-

ray haloes are important because they allow the relative influence of



environmental factors and processes intrinsic to galaxies to be
evaluated. It is clearly of considerable importance to ascertain

whether X-ray haloes are a general property of normal galaxies.

1.3.6 Cooling Flows in Clusters of Galaxies

Einstein imaging observations have considerably extended our knowledge
of the structure and evolution of the X-ray emitting matter within
clusters of galaxies (eg. Jones and Forman 1984). Detailed analysis
of X-ray surface brightness profiles has resulted in the derivation of
accurate central temperatures and densities for the hot gas detected
in~40 clusters. The radiative cooling times for the central gas in
half _of these clusters are lTess than a Hubble time. Unless heating
processes are efficient, and current evidence suggests otherwise, the
gas will cool and flow inwards towards the core of the cluster,
possibly resulting in low-mass star formation and the fueling of radio
~ sources (Cowie and Binney 1977, Fabian and Nulsen 1977, Stewart et al.
1984). The concept of a cooling accretion flow is important because
it emphasizes that hot gas trapped within a gravitational potential
well need not be completely static; dynamical evolution is likely to
occur. Cooling flows may also be important within individual
galaxies, since they can in principle occur in any sufficiently dense
concentration of gravitationally confined gas which is allowed to cool

radiatively.



1.4 Qutline of Thesis

To conclude this introductory chapter we will outline the topics to be

covered in the remainder of this thesis.

Chapter Two: the design, performance and sensitivity of the relevant

Einstein Observatory instruments are briefly reviewed.

Chapter Three: the results of a high resolution study of the X-ray
emission associated with M82 - an archetypal peculiar galaxy - are
presented. The data are interpreted in the context of an enhanced
Population I  content generated by an intense burst of star

formation, which has also given rise to an extensive X-ray halo.

Chapter Four: the basic X-ray properties of a sample of eleven early
type galaxies are derived using Einstein data. X-ray fluxes and
lTuminosities are determined for all of the members of the sample, and
an analysis 1is performed of the spectral and surface brightness
properties of those galaxies which emit sufficiently high X-ray

fluxes.

Chapter Five: the sample of early type galaxies is extended to include
all galaxies for which an Einstein-derived X-ray flux has been
published. Correlations between integrated properties are examined
and conclusions drawn regarding the relative importance of
contributions from discrete X-ray sources and thermal emission from
hot gas. The results are discussed with particular reference to
plausible models for the dynamical evolution of hot gas, including

both inflow and outflow processes.

10



Chapter Six: high resolution X-ray and radio maps of two gianf,
morphologically normal elliptical galaxies are presented and analysed.
The X-ray emission displays a complex morphology, which is interpreted
as evidence for the existence of "structure" 1in the spatial
distribution of hot gas (which is the dominant component of the X-ray
emission of these galaxies). There 1is ample evidence for the
existence of a cooling flow in at least one of these galaxies; the
possibility that cooling flows fuel the observed low luminosity
nuclear radio sources while the remaining hot gas confines the

extended radio structures is therefore investigated.

Chapter Seven: the results of the research presented in this thesis
are briefly reviewed and placed in an appropriate general context.
Considerable scope exists for further observations in all wavebands,
and particular emphasis is placed on the possibilities arising from

the next generation of X-ray astronomy satellites.

Appendix: various data analysis techniques which are directly relevant
to the analysis and interpretation of the Einstein X-ray data
presented in this thesis are discussed, and suitable definitions and

nomenclature established.

11



CHAPTER TWO : THE EINSTEIN OBSERVATORY

2.1 Introduction

The Einstein Observatory, also known as HEAQO 2, was successfully
lTaunched on November 13th 1979. For a period of just over two years
it provided a facility capable of performing detailed studies of
cosmic X-ray sources with a sensitivity roughly a factor of 103
superior to that achieved by previous X-ray astronomy experiments.
The analysis and interpretation of Einstein data forms the fundamental
element of the work presented in this thesis, hence it seems
appropriate to briefly review the performance characteristics and
scientific capabilities of the Einstein X-ray instrumentation.
(Various aspects of data analysis techniques directly relevant to the
analysis of Einstein X-ray data are discussed in an appendix at the

end of this thesis).

2.2 The Characteristics and Performance of the Einstein

X-ray Instruments

2.2.1 Qverview

The launch and subsequent successful operation of the Einstein
Observatory provided the astronomical community with the first in-
orbit, fully imaging X-ray telescope, capable of an angular resolution
of a few arcseconds within a field of view of ~20 arcminutes, and a
rather more modest ~ arcminute resolution over the full 1° FQV.
Incorporated within the satellite were a high resolution X-ray
telescope, an aspect‘reconstruction system and a focal plane assembly
capable of positioning at the telescope focus one of four primary

instruments: a high resolution imager (HRI), a broad FOV 1imaging

12



13

proportional counter (IPC), a solid state spectrometer (SSS) and a
Bragg crystal spectrometer (FPCS). Subsidiary instruments included a
broad band filter system (BBFS) and two objective grating
spectrometers (0GS), both for use with the HRI. A conventional, non-
imaging monitor proportional counter (MPC) was also included in the
instrument complement, its pointing axis coaligned with the telescope.
The configuration of the various Einstein instruments is shown 1in

Figure 2.1a.

The extragalactic objects which are the subject of this thesis are
typically quite faint X-ray sources which yield fluxes below the
sensitivity thresholds of the higher resolution spectrometers (eg.
SSS, FPCS and 0GS). Discussion of instrumental characteristics and
performance will therefore be 1limited to the HRI, IPC and MPC.
Detailed information relating to the full complement of
instrumentation is available elsewhere (eg. Giacconi et al. 1979a).
Relevant instrument parameters are summarized in Table 2.1; the quoted
values for source detection sensitivities are representative, but
should be used with caution as they depend critically on factors like
the duration of the observation, and the angular extent and spectral

properties of the X-ray source being observed.

2.2.2 The High Resolution Mirror

The Einstein telescope design utilizes the classic Wolter type-I
geometry, incorporating a paraboloidal first element and a confocal
and coaxial hyperboloidal second element (see Figure 2.1b). Efficient
reflection of X-rays with energies in the 0.1 - 4.5 keV Einstein band

requires a ~1° grazing angle relative to the mirror surfaces. The
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mirror system achieves an on-axis angular resolution of ~4 arcsec
FWHM, or ~8 arcsec for the half-power beam diameter. The FWHM
parameter effectiVe]y represents the size of the high resolution core
of an image, and hence is indicative of the best attainable resolution
for high contrast features; whereas the half-power diameter is energy
dependent and is required for the calculation of the detectability of
faint sources. Utilization of a four-nested mirror system results in

2 2

a theoretical effective area of between 400 cm™~ at 0.25 keV and 30 cm

at 4.0 keV.

2.2.3 The Aspect System

The satellite aspect system consists of an assembly of reference
calibration 1lights and three opticé] star trackers (one aligned with
the telescope axis, the other two offset by 2°). Each star tracker
has a 2°x2° FQOV, and is sensitive to stars whiﬁh are brighter than 9th
magnitude. When in a Tocked-on mode they allow active positioning of
the telescope axis to within ~1 arcminute of the required celestial
coordinates. [t was hoped that subsequent processing of star tracker
data would allow the X-ray telescope's absolute pointing position to
be determined to an accuracy of ~1 arcsec. Unfortunately this has
proved to be impractical; aspect uncertainties for fully-processed

Einstein HRI observations are ~3.5 arcsec (90% confidence).

2.2.4 The High Resolution Imager (HRI)

The HRI 1is a digital X-ray camera which provides high spatial and
temporal resolution over the central 25 arcminutes of the telescope
focal plane. [t essentially consists of two microchannel plates
operating in cascade and a 2-D charge detection read-out grid. A

single X-ray photon passes through a UV shield and strikes the Mng
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coating on the first MCP and produces one electron; subsequent
multiplication within the channels of both MCPs results in a short
duration pulse of~5x107 electrons ejected from the rear of the second
MCP.  The electron burst 1is collected by the crossed-grid charge
detector, and the position and time of the electron event (and hence
the X-ray photon) are determined by electronic signal processing.
Although it lacks any spectral discrimination (essentially because the
electron multiplication process is independent of the energy of the
incident X-ray photon), the HRI is capable of very high temporal and
spatial resolution. Indeed, the angular resolution of the Einstein
mirror/HRI combination is Timited by the roughness properties of the

mirror surface rather than the intrinsic properties of the detector.

2.2.5 The Imaging Proportional Counter (IPC)

The IPC 1is a position sensitive proportional counter which provides
full focal plane coverage with moderate spatial and energy resolution.
A predominantly argon gas mixture is maintained at constant density
and composition within a counter body which houses a plane of anode
wires centrally located between two planes of cathode wires. An
incident X-ray photon interacts with a gas atom, producing-an electron
which in turn initiates an avalanche of electrons at the anode wires,
the resultant signal being detected at the cathodes. Rise time
measurements define the original location of the incident photon to
within ~ 1 arcminute over virtually the whole FOV. Signal processing
yields timing information and 32 channels of energy resolution over

the energy range 0.1 - 4.5 keV.
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2.2.6 The Monitor Proportional Counter (MPC)

The MPC is a non-imaging proportional counter located outside the X-
ray telescope assembly. It consists of two argon-CO2 gas cells with a
1.5mm beryllium entrance window and an external collimator. The
effective area of the MPC is 667 cmz, and the collimator provides a
1.5° FWFM circular field of view. Incident X-ray photons generate
electron pulses which are detected at one of the four anodes; these
signals are then amplified, 1integrated and pulse-height analysed 1in
eight energy channels between 1.5 and 20 keV. The MPC therefore
considerably extends the wuseful energy range of the Einstein
instrumentation, allowing spectral and timing studies to be performed

for relatively bright X-ray sources at energies beyond the range of

the imaging detectors.

2.2.7 Instrument Sensitivities

Crude sensitivity estimates for the IPC and HRI, as a function of both
exposure time and source detection cell size, are displayed in Figure
2.2a. The smallest detection cells, 3x3 arcmin (IPC) and 12x12 arcsec
(HRI), are representative of the optimum cell sizes for the detection
of faint, wunresolved X-ray sources. Allowance has been made for
effects due to instrumental resolution, the scattering properties of
the mirror, and typical in-orbit background count rates (including
contributions from instrument calibration sources and the cosmic soft
X-ray background). To facilitate comparison with previous X-ray
astronomy experiments the source strengths are represented by
equivalent Uhuru detector count rates. [t is important to emphasize
that the IPC and HRI have significantly softer responses compared to

the Uhuru instrument; they are sensitive to X-rays with energies in
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(b) Effective area curves for HRI and IPC.
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the range 0.1-4.5 keV, whereas the Uhuru energy band is 2-6 keV. The
relative instrumental sensitivities are therefore a strong function of
the adopted low energy cut-off. For the assumed thermal
bremsstrahlung spectrum, with kT =4 keV and cut-off energy Ea =
0.3 keV, the corresponding conversion factors are:

1 1

1IPCct sl ~ 0.1 HRI ct s~ 1

2~ 1 Uhuru ct s .
Figure 2.2a demonstrates that for practical observation times the HRI
is less sensitive than the IPC for source detection. Comparison of
the effective area curves (Figure 2.2b) shows that the HRI has a
significantly softer response than the IPC, hence the ratio of HRI to

IPC count rates is a function of the X-ray source spectrum.

2.3 In-Flight Performance and Status of Observation Processing

For both the HRI and the MPC in-flight performance proved to be
entirely within specification. The situation with the IPC was rather
less satisfactory: although the IPC's imaging capabilities and overall
sensitivity met design specifications, gas leakage through porous
plugs resulted in significant gain fluctuations on timescales upwards
of a few hours, particularly during the early phases of the mission.
Final calibration of detector gain for each individual IPC observation
is underway, but is not complete as of late 1984 (Schwarz, private
communication). The IPC observations presented in this thesis are
therefore not 1in a definitive, fully processed form. Deductions
regarding the spectral properties of X-ray sources based on IPC data
alone should be treated with some caution, as the results can not yet
be regarded as definitive (see Appendix A.3). HRI observations are
now in a fully processed form and are routinely made available to the

general astronomical community via a data bank service organized by

20



the Center for Astrophysics. [t is anticipated that all

observations will become similarly available by the end of 1985.

IPC
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CHAPTER THREE : THE X-RAY PROPERTIES OF M82

3.1 Introduction

The nearby galaxy M82 has been a favourite object of study since it
was proposed as an "exploding galaxy" by Lynds and Sandage (1963).
M82 is a nearly edge-on system with an inclination angle of ~10°; a
member of the M8l group, it is situated at an estimated distance of
3.25 Mpc from our galaxy (Tammann and Sandage 1968). The galaxy,
classified as Irr II (Sandage 1961) or IO (de Vaucouleurs et al.
1976), has approximate optical dimensions of 13x8 arcminutes,
corresponding to a physical size (12x7.5 kpc) somewhat smaller than
our galaxy. The nuclear region, with dimensions ~ 50x15 arcsec
elongated along the plane of the galaxy, is considerably larger than
the corresponding region of our galaxy (see Solinger et al. 1977); and
the integrated radio and infra-red luminosities, estimated to be

39 44

Loan~10 erg s7! and Lig~ 107" erg 571 (Hargrave 1974, Rieke et

RAD
al. 1980), are also much larger. Optically and in the near-IR the
nuclear region is dominated by high surface brightness star clusters
and giant HII regions (eg. 0'Connell and Mangano 1978), several of
which are partially obscured by prominent dust clouds (see Figure
3.1a). The observed radio and far-IR emission from M82 is strongly
concentrated in the nuclear region, and has a complex, clumpy
morphology dominated by a compact, non-thermal source known as 41.9+58

(eg. Rieke et al. 1980, Kronberg et al. 1981) which lies 10 arcsec

away from the well defined optical nucleus (see Figure 3.1b).

The many unusual features of the nuclear region of M82 have generally

been attributed to an intense burst of star formation initiated 107 -
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108 years ago and possibly continuing into the current epoch (eg.

0'Connell and Mangano 1978). HI aperture synthesis maps of the M81-
M82 group provide compelling evidence that the M82 "starburst" was

triggered by a tidal interaction with M81 (Cottrell 1977).

Beyond the nuclear region the galactic disk is similar to that of a
normal spiral galaxy, but in optical continuum and H«x plates the
appearance of M82 is dominated by an elongated halo which extends for
several arcminutes along the minor axis of the galaxy. In H« the halo
displays a complex filamentary structure including components with
radial and tangential orientations. Spectroscopic measurements reveal
radial velocity ‘differences of roughly 100 km s'1 between the
filaments to the north and south of the nucleus. This velocity field
was originally interpreted as evidence for an outflow along the minor
axis with space velocities of ~1000 km s'1 (hence the "exploding
galaxy"; Lynds and Sandage 1963, Burbidge et al. 1964). The discovery
of significant polarisation in the emission lines observed in optical
spectra from parts of the filamentary system, and the well-ordered
pattern of broad-band polarisation (Visvanathan and Sandage 1972,
Visvanathan 1974, Bingham et al. 1976) led Solinger et al. (1977) to
reinterpret the optical halo as being due to the scattering of 1light
from the nuclear region into the Tine of sight by dust, thus removing
any need to invoke high velocity outflow from the nucleus.
Spectroscopic work by Axon and Taylor (1978) at least partially
contradicts this result; their observations of line-splitting in the
halo indicate that some form of outflow may indeed by occurring.
Additional support for the outflow scenario is provided by the

spectroscopic work of 0'Connell and Mangano (1978), which demonstrated
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that the 1ine emission from the inner regions of the halo (ie. R { 0.6

kpc) is dominated by ionized plasma rather than cool scattering dust.

M82 was the suggested identification for a weak X-ray source which
appeared in both the Uhuru and Ariel 5 catalogues (Forman et al. 1978,
McHardy et al. 1981), and the identification was confirmed by HEAOQ 1
modulation collimator observations (Griffiths et al. 1979). In this
chapter we present observations of M82 performed with the Einstein
Observatory soft X-ray imaging instruments, which because of their
superior sensitivity and angular resolution allow the first detailed

study of the X-ray emission properties of this enigmatic galaxy.

3.2 X-ray Observations

Two Einstein observations of M82 were performed during 1979; the first
was a 4292 sec. IPC exposure during April 8-9, which was followed by a
1311 sec. HRI exposure during May 3-6. The IPC image shows a bright
extended source coincident with M82; M8l is also visible near the edge
of the FOV.  Although the angular resolution of the IPC is too coarse
to determine the morphology of the X-ray emission associated with M82,
the instrument does provide useful spectral information. The HRI
image reveals a complex emission region centred near the nucleus of
the galaxy, with significant emission over a region of several
arcminutes extent (Figures 3.2 and 3.7). Complementary spectral

information in the 1.5-20 keV band is provided by data from the MPC.

3.3 Analysis and Results

3.3.1 X-ray Spectra and Fluxes

We have performed spectral analysis of background subtracted IPC and

MPC data using model X-ray spectra corresponding to optically thin
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thermal and power Taw forms, 1in both cases including absorption by
cold matter distributed along the line of sight. (For details of
backgfound subtraction and spectral fitting techniques refer to
Appendix A.3). The results, summarized in Table 3.1, indicate a
characteristic temperature of ~3 keV for thermal emission models or a
correspondingly steep slope for power law models. Neither spectral
form can be rejected on statistical grounds since both give acceptable

fits.

We note 1in passing that given the uncertainties in the derived
spectral parameters it is not possible to distinguish the X-ray
spectrum of M82 from that of a typical AGN (ie. photon index ~1.7,
Mushotzky 1986), even though the emission processes are probably very
different. The best-fit column densities have a wide range and differ
systematically according to which spectral model is selected. Use of
the total HRI count rate as an additional constraint to spectral shape
20

further restricts the range of allowed column densities to 3x10 -

2x1021 cm'z.

In order to calculate X-ray fluxes and Tluminosities, a thermal
spectrum with kT = 3 keV and NH = 6x1020 cm'2 has been assumed. The
derived fluxes and luminosities are particularly sensitive to larger
values of NH’ but are relatively insensitive to the assumed
temperature. For the assumed spectral parameters, the HRI flux
exceeds the IPC value (for the same energy band) by 17%. If this
discrepancy 1is not due to systematic errors in the flux calibrations
it could imply a composite X-ray spectrum for M82, with one component
(eg. the halo discussed below) having a softer and/or less absorbed

spectrum.  The reddening in the direction of M82, estimated from the
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Notes to Table 3.1

Errors quoted 1in brackets are for the 90% confidence interval
appropriate to a 2-parameter spectral fit. For the IPC spectra the
errors include appropriate allowance for the uncertainties in detector
gain and background subtraction. The errors for the MPC spectral fits
are purely statistical and probably underestimate the true

uncertainties.

(1) Simple bremsstrahlung plus Gaunt factor spectrum fitted to the MPC
data.

(2) Photon number index.

(3) Fluxes and luminosities are corrected for an assumed line of sight

column density of Ny = 6 x 1029 ¢n2,
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E(B-V) maps of Burstein and Heiles (1982), is Avﬂ«O.lm, corresponding
to NH~2.5x1020 cm'2 using the calibrations of Jenkins and Savage
(1974) and Seaton (1979). The best-fit NH for both types of model
spectra 1is higher, probably indicating a modest amount of cool
absorbing matter within M82 itself. Star clusters within the nuclear
region of M82 have been found to exhibit optical extinction as high as
AV~:5. Although X-ray emission from such regions is likely to account
for only a small fraction (<10%) of the total X-ray flux, we are
unable to rule out the possibility that major sources of X-ray
emission within M82 also suffer an equivalent degree of optical

extinction, corresponding to a column density of A41022 cm'z.

This
would Tead to higher values for the X-ray Tuminosity of individual

sources.

3.3.2 X-ray Morpholagy

The HRI image of M82 (Figures 3.2 and 3.3, see also Figure 3.7)
displays two distinct components; (1) a complex central region
containing several 1local maxima in X-ray surface brightness over a
region ~ 1 arcminute in extent; (2) a halo of patchy, diffuse X-ray
emission extending several arcminutes along the minor axis of the
galaxy both north and south of the nuclear region. Detailed
examination of the IPC data also reveals the presence of the extended
halo, although the feature is not sufficiently well resolved to enable

useful comparison with the HRI data.

Analysis of the variance of the HRI data demonstrates that the clumpy
appearance of the nuclear region X-ray emission is not an artefact of

photon noise. This suggests that the emission is dominated by a small
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Figure 3.2 (Plate)

Einstein HRI image of M82 with pixel size 2 arcsec displayed as
a linear greyscale. The image has been smoothed with the HRI

point response function.
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number of unresolved sources, which are either genuine discrete X-ray
emitting objects or bright knots in the ambient emission with scale
sizes similar to the HRI point response function (ie. 4 arcsec
>~ 60 pc). We have analysed the HRI data using the cross-correlation
algorithm discussed in the appendix A.4 in order to locate possible
unresolved sources in the presence of a non-uniform diffuse emission
component. Eight unresolved sources are found by this technique above
a 5 sigma significance threshold. Seven are apparently located in the
bright nuclear region, and the eighth lies ~1 arcminute to the west.
Their positions, approximate count rates and Tuminosities are listed
in Table 3.2 (see also Figure 3.3). [f the unresolved sources are
physically associated with M82, and assuming the best-fit IPC spectral
parameters are applicable, they have soft X-ray luminosities in the

038 1

range 5-10x1 erg s .

In Figure 3.4 we show profiles of the X-ray surface brightness through
the centre of M82 in two orthogonal directions corresponding to the
major and minor axes of the galaxy. These profiles clearly
demonstrate the presence of the diffuse X-ray halo extending along the
minor axis out to at least 2.5 arcmin in the south-east and 2.0 arcmin
in the north-west, whereas along the major axis the half-width of the
emission is < 1.4 arcmin. The halo merges into the emission from the
nuclear region, with some indication of a change in the gradient of
the surface brightness profile along the minor axis (Figure 3.4a) at
radii of ~30 arcsec (NW side) and ~60 arcsec (SE side). For the
purpose of discussion we define the nuclear region to be inside a 30
arcsec radius; all X-ray emission exterior to this boundary is

considered to belong to the halo. Estimates of the X-ray count rates
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Notes to Table 3.2

(1) Errors in positions of the unresolved sources are dominated by
the systematic wuncertainty in satellite attitude. 90% confidence

radius is~4 arcsec in both coordinates.

'1). For the

(2) Background subtracted HRI count rates (x 10'3 ct s
unresolved sources the intensities are equivalent point source values;
for othef components the values are directly measured for the regions
specified, and hence slightly underestimate the true flux because the
HRI point response function has broad wings. This is not an important
effect for extended emission. Because the wings of the HRI are broad,
some of the unresolved sources effectively overlap and hence “share"
flux. In consequence the contribution of the point sources to the

total flux seen in the central region is not simply given by the sum

of the values for the sources.

(3) Soft X-ray luminosities (erg s'l; 0.2 - 4.0 keV) derived assuming

spectral parameters quoted in text.

(4) Possible identifications with radio and optical features within 3
arcsec radius (see text). aa.a+bb notation = Kronberg and Wilkinson
(1975); OM = 0'Connell and Magnano (19f8); KPV = Kronberg et al.
(1972).
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and luminosities associated with these two distinct regions are
included 1in Table 3.2. The X-ray halo, although of 1low surface
brightness, contributes ~70% of the X-ray flux emitted by M82 in the
HRI energy band. A separate flux value has also been derived for a
small region near the X-ray emission peak which includes souces 2 and
3 and the position of the compact radio source 41.9+58. The seven
unresolved sources located in the nuclear region contribute a large
proportion (~50%) of the flux emitted within 30 arcsec of the nucleus
(see also the notes to Table 3.2). The remaining flux is probably due
to a population of less luminous discrete sources which are not
individually resolved by the HRI observation, although a contribution
from a genuinely diffuse component (eg. an extension of the halo

emission into the nuclear region) is not excluded by the data.

3.3.3 The Identification of the Unresolved X-ray sources

We have looked for possible identifications for the unresolved X-ray
sources 1listed in Table 3.2 using the positions of optical features
(star clusters, HII regions)‘from Kronberg et al. (1972) and 0'Connell
and Mangano (1978), and the positions of compact radio features given
by Kronberg and Wilkinson (1975). Given the high source density in
the radio and optical bands, the chance association rate must be quite
high. Nevertheless, we 1list in Table 3.2 possible identifications
with features 7Jocated within 3 arcsec of the X-ray positions. Two

particularly interesting associations are apparent:

(1) Source 7 lies within 1 arcsec of star cluster 'A' of 0'Connell
and Mangano; this cluster is generally thought to be associated with
the nucleus of M82. The position of the X-ray source also agrees with

the position of the 2.2y nucleus given by Rieke et al. (1980). Thus
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source 7 could be the nuclear X-ray source of the galaxy. If this is
the case the X-ray lTuminosity quoted in Table 3.2 would probably be an
underestimate, since optical and IR studies have revealed very high

local absorption in the vicinity of the nucleus.

(2) Although the compact radio source 41.9+58 is not coincident with
any of the detected X-ray sources, it is situated very near the peak
of the X-ray emission region, midway between sources 2 and 3, along a
ridge which is more or less aligned with the minor axis of M82. This
raises the intriguing possibility that we are seeing an exceptionally
lTuminous extended feature associated with this compact radio source
(see also 3.4.1). It is interesting to note that the extended X-ray
ridge has a linear dimension of ~160 pc, very similar to the physical
extent of the double lobe structure associated with the extraordinary
galactic X-ray source SS433 (Watson et al. 1983). We estimate the
soft X-ray Tuminosity of any unresolved source coincident with 41.9+58

38 1

to be L < 3x10°" erg s .

Source 1 Tlies completely outside the nuclear region and is probably
associated with the halo of M82. Analysis of the radial surface
brightness profile of source 1 shows it to be completely consistent
with an unresolved source. A recent VLA map fails to reveal the
presence of a radio counterpart (E. Seaquist, private communication),
and no optical counterparts are visible on available plate material;
the magnitude 1imit derived from a deep CCD exposure obtained by J.
Stocke is Mo 2 22.5M (this 1imit being set by the presence of diffuse
light from the halo of M82), giving an implied X-ray to optical flux

ratio fx/f 2, 200. This value is somewhat uncertain because of

opt
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unknown reddening and bolometric corrections. Such an extreme flux
ratio has only been observed for low mass Population II X-ray binaries
(eg. Patterson 1981) and for the bizarre gamma ray source Geminga
(Bignami et al. 1983). We do not favour the alternative possibility
of identification with a background QSO with anomalously high
reddening, since none of the QSOs identified in the Einstein Medium
and Deep surveys (Stocke et al. 1983, Griffiths et al. 1983) have
shown such an extreme flux ratio. Source 1 1is therefore almost
certainly an ultra-luminous Tow mass X-ray binary located in the halo
region of M82. I[ts soft X-ray Tuminosity exceeds that of any
established (or putative) system in our galaxy by almost an order of
magnitude (Bradt and McClintock 1983): Exceptionally  luminous
unresolved sources have also been observed in several other nearby
galaxies (Long and Van Speybroeck 1983), but they are invariably
located 1in the outer spiral arm regions, and thus are probably
associated with young Population I objects. This source, if located
in M82, may be of particular interest as a possible Population II

object associated with the halo region of a galaxy.

Another possible interpretation, that the source is a foreground
object, can probably be ruled out, since in order for it to be located
within our galaxy its intrinsic Tuminosity would have to be LX < lO34
erg s'l, which 1is at least two orders of magnitude lower than any
known Tow mass binary. In addition the optical lTuminosity
distribution for low mass binaries is quite narrow, with a mean value
equivalent to MVAal (van Paradijs and Verbunt 1981); if this value

applies to source 1 then we estimate a distance 2 200 kpc, which

places it well beyond our galaxy.
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The relative X-ray source positions are determined to an accuracy of
~1 arcsec, but are subject to an additional systematic error of ~ 4
arcsec (90% confidence) arising from the uncertainty in the absolute
pointing axis of the Einstein telescope. Any definite identification
of an individual X-ray source could be used to refine the remaining
source positions. In the absence of such an identification it should
be noted that only a few of the associations listed in Table 3.2 are
1ikely to be correct, since the position differences range from 0.5 to

3.0 arcsec in random directions.

3.4 Discussion

3.4.1 The Nuclear Region

In Figures 3.5 and 3.6 we compare the HRI X-ray image of M82 with
radio (8 GHz) and optical maps of the galaxy (see also Figure 3.1).
The X-ray image shows very little similarity with the high frequency
radio map. Radio emission is strongly concentrated in a narrow strip
more or less aligned with the plane of the galaxy, whereas the X-ray
emission has a much more extended distribution principally aligned
with the minor axis. A number of authors have pointed out the
possibility of generating a high X-ray luminosity in M82 via 1inverse
compton scattering of IR photons by the relativistic electrons
associated with the non-thermal radio emission from the nuclear region
(eg. Hargrave 1974, Rieke et al. 1980).' The predicted X-ray

40 erg s‘l, which is a significant

Tuminosity from this process is ~10
fraction of the observed luminosity. Because of the complete lack of
correlation between the X-ray and radio morphologies we suggest that
the 1inverse compton process 1is not the dominant X-ray emission

mechanism 1in M82; this may be the case if the ambient magnetic field



Figure 3.5 (Plate)

Composite radio/X-ray map of M82. Details of greyscale X-ray
image as for Figure 3.2. Radio contours are schematic and
are based on the 8085 MHz map of Kronberg and Clarke (1978),

which has 2.2 arcsec resolution.
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is actually higher than the equipartition value (B ~3.5x10°5 Gauss),

eq
since the inverse compton flux varies as B'(1+“), where « is the 1low
frequency radio spectral index (~0.3, Hargrave 1974). Indeed, the

only way of understanding the X-ray morphology if the bulk of the
emission had an inverse compton origin would be to hypothesise a
remarkably different spatial distribution for the relativistic
particles responsible for the X-rays ( § ~100) to that inferred for
the particles which give rise to the high frequency radio emission

3 4

(§~10° - 107).

The nature of the compact radio source 41.9+58 is still the subject of
some debate (eg. Kronberg et al. 1981, Kronberg and Biermann 1983).
Three possible models for 41.9+58 have been proposed; firstly it could
be the true nucleus of M82, although it is located ~10 arcsec west of
the optical nucleus; the alternative suggestions are an ultra-luminous
SNR or, perhaps more plausibly, an SNR in which a luminous young
pulsar is embedded. In each case the radio emission is Tikely to be
synchrotron in origin, and a naive extrapolation of the continuum
spectrum with a measured index « = 0.9 (Kronberg and Biermann 1983) to

the X-ray band yields a predicted luminosity of~1038 erg s-1

(0.2-4.0
keV), assuming no break in the spectrum between radio and X-ray
wavelengths.  Thus the Tack of an unambiguous detection of 41.9+58 at
X-ray wavelengths is completely consistent with the spectral
extrapolation. We have already discussed in section 3.3.3 the
possibility that 41.9+58 is associated with the luminous ridge feature
which extends N-S through part of the nuclear region. Higher

resolution X-ray observation are required to confirm or refute this

proposed association.
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Comparison of the X-ray image with an R-band CCD exposure (Figure 3.6)
shows that there 1is a significant correlation with the optical
emission from the central regions of M82. The absence of X-ray
emission from the part of the galaxy bisected by the broad dust lane -
prominent in Figures 3.la and 3.6 - probably indicates strong
attenuation of the X-ray emission by the 1large column density
associated with the dust. It is clear that the bulk of the nuclear
region X-ray emission is of Population I origin, since it is well
established that the optical light is dominated by HII regions, early-
type stars etc, which are a direct result of the recent burst of star
formation in the galaxy (eg. .O'Connell and Mangano 1978). A]though
the optical light from the nuclear region is intrinsically quite blue,
the R-band 1image shows the distribution of the optical emission

equally well because of the effects of local extinction.

Given the enhanced Population I content and activity of the nuclear
region of M82, it seems most likely that the bulk of the X-ray
emission is associated with Population I objects. The possibilities

are:

(1) High mass X-ray binaries. These systems have typical luminosities

035 O37 1 1

between 1 and 1 erg s~ in our galaxy and up to 1032 erg s © in

the Magellanic Clouds (Bradt and McCiintock 1983, Clark et al. 1978).
In contrast, Tow mass X-ray binaries, which dominate the bulge regions

1 (Bradt

of our galaxy and M31, have luminosities up to«vlo38 erg s~
and McClintock 1983, Van Speybroeck et al. 1979, Vader et al. 1982).
Source 1 in M82 may be an example of an exceptionally 1luminous Tlow

mass binary (see section 3.3.3).



Figure 3.6 (Plate)

Composite optical/X-ray map of M82. Details of greyscale X-ray
image as for Figure 3.2. Optical contours shown are based on a
R-band CCD observation made by J. Huchra and A. Lawrence using

the Mt. Hopkins 24 inch telescope.
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(2) Supernova remnants. SNRs have luminosities in the range 1033-1036

erg s'1 in our galaxy, but somewhat higher Jluminosities 1in the
Magellanic Clouds, possibly due to a denser ambient ISM (Long and
Helfand 1979, Seward and Mitchell 1981). There is evidence that in

39 L may be

rare cases soft X-ray luminosities as high as 107 erg s~
attained, an example being the object tentatively identified as an SNR

in NGC 4449 (Blair et al. 1983).

(3; Early-type stars. The soft X-ray luminosities associated with

33

coronal activity in 0-B stars can reach anflo erg s'1 (Vaiana et

al. 1981).

The discrete X-ray sources detected in M82 have such high X-ray
luminosities that if they are single objects they can be plausibly
identified only with high mass X-ray binaries. (The alternative, that
these sources are ultra-luminous SNRs, similar to the object in NGC
4449, can be discounted given their Tlack of association with known
compact radio sources in M82.) If this is the case, the much higher
incidence of such systems than is found in our galaxy is in accord
with the enhanced star formation rate, and consequent over-abundance )
of massive stars. Note that this explanation requires that these
sources have soft X-ray luminosities above the Eddington 1limit for
‘accretion by solar mass compact objects. This need not be a fatal
objection since several sources in the Magellanic Clouds also have
super-Eddington Tuminosities (Clark et al. 1978), and the solar mass
Eddington T1imit can be exceeded in a number of ways (eg. element
abundance effects, anisotropic emission or trivially by increasing the

mass of the compact object). The alternative, that these sources are
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Tow mass Population II X-ray binaries, as might be expected by analogy
with the -equivalent bulge region of our galaxy or M31, would imply
that the total number of this type of object in M82 is similar to that
found in our galaxy and M31. This can almost certainly be discounted
because Population II content is roughly proportional to  total
galactic mass (Long and Van Speybroeck 1983), and M82 is considerably
less massive than either of these galaxies. Indeed, on the basis of
galactic mass considerations we would expect the total contribution to

the X-ray luminosity of M82 from Population II objects to be ~1038 erg

5!,

The possibility also exists that some of the discrete sources detected

in M82 might be associated with compact star clusters. The most
lTuminous clusters in M82, regions 'A' and 'C' of Q'Connell and Mangano
(1978), ha&e estimated masses of ~107 MO and mass to Tlight ratios
indicating that they are dominated by massive young stars. Thus it is
plausible that the X-ray emission from these regions could be due to
the 1integrated emission of the 105-106 stars in each cluster,

resulting in total soft X-ray Tuminosities in the range 1038-1039 erg

s'l.

A significant fraction of the total X-ray luminosity from the nuclear
region of M82 1is not resolved into discrete sources by the HRI.
Although this component could be genuinely diffuse in nature (perhaps
related to the halo emission), it seems more likely that it is due to
a population of less luminous X-ray sources. X-ray binaries, SNRs and
0-B stars will all contribute to the integrated Tuminosity. Young

SNRs may be particularly important if their average X-ray luminosity
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is higher than in our galaxy because of the greater density of the M82
ISM (eg. Rieke et al. 1980). Indeed all of the nuclear region X-ray

1

lTuminosity could be explained by SNRs with < LX >~1037 erg s - and

1

lifetimes of ~3000 years, if the supernova rate is ~0.3 year ~. Such

a high rate might be expected in a region displaying a high density of
Population I objects; and indeed, SN rates of 0.1-0.3 year'1 are
predicted by the starburst models of Rieke et al. (1980). Individual
SNRs are probably insufficiently Tuminous to be detected in the HRI
observation, and in any case none of the known compact radio sources,

most of which are likely to be young SNRs (Kronberg and Biermann

1983), have convincing X-ray counterparts.

Thus, 1t seems probable that the nuclear region of M82 is very
different from the equivalent region of our galaxy, being dominated by
emission from Population I objects. Qur interpretation finds general
support from the work of Fabbiano et al. (1982), who have investigated
the X-ray properties of a sample of 33 peculiar galaxies (see also
Chapter One, 1.3.3). Thése authors have established that X-ray flux
correlates with both B-band optical and radio fluxes; this they
interpret 1in terms of enhanced star formation rates resulting in

increased Population I content for many peculiar galaxies.

3.4.2 The X-ray Halo

In Figure 3.7 the HRI X-ray image is compared with a deep Hx plate of
M82. The X-ray and optical haloes have similar dimensions, and both
extend further to the SE than the NW. There is significant correlation
between features in the X-ray halo and the optical filamentary

structure, strongly suggesting some physical connection between the
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Figure 3.7 (Plate)

Composite Hx/X-ray map of M82. The X-ray image (shown in
contour map form) has 4 arcsec pixels and has been smoothed
with a 2-D gaussian function with ¢ = 4 arcsec. The H

photograph is taken from Lynds and Sandage (1963).
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two. We have also compared the X-ray data with a new high quality H«
plate kindly supplied by Dave Axon and find additional correlation

with features not apparent on the Lynds and Sandage plate.

The X-ray halo is unlikely to arise from non-thermal processes since
the radio flux from the halo region is a very small fraction of the
total for M82 (Hargrave 1974), implying relativistic particle
densities too low to yield the observed X-ray flux by either
synchrotron or inverse compton mechanisms, even if the required energy
densities in magnetic fields or photons were available. This
conclusion would be invalid if the relativistic particles with the
required energies (¥~100 for inverse compton scattering of IR

7. 108 for synchrotron emission) have substantially

photons, or ¥ ~10
different spatial distributions and energy densities compared to those
particles responsible for the radio emission. We therefore believe
that the X-ray emission from the halo is almost certainly due to

thermal emission from hot gas.

Using the surface brightness profiles shown in Figure 3.4 we have
estimated the full angular extent of the halo. We have assumed a slab
geometry, with the halo thickness along the line of sight equal to the
observed width of the halo, and estimate the total volume to be

65

v ~ 6x10°°f cm3, where f is the volume filling factor. Because of

halo
the patchiness of the halo emission (clearly evident in Figures 3.3
and 3.7) we assume f = 0.1, although higher or Tlower values are
obviously not ruled out (especially the latter, if the halo is thin
along the line of sight). In order to derive accurate gas parameters

we require a realistic estimate of the halo temperature. We have no

direct way of determining this from the X-ray data, although we
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6 K for it to be observable with the HRI in the

presence of NH > 2.5x1020 cm'2 column density. The comparison between

require Tha]o > 10

IPC and HRI fluxes for M82 as a whole provides some evidence that

Tha]o is less than the global value of 3 keV. In Table 3.3 we

tabulate relevant thermal parameters for isothermal haloes with

6 7

temperatures 3x10°, 1x107 and 3x10" K, each yielding the measured HRI

count rate in the presence of column density NH = 6x1020 cm'z. The
column density internal to the halo is unknown, although the presence
of considerable quantities of HI and dust suggests that it may be
significant. Altering the assumed value of NH by up to a factor of
two changes the derived halo parameters by ~30%. Our results indicate
that the. total mass of hot gas -associated with M82 is ~107 Mo’
considerably 1less than is contained in the extensive haloes which
surround some early type galaxies (eg. Forman et al. 1979, Biermann
and Kronberg 1983, this work - Chapter Five). The energy content of
the gas contained in the M82 halo is equivalent to that released by
~104 supernovae, and its cooling time is similar to the estimates of
the time elapsed since the start of the starburst (Rieke et al. 1980).
The X-ray halo's complex morphology, unknown temperature and the il11-
determined gravitational potential which it responds to, all tend to
exclude the possibility of attempting a detailed deprojection of the
X-ray data (cf. NGC 1275, Fabian et al. 1981); although we note that
the radial emissfon profile of the halo appears to be relatively flat

(see Figures 3.4 and 3.7), implying a weak dependence of electron

density on distance from nuclear region.

The escape velocity within the halo of M82, inferred from the total

1

galactic mass M~10'0 M_ (Cottrell 1977), is ~200 km s™L. This
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implies that a halo with mean temperature T 2 2x106 K would not be

bound to M82; the hot gas would escape on a timescale offle7 years
assuming a halo scale size of ~2 kpc. The inferred cooling time for
the hot gas is greater than the escape timescale, so radiative cooling
is unimportant on a global scale for the halo gas observed with the
HRI. We have no direct measurement of the temperature of the halo
gas, but it dis almost certainly hot enough to be wunbound. The

detection of an X-ray halo provides compelling evidence for the

existence of mass outflow in the halo region of M82.

The existence of a halo of hot outflowing gas in M82 poses two

interesting questions:

(1) What is the origin of the halo, and how is energy supplied to heat
the gas?

(2) How are the X-ray and optical haloes physically linked?

The general properties of hot gaseous haloes around late type galaxies
have been discussed by many authors (eg. Bregman 1978, 1980; York
1982, and references therein). In some respects, the halo observed in
M82 resembles the models of Bregman (1980), but with one clear
difference 1in that it is localised to a region near the minor axis,
whereas Bregman's models (and most previous work) involve haloes of
large scale height extending over the entire galactic disk. This
difference can easily be understood if the M82 halo is linked to star
formation occurring 1in the galaxy. Since the enhanced stellar
activity in M82 is strongly concentrated within the nuclear region, we
would expect the X-ray halo's morphology to reflect this concentration

of activity. To be more specific, we suggest that much of the hot gas



now observed in the X-ray halo was originally infalling neutral gas
(supplied by the ambient HI cloud in which M82 is embedded), some of
which was consumed in fueling the rapid star formation in the nuclear
region; the remainder has been heated to X-ray emitting temperatures
by the passage of supernovae shock fronts outward from the nuclear
region and thus incorporated into a general outflow of gas along the
minor axis. The supernovae rate 1in the nuclear region may be
sufficiently high for supernovae ejecta to also contribute
significantly to the mass of hot gas in the halo. The energetics of
the proposed supernovae heating are plausible: 1if the energy release

50 1

per SN is ~3x10°" ergs (eg. Blair 1981), and the SN rate is 0.3 year

over a timescale of 3x107

years (typical M82 starburst values, Rieke
et al. 1980), then only ~1% of the total energy release is required to
explain the current energy content of the X-ray halo. If the halo is
unbound it would have to be completely replenished ~3 times during
this period, since the escape timescale is ~107 years. The total SN

42

heating rate in the nuclear region is ~3x10°" erg s'l, which therefore

greatly exceeds the radiative cooling rate of the X-ray halo

40 1). Clearly, radiative cooling is unlikely to be

(L, ~ 2x107" erg s~
important on a global scale within the M82 halo (in any case much of
the gas will escape before it can cool radiatively), although we can
certainly not exclude the possibility that cooling is 1locally
important 1in small regions of unusually dense gas. In such regions
dust may possibly play an important role by providing a shield against
the effects of heating. The enormous discrepancy between the
available heat input from supernovae and the actual energy content of

the halo suggests that dissipative processes are highly efficient,

56
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both within the nuclear region and the halo. The passage of SN shock
waves through dense ISM clouds within the galaxy itself may actually
initiate further star formation; the starburst may therefore be 1in
some sense self-perpetuating. Energy dissipation in the halo may

arise from the heating and consequent destruction of dust grains.

At present there are two more or less contradictory views on the
nature of the optical halo and filaments: either they indicate the
presence of lTine-emitting gas flowing outwards with space velocities
of 400-600 km s'1 (Axon and Taylor 1978; Axon 1983, private
communication), or they could arise from slowly drifting dust which
scatters optical Tight originating in the nuclear region into our line
of sight ("moving mirrors", Solinger et al. 1977). The timescale for
the destruction of dust grains by thermal sputtering in a 107 K plasma
is very short, A12x105 years for electron densities ne«JO.l cm'3
(Draine and Saltpeter 1977). This is difficult to reconcile with the
existence of copious quantities of dust (and associated HI) in the
same general region as the X-ray emitting gas, unless the halo region
is highly inhomogeneous or the dust is continuously re-supplied from
outside the halo. Neither possibility is excluded by currently
available data. In contrast, if the filaments are 1line-emitting
regions with substantial velocities with respect to the nucleus of
M82, the sighificant correlation between the halo X-ray emission and

the optical filaments can perhaps be plausibly explained by analogy

with SNRs.

X-ray emission from SNRs originates in shock-heating of the ISM as the

2 -1

ejected shell moves outwards with velocities ~ 10 -103 km s Ho

filaments form in older SNRs (eg. Cygnus Loop, 1C443) when radiative
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losses Tlead to rapid cooling and hence fragmentation of the denser
parts of the shock front (eg. Cox 1972). This can lead to overall
correlation between the morphologies of the optical filaments and the
X-ray emission, as is observed, since X-ray emission is also generated
near the shock boundary. We envisage that a similar mechanism occurs
in the halo of M82; the optical filaments therefore trace the
positions of outflowing shocks. The complex morphology of the halo in
this interpretation 1is then a direct result of the very complex
velocity field of the outflowing gas, for which there 1is ample
evidence from the many spectroscopic studies of M82 (eg. Williams et
al. 1983). A major problem for our proposed interpretation is that
both the morphology and the spectra of the optical filaments observed
in the halo of M82 differ significantly from those of filaments
observed in typical SNRs. It is conceivable that this discrepancy
reflects the highly complex energetics and velocity structure of the
halo region. Whatever the exact mechanism required to explain the
properties of the optical filaments, we believe that the detection of
the X-ray halo adds strong support to the contention that the inner
parts of the M82 halo are dominated by outflow from the nuclear

region.

Evidence for 1large quantities of dust 1is, however, overwhelming;
particularly 1in the outer halo. This can be reconciled with the
presence of the X-ray halo most naturally if the X-ray emitting gas
and cold dust occupy spatially distinct regions. Our conclusions
regarding the importance of outflow in the inner halo are supported by
the work of Q'Connell and Mangano (1978), which demonstrates that the

line-emitting filaments in the inner region of the halo are dominated
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by ionized plasma (as opposed to scattering dust). In the most
detailed spectroscopic study to date, Williams et al. (1983) imaged
the ionized hydrogen distribution associated with ‘M82; their data
indicate that infalling neutral gas (from the cloud in which M81 and
M82 are immersed) fuels intense star formation in the nuclear region,
the resulting outflow being responsible for the formation of the
filaments. These authors also find evidence for gas in polar orbits
about the galaxy, some of which may be accreting onto M82 at the
current epoch. Clearly the dynamics of gas in the vicinity of M82,
whether neutral, ionized or X-ray emitting plasma, must be highly
complex. It is encouraging that several parallel lines of inquiry
seem to be leading towards similar conclusions regarding the physical

nature of the halo region of M82.
3.5 Conclusions

The main conclusions of our detailed study of the X-ray properties of

M82 are as follows:

(1) The X-ray emission associated with M82 is not dominated by a
single AGN-type nuclear source. Almost a third of the X-ray emission
emanates from a complex region extending for ~1 kpc and centred near
the optical nucleus. Several discrete sources have been detected
within the nuclear region, all of which have lTuminosities exceeding

38 erg s'l. One of these sources is probably associated with the

~5x10
optical nucleus itself. A ridge of emission situated near the peak of
the X-ray emission, aligned N-S along the minor axis of the galaxy,
could be an extremely luminous extended feature associated with the

compact radio source 41.9+58.
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(2) On Targer scales we have detected a halo of diffuse X-ray emission
which extends for several kpc north and south of the nuclear region,
roughly aligned with the galaxy's minor axis. Features in the X-ray
halo are well correlated with the Hx filamentary system which is

embedded in the optical halo.

The nuclear component of the X-ray emission can most readily be
understood 1in terms of the integrated emission from Population I
objects, such as high mass X-ray binaries, SNRs, 0-B stars and
associations thereof. Several of the nuclear region X-ray sources may
in fact be ultra-luminous binary systems. The enhanced Population I
content of the nuclear region has arisen from an intense burst of star

7 and 108 years ago. The same starburst

formation initiated between 10
activity, particularly supernova explosions, has created a mass
outflow from the nuclear region which manifests itself as the X-ray
halo: a Tn1107 K plasma shock-heated by the outflow. If this
interpretation is correct, the detection of an X-ray halo is important
in enabling us to distinguish between the expulsion hypothsis, which
appears to be valid for the inner halo, and the dust-scattering
interpretation, which successfully -accounts for the polarisation
properties of the outer halo. There are important implications for

our understanding of the dynamics of the gas flows in the vicinity of

this most unusual galaxy.

Despite 1its extraordinary properties, it would be foolish to regard
M82 as a unique galaxy. Several other galaxies share at least some of
its characteristics; prominent examples include NGC 253 and NGC 3077.

The former is a nearby, nearly edge-on spiral galaxy which possesses a
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starburst nucleus; the Tlatter is an Irr II galaxy with an optical
morphology remarkably similar to M82, which by a curious coincidence
happens to reside in the same physically associated group of galaxies.
Do these galaxies also share the X-ray characteristics of M82? Their

integrated properties are compared in Table 3.4.

NGC 253 has recently been the subject of a detailed X-ray study by
Fabbiano and Trinchieri (1984); their analysis of HRI data reveals
features remarkably similar to those we have observed in M82. Eight

38 erg s'l) X-ray sources have been detected,

high 1luminosity (% 10
some probably associated with the nuclear region, which on the basis
of radio and IR measurements is known to be undergoing intense star
formation. Fabbiano and Trinchieri also find evidence for a diffuse
emission region associated with the nucleus, which they interpret as
shock heated gas as a result of mass outflow from the starburst
nucleus. This feature is less extensive and less Tuminous than the X-
ray halo of M82, but in all other respects equivalent. In the case of
NGC 253 there is no evidence that the starburst was triggered by tidal
interaction with another galaxy; instead it may have been initiated by

the accumulation of a critical quantify of gas slowly accreting from

the galactic disk (as a result of normal stellar evolution).

In contrast, NGC 3077 is a galaxy which is morphologically similar to
M82 and has clearly undergone tidal interaction with a neighbouring
galaxy (M8l1, see Cottrell 1976), but which Tacks obvious signs of
intense star formation in its nuclear region. Cottrell (1976, 1977)
has mapped the HI distributions around both NGC 3077 and M82, and has

confirmed that the dynamics of the tidal interaction of each galaxy
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with M81, and the elapsed time since it occurred, are very similar.

Both galaxies have similar masses (~1010

Mo) and are associated with
complex systems of Hx filaments, yet NGC 3077 is underluminous by a
factor of ~ 100 1in both the X-ray and radio bands relative to M82.
This discrepancy might seem to cast doubt on our interpretation of the
X-ray properties of M82. A detailed examination of the HI maps of NGC
3077 and M82 does, however, suggest an explanation. Cottrell's map of
NGC 3077 clearly demonstrates that very little of the neutral hydrogen
associated with the NGC 3077 system is actually contained within the
optical bounds of the galaxy. The obvious implication is that most of
the gas deposited in the galaxy after the tidal interaction with M8l
has already been used ub in star formation. We conclude that unlike
M82, where copious quantities of neutron hydrogen are still present
within the galaxy, the starburst in NGC 3077 has subsided due to lack
of fuel and presumably any associafed outflow has been switched off.
We note that there is no direct observational evidence for outflowing
hot gas in this case, as there is no HRI data for NGC 3077; the low X-
ray luminosity of NGC 3077 (Table 3.4) argues against the presence of
substantial quantities of hot gas anyway. Further evidence that the
starburst has subsided is provided by the very low radio Tluminosity,
implying a relative dearth of SNRs compared with M82, and therefore a
lTow current supernova rate. The continued presence of an Hx filament
system 1in NGC 3077 presumably indicates that the (hypothetical) mass
outflow due to starburst activity has only recently terminated in this
galaxy. M82 and NGC 253 are examples of galaxies where starbursts are

occurring at the current epoch.
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CHAPTER FOUR : THE EINSTEIN-CFA SURVEY OF EARLY TYPE GALAXIES

4.1 Overview

In this chapter we present the results of a survey of eleven nearby
early type galaxies observed with the X-ray imaging instrumentation on
board the Einstein Observatory. The galaxies included in the survey
have been selected on the basis of being isolated or weakly clustered;
they are not members of the dense core regions of rich clusters of
galaxies. Studies of relatively isolated galaxies should yield
information relating to physical processes intrinsic to the galaxies
themselves rather than the environmental processes which tend to
dominate in cluster cores (eg. Fabian et al. 1980, Bechtold et al.
1983). Any attempt to determine the general X-ray properties of early
type galaxies as a class requires the analysis of a galaxy sample
significantly Targer than the one under consideration here; we defer
such an analysis to Chapter Five. Qur immediate aims are therefore
restricted to determining the basic observational X-ray properties of
each individual member of the galaxy sample. Although the total
number of objects is small, they are representative local examples of
their class, thus the study of their properties should yield
information of more general relevance. Analysis of Einstein image
data will enable the derivation of an accurate soft X-ray flux for
each galaxy in the sample; if an observed flux is sufficiently high we
can expect to obtain additional information relating to the

morphological and spectral properties of the X-ray emission.
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4.2 Early Type Galaxies

4.2.1 Classification

The classification of galaxies as early type and late type species is
a direct result of Hubble's classification scheme (Hubble 1936, also
Sandage 1961). Hubble's scheme relied entirely on the visual
appearance of a galaxy on a photographic plate. The resultant "tuning
fork" diagram of morphological types was initially interpreted as an
evolutionary sequence. Elliptical galaxies, lacking any evidence of
recent star formation, were therefore designated early type galaxies.
Subsequent work has demonstrated that all galaxies, irrespective of
morphological type, display underlying old stellar populations. Late
type galaxies, such as our own sp{ra1‘system, possess an additional
young stellar population. The Hubble classification scheme does not
reflect an evolutionary sequence as was originally suggested, rather
it is a conservation classification; a galaxy's morphology, and hence
its location in the sequence of morphological types, reflects the
proportion of star-forming matter consumed during the initial
evolution of the galaxy (first 10% of its lifetime). This proportion

is essentially 100% for most early type galaxies.

Although 1in a sense obsolete, the description early type galaxy has
been retained. It is routinely applied to all galaxies which display
elliptical (E) or lenticular (L or SO) morphologies, and in some cases
also to bulge-dominated spirals (Sa). For the purposes of this study
we classify galaxies as early type if they are listed in the Second
Reference Catalogue of Bright Galaxies (de Vaucouleurs et al. 1976,
hereafter 2RCBG) with Hubble type classification parameter T < O.

Galaxies classified as T = 0 are usually morphologically peculiar (eg.
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have prominent dust Tanes); we include them in the early type galaxy
category if their underlying optical morphology and colours are normal

for an early type galaxy.

Hubble subdivided elliptical galaxies according to the ratio of the
observed (not necessarily intrinsic) dimensions of their major and
minor axes. An elliptical galaxy is classified as En, where n =
10(a-b)/a and a/b 1is the ratio of the major and minor axes. No
elliptical galaxies with a/b 2 3 are known, and the distribution of
observed ellipticities is consistent with a relatively flat

distribution of intrinsic ellipticities.

The classification lenticular galaxy was introduced by Hubble in 1936
to describe galaxies with a morphology intermediate between the
flattest ellipticals (E7) and the bulge-dominated spirals (Sa).
Lenticular galaxies are characterised by a disk-like appearance
without obvious spiral arm structure. Apart from their morphologies,
lenticular galaxies exhibit properties similar to those of elliptical
galaxies: predominantly old stellar populations and considerably less
gas and dust than is observed in spiral galaxies. Unlike elliptical
galaxies, the majority of Tlenticular galaxies are probably

intrinsically quite flat stellar systems.

For many years the observational evidence reinforced the view that
early type galaxies were dynamically simple stellar systems consisting
of an old population of predominantly lTow mass dwarf stars, and little
else. Recent observational and theoretical work has indicated that
view 1is overly simplistic. It has been established that elliptical

galaxies possess a wide range of geometries, including spherical,
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prolate, oblate and even triaxial examples; and the velocity
distributions of stars within some early type galaxies show evidence
of anisotropy (for a review, see ITlingworth 1983). Indeed, the
flattened structure of at Teast some early type galaxies may be due to
their anisotropic velocity distributions rather than the effects of
rotation. Recent observations also demonstrate that a small, but
significant, minority of early type galaxies do contain measurable
quantities of neutral gas and dust; albeit considerably less than is
observed in spiral galaxies of comparable mass. The gas content of
early type galaxies is a topic of considerable current interest; we
will therefore review the observational evidence and discuss its

implications in the next section.

4.2.2 The Gas Content of Early Type Galaxies

Stellar evolution in the form of mass loss from stars is expected to
generate ~ 0.015 (LV/109L0) M, year'1 of gas in typical early type
galaxies (Faber and Gallagher 1976). If we naively assume that no
internal or external processes continually deplete the gas we would
expect observable quantities of gas (2 109 Mo) to accumulate during
the Tifetime of a galaxy. What would be the physical state of the
gas? There is strong observational evidence for the existence of a
multiple phase ISM in our own spiral galaxy, including a high
temperature component (T > 106 K) observable in the soft X-ray band
(eg. Fried et al. 1980). This has prompted several authors, including
Bregman (1980), to propose models for hot X-ray emitting gas
distributed in haloes of large scale height around our own and other

galaxies. Such models are loosely based on the "galactic fountain"

model for the ISM in our galaxy (eg. Shapiro and Field 1976).
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The first attempts to detect gas in early type galaxies focussed on
the possibility that these systems had accumulated and retained
substantial quantities of neutral hydrogen. Surveys at 2lcm indicate
that only a small proportion of nearby early type galaxies have
detectable quantities of neutral h&drogen, ie. MHI/D2 2 106 MOMpc -
(eg. Gallagher et al. 1975, Knapp et al. 1978). Indeed, extremely low
mass 1imits have been established for certain galaxies, eqg. MHI S 107
M0 for NGC 4251 (Bieging and Biermann 1977). Sanders (1980) suggested
that the distribution of observed HI masses among elliptical galaxies
is bimodal, with £ 25% of systems being HI-rich (MHI/LV 2 0.01) and
the remainder HI-poor (MHI/LV < 0.003). Whether Tenticular galaxies
share this behaviour is not clear, although it may be premature to
atfribute bimodality to elliptical galaxies given the present
sparseness and poor sensitivity of the HI data. Neutral hydrogen
observations have rarely attained sufficient sensitivity or angular
resolution to map individual early type galaxies in any detail. Where
HI has been detected, it is usually found to be distributed in an

extended disk (eg. NGC 1052, Fosbury et al. 1978) or a clumpy ring
(eg. NGC 4278, Raimond et al. 1981).

There is some evidence for the existence of a correlation between HI-

richness and the presence of weak nuclear activity in elliptical
galaxies (Dressel et al. 1982). Non-thermal radio emission and
emission lines in the optical spectrum of the nuclear region are the
most common signatures of activity. Examples of HI-rich, weakly-
active elliptical galaxies include NGC 1052 and NGC 4278. Several

authors have suggested that the correlation between these properties

may imply a causal link; for example, the neutral gas might accrete
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onto a massive, pre-existing central object and hence fuel the nuclear

activity (eg. Hummel et al. 1983).

The demonstrable absence of significant quantities of neutral gas in
most early type galaxies prompted several authors to examine
mechanisms for either removing the gas or storing it in some
"unobservable" form. Gisler (1976) noted that ram pressure stripping,
caused by a galaxy's motion relative to a static IGM, would be an
important gas depletion process for galaxies situated in, or passing
through, the core regions of rich clusters. The efficiency of this
process depends on the density of the ambient IGM and a galaxy's
velocity relative to it.  (Of course, the properties of a cluster IGM
are at Teast partially determined by the evolution of the -individual
member galaxies.) Relatively isolated galaxies are also frequently
observed to be gas-poor; since ram pressure stripping is unlikely to
be significant for these galaxies, it would seem to be necessary to

invoke efficient internal gas depletion mechanisms.

Star formation has been proposed as a possible sink for the missing
neutral gas. High conversion efficiency (> 90%) would be required
otherwise observable quantities of neutral gas would still remain in
typical early type galaxies. A very steep or truncated IMF would also
be necessary in order to avoid over-production of massive stars and
hence anomalously blue colours. Faber and Gallagher (1976) favoured
hot galactic winds as the most plausible gas depletion mechanism
1ikely to operate in early type galaxies. In the hot wind scenario
gas generated by stellar evolution is injected at a temperature

consistent with the Tocal stellar motion (T~4x106 K). Supernova
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heating causes the gas to become unbound with respect to the galaxy's
gravitational potential well and it escapes as a steady wind (eg.
Mathews and Baker 1971). Hybrid models involving cycles of gas
accumulation, rapid star formation and a subsequent supernova-driven
wind have also been proposed (eg. Sanders 198l1). The particular
importance of the various wind models is that they imply the existence
of hot gas within early type galaxies, admittedly in the process of
being expelled. If the gas becomes sufficiently dense it ought to be

detectable in the soft X-ray band.

4.2.3 Early Type Galaxies as X-ray Sources

It dis clearly of considerable importance to establish the X-ray
properties of this class of galaxy, and in particular to determine
whether typical early type galaxies accumulate and retain significant
quantities of hot gas. Only With the advent of the Einstein
Observatory have observations with the required sensitivity and

angular resolution proved feasible.

Several normal and weakly active early type galaxies have been

detected in the soft X-ray band, with lumonisities in the range 1039 -

42 erg 71 (Forman et al. 1979, Long and Van Speybroeck 1983,

10
Bechtold et al. 1983). Few detailed studies have been performed, but
in cases where extended X-ray emission has been detected it has always
been interpreted as due to substantial quantities of hot gas.
Examples include M86 in the Virgo Cluster (Forman et al. 1979) and the
isolated elliptical galaxy NGC 1395 (Nulsen et al. 1984). The hot gas
hypothesis <clearly has merit, but it is obvious that discrete X-ray

sources (eg. Tlow mass binaries, SNRs and even main sequence stars)

must also contribute to the X-ray luminosity of an early type galaxy,
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just as they do in M31 and our own galaxy, and may even provide the
dominant contribution in some cases. By examining the detailed
properties of a few typical galaxies (Chapters Four and Six) and the
integrated properties of a much larger sample (Chapter Five), we
should be able to détermine the relative importance of X-ray emission

from discrete sources and hot gas.

4.3 The Galaxy Sample

Qur sample of eleven early type galaxies can be considered to be a set
of reasonably representative 1local examples of their class. The
sample consists of five normal ellipticals, four 1lenticulars, one
dwarf elliptical (NGC 205, a companion of M31) and one peculiar galaxy
(NGC 4753; classified I0 or T = 0, it has the visual appearance of a
normal elliptical galaxy partially bisected by a dust lane). Optical
and radio data for the members of this sample have been assembled in
Table 4.1. The radio and HI data are dominated by upper limits,
reflecting the 1low detection rate which applies even to relatively
nearby early type galaxies at currently attainable instrumental
sensitivities. NGC 4636 and NGC 4649 are the only galaxies in our
sample definitely detected at éHz frequenciés in radio continuum
surveys; while NGC 5102 is the only galaxy for which a completely
reliable HI detection exists. All data have been adapted from the
lTisted references and rescaled to the distances established in Table

1

4.1. A Hubble constant of 75 km s ! Mpc " has been  assumed

throughout.

Qur interests are biased towards the intrinsic properties of early

type galaxies; thus strongly clustered galaxies are excluded from our
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Notes to Table 4.1

Column 1

Morphological type from second Reference Catalogue of Bright Galaxies
(de Vaucouleurs et al. 1976; 2RCBG).

Column 2

Distances calculated from corrected redshift in 2RCBG, or from mean

system redshift if member of a group or cluster (Sandage and Tammann
-1

1975, de Vaucouleurs 1975). H0 = 75 km s'1 Mpc - assumed.
Columns 3 and 4
B? and (B-V)? are corrected face on values from 2RCBG. (B-V)g was

not available for NGC 4251 and NGC 4291; mean values for their

morphological types were assumed.

Column 5

Visual Tuminosity calculated from B?, (B-V)$ and a suitable

bolometric correction.

Column 6

Monochromatic radio luminosity at a frequency of 1.4 GHz except for
NGC 1533 (2.7 GHz) and NGC 5102 (5.0 GHz). A value in brackets

indicates that the result requires confirmation.

Column 7

Neutral hydrogen mass, adapted from listed references. A value in

brackets indicates that the result requires confirmation.

References for Radio and HI Data

1. Hummel et al. (1983)

2. Unwin (1980)

3. Hummel and Kotanyi (1982)
4. Balkowski (1979)



10.
11.

Sadler (1984)

Knapp et al. (1978)
Gallagher et al. (1975)
Bieging and Biermann (1977)
Thonnard (1982)

Hummel (1980)

Disney and Wall (1977)
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sample, whereas isolated or weakly clustered galaxies (eg. members of
small groups or the outer regions of rich clusters) are included since
they are unlikely to be subject to severe environmental influences.
Seven of the galaxies included in our sample were also members of the
widely-based survey of normal galaxies performed by Long and Van
Speybroeck (1983); they in effect comprise the completed portion of
the CFA-Einstein survey of early type galaxies, which was originally
intended to encompass observations of twenty galaxies. Long and Van
Speybroeck did not attempt detailed studies of the X-ray properties of
individual galaxies, but instead presented an analysis of the
properties of the sample of all types of normal galaxies as a whole,
based on crude X-ray fluxes derived from IPC observations. In
addition to the seven galaxies included in the original survey, we
have acquired Einstein data for four extra galaxies; one was detected
as a serendipitous source in an IPC observation of a quasar, the other
three were targets of various observations which have been made

available by the Einstein data bank service.

4.4 Observations and Results

4.4.1 Source Detection and Identification

The Einstein observations of the eleven early type galaxies in our
sample are summarised in Table 4.2. Seven of the galaxies have been
detected at a formal statistical significance greater than 3 sigma
(and five of these at a significance greater than 5 sigma). For each
detection, measurements indicate that the centroid of the X-ray
emission and the optical centre of the galaxy have celestial
coordinates which correspond to within an accuracy of ~1 arcmin.

Since a typical galaxy has an optical extent of ~5 arcmin, and the
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Notes to Table 4.2

Column 1

Observation sequence number. Prefix I = IPC, H = HRI.

Column 2

Observation exposure time.

Column 3

Detection cell used for determining count rates, detection
significance and subsequent pulse-height analysis of IPC data.

Column 4

Background subtracted count rate, restricted to energy range ~0.5 to
~3.0 keV for IPC data. Dead time and quantum efficiency corrections
have been applied.

Column 5

Statistical significance of detection.
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aspect solutions of most IPC images are currently accurate to ~20
arcsec, we can be confident that the X-ray source identifications are

secure.

Source detection was performed by sampling the relevant region of an
image with a range of detection cells, using the automatic scientific
analysis results as a guide (see Appendix A.2). For IPC images a
circular cell of radius 3 arcmin was usually selected, this being an
acceptable compromise between the optical extent of a typical galaxy
and the requirements for optimum source detection imposed by the
properties of the instrumental PRF. Larger detection cells were
adopted for the definitive analysis of count rates and pulse-height
spectfa if there was any evidence of extended X-ray emission. Count
rates for X-ray sources observed in HRI images were derived using
detection cells optimized for the observed shape and angular extent of
the emission (if resolved). If no X-ray source was detected, a 3
sigma upper 1imit to the count rate was derived using a cell roughly

equivalent to the angular extent and shape of the "optical" galaxy.

4.4.2 Spectral Analysis and Flux Calibration

Only three of the galaxies detected in IPC observations yielded a
sufficient number of counts to warrant a spectral analysis of the
pulse-height data. Background subtracted pulse-height spectra were
extracted from the source detection cells listed in Table 4.2.
Details of the background subtraction procedure and the various
corrections which are required in order to obtain the best estimate of
the source-only spectrum are given in Appendix A.3. The useful IPC
energy range for the relatively weak X-ray sources discussed here s

~ 0.5-3.0 keV; beyond this energy range, which is weakly dependent on
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the instrumental gain during a particular observation, the signal to
noise of the background subtracted pulse-height data is usually very
poor, and residual contamination from the cosmic soft X-ray background
and the instrumental calibration source tends to dominate (see
Appendix A.3). Spectral model fitting therefore has to be performed
over a very limited energy range, which combined with the IPC's very
coarse energy resolution severely inhibits our ability to derive
precise values for spectral model parameters. In particular, it has
proved difficult to simultaneously constrain parameters describing the
shape of the X-ray continuum and the degree of low energy absorption.
Further wuncertainty is introduced by the necessity of performing the
spectral analysis for a range of possible IPC gain values; thé exact
gain being poorly determined for non-reprocessed IPC observations (see

Chapter Two, section 2.3; and Appendix A.3).

In the three cases where spectral fitting could sensibly be performed,
both non-thermal power law models and optically thin thermal models
(eg. Raymond and Smith 1977) produced statistically acceptable fits to
the data, although the thermal models are slightly favoured due to
their lower chi-squared values. The best-fit thermal models have low
energy absorption consistent with the line of sight column density
through our galaxy (eg. Heiles 1975), although the range of allowed
parameter values does not explicitly rule out higher quantities of
absorption. We feel that there is no compelling evidence for excess
lTow-energy absorption intrinsic to individual galaxies in our sample.
Biermann and Kronberg (1983) reached a similar conclusion for the
giant elliptical galaxy NGC 5846 on the basis of a spectral analysis

of IPC data. For the definitive spectral analysis results (Table 4.3)
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we have fixed NH at the appropriate value for the galactic column
density, enabling the derivation of a 1-D 90% confidence range for the
thermal temperature using the prescription of Lampton et al. (1976).
The best-fit thermal model and the background subtracted pulse-height
spectrum for one of the galaxies in our sample (NGC 4636) are shown in

Figure 4.1.

The spectral fits for NGC 1332 and NGC 4636 indicate relatively Tlow
characteristic temperatures of ~1 keV for thermal emission from an
optically thin plasma with solar element abundances. If instead a
power law model is selected, the derived photon number index 1is
correspondingly steep (2 3). A somewhat higher temperature is derived
for NGC 4291; the result is less reliable, however, since the source
spectrum may be slightly contaminated by scattered photons from a very
much brighter quasar located 6 arcmin from the galaxy. Also, because
the galaxy 1is not situated at the centre of the IPC FOV, the 1local
instrumental gain is less well determined, and the reliability of the

spectral analysis results further reduced.

The IPC and HRI fluxes listed in Table 4.3 have been calculated for an
assumed isothermal plasma with a characteristic temperature kT = 1 keV
and solar element abundances. A correction for low energy absorption
due to the column density of neutral gas along the appropriate line of
sight through our galaxy has been applied in each case. The derived
fluxes are relatively insensitive to the assumed thermal temperature;
varying the thermal temperature between 0.5 keV and 3.0 keV alters the
flux values by < 30%, comparable to the systematic uncertainty

introduced into IPC flux calculations by the poorly determined
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Notes to Table 4.3

Column 1

BAL is a measure of the gain of the IPC during the observation. “H"

implies HRI observation.

Column 2

NH due to column density through 1ine of sight in our galaxy. Values
for NGC 1533 and NGC 5102 are from Heiles and Cleary (1979), all
others from Heiles (1975).

Columns 3 and 4

Best-fit and 90% confidence region for thermal temperature derived

from spectral model fitting. NH was fixed at value in column 2.

Column 5

Absorption-corrected X—ray'flux in 0.5 to 3.0 keV band, calculated for

~1.0 keV thermal spectrum. Upper limits are 3 sigma.

Column 6

0.5 to 3.0 keV X-ray Tuminosities derived from fluxes in column 5 and

distances in Table 4.1. Upper Timits are 3 sigma.

Column 7

Ratio of X-ray and visual Tuminosities. Upper limits are 3 sigma.
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instrumental gain.

Qur sample of early type galaxies exhibits a wide range of soft X-ray
Tuminosities and X-ray to optical Tuminosity ratios (see Table 4.3).
Several galaxies have soft X-ray luminosities below a11039 erg s'l;

40 erg s'l, is comparable to the

whereas NGC 4636, with Lxrvl.S x 10
most X-ray Tuminous early type galaxies previously reported (Forman et
al. 1979, Biermann and Kronberg 1983, Nulsen et al. 1984). In the
next section we will briefly discuss the X-ray properties of all the

galaxies in our sample.

4.4.3 The X-ray Properties of Individual Galaxies

NGC 205

This dwarf elliptical companion of M3l has an optical extent of ~17x11
arcminutes and therefore occupies a substantial proportion of the HRI
FOV. Analysis of the HRI data smoothed with a wide range of 2-D
functions yields no evidence for extended, diffuse X-ray emission on
angular scales £ 20 arcmin (~4 kpc). The mean image surface
brightness is 1.3 x 1078 ct s71 arcsec'z, a value typical for deep HRI
exposures of high galactic Tatitude fields. Our three sigma upper

Timit to the X-ray flux (Table 4.3) implies a soft X-ray luminosity Lx

038 1

<1 erg s = for NGC 205.

The standard source detection algorithm applied to the HRI image
during the post-observation automatic analysis detected three very
faint X-ray sources near the edges of the instrument FOV. At least
one spurious source (ie. an artefact of counting statistics) is
expected per HRI field when this algorithm is used with a 24 x 24

arcsec detection cell; use of smaller cells resulted in no detections.
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A1l three "sources" are situated well beyond the optical bounds of the
galaxy, thus even if they are genuine X-ray sources (which 1is
doubtful) they are almost certainly not associated with NGC 205. Wg
therefore derive a three sigma upper 1limit to the X-ray intensity of

4

any discrete objects Tlocated in NGC 205 of ~3x10 ° «ct s'l,

corresponding to a 0.5-3.0 keV luminosity of~2x1036 erg s'l. This
represents a well defined limit to the high LX region of the X-ray
Tuminosity function for discrete X-ray sources in NGC 205. We note
that Long and Van Speybroeck (1983) have identified two discrete X-ray
sources which are probably associated with M32 (NGC 221), another
dwarf elliptical companion of M31. Although these authors did not
provide details of fluxes, we would infer 2x1036 S Lx‘s 2x1037

erg s'1 for these sources if they are members of M32.

NGC 1332

Examination of contour maps of the smoothed IPC image indicates that
the X-ray emission associated with this highly flattened (axial
ratio 3.5) lenticular galaxy is approximately circular-symmetric and
inconsistent with being an unresolved source. [f a future high
resolution observation confirms that the morphology of the X-ray
emission is significantly different from the shape of the stellar
component, it would provide compelling evidence that the bulk of the
emission is generated by hot gas rather than main sequence stars and
associated evolved objects. Further analysis of the properties of the
extended X-ray emission associated with NGC 1332 1is deferred to
section 4.4.4.

NGC 1533, NGC 3585 and NGC 4753

Although all three galaxies have been detected by the IPC, their soft
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X-ray fluxes are insufficient for useful spectral analysis to be
performed. Indeed, the counting statistics are so poor that we are
unable to determine whether or not the X-ray emission associated with
these ga]axies' is extended. Perhaps the most interesting feature
common to these three galaxies is that each has a very Tow X-ray to
optical Tluminosity ratio (Table 4.3). This 1is most strikingly
demonstrated by comparing NGC 3585 and NGC 4753 with NGC 4636. Al1l
three galaxies have similar optical luminosities, but NGC 4636 is a
factor of ~30 more luminous in the X-ray band than either NGC 3585 or

NGC 4753.

NGC 3379, NGC 4251 and NGC 5102

None of these galaxies have been detected by the IPC, although in two
cases, NGC 3379 and NGC 5102, the exposure time was rather short and
the detection of X-ray emission.correspondingly less likely. Even so,
the three sigma upper 1imits derived for their X-ray to optical
Tuminosity ratios indicate that these galaxies have X-ray properties
which are comparable to the detected galaxies discussed in the
previous section. Perhaps the most surprising non-detection is NGC
5102; this lenticular galaxy is quite unusual since its nuclear region
is anomalously blue and contains young star clusters embedded in HII
regions, and also substantial quantities of HI (van den Bergh 1976).
Despite the evident star formation activity, the X-ray Tuminosity of

9 1
3 ).

NGC 5102 is very Tow (K 10°7 erg s~

NGC 4291
Although this elliptical galaxy is relatively bright, the IPC data is
probably contaminated by scattered photons from a very bright gquasar

centrally located in the detector FOV and displaced from the galaxy by
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~6 arcminutes. We are therefore unable to derive detailed
information about the angular extent and morphology of the X-ray
emission associated with NGC 4291. Visual inspection of contour maps
of the smoothed IPC image indicates approximate circular symmetry and
an angular extent in the range 2 to 4 arcminutes. Although the short
HRI observation failed to detect NGC 4291, the three sigma upper limit
to the X-ray flux is entirely consistent with the measured IPC flux,
assuming the X-ray emission has an angular exent of a few arcminutes.
We can deduce from the HRI data that any purely nuclear X-ray source

(ife. an AGN) associated with NGC 4291 has an X-ray luminosity £ 1040

erg 571

NGC 4636 and NGC 4649

Given the existence of a deep HRI observation, a detailed analysis of
the very short IPC observation of NGC 4636 might not seem particularly
profitable. Examination of the IPC image clearly demonstrates that
the X-ray emission is extended and highly asymmetric at Tow surface
brightness Tlevels (see Figure 4.2). A detailed analysis of the IPC
radial surface brightness profile for NGC 4636 will be performed in
section 4.4.4. The IPC data for NGC 4649 has only recently been
released to the general astronomical community; we have not- so far
attempted a detailed analysis of the data, although output from the
automatic scientific analysis indicates an angular extent of at least
1.5 arcmin for the X-ray emission associated with this galaxy. The
automatic scientific analysis also indicates a soft X-ray flux roughly
consistent with the HRI measurement (see Table 4.3). Similar
consistency has already been demonstrated between the IPC and HRI

fluxes emitted by NGC 4636. The deep HRI observations of NGC 4636 and
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NGC 4649 yielded approximately 1800 and 500 source counts
respectively; sufficient to map their complex central X-ray emission
regions in some detail. A complete analysis of the HRI data for these
two galaxies 1is beyond the scope of this chapter and is therefore
deferred to Chapter Six, where we will also perform a complementary

study of high resolution VLA radio data.

4.4.4 Analysis of IPC Radial Surface Brightness Profiles

Although the on-axis angular resolution of the IPC is a rather modest
~1 arcminute, it is possible to derive 1imited information about the
angular extent and surface brightness properties of the X-ray emission
associated with the brightest galaxies in our sample. Such an
analysis might seem irrelevant for NGC 4636, given the availability of
HRI data. The HRI is, however, dintrinsically less sensitive to
diffuse emission than the IPC; thus the IPC data allows us to trace
the X-ray surface brightness of a galaxy Tike NGC 4636 out to larger
radii. The vradial profile analysis discussed below provides the
simplest and most useful parameterization of the surface brightness

properties of the X-ray emission detected by the IPC.

We have utilized a simple model-fitting technique to determine the
angular extent and parameterize the surface brightness properties of
X-ray sources displaying approximate circular symmetry detected in IPC
(or HRI) images. This procedure is essentially analogous to spectral
fitting for 1IPC pulse-height data. Simple geometrical models are
convolved with a suitable representation of the instrumental point
response function and tested (via the chi-squared statistic) against

the background subtracted radial surface brightness profile of the X-
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ray source. The radial profile is constructed by transforming the X-
ray image into polar coordinates, with the origin at the X-ray source
centroid, and rebinning the data into azimuthally averaged, concentric
annuli. Only X-ray photons which have energies in the range ~0.5-3.0
keV are included in the radial profile, since this is the energy range
where the angular resolution of the IPC is optimum and where the

surface brightness of the image background is at a minimum.

We have applied this technique to several IPC sources which HRI
observations have confirmed are genuinely point-like; fitting to a
gaussian model typically yields 6" 15 arcsec (90% confidence). It is
our belief that this radial profile modelling technique gives reliable
results for IPC sources which have angular extents equivalent to a
gaussian width > 30 arcsec. Below this 1imit systematic errors due to
inadequately determined IPC point response function parameters and
residual jitter in the aspect solution (which tends to blur an
unresolved source) seriously impair our ability to derive accurate

model parameters.

Three simple models have been adopted for the analysis of IPC radial

profiles:

(1) The gaussian model: S(r) <X exp - (rZ/ZGZ). This model provides
a useful parameterization of angular extent (6, or some multiple
thereof), but 1is not really physically meaningful because the X-ray
surface brightness profiles of well-resolved galaxies are invariably

non-gaussian.

(2) The power law model: S(r) xr~%. This model also lacks a direct

physical justification, although it frequently provides an adequate
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description of the X-ray surface brightness profile of a galaxy at

large distances from the X-ray centroid.

(3) The isothermal gas sphere model; S(r)x (1l + (r/ax)2)0‘5'3P. This
model essentially represents the observed (ie. projected) surface
brightness distribution of an isothermal, spherically symmetric plasma
(temperature T, mean atomic weight p) in hydrostatic equilibrium with
a gravitational potential field described by a King model. [t is a
standard formalism often used to parameterize the extended thermal X-
ray emission associated with clusters of galaxies. It can 1in
principle also be used to model similar emission associated with an

. individual galaxy. The parameter a_ is the core radius of the X-ray

X
emission, and 2 is the ratio of the energy per unit mass associated
with the hot plasma and the gravitating matter. For galaxy clusters g
is theoretically equal to udez/kT, where 0" is the velocity dispersion
of the system. This definition also applies to an individual galaxy
if the velocity dispersion of the stellar component (ie. its random
motion) greatly exceeds the system's mean rotational velocity. This

is certainly not true for all early type galaxies (eg. I1lingworth

1983).

The results of the radial profile analysis of the IPC data for NGC
1332 and NGC 4636 are presented in Table 4.4. Only the power law
model for NGC 4636 fails to provide an acceptable fit (ie.)(f £ 1.5).
Our inability to distinguish between the various models on statistical
grounds is primarily due to the coarse resolution of the 1IPC. The
derived gaussian width for NGC 1332, 6 = 3017 arcsec, is at the limit

where systematic errors probably become important. This result
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Notes to Table 4.4

Gaussian Model

S(r) o< exp - r2/202 , fitted parameter &7

Power Law Model

S(r) o r~ , fitted parameter X .

Isothermal Gas Law Model

S(r) o< (1 + (r/ax)z)o's'qp, F»fixed, fitted parameter a .
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therefore requires confirmation via a suitable high resolution X-ray
observation. Results for NGC 4291 are not included in Table 4.4
because they are severely influenced by systematic errors due to
contamination from the nearby QSO; we derive a formal gaussian width
of ~ 45 arcsec, however the errors on this quantity are Tlarge and

unknown.

A two parameter (axhﬁ ) isothermal gas sphere model provides a
satisfactory fit to the IPC radial profiles of both NGC 1332 and NGC
4636. Unfortunately, the allowed ranges for both parameters are
poorly constrained; the 1loci of parameter values within the 90%
confidence contour 1is given by ax/ﬁs =~ constant for values of B 2
0.4. The poorly constrained parameters are a consequence of the
fairly 1low signal to noise and dynamic range of the data. In Table
4.4 we tabulate the model fitting results for/ﬁ equal to 0.5 and 1.0
(the Tatter is the simplest form of the isothermal gas sphere, with
the energy of the system equally distributed between the gas and the
gravitating matter; eg. Lea et al. 1973). Data and best-fit p=1.0
models for NGC 1332 and NGC 4636 are displayed in Figure 4.3. Early
type galaxies with optical Tuminosities similar to NGC 1332 and
NGC 4636 typically have velocity dispersions 6 ~ 200-250 km s'l,
corresponding to B~0.3 if the X-ray emitting gas has a temperature
of ~1 keV and assuming rotation is unimportant. Models with such Tow
values of p do not yield statistically acceptable fits to the IPC
data, perhaps implying that rotation does contribute to the observed
value of}B. We conclude that although isothermal gas sphere models do

provide an adequate description of the IPC data for NGC 1332 and NGC

4636, the allowed values of}B are not directly predictable on the



95

"9¢9¢ J9N (q)

pue 2€€1 J9N (e) a0y s)|apow ausayds seb jewusyjost
313-153q pue sajtjouad |e1pea )41 Pa3deaigns punouabyoeg

(33Sdv) sSniavy
00l ol

(q)

mwrvrr v T TYrvrvrovr1r 7o T
| {

.8il =XpD

0L= g

JALl | - |

lllllll A

1

ilLlll

L-304

9-301

S-301

00l

£t aanbry

(33S24v) Sniavy
oL

-

—-.j_ ]

(;-23S2YV |_S J) SSIANLHOIE 3IDVIHNS

(D)

_-[_-

T A

—1\-—-- T T

.05 =Xp
oL=¢

1 illilLL

1

Lllllll

1

AR IB S

8-301

L-301

9-301

(;,.33SJYV |_S J) SSINLHOE 3IV4dNS



96

basis of other observable properties.

4.5 Conclusions

We have derived reliable X-ray fluxes, luminosities and X-ray to
optical 1luminosity ratios for our representative sample of eleven
nearby early type galaxies using IPC and HRI data. Limited spectral
analysis has been performed for the three brightest galaxies detected
in IPC observations. Their spectra are consistent with optically thin
thermal emission with kT~ 1 keV and no intrinsic low energy
absorption. For two of these galaxies we have also derived
information relating to their X-ray surface brightness profiles.
Isothermal gas sphere models provide a good description of the radial
profiles of NGC 1332 and NGC 4636, although géussian models provide
the simplest parameterization and a direct measure of the angular
extent of the X-ray emission. If we define the characteristic X-ray
radius to be RX = 30" (where 6" is the best-fit gaussian width), then
NGC 1332 haé Rx'v 9 kpc and NGC 4636 has Rx'v 15 kpc. These values
are obviously only very crude estimates of the effective radius of the
X-ray emission, since the gaussian model is unlikely to apply at large

radii.

In Chapter Five we will examine the integrated properties of a larger
sample of -early type galaxies. Our principal aim will be to
establish the relative contributions from stellar X-ray sources and
thermal emission from hot gas to the X-ray luminosities of typical

early type galaxies.
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CHAPTER FIVE: THE INTEGRATED X-RAY PROPERTIES OF EARLY TYPE GALAXIES

5.1 Introduction

In Chapter Four we examined the observational X-ray properties of a
small number of typical early type galaxies. The limited nature of
this sample meant that we could not attempt to probe the possible
relationships between X-ray and other integrated properties for this
class of galaxy. By expanding the sample to include all early type
galaxies for which reliable X-ray fluxes are available, and placing
particular emphasis on the relationship between ~X-ray and optical
Tuminosities, we should be able to determine the relative importance
of the various X-ray emitting components within these systems. As we
will shortly see, substantial quantities of hot, X-ray emitting gas
are present in a significant number of early type galaxies; we
therefore devote the second half of this chapter to a detailed

analysis of its properties and possible evolution.

5.2 The Galaxy Sample

Compilation of a well defined galaxy sample is hindered by both the
scarcity and non-uniformity of the available X-ray data. The absence
of a wuniform all-sky survey at Einstein sensitivities ﬁecessari]y
implies that any galaxy sample we formulate is incomplete, and neither
X-ray flux limited nor optical magnitude 1imited in any strict sense.
A detailed statistical analysis of sample properties will not be
attempted, since any derived parameters would probably be influenced
by the biases inherent in the sample. The galaxy sample which we
study in this chapter should therefore be considered as representative

rather than complete. It is, however, sufficiently large and widely
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based that careful analysis should reveal interesting and generally

applicable results.

The 40 galaxies listed in Table 5.1 form our basic sample. They have
been selected using the following criteria; (a) inclusion in 2RCBG (de
Vaucouleurs et al. 1976) with Hubble classification parameter T < 0
(T = 0 also accepted if the optical colours and underlying morphology
of the galaxy are similar to early type galaxy norms); (b)
availability of a reliable X-ray flux (or 3¢ upper 1imit) derived from
Einstein IPC or HRI observations. We have deliberately excluded the
~30 early type galaxies located in the rich cluster Abell 1367 which
were discussed by Bechtold et al. (1983), as their inclusion would
severely bias the sample towards strongly clustered galaxies. Another
undesirable feature of the Abell 1367 sample is that vfrtua]]y all of
the galaxies were undetected, with flux Timits which correspond to

4 erg 571

luminosities > 10 Their inclusion would severely distort
the high luminosity region of the X-ray - optical Tuminosity
relationship for early type galaxies discussed in this chapter. In
contrast, galaxies associated with the Virgo Cluster have been
included in our sample; they comprise only 20% of the total sample and
thus are unlikely to influence its properties severely. Only two of
the Virgo Cluster galaxies (NGC 4374 and NGC 4406) are thought to be
physically associated with the core region of the cluster, and hence
subject to significant environmental influences such as ram pressure

stripping.  Their inclusion in the sample is unlikely to lead to a

significant bias.

Information relating to the methods adopted for deriving galaxy

distances, fluxes and luminosities 1is provided in the notes
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Notes to Table 5.1

Column 2

Physical grouping or cluster with which the galaxy 1is associated.

“Group" refers to an anonymous system.

Column 3

Morphological type from 2RCBG.

Column 4

Best estimate of distance to galaxy, based on redshift Tisted in 2RCBG

1 If galaxy is member of a group, the mean group
redshift is adopted (Sandage and Tammann 1975). NGC 4374 and NGC 4406
are probably associated with the Virgo Cluster core; we have assumed
the redshift of M87 applies to these two galaxies. NGC 4636 1is
associated with the G26-Virgo II complex, and we have adopted the

distance derived by de Vaucouleurs (1975).

Column 5

o

Corrected value of (B-V)T from 2RCBG.

Column 6

Visual Tuminosity Lv has been calculated using B? and (B-V)? from
2RCBG, and a suitable bolometric correction corresponding to B-V

values for main sequence stars.

Column 7

Soft X-ray Tuminosity calculated from IPC or HRI measured flux in the
~0.5-3.0 keV energy band, corrected for absorption along the line of

sight through our galaxy.
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References: (1) Long and Van Speybroeck (1983)
(2) This work - Chapter Four
(3) Nulsen, Stewart and Fabian (1984)
(4) Biermann, Kronberg and Madore (1982)
(5) Forman et al. (1979)
(6) Forman, Jones and Tucker (1983)
(7) Jones, Wrobel and Shaffer (1984)
(8) Biermann and Kronberg (1983)

Column 8
Monochromatic radio Tuminosity (erg s'1 Hz'l) at a frequency near 1415
MHz. Data for all elliptical galaxies is from Hummel, Kotanyi and

Ekers (1983); data for lenticular galaxies is from Hummel and Kotanyi

(1982), except for NGC 1316 (2RCBG) and NGC 4753 (Hummel 1980).

Column 9
Neutral hydrogen mass derived from 21 cm data. Values followed by "?"

are currently considered to be doubtful detections.

References: (9) Unwin (1980)
(10) Dressel, Bania and 0'Connell (1982)
(11) Thonnard (1982)
(12) Biermann, Clarke and Fricke (1979)
(13) Gallagher, Faber and Balick (1975)
(14) Balkowski (1979)
(15) Jenkins (1983)
(16) Knapp, Kerr and Henderson (1979)
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accompanying Table 5.1. Einstein X-ray fluxes have been obtained from
several sources (see list of references); the authors of which have
adopted a variety of energy ranges and spectral forms for their flux
calculations. We have not attempted to standardize these fluxes,
since utilization of a single spectrum and energy range typically
alters a flux from jts published value by no more than ~ 30%.  Such
variations are unlikely to significantly influence the results of our
essentially qualitative treatment of the galaxy sample. IPC-derived
fluxes have been used in preference to HRI fluxes wherever possible,
because the IPC is intrinsically more sensitive to the extended X-ray
emission which 1is characteristic of early type galaxies. The wide

3 4

. range of IPC and HRI observation times (10° to 4x10° seconds) has

resulted 1in a non-uniform detection sensitivity for the sample. The

14 13 2 -1

detection 1limit varies between 5x10° " and 5x10""° erg cm “ s in

the 0.5 - 3.0 keV energy band.

The basic properties of the galaxy sample are displayed in Figure 5.1.
Virtually all of the galaxies are fairly local; the mean distance of
18 Mpc is similar to distance of the Virgo Cluster. Inclusion of the
two Local Group dwarf ellipticals, NGC 205 and NGC 221, has ensured
that the distributions of both optical and X-ray luminosities are
quite broad. The optical luminosity distribution shows quite a sharp
cut-off at 10910 Lvlv 44.5, indicating a lack of supergiant elliptical
galaxies (cD types etc) in our sample. The distribution of X-ray
luminosities peaks at 10910 LXm 40.0, with an apparent cut-off at
10910 LX ~ 41.5, perhaps denoting a real upper limit for galaxies of
this type. An essentially similar galaxy located at the centre of the

gravitational potential well of a rich cluster (eg. NGC 1275 in
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Figure 5.1 The general properties of the sample of early type galaxies.
E = elliptical; L = lenticular; < denotes upper limit.
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Perseus, M87 in Virgo) can attain a considerably higher X-ray
luminosity. The X-ray emission from such galaxies is dominated by
processes associated with the dynamical evo]ution-of the whole cluster
(eg. galactic cannabilism Tleading to the formation of c¢D galaxies
which become the centre of pressure-driven cooling flows); we

therefore exclude them from our sample.

Although the final galaxy sample is by no means ideal for the intended
study, it is the Targest representative set of early type galaxies at
our disposal. We believe that the study of a Tlarge sample of
galaxies, albeit incomplete and possibly biased by selection effects,

is likely to prove worthwhile.

5.3 Relationships Between Integrated Properties

5.3.1 The Correlation Between X-ray and Optical Luminosities

In Figure 5.2 we present the fundamental result of our survey of early
type galaxies: the soft X-ray and optical luminosities display a well
defined correlation. Although considerable scatter is evident in the
LX - LV relationship, it 1is clear that the most optically Tuminous
galaxies also tend to be the most X-ray luminous. A least squares fit
to the data has not been attempted, primarily because the 1low
Tuminosity region is poorly determined, being dominated by upper
Timits derived from X-ray observations of varying sensitivity. It is

obvious, however, that the slope of the LX - LV relationship is

steeper than unity at least for high Tuminosities.

A generally similar correlation is evident for the corresponding X-ray

and optical fluxes (Figure 5.3), although a somewhat greater degree of
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scatter is apparent. It is worth noting that if a set of objects with
widely varying distances are detected over a small range of apparent
brightness in two separate wavebands, a correlation between absolute
luminosities will be observed even if the corresponding fluxes are
uncorrelated. For the present galaxy sample, a degree of correlation
between X-ray and optical fluxes certainly exists; moreover, both sets
of fluxes range over roughly two orders of magnitude. Figure 5.1
demonstrates that most of the galaxies in our sample have rather
similar distances, hence the luminosity correlation is almost
certainly genuine, as opposed to it being a spurious artefact. Long
and Van Speybroeck (1983) noted the existence of an essentially
similar correlation between X-ray and optical Tuminosities 1in their
sample of ~70 normal galaxies of all morphological types. Given that
some early type galaxies are common to both samples it is not entirely

surprising that similar correlations exist.

The 22 elliptical galaxies and 18 lenticular galaxies in the current
sample, considered independently, appear to display genefa]]y similar
X-ray - optical luminosity functions, although the slope of the
function 1is somewhat steeper at high luminosities for elliptical
galaxies (see Figure 5.2). This result is consi;tent with £he
findings of Long and Van Speybroeck that the X-ray - optical
lTuminosity functions for the various classes of normal galaxies are

rather similar.

The existence of a well defined correlation between X-ray and optical
luminosities has an obvious, but very important, implication for
normal galaxies in general and early type galaxies in particular. X-

ray emission associated with a particular galaxy must be generated by
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processes which are a direct result of the normal evolution of its
stellar population(s). In the case of an early type galaxy, X-ray
emission can arise from main sequence stars, Tow mass X-ray binary
systems, globular cluster sources, SNRs'and thermal emission from hot
gas. The last of these occurs because matter ejected from stars at
various stages of their evolution is thermalized at X-ray emitting
temperatures by random stellar motions and possibly supernova heating.
Late type galaxies have an additional X-ray emission component
associated with Population I objects, eg. O0-B stars and high mass X-

ray binaries.

If the X-ray emission associated with early type galaxies was simply
generated by a large number of discrete objects (main sequence stars,
SNRs, X-ray binaries) we would expect to find a well defined Tlinear
correlation, namely Lx<x LV, exhibiting relatively 1ittle intrinsic
scatter. Galaxies with similar optical luminosities would be most
unlikely to display a wide range of X-ray luminosities. Partial

support for this hypothesis was provided by Long and Van Speybroeck

(1983), who observed that the number of high Tuminosity (LX 2 1037 erg

s-l) discrete sources associated with a spiral galaxy in the Local

Group is proportional to the galaxy's mass. Indeed, this relationship
also extends to the two Local Group elliptical galaxies in our sample.

NGC 205 and NGC 221 have masses ofrv4x109 Mo; comparison with M31

11 37 1)

(M a]A/3x10 leads to a

g
prediction of one high Tuminosity object per galaxy. The observed X-

M., 80 objects with Lx > 10

o erg s

ray source numbers, zero in NGC 205 (Chapter Four) and possibly two in
NGC 221 (Long and Van Speybroeck 1983), are consistent with the

prediction.



110

Early type galaxies in which the X-ray emission is predominantly due
to hot gas might also be expected to follow a simple relationship, ie.
2 2

L <L~ This functional form follows from Lx (gas) o <n_>

X e Vgas’ and

the reasonable assumption that the total mass of gas generated by
stellar mass 1loss is a linear function of the mass of the stellar
component; hence <ne><x LV. We have, of course, further assumed that
the volume occupied by the gas is not a function of LV; this may be
unrealistic since Vgas could be determined by a galaxy's gravitational
potential well, which 1is shaped by the stellar distribution and
therefore related to Lv. We shall see, however, that the subsequent
evolution of hot gas in an early type galaxy may be quite complex.
The scatter in the high Tuminosity region of the LX - LV relationship

could reflect a Targe variation in the amount of hot gas actually

retained by galaxies of similar optical Tuminosity.

5.3.2 Analysis of X-ray - Optical Luminosity Ratios

The 1luminosities assigned to a particular galaxy are necessarily a
strong function of the adopted distance, which due to uncertainty as
to the correct value of HO is obviously ill-determined. We therefore
prefer to use the distance-independent ratio Lx/Lv as an indicator of
relative X-ray power. The LX/LV values for the 40 galaxies in our
sample (Table 5.1) range from 3x10'5 to 10'3. The obvious implication
is that some early type galaxies generate a considerably higher

quantity of X-ray emission per unit mass of stellar population

(hereafter, specific X-ray luminosity) than others.

The LX/LV distributions for the entire sample, and for the elliptical

and lenticular species separately, are displayed in Figure 5.4,
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Figure 5.4 Lx/L distributions for the sample as a whole, and for
v
lenticular and elliptical galaxies separately. < denotes

upper limit.
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Several interesting features are apparent.

(1) The distribution is not sharply peaked, and has a median value of

LX/Lvau10'4. Since upper limits to LX comprise only about one third
of the sample they are unlikely to severely distort the true shape of

the distribution.

(2) Separation of the LX/LV distribution into the two galaxy species
demonstrates that the distribution for Jlenticular galaxies s
truncated at Lx/Lv“'2‘5X10—4’ whereas the distribution for elliptical
galaxies extends to ~1x10'3. The most optically luminous elliptical
galaxies appear to have significantly higher specific X-ray
Tuminosities than the equivalent Tenticular galaxies. Although this
result might simply reflect the lTimitations of our sample, the total
number of elliptical and Tenticular galaxies is rather similar (22 and
18 respectively), which does provide some backing for this potentially
important result. Selection effects can obviously not be ruled out,
however, so a detailed analysis of a much larger sample of galaxies
would be highly desirable. In Figure 5.5a LX/Lv is plotted against

L clearly demonstrating that for high values of LV the elliptical

V’
galaxies in our sample possess a wider range of specific X-ray

Tuminosities than the lenticular galaxies. A plot of Lx/Lv versus LX
(Figure 5.5b) also confirms that high specific X-ray luminosities are

associated with high Lx rather than low LV.

(3) For both elliptical and lenticular galaxies the 1lowest observed

5.

values of LX/Lv are ~3.5 x 10~ there are also several three sigma

upper limits be1OW<v6xlO'5. Obviously, all galaxies must have
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Lx/Lv > 0, since even main sequence stars emit X-rays. Vaiana et al.

4 for Tow mass main sequence stars.

(1981) derive L /L ~107 - 107
For a given stellar population (i.e. initial mass function, chemical
composition and age specified) there should be a characteristic value
for the specific X-ray luminosity, (LX/LV)*, corresponding to X-ray
contributions from main sequence stars and their evolved descendents -
SNRs and X-ray binaries. The X-ray luminosity of this stellar
component 1is proportional to the mass, and therefore optical
luminosity, of a galaxy. We suggest that the minimum observed value
of Lx/Lv for galaxies in our sample is a reasonable estimate of the
quantity (Lx/Lv)* for early type galaxies. Henceforth, we will assume

5

that (LX/LV)*~—3xIO' is applicable to the stellar populations of all

5 is plotted

the galaxies in our sample. The Tocus of L /L, = 3x10°
on the X-ray - optical luminosity diagram for the sample (Figure 5.2).
It is interesting to note that our estimate for (Lx/Lv)* is very
similar to the Towest observed values of LX/LV for the spiral galaxies
included in the normal galaxy survey performed by Long and Van
Speybroeck (1983). We would expect the bulge regions of spiral
galaxies to have L,/L, values similar to our estimate of (Lx/Lv)* for
eary type galaxies, since their stellar populations are thought to be
very similar. Spiral galaxies also have a significant proportion of

their X-ray Tluminosity generated by Population I objects associated

with their spiral arm regions.

(4) Since the early type galaxies in our sample lack any obvious
symptoms of strong activity, it is clearly unreasonable to attribute
the high specific X-ray Tuminosities displayed by some galaxies to

either AGN phenomena or starbursts. Furthermore, the concentration of
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non-thermal radio sources (hence relativistic electrons) in the
central 1-2 kpc of these galaxies excludes the possibility that the
considerably more extensive X-ray emission is generated by synchrotron
or inverse compton mechanisms. The only viable alternative is that
high LX/LV early type galaxies have accumulated and retained
substantial quantities of hot gas. A direct measure of the proportion
of X-ray emission generated by thermal emission from hot gas is given
by: 1 - ((Lx/Lv)*/(Lx/Lv)obs)' NGC 4636 is the galaxy in our sample
which has the highest proportion of its X-ray emission generated by
hot gas (~98%). The wide range of LX/Lv values exhibited by the
galaxies in our sample can be interpreted as variation in the
proportion of hot gas actually retained by individual galaxies. Our
results indicate that 1lenticular galaxies retain a systematically
smaller fraction of the gas generated by stellar evolution than
elliptical galaxies. We suggest that those galaxies with
LX/vav(Lx/LV)* have lost virtually all of their gas, thus implying

the existence of efficient gas depletion processes.

Given this possibly simplistic scenario we can derive an empirical

relationship between LX and Lv:

5 48 | 2,

L, = L, (stellar) + L (gas) == 3x10° v 3

X X Lv + 8.9 x 10
the second term has simply been normalized with respect to NGC 4636.

We have plotted this relationship, and also L /L, = 3x10'5, on the

observed LX - L, distribution (Figure 5.2). Virtually all of the

v
galaxies 1in our sample have locations intermediate between these two
empirical relationships, which although not best-fitted to the data

are clearly representative of the possible extreme cases.
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5.3.3 Specific X-ray Luminosity as a Function of Stellar Content

Having explored the relationship between X-ray and optical
lTuminosities, it would now seem appropriate to consider whether the X-
ray properties of early type galaxies are a function of their current
stellar content. Multi-colour optical photometry and accurate
spectroscopy can, in principle, be used to generate models of the
stellar content of a galaxy; an extremely sophisticated stellar
evolution synthesis model would be required, however, 1in order to
accurately predict the quantity of X-ray emission from main sequence
stars, evolved objects and gas. This last component provides a
particularly difficult problem; the gas is generated, and possibly
depleted, thoughout the 1lifetime of the galaxy, hence it only

indirectly reflects the properties of the current stellar population.

A complex synthesis approach is clearly beyond the scope of this work;
we therefore resort to a simple study of observational properties. In
Figure 5.6 we show LX/LV as a function of B-V for all the galaxies in
our sample. This diagram can crudely be interpreted as displaying the
relationship between relative X-ray power (ie. proportion of X-ray
emission generated by hot gas) and mean stellar spectral type for
early type galaxies. Two interesting features are apparent; firstly,
although the range of B-V values is rather narrow there does appear to
be an association of high LX/LV with high values of B-V (the ten
galaxies with highest specific X-ray 1luminosities all have B-
V > 0.85); secondly, low values of LX/LV occur over the whole range of
B-V for early type galaxies. OQur interpretation of these results is
dependent on what we believe the colour parameter B-V tells us about

the stellar content of a galaxy; but it is clear that gas richness is
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associated with optical redness, at least for the galaxies in our
sample. If B-V measures the relative abundance of cool Tow-mass
dwarfs, then our results would seem to indicate that the gas richness
(and hence specific X-ray luminosity) of an early type galaxy is
partially dependent on the mass function of its stellar population.
That this is not the only determining factor is evident from the large

range of LX/LV displayed by galaxies with similar colours.

5.3.4 The Relationship Between X-ray and Radio Properties

Any attempt to derive information relating to a genuine correlation
between X-ray and radio luminosities is influenced by the fact that
the radio and optical luminosities of early type galaxies are strongly
correlated (eg. Hummel and Kotanyi 1982, Hummel et al. 1983). We have
already established a quite separate X-ray - optical correlation, thus
it 1is not surprising to find that some degree of correlation exists
between radio and X-ray lTuminosities for the 33 galaxies'in our sample
which have been observed at radio wavelengths (Figure 5.7). The Lx-

L distribution is dominated by upper 1imits, hence its true form

radio
is ill-determined. In our X-ray selected sample the proportion of
radio detections (27%) is similar to the optically selected samples of
Hummel et al. (1983), indicating that our sample is not strongly

biased towards radio-powerful galaxies.

We have divided the galaxy sample into radio-weak and radio-powerful

categories, and plotted their LX/Lv distributions separately (Figure

5.8). The luminosity division occurs at Lig15 = 1027-9 erg 571 Hz'l,
which corresponds to a typical survey detection Timit of ~ 10mdy (at

1415 MHz) for a galaxy situated in the Virgo Cluster. The radio-
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poweffu] galaxies appear to exhibit systematically higher values of
Lx/Lv than their radio-weak counterparts. Dressel and Wilson (1983)
reached a similar conclusion for a sample of radio selected early type
galaxies (which have been excluded from our sample because the authors
did not quote X-ray fluxes). This result may, of course, be
understood as a correlation of LX/Lv with LV (Figure 5.5a) and hence,
via the radio-optical luminosity correlation, with L1415. We should
also note that the LX/LV distribution for the radio-powerful galaxies
is almost certainly distorted by the lTarge number of L1415 upper
limits which have been included. It is clear that a significant
improvement in the sensitivity of radio surveys will be required
before we are able to attempt a detailed analysis of the relationship

between X-ray and radio Tuminosities.

Although the general trend is for high values of Lx/Lv and L1415 to be
associated, several counter-examples exist. NGC 4406 (M86) has a high
specific X-ray luminosity, but a very low 1imit has been derived for
its radio Tuminosity; NGC 4374 has a considerably lower specific X-ray
luminosity, but is associated with a very powerful radio source. Even
so, the majority of the genuinely radio-powerful early type galaxies
in our sample have high LX/LV values, and are therefore gas-rich.
Perhaps the presence of substantial quantities of hot gas is a
necessary, but not sufficient, condition for the existence of a radio

source in an early type galaxy.

The radio luminosities of elliptical galaxies are strongly correlated
with their roundness. No elliptical galaxies flatter than E4 have

been detected in radio surveys (Hummel et al. 1983, Disney et al.
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1984), a result which is reflected in a plot of L1415 versus
ellipticity parameter (n, where n = 10(a-b)/a) for the elliptical
galaxies in our sample (see Figure 5.9a). A similar plot of LX/LV
versus ellipticity parameter (Figure 5.9b) shows no such trend,
although relatively flat galaxies are poorly represented in our
sample. Indeed, several counter-examples to the trend exist; NGC 720
is a relatively flat galaxy (E5) which has a high value of LX/LV; NGC
3379 1is a quite round galaxy (El) with a Tow value of LX/LV. Gas-
richness 1is clearly not a strong function of the shape of elliptical
galaxies, although it 1is interesting to speculate whether the
systematically Tower Lx/Lv values of the lenticular galaxies in our

sample could be related to their intrinsic flatness.

Although radio and X-ray emission in early type galaxies may be linked
in some indirect way (eg. fueling of a radio source by accretion of
gas), a more direct link involving the generation of a substantial
proportion of the observed X-ray emission by non-thermal processes can
almost certainly be excluded, since the radio and X-ray emission
invariably display dissimilar morphologies and physical extents. An
extreme example is NGC 1316, which has exceptionally powerful radio
Tobes extending far beyond the optical (or X-ray) bounds of the galaxy
(Ekers et al. 1983). No X-ray emission has been detected from the
radio Tlobe regions. Other galaxies have compact radio sources
confined to their core regions (eg. Hummel et al. 1983), whereas their
X-ray emission extends for many kpc. Jones et al.(1984) proposed the

40 gy 571

inverse compton mechanism as a possible source of the 3 x 10
of X-ray emission associated with NGC 1052, an elliptical galaxy

possessing a powerful nuclear radio and IR source. We would wish to
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stress that the inverse compton process is most unlikely to be the
dominant X-ray emission process, since the emission is known to extend
throughout the galaxy (as Jones et al. readily admit), whereas the

radio/IR nucleus is highly compact.

5.3.5 Relationships Between X-ray and Neutral Hydrogen Properties

The neufra] hydrogen>properties of early type galaxies were reviewed
in Chapter Four (section 4.2.2). Our sample of galaxies reflects the
general result that very few early type galaxies contain detectable
quantities of HI. Indeed, there are only three secure detections
among the 23 galaxies for which HI measurements exist. Since the HI
data is dominated by non-uniform upper 1limits, Tittle general
information can be derived regarding possible links between X-ray
properties and the presence or absence of neutral hydrogen. At least
one galaxy, NGC 1052, has both a high specific X-ray luminosity and a
relatively Targe mass of neutral hydrogen. High resolution X-ray and
HI maps of NGC 1052 would allow the spatial relationship between the
hot and cool gas to be examined. Neutral hydrogen has been detected
in both NGC 205 and NGC 5102, but is associated with abnormal
Population I activity and should probably be regarded as pathological
(Hodge 1973, van den Bergh 1976).

Several authors have suggested that radio Tuminosity and HI mass are
correlated, at Tleast for elliptical galaxies (eg. Dressel et al.
1982). We are unable to test for such a correlation using our sample,
although we could propose the radio-weak, HI-rich galaxy NGC 5102 as a
counter-example. The recent tendency for galaxies previously

classified as HI-rich to be reclassified as HI-poor, when reobserved
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with more sensitive instrumentation (eg. Thonnard 1982, Knapp et al.
1983), suggests that this proposed correlation should be carefully

reviewed.

5.3.6 The Influence of Clustering on the X-ray Properties of

Early Type Galaxies

Are the X-ray properties of strongly clustered early type galaxies
significantly different compared with those of their 1less clustered
counterparts? This question is not easily addressed, primarily due to

two observational problems:

(1) Very few galaxies are genuinely isolated, ie. have no neighbours
within a few Mpc. Most galaxies in our current sample can be regarded
as weakly clustered; they may be members of small groups, or perhaps
located 1in the outskirts of rich clusters. Studies of genuinely
isolated galaxies are of fundamental importance because their X-ray
properties must be derived purely from the action of internal

processes.

(2) At the other extreme, very few rich clusters of galaxies are near
enough for detailed X-ray surveys of their members to be performed.
Examples of early type galaxies having high specific X-ray
luminosities have been identified in the Perseus Cluster (Fabricant et
al. 1979) and Abell 1367 (Bechtold et al. 1983). At the distances of
these clusters only the high Juminosity region of the Lx/Lv
distribution is sampled. The Virgo Cluster is the only system which
is sufficiently close for detailed correlative studies to be

attempted, but so far no X-ray survey of its early type galaxies has

been published. The Virgo Cluster galaxies included in our sample
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exhibit X-ray properties which are similar to those of the other

galaxies.

At present we have to conclude that the degree of clustering
experienced by an early type galaxy is not crucial in determining its
X-ray properties, except perhaps for systems which are moving through
the dense core of a rich cluster and are therefore subject to ram
pressure stripping of gas (eg. Forman et al. 1979, Bechtold et al.
1983). Examples of gas-rich early type galaxies are found in a wide
range of environments: central regions of rich clusters (NGC 4406 in
Virgo, NGC 3852 in Abell 1367), cluster outskirts (NGC 4636 in Virgo),
small groups (NGC 1€52 and NGC 5846) and even in isolation (NGC
1395). Since thermal emission from hot gas provides the dominant X-
ray emission component in many early type galaxies, we ought to
examine the physical processes which determine its properties and

evolution.

5.4 The Properties and Evolution of Hot Gas in Early Type Galaxies

5.4.1 Gas Properties

Despite the IPC's Timitations as an X-ray spectrometer, it has proved
possible to derive crude estimates of the effective temperature for
the X-ray emission associated with several early type galaxies,
including NGC 1332, NGC 4291 and NGC 4636 (Chapter Four), NGC 1395
(Nulsen et al. 1984) and NGC 5846 (Biermann and Kronberg 1983). In
each case, the spectral data is consistent with optically thin thermal
emission from a plasma with near solar element abundances and a

6 K to 2x107K. These galaxies all have

temperature in the range 5x10
high Lx/Lv values; thermal emission from hot gas therefore provides

the dominant contribution to their X-ray Tuminosities.
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In Chapter Four we wused a simple isothermal gas sphere model to
parameterize the surface brightness profiles extracted from the IPC
data for NGC 1332 and NGC 4636.  Although this model is arguably not
completely realistic (hot gas is unlikely to be isothermal throughout
the galaxy, and need not necessarily be in hydrostatic equilibrium
either), it does provide a good fit to the data and can be wused to
derive physically meaningful gas parameters. OQur basic requirement is
to derive an estimate of the radial gas density profile ne(r). For an
isothermal sphere of gas in hydrostatic equilibrium with a King model
distribution of gravitating matter, the observed X-ray surface

brightness profile is modelled as: -

S(r) = S(0) (1 + (r/a %)% (1),
which is generated by an electron density profile:
ng(r) = ng(0) (1 + (r/a,)?) P2 (2).
A shell of gas at radius r, volume dV(r), radiates an X-ray lTuminosity
of:
L,(r) = ng(r)® F(T) dv(r) (3),

e
where F(T) 1is the cooling function for a Ta«107 K plasma with solar

element abundances (eg. Raymond and Smith 1977). Since we know the X-
ray luminosity out to some limiting radius, we can integrate equation
(3) and solve for ne(O), thus allowing us to calculate radiative

cooling times and gas masses.

The results for NGC 1332 and NGC 4636, using the ;3= 0.5 and P = 1.0
models discussed in Chapter Four, are summarized in Table 5.2. OQOur
estimates of the total mass of gas associated with each galaxy are a

weak function of }3 (and the corresponding core radius ax), but
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obviously a strong function of the assumed outer radius of the gas
distribution. Neither parameter is well determined by the IPC data.
We estimate that the mass of hot gas contained in NGC 1332 is ~ 2x108
Mo’ whereas NGC 4636 contains a considerably greater quantity, ie.

9

~1x107 M_. Radiative cooling times are significantly less than a

0
Hubble time throughout both galaxies, thus providing additional
support for the hypothesis of Nulsen et al. (1984) that radiative
cooling plays an important role in determining the evolution of hot
gas in early type galaxies. A more detailed thermal modelling of the

X-ray emission associated with NGC 4636 will be performed in Chapter

Six using HRI data.

5.4.2 The Origin of Hot Gas in Early Type Galaxies

Observations of planetary nebulae within our own galaxy and other
Local Group systems indicate that the stellar mass 1loss rate
associated with old stellar populations is ~0.015 (LV/109 LO) M0 yr'l
(Faber and Gallagher 1976). We therefore predict current stellar mass

1 for NGC

loss rates of ~0.55 M_ yr'l for NGC 1332 and ~0.50 M yro
4636. Integrated stellar mass loss rates were almost certainly higher
during earlier phases of galactic evolution (eg. MacDonald and Bailey
1981), hence we would expect at least 5x109 MO of gas to accumulate in
NGC 1332 and NGC 4636 during a Hubble time. Observations indicate
that the total mass of gas (HI, HII and 107 K plasma) associated with

either galaxy is no more than ﬂv109

Mo’ significantly less than is
predicted from stellar mass loss considerations. Nulsen et al. (1984)
derived a similarly discrepant mass for the X-ray emitting gas
associated with NGC 1395. The obvious implication 1is that gas

depletion processes must operate even in these relatively gas-rich
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early type galaxies. We note in passing that since stellar evolution
is more than capable of supplying the observed gas, there is no need
to consider more exotic gas-supply mechanisms, eg. infall from gas-
rich companion galaxies or accretion from the IGM. The former process
has occasionally been postulated as a mechanism capable of creating
the tilted HI disks observed in a small number of early type galaxies

(eg. NGC 1052, Jones et al. 1984).

Before proceeding to examine possible gas depletion mechanisms we
should outline the processes which heat stellar ejecta to X-ray
emitting temperatures. Random stellar motion will cause collisional
heating resulting 1in thermalization of the gas at a temperature

consistent with the velocity dispersion of the galaxy, ie. TiezumHOZ/k

6 1

(~5x10° K for 6~250 km s ). Although IPC-derived temperature

measurements are rather imprecise, they do indicate gas temperatures

6

in the range 5x10° - 2x107 K, marginally inconsistent with the

probable injection temperature (Ti)' Fabian et al. (1980) suggested
that supernova heating could generate the required increase in global
temperature. Following their terminology, we find:

Ty = Ti = Xy Ton/xs ’
where Tx is the observed gas temperature, TSN is the kinematic
temperature of the supernova (~109 K), and X and xgy are the
specific mass Toss rates from stars and supernovae respectively. For

NGC 4636 the required temperature increase is roughly 107 K. The

integrated stellar mass loss rate is 0.5 M0 yr'l, corresponding to

<><S~1.5x10'12 yr'l. The required value for ey is therefore

~1.5x10714 yr'l, or roughly one supernova every 200 years. In

contrast, Nulsen et al. (1984) have argued that radiative cooling is
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more important than supernovae-induced heating, and suggest that
adiabatic compression of gas in the resultant cooling flow maintains a

suitably high gas temperature throughout typical early type galaxies.

Having derived the basic properties of the hot gas associated with
early type galaxies, and also examined its origin, we are now able to
study the physical processes which requlate its evolution. Successful
evolutionary scenarios must explain why some early type galaxies are
essentially devoid of hot gas, while others have accumulated and
retained substantial quantities of gas, although still considerably
less than is predicted from stellar evolution considerations. Most of
the galaxies included in the sample discussed earlier in this chapter
are only weakly clustered; environmentally-induced gas removal
processes are therefore unlikely to be significant. Internal gas
depletion processes are discussed in the following two sections; the
evolution of gas in strongly clustered galaxies is reviewed in section

5.4.5.

5.4.3 Hot Galactic Winds and the Gravitational Confinement of Gas

The most frequently proposed mechanism for removing gas from early
type galaxies is the hot galactic wind (eg. Mathews and Baker 1971,
Faber and Gall?gher 1976). Provided the integrated supernova rate is
suitably high, gas shed by stérs can be heated to temperatures where
it no Tonger remains gravitationally bound to the galaxy. The gas
flows out as a steady wind, continually replenished by stellar mass
loss. Several authors have suggested that radiative cooling could
induce thermal 1instabilities on both small and large scales in a
galactic wind (eg. "The Cyclic Wind", Sanders 1981); although in the

most detailed quantitative study to date, White and Chevalier (1983)



132

concluded that all elliptical galaxies are capable of maintaining

steady winds.

Despite their predicted universality, it is very simple to demonstrate
that hot galactic winds are incapable of generating the high X-ray
Tuminosities associated with galaxies 1ike NGC 4636. Gas flowing out
in a steady wind escapes in a timescale,

/ (KT/pm,,)

Beyond the edge of the galaxy the gas undergoes free expansion and

1/2

t R

esc = "“galaxy

cools rapidly; the hypothetical wind-generated X-ray emission must
therefore arise during the passage of the gas through the galaxy. The
requirement 1is essentially that the observed X-ray emitting gas be
replenished once per flow time; the required integrated stellar mass

loss rate is therefore M ~ M___/t

gas’ Tesc: Using parameters derived for

. 9 7 .
NGC 4636 (ie. Mgas“'lo Mo’ Rga]axy”'Rgas"'zo kpc, T~ 10" K), we find
that the outflow timescale is tescfvalO7 years and the required mass
1

Toss rate is M~ 20 Mo yr ~. This exceeds the predicted mass loss rate
for NGC 4636 by a factor of 40! Nulsen et al. (1984) reached a
similar conclusion 1in relation to a simple hot wind model for

1

NGC 1395. A ‘ga1axy which fuels a wind via 0.5 M0 yr - of stellar

mass 1loss would probably contain no more than ~ 2.5 x 107

M, of hot
gas at any time. Such a Tow mass of gas, if contained within a
typical galaxy in our sample, would not be detected by the IPC. It
therefore seems reasonable to assume that early type galaxies which
exhibit low values of LX/Lv are kept essentially gas-free by the
action of steady galactic winds. It is obvious, however, that simple

wind models are inappropriate for NGC 4636 and other similarly X-ray

Tuminous galaxies.
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Clearly, 1in galaxies 1like NGC 4636 some process has suppressed a
general wind. But what is the nature of this process and why does it
only function in certain galaxies? Two possibilities have been
suggested; either the outflow of hot gas is prevented by a physical
confinement mechanism, or the energetics within some galaxies do not
favour the existence of steady winds. As we shall see, currently
available data does not exclude either possibility, and indeed both

could occur simultaneously.

The most frequently proposed mechanism for retaining lTarge quantities
of hot gas within an early type galaxy is gravitational confinement by
a massive and extensive halo of dark matter (eg. Fabian et al. 1980,
Bechtold et al. 1983). In the simplest scenario, the dark halo acts
as a potential barrier which the buoyant gas is unable to surmount.
The hot gas is therefore confined to the galaxy; even so, it probably
extends beyond the optical 1ight distribution of the system, since the
dark halo 1is required to be very extensive indeed. Provided that
radiative cooling Tlosses are offset by supernova heating, we would
expect to observe quantities of gas very similar to that predicted
from stellar evolution arguments. This does not appear to be the case
for NGC 1332, NGC 1395 and NGC 4636, although the IPC-derived gas
masses should be wused with some caution as they are probably only

accurate to a factor of about two.

The gravitational confinement scenario has recently been criticized by
White and Chevalier (1983), who performed a detailed analysis of the
effects of a wide range of halo models on a steady hot wind. They

concluded that for all physically reasonable models, the presence of a
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dark halo did not suppress a steady wind. A dark halo would tend to
decelerate, and therefore cool, the outflowing hot gas; but not
sufficient1y to bind the gas to the galaxy. This view is by no means
universally accepted (Forman 1984,' private communication). Even if a
dark halo can confine-a substantial quantity of gas, it is not certain
that supernova heating is sufficient to maintain it against cooling
losses. For example, the total cooling rate for NGC 4636 is ~1.5x1041

1, and the best available estimate for the SN rate is ~ 0.005 SN

erg s
yr'l (Tammann 1981). If we assume that each SN injects ~3x1050 ergs
of energy into the ambient gas (eg. Blair 1981), we derive a total
heating rate of~4.8x1040 erg s'l, je. 30% of the cooling rate. Since
all of these parameters are highly uncertain, it is quite conceivable
that a relatively close balance exists between heating and cooling
processes. -Interestingly, we would expect the SN heating rate to be
proportional to Lv, whereas the radiative cooling rate probably scales
%)

as a higher power of LV (eg. L.,°), hence cooling should become

v
increasingly important as LV increases. If cooling dominates, a
radiatively driven cooling flow may occur, a possibility which will be

discussed in detail in the next section (5.4.4).

Independent evidence for the general existence of massive dark haloes
around early type galaxies is not yet compelling, although Space
Telescope observations of the distribution of globular clusters around
Virgo Cluster ellipticals may eventually settle the question. We can
certainly not rule out the possibility that the presence or absence of
a dark halo 1is one of the factors (perhaps the crucial one) which
determines whether a galaxy blows a steady wind or accumulates a

substantial quantity of hot gas.
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Other physical confinement processes have occasionally been
postulated, eg. pressure confinement by a hot, tenuous IGM (Fabian et
al. 1980), but probably have only Timited applicability (see section
5.4.5). It should be recognized, however, that it is not essential
that the observed gas actually be confined by some independent
mechanism. As we have already noted, the detailed balance between
heating and cooling processes may favour the latter 1in certain
galaxies. If radiative cooling 1is dominant, then the dynamical
evolution of the gas generated by stellar evolution probably involves

inflow rather than outflow.

5.4.4 Cooling Accretion Flows

If gas inflow is to occur within an early type galaxy, radiative
cooling has to nullify the effects of heating processes. Nulsen et
al. (1984) have cited the fairly short (X 109 years) cooling times
inferred for the hot gas observed in early type galaxies as evidence
for this scenario. White and Chevalier (1984) have examined several
realistic models for the evolution of gas in elliptical galaxies and
conclude that radiatively driven inflow is energetically favoured for
at least a subset of such systems. As we have already demonstrated, a
wind-type outflow could not generate the observed X-ray luminosity of

NGC 4636.

Cooling accretion (in)flow models were first applied to those rich
clusters of galaxies where the cooling time of the hot gas in the core
region was found to be Tess than a Hubble time (Cowie and Binney 1977,
Fabian and Nulsen 1977). Unlike rich clusters, a galaxy like NGC 4636

possesses a distribution of hot gas which has a radiative cooling time
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1 throughout its entire physical extent (see Table 5.2).

less than HO'
I[f widespread radiative cooling is not inhibited by supernova heating,
a steady cooling flow can be achieved throughout the galaxy, with
stellar mass loss exactly balancing the cooling rate (ie. the
radiative regulation model of Cowie and Binney 1977). Even 1if the
heating rate exceeds the radiative cooling rate integrated overl the
galaxy as a whole, the hot gas in the core region is 1ikely to be
sufficiently dense for cooling to be locally dominant; a small-scale
cooling flow can therefore still occur. Nulsen et al. (1984) have
performed a detailed study of the likely properties of a cooling flow
occurring in an isolated elliptical galaxy. We will reiterate some of

their principal findings in the context of the observed X-ray

properties of early type galaxies in general.

Adiabatic compression caused by the flow of gas through a galaxy's
gravitational potential field will maintain the hottest (X-ray
emitting) gas at a temperature T(r)cﬁGM(r)umH/kr. In a typical

galaxy, T(r)~T. (the injection temperature for the gas) in the outer

regions, but increases to 2 107 K at a distance of a few optical core

‘i

radii from the centre of the galaxy, decreasing sharply thereafter as
the gravitational potential flattens. Local or large-scale heating
may tend to modify the adiabatic temperature profile to some extent.
Future X-ray observations with high spatial resolution and good
spectral discrimination should allow us to derive an accurate
temperature profile for a galaxy Tike NGC 4636. If T(r) 1is quasi-
isothermal, a model featuring a gravitationally bound static
distribution of hot gas is likely to apply; 1if T(r) decreases sharply

near the core region, cooling flow models are probably appropriate.
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In a steady cooling flow, the gas flow time is roughly equal to the
cooling time throughout, so the stellar mass rate required to fuel the

cooling flow is: M LX/(SkT/meH) (eg. Stewart et al.1984). For

41 erg s'l, T~ 1.4 x 10’ K) we find

gas
that the required integrated stellar mass loss rate is ~ 0.49 MO yr'l.

NGC 4636 (L, (gas) ~ 1.5 x 10

X
If the work done against the gravitatonal potential is also taken into
account, the estimate of M would have to be revised upwards slightly,
but even so is still in good agreement with the mass 1loss rate

predicted from stellar evolution arguments (~0.5 M0 yr'l).

It is obviously tempting to attribute the wide range of Lx/Lv
displayed by the galaxies in our sample to the relative influence of

1 of stellar

heating and cooling processes. A galaxy with 0.5 Mo yro
mass 1oss can presumably fuel a cooling flow, a static halo of gas, or
an outflowing wind. The wind, however, yields a very 1low X-ray
luminosity. We suggest that there are at least two determining
factors involved: the presence or absence of a dark halo which
gravitatonally binds the hot gas, and the detailed balance between
radiative cooling and supernova heating. The extreme possibilities
are: (a) heating dominant and no dark halo, resulting in a steady
wind; (b) cooling dominant combined with the presence of dark halo, in
which case the gravitationa]]j bound gas is incorporated into a
cooling flow. Intermediate possibilities such as non-cooling static
haloes of bound gas are, of course, also allowed. Why dark haloes

should only occur in a fraction of early type galaxies, as is required

by this scenario, is by no means obvious.

Another evolutionary scenario which the present data does not exclude
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is the cyclic hot wind model of Sanders (1981), which consists of
phases of radiatively driven cooling flow, star formation from the
accumulated cool gas (cf. the HI and Population I-rich lenticular
galaxy, NGC 5102) and a supernova-driven hot wind. In this scenario
the wide varijation in LX/LV among early type galaxies would simply

reflect different evolutionary phases within the cycle.

If all of the stellar mass loss within NGC 4636 is incorporated in a
cooling flow we would predict that a large quantity of cool gas would
be generated during a Hubble time (perhaps as much as 5x109 Mo)'
Sensitive observations indicate that NGC 4636, 1like most other early
type galaxies, contains very little HI (§,3x107 Mo’ Thonnard 1982) and
even less HII (Caldwell 1982). Since all of the integrated mass loss
is required to fuel the cooling flow, we are unable to reinvoke a wind
as a method for removing the excess cool gas. Star formation
occurring continuously throughout the galaxy provides the only
feasible mechanism for depleting the cool gas; although the IMF would
be required to be either very steep relative to that of the solar
neighbourhood or truncated at ~2 Mo’ in order to prevent the colours
of the galaxy becoming anomalously blue (0'Connell and Sarazin 1983).
The Jeans critical mass for a self-gravitating blob of cool gas

immersed in a hot (T~107 K), dense (ne~'0.01 cm'z)

and dust-free
medium is ~1 Mo’ so lTow-mass star formation 1is not unreasonable
(Spitzer 1978). Nulsen et al. (1984) suggest that star formation
occurs diffusely throughout a galaxy undergoing a cooling flow,
reflecting the distribution of stellar mass loss, and is rife within

the core of the galaxy. In certain cases a transfer of angular

momentum in the outer region of a galaxy may result in the ejection of
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a disk of neutral hydrogen (cf. NGC 4278, Raimond et al. 1981).

Although star formation uses up virtually all of the available cool
gas, sufficient quantities will still reach the centre of the galaxy
to promote the fueling of a nuclear radio source; the remaining hot
gas could pressure confine any resultant extended radio structures.
Shocks probably occur within the inner regions of cooling flows,
resulting in the formation of optical emission 1line regions (egq.
Caldwell 1982). We suggest that gas-rich early type galaxies which
have nuclear regions which exhibit radio emission and/or optical 1line
emission are good candidates for the presence of cooling flows.

Examples include NGC 4472, NGC 4636, NGC 4649 and NGC 5846.

5.4.5 The Evolution of Hot Gas in Highly Clustered Galaxies

The main aim of the second half of this chapter has been to identify
the internal processes responsible for the evolution of gas in early
type galaxies. External processes induced by environmental factors
will inevitably be important (perhaps dominant) for galaxies located
in or near the core regions of rich clusters, and are briefly reviewed

in this section.

In their survey of the rich cluster Abell 1367, Bechtold et al. (1983)
identified several early type galaxies, located near the centre of the
cluster, which possess haloes of hot gas essentially similar to those
associated with the more isolated galaxies which we have examined.
How can a galaxy in a cluster core environment maintain a substantial
quantity of hot gas against the effects of evaporation and ram

1

pressure stripping? The authors estimated that ~100 MO yr = of hot

gas would be stripped from a galaxy moving through the centre of
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Al367, and a further ~50 MO yr-l would be lost via evaporation. A
galaxy like NGC 4636, if situated in such a region, would be almost
completely devoid of gas after ~107 years. Two possibilities for
maintaining a substantial quantity of gas against such efficient

depletion processes have been considered:

13

(1) A galaxy possesses an extremely massive dark halo (M > 10°° M

o)
and/or a relatively strong magnetic field, both of which considerably
inhibit the efficiency of stripping and evaporation processes. Ram
pressure stripping also decreases in efficiency if a galaxy is
relatively slow moving with respect to the ambient ICM (ie. Vga]axy <<
cluster velocity dispersion).

(2) A galaxy is apparently assoc%ated with the core region of a
cluster, but is in fact physically located outside the core and "seen"
there only in projection. Ram pressure stripping efficiency decreases
by a factor of ~10 as the distance from the centre of a rich cluster
increases from zero to one optical core radius, due to the decrease in
the density of the ICM (Bechtold et al. 1983). The elliptical galaxy
M86, which possesses a prominent offset plume of X-ray emitting gas,
is probably just re-entering the core region of the Virgo Cluster
(Forman et al. 1981). It is likely that ram pressure stripping has
recently been activated, and is beginning to remove the gas generated

during a period of 2 109 years spent outside the core.

Fabian et al. (1980) suggested that the tenuous IGM in the outer
regions of a cluster might exert sufficient pressure to confine hot
gas within an early type galaxy, thus obviating the need for

gravitational confinement by a dark halo. The characteristic
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confinement radius for this process is ~60 kpc, and is almost
independent of the density and temperature of the ambient confining
medium.  The maximum radius of the hot gas associated with the weakly
clustered galaxy NGC 4636 is 20-30 kpc, so it seems wunlikely that
pressure confinement is important in this case. The same is probably

true for most other early type galaxies.

Clearly, galaxies which are 1located in the core regions of rich
clusters, but which do, for whatever reasons, retain substantial
quantities of hot gas, will be subject to evolutionary processes
similar to those experienced by less clustered galaxies. Cooling
flows will occur in those galaxies where global heating is relatively

unimportant.

5.5 Conclusions

Although early type galaxies clearly display an overall correlation
between X-ray and optical luminosities, the quantity of X-ray emission
generated per wunit mass of stellar population varies considerably
among the galaxies in our sample. Qur analysis of the properties of
the sample provides strong support for previous suggestions that high
LX/LV galaxies have accumulated substantial quantities of hot gas,
although detailed measurements indicate that the mass of gas is
considerably 1less than 1is expected to be generated by stellar
evolution during a Hubble time. We suggest that hot galactic winds
keep low Lx/Lv galaxies essentially gas-free, while the gas in high
LX/LV galaxies is either gravitationally confined in a static halo or
incorporated into a cooling accretion flow. The last possibility is

particularly attractive because it provides a natural explanation for
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the existence of weak radio sources in the central regions of some
early type galaxies. 1In Chapter Six we will investigate the nature of
the relationship between X-ray emitting gas and radio emission by
performing the first high resolution X-ray and radio mapping of the

elliptical galaxies NGC 4636 and NGC 4649.
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CHAPTER SIX : HIGH RESOLUTION X-RAY AND RADIO OBSERVATIONS
OF NGC 4636 AND NGC 4649

6.1 Introduction

In Chapter Five we examined the integrated properties of a Tlarge
sample of X-ray selected early type galaxies. OQur analysis of the
luminosity relationships displayed by the sample clearly demonstrates
that the most Tuminous galaxies contain substantial quantities of hot
gas, and it 1is thermal emission from this diffuse component which
provides the dominant contribution to their X-ray Tluminosities. In
addition to the LX-Lv relationship which we have identified, there
exists a well established correlation between optical and radio
Tuminosities for early type galaxies. It is therefore not surprising
to find that gas-rich systems frequently contain nuclear radio
sources. Nevertheless, it 1is interesting to ask whether the two
properties, gas-richness and the presence of a nuclear radio source,
occur independently (via completely separate correlations of X-ray and
radio Tuminosities with optical Tuminosity) or alternatively are
directly related, perhaps 1implying a causal or evolutionary 1link
between the two. The data presented in Chapter Five are probably
consistent with either possibility. We have previously argued that at
least some gas-rich galaxies contain cooling flows; the resultant
infall of cool gas into the core region of a galaxy provides an
obvious explanation for the presence of nuclear activity, since the
gas can accrete onto a pre-existing, massive black hole. The presence
of substantial quantities of hot, X-ray emitting gas incorporated

within a radiatively driven cooling flow may therefore be a necessary
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condition for the existence of a nuclear radio source. To investigate
this scenario in greater detail we need to determine the distribution
of hot gas within the central regions of suitable early type galaxies,
and examine its vrelationship to the morphological properties and

energy requirements of their associated nuclear radio sources.

For a typical galaxy situated in the Virgo Cluster, the IPC's ~1
arcmin angular resolution corresponds to a spatial scale of ~5 kpc;
this is clearly inadequate for detailed mapping purposes. Instead, we
require the much finer resolution of the HRI (4 arcsec, or~0.3 kpc at
Virgo distances); although unfortunately, due to its lower quantum
efficiency and higher internal background, the HRI is intrinsically
Tess sensitive to diffuse X-ray emission than the IPC. Our experience

indicates that a galaxy which yields an X-ray flux below '\12x10'12 e

m'2 s'1

rg
o (in  the 0.5-3.0 keV band) generates too few HRI counts to
enable accurate mapping of extended emission. High sensitivity radio
observations of early type galaxies, attaining an angular resolution
comparable to the HRI in the soft X-ray band, can be performed with

the Very Large Array facility at GHz frequencies using one of several

antennae configurations.

Selection of galaxies suitable for high resolution studies was
performed using the following criteria; (1) availability of a deep
(> 15000 sec) HRI observation, (2) IPC-derived 0.5-3.0 keV flux 2

12 erg t:m'2 s‘l, (3) 1.4 GHz radio flux » 10 mJy, and (4) non-

2x10”
membership of the core regions of rich clusters of galaxies. This
last criterion was adopted in order to reject those galaxies likely to
be subject to severe environmental influences. Two giant elliptical

galaxies, NGC 4636 and NGC 4649, met all our requirements and were



therefore selected for further study.

The properties of NGC 4636 and NGC 4649 are summarized in Table 6.1.
Both galaxies are located in the outskirts of the Virgo Cluster; NGC
4636 is a member of the G26-Virgo II complex (de Vaucouleurs 1975),
situated at a projected distance of ~4.6 cluster core radii from M87;
NGC 4649 1is a 1locally dominant member of the main cluster, at a
projected distance of ~1.6 cluster core radii from the cluster centre.
Their optical luminosities and photometric colours are quite typical
for giant elliptical galaxies, and both exhibit regular (ie.
undisturbed) optical morphologies. NGC 4649 is somewhat unusual in
that it is a member of a close binary system; the Tless massive
companion galaxy shows evidence of considerable tidal distortion,

undoubtedly caused by NGC 4649.

The IPC-derived specific X-ray Tuminosities for NGC 4636 and NGC 4649
are sufficiently high that we can be certain that.virtua11y all of the
observed X-ray emission is due to hot gas. As much as 109 MO of hot
(T«1107 K) gas is known to be associated with NGC 4636 (Chapter Five,
5.4.1); and although a detailed analysis of the IPC data for NGC 4649
has yet to be performed, we would expect the value for the total mass
of hot gas to be broadly similar. HI observations indicate that very
lTittle neutral gas is associated with either galaxy. Until 1982 NGC
4636 was regarded as HI-rich (eg. Bottinelli and Gouguenheim 1978),
but recent high sensitivity observations clearly refute this belief
(eg. Thonnard 1982). The optical spectra of both galaxies reflect the
properties of their predominantly old stellar populations, although

some unusual features are evident. Several weak emission Tlines,
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Table 6.1: Basic Properties of Galaxies

NGC 4636 NGC 4649
0 (Mpc) 14.3 15.0
BY 10.29 9.62
(B-V)? 0.89 0.95
L, (erg s7h) 1.3x10% 3.0x10%
L, (erg s™h) 1.5x10%} « 1.2x10%
L /L, 1.2x1073 3.9x10"*
Ligps (erg s™hHz™h) 1.1x10%8 6.7x10%7
My (M) <3.3x10’ <1.2x108
A3727 Equiv.Width 4k -
U.V. Excess - YES
Type EO E2

Notes to Table 6.1

References and derivation methods for D, LV, L

identical to those listed in Chapter Five, Table 5.1. B? and

L1415, and MHI are

146

(8-V) 7

are from 2RCBG (1976).

*X-ray luminosity for NGC 4649 is currently uncertain, due to the
discrepancy between the IPC and HRI fluxes discussed in the text. The

value quoted here is for the IPC measurement.
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notably H« and [0II], have been detected in the spectrum of NGC 4636,
probably indicating the presence of ionized gas (TA«104K) in the
nuclear region, and perhaps a natural consequence of a cooling flow
(see Nulsen et al. 1984). NGC 4649 is one of a small number of
elliptical galaxies which exhibit a sharply rising UV flux at
wavelengths less than 2500 A. Bertola et al. (1982) suggest that the
"hot" stars required to explain the UV excess are either evidence for
a young, massive stellar population, or alternatively belong to an
anomalously abundant population of evolved horizontal-branch stars.
The near-IR (1-3u) colours of both galaxies are consistent with a
simple extrapolation of their optical spectra. No far-IR observations
are currently available, although the results of the IRAS mini-survey
(De Jong et al. 1984) suggest that "normal" elliptical galaxies are
not detectable at A 10y, and therefore contain negligible quantities

of dust (which is consistent with the observed lack of neutral gas).

No high resolution radio maps of NGC 4636 and NGC 4649 have been
pubiished prior to the work reported in this chapter. Dressel and
Condon (1978) concluded, on the basis of single dish 2.4 GHz
measurements, that the weak radio source associated with NGC 4636 had
an angular diameter of ~2.4 arcminutes. A1l other published radio
observations of both galaxies have set upper limits of ~1 arcmin for
radio source extent, clearly demonstrating that the radio emission is

confined well within the bounds of their stellar systems.

In section 6.2 we perform a detailed study of the X-ray morphologies
of NGC 4636 and NGC 4649. A simple cooling flow model is constructed,
and used to deproject the HRI data, thus allowing the radial

dependence of gas parameters to be determined. An analysis of
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recently acquired, high resolution VLA radio maps of both galaxies is
presented in section 6.3. Radio and X-ray morphologies are compared,
and the possible relationship between cooling flows and nuclear radio
sources further investigated. In section 6.4 we examine physical
processes which may tend to disrupt, or even completely suppress,

cooling flows in NGC 4636 and NGC 4649.

6.2 High Resolution X-ray Observations - Analysis and Results

6.2.1 OQOverview

Relevant details of the HRI observations of NGC 4636 and NGC 4649,
including exposure times and integrated count rates, are 1listed in
Table 4.2 (Chapter Four}. The soft X-ray fluxes listed in Table 4.3
were calculated for an assumed 1 keV thermal spectrum (eg. Raymond and
Smith 1977). There is excellent agreement between the flux values
derived for NGC 4636 using IPC and HRI data. We have not had the
opportunity to perform a detailed analysis of the IPC data for NGC
4649, so we are unable to demonstrate a similar agreement between the
IPC and HRI fluxes. Long and Van Speybroeck (1983) derived an X-ray

Flux of ~4.3x10™ 12 2 -1

erg cm_ for NGC 4649, based on an admittedly
crude analysis of IPC data. This value exceeds our HRI flux by ~50%,
but is prbbably not inconsistent since Long and Van Speybroeck assumed
a systematically higher thermal temperature. [t 1is, of course,
entirely possible that a 1 keV thermal spectrum is 1napp¥opriate for
NGC 4649; detailed analysis of the IPC pulse-height spectrum should

eventually resolve these ambiguities.

The HRI observations of NGC 4636 and NGC 4649 yielded ~ 1800 and ~ 500

net source counts respectively, thus allowing a reasonably detailed
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map of the extended X-ray emission associated with each galaxy to be
constructed. In both cases the peak of the X-ray surface brightness
distribution is roughly coincident with the optical centroid of the

galaxy.

6.2.2 Large Scale Morphology

To enable a detailed examination of the large-scale distribution of
diffuse X-ray emission, we have rebinned the HRI data into 2 arcsec
pixels and smoothed the resultant images with a ¢ = 8 arcsec 2-D
gaussian function. [t 1is experience that this procedure provides
considerably enhanced sensitivity to extended emission, albeit at the
expense of degraded resolution. Contour maps of the smoothed HRI
images of NGC 4636 and NGC 4649 are displayed in Figure 6.1, and in a
simplified form are superimposed upon the relevant regions of Palomar

Sky Survey red plates in Figure 6.2.

NGC 4636
The Tlowest contour 1level reproduced in the HRI map of NGC 4636

7 ct s'l arcsec'z,

represents a source surface brightness of 6.6x10"
which corresponds to 5% of the peak value and is ~3 sigma above
background. Levels 1-4 increment by 6% of the peak surface brightness
value, while 1levels 5-10 increment by 12%. The NGC 4636 HRI map
displays two striking features; firstly, a steep rise in surface

brightness towards the centre of the galaxy; secondly, the outer

contours exhibit a high degree of asymmetry.

The strong enhancement in X-ray surface brightness near the centre of
NGC 4636 1is a most unusual feature, reminiscent of the excess X-ray

emission observed in the core regions of some clusters of galaxies



150

2‘ 59: ou L

20581 ou

T

DECLINATION

570"

2°56'0"F

12"40M208 12440M158 12" 0™0S
RIGHT  ASCENSION

O (b)

11°50° 24"

1°49 36"

DECLINATION

11°48'48"}

0

1214M2° 12"uM9s 12"46®
RIGHT  ASCENSION

Figure 6.1 Contour maps of Einstein HRI images of (a) NGC 4636 and
(b) NGC 4649. Each image has been smoothed with an 8
arcsec gaussian function, and the lowest reproduced
contour level corresponds to 3 sigma above background.



Figure 6.2 (Plate)

(a) HRI X-ray contour map of NGC 4636 superimposed upon Palomar
Sky Survey red plate. Lowest X-ray contour is 3 sigma above
background. Plate scale is 5.5 arcsec/mm, thus 1 arcmin

(or 4.2 kpc) corresponds to 10.9 mm.

(b) HRI X-ray contour map of NGC 4649 superimposed upon Palomar
Sky Survey red plate. Lowest X-ray contour is 3 sigma above
background. Plate scale is 5.5 arcsec/mm, thus 1 arcmin

(or 4.4 kpc) corresponds to 10.9 mm.
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(Forman et al. 1984), but hitherto unknown among individual early type
galaxies. We estimate that the central excess in NGC 4636 contributes
roughly 25% of the total X-ray luminosity generated by the galaxy and
has an angular extent of ~45 arcsec (FWZI). Since this excess is well
resolved by the HRI, we can immediately reject the hypothesis that it
is due to a Tow luminosity AGN situated in the nucleus qf NGC 4636.
Although the most probable explanation for the X-ray excess is that it
represents a strong enhancement in the density of the ambient hot gas,
we are unable to explicitly rule out more exotic scenarios, eg. the
clumping together of a large number of very luminous discrete sources
in the central 2 kpc of the galaxy. There is, however, no independent
evidence supporting the latter explanation, and in Chapter Five we
demonstrated that the discrete X-ray source contribution to the X-ray

Tuminosity of NGC 4636 is probably no more than a few percent.

The mean radius of the outer (3 sigma) contour level is ~70 arcsec (5
kpc), but this does not represent an accurate measure of the effective
radius of the distribution of X-ray emitting gas associated with NGC
4636, since the IPC data analysed in Chapter Four (section 4.4.4)
indicates that the emission extends to at Teast 20 kpc. A detailed
comparison between the HRI and IPC maps of NGC 4636 (Figures 6.1 and
4.2) is not particularly useful given their different resolutions, but
it is obvious that both display similar large-scale asymmetry. Is the
azimuthal asymmetry evident in the HRI data actually significant? The
background subtracted azimuthal surface brightness profile for
28 < r < 72 arcsec (ie. excluding the central excess), shown in Figure
6.3, 1is clearly inconsistent with a constant surface brightness model

since it yields a chi-squared value of 21.7.
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NGC 4636 1is classified as an EOQ galaxy on the basis of its optical
appearance (de Vaucouleurs et al. 1976). [t is therefore reasonable
to assume that this galaxy is a physical system which displays a
fairly high degree of spherical symmetry. Optical photometry clearly
demonstrates that the optical 1ight from the stellar system follows a
simple, smooth surface brightness distribution (King 1978). Since the
hot gas which generates virtually all of the X-ray emission exists as
a direct consequence of normal stellar evolution, we might expect that
its spatial distribution would exhibit symmetry properties similar to
those of the optical light. Figures 6.la and 6.2a clearly demonstrate
that this is not the case, thus indicating that the observed
asymmetric gas distribution is the result of complex dynamical
evolution. (Note that if the X-ray emission was composed entirely of
contributions from main sequence stars and evolved objects, we would
expect that the X-ray surface brightness distribution would closely
mimic the optical 1ight distribution of the parent stellar

population.)

Ram pressure stripping of hot gas has occasionally been invoked to
explain the asymmetric gas distributions observed in some early type
galaxies. A The most notable case is M86, where the discovery of a
semi-detached plume of gas offset from the main body of the galaxy
provides clear evidence of the recent onset of stripping as the galaxy
re-enters the core region of the Virgo Cluster (Forman et al. 1981).
NGC 4636 is located near the extreme edge of the Virgo Cluster, where
the ambient IGM is probably extremely tenuous; furthermore, the
galaxy's velocity differential relative to the cluster centroid is

fairly modest (~ 0.5 x cluster dispersion), which would seem to
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indicate that ram pressure stripping exerts negligible influence on
the hot gas associated with NGC 4636. We note that Bechtold et al.
(1983) concluded that a galaxy as massive as NGC 4636 would probably
not undergo significant ram pressure stripping if located at more than
one cluster core radius from the centre of d rich, unevolved cluster

(eg. Virgo or Abell 1367).

Since we are wunable to attribute the asymmetric gas distribution
displayed by NGC 4636 to the action of external processes, we are
forced to assume that internal processes are responsible. In Chapter
Five we examined the possibility that the large quantity of hot gas
contained in NGC 4636 (and similar galaxies) 1is gravitationally
confined by an extensive halo of dark matter. If supernovae heating
maintains the confined gas against the effects of radiative cooling,
the gas temperature will be roughly constant throughout the galaxy,
and its spatial distribution will be smooth and exhibit symmetry
properties similar to the underlying gravitational potential field. A
highly asymmetric gas distribution is a most unlikely result of this
scenario. Alternatively, if radiative cooling dominates the evolution
of the gas é steady cooling flow will occur, and again we would expect
to observe a fairly regular and symmetric X-ray morphology. In
Chapter Five we examined the global energetics of the hot gas 1in
NGC 4636, and concluded that the heating and cooling rates could well
be quite similar (except in the central region, where the gas density
is very high). Given this possibly close balance between competing
processes, it would seem plausible that the observed asymmetry simply
indicates the presence of erratic, Tlarge-scale gas flows in the outer

regions of the galaxy. Supernova heating may therefore be disrupting,
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but not completely suppressing, a global cooling flow.

We have extracted an azimuthally averaged radial surface brightness
profile from the raw HRI data, binned into 8 arcsec annuli in order to
reduce the influence of instrumental resolution and photon noise. The
radial profile of NGC 4636 (Figure 6.4a) clearly shows the pronounced
central excess which is so prominent in the contour map. Despite the
obvious azimuthal asymmetry evident in the 2-D data, it is still
useful to model, and hence parameterize, the 1-D radial profile data.
An isothermal gas sphere model of the form:
S(r) o (1 + (r/a)?)0-373

does not provide a statistically acceptable fit to the data unless the
three 1innermost bins are excluded. The Tow signal to noise and poor
dynamic range of the radial profile data beyond the central excess
do not enable significant constraints to be derived for the fitted.
parameters a, and‘p . For statistically acceptable fits we find
axﬂp ~ constant, with a, = 75 arcsec for ap-s= 1.0 model (see Figure
6.4a). Addition of a simple gaussian component to the basic
isothermal gas sphere model allows the central excess to be modelled
successfully, but does not readily permit a physically meaningful
interpretation of the distribution of the hot gas. Although we could
use the radial profile models to calculate gas parameters (see Chapter
Five, 5.3.1), we prefer to use a less model-dependent deprojection

technique (see section 6.2.4).

NGC 4649

The lowest contour Tevel reproduced in the HRI map of NGC 4649 (Figure

6.1b) represents a source surface brightness of l.lelO-6 ct s-1
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arcsec’z, which corresponds to 8% of the peak value and is ~3 sigma
above background. A11 contour levels increment by ~10% of the peak
value. It should be noted that the HRI observation of NGC 4649 was of
a shorter duration and exhibited a 33% higher background level than
the NGC 4636 observation, and 1is therefore correspondingly Tless
sensitive to diffuse X-ray emission. Although NGC 4649 itself was
detected, we find no evidence for either an unresolved source or
extended emission associated with the companion spiral galaxy NGC

40 1 for a

4647. We derive a formal luminosity limit of ~1x10"~ erg s~
hypothetical X-ray emission region of radius one arcmin associated

with NGC 4647.

Unlike NGC 4636, NGC 4649 displays a relatively simple large scale X-
ray morphology. There 1is no evidence for a sharp change in the
surface brightness profile near the centre of the galaxy, and. the
outer contours exhibit only a very modest degree of asymmetry.
Comparison between the NGC 4636 and NGC 4649 contour maps (Figure 5.1)
demonstrates that the mean radius of a given absolute surface
brightness level is smaller for NGC 4649, indicating that the overall
extent of the X-ray emitting gas is less than in NGC 4636. Although a
detailed analysis of the IPC data is required to conirm this result,
it does seem probable that NGC 4649 contains a significantly smaller
quantity of hot gas than NGC 4636. This is rather surprising; NGC
4649 is the more optically luminous of the two galaxies (see Table
6.1) and thus will generate correspondingly more gas from stellar

evolution (~1.2 M, yr-l, compared with ~0.5 M, yr'l

for NGC 4636).
The obvious conclusion is that gas depletion processes are more

efficient in NGC 4649 than in NGC 4636.
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NGC 4649 1is located at a projected distance of 1.6 cluster core radii
from the centre of the Virgo Cluster. On the basis of radial velocity
measurements it would appear that NGC 4649 is a relatively stationary
galaxy; its radial velocity differential relative to the cluster
centroid is ~ 0.1 x cluster dispersion. Assuming that any tangential
velocity component is also small, the galaxy's motion relative to the
cluster IGM is unlikely to induce significant ram pressure stripping,
particularly since the IGM is probably relatively tenuous beyond the
cluster core region. Another environmental factor, namely the
evaporation of hot gas associated with the outer region of a galaxy
into thé ambient IGM, may be more important. Bechtold et al. (1983)

1 for a galaxy

estimated an evaporation Toss rate of ~20 M0 yr
situated at roughly one cluster core radius from the centre of Abell
1367 - a cluster in an evolutionary state similar to Virgo. This Toss
rate is reduced still further if a galaxy possesses a massive dark
halo or a substantial magnetic field, thereby reducing conduction
efficiency. We estimate that NGC 4649 contains ¢ 109 Mo of hot gas,

10

rather than the > 10 M0 expected from stellar mass loss

considerations; it 1is entirely possible that slow evaporation (~1 M0
-1
)

yr of hot gas into the cluster IGM 1is responsible for the

discrepancy.

NGC 4649 exhibits a relatively smooth surface brightness distribution,
which in comparison with NGC 4636 would seem to indicate that large
scale gas flows are not present. Conceivably, the supernova rate in
NGC 4649 is so high that the radiative cooling of the modest quantity
of hot gas contained within the galaxy is not sufficient to maintain a

general cooling flow outside the core. In this scenario the X-ray
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emitting gas is probably isothermal throughout much of the galaxy, and
confined in a static distribution by an extensive dark halo, but
subject to depletion by evaporation into the cluster IGM. Without an
accurate measurement of the gas temperature profile we are unable to
exclude cooling flow scenarios, however. The slight E-W asymmetry
evident in the X-ray isophotes of NGC 4649 is not reflected in the
distribution of optical light (Figures 6.1b and 6.2b). The implied
distortion in the spatial distribution of the hot gas could be caused
by tidal interaction with the companion spiral galaxy, which itself

shows evidence of distortion (Schanberg 1973).

Finally, the azimuthally averaged radial surface brightness profile
for NGC 4649 (Figure 6.4b) is well fitted by a simple isothermal gas
sphere model over the full radial range of the data. The derived

. s . 3
joint 90% confidence parameter ranges are a = 8r¢_arcsec and p =

0.53 ¢
-c

| assuming the rotational

Theoretically, ;3 = uchz/ kTgas’

energy of the stellar component is negligible compared with the
kinetic energy of random motion. For NGC 4649 the velocity dispersion

1 7

is 0 = 341 km s~ (Tonry and Davis 1981), therefore Tgasﬁvl.6x10 K is

required 1if the predicted value of ;515 to equate with the observed

value.

6.2.3 Small Scale Morphology

To facilitate the study of small scale X-ray structure in the central
regions of the two galaxies we have smoothed the unbinned (0.5 arcsec
pixel) HRI images with a 2-D representation of the HRI point response
function. This technique provides fair suppression of photon noise

and achieves angular resolution close to the instrumental Tlimit.
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Contour maps of the central regions of NGC 4636 and NGC 4649 are
displayed 1in Figures 6.5 and 6.6 respectively; the ~4 arcsec
‘resolution corresponds to a scale size of ~0.3 kpc. Qutside the
mapped regions the X-ray surface brightness is too low to support the
study of fine structure, and even within the bright central regions

some of the features may be attributable to photon noise.

NGC 4636
The mapped region in Figure 6.5 includes ~700 source photons. ATl
contour levels increment by 10% of the peak surface brightness; the

2 (273 of

lowest contour level corresponds to 4.8x10°% ct s71 arcsec”
the peak value), or ~10 sigma above background. It is apparent that
the morphology of the central X-ray emission region of NGC 4636 is
quite complex. The outermost contours exhibit a roughly circular
symmetry; the peak surface brightness region 1is, however, a well
defined plateau, elongated in the E-W direction with dimensions
~1.3x0.6 kpc. If the observed emission is predominantly due to hot
gas, the implied departures from a quasi-spheroidal gas distribution
probably indicate the presence of anisotropic gas flows in the core
region of this galaxy. [t is interesting to speculate as to whether

this might be linked to the anisotropic stellar velocity distributions

inferred to exist in some elliptical galaxies (eg. IT1lingworth 1983).

Several 1local surface brightness maxima are apparent in Figure 6.5.
To test whether these maxima are statistically significant, we have
utilized the cross-correlation technique discussed in Appendix A.4 to
search for unresolved X-ray "sources" in the mapped region. This
technique 1located seven discrete sources, each with a statistical

significance » 5 sigma; their positions have been superimposed upon
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Figure 6.5 Contour map of the central region of the NGC 4636 HRI
image. The data has been smoothed with the instrumental
PRF, and the locations of possible unresolved sources
are superimposed upon the map.
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the contour map of the smoothed image (Figure 6.5). At least two
sources (x4 and#5) are so close together that they are probably only
marginally resolved. We have examined 1-D surface brightness slices
through the central regions of the unsmoothed data, and conclude that
sources H2 and #4 are probably spurious. Even a relatively
sophisticated source detection technique such as the cross-correlation
algorithm should not be used in isolation, since it is susceptible to

resolution effects (ie. source confusion) and photon noise.

Have we actually located genuine discrete X-ray emitting objects, or
are the local maxima simply representative of small scale structure in
. the ambient hot gas? The detected sources have count rates 6x10_4

ct s’l, corresponding to L 3 2x10°2 erg 3

Although high mass
binary systems may occasionally attain such extreme luminosities (see
Chapter Three, 3.4.1), they are most unlikely to be found among the
Tow mass stellar population of NGC 4636. One SNR is known to have
LX~1039 s’l, but such objects are extremely rare (Blair et al. 1983).
Low mass X-ray binaries are certain to be present in NGC 4636, just as
they are in the bulge regions of our galaxy and M31, but known
examples of such systems have X-ray luminosities at least a factor of
ten lower than the hypothetical objects in NGC 4636 (eg. Bradt and
McClintock 1983; for a possible exception, see Chapter Three, 3.3.3).
Scenarios involving the clumping together of a large number of 1less
Tuminous objects in a small region of the galaxy are not excluded by
the data, but suffer from an obvious artificiality and a complete lack
of independent supporting evidence. A much simpler explanation does,

of course, exist: 1local X-ray maxima could simply indicate regions

where the density of the ambient hot gas is abnormally high. The
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effective luminosity of such a feature is essentially proportional to
the square of the gas density, so the required density fluctuations
are not dramatic, although they would have to persist over a scale of
~ 0.3 kpc. Such density fluctuations are a likely consequence of the
competing heating and cooling processes within a cooling flow.
Observations with considerably improved sensitivity and resolution are
required if we are to distinguish between the ultra-luminous binary
and gas density fluctuation hypotheses for the nature of the X-ray

maxima.

NGC 4649
The mapped region in Figure 6.6 includes 300 source' counts.  All
contour levels increment by 10% of the peak surface brightness; the

Towest contour level corresponds to 5.4x10°° ct 571 arcsec™?

(25% of
the peak value), or ~7 sigma above background. The central region of
NGC 4649 is at least as complex as that of NGC 4636. Isophotes of X-
ray surface brightness extend much further to the West than the East,
indicating a striking asymmetry in the spatial distribution of hot
gas. (We have already noted a similar, but less pronounced, asymmetry
on Tlarger scales.) It is possible that the ambient hot gas responds

to a non-isotropic gravitational potential field, or is incorporated

in a complex system of flows.

Although the contour map of the smoothed data gives an impression of
clumpiness, application of the cross-correlation algorithm to the raw
data resulted in the detection of only two "sources", perhaps
reflecting the poorer counting statistics compared to NGC 4636. Both

sources were detected at a formal statistical significance > 5 sigma,
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and their Tlocations are superimposed on the smoothed contour map
(Figure 6.6). It is clear that the two sources are only marginally
resolved, and 1indeed source #2 is probably spurious. Source w1 is
very prominent, and its position 1is consistent (within the HRI
pointing uncertainty) with that of the optical nucleus of the galaxy.
It is therefore tempting to attribute source =l to a low Tluminosity
AGN rather than an ultra-luminous X-ray binary or region of abnormally
dense gas, although this assertion can certainly not be independently

verified at present.

6.2.4 Simple Cooling Flow Models for NGC 4636 and NGC 4649

The radiative cocling times derived for the hot gas associated with
early type galaxies are invariably short compared with the Hubble
timescale. If the integrated supernova rate within a galaxy is not
sufficient to counteract the effects of radiative cooling, a global
cooling flow is likely to occur. Direct proof of the existence of
cooling flows in early type galaxies will require X-ray observations
with both high angular resolution and good spectral discrimination,
thus enabling the detection of the central gas temperature inversion
which is characteristic of a cooling flow (cf. M87, Lea et al. 1982,
Canizares et al. 1982). Indirect evidence in the case of NGC 4636
derives from those characteristics it shares with clusters of galaxies
which display evidence of cooling flows, namely a sharply rising X-ray
surface brightness profile near the core region and the presence of
modest nuclear activity (eg. radio emission at GHz frequencies and
line emission in the optical spectrum). The large scale X-ray
morphology of NGC 4636 could also be interpreted as evidence for large

scale gas flows, albeit possibly disrupted by the effects of heating.
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Evidence for a cooling flow in NGC 4649 is Teés compelling af present;
the global gas temperature 1is currently unknown, so other gas
paarameters are also undetermined, and the galaxy exhibits only one
classical cooling flow signature - nuclear radio emission.
Nevertheless, we will apply the same type of cooling flow model to
both galaxies, and in the case of NGC 4649 check for any obvious

internal inconsistencies.

Qur wultimate aim is to study the relationship between cooling flows
and nuclear activity; we therefore need to establish physically
meaningful quantities such as mass flow rates and the thermal pressure
exerted by hot gas; the HRI data must therefore be used to derive
estimates for T(r) and ne(r). Fabian et al. (1981) used an iterative
deprojection technqiue to analyse an HRI image of NGC 1275. The
radial profile of the X-ray emission was geometrically deprojected
under the assumption that the X-ray emitting gas was distributed in
concentric spherical shells. An additional assumption that the gas
was 1in hydrostatic equilibrium with the galaxy's gravitational
potential field enabled the derivation of T(r) and ne(r), consistency
being ensured by testing the results to see if they reproduced the
[PC-derived spectral hardness profile, H(r). Since our analysis of
IPC data provides only a crude estimate of the globally averaged gas
temperature rather than a radial temperature or spectral hardness
profile, we prefer to relax the assumption of hydrostatic equilibrium,
which 1in any case may not be strictly applicable to a cooling flow

scenario, and instead develop a simple, self-consistent model for

T(r).

In the absence of suitable independent constraints, we feel that it is
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sensible to adopt the simplest viable model for a cooling flow. We
assume that stellar mass 1loss balances radiative cooling (the
radiative regulation model of Cowie and Binney 1977), and heating
processes exert negligible influence on the properties of the flow,
which is therefore stable. Adiabatic compression occurring as the gas
flows through the galaxy's gravitational potential field maintains the
hottest gas at a temperature:
T(r) ~ GM(r)pmH/kr R
where M(r) is the total gravitating mass within radius r (Nulsen et
al. 1984). M(r) can be calculated using a simple King model;
e(r) o (1+ (r/a)?) 3/2
which 1is normalized via application of the Virial theorem to the
galaxy core (r = a), ie.:
GM(a)/a = 30°
where ¢ is the velocity dispersion of the core. Integrating the
density profile over the core and substituting for M(r) in the
temperature equation leads to:

2

T(r) = 17.2um, 6% f(x)y/kx (1) ,

H
where x = r/a and f(x) = 1n(x+(1+x2)1/2) - (x/(1+x2)1/2). The
multiplicative constant "y" is .1nc1uded to allow for possible
departures from the exact Virial theorem as applied to galaxy or
cluster cores. In principle, y can be varied to fit T(r) to some
constraint, such as an IPC-derived global temperature. We initially
set y = 1.0 and adopt equation (1) in its exact form. The adiabatic

compression temperature profiles for NGC 4636 (6 = 219 km s'l, a =

3.16 arcsec) and NGC 4649 (6-= 341 km s'l, a = 5.37 arcsec) are

displayed in Figure 6.7. The adopted velocity dispersion and core
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radius values are from Tonry and Davis (1981) and King (1978),

respectively.

To derive the radial electron density profile we assume that all of
the X-ray emission detected by the HRI is generated by an optically
thin plasma, with solar element abundances, which is distributed in a
set of spherically symmetric concentric shells. Each shell is assumed
to have a constant gas density and to be isothermal at the temperature
given by equation (1). By examining the radial dependence of gas
properties we are averaging out the azimuthal asymmetry clearly
present in the HRI data. Unfortunately, the counting statistics are
too poor to attempt a more detailed (r,©) deprojection of the data,
particularly 1in the outer regions of NGC 4636 where the asymmetry is
most prominent. The assumption of spherical symmetry, and hence a
gravitational potential that is a function of radius only, is probably
not unreasonable for NGC 4636 and NGC 4649, since both galaxies are

thought to be intrinsically quite round (King 1978).

The background subtracted radial profiles displayed in Figure 6.4 form
the basic starting point of our deprojection analysis. The 8 arcsec
radial bin size is sufficiently large for effects due to instrumental
resolution and photon noise to be negligible. Geometrical
deprojection of the radial profile data is performed using the
iterative procedure described by Fabian et al. (1981) and Kriss et al.

(1983); the measured surface brightness of each annulus (ct s'1

arcsec'z) is converted to a deprojected volume count rate (ct 571

arcsec'3) for the equivalent spherical shell, after the application of
suitable corrections for the contributions due to the outlying shells.

The deprojected count rate profiles for NGC 4636 and NGC 4649 are
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shown in Figure 6.8; their outer regions have been rebinned (16 or 24
arcsec bins) in order to improve counting statistics. Conversion to
the electron density profile is achieved via:

C.(r) = n_(r)% F(T)/amD? (2) .

v e
where C (r) is the deprojected count rate (units: ct 571 cm'3)

from a
spherical shell at radius r; F(T) is the emissivity of an optically
thin plasma with solar element abundances at a local temperature T =
T(r), corrected for absorption due to the column density along the
line of sight through our galaxy, and integrated over the HRI
effective area function (0.1 - 4.0 keV). The derived ne(r) profiles
for NGC 4636 and NGC 4649 are shown in Figure 6.9. Having determined

T(r) and ne(r) we are now able to perform a detailed study of the

properties of the X-ray emitting gas associated with both galaxies.

Adiabatic  compression s c1e5r1y able to maintain high gas
temperatures throughout both galaxies (Figure 6.7). The temperature
gradient 1is relatively flat in the outer region of each galaxy,
increasing slowly wuntil it peaks at r~3a and thereafter falling
rapidly towards the centre of the galaxy. Spectrally resolved X-ray
observations of the core regions of NGC 4636 and NGC 4649 should

reveal the presence of relatively cool gas (T~106—107 K},

if cooling
flows are actually present. If supernovae heating is negligible and a
steady cooling flow occurs, then equation (1) should provide a
reasonably accurate representation of T(r); whereas if the heating and
cooling rates are similar we would expect to find T(r) “’Tg1oba1
(1.4x107 K for NGC 4636) outside the core, although a cooling flow
would probably still occur within the core itself. Only if heating

completely overwhelms cooling is the gas likely to be isothermal
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throughout the galaxy.

6 o0 1.8x107 K, in

Qutside the core of NGC 4636 T(r) ranges from 5x10
reasonable agreement with the crude IPC-derived estimate of the global
gas temperature. We can derive an estimate of the globally averaged

gas temperature from the adiabatic temperature profile:

Tqlobal™ 2 C,(1T(H)dv(i) / 2 C (i)dv(i) (3) ,
where dV(i) dis the volume of the i'th shell. Summation over the
region of persistent X-ray emission yields Tg]oba1'\/1.1x107 K, in good

agreement with the IPC value of~1.4x107 K, hence justifying our

selection of y = 1.0 in equation (1). A similar estimate made for

7

NGC 4649 gives T ~ 3.8x10° K, which is well in excess of the

global
global temperatures derived for other early type galaxies using IPC
data. NGC 4649 does have an exceptionally high velocity dispersion,
and for this reason alone we would éxpect a high global temperature
(TocGZ). An initial examination of the crude spectral fitting
performed during the automatic scientific analysis of the NGC 4649 IPC
data does not, however, provide strong support for an unusually high
gas temperature. It is therefore quite probable that equation (1)

does not accurately describe the gas temperature profile of NGC 4649.

Relatively high gas densities (ne 2 5x10'2 cm'3) are required to
generate the central X-ray emission in both galaxies. Beyond a few
opticé] core radii ne(r) decreases roughly as an inverse square law.
The derived density profile for NGC 4636 is fairly insensitive to the
precise form of T(r) adopted; F(T) is a weak function of T for the

6 7

range of interest (T~ 5x10° - 2x10" K). The electron density profile

for NGC 4649 is, of course, substantially more uncertain because of
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the absence of a reliable estimate of the gas temperature, and this
uncertainty 1is reflected in further gas parameters derived for this

galaxy.

In Figure 6.10 we show the radial dependence of the radiative cooling
time for the hot gas in both galaxies. In the core regions of
NGC 4636 and NGC 4649 the cooling times are so short (tCOO]AJIOS
years) that supernova heating would have to occur at a prodigious rate
to suppress cooling flows there. Although the cooling time increases
beyond the core region of NGC 4636, it remains less than a Hubble time
throughout the galaxy. Our assumption of a galaxy-wide cooling flow
therefore seems reasonable (as long as the cooling rate is higher than
the heating rate). The same does not appear to apply for NGC 4649;

1

t reaches HO' at a radius of ~80 arcsec (6 kpc), well within the

cool
optical light distribution, so a general cooling flow is unlikely.

We are able to derive the radial dependence of the thermal pressure
exerted by the X-ray emitting gas within NGC 4636 and NGC 4649 (P(r) =
ne(r)kT(r)). The pressure profiles shown in Figure 6.11 clearly
demonstrate that quite high gas pressures occur in the central 1-2 kpc
of both galaxies. The slight decrease in pressure as r-0 reflects
the inversion in T(r), whereas the roughly inverse square law
dependence beyond r~ 20 arcsec reflects the similar trend exhibited by
n_(r). Note that the pressures derived for NGC 4649 should be used

e
with caution due to the previously discussed uncertainties.

Contributions from the individual shells can be summed to derive an
estimate of the mass of hot gas associated with each galaxy, although

such estimates are necessarily a strong function of the assumed
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Timiting radius of the distribution. For NGC 4636 we find, on the

basis of HRI data alone, a radius of ~15 kpc and a mass of Az4.5x108

MO; the values for NGC 4649 are~9 kpc and~2.1x108 Mo’ respectively.

Note that the IPC-derived gas mass of-~1x109 MO for NGC 4636 1is
probably consistent with the HRI value since a larger limiting radius

(20 kpc) was assumed (Chapter Five, 5.4.1).

We have established that the HRI data for NGC 4636 and NGC 4649 are
consistent with cooling flows occurring within the core regions of
both galaxies and throughout the whole physical extent of NGC 4636.
If we apply conservation of energy to the cooling flow we find (eg.
Stewart et al. 1984):.
Mi = Ly [5kT;/2um, + (¢1 - (1)0)]-1 ,

where Li is the X-ray luminosity due to gas in the i'th shell. If the
gravitational potential energy term (¢1 —<P0) is neglected, we deduce

1

that ~0.01 M0 yr = flows into the central ~1 kpc of each galaxy. The

total stellar mass 1loss rate required to sustain a cooling flow
throughout NGC 4636 is ~0.8 M0 yr'l, which is in reasonable agreement
with the theoretical prediction of ~0.5 M0 yr-l from stellar evolution
(Faber and Gallagher 1976). The evidence for a general cooling flow
in NGC 4649 is not compelling at present; part of the predicted ~1.2

1 stellar mass loss has been incorporated into what we belijeve

MO yr
is probably a static distribution of hot gas, but most has been Tost

from the system, perhaps via evaporation.

6.3 VLA Radio Observations of NGC 4636 and NGC 4649

6.3.1 Observation Strategy and Data Reduction

Previous radio observations of NGC 4636 and NGC 4649 have been limited

to the measurement of monochromatic fluxes at various frequencies, the
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angular resolution of the instrumentation being too coarse to enable
detailed mapping of the radio emission (eg. Hummel et al.1983). The
VLA 1465 MHz and 4885 MHz observations reported here achieved an
angular resolution of ~4 arcsec, comparable to the resolution attained
by the Einstein HRI in the soft X-ray band. A detailed comparison
between the X-ray and radio data for these two elliptical galaxies is

therefore feasible.

Qur observation strategy required the mapping of both galaxies at two
separate frequencies, 1in each case with~4 arcsec resolution. This
scheme entailed the use of two different VLA antennae configurations,
which because of constraints imposed by the VLA operational cycle
required the observations at different frequencies to be separated by
several months. The 1465 MHz observations were performed between 1100
and 1400 LST on Jan 24 1984, with the full 27 antennae VLA in B-
configuration. Both galaxies were observed in a sequence of 4x20
minute "snapshots" interleaved with observations of appropriate phase
and flux calibrators. Standard celestial calibration sources were
selected by the VLA staff. A basically similar strategy consisting of
2x40 minute snapshots for both galaxies was adopted for the 4885 MHz
observations performed between 1000 and 1300 LST on May 9 1984.

Standard aperture synthesis techniques were employed to generate the
high resolution radio maps of NGC 4636 and NGC 4649. Raw UV
visibility data was corrected for known phase errors, differential
zenith angle effects (eg. atmospheric absorption), and also the gain
and polarization characteristics of the individual antennae.

Conversion from calibrated UV data to synthesis map was accomplished
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using standard FFT techniques. Positions and fluxes were determined
for discrete sources identified in the synthesized data. The CLEAN
algorithm (eg. Hogbom 1974) was applied to sections of the data which
appeared to contain complex sources or extended structure, in order to

remove distortion caused by sidelobes and grating ring responses.

The resultant CLEANed 1.4 GHz and 5 GHz maps of NGC 4636 both have a
resolution of 3.7x3.4 arcsec (RAXDEC, FWHM), whereas the NGC 4649 maps
have a resolution of 3.7x3.9 arcsec. Absolute pointing uncertainties
for CLEANed data are ~0.2 arcsec at 1.4 GHz and ~0.3 arcsec at 5 GHz.
The 1largest scale structure which is theoretically fully visible 1in
our CLEANed maps (ie. with no Toss of flux) is 80 arcsec. Typical
background RMS levels are~0.1 mJy/beam at both frequencies, resulting
in dynamic ranges of between 50 and 200 for our VLA maps. We adopt a
flux Timit of ~0.5 mdy as our criterion for the existence of an
unresolved or slightly resolved radio source. Eight discrete sources
have been identified in the synthesis maps of the NGC 4636 region; the
brightest 1is clearly extended and located near the optical centre of
the galaxy. In contrast, only one radio source is evident in the NGC
4649 synthesis maps; it too is extended and centrally located within

the galaxy.

6.3.2 Discrete Radio Sources in the Vicinity of NGC 4636

The celestial coordinates and flux densities of the eight sources
detected in either or both of the VLA maps of the NGC 4636 region are
listed in Table 6.2. Source positions have also been superimposed
schematically upon the relevant region of the PSS red plate (Figure

6.12). Sources 1, 7 and 8 lie outside the CLEANed region of the 1.4
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Table 6.2 : Summary of Radio Observations of NGC 4636 and NGC 4649
NGC 4636
SOURCE RA DEC FLUX (mdy) SPECTRAL
1465 MHz 4885 MHz INDEX
h m s
1 12 40 34.5 2°57"'30" 3 N.O. ?
2 12 40 22.54 2 58 21.5 N.D. 3.5 >+1.9
3 (a) 12 40 18.97 2 57 51.0 13.5 2.5 -1.41
(b) 12 40 19.10 2 57 44.5 3.6 1.0 -1.10
4 (extended) 12 40 16.68 2 57 41.4 59.3 27.3 -0.64
5 12 40 11.67 2 58 35.8 8.1 1.3 -1.50
6 12 40 7.53 2 56 47.1 6.4 N.O. ?
7 12 39 59.4 3 01 29 8 N.O. ?
8 12 39 54.1 3 00 23 16 N.O. ?
NGC 4649
SOURCE RA DEC FLUX (mdy) SPECTRAL
1465 MHz 4885 MHz INDEX
h m _s
Core 12 41 8.7 11°49'34.5" 17.5 18.4 +0.04
Upper Lobe 12 41 9.2 11 49 43 2.7 1.3 -0.61
Lower Lobe 12 41 8.4 11 49 24 1.2 0.5 -0.7
Lower Lobe 12 41 8.5 11 49 15 0.5 N.D. ?

(Extension)
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Notes to Table 6.2

(1) Sources 1, 7 and 8 are outside the CLEANed region of the 1465 MHz
map; their coordinates and fluxes are intrinsically less accurate than

for the other sources.

(2) Sources 1, 6, 7 and 8 are outside the VLA FOV for the 4885 MHz
observation (N.0. = Not Observed). Source 2, detected in the 4885 MHz
observation, was inside the FOV of the 1465 MHz observation but not

detected (N.D. in the flux column).

(3) Power Law index o, calculated assuming a continuous spectrum from

1465 MHz to 4885 MHz with the form S, & ch.

(4) The coordinates of the extended lobe components of NGC 4649 and
the extended source in NGC 4636 (source 4) are for the position of

the centroid of emission.
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Figure 6.12 (Plate)

Positions of discrete radio sources detected in the vicinity of
NGC 4636 superimposed upon Palomar Sky Survey red plate.
Details of positions and fluxes of radio sources are Tisted in
Table 6.2. Plate scale is 7.7 arcsec/mm, thus 1 arcmin

(or 4.2 kpc) corresponds to 7.8 mm.
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GHz map, hence their positions and fluxes are less accurate than those
of the other sources. Unfortunately, sources 1 and 6-8 are beyond the
limits of the 5 GHz synthsis map, so we are unable to even crudely
determine their spectral parameters. Of the inner sources, 1 and 3-5
have been independently detected at both frequencies, but source 2 has
only been detected at 5 GHz. Sources 1,2 and 5-8 are completely
unresolved, whereas source 3 has a well defined double morphology
which is consistent with two marginally resolved, point-like
components. Source 4 is extended and exhibits a rather unusual morph-

ology; we defer a detailed study of its properties to section 6.3.3.

Sources 1 and 6-8 are situated well beyond the optical bounds of NGC
4636- and are unlikely to be physically related to the galaxy. No X-
ray counterparts are evident in either the IPC or HRI data, although
examination of red and blue PSS plates (eg. Figure 6.12) reveals
possible optical counterparts for sources 1, 6 and 7. The
counterparts of sources 1 and 6 have a stellar appearance and are
visible on both the red and blue plates; we estimate red magnitudes of
~16.5™ and ~13.5M respectively. The counterpart of source 7 has a
double morphology, possibly due to two components with magnitudes ~18™
and ~19". Deep plates and accurate spectra are obviously required in
order to confirm the validity of the optical identifications and
establish the nature of these objects, but it seems plausible that
they are radio powerful QSOs fortuitously located in roughly the same
Tine of sight as NGC 4636. The background source density observed in
the 1.4 GHz data is consistent with the Log N - Log S relationship at
GHz frequencies (eg. Wall, Pearson and Longair 1981). It is therefore

somewhat surprising that no background sources were detected in the
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equivalent NGC 4649 map.

Although sources 2,3 and 5 appear to be sjtuated within the optical
light distribution of NGC 4636 (Figure 6.12), it fs by no means
certain that they are physically associated with the galaxy.
Examination of available plate material fails to reveal obvious
optical counterparts (eg. globular clusters), and analysis of the
relevant regions of the HRI X-ray image yields a similarly negative
resul t. Extrapolation of the log N - Tog S relationship for GHz
frequencies to fluxes in the range 1-10 mJy leads to a prediction of
roughly one background radio source within the optical bounds of NGC
4636 (eg. Wall, Pearson and Longair 1980, 1981; Wall et al. 1982). We
therefore can not exclude the possibility that one or more of these
radio sources are background objects. The 1.4-5 GHz spectral indices
of sources 3 and 5 are relatively steep compared with typical QSOs and
radio galaxies, which tend to have indices in the range -0.4 to -1.2
(eg. Kellerman et al. 1969). We are unable to rule out the background
source hypothesis, since the derived spectral indices are subject to
uncertainties due to possible Tuminosity fluctuations over the four
month period between the 1.4 GHz and 5 GHz observations. The non-
detection of source 2 during the 1.4 GHz observation implies either
dramatic variability during this period or a strongly inverted

spectrum (cf. QSO 4C 39.25, Kellermann 1974).

Alternatively, if these sources are members of the NGC 4636 system

they have monochromatic radio Tuminosities in the range L1 4~1-3x1027

erg s1HzL

This exceeds the luminosity of the galactic SNR CAS A
by a factor of ~50. The SNR hypothesis should not be rejected on

luminosity grounds alone, however, since considerably more Tluminous
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examples probably exist, eg. the radio hotspot 41.9+58 in M82
(Kronberg and Wilkinson 1975). Ultra-luminous SNRs are to be expected
in a galaxy rich in Population I objects and star formation activity,
but are wunlikely to occur in a relatively normal elliptical galaxy
(unless the existence of such objects is favoured by the conditions
prevailing in a cooling flow). In this context it is worth noting
that in 1939 a supernova was observed in NGC 4636; its location (RA =
12" 40™ 185, DEC = 2° 58' 00") places it roughly 15 arcsec from radio
source 3. The SNR hypothesis for sources 2, 3 and 5 can probably be
rejected on the basis of their spectral indices, which under this
hypothesis are quite well determined since SNRs do not vary in
Tuminosity on timescales of months; SNRs generally have spectral
indices 1in the range ~ -0.1 to -0.8, whereas sources 3 and 5 have
considerably steeper spectral slopes. In conclusion, we believe it
probable that sources 2, 3 and 5 are unrelated to NGC 4636. We
therefore tentatively classify them as background objects, the exact
nature of which can only be determined by detailed radio and optical

studies.

6.3.3 Extended Radio Sources in NGC 4636 and NGC 4649

A detailed 1465 MHz map of the extended radio source which is situated
near the centre of NGC 4636 is displayed in Figure 6.13. The contour
levels correspond to 5, 10, 20, 35, 70 and 90% of the peak flux; the
lTowest level (0.57 mJy/beam) is ~5 x background RMS. We prefer to use
the 1465 MHz data for display purposes because 1its dynamic range
(~100) is a factor of two superior to that of the 4885 MHz data. The
morphology and angular size of the source appears to be virtually

identical at both frequencies, implying negligible spectral variation
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1.4 GHz VLA map of the extended radio source situated
near the centre of NGC 4636. The lowest contour level
corresponds to 5% of the peak surface brightness.
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over the source; we derive X~ -0.6 for the 1.4 - 5 GHz frequency
range. The source has approximate dimensions of 36 x 12 arcsec
measured at the 5% surface brightness Tlevel, corresponding to a

spatial scale of 2.5 x 0.8 kpc.

Extended radio structures have been observed in a number of elliptical
galaxies ‘(eg. Jenkins 1982), although they usually exhibit a fairly
well defined core plus double Tobe morphology. In contrast, NGC 4636
possesses a rather amorphous radio source which Tlacks any obvious
nucleus but still displays a degree of collimation. Higher resolution
radio observations may eventually reveal the existence of a central
radio core, although it can only contribute a small proportion of the
flux observed at GHz frequencies. Perhaps the most striking aspect of
the morphology of the radio emission is the pronounced twist or curve
along its major axis. If, as most authors agree, the extended radio
structures associated with elliptical galaxies are due to beams of
relativistic particles ejected from a central "engine", then
precession of this engine (and hence the collimated beams) could be
the cause of the twisted radio emission. Alternatively, differential
pressure due to the ambient hot gas in the central region of NGC 4636

might cause the distortion (see also section 6.3.6).

The VLA observations of NGC 4649 have revealed the presence of an
extended radio source located at the centre of the galaxy; unlike the
NGC 4636 source it displays the classical morphology consisting of an
unresolved core plus two collimated lTobes of extended emission (Figure
6.14). The contour levels of the 1465 MHz map represent

2, 4, 8, 16, 32 and 64% of the peak surface brightness; the lowest
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Figure 6.14 1.4 GHz VLA map of the extended radio source situated at
the centre of NGC 4649. The lowest contour level
corresponds to 2% of the peak surface brightness.
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Tevel corresponds to 0.35 mdy/beam, or~4 x background RMS. Compared
with the extended radio structure in NGC 4636, the radio Tobes of NGC
4649 are relatively faint, contributing only ~20% of the total 1465
MHz flux from the source. Indeed, they are only marginally detectable
in the 4885 MHz map, which implies «x~-0.6, essentially identical to
the spectral index of the extended radio source in NGC 4636. Detailed
analysis of the data at both frequencies demonstrates that the core
component is completely unresolved; its very flat spectrum
(x=+ 0.04, inferred from observations separated by four months) is
quite typical for such sources (eg. Jenkins 1982). Although the main
radio 1lobe structure is roughly symmetric, the upper 1lobe is
substantially more powerful. The lower lobe appears to have a faint,
semi-detached extension, the location of which relative to the axis of
symmetry again suggests precession of the particle beams ejected from
the central engine, or perhaps distortion caused by differential

pressure effects due to the ambient hot gas.

6.3.4 Relationships Between Central Radio Sources and Discrete

X-ray Features

We have superimposed the radio contours displayed in Figures 6.13 and
6.14 upon the high resolution maps of the central X-ray emission
regions of NGC 4636 and NGC 4649; the results are displayed in Figure
6.15. Although both the X-ray and radio data have virtually the same
angular resolution (~4 arcsec), the dynamic range and absolute
pointing accuracy of the radio data are superior. We estimate that
the Jjoint pointing uncertainty for the combined X-ray and radio maps

is ~ 4 arcsec, or one resolution element.

The most noteworthy feature of the NGC 4636 map 1is that the
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Figure 6.15 1.4 GHz VLA contours superimposed upon HRI maps of
central regions of (a) NGC 4636 and (b) NGC 4649.
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orientations of the elongated X-ray plateau and the extended radio
structure are quite different, although their surface brightness
distributions do partially overlap. Several local X-ray maxima are
apparently located in the region of radio emission, although none are
coincident with the peak of the radio surface brightness distribution
(the nearest X-ray maxima is ~6 arcsec distant). It is conceivable
that the spatial variations in gas density, indicated by the rather
chaotic X-ray structure, are a consequence of local heating caused by
the passage of beams of relativistic particles (ejected by the
hypothetical central engine) through the ambient hot gas (eg. Tucker
and Rosner 1983). The presumably complex dynamics of the hot gas in
the central region of NGC 4636 may be partially responsible for the

unusual morphology of the radio emission.

The angular separation between fhe unresolved radio core and the
prominent X-ray peak (Source 1) in the central region of NGC 4649 is
~4.5 arcsec, marginally consistent with the two features being mutual
counterparts (see Figure 6.15). It is entirely possible that we have
found a very low luminosity, AGN-type nucleus located at the centre of
this elliptical galaxy, although this is obviously not a unique
interpretation of the data. Figure 6.15 clearly demonstrates that
there is no direct correspondence between the morphology of the radio
lobes and the spatial distribution of the X-ray emitting gas. Since
the radio lobes of NGC 4649 are intrinsically less powerful than the
extended radio structure in NGC 4636, we would predict that 7local
heating of the ambient gas by relativistic particles would be Tless

significant.
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6.3.5 Cooling Flow Fueling of Radio Sources

Various authors have suggested that cooling flows are capable of
fueling nuclear radio sources, both in individual galaxies (Bailey
1980, Nulsen et al. 1984) and in rich clusters of galaxies (Jones and
Forman 1984, Stewart et al. 1984). Striking observational evidence
for this conjecture 1is provided by the well defined correlation
between radio luminosity and "excess" X-ray luminosity displayed by
rich clusters thought to contain cooling flows in their core regions
(Jones and Forman 1984). In Chapter Five we noted a similar tendency
for radio sources to occur in gas-rich early type galaxies. For the
purposes of discussion we will assume that NGC 4636 and NGC 4649 both
contain cooling flows in their core regions; we further postulate that
some of the cooled gas accretes onto a a1108 M0 black hole. Nulsen et
al. (1984) demonstrate that although the mass flux in a cooling flow
is theoretically zero at the centre of a galaxy, the existence of a
central point mass tends to suppress the thermal instabilities which
remove matter from the flow (via star formation), thus allowing a
finite mass flux onto the central object. These authors suggest that

mass fluxes as high as 1072

M0 yr'l are possible; this value is
similar to the total cooling flow mass fluxes for the central ~ 1 kpc

of NGC 4636 and NGC 4649 derived in section 6.2.4.

Assuming that roughly half of the central mass flux is removed by star

formation, we envisage that the remaining ~ 5x107° My yrol s

deposited in an accretion disk around the black hole. We can estimate
the total Tuminosity generated by the accretion process from L =~ EMCZ,
where € 1is the accretion efficiency. Although the details of the

accretion process are poorly understood, it is obvious that even
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relatively inefficient accretion can result in the generation of a

42 erg sl for €~0.01. Most of this output

high luminosity, eg. ~3x10
will be radiated from the accretion disk at optical and UV
wavelengths, but some of the energy released by accretion will
accelerate particles to relativistic ve]ocitiesf Synchrotron emission
from the resultant collimated particle beams gives rise to the
extended radio structures observed in NGC 4636 and NGC 4649. The
nature of the radio core in NGC 4649 is 1less clear, although the
emission mechanism 1is also T1ikely to be synchrotron radiation.
Assuming that the spectral parameters Tlisted in Table 6.2 are
applicable over the entire 107-1010 Hz frequency range, we derive

38 L and~6x10%7 erg 57!

integrated radio Tuminosities of ~1.1x10°° erg s~
for the central radio sources in NGC 4636 and NGC 4649 respectively.
These luminosities are virtda]?y negligible compared with the probable
output from cooling flow - fueled accretion. The same argument also
applies to the X-ray feature which may be a counterpart to the radio

39 erg s'l, possibly

core in NGC 4649; its Tluminosity, Lx"'3X10
generated by a synchrotron self-compton process, is a small fraction
of the accretion output. Although the scenario we have considered is
probab]y simplistic, it does appear that the fueling of radio sources

by cooling accretion flows is a viable proposition.

6.3.6 Pressure Confinement of Extended Radio Sources

The extended radio sources in the central regions of NGC 4636 and NGC
4649 have 1linear dimensions of ~2 kpc and hence coexist with
substantial quantities of hot gas (as well as the cool gas which
probably fuels them). In Section 6.2.4 we derived a crude estimate

of the thermal pressure of the X-ray emitting gas as a function of
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radius for both galaxies. [t is obviously of interest to determine
whether the ambient gas exerts sufficient pressure to physically

confine the radio sources.

In order to determine the energy density within the extended radio
sources we have adopted the methodology of Willis et al. (1981).
Using the measured flux densities and ~GHz frequency spectral indices,

we have calculated integrated surface brightnesses for the extended

7 1410

radio features over the frequency range 10'-10"" Hz (see Table 6.3).

Assumption of equipartition conditions allows the derivation of the
energy-minimizing magnetic field strength, which can be conveniently

expressed as:

3/2]2/7

z[67TK'Iint(1+K)/L siMWI (Perley et al. 1979),

Bm1'n

where 1 is the integrated surface brightness, L the path 1length

int
through the source (assumed to be roughly the observed width of the
feature), K is the ratio of proton and electron energies (assumed to
be unity), K' is a constant, and Q)the angle between the Tine of sight

and the magnetic field vector (generally assumed to be 90°). The

internal energy density in particles and fields is given by Umin =

782

m1.n/24TT_ B and Umin for various regions of interest are listed

min
in Table 6.3, as are our estimates for the local thermal pressure due
and P

to hot gas. Qur estimates of U are highly uncertain;

min thermal
the former because exact equipartition need not necessarily apply; the
latter because T(r) falls rapidly within the core region of each
galaxy and is in any case not well established for NGC 4649. It is
clear, however, that the thermal pressure exerted by the hot gas in
the central regions of NGC 4636 and NGC 4649 is more than sufficient

to confine the observed extended radio structures. Indeed, similar
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Notes to Table 6.3

(1) Area of radio components estimated from ~5% contour.

(2) Intensity of radio features (Iint) calculated using fluxes and
spectral parameters listed in Table 6.2, integrated over full 107-1010

Hz frequency range.

(3) Derivation of Bmin and U is detailed in the text. The values

min
for the radio core of NGC 4649 are very uncertain, since the true
angular size of the source is unknown; we have assumed a radius limit

of ~1 arcsec.

(4) P values have been calculated by estimating the radial

thermal
distance of a particular feature from the centroid of the X-ray
emission and reading off T(r) and ne(r) from Figures 6.7 and 6.9. The
pressure values for NGC 4649 are highly uncertain since the
temperature values are very poorly determined. Since the cooling flow
model temperatures are probably unrealistically high for NGC 4649, the

pressures listed in the table could be systematically too high by a

factor of ~2.
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features would be confined as far out as r~50 arcsec (3.6 kpc), as
Figure 6.11 indicates. A similar calculation for the unresolved radio
core in NGC 4649, assuming a source size < 1 arcsec, yields

-10

u . ~10 erg cm'3, which is quite similar to the ambient gas

min
pressure. None of the above analysis constitutes a proof that
pressure confinement determines the size and morphology of the radio
sources in NGC 4636 and NGC 4649, although the results are suggestive
of it. Differential pressure effects due to the possibly complex
dynamics of the ambient gas may give rise to the curved morphology
exhibited by the NGC 4636 radio source, although this feature could

equally well reflect the intrinsic properties of the particle beams

ejected from the hypothetical central engine.

6.4 The Evolution of Cooling Flows

6.4.1 Star Formation and Supernova Heating

Our analysis of the HRI X-ray data has led us to conclude that cooling
flows are present in the central regions of NGC 4636 and NGC 4649, and
possibly throughout the whole stellar system of NGC 4636. If a steady
cooling flow has existed in NGC 4636 for much of its 1ifetime, then an
easily detectable quantity of cooled gas (2 109 Mo) will have been
deposited throughout the galaxy. Sensitive HI observations limit the

current mass of neutral hydrogen to 3x107

Mo’ and contributions from
gas in other relatively cool phases are also negligible. The fueling
of nuclear activity requires an almost negligible proportion of the
"missing" gas, Tleaving star formation as the only viable alternative

for a gas sink.

Many authors have noted that an elliptical galaxy, such as NGC 4636,

which is undergoing continuous star formation with a normal (ie. solar
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neighbourhood) initial mass function, would exhibit anomalously blue
colours due to the relative over-abundance of high mass stars (egq.
Faber and Gallagher 1976). NGC 4636 is not anomalously blue; its
colours are quite typical for an EOQ galaxy. Star formation initiated
by the cooling flow must therefore occur with an IMF which is either
very steep or suitably truncated at high stellar masses (eg. Sarazin
and 0'Connell 1983). Support for this scenario is provided by a
consideration of the critical (Jeans) mass for the gravitational

collapse of a non-rotating blob of cool gas. Spitzer (1978) derives

mJ::O.64 (Tc/lOK)Z(PC/107k)'1/2, where TC and P_ are the temperature
and pressure of the cool gas; If the cool blob is in rough pressure
6

equilibrium with the surrounding hot gas, then Pcfznekavlo k, hence
mJ—v2 Mo' The exact relationship between m; and the IMF of the

subsequently formed stars is unknown, but stars with masses

> 2 M,
would not be expected to form in the central regions of NGC 4636 and

NGC 4649.

The situation 1is more complicated than it initially appears to be.
Nulsen et al. (1984) demonstrate that stellar mass loss injected into
a cooling flow at radius r will decouple from the flow by the time it
reaches radius ~r/2. Star formation therefore occurs diffusely
throughout the galaxy in question. At a distance of 5 kpc from the
centre of NGC 4636 the thermal pressure exerted by the X-ray emitting
gas is on]yfv6x104k, hence the Jeans mass increases to ~8 Mo' Higher
mass stars are likely to form preferentially in the outer regions of a
cooling flow, 1if it extends throughout a galaxy. The total mass of
stars generated as a consequence of a cooling flow in NGC 4636 during

a Hubble time probably does not exceed a few percent of the galaxy's
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visible mass, hence any radial colour gradient caused by the effects

of a differential IMF would be difficult to detect.

Optical emission 1line regions have been observed 1in the nuclear
regions of a number of elliptical galaxies, and have been interpreted
as evidence for shocks associated with thermal instabilities occurring
within a cooling flow (Nulsen et al. 1984). NGC 4636 1is one such
galaxy; a detailed examination of the spatial and velocity structure
of the optical emission 1line region(s) should provide useful
information relating to the properties of cooling flows, since the
shocks which give rise to the line emission are linked to the thermal

instabilities which initiate the star formation.

Since the cooling flow in NGC 4636 contributes very 1ittle to the
galaxy's mass, it also contributes very 1little to the integrated
supernova rate. The best available empirical estimates for elliptical

galaxies predict supernova rates of~5x10'3 yr'l for NGC 4636 and

1

~1.2x10'2 yr~ - for NGC 4649 (Tammann 1982). Blair (1982) deduced a

mean value for the energy released per supernova of~3x1050 erqg. On

40 1

this basis we predict that ~4.8x10"" erg s -~ of supernova-induced

41 erg s'l in

heating is potentially available in NGC 4636, and ~1.1x10
NGC 4649, corresponding to ~30% and ~90% of their respective X-ray
Tuminosities (ie. cooling rates). A quasi-steady cooling flow
probably exists in NGC 4636, although heating may disrupt the outer
regions (see section 6.2.2 and Figure 6.1). NGC 4649 is most unlikely
to maintain a steady cooling flow, except in its dense core region.

Qur estimates of heating rates are, of course, dependent on the

assumed supernova parameters, which are highly uncertain. The
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efficiency with which energy released by a supernova is injected into,
and transported through, a hot medium which is subject to radiative

cooling, is also not well established.

6.4.2 Qther Heating Processes

Supernova heating 1is not the only process capable of disrupting a
cooling flow. Tucker and Rosner (1983) constructed a model of the hbt
gas surrounding M87 which incorporated non-thermal heating due to
relativistic electrons (present in the radio 1lobes) and thermal
conduction ffom the hotter outer pérts of the halo. These authors
find no need to invoke radiative accretion of the gas, and claim that
conduction over a Tlarge scale tends to isothermalize the halo;
conduction therefdre suppresses the cooling flow process. Canizares
et al. (1984) and Stewart et a]. (1984) have criticized the conduction
scenario of Tucker and Rosner, suggesting that plausible thermal
conduction models are most unlikely to equilibriate with radiative
cooling Tosses on large physical scales. If their views are confirmed
it seems probable that thermal conduction scenarios are unlikely to

apply to a cooling flow in NGC 4636.

Non-thermal heating by relativistic electrons may well occur in the
central regions of elliptical galaxies which contain nuclear radio
sources. The effects are likely to be local, resulting in chaotic
structure in a cooling flow. In this context it is worth recalling
the possible presence of local X-ray maxima within the region of
extended radio emission in NGC 4636, perhaps indicating the heating of
cooling flow material by relativistic electrons. Tucker and Rosner
(1983) suggest that copious non-thermal heating could induce a

cyclical flow: the central gas density increases until cooling is
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dominant, whereupon an accretion flow is initiated causing the fueling
of nuclear activity; ejected beams of relativistic particles suppress
the flow via non-thermal heating, thus in turn switching off the
nuclear activity and eventually allowing the cooling flow to recur.
The extended radio emission in NGC 4636 and NGC 4649 is probably too
weak for non-thermal heating due to the associated relativistic

particles to be globally important.

6.5 Conclusions

We have performed the first detailed investigation of the X-ray and
radio properties of two giant elliptical galaxies: NGC 4636 and NGC
4649. High resolution X-ray (HRI) and radio (VLA) maps have been
analysed; deprojection of the former has enabled the determination of
the radial dependence of gas parameters, which in turn has allowed us
to examine the physics of fueling and confining the observed central
radio sources. All the available data are consistent with the
occurrence of a quasi-steady cooling flow throughout NGC 4636,
although supernova heating may well disrupt the flow in the outer
regions of the galaxy. A cooling flow is unlikely to occur outside
the core region of NGC 4649. - The coo]ing-f]ow interpretation is not
unique, however, and requires confirmation by sensitive observations

in all wavebands.
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CHAPTER SEVEN : GENERAL CONCLUSIONS AND FUTURE PROSPECTS

7.1 Introduction

In this final chapter our primary objective is to place the major
results presented in Chapters Three to Six in an appropriate general
context, thus allowing us to delineate the scope for further
observational work wusing both currently available and proposed
astronomical facilities. Our principal conclusions regarding the X-
ray properties of M82 and early type galaxies are reiterated in terms
of their wider implications for the general properties of all galaxies
in section 7.2; this leads to a discussion about the possible
priorities and requirements for future X-ray observation programmes.
Section 7.3 is devoted to a detailed examination of the capabilities
of present and future X-ray observatories, including EXOSAT, ROSAT and
AXAF; we also assess their Tlikely impact on galaxy research. Finally,
in section 7.4 we outline the scope for complementary observations in
other wavebands, with particular emphasis on the possibilities
presented by "state of the art" facilities such as IRAS, VLA and Space

Telescope.

7.2 Basic Results: A General Context and Implications for

Further Research

The fundamental theme which unifies all of the research presented in
this thesis 1is that the X-ray properties of a galaxy which does not
display AGN characteristics are linked, both directly and indirectly,
to the properties and evolution of its stellar population(s) and
associated diffuse matter. In a seminal work, Vaiana et al. (1981)

reported the results of an extensive stellar X-ray survey; their
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findings clearly demonstrate that main sequence stars constitute a
pervasive class of Tow luminosity X-ray sources. A characteristic
stellar population therefore contributes directly to the X-ray
luminosity of its parent galaxy. Examples drawn from our work 1nc1ude-
giant associations of 0-B stars in the nuclear region of M82, each

038 1 to the X-ray

cluster ofwlO5 stars contributing roughly 1 erg s~
luminosity of the galaxy, and the enormous populations of Tow-mass
dwarf stars which are the basic constituents of early type galaxies; a

38.5 1 e yo

1011 M0 elliptical galaxy generating as much as ~10 erg s~
ray emission from its main sequence stellar component alone.
Furthermore, at any stage of the evolution of a particular stellar
population there will exist a characteristic set of evolved objects,
namely SNRs and X-ray binary systems, which although rare are
considerably more X-ray lTuminous than individual main sequence stars.
Several of the X-ray sources we detected in the nuclear region of M82
are probéb]y high-mass X-ray binaries; their soft X-ray lTuminosities

38.5 1

exceed ~10 erg s -, thus each individual system contributes ~1% of

M82's X-ray Tuminosity.

.Obvious1y, the X-ray lTuminosity of any galaxy is at minimum the sum of
the contributions from its populations of main sequence stars and
associated evolved objects. In Chapter Five we derived a crude
estimate of the minimum X-ray Tuminosity for a typical early type

galaxy: L (0.5-3.0 keV) = 3x10™

Lv‘ Although this empirical
relationship accurately describes the Tower bound of the Tluminosity
function for our sample of early type galaxies, it does not
necessarily apply to other classes of galaxies. For example, spiral

galaxies exhibit several distinct stellar populations, each with a
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different characteristic age, mass function and chemical composition.
The bulge population is essentially similar to the stellar population
of an early type galaxy and therefore probably follows the same
stellar X-ray luminosity function, whereas the younger populations
associated with the disk and spiral arm regions will have completely

different Tuminosity functions.

Although stellar X-ray emission is obviously a property common to all
galaxies, we have nevertheless identified several cases where its
overall contribution to the integrated X-ray luminosity of a galaxy is
relatively unimportant. Thermal emission from hot, tenuous gas (eg.

T~10’ K, <>~ 1072 em™3)

provides the dominant contribution to the
X-ray Tuminosities of many normal early type galaxies; NGC 4636 being
the most notable example. The same mechanism is also responsible for
the X-ray emission from the halo region of the starburst galaxy M82.
Despite displaying similar physical properties, the hot gas
distributions associated with M82 and NGC 4636 do not share a commbn
origin and are subject to radically different evolutionary processes.
Intense star formation activity in the nuclear region of M82 has given
rise to an exceptionally high integrated supernova rate, and
consequently a mass outflow along the minor axis of the dgalaxy. The
passage of supernovae shocks outward through the inner region of the
halo causes the shock-heating of ambient gas to X-ray emitting
temperatures. The energy input into the halo gas from supernova
heating greatly exceeds losses from radiative cooling, thus the bulk
of the hot gas escapes from the galaxy before it can cool

significantly. NGC 253 1is another example of a nearby galaxy

undergoing a violent burst of star formation; it likewise exhibits a
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region of shock-heated, X-ray emitting gas (Fabbiano and Trinchieri
1984). In contrast, the hot gas observed in early type galaxies is
directly Tlinked to normal stellar evolution. Gas ejected from low
mass stars at late evolutionary phases is collisionally heated to a
temperature consistent with the random stellar motion within the

6 _ 107 k).

galaxy (T~ 10 Further heating by supernovae may result in
the expulsion of the gas from the system as a continuous hot wind, in
which case the X-ray luminosity of the galaxy is simply comprised of
contributions from stellar X-ray sources. Many galaxies do retain
substantial quantities of hot gas, possibly due to gravitational
confinement by extensive dark haloes, and in such cases the balance
between supernova heating and radiative cooling appears to be quite
close. NGC 4636 is an example of an early type galaxy where cooling
processes are probably dominant; the hot gas becomes incorporated into
a radiatively driven cooling flow, and the cooled gas deposited by the

flow initiates Tow mass star formation throughout the galaxy and fuels

weak activity in its nuclear region.

Do other classes of galaxies also generate the bulk of their X-ray
Tuminosity via thermal emission from hot gas? This is certainly a
valid question since all galaxies generate gas as a consequence of
stellar evolution, and late type species have retained a substantial
quantity of primordial matter, so far unused in star formation.
Fabbiano et al. (1984) examined the global properties of a sample of
14 nearby spiral galaxies and concluded that, with the exception of
systems undergoing starbursts, their X-ray emission properties are
consistent with contributions from stellar sources only. High

resolution observations have also failed to reveal any diffuse X-ray
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emission which could be associated with presence of substantial
quantities of hot gas in spiral galaxies (eg. M100, Palumbo et al.,
1981). Although spiral galaxies have significantly higher integrated
supernova rates than early type galaxies of similar optical
luminosity, the extra energy released is dissipated within their
extensive, relatively cool interstellar material. Only if the
supernova rate is exceptionally high, as in the starburst galaxies M82
and NGC 253, does shock-heating become important and substantial

quantities of gas are heated to X-ray emitting temperatures.

Einstein observed approximately two hundred normal or weakly active
galaxies. This constitutes a rather small sample - particularly since
a significant fraction of the galaxies were not detected - and
certainly restricts our ability to perform detailed studies of the
dependence of X-ray luminosity on optical luminosity, galaxy
morphology or stellar population characteristics. Widely based
studies of this nature require large, unbiased galaxy samples. There
is an obvious observational requirement for an all-sky survey at a
source detection sensitivity similar to that achieved by Einstein for
individual pointings. The data base generated by such a survey would
yield X-ray detections for upwards of a thousand normal and weakly
active (non-AGN) galaxies, thus allowing the compilation of complete,
X-ray flux Tlimited samples of galaxies. A large number of
scientifically valid research programmes can be envisaged; two with
particular relevance to the work presented in this thesis are outlined

below.

(1) Starburst Galaxies. Late type systems undergoing intense bursts

of star formation generate copious quantities of radio, IR and X-ray
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emission. An all-sky X-ray survey at Einstein sensitivity Tlevels
would detect starburst galaxies with X-ray properties similar to M82
out to a distance of ~50 Mpc, thus allowing a reasonably large sample
of X-ray detected starburst systems to be established. A study of the
correlation between X-ray and radio Tuminosities should prove
particularly illuminating, since both are at Teast partially Tinked to
the supernovae generated by the bursts of star formation. (In M82 the
outflow of hot, X-ray emitting gas is maintained by supernova heating,
and young SNRs are responsible for the bulk of the nuclear region
radio emission.) IRAS has detected a large number of IR-excess
galaxies, many of which appear to be undergoing intense star-formation
activity. Analysis of a joint X-ray - IR Tuminosity function should
provide further information relating to the properties and physics of

starbursts.

(2) Early Type Galaxies. The type of X-ray survey we have envisaged
would detect NGC 4636 at a distance of ~100 Mpc, we can therefore
expect to construct an X-ray selected sample of several hundred early
type galaxies. Derivation of a trivariate X-ray - optical - radio
Tuminosity function for early type galaxies in general, and elliptical
and lenticular species separately, should allow us to perform a
detailed study of their hot gas content, and its relationship to the
degree of clustering experienced by these systems. Furthermore, a
detailed analysis of the Tluminosity function should enable the
identification of those galaxies where cooling flows are fueling
nuclear radio sources. Confirmation of the existence of cooling flows
within individual galaxies will provide important constraints for the

properties and evolution of the parent stellar populations (eg.



211

stellar mass loss rates, supernova rates and low mass star formation).

The richness of information that can be derived from the analysis of
high resolution X-ray observations of individual galaxies has been
amply demonstrated in Chapters Three and Six of this thesis. There is
considerable scope fof further morphological studies of normal and
weakly active galaxies, since the total number of such objects
observed by the Einstein HRI was rather small (about 30). Perhaps the
most important use of high resolution observations is to identify and
map regions of hot gas associated with individual galaxies. It is
important to stress that a detailed determination of.the properties
and evolutionary state of the gas can only be accomplished by the
analysis of imaging X-ray data which possesses both high angular
resolution and good spectral discrimination. Spectrally resolved X-
ray maps are undoubtedly the key to understanding the detailed balance
between heating and cooling processes in gas-rich galaxies, whether
the gas is outflowing as in the halo region of M82, or static or

inflowing as in early type galaxies.

7.3 The QObservational Capabilities of Current and Proposed

X-ray Astronomy Facilities

7.3.1 General Comments

When the complete data base of Einstein observations finally becomes
available 1in Tlate 1985 there will be considerable scope for further
research along Tlines similar to the work presented in this thesis.
One of the principal aims of this concluding chapter is to help
stimulate new investigations into the characteristic X-ray properties

of galaxies; with this in mind we will examine the observational
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capabilities of current and "next-generation" X-ray astronomy
facilities, and the new research possibilities which may consequently
arise. The detailed study of the X-ray properties of galaxies
certainly requires the analysis of high sensitivity X-ray image data,
thus we will exclude from this discussion those X-ray astronomy
satellites which do not include imaging instrumentation (eg. Tenma,
Astro-C). EXOSAT is the only currently operational satellite which
incorporates an 1imaging X-ray telescope in its payload. ROSAT and
AXAF are dedicated X-ray imaging missions planned for launch in 1987

and 1992 respectively.

The fundamental observational capabilities of the various imaging X-
ray instruments which will be available to the éstronomy community
during the next ten years are summarized in Table 7.1. Detection
sehsitivities should be wused with caution, since the various
instruments operate in different energy bands; and furthermore the
designs for the ROSAT and AXAF instrumentation are not yet completely
finalized. Sensitivity values have been calculated in terms of
equivalent Uhuru count rates for an X-ray source which exhibits a

power Taw spectrum with photon index ~2.0 and negligible Tow energy

absorption (ie. located at high galactic latitude). A 1.0 Uhuru ct 571
source yields energy fluxes of 5.6x10 11 erg en? s71 in the 0.1-2.0
keV band, 3.0x10711 erg en 2 571 in the 0.5-3.0 keV band and 2.4x10711

erg an? s7l in the 2.0-10.0 kev band, for the adopted spectrum.

Sensitivities for pointed observations have been calculated assuming a
4 . e e

3x10" sec exposure time, whereas sensitivities for the sky surveys are

based on the estimated mean on-source time. The enormous improvement

in detection sensitivity achieved by ROSAT and AXAF relative to their
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predecessors (Uhuru and Einstein) is readily apparent from Table 7.1
and the sensitivity curves displayed in Figure 7.1. For example, a
deep AXAF observation will detect X-ray sources with fluxes below

-15 2 -1

10 erg cm © s (2-10 keV), which corresponds to the X-ray

lTuminosity of our own galaxy viewed from a distance of 130 Mpc.

7.3.2 EXOSAT

Although  EXOSAT has contributed to advances in many areas of
Qbservationa] X-ray astronomy, most notably in the field of
variability studies of X-ray binary systems, it is not well suited to
determining the properties of faint extragalactic objects. Launched
in May 1983, EXOSAT includes in its complement of instruments two low
energy 1imaging telescopes, each equipped with a position sensitive
detector (PSD, roughly equivalent to the Einstein IPC) and a charge
multiplier array (CMA, a micro-channel plate device broadly similar to
the Einstein HRI). Both PSDs and one CMA failed during the eaf1y
stages of the mission. The remaining CMA has a detection sensitivity
roughly a factor of six worse than the Einstein IPC or HRI, and an
angular resolution intermediate between the two. Use of various
filters allows a very modest degree of spectral discrimination in the-

0.04-2.0 keV band.

The relative insensitivity of the EXOSAT CMA is such that observations
of normal galaxies are of rather limited value, unless they have not
previously been observed by Einstein. Even a relatively bright

extragalactic object 1ike M82 yields a rather low count rate,

2 CMA ct s'1 (Biermann 1984, private communication), and thus

requires an extremely 1long observation, ie. 2 105 secs, if

ie. ~10°

scientifically useful data is to be obtained. It is obvious that the



215

10-1 \ T TTITVT]' T T TIYIYYI 1 T TTIII_‘
'in 5
= N :
2 N
2 N )
2 10°2 .
X 3
= »
z -
3 Einstein n
> i HRI (12"x12") 7T
- I x )
S 10-3 e
2 IPC (3%3) =
(V) -
" ]
om -
< -
- 4
— ROSAT
RIS PSPC (40"x40") 3
= : AXAF 3
b - (1”x1") .
= - 4
X - -

10-5 y g a0 gl Ll Ll

103 10 10° 108
EXPOSURE TIME-SEC

Figure 7.1 The relative sensitivities of Einstein, ROSAT and AXAF for
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number of galaxies for which detailed studies can be performed is very
small. Extensive surveys of faint extragalactic X-ray sources are

clearly not a cost-effective use of EXQSAT observing time.

7.3.3 ROSAT

A project instigated by West Germany, the ROSAT X-ray astronomy
satellite is scheduled for launch in 1987. The primary scientific
objective of the mission is to perform the first all-sky survey by
means of an imaging X-ray telescope. It is anticipated that the 100-
fold improvement in sensitivity relative to previous surveys will
result in the detection of ~105 extragalactic X-ray sources, each with
an absolute positional uncertainty of ¢ 1 arcminute. After the six
month survey phase is complete, pointed observations of selected

sources will be performed.

The ROSAT telescope assembly consists of a four-nested, Wolter type-I
mirror system with three focal p]ané instruments: two position
sensitive proportional counters (PSPC), one of which will be the
dedicated survey phase instrument, and a high resolution imager. Both
types of imaging detector will operate in the 0.1-2.0 keV energy band,
which 1is softer than the Einstein band and thus more susceptible to
the influence of galactic absorption. In virtually all other respects
the ROSAT instruments are superior to their Einstein counterparts.
The angular resolution and spectral discrimination of the PSPC both
display a factor of two improvement relative to the Einstein IPC, and
for deep pointed-phase observations the PSPC is four times more
sensitive. During the survey phase of the ROSAT mission potential X-

ray sources will be in the FOV of the PSPC forrv103 secs of integrated
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exposure time; sources as faint as ~7x107° Uhuru ct s~ will be
detected, similar to the limit achieved by a 6x103 sec Einstein IPC
observation. The angular resolution of the ROSAT HRI is limited by
mirror design constraints to ~5 arcsec (FWHM), slightly inferior to
its Einstein counterpart, but this is compensated by the fact that the
ROSAT instrument is at lTeast a factor of two more sensitive. This
improvement is due to the higher collecting area of the ROSAT mirror;
an additional two-fold sensitivity enhancement becomes feasible if the
front plate of the HRI is coated with caesium iodide instead of the

traditional magnesium fluoride photocathode (Pounds 1984, private

communication).

The desirability of performing a sensitive all-sky X-ray survey is
obvious, and we have already noted some of the benefits for galaxy
research in section 7.2. Such é survey should result in the detection
of at least 103 non-AGN galaxies, sufficient to establish well defined
samples for detailed statistical studies. Pointed phase observations
will also prove valuable. The PSPC has sufficient angular and
spectral resolution to discriminate the X-ray halo of M82 from the
nuclear emission, thus enabling the first reliable determination of
the global temperature of the halo gas. Although not offering an
improvement 1in angular resolution, the ROSAT HRI will generate a
considerably more sensitive map of the halo region than its Einstein
counterpart, and will also detect intrinsically less Tuminous sources
in the nuclear region of M82. PSPC observations of high LX early type
galaxies (eg. M86 and NGC 4636) will enable a crude determination of
the radial temperature profiles for the hot gas contained within these

systems. HRI observations of similar galaxies not observed with the
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Einstein instrument would also be valuable, since we could then assess
whether the asymmetric and sharply peaked gas distribution exhibited
by NGC 4636 is a common feature of gas-rich early type galaxies. The
above examples have been highlighted because they are directly 1linked
to the work presented in this thesis, but it is clear that ROSAT data
will provide an immensely useful tool for all types of galaxy

research.

7.3.4 AXAF

The NASA funded AXAF mission is due to be launched during 1992, and
for a period of at least ten years will provide an observational
facility capable of sub-arcsec imaging in the 0.1-10.0 keV band. AXAF
will wutilize a six-nested, Wolter type-I X-ray mirror system and a
focal plane assembly which may comprise of as many as six instruments.
Although the exact complement of instruments and their performance
characteristics are not finalized as of late 1984, they are certain to
encompass high angular resolution imaging, high resolution
spectroscopy (dispersive and non-dispersive) and polarimetry. We have

lTisted plausible candidates for AXAF imaging instruments in Table 7.1.

The IPC 1is 1likely to be a much upgraded version of the instrument
flown on Einstein, achieving better than 10 arcsec resolution over the
entire AXAF field of view (1° diameter) and moderate energy resolution
(E/AE~5 at 6 keV) over the full 0.1-10.0 keV AXAF energy band. The
high resolution camera (HRC) is generically similar to the Einstein
HRI, but will attain a mirror-limited angular resolution of 0.5 arcsec
within 5 arcmin of the telescope axis. Use of a CsI photocathode
ensures a very high quantum efficiency throughout the 0.1-8.0 keV

band, and enables the instrument to be used in a configuration which



yields a modest degree of energy resolution (E/AE~1). The high
resolution imaging spectrometer (HRIS) is, as its name implies, a
qualitatively new X-ray instrument. Based on CCD technology, the HRIS
should achieve mirror-limited angular resolution (0.5 arcsec) within
its 14x10 arcmin FOV. Energy resolution will be ~ 0.1 keV throughout
the instrument's 0.5-8.0 keV energy range, sufficient to distinguish
individual emission 1ines within the iron Tine complex at 6-7 keV.
Sensitivity estimates for all three instruments are rather crude,
since they are based on the relatively limited information which is

currently available. The values listed in Table 7.1 may well prove to

be rather conservative.

With such a powerful array of instrumentation available, the demand
for AXAF observing time is likely to be very heavy, consequently
extensive surveys are 11kefy to be rejected as too costly unless the
class of object in question has not previously been satisfactorily
observed. Observing time constraints will ensure the need for very
careful selection of candidate objects for detailed AXAF studies, and
in this respect the ROSAT survey results will prove invaluable.
Although there are obviously a large number of scientifically valid
observation programs which we could consider, we will 1limit this
discussion to projects which are relevant to the work presented in

this thesis.

A generous quantity of AXAF observing time is certain to be allocated
to M82. HRC and HRIS observations will resolve the nuclear region

into several hundred discrete sources; objects with X-ray luminosities

36 1

as Tow as ~10°° erg s = will be detectable, and spectral and temporal
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properties will be determined for many of the brighter sources.
Individual SNRs should be resolved (0.5 arcsec corresponds to~8 pc),
and the total number observed will provide an estimate of the current
supernova rate in the nuclear region, thus constraining the properties
of the starburst. HRIS observations should also enable the derivation
of the temperature and density structure of the hot gas in the halo
region of M82; its energy budget, relationship to the Hx filaments and
Tinks with the nuclear region activity can then be investigated 1in
detail. Other starburst galaxies, particularly those identified in
the IRAS and ROSAT surveys, would also be excellent candidates for

AXAF observations.

AXAF observations of early type galaxies will allow a number of
outstanding problems to be addressed. Individual X-ray sources with

37 erg s'1 will be detectable in early type galaxies Tocated in

L, 2 10
the Virgo Cluster, hence the high LX region of the X-ray source
luminosity distribution can be examined in detail and compared with
the equivalent distribution for spiral galaxies. IPC, HRC and HRIS
observations of gas-rich galaxies 1ike M86 and NGC 4636 will enable
the derivation of detailed gas temperature and density profiles, thus
allowing the following problems to be addressed: (1) Do gas-rich
early type galaxies contain relatively cool gas in their core regions?
The presence of a central temperature inversion would 1imply the
existence of a steady cooling flow. (2) Is the ambient hot gas in
NGC 4636 (and similar galaxies) gravitationally confined by a massive
dark halo? Evidence for this hypothesis will come from a detailed

measurement of the properties of any hot gas which is situated beyond

the stellar component of the parent galaxy. It should, in principle,
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be possible to measure the mass of a dark halo, which when combined
with data about the frequency with which the phenomenon occurs may
provide information relating to the properties of the universe as a
whole (eg. the missing mass problem, mean density of the gravitating

matter in the universe).

7.4 Future Observations in Qther Wavebands

Sensitive observations at all available wavelengths are essential if
we are to successfully interpret AXAF and ROSAT results. Countless
worthwhile observation programs could be proposed, but here we will
restrict our attention to a few possibilities arising from the use of
current or near-future observational facilities, and which complement

the X-ray studies of galaxies suggested in sections 7.2 and 7.3.

The Very Large Array is the most sensitive radio astronomy facility
available to the general community. Observations can be performed at
four frequencies and in four different array configurations, thus
allowing discrete sources and extended structures to be studied over a
wide range of angular scales. In Chapter Six we presented high
resolution VLA maps of NGC 4636 and NGC 4649; both of these giant
elliptical galaxies exhibit extended radio structures with scale sizes
of about 2 kpc. Our observations achieved a sensitivity of~0.5
mdy/beam and a vresolution of ~ 4 arcsec, considerably superior to
the ~ 10 mdy/beam sensitivity and~30 arcsec resolution of typical
surveys published to date (eg. Hummel et al. 1983). We therefore
suggest that an extensive survey of early type galaxies with the VLA
would produce results which could be usefully compared with the X-ray
data from the ROSAT survey. In particular, it would allow us to

investigate the possibility that the weak, jet-like radio structures
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in early type galaxies are fueled by cooling flows and interact with
the ambient hot gas, in a considerably more general manner than we
could accomplish in Chapter Six. We also note that similar surveys of
spiral and irregular ga]axieé ére an efficient means of identifying

starburst galaxies with characteristics similar to M82.

Although the IRAS satellite is now defunct, during the course of its
eleven month mission it completed the first high sensitivity all-sky
survey at far-IR wavelengths (X = 10-100u). The IRAS database will
soon be available to the general astronomical community, and its
impact wupon galaxy research is certain to be significant. Early
results are beginning to appear in the literature (eg. De Jong et al.
1984), and for example indicate that morphologically normal elliptical
galaxies do not emit detectably in the far-IR band, presumably due to
the absénce of significant quantities of dust. = There are, however,
examples of HI-rich elliptical galaxies which are 10y IR sources and
are also strong radio sources (eg. NGC 1052, Rieke and Low 1972). Do
other examples exist, and are they rich in dust? This question is
particularly interesting in relation to NGC 1052, since this
elliptical galaxy probably contains a substantial quantity of hot gas
(see Chapter Five), which would tend to destroy the dust by
sputtering. M82 and other starburst galaxies emit copiously in the IR

44 1

band (L;,~10"" erg s = for M82), thus a detailed analysis of the IRAS

IR
data for these galaxies should provide a great deal of useful
information about the properties of their hyperactive bursts of star

formation.

Perhaps the most striking advance in observational capability during
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the next decade will occur at optical wavelengths; we are, of course,
referring to the Space Telescope, expected to be operational in the
late 1980's. The ~0.1 arcsec angular resolution and enormbus
improvement in sensitivity relative to ground based instruments should
allow detailed studies of the properties of all types of stellar
population to be performed. A detailed knowledge of the properties
and evolution of the basic stellar population(s) and associated
diffuse matter is essential if the X-ray properties of a normal galaxy
are to be successfully interpreted. Another potentially important ST
observation program is the study of the dynamics of the extensive
families of globular clusters which surround several of the giant
elliptical galaxies in the Virgo Cluster. Such studies may provide an
independent estimate of the mass and physical size of a typical dark
halo, if these systems do indeed exist, and thus a useful comparison
with the results from X-ray studies of the confined hot gas. Perhaps
the most fundamental project for ST will be observations of Cepheid
variables in Virgo Cluster galaxies. The results should yield the
first wunambiguous derivation of Ho’ thus providing a reliable
extragalactic distance scale and, as a consequence, accurate

Tuminosity values for individual galaxies.

7.5 Concluding Remarks

In this chapter we have attempted to summarize the most important
general aspects of the work presented in this thesis. The study of
the characteristic X-ray properties of galaxies has only recently
started to gain momentum, but the enormous scope for further research
using the extraordinary capabilities of the next generation of X-ray

astronomy facilities should hopefully be evident to all.
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APPENDIX : X-RAY ASTRONOMY DATA ANALYSIS TECHNIQUES

A.1 Introduction

Although the work presented in this thesis is primarily concerned with
the analysis and interpretation of Einstein X-ray data, we feel that
it would not be appropriate to provide a complete guide to all of the
data analysis techniques “that have been adopted. In this brief
appendix we will 1instead emphasize several specialized procedures
which have proved to be of fundamental importance to our data analysis
scheme; various useful definitions and items of nomenclature will also
be established. A definitive guide to X-ray astronomy data analysis
techniques has yet to be published, thus any expertise in the subject
simply reflects the application of common sense and the received
wisdom of other, more experienced workers in this field. Two
important sources of information, which have directly influenced much
of the work presented herein, are the "Einstein Observatory User's
Manual" and "The Einstein Cookbook". Both documents are available
from the Harvard-Smithsonian Center for Astrophysics, and are

essential reading for anyone attempting to analyse Einstein data.

A.2 Observation Processing Status and Automatic Scientific Analysis

Routine processing of all Einstein IPC, HRI and MPC observations is
performed by the High Energy Astrophysics Division of CFA. The raw
data from each observation is reduced into sorted data file form and
subjected to an automatic scientific analysis. A sorted data file is
fundamentally a 1ist of detected X-ray photons. Each photon is time-
tagged, and depending on the characteristics of the particular

instrument may also be assigned a pulse-height channel and/or an
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instrumental pixel position. Subsiduary data files, suitable for use
in a detailed analysis, are constructed by selecting appropriate

pixel, pulse-height channel and temporal windows.

The processing of Einstein observations at CFA has proved to be a
lengthy, multi-stage operation. Final reprocessing of HRI and MPC
observations is now complete, thus all data obtained from these
instruments, and presented in the preceding chapters, are in their
definitive form. The reprocessing of IPC observations, which
commenced during 1983 and is not complete as of December 1984, is
considerably more complex than for the other instruments, principally
because of the corrections necessitated by the IPC's variable gain.
A11 IPC observations discussed in this thesis are in a pre]imﬁnary
processed form, ie. they incorporate first-order gain corrections.
Harnden et al. (1984) have recently published a detailed specification
for the ultimate observation processing and automatic scientific
analysis scheme now being routinely implemented for all IPC

observations.

As we have already noted, an automatic scientific analysis is
performed for each completed Einstein observation. The results
summary generated by this procedure provides an excellent basis for
more detailed studies, but should not be used in isolation since most
of the data analysis algorithms are of necessity optimized for ease
and speed of execution rather than precision of results. The primary
aim of the automatic scientific analysis of an observation is to
detect and parameterize all statistically significant X-ray sources
contained within the FOV of the relevant instrument. A sliding-box

algorithm is used to test an array of uniformly spaced pixel locations
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within an IPC or HRI image for statistically significant excesses
above the local image background level (see Giacconi et al. 1979b).
~The algorithm proceeds iteratively, continually updating the map of
the background and sources until a consistent solution is obtained,
whereupon maximum likelihood techniques are implemented in order to
estimate the intensity and 1locate the centroid of each detected
source. Even relatively sophfsticated source detection methods, such
as the sliding-box algorithm, can produce spurious results when
applied to image regions which exhibit a high source density or patchy
diffuse emission. Use of an independent method of source detection is
strongly recommended (for an example, see A.4). Detection thresholds
for the sliding-box algorithm are determined using artificial data and
are always consistent with the expectation of detecting no more than
one spurious source per field (ie. an artefact of counting
statistics). Throughout this thesis we have adopted a more severe
five sigma criterion for independent source existence (ie.

s/(s + 8)L/2

> 5, where S + B is the number of counts in a detection
cell expected to contain B background counts), or a weaker three sigma
criterion if the celestial position of the source corresponds to an
identifiable optical counterpart. X-ray source detection s
conceptually simpler for MPC data. Only one source per FOV can be
directly distinguished by the MPC because of 1its non-imaging

characteristics, hence a simple statistical test of the measured count

rate versus the predicted background level is sufficient.

The automatic scientific analysis software filters the source
detection results and selects those X-ray sources which are

sufficiently strong for more detailed studies; these include spectral
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analysis (IPC and MPC), determination of angular extent (IPC and HRI),
and analysis of temporal characteristics (IPC, HRI and MPC). This
analysis 1is necessarily limited to procedures which are relatively
simple to implement; it 1is in no sense a thorough and complete
determination of the properties of a detected source. Comprehensive
analysis of Einstein data is invariably performed off-Tine, using the

automatic analysis results as a guide.

A.3 Analysis of X-ray Spectra using IPC and MPC Data

The IPC does possess a rather limited spectral capability, so it is in
principle possible to derive information about the spectral properties
of a detected X-ray source. In practice, a satisfactory spectral
analysis of IPC data is difficult to achieve. The instrument's coarse
energy resolution and restricted energy range severely Tlimit its
effectiveness as an X-ray spectrometer. In addition, temporal and
spatial gain variations introduce further uncertainties into results
derived from non-reprocessed data. Spectral analysis of MPC data is
conceptually similar, but easier to implement because the data is in a
definitive form and the instrument is fully calibrated. Like the IPC,
the MPC does suffer from rather coarse energy resolution: 8 pulse-
height channels between 1 and 20 keV. Of greater practical importance
is the fact that due to its non-imaging nature the MPC is relatively
insensitive; useful spectral information can be obtained only for

1

sources brighter than ~0.3 Uhuru ct s~ (Halpern 1982).

The minimum requirement for useful spectral analysis of IPC data is
that the detected source yields at least 100 net counts. If this

criterion 1is satisfied the following procedure can be adopted. A
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pulse-height spectrum is constructed from all of the X-ray photons
detected within a suitable cell which encompasses the X-ray source.
The shape and size of the cell should be optimized to match the
morpholegy and angular size of the source. For example, an unresolved
source situated at the centre of the IPC FOV would require a 3 arcmin
radius cell. An equivalent background pulse-height spectrum is
constructed using a nearby source-free region of the image (usually
concentric with the source cell). The observed background spectrum is
used to estimate the background contribution to each pulse-height
channel in the source cell spectrum. This is a complex process,
requiring the application of corrections for (a) spatial and temporal
variations 1in instrumental gain, (b) instrumental dead time, (c)
mirror vignetting, and (d) energy-dependent scattering of source
photons beyond the cell boundaries. Standard chi-squared fitting
techniques are then used to compare model X-ray spectra with the
background subtracted source spectrum. A sequence of parameterized
models are convolved with the gain-dependent IPC effective area and
energy resolution functions, and tested against the data via the chi-
squared statistic. For non-reprocessed IPC data the instrumental
gain, represented by the parameter BAL, 1is ill-determined. Spectral
fits are therefore usually performed for a range of IPC gains, egq.
BAL£1.5, to cover possible uncertainties. Allowed ranges for model
parameters are derived using the prescription of Lampton et al.
(1976). Models with more than two fitted paramters are not generally
warranted by the quality of the IPC spectral data. Spectral fitting
is wusually 1limited to those pulse-height channels which form a
contiguous set with each channel having S/N > 2. For X-ray sources

-1

fainter than ~0.3 IPC ct s ~ this wuseful channel range wusually
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corresponds to roughly 0.5 to 3.0 keV. . A high proportion of the
measured IPC counts above and below these energy Timits are due to the
instrumental calibration source and cosmic soft X-ray background,

respectively.

Although spectral fits to IPC data rarely allow tight constraints to
be derived for model parameters, they do at Teast allow energy fluxes
to be calculated (accurate to §+20% for on-axis, unresolved sources).
For weak sources fluxes are simply calculated by convolving a "best-
guess" spectrum with the IPC effective area and normalizing with the
observed count rate. An identical procedure is adopted for the

calculation of fluxes for sources detected in HRI images.

Spectral analysis of MPC data is performed using procedures exactly
equivalent to those used for IPC data. Due to the instrument's non-
imaging nature, no direct measurement of the background contribution
to an observed spectrum is available. A reliable model of the
background contribution is derived from correlations between satellite
orbital characteristics (eg. sun angle, position relative to radiation
belts) and measured instrumental parameters during the observation
(see Halpern 1982). After background subtraction the signal to noise
in the two highest energy channels 1is wusually very Tlow, thus
restricting the useful energy range for spectral model fitting to 1-10
keV. This is sufficient to allow a reasonably accurate determination
of the shape of the X-ray continuum of a relatively bright X-ray

source at energies beyond the range of the IPC.

A.4 The Cross-Correlation Algorithm for Point Source Detection

This algorithm, formulated by R. Willingale at Leicester University
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and first used in the analysis of an IPC image of the galactic centre
(Watson et al. 1981), has been extensively utilized in the course of
this thesis and therefore warrants further discussion. The cross-
correlation algorithm is designed to 1locate and parameterize
unresolved X-ray sources in IPC and HRI images. It is superior to the
sliding-box algorithm because the instrumental response 1is directly
incorporated into the source detection procedure, and is therefore
less Tlikely to yield spurious results when applied to 1image regions
which exhibit complex sfructure or high source density. The algorithm
essentially iterates a model of a smooth 1image background (which
incorporates the gross structure of any extended X-ray emission) upon
which unresolved sources are superimposed. An initial estimate of the
image background is constructed from a five-fold smoothing of the raw
image (vié a cross-correlation with the instrumental PRF). | This
smooth model of the background is subtracted from the raw image, and
the residual smoothed once. A least squares analysis converts the
smooth background model into a crude statistical significance map (ie.
RMS scatter as a function of pixel location). This smoothed residual
is divided by the RMS map in order to generate a map of statistically
signif%cant X-ray ;ources, je. features which accurately mimic the
PRF.  The detected sources are subtracted from the raw data, which is
then re-smoothed to form an updated model of the image background.
This procedure is iterated until a consistent solution 1is obtained.
Two maps are eventually generated; one containing the locations of the
detected sources (their celestial coordinates and intensities are also
derived), the other displaying the gross structure of the image

background and any diffuse emission.
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A.5 Image Restoration and Display Techniques

Unlike radio or optical images, the X-ray images generated by the IPC
and HRI contain relatively few photons. Only long exposures of very
bright sources can be considered to be true images, 1in the sense that
the number of counts in a particular pixel accurately Tabels the local
surface brightness. For the majority of observations a pixel is
simply a box which may contain a photon or two. The data is therefore

severely limited by the effects of counting statistics (photon noise).

The simplest solution to this formidable data processing problem is to
rebin groups of pixels together in order to locally improve counting
statistics, albeit at the expense of resolution. This solution is
unsatisfactory, however, because discrete features evident in a
rebinned 1image alter significantly if the rebinning origin is shifted
by one or more pixels. Image restoration can, 1in principle, be best
achieved by the use of an algebraic deconvolution technique to remove
effects due to counting statistics and instrumental response (eg. the
MEM, Willingale 1981). Such techniques are difficult to implement for
X-ray images, primarily due to the lack of a suitable statistic to
test the deconvolved solution against the data, and hence drive the
algorithm towards a convergent solution. Chi-squared statistics are
inappropriate for the typica11y Tow counts per pixel levels, and even
cumulative distribution statistics (eq. DZ) tend to be inadequate
because of the very Tlimited dynamic range of the data. MEM
deconvolutions of some of the HRI images discussed in this thesis have

been attempted, but invariably yielded statistically wunacceptable

solutions.

In practice the only reliable and easily implemented restoration
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technique for X-ray images consists of convolving the raw data with a
suitable 2-D smoothing function. This technique at Teast suppresses
photon noise, albeit usually at the expense of resolution. Large
scale structure can be examined by smoothing an'image with a gaussian
function: exp -(rZ/ZGZ), with 6°>> PRF. Fine detail can be studied
at the best attainable resolution by smoothing the data with the
appropriate instrumental PRF. Real features of differing angular size
become evident when the data is smoothed with a wide range of 2-D

functions.

The most useful methods of displaying smoothed images are grey scale
plots and contour diagrams. Careful choice of surface brightness
lTevels allow specific features to be selectively enhanced. A crude
estimate of the statistical significance of a particular surface
brightness 1level can be established by calculating the mean RMS
scatter per pixel of source-free regions of the smoothed image. A
contour level corresponding to C counts per pixel above background can
be considered to be essentially n-sigma if C = n x RMS. This
definition applies to all grey scale diagrams and contour maps

presented in this thesis.
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Einstein X-ray Observations of Galaxies

by
V.J. Stanger
Abstract

The high sensitivity and precise imaging provided by the Einstein
Observatory instrumentation has enabled detailed X-ray studies of a
variety of astrophysical phenomena to be performed. In this thesis
Einstein observations are used to investigate the characteristic X-ray
properties of galaxies, thus allowing a galaxy's X-ray emission to be
related to the properties and evolution of its stellar population(s).

Analysis of Einstein HRI data for M82 - an archetypal peculiar galaxy
- reveals complex structure both in the "starburst" nuclear region and
in the galaxy's halo. The nuclear region's X-ray morphology
corresponds closely with Population I optical features, thus linking
the emission directly to the intense star formation activity.
Moreover, the halo of diffuse X-ray emission distributed along the
minor axis of M82 indicates thermal emission from outflowing hot gas,
which is maintained by starburst-induced supernova heating; rapid
cooling near shock fronts.probably causes the observed correlation
with the famous He'filament system.

The majority of this thesis is devoted to an investigation_of the X-_
ray properties of early type galaxies. Analysis of Tuminosity
correlations displayed by the class as a whole, complemented by
detailed studies of individual galaxies, confirms previous suggestions
that for many early type galaxies thermal emission from hot gas is
the dominant X-ray emission mechanism. Supernova-driven hot winds
keep some galaxies essentially gas free; their X-ray emission

originates principally from stellar sources. In other galaxies hot
gas generated by stellar evolution is retained and possibly
incorporated into cooling flows. High resolution X-ray and radio

studies of NGC 4636 and NGC 4649 confirm that cooling flow scenarios
are viable for the central regions of both galaxies, thus explaining
the fueling of the observed radio sources.

Finally, the possibilities for further research presented by both
current and future observational facilities are discussed.



