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ABSTRACT 
We report here the results of the largest detailed X-ray survey of nearby spiral 
galaxies performed with the ROSAT Position Sensitive Proportional Counter 
(PSPC) to date - a uniform analysis of a sample of 17 systems covering a wide range 
in activity and inclination. This study provides a significant advance over earlier 
pioneering work performed with Einstein. 

We have attempted, for each system, to separate the point-source emission from 
the diffuse emission, allowing an insight into the properties of X-ray sources within 
external galaxies, and enabling us to establish the prevalence and properties of hot 
galactic winds and haloes. 

The X-ray properties of both the point-source emission and the diffuse emission 
within each of the 17 systems are discussed in detail, as are the general X-ray 
properties of the whole survey. We also derive physical parameters for the hot gas 
observed within many of these systems. A forthcoming paper will use the results 
presented here to analyse the statistical properties of the sample as a whole. 

Key words: surveys - galaxies: fundamental parameters - galaxies: ISM - galaxies: 
spiral - galaxies: starburst - X-rays: galaxies. 

1 INTRODUCTION 

It was with the launch of the Einstein satellite that the study 
of the X-ray emission from nearby galaxies essentially 
began. The Einstein instrumentation was able to detect X
ray emission from normal galaxies at least as far as the 
Virgo cluster, and in many cases, beyond (see Fabbiano 
1989 for a review). Because of the rather poor spatial and 
spectral resolution of the Einstein Imaging Proportional 
Counter (IPC) however, detailed studies of X-ray mor
phology and spectral characteristics were only possible for 
the very closest systems (e.g. M31, M33 and the Magellanic 
Clouds). Nevertheless, through Einstein our understanding 
of the X-ray properties of nearby galaxies has advanced 
considerably. 

Many systems have been observed by Einstein (the X-ray 
catalogue of Fabbiano, Kim & Trinchieri 1992, for instance, 
contains 493 galaxies), and the results suggest that normal 
spiral galaxies emit X-rays in the Einstein band with lumi
nosities of ~ 1038_1042 erg s-\ and that emission is domi
nated by the integrated output of supernova remnants and 
close, accreting binaries (low- and high-mass X-ray binaries, 

* Present address: Max-Planck-Institut fur extraterrestrische 
Physik, Postfach 1603, D-85740, Garching, Germany. 

cataclysmic variables, etc.). Although a hot interstellar 
medium (ISM) was discovered to dominate the emission 
from elliptical and SO galaxies (Fabbiano 1989) and hot 
outflows were seen to emanate from the discs of nearby 
starburst galaxies (Watson, Stanger & Griffiths 1984; Fab
biano 1988), questions arose as to whether such hot gas 
existed within normal spiral galaxies (e.g. Bregman & Glass
gold 1982; McCammon & Sanders 1984). 

As the energy band of ROSAT is relatively soft compared 
to that of the Einstein IPC (and to other previous instru
ments), it was thought that this hot ISM, if it existed, would 
be observable with ROSAT. Indeed, recent ROSAT observa
tions of nearby normal spiral galaxies (Bregman & Pildis 
1994; Wang et al. 1995) have now provided the first 
evidence for this hot gas. It seems therefore that in the 
ROSATband, the X-ray emission from spiral galaxies is not 
just the result of the summed contributions from evolved 
stellar remnants, but is made up of a complex and wide 
variety of sources - both stellar sources, such as low- and 
high-mass X-ray binaries, cataclysmic variables and normal 
main-sequence stars, and interstellar sources such as super
nova remnants (SNRs) and the hot phases of the ISM. 

The ROSAT X-ray telescope (XRT), with the Position 
Sensitive Proportional Counter (PSPC) (Pfeffermann et al. 
1986) at its focal plane, offers three important improve-
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ROSAT observations of nearby spiral galaxies - I 627 

ments over previous X-ray imaging instruments, such as the 
Einstein IPC. First, its spatial resolution is much improved, 
the 90 per cent enclosed energy radius at 1 ke V being 27 
arcsec (Hasinger et al. 1992). This improvement is critical 
since, as we shall see below, many of the systems are com
plex and some are only a few arcmin in diameter. Secondly, 
the spectral resolution of the PSPC is significantly better 
(I1EIE ~ 0.4 FWHM at 1 keY) than earlier X-ray imaging 
instruments such as the Einstein IPC, and this allows the 
derivation of characteristic source and diffuse emission 
temperatures. Finally, the PSPC internal background is very 
low (~3 X 10-5 count S-l arcmin-2, Snowden et al. 1994), 
allowing the mapping of low surface brightness emission: 

These advances in instrumentation allow a substantIal 
improvement in our knowledge of the compl~x X-~ay 
properties of normal galaxies over what was possIble ~Ith 
Einstein (see Fabbiano 1989 and references therem). 
Studies of the nearest, and therefore best resolved, systems 
are especially important, and many of the most attra~ive 
targets have been observed by ROSAT. Our purpose IS to 
complement the various individual s~dies pu?lished 
recently, by presenting the X-ray propertIes of a slZeab~e 
sample of nearby spiral galaxies which have been analysed m 
a uniform manner. In particular we have carefully separated 
point sources from apparently diffuse X-ray emission, and 
have determined the spectral properties of each. 

In the present paper (Paper I) we describe the analysis we 
have performed, and present the basic results for each of 
our sample galaxies in tum. In some cases, we are able to 
compare our results with previous authors' results from the 
same data, but in many instances our analysis is the first 
reported ROSAT analysis, and in ~Ol~e cases it re~rese~ts 
the first picture of the X-ray emISSIon from an lIDagmg 
telescope. In a subsequent paper (Paper II) we will use the 
results derived here to study the variation in X-ray proper
ties across the sample, and its relationship to multi-wave
length properties of the galaxies. 

The plan of this paper is as follows. After some corru:nents 
(Section 2) on the selection of the sampl~, SectIOn 3 
describes the observations and the data reductIOn methods. 
The results for each galaxy are presented in Section 4, 
together with notes on the individual systems. Finally,. in 
Section 5, we comment on the range of galaxy propertIes 
which emerges, and derive some properties of the hot gas 
detected in many systems, under certain simple assumptions 
about its geometry. In Section 6 we present our conclu
sions. 

2 THE SAMPLE 

Our sample is made up of 17 nearby 'normal' spiral galaxies, 
avoiding systems with strong active nuclei. The separati~n 
of point sources from diffuse emission requires good statIs
tics. Hence, the members of our sample have been chosen to 
have one (or more) of the following properties. 

(i) They are X-ray bright, i.e. they have an Einstein 
(0.2-4.0 ke V) X-ray flux (Fabbiano et al. 1992) greater than 
45 x 10- 13 erg cm-2 S-l. 

(ii) They are infrared bright, i.e. they have a 100 /lm 
infrared flux (Soifer, Boehmer & Neugebauer 1989) greater 
than 64 Jy. 

© 1997 RAS, MNRAS 286, 626-668 

(iii) They have a large value of 'supernova flux' (i.~. 

fSN=LsN/4rcd 2), where LSN is the estimated supernova lumI
nosity and d is the distance) (see Read & Ponman 1995). 

Many of these galaxies are also found in the sample of 
nearby spirals whose extreme ultraviolet (EUY) properties 
were studied by Read & Ponman (1995), since the selection 
criteria are very similar. However, the tight restriction on 
allowable hydrogen column density (NH) applied in the 
EUY study has been relaxed, since absorption is less 
extreme in the soft X-ray, allowing the inclusion of such 
interesting galaxies as M82, whilst some of the Read & 
Ponman (1995) galaxies are missing from the present 
sample since the ROSAT archival pointings used for this 
srudy do not cover the whole sky. 

Basic properties of the sample galaxies are shown in 
Table 1. In order to be consistent in our choice of galaxy 
Parameters we have used the galaxy distances quoted in 

, 1 1 d Tully (1988). These are based onHo=75 kms- Mpc- ,an 
assume that the Galaxy is retarded by 300 km S-l from 
universal expansion by the mass of the Virgo cluster. More 
recent distance measurements [e.g. from the Hubble Space 
Telescope (HST)] are available for some galaxies, but .the 
present results can be scaled in a straightforward fashIOn. 
Axial ratios and major axis diameters are taken from the 
Second Reference Catalogue of Bright Galaxies (RCBG) 
(de Vaucouleurs, de Vaucouleurs & Corwin 1976). Optical 
(B) luminosities for all the galaxies in the samp.le ~~ taken 
from Tully (1988) and far infrared (FIR) lummositIes are 
calculated from lRAS 60 and 100 !lID fluxes using the 
expression 

LFIR =3.65 x 105[2.58 S60 J1IIl + SlQOJ1IIl]D 2 Lo 

(e.g. Devereux & Eales 1989). HereD is the distance in Mpc 
and S60J1IIl and Sl(JOJ1IIl' the lRAS 60 and 100 !lID fluxes (in 
Janskys), are taken from Soifer et al. (1989) and are supple
mented, for the nearby, 10w-lRAS flux cases, from Rice et al. 
(1988). 

Note that a large range in both activity (of which a good 
measure is the ratio of LFiR to L B) and inclination exist 
within the sample. 

3 OBSERVATIONS AND DATA REDUCTION 

All PSPC data sets were obtained from the UK ROSAT 
Data Archive Centre at the Department of Physics and 
Astronomy, Leicester University, and have been reduced in 
exactly the same way using the Starlink ASTERIX X-ray 
analysis system. In every case, the system in question lies at 
the centre of the field, thus minimizing the vignetting and 
blurring effects of the XRT mirror assembly. 

First the data were 'cleaned' of high background periods 
- typically 2-3 per cent of the data - and were then binried 
into a spectral image (or 'data cube') of a size approximately 
twice that of each galaxy, covering the energy range 0.1-2.3 
keY. A background region, an annulus situated outside the 
PSPC central support ring, was sorted from the data, and 
the bright sources within it were removed. This was used, 
together with knowledge of the PSPC vignetting function, to 
construct a model of the background, which was then 
subtracted from the data cube. Images in several different 
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628 A. M Read, T. 1. Ponman and D. K. Strickland 

Thble 1. The ROSAT PSPC survey sample. 

Galaxy Properties Log Luminosity (erg S-I) Exposure 
Distance Axial ratio Majordiam. LB LFIR time 

(Mpc) (D/d) 

N0055 1.3 5.01 
N0241 2.1 2.69 
N0253 3.0 3.39 
N0300 1.2 1.35 
N0598, M33 0.1 1.58 
N0891 9.4 4.19 
N1291 8.6 1.15 
N3034, M82 5.2 2.45 
N3019 20.4 4.41 
N3628 1.1 4.01 
N4258, M106 6.8 2.29 
N4490 1.8 1.91 
N4631 6.9 4.51 
N5005 21.3 2.00 
N5055, M63 1.2 1.62 
N5194, M51 1.1 1.41 
N5451, M101 5.4 1.02 

spectral bands were then extracted from this background
subtracted data cube. 

The point-source search program PSS (Allan, Ponman & 
Jeffries, in preparation) was used to search for point-like 
emission in each image. PSS compares the input data set (in 
this case, the image) with a model comprising a background 
and a scaled PSF. A likelihood technique is used to search 
for enhancements above the background. Many point 
sources were discovered, both associated with each of the 
galaxies and also completely unrelated. The positions of 
these sources were cross-correlated with a variety of stellar 
and non-stellar catalogues, notably the SIMBAD catalogue 
and the Einstein and lRAS point-source catalogues. 

In order to separate the diffuse from the source emission, 
data were removed from the background-subtracted data 
cube at the position of each PSS source over a circle enclos
ing 93 per cent of the energy of a 0.5 ke V point source. This 
extraction radius increases from :::::: 35 arcsec within 10 arc
min of the centre of the PSPC field of view, to :::::: 75 arcsec 
at a radius of 20 arcmin, and 2 arcmin at 30 arcmin from 
the centre. The remaining data were then collapsed into a 
spectrum and corrected for vignetting effects and exposure 
time. Some diffuse flux was lost in the removal of these 
sources, and in order to account for this the diffuse spec
trum was renormalized using a 'patched' image in which the 
holes left after source removal were filled by bilinear 
interpolation. 

The above method for separating point-source emission 
from diffuse emission works well for most galaxies. In a 
small number of cases, however, notably in the less active 
systems, some bright sources had to be removed to a larger 
radius than the 93 per cent point-source radius discussed 
above, since the initial processing left significant 'stumps' 
contaminating the diffuse emission. Great care had to be 
taken when removing these sources to larger radii, 
especially when the source in question was close to other 
sources or appeared embedded in diffuse emission. Fur
thermore, if the source in question appeared significantly 
extended (i.e. not consistent with the XRT/pSPC point 

(') 

32.4 
20.0 
25.1 
20.0 
61.6 
13.5 
10.5 
11.2 
1.6 
14.8 
18.2 
5.9 
15.1 
5.4 
12.3 
11.0 
26.9 

(sec.) 

43.02 41.94 18650 
42.96 41.48 19050 
43.18 43.14 22905 
42.52 41.43 46046 
43.16 42.20 32126 
43.16 43.64 24861 
43.88 42.18 11838 
43.54 44.25 24904 
44.18 44.14 18409 
43.16 43.31 13960 
44.01 42.95 1008 
43.59 43.26 30659 
43.82 43.46 22346 
44.28 43.90 1969 
43.83 43.28 9808 
44.01 43.66 24244 
43.95 43.30 34068 

response function), or non-symmetrical, then a large radius 
could not be used, as some diffuse emission is likely to exist 
associated with the source. Discussions of individual cases 
where such a large radius extraction was performed can be 
found in the notes on the individual systems (Sections 4.1 to 
4.17). 

Source spectra were binned directly from the raw data 
from circles of the same size as those used in the source 
removal procedure above. In order to arrive at a true source 
spectrum, however, it was necessary to remove the flux from 
both the local true background and the local diffuse emis
sion, and this required quite an intricate procedure. The 
local true background was calculated, as described previ
ously, by scaling the background emission from source-free 
regions of the field using knowledge of the PSPC vignetting 
function. The local diffuse emission was calculated by 
scaling the integrated spectrum of the diffuse emission with 
an estimate of the fraction of the diffuse flux underlying 
each source, i.e. within the circle used in the source extrac
tion procedure described above. Both the true local back
ground and the local diffuse emission were then subtracted 
from each source spectrum. 

Removal of the diffuse galaxy emission typically leads to 
a reduction in source flux of up to 20 per cent, compared to 
subtraction of cosmic and particle backgrounds alone. 
Allowing for the effects of this diffuse emission also results 
in the detection of additional sources in the source-search
ing stage of the procedure. 

All source spectra and diffuse emission spectra were 
fitted with standard spectral models. Power-law and thermal 
bremsstrahlung models were fitted to each of the point 
source spectra, whilst power-law, Raymond & Smith (1977) 
hot plasma, and differential emission-measure models 
(Raymond & Smith models integrated over a range of tem
peratures) were fitted to the diffuse spectra. Minimum t 
fitting was used for the diffuse spectra and thus a goodness 
of fit could be obtained; these, together with the results of 
the spectral fitting, are presented below. For the point
source spectra, which generally contained far fewer counts, 

© 1997 RAS, MNRAS 286, 626-668 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/286/3/626/985430 by guest on 19 M
ay 2023

http://adsabs.harvard.edu/abs/1997MNRAS.286..626R


1
9
9
7
M
N
R
A
S
.
2
8
6
.
.
6
2
6
R

ROSAT observations of nearby spiral galaxies - I 629 

Gaussian statistics cannot be assumed, so a maximum likeli
hood criterion was used. 

4 RESULTS 

For each galaxy the following spectra were formed and 
fitted with standard spectral models. 

Integrated spectrum. This was formed from a circular area of 
diameter slightly greater than the optical diameter of each 
galaxy given in Table 1. A circular area was chosen, so as to 
include any diffuse emission above the planes of edge-on 
galaxies. Particle and cosmic X-ray backgrounds were 
removed, but no sources were excluded from the data, and 
the resultant spectrum was fitted with standard spectral 
models (power-law, Raymond & Smith 1977 hot plasma). 
This resultant spectrum contains emission from everything 
within that area, including galactic sources, galactic diffuse 
emission, and foreground and background sources (both 
Galactic and extragalactic) not associated with the galaxy. 
The net number of counts, the t values and number of 
degrees of freedom (n.d.o.f.), the results of the spectral 
fitting, and the integrated X-ray luminosities (Lx.) (0.1-2.0 
ke V) inferred from these best fits, are shown in Table 2. 
Diffuse spectrum. This was extracted using the method 
described in Section 3 from an area the same size as used 
above. The correctly normalized X-ray luminosity (0.1-2.0 
keY) of each galaxy's diffuse emission is tabulated in Table 
3 along with the net diffuse counts and the results of the 
spectral fits using absorbed Raymond & Smith (1977) hot 
plasma models. In a few cases, a differential emission
measure model gave a marginally better fit. Given the larger 
number of parameters involved in a differential emission
measure model and the usefulness of a characteristic tem-

perature, the Raymond & Smith hot plasma results are 
quoted. 

In a small number of cases, during the fitting of both the 
integrated and the diffuse emission spectra, certain param
eters failed to settle at consistent values. No results are 
quoted for these parameters. Freezing these parameters at 
sensible values, however, sometimes led to acceptable fits. 
These are given in Tables 2 and 3 in brackets with the letter 
'F' (for frozen). 

In a number of cases it can be seen that, even though we 
have good statistics, the fit to the diffuse emission spectrum 
still appears to be poor (e.g. NGC 253, M82, M33). Com
parisons of the data with the best fits indicate that the fits 
are generally deficient at the high-energy ( > 1.5 ke V) end 
of the spectrum. A number of causes may contribute to this 
effect, e.g. contamination with unresolved point sources, or 
hard residuals left over after the source-subtraction pro
cedures. For these systems, we fitted a two-component 
model to the diffuse spectrum, consisting of a Raymond & 
Smith hot plasma (representing the truly diffuse gas) and a 
highly absorbed hot (lO-keV) component (representing 
unresolved sources). In every case, F-tests revealed that this 
model gave rise to a significantly better fit to the diffuse 
spectrum. These results are described in detail later in the 
notes on the individual systems. 
Source spectra. These were extracted as described in Section 
3. Sources known not to be connected with the galaxy were 
excluded from the analysis, as were sources that lay outside 
both the optical emission and any diffuse X-ray emission. A 
total of 140 sources remain which are attributed to the 
galaxies themselves. The results of the spectral analysis of 
all the sources within each galaxy are tabulated below in 
each of the individual galaxy sections. An estimate of the 
expected number of contaminating background sources 

Table 2. Results of spectral analysis of the total integrated emission of the survey galaxies. Starburst galaxies 
(here, defined as those with LFJR > 0.38LB ) are marked with an asterisk (*). Power-law and Raymond & 
Smith hot plasma models have been used in the spectral fitting. Errors on the spectral fit parameters are 10-
for one interesting parameter. No confidence limits are given for spectral fits with a reduced t~3. 
Tabulated luminosities are those escaping from the galaxy. 

Galaxy Net Log Lx Spectral fits to 
counts (0.1-2.0keV) integrated emission 

(erg a-I) X2 column photon temp. Z 
(diffuse) (n.d.o.f.) 102o cm-2 index keY (solar) 

N0055 4793±70 38.91 38.12 (18) 6.28!iV 1.61!g::~ O·l1!g:i~ 
N0247 812±29 38.68 19.55 (19) 4.22!g:~3 2.86+0.~ 

N0253 * 15857±126 40.04 41.83 (19) 2.41+0.1! 246+8:05 . -0.05 
N0300 2611±55 38.18 20.25 (18) 4.28+U6 0.56!g:g~ 0.02!g:g~ 
N0598 34375±187 38.91 20.27 (19) 9.88~~:8¥ 1.79+0.07 

N0891 * 1365±38 39.70 21.82 (19) 0.38+0:~~ o 78+8:gr . -0.20 
N1291 1792±43 39.98 11.95 (18) 125+8:~1 0.95!gJg 0.02!g:g~ . -0.34 
N3034 * 32245±180 40.78 414.3 (19) 12.3 2.30 
N3079 * 1518±39 40.56 18.08 (18) 2.02+0.36 0.73!g:g~ 0.04!g:g1 
N3628 1632±41 39.98 45.45 (19) o 06+g:~~ 1.06!g:~~ . -0.06 
N4258 2353±49 40.41 214.9 (19) 0.14 0.35 (0.50 F) 
N4490 * 2856±54 39.96 18.65 (18) 2.27!0.4: 0.00+3.24 

N4631 * 1994±45 39.77 18.47 (18) 4.16+8:88 0.43+0.07 o.oo~g:8Y 
N5005 * 697±27 40.66 13.14 (18) 1.00+8:tl 0.68~8:g~ 0.08!g:~ 
N5055 1202±35 40.20 23.86 (18) 2.11~g:~ 0.96!8:i~ O.Oo!g:~ 
N5194 * . 8732±94 40.46 43.40 (18) 2.27!0:i: 0.60+8.g2 0.02!g:gi 
N5457 6095±81 39.74 50.29 (18) 2.93!g:: o 69+8:1~ O.OO!g:~ . -0.12 
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Table 3. Results of spectral analysis of the diffuse emission from the survey galaxies. Tabulated luminosities 
are those escaping from the galaxy. All spectral fits use absorbing hydrogen column plus Raymond & Smith hot 
plasma models (see text). Errors on the spectral fit parameters are 10" for one interesting parameter. No 
confidence limits are given for spectral fits with a reduced X2 ~ 3. Starburst galaxies are marked with an 
asterisk. 

Galaxy Galactic Net Log Lx Spectral fits to 
hydrogen counts (O.I-2.0keV) diffuse emission 
column (erg 8-1) X2 column temp. Z 

1020 cm-2 (diffuse) (n.d.o.f.) 102O cm-2 keY (solar) 

N0055 1.33 573±25 38.16 62.15 (18) 0.00 7.61 0.00 
N0247 1.33 142±14 37.97 35.41 (18) 0·01!g:~1 0.16!g:g~ 9.87!~~8~ 
N0253 * 1.23 11448±109 39.90 66.96 -(18)a 0.97 0.47 0.02 
N0300 2.97 191±25 37.19 54.47 (18) 0.00 0.09 0.00 
N0598 4.56 4970±76 38.27 59.13 (18)a 6.18 0.43 0.01 
N0891 * 6.07 946±33 40.26 20.03 (19) 7.19!~:~: 0.11!g:g3 (0.50 F) 
N1291 1.79 1138±35 39.81 18.46 (18) 1.01!~:~ o 55+0.2~ O.01!g:~~ · -0.18 
N3034 * 3.92 24848±138 40.69 172.9 (18)a 6.46 0.72 0.03 
N3079 * 0.76 892±30 40.46 10.77 (18) 2.00!g:~~ 0.52!g:g~ 0.03+g·1O 

N3628 1.77 808±30 39.37 21.14 (18) 0.05!~:~6 0.36!0.~3 006+0:2+ · -0.05 
N4258 1.30 2054±46 40.32 19.87 (18) 3 14+0.7~ o 35+8:0~ 0.08!g:~~ . -1.52 · -0.02 
N4490 * 1.61 1857±44 39.83 24.10 (18) 1.46!g::~ 
N4631 * 1.18 1522±40 39.56 32.19 (18) 0.81!k~~ 0.23!0:g~ 
N5005 * 1.24 312±18 40.32 22.24 (18) 0.13!g:i6 042+8.13 0.09!g:g7 · -0.09 
N5055 1.24 811±29 39.78 16.38 (18) 1.83!g:g~ 0.58!0:~~ o OO+O.O~ 

· -0.00 
N5194 * 1.25 6022±78 40.33 26.06 (18) 1 62+0.2~ 0.51!8.0~ O.OI!o:g~ . -0.22 
N5457 1.09 3481±63 39.48 49.73 (18) O.OO!g:~~ 026+8:86 026+8.42 

· -0.04 · -0.16 

• In cases where the reduced t is greater than 3, but the statistics are good, two-component fits have been 
performed (see text). The results of these fits are described fully in the notes on the individual systems. 

(almost all of which are quasars) can be obtained by making 
use of the 10gN-logS function from Hasinger et a1.'s (1993) 
deep ROSAT X-ray survey of the Lockman Hole. Over the 
total area covered by these 17 galaxies ('" 0.65 dei), 
approximately five quasars with flux levels greater than the 
typical source flux limit seen ( '" 1.5 X 10-14 erg em -2 S-I) 

would be expected to appear through an absorbing column 
consistent with that of a face-on spiral ( '" 1021 cm-2). There 
is a great range in absorbing columns seen within this 
survey, however, and more quasars will be visible in 
low-column regions (e.g. within the haloes of edge-on sys
tems - see the discussion of NGC 3628 and NGC 891). 
Similarly, as many of the galaxies are edge-on, and present 
a much greater absorbing column, very few (;$3) quasars 
would be expected to be visible through these discs. 

The total X-ray luminosity (0.1-2.0 keY) of all the 
sources in each galaxy is given in Table 4. As can be seen, 
the integrated X-ray luminosity (Table 2) is, in general, not 
the same as the diffuse luminosity plus the total source 
luminosity (Table 4). 

Several effects contribute to this. The integrated lumino
sity may be contaminated by sources which have nothing to 
do with the galaxy. Even in the absence of such contamina
tion, the integrated galactic spectrum has many contributors 
(diffuse emission, galactic and non-galactic sources) and 
hence its spectrum, especially in the more hot gas-domi
nated systems, may be complicated. As a result the spectral 
fit, and hence the luminosity, may be poorly constrained. 
When the source and diffuse components are separated, 
more satisfactory results are likely to be obtained. From the 
tabulated fit results it can be seen that, of the galaxies whose 

Table 4. Summary of the results of spectral analysis of the sources 
within the survey galaxies. Tabulated luminosities are those 
escaping from the galaxy. Explanations of errors are given in the 
text. Note that the 'integrated' luminosities (Table 2) may contain 
contaminating sources unrelated to the galaxies. The diffuse 
fraction is the ratio of Lx(diffuse) to Lx(diffuse) + Lx(sources). 
All spectral fits use absorbing hydrogen column plus Raymond & 
Smith hot plasma models. Errors on the spectral fit parameters are 
10" for one interesting parameter. Starburst galaxies are marked 
with an asterisk. 

Galaxy No. of Log Lx (0.1-2.0keV) (ergs-I) Diffuse 
sources (sources) (diffuse + sources) fraction 

(% error) (% error) (% error) 

N0055 8 38.71 (1.6%) 38.82 (4.6%) 0.22 (6.4%) 
N0247 5 38.35 (4.2%) 38.50 (10.7%) 0.29 (14.6%) 
N0253 * 15 39.45 (1.7%) 40.03 (2.0%) 0.74 (2.2%) 
N0300 15 38.13 (2.3%) 38.17 (13.3%) 0.10 (18.7%) 
N0598 36 38.84 (0.6%) 38.94 (1.7%) 0.21.(2.3%) 
N0891 * 2 39.68 (3.7%) 40.36 (5.1%) 0.79 (6.2%) 
N1291 4 39.72 (4.3%) 40.07 (5.3%) 0.55 (6.1%) 
N3034 * 2 40.35 (0.9%) 40.85 (1.1%) 0.69 (1.2%) 
N3079 * 1 40.12 (6.7%) 40.62 (7.5%) 0.69 (8.2%) 
N3628 7 39.82 (3.6%) 39.95 (5.2%) 0.26 (6.4%) 
N4258 3 39.70 (6.7%) 40A1 (7.1%) 0.81 (7.4%) 
N4490 * 4 39.74 (3.3%) 40.09 (4.0%) 0.55 (4.7%) 
N4631 * 7 39.35 (5.5%) 39.76 (6.1%) 0.62 (6.7%) 
N5005 * 3 40.50 (6.7%) 40.72 (8.9%) 0.40 (10.6%) 
N5055 6 39.64 (6.0%) 40.02 (7.0%) 0.58 (7.9%) 
N5194 * 9 40.20 (2.2%) 40.57 (2.5%) 0.57 (2.8%) 
N5457 13 39.44 (2.8%) 39.76 (3.2%) 0.52 (3.6%) 

diffuse fraction is greater than 50 per cent, two-thirds have 
a better diffuse emission fit than integrated emission fit 
(when the two-component fits to the diffuse spectra, 
described above, are taken into account). 
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Conversely, within the more source-dominated systems, 
the diffuse emission spectra are complicated, involving 
some genuinely diffuse gaseous emission, and some con
tribution from both unresolved point sources and from 
'stumps' left in the subtraction of the bright sources. In 
these systems, the fits to the diffuse emission spectra are 
generally poor (five of the six galaxies with a diffuse fraction 
less than 50 per cent have an integrated emission fit better 
than the corresponding diffuse emission fit). 

Some fits are particularly bad. The two with the largest 
values of reduced 1 are the fits to the integrated emission 
spectra of M82 and NGC 4258 (reduced 1=21.8 and 11.3, 
respectively). These two systems appear very similar in their 
X-ray properties (see Sections 4.8 and 4.11). Both are domi
nated by diffuse emission, but have significant point-source 
emission from the nucleus. It is the contributions from the 
nuclear sources which cause the integrated spectra to be 
difficult to fit, and when these point-source contributions 
are removed the fits to the diffuse emission spectra are 
greatly improved, NGC 4258's diffuse emission spectrum 
having a fit-reduced 1 of 1.1, and M82's giving 1.9 (using a 
two-component fit; see Section 4.8). 

Where bad fits (reduced 1~3) have occurred in the fit
ting of the diffuse emission spectra, we have, where statistics 
have allowed, attempted two-component fits to the spectra, 
as described earlier. In every case, significantly better fits 
were found and the details of these fits are described in the 
notes on the individual systems later. 

Shown also in Table 4 are the statistical errors (expressed 
as percentages) for each Lx(sources). These were obtained 
by summing (in quadrature) the Poissonian errors on the 
counts (taking into account the background) for each 
source detected within each system, i.e. for each source 
detected within Tables 5 to 21. Similar statistical errors on 
Lx(diffuse + sources) have been calculated by summing (in 
quadrature) each Lx(sources) percentage error with the 
percentage error on the diffuse counts given in Table 3. 
Statistical errors on the diffuse fraction [the ratio of Lx (dif
fuse) to Lx(sources + diffuse)] are calculated as the 
summed percentage errors (again in quadrature) of Lx (dif
fuse) and Lx(sources + diffuse), which gives a conservative 
estimate. 

In addition to the above statistical error on the derived 
source luminosity for the best-fitting spectral model, there is 
a second error which arises from uncertainty as to the 
appropriate model to use. Since the X-ray luminosities 
derived here are band-limited to the (0.1-2.0 keY) band, 
the effects of considering different acceptable models are 
not very large. Comparing the luminosities inferred from 
power-law and hot plasma models in cases where these give 
fits of comparable quality, we find differences of ~ 1-10 per 
cent (the larger variations applying to the lowest count-rate 
cases). For a given spectral model, the effects of varying the 
model parameters within the 90 per cent confidence con
tour results in luminosity variations of the same order. As 
can be seen from Tables 2,3 and 4, these uncertainties inLx 
are similar in size to the purely statistical errors. 

We have attempted to classify (into XRBs, SNRs, H II 
regions, etc.) many of the unidentified sources detected 
within the survey, on the basis of their spectral character
istics. It is known from previous studies that X-ray binaries 
appear spectrally harder in the ROSATband than do super-
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nova remnants (e.g. Williams & Chu 1995). We confirm 
these results, on the basis of the properties of identified 
sources within the present survey (see Section 5.2), and we 
use these results below in discussing probable counterparts 
to many of the unidentified sources which are found by our 
analysis. 

We now present the results of our analysis for each indivi
dual system. Figs 2 to 18 show the X-ray properties of each 
of the galaxies analysed. Each figure contains four panels, 
depicting different aspects of the X-ray emission. 

(1) X-ray emission (top left panel). Contours of back
ground-subtracted, exposure-corrected X-ray emission in 
the 0.1-2.3-ke V band are superimposed on an optical image 
of the system. Each X-ray image has a resolution of 5 arcsec 
and has been lightly smoothed with a Gaussian of standard 
deviation 10 arcsec to suppress noise. The contour levels 
increase by factors of two from 1.4 x 10-3 count S-l arc
min-2• 

(2) Diffuse emission (top right panel). Images of the dif
fuse emission were obtained, as described in Section 3, by 
removing the sources from the background-subtracted 
X-ray image, interpolating across the 'holes' that were left, 
and then correcting for vignetting and exposure. Contours 
of diffuse (0.1-2.3 keY) X-ray emission are shown super
imposed upon an optical image. The diffuse images are 
coarser (10 arcsec pixels) than the X-ray images and are 
more heavily smoothed (the standard deviation of the 
Gaussian is 20 arcsec). Contour levels increase by factors of 
two from 3.6 x 10-4 count S-l arcmin-2• 

(3) X-ray profiles (bottom left panel). Surface brightness 
profiles, with a radial binning of 0.3 arcmin were formed 
from each of the X-ray and the diffuse-emission images 
(0.1-2.3 keY) shown in the two top panels. These back
ground- and exposure-corrected polar profiles were centred 
on the peak of the X-ray emission. Where there was no 
obvious central peak to the X-ray emission (e.g. in the least 
active galaxies), the optical centre was used. In each figure, 
crosses follow the surface brightness profile of the total 
X-ray emission, whereas the diffuse emission profile is indi
cated by the line. Sources can be seen lying above the diffuse 
emission. 

(4) Diffuse emission spectrum (bottom right panel). The 
correctly normalized diffuse emission spectrum (obtained 
as described in Section 3) is shown, marked by crosses in the 
top part of this panel. The best fit to the spectrum, the 
parameters of which are given in Table 3, is superimposed 
as a line. In the bottom part of the panel is shown the ratio 
of the correctly normalized diffuse spectrum to the total 
spectrum (i.e. the diffuse spectrum plus the corrected spec
tra of all the sources within the galaxy). In many of the 
systems it can be seen that the diffuse emission makes a very 
significant contribution, and dominates the emission at the 
low energy end of the spectrum. 

Tables 5 to 21 give the results of the spectral analysis 
performed on each galaxy's source spectra. Sources known 
not to be associated with the galaxy were excluded from the 
analysis, as were sources that lay outside both the optical 
emission and any diffuse X-ray emission. Spectral fits to the 
sources were generally not as tight as fits to the diffuse 
emission arising from lack of counts, except for the brightest 
sources. For each source is given the source number, the 
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RA and Dec of the source, the net counts, the (0.1-2.0 ke V) 
X-ray luminosity and the results of the spectral fitting 
(errors on the best-fitting parameters are 10" for one 
interesting parameter). 

As mentioned above, a maximum likelihood criterion, 
which allows for the Poissonian nature ofthe data, had to be 
used because of the low number of counts in most of the 
source spectra. Unfortunately, when using likelihood fitting, 
the absolute value of the statistic is not informative (and 
hence we have not given it). It is, however, possible to use 
the Cash statistic (Cash 1979) to compare the relative 
quality of different fits, and to derive confidence intervals 
for model parameters, since differences in the value of the 
Cash statistic from one model to another are distributed in 
the same way as i. 

Power-law and bremsstrahlung spectra were fitted to 
each source spectrum, and where one fit was very much 
better than the other, only the best model fit is shown. In the 
cases in which power-law fits are quoteq, a characteristic 
temperature (the temperature from the bremsstrahlung fit) 
is also given in brackets. Where one fit is only marginally 
better than the other, the marginally worse fit is also shown, 
but in brackets. It is encouraging to note that in cases in 
which our results, from likelihood fitting on individual spec
tra, can be compared with other authors' results from i-fit
ting of a single combined source spectrum, the results are in 
very good agreement (see, for example, the discussions on 
NGC 3628 and NGC 5194). 

All source luminosities are tabulated as luminosities 
escaping the galaxy, i.e. before absorption in our own Galaxy 
(the assumed column within our own Galaxy is given in 
Table 3). As can be seen from the NH values in Tables 5 to 
21, many sources seem to be embedded deep within the host 
galaxy. An idea of the intrinsic luminosity of each source can 
be gained by referring to Fig. 1, which shows the way in 
which flux from 1 ke V and 5 ke V thermal bremsstrahlung 
sources is attenuated as a function of absorbing column. 

4.1 NGC 55 

The southern galaxy, NGC 55, a member of the Sculptor 
group, is a nearby SB galaxy viewed nearly edge-on, and has 
not been observed in X-rays prior to ROSAT. Eight sources 
are seen within the optical confines of the galaxy (see Fig. 
2); and their properties are summarized in Table 5. As with 
all the galaxies discussed in this section, the sources are 
numbered in increasing RA, i.e. from right to left (west to 

5keV 

1ke 

°O~~~~10~~~20~~~3~O~~~40~~~5~O~~~OO 

Hydrogen column (102° atoms cm -2) 

Figure 1. Fluxes from 1 ke V and 5 ke V thermal bremsstrahlung 
sources as a function of absorbing column. 

east). Very little diffuse emission is observed (the diffuse 
fraction is 22 per cent), and the fitting of the diffuse spec
trum with standard spectral models gave poor results. In 
cases like this, where little diffuse emission is observed, 
difficulties arise with the separation of source emission from 
diffuse emission. As discussed earlier, great care had to be 
taken when extracting the sources. Source 6 and the bright 
source to the south of sources 2 and 3 were, in fact, 
extracted to larger radii (~o. 7 arcmin) than the other 
sources. This still left 'stumps' in the diffuse emission, how
ever, as can be seen in Fig. 2. Interestingly, the southern 
source appears to be non-point-like ('plumes' are visible to 
the north and south of this source), as, to a much lesser 
extent, does source 6 (note the feature to the east of this 
source), so it may be that the diffuse emission apparently 
observed around these sources is real. 

NGC 55 has an off-centre bar, i.e. its optically brightest 
part, originally interpreted as a bar seen end-on (de Vau
couleurs 1961), is not at the centre of the disc but is offset to 
the north-west by 2.7 arcmin from the centroid of total 
optical light and by 2.1 arcmin from the centroid of the 
neutral hydrogen emission (Hummel, Dettmar & Wiele
binski 1986). Sources 3, 4 and 5, together with the clumpy 
emission that they seem embedded within, are associated 
with this offset bar. They coincide with the maximum in the 
radio continuum emission. Also, Hoc knots and a 6-cm triple 
source run south-east from the centre of the bar (at source 
3) down through source 4 to the centre of mass of the galaxy 
(at the position of source 5) (Hummel et al. 1986). One of 
the consequences of an off-centre bar is that gas can be 
trapped in retrograde orbits around the one remaining 
neutral point in the potential field, and this gas can form 
stars. The coincidence of Hoc, H I, radio continuum, and 
now X-ray emission in between the bar centre and the mass 
centroid of NGC 55 indicates that this is very likely to be a 
site of enhanced star formation [with a rate of about 1 M0 
yr-I, (Hummel et al. 1986)]. Source 8, coincident with an 
lRAS point souce, and possibly resolved in the FIR maps of 
Rice (1993), may be a supernova remnant (or a collection of 
remnants) given its low temperature. The majority of the 
sources are fitted with very large absorbing columns. This is 
not surprising as NGC 55 is highly inclined and, as already 
mentioned, a lot of neutral hydrogen exists within the disc. 
Source 6 (the brightest) is coincident with the next largest 
patch of radio continuum emission, together with knots in 
Hoc and blue light (Hummel et al. 1986). Source 1 may be 
associated with the western side of NGC 55 having a dis
turbed, warped H I layer. The bright source lying to the 
south of the bar sources has a point-like optical counterpart 
and appears unassociated with NGC 55. Its spectrum is 
consistent with that of a quasar. 

4.2 NGC 247 

NGC 247, an SAB(s)d galaxy, is another Sculptor member 
lying at approximately the mean distance of the group. One 
of its more prominent features is the low (optical) lumino
sity interarm region stretching from a radius of 5 to 8 arcmin 
on the north-west side. The northern arm also has a fairly 
high contrast of more than 1 mag arcsec-2 above the under
lying disc (Carignan 1985). The southern arm, however, 
appears quite normal. Despite the fact that the optical disc 
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F1gure 2. X-ray emission from NGC 55. Top left shows lightly smoothed (0.1-2.3 keY) X-ray emission superimposed on an optical image. 
Top right shows heavily smoothed diffuse emission (obtained as described in Section 3) again superimposed on an optical image. Bottom left 
shows radially-binned surface brightness profiles of the total emission (crosses) and the diffuse emission (line). Bottom right contains two 
panels. Shown in the top panel is the correctly normalized diffuse emission spectrum (crosses) superimposed upon the best fit (line). In the 
bottom panel is shown the ratio of the diffuse emission spectrum to the total (diffuse + sources) spectrum. 

appears asymmetric, the luminosity profile is very regular. 
The main feature of the profile, though, is the very low 
surface brightness of the disc [B(O)c=23.44 mag arcsec-2, 

Carignan 1985), fainter even than Romanishin & Strom's 
(1979) mean value of 22.88 for their sample of 12 low sur
face brightness spirals. Much of NGC 247's faintness may be 

© 1997 RAS, MNRAS 286, 626-668 

the result of internal absorption, given the high inclination 
of the disc. 

The ROSAT image (Fig. 3) shows several features lying 
within and around the disc of NGC 247, together with a 
small amount of diffuse emission. The Einstein image (Fab
biano et al. 1992) appears essentially the same, though at 
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Table 5. Results of spectral analysis of the sources within NGC 55. Tabulated luminosities are those escaping from 
the galaxy. Errors on the spectral fit parameters are 10" for one interesting parameter. Where one fit is very much 
better than the other, only the best model is shown, except that the fitted bremsstrahlung temperature is given in all 
cases, to facilitate comparisons. Where bremsstrahlung and power-law fits are of similar qualty the parameters of 
both are given, with the poorer fit enclosed in brackets. 

Src. RA Dec Net Log Lx 
No. (2000.0) (2000.0) counts erg s-.l 

(0.1-2.0 
keY) 

1 001420.13 -3911 19.3 125±12 37.20 
2 00 1445.43 -391134.5 39.5±8.l 36.73 
3 001452.39 -391051.8 422±21 37.74 
4 001457.33 -391142.7 156±14 37.31 
5 001501.84 -391244.9 35.8±8.0 36.73 
6 001529.11 -391326.3 3278±58 38.60 
7 001534.75 -391511.4 35.1±7.6 36.71 
8 001601.52 -391439.3 127±13 37.04 

Diffuse emission (diffuse fraction) 38.16 (22%) 

much coarser resolution, and is dominated by source 1, 
together with an amalgam of sources 2 and 4, and the bright 
source situated just westwards of the optical disc, another 
example of a source requiring a larger extraction radius (0.7 
arcmin). Diffuse emission is still visible, however, indicating 
that the source is extended (this is borne out by the 
observed asymmetry of the source). The ROSAT data reveal 
five sources within the optical confines of NGC 247 (see 
Table 6), the brightest being source 2, lying at the tip of the 
southern inner spiral arm enhancement. The next two 
brightest sources, 1 and 3, are interesting for two reasons. 
First, they appear to 'straddle' the low-luminosity interarm 
region discussed above, and secondly, and perhaps related 
to the fact that there appears to be a deficit of material 
within this region, they are both fitted with low-absorption 
models, whereas the southern sources are all fitted with 
high-absorption models. There appears to be no significant 
activity from the nucleus of NGC 247. 

Once the sources are removed some low-level diffuse 
emission is apparent, most notably at and to the south of the 
nucleus and within the low-luminosity northern region, 
between sources 1 and 3. The spectrum of the diffuse emis
sion is very soft, and is best fitted with a low-temperature, 
low-absorption model. The fitted absorption, in fact, is con
strained to be less than that out of our own Galaxy in the 
direction of NGC 247 (Le. less than the total column of 
neutral hydrogen within our own Galaxy looking in the 
direction of this source). As shall be seen later in the cases 
of other systems where the diffuse emission is best fitted 
with unreasonably low column densities, there is good 
reason to believe that a significant fraction of the diffuse 
emission is the result of a very low temperature (several 
times HY K) component. This is very likely to be the case 
within NGC 247. 

4.3 NGC 253 

NGC 253, a barred spiral, again in the Sculptor group of 
galaxies, is a classic nearby example of a nuclear starburst 
galaxy. It has received a great deal of attention since its 

Spectral fits 
Bremsstrahlung Power law 

column temp. column index 
102O cm-2 keY 1020 cm-2 

(43.3) (0.73) 61.0~~~:: 3.78~U~ 
111+103 0.31~g:~~ (158) (7.32) -65.1 

(17.6) (2.17) 22.4~~~31 2.11~g·63 
(55.7) (0.90) 74.0~~::~ 352+d9 . -1.29 

110+15.8 0.10~g:~~ -37.2 
(25.7) (0.74) 41.3~g~ 3.68~g:~~ 

6.28~~~8~ O.72~g:~r (69.7) (6.69) 
(0.10) 6.60~U~ 8.00~o.39 

nuclear region was discovered to be a strong, extended IR 
and radio source. Outside of this region, however, NGC 253 
appears to be a normal spiral galaxy. It has previously been 
observed in X-rays by Einstein (Fabbiano & Trinchieri 
1984) and by Ginga (Ohashi et al. 1990). 

A preliminary analysis of the ROSAT data has been given 
by Pietsch (1992), the main results of which agree well with 
those reported here. The ROSAT image (Fig. 4) shows many 
sources embedded in a great deal of diffuse emission, and 
looks essentially the same as the Einstein data (as noted by 
Pietsch 1992), though much more fine detail is visible. 
Sources seen by Einstein are also seen by ROSAT including 
the nucleus (source 11), the two sources slightIywest of this 
(sources 7 and 8) and the source slightly east of the nucleus 
(source 12). 

Of great interest is the diffuse emission shown in the top 
right panel of Fig. 4 which extends above and below the disc 
of the galaxy. This too was seen by Einstein and was origin
ally thought to be a result of gaseous clouds ejected from the 
starburst nucleus by a large supernova-driven wind (Fab
biano 1988). The spectral shape and enhanced Lx of NGC 
253 (compared to M31 and the Galaxy) obtained by Ginga 
(Ohashi et al. 1990) suggested that most of the harder X-ray 
emission (2-10 ke V) may originate from hot diffuse gas, 
backing up the idea of a hot wind. Recent theories (e.g. 
Heckman, Lehnert & Armus 1993) have suggested that the 
diffuse emission seen by Einstein and ROSAT is actually 
mainly the result of low density ambient clouds that have 
been shock-heated by the wind. Spectrally, Einstein was able 
to contribute very little, only that the spectral properties of 
the nuclear regions were different from the surrounding 
regions and were fitted with larger intrinsic absorbing 
columns. ROSAT can do much better. Table 3 shows that 
the diffuse emission from NGC 253, which makes up 74 per 
cent of the total, is well fitted by a low temperature plasma 
absorbed only by our own Galaxy. Sources seen above the 
plane of the galaxy (sources 3, 5, 9, and 10, see Table 7) are 
similarly fitted and are presumably large clumps of shock
heated material within the more tenuous emission. The 
domination of the diffuse emission in the total spectrum at 
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Figure 3. X-ray emission from NGC 247 (as in Fig. 2). 

low energies is very evident in the bottom right panel of 
Fig. 4. 

The diffuse emission spectrum is best fitted with a 
0.47 -ke V low-metallicity plasma, absorbed by a column con
sistent with that out of our own Galaxy. The fit, however, is 
poor (l = 67 with 18 d.o.f.), and so, as mentioned in Section 
4, a two-component model, comprising a Raymond & Smith 
hot gas component and an absorbed, hard (10 keY) unre
solved source component, was fitted to the spectrum. This 

fit indicates that most (~90 per cent) of the 'diffuse' emis
sion is truly cool (0.39:::g:g~ keY), low-metallicity (0.08:::g:GJ 
solar), diffuse gas, while the rest is attributable to highly
absorbed, hard sources. An F-test shows that the improve
ment in fit quality as a result of the additional spectral 
component is significant at over 99 per cent confidence. 
While the two-component fit is significantly better, it is still 
not good (X2 =60 with 16 d.o.f.). A much more complex 
model, beyond the scope of this work, may be necessary to 
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Table 6. Results of spectral analysis of the sources within NGC 247 (as in Table 5). 

Src. RA Dec Net Log Lx Spectral fits 
No. (2000.0) (2000.0) counts erg S-1 Bremsstralliung Power law 

(0.1-2.0 column temp. column index 
keY) 102O cm-2 keY 1020 cm-2 

1 004703.04 -203654.4 183±15 37.81 7.83:!:~:~2 1.89:!:2:~~ (9.49) (1.98) 

2 004703.86 -204743.4 355±20 38.05 64 4+11.~ 012+8.03 
. -17.7 • -0.02 

3 004703.86 -204008.5 69.4±9.9 37.44 (4.77) (1.37) 6.81:!:t~9 2.32:!:g:~1 
4 004709.39 -204700.1 52.5±8.5 37.13 (17.4) (0.81) 35.9:!:~8:! 3.72:!:3:~! 
5 004716.53 -205511.7 40.4±8.0 36.92 (46.5) (0.53) 696+sts 464+t69 . -69.6 . -4.43 

Diffuse emission (diffuse fraction) 37.97 (29%) 

explain the halo emission from NGC 253 (and, indeed, 
other starbursts), as a large temperature gradient is believed 
to exist within the halo of NGC 253 (Read 1994). 

Moving on to the disc sources, sources 8,13, and 14 may 
be the result of absorbed X-ray binaries, given their high 
temperatures. The nucleus (source 11) appears to be very 
absorbed (not surprisingly, given the inclination of the 
galaxy) and hot, suggestive of a large accreting binary (or a 
population of them) as the source. It has been suggested 
that NGC 253 might have an active nucleus, on the basis of 
its LINER optical spectrum and non-thermal radio struc
ture (Rieke, Lebofsky & Walker 1988). We find that a 
simple power law gives a much poorer fit to the PSPC 
spectrum than does a bremsstrahlung model, which is signi
ficantly better (Cash statistic is lower by 9). Since the 
nucleus is bright, we are able to use the l statistic to get a 
measure of how good these fits actually are. These l fits 
give best-fitting parameters entirely consistent with those 
obtained using likelihood fitting, and the l values are 87.3 
and 99.5 for the bremsstrahlung and power-law models, 
with 19 d.o.f. in each case. Hence both models are poor fits. 
It seems that the nuclear emission is spectrally complex, and 
is therefore probably not dominated by flux from an active 
nucleus. 

4.4 NGC 300 

NGC 300 is another member of the Sculptor group and may 
be in weak gravitational interaction with the first galaxy 
discussed in this paper, NGC 55. Like NGC 55, NGC 300 
has not been observed in X-rays prior to the ROSAT obser
vations.lts similarity to NGC 55 extends to its X-ray proper
ties, as several point sources are seen together with a small 
amount of diffuse emission (see Fig. 5). The fit to the diffuse 
spectrum is very poorly constrained, however, because of a 
lack of counts. Of the point sources seen within the disc of 
NGC 300, several (sources 6, 7, 8, 9, 11, 13, and 14) lie very 
close to the positions of clusters of stars, a few (sources 1, 2, 
6, 7, and 10) appear to coincide with H II regions (Dehar
veng et al. 1988), and one (source 1) lies very close to a 
Wolf-Rayet star (Schild & Testor 1992). Source 7, brighter 
by a factor of three than any of the other sources, appears 
entirely consistent with a point source. Its initial extraction 
(at the 93 per cent-O.5-ke V radius), however, left very signi
ficant 'stumps' in the diffuse emission. Hence, it has been 
removed to a radius of 0.8 arcmin. The sources towards the 

edge of the disc may also have H II counterparts, but the 
work of Deharveng et al. (1988) does not cover the whole 
disc. Generally, the sources in NGC 300 are softer (see 
Table 8) than those in NGC 55, probably because NGC 300 
is face-on whereas NGC 55 is edge-on. 

4.5 NGC 598 (M33) 

NGC 598 (M33), a member of the local group, is a normal 
late-type (Sc) galaxy situated only 700 kpc away (Tully 
1988). Its proximity and relatively face-on inclination (56°) 
have made M33 an excellent target over the years for 
detailed studies of its main components across the whole of 
the electromagnetic spectrum. 

Although Sandage & Humphries (1980) concluded, using 
B-band photographic plates, that there are ten spiral arms 
within M33, Kormendy & Norman (1979) list it as a grand
design two-armed spiral galaxy, its grand-design structure 
thought to be the result of a corotation of the form Vr ex. r in 
the region of its grand-design structure, and not to an inter
action with a neighbour or a central stellar bar. Wilson & 
Scoville (1989), however, concluded that the rotation curve 
of M33 may not be particularly well described by this model, 
and more recent studies are still inconclusive as to the 
explanation of the grand-design structure of M33. Although 
the computer-enhanced B-band images of Elmegreen, 
Elmegreen & Montenegro (1992) suggest the presence of a 
bar, the H-band images of Minniti, Olszewski & Riecke 
(1993) do not. Furthermore, in the near-infrared, where the 
bar should be most prominent, only a weak bar-shaped 
excess is seen (Regan & Vogel 1994), and it is unclear 
whether this traces a true bar or just the inner extension of 
the spiral arms. 

M33 was observed by Einstein, with both the HRI and the 
IPC and MPc. The HRI observation (Markert & Rallis 
1983) detected eight X-ray sources, most of them associated 
with Population I tracers. Although the brightest source 
(the nucleus) was seen to be variable, the simultaneous 
MPC observations indicated no such variability prompting 
Peres et al. (1989) to suggest that the variation existed only 
below 1.2 ke V. No variability was seen with EXOSAT either 
(Gottwald, Pietsch & Hasinger 1987). In addition to the 
bright nuclear source and several other bright point-like 
features seen in the disc and arms of M33, Trinchieri, Fab
biano & Peres (1988) also report the detection of low sur-
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NGC 253 - X-ray emission (0.1 - 2.3 keY) 
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Figure 4. X-ray emission from NGC 253 (as in Fig. 2). 

face brightness, diffuse emission, thought to be the result of 
the integrated contribution of several lower luminosity 
sources and possibly diffuse hot gas. 

Long et al. (1996) have recently reported their results of 
a longer exposure (50.4 ks) ROSAT PSPC observation of 
M33. They find 37 sources within 15 arcmin of the nucleus, 
most of them associated with Population I tracers, and 
several of them time-variable. Our ROSAT image (Fig. 6, 

© 1997 RAS, MNRAS 286, 626-668 

Table 9) reveals 36 sources (all but three of the faintest were 
seen by Long et al. 1996) within 18 arcmin of the nucleus, 
together with what appears to be diffuse emission in the 
central regions. The Long et al. (1996) results appear to be 
quite consistent with our own as, of the 50 total sources 
which they detect, eight lie outside the region used in our 
analysis. A further nine sources, all of which are very faint, 
are not detected in our analysis (not surprising since Long et 
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Table 7. Results of spectral analysis of the sources within NGC 253 (as in Table 5). 

Src. RA Dec Net Log Lx 
No. (2000.0) (2000.0) counts erg s-l 

(0.1-2.0 
keY) 

1 004637.92 -252810.0 148±15 37.68 

2 004647.00 -252150.2 91.9±12 37.67 
3 004708.17 -251619.9 56.0±1l 37.68 
4 004708.55 -252116.0 104±13 37.88 

5 004709.60 -251406.1 53.0±1l 37.71 
6 004711.01 -252331.2 44.6±9.4 37.28 
7 004717.61 -251816.2 220±18 38.13 

8 004722.40 -252048.4 25l±19 38.25 
9 004722.54 -251048.0 75.2±12 37.71 

10 004724.90 -250717.6 53.l±1l 37.53 
11 004733.22 -251729.4 2576±53 39.21 
12 004734.94 -251511.9 209±18 38.15 
13 004742.45 -251504.7 315±21 38.38 

14 004800.20 -250955.8 99.l±12 37.77 
15 004830.09 -250843.3 124±14 37.80 

Diffuse emission (diffuse fraction) 39.90 (74%) 

al. have a deeper image) leaving 33 sources found in both 
analyses. 

Both spiral arms (especially the southern) are very 
apparent in X-rays. All of the sources seen by Einstein are 
seen by ROSAT, by far the brightest being the nucleus 
(source 21), accounting for almost two-thirds of the total 
source flux (a figure consistent with Long et al. 1996). 
Recent ASCA observations (Takano et al. 1994) are only 
able to place a tentative 10 per cent as an upper limit to the 
time variability of this source. The ROSAT observations are 
in agreement with this - no significant variability is seen. 
Takano et al. (1994) also find that the nuclear spectrum is 
significantly softer than typical AGN spectra, and suggest 
that the nucleus may be a close binary system containing a 
lO-Mo black hole. The best-fitting temperature to the 
nuclear spectrum obtained by Long et al. (1996) is just 
consistent with our result, though they arrive at a lower 
value for the fitted absorbing column. 

Of the other sources, most of which are associated with 
Population I tracers, many are time-variable. Source 15, for 
instance (Einstein X-7) is known to be an eclipsing binary X
ray source with a period of 1.7857 days (Peres et al. 1989). 
Now, with the inclusion of ROSAT HRI data, this period is 
known to a high degree of accuracy - 1.78586 ± 0.00001 
days (Schulman & Bregman 1995). Eight of the sources 
(sources 2, 5, 11, 16, 20, 22, 23 and 26) lie within half an 
arcmin of catalogued SNRs (Long et al. 1990) and many 
others are likely to be associated with such objects [source 7, 
for instance, one of the brighter sources, has recently been 
discovered to be associated with a hitherto unknown SNR, 
embedded in a giant H II region (Gordon et al. 1993)]. 
Sources 10 and 30 are two further examples of sources 
where extraction to large radii still left features in the dif
fuse emission. Both sources do appear asymmetric, how
ever, and the diffuse emission visible at the positions of 

Spectral fits 
Bremsstrahlung Power law 

column temp. column index 
1020 cm-2 keY 1020 cm-2 

0.10~~:~~ 170+126.4 (0.00) (1.19) . -1.65 
(1.03) 4.65~~:~~ 2.58~g:~~ 

062+0.76 097+0.84 
· -0.59 · -0.36 
(77.3) (1.15) 90.7~:i:7 2.98~~:~~ 
(3.94) (0.23) 748+3·3g 4.86~~:~~ . -2.69 

75.6~~:~61 033+1.18 
· -0.33 

(37.1) (0.74) 55.5~~~:~ 3.81~~:~~ 
4.13+~·11 2.94~~:~~ (4.99) (1. 73) 

1.60~1:~: 0.93~g:~! 
100+Y.74 042+0.34 

· -1.00 · -0.16 
6.05~g::~ 3.01~g:~~ 
31.7~~~:~ 1.29~1:~~ (43.0) (2.80) 

5.38~~:8: 152+g5.6 (5.57) (1.31) . -0.94 
3.87~t:6 9.ll~~\~ (4.22) (1.41) 

164+0.9' 115+1.16 
· -0.80 · -0.46 

these sources in Fig. 6 is likely to be real (both sources were 
extracted to ~ 70 arcsec, well in excess of the 93 per cent-
0.5-ke V radius at this off-axis angle). 

The diffuse emission detected by Trinchieri et al. (1988) 
is readily apparent within M33. It makes up 21 per cent of 
the total flux and the spectrum is best fitted with a 0.43-keV 
plasma absorbed by a column just greater than that out of 
our Galaxy. Long et al. (1996) obtain a very similar tem
perature for the diffuse spectrum, but a column slightly 
below the Galactic value. Although our result is consistent 
with the diffuse emission component being entirely hot gas, 
the high-energy tail seen in the diffuse emission spectrum 
(bottom-left hand panel of Fig. 6) indicates the possible 
presence of a small contribution from unresolved, hard 
point sources. This is backed up by the fact that a two
component fit to the diffuse emission spectrum is signifi
cantly better (reduced t of 1.9) than the one-component fit 
(reduced t of 3.3) quoted in Table 3. This two-component 
fit indicates that 93 per cent of the 'diffuse' emission (itself 
making up 21 per cent of the total flux) is made up of truly 
diffuse gas at a temperature of 0.32~~:~~ keY, and of low 
(0.04 ~~:~~ solar) metallicity. The remaining 7 per cent is 
made up of highly absorbed, unresolved, hard (~10 keY) 
point sources. An F-test shows that the improvement in fit 
quality is significant at over 99.9 per cent confidence. 

M33 has also been studied with the ROSAT HRI (Schul
man & Bregman 1995), revealing 27 sources within 17.5 
arcmin of the nucleus, 12 of which were discovered by 
Einstein. Seven of the sources detected appear to be coinci
dent with SNRs, three appear coincident with giant H II 
regions, and two may be correlated with holes in the neutral 
hydrogen layer. Cross-correlating the HRI source positions 
with our PSPC source positions leads to exactly the same 
results as those of Long et al. (1996), i.e. that seven of the 
weakest HRI sources are not seen with the Pspc. 

© 1997 RAS, MNRAS 286, 626-668 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/286/3/626/985430 by guest on 19 M
ay 2023

http://adsabs.harvard.edu/abs/1997MNRAS.286..626R


1
9
9
7
M
N
R
A
S
.
2
8
6
.
.
6
2
6
R

ROSAT observations o/nearby spiral galaxies - I 639 

NGC 300 - X-ray emission (0.1 - 2.3 keY) 

I: 2 
~ t: . c ,.... 
.!: I') 
u I 
G) 

o 

........ ", 
N I 
I 0 
1:_ 

'E 
~ 

, ' 0' . 

: @> 

. ·0 Q 

.. , . 

, '1 

-+ o 

o 

Oh55 
Right Ascension 

NGC 300 - Polar distribution 

+ + 

+t t 
c 

I' 
III 

1) ....., 
III 
1/1 
G). 
1:1 

r-----v~~\ ~t 
"~ j 

'/~ 
/1 \ 

I r-~o 
01- H--.;:: 
.0 

8 
c 
't: 
::J 
Ul 

1 10 
Radius (arcmin) 

b 
NGC 300 - Diffuse emission (0.1 - 2.3 keY) 

I') .; 0 ,.... 
I') 

I 

iO · 
I') 
0 ,.... 
I') 

I 

c b 
0 'it 
+i 0 

c ,.... 
.= I') 

u I ,' ; 
G) 

iO 0 
'it 
0 ,.... 
I') 

I 

b 
LO .. 
0 ,.... 
I') 

I + 

Oh55 
Right Ascension 

NGC 300 - Diffuse emission spectrum 
........ 

~ 
G)", 
~I 

I' 
0 -III 

N 
I • EI 
0 0 -III 
C 
.3", 
01 
~o 
a.-....., 

~IO 
1111 
;0 

0+' -oS 

c-
o+' 

~ G)~ 
~o 
::: 
i5 t tt 

0 
0.1 

Energy (keV) 

Figure 5. X-ray emission from NGC 300 (as in Fig. 2). 

4.6 NGC 891 

NGC 891, a galaxy similar to our own in terms of Hubble 
type (Sb), optical luminosity, and rotational velocity, is one 
of the best-studied edge-on spiral galaxies. As in NGC 4631, 
diffuse radio continuum emission has been conclusively 
detected in the system's halo (Allen, Baldwin & Sancisi 
1978) with a scaleheight of '" 3 kpc. Diffuse HIX emission of 
similar extent to the halo radio emission has also been 

© 1997 RAS, MNRAS 286, 626-668 

reported both by Rand, Kulkarni & Hester (1990) and by 
Dettmar (1990). Furthermore, Hummel, Beck & Dahlem 
(1991) report a large-scale spatial correlation between the 
halo HIX distribution and the21-cm radio continuum polari
zation. More recently, Dahlem, Dettmar & Hummel (1994), 
using a new high-resolution, high-sensitivity radio contin
uum map of NGC 891, have discovered that the radio con
tinuum, FIR, CO and HIX distributions within the disc show 
a significant north-south asymmetry, perhaps the result of a 
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Table 8. Results of spectral analysis of the sources within NGC 300 (as in Table 5). 

Src. RA Dec Net Log Lx 
No. (2000.0) (2000.0) counts erg S-1 

(0.1-2.0 
keY) 

1 005431.73 -3738 16.4 37.1±9.0 36.17 

2 005437.67 -374242.7 44.8±9.7 36.35 

3 005440.08 -373154.6 37.8±9.4 36.97 

4 005440.85 -374040.6 86.5±12 36.66 
5 005445.07 -374132.5 106±13 36.56 

6 005450.13 -37 38 42.7 43.6±9.4 36.45 
7 005509.80 -374206.5 921±33 37.75 

8 005510.66 -374826.9 280±19 37.21 
9 005510.72 -373849.7 204±17 37.32 

10 005515.57 -374433.5 53.4±10 36.50 

11 005520.60 -3748 10.3 112±13 36.57 

12 005526.52 -373832.3 38.3±9.3 36.22 
13 005527.14 -373647.0 47.4±9.9 36.39 

14 005541.66 -373523.6 306±20 37.32 
15 005542.81 -374429.0 41.1±9.7 36.47 

Diffuse emission (diffuse fraction) 37.19 (10%) 

higher star formation rate in the north. They further con
clude that the radio continuum is indeed spatially correlated 
with Hoc emission, both being brightest and showing the 
largest extent in the northern half of the system, where the 
underlying disc activity is strongest. 

Because of problems towards the end of its operational 
lifetime, the Einstein observatory failed to observe this 
interesting system and hence the ROSAT data constitute the 
first X-ray view of NGC 891, and have been discussed in 
detail by Bregman & Pildis (1992, 1994). The X-ray emis
sion (Fig. 7) is composed of two sources, a bright one within 
the disc and a fainter one to the north-west, both embedded 
in diffuse emission. 

Of the sources, source 2 within the disc appears to be 
correlated to SN 1986J, a recent supernova, and our best 
thermal fit to its spectrum (see Table 10) is nearly identical 
to that of Bregman & Pildis (1992) (NH =6.9 x l(f1 cm-2, 

temperature = 1.8 keY). Bregman & Pildis (1992) suggest 
that the large absorbing column is probably intrinsic to the 
supernova and represents the cooled gas created by a radia
tive reverse shock. Although the intrinsic (0.1-2.0 keY) 
luminosity of this source (2.6 x 1040 erg S-1) is larger by an 
order of magnitude than older SNRs such as those in NGC 
6946 (Schlegel 1994) and NGC 4449 (Blair, Kirshner & 
Winkler 1983), it is quite comparable to that of the young 
SNR SN 1978K (Ryder et al. 1993). The weaker source 1, 
however, lying within the spur of emission to the north-west, 
is best fitted with a low temperature and an absorption 
column consistent with that out of our own Galaxy, and may 
therefore be the result of a large clump of shock-heated 
material within the more tenuous halo emission. Alterna
tively, it may be completely unrelated to NGC 891, as the 
spectrum of source 1 is consistent with that of a background 
quasar (see Section 5.2). 

The diffuse emission is of great interest, since it appears 
to correspond to a hot bound corona rather than to a galac
tic wind (Bregman & Pildis 1994). First, note that when 

Spectral fits 
Bremsstrahlung Power law 

column temp. column index 
102O cm-2 keY 1020 cm-2 

16.9:!::f4 0.58:!::1:~~ (33.8) (4.13) 
203HU 1.29:!::~:~s (28.5) (2.64) . -20.3 

4 11+29.~ 1.89:!::~~4; . -4.11 (2.56) (1.62) 

82.8:!::~;t~ 0.10:!::g:~~ 
70.1:!::~~:~ 0.13:!::g:g: 

(42.5) (10.0) 33.9:!::;~:~ 1.02:!::~:g~ 
(0.71) 7.88:!::o;~~ 2.96:!::g:~~ 
(0.80) 11 3+R.72 2.91:!::g:~; . -2.36 

8.40:!::g:~: O.lO:!::g:Og 
6.98:!::~~:i6 0.51:!::°J~ (11.2) (3.25) 

1.33:!::g:~~ 057+8.27 . -0.16 
(0.32) (10.1) O.OO:!::~:~~ 1.12:!::g:7~ 
(6.18) (10.0) 4.02:!::~~o1 109+ds . -0.S2 

6.88:!::~:~~ 0.38:!::g:g~ 
(3.48) (0.42) 6.79:!::~::~ 3.72:!::U~ 

sources 1 and 2 are carefully removed from the data, the 
resultant image (the top right panel of Fig. 7) shows a peak 
to the north of SN 1986J, tentatively identified with a source 
by Bregman & Pildis (1994). The most prominent feature of 
the diffuse emission is the plume extending perpendicular 
to the disc to the northwest, enveloping source 1. Although 
no counterparts to this feature are seen in Hoc or in the 
radio, weak Hoc features are seen on either side of the X-ray 
plume, possibly indicating that, if the X-ray plume is due to 
an outflow or an escaping superbubble, then the Hoc 
features apparently surrounding the X-ray structure may 
represent the cooler material that originally confined the 
hot X-ray emitting gas. 

Spectral fitting to the diffuse emission results in a very 
cool (0.11 ± 0.03 keY) plasma absorbed by a column con
sistent with that out of our own Galaxy, strengthening the 
idea that this emission is due predominantly to gas lying 
above the plane. Although the metallicity is completely 
unconstrained, the fit is good (1= 19.8 with 18 d.o.f.), which 
is peculiar when we compare our results with those of Breg
man & Pildis (1994). They, in obtaining a spectrum of the 
diffuse emission, removed the emission from a circular 
region of radius 1 arcmin centred on SN 1986J and fitted 
this with a two-temperature model with the absorption col
umns frozen at 1 x 1021 cm-2 (for the soft halo component) 
and 3 x 1021 cm-2 (for the harder emission - buried stellar 
sources, etc.). They obtain a temperature for the halo com
ponent of 0.31 ± 0.05 keY, significantly hotter than our 
value. However, Bregman & Pildis (1994) have included 
emission from source 1 in their diffuse spectrum, emission 
which, as can be seen from Table 10, is significantly harder 
than the underlying halo emission. 

4.7 NGC 1291 

Although considerably further away than NGC 300, the 
face-on spiral NGC 1291 looks, optically, very similar. The 
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Figure 6. X-ray emission from NGC 598 (M33) (as in Fig. 2). 

first ever X-ray image (Fig. 8), however, appears markedly 
different, with four sources (including a rather dominant 
source at the nucleus - see Table 11) embedded within 
diffuse emission apparently extending to the south and to 
the north-west. Although, as in NGC 253, the diffuse emis
sion is well-fitted by a low-temperature plasma with Galac
tic absorption (see Table 3), the emission appears to have a 
'flatter' contribution to the total spectrum (compare the 
bottom right panels of figures 4 and 8). 

© 1997 RAS, MNRAS 286, 626-668 

If, as the spectral fitting seems to suggest, the diffuse 
emission originates predominantly from above the plane of 
the galaxy, then the structure (i.e. the two plumes) is a little 
hard to reconcile with current galactic wind/fountain 
models, as one would expect a more uniform covering (com
pare with NGC 5194, discussed later). The existence of the 
southern plume seems more secure; it has a peak signifi
cance of ~40' (the peak of the north-western plume is at 
about 3.50'). The lowest contour level in Fig. 8 (top right) 
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Table 9. Results of spectral analysis of the sources within NGC 598 (M33) (as in Table 5). 

Src. RA Dec Net Log Lx Spectral fits 
No. (2000.0) (2000.0) counts erg s-l Bremsstral1lung Power law 

(0.1-2.0 column temp. column index 
keY) 1020 cm-2 keY 1020 cm-2 

1 013242.74 +303518.5 35.6±8.7 35.37 (-) 0.24:!:g:1~ (-) (6.99) 
2 013253.29 +303827.0 14O±14 36.44 53.4:!:~g:~ o 32+0.~0 (9.15) (6.77) · -0.10 
3 013254.17 +303320.4 104±13 36.45 (11.9) (1.43) 17.0:!:~t~ 2.43:!:1::~ 
4 013301.81 +303159.7 63.5±11 36.31 (5.00) (11.3) 6.12:!:~~2~ 152+8.ss 

· -0.76 
5 013303.61 +303923.0 33.4±8.3 35.67 (-) 0.17:!:g:~~ 
6 013308.29 +304810.9 35.0±8.4 35.78 (1.05) (-) 0.94:!:~::: 0.70:!:~:~~ 
7 01 33 11.64 +303850.8 468±23 37.07 50.4:!:~~:O 0.15:!:g:~ 
8 013315.30 +3053.27.0 1398±38 37.43 49 5+12.~ o 74+0.g6 (68.0) (3.82) · -9.32 · -0.21 
9 013324.40 +304410.5 758±28 37.21 17.0:!:::~r 4.29:!:~~25 20.2 1.73 
10 013328.45 +302736.0 2007±46 37.68 8.04:!:g:~: 429+2.18 (8.88) (1.60) · -1.17 
11 013328.88 +304220.6 92.1±12 36.20 112+15.6 O.11:!:g:g: 
12 013329.50 +304918.7 50.3±9.1 36.03 91.3~~~:1 O.lO:!:g:~l 
13 01 33 29.52 +304520.1 39.1±8.6 35.96 85.2:!:~!~2 049+3.38 (123) (5.40) · -0.49 
14 013330.83 +303343.8 113±13 36.60 (14.8) (0.32) 32.0:!:~t4 5.41:!:~:~~ 
15 013333.82 +303222.1 1537±41 37.56 (21.1) (1. 71) 287+7·oK 2.39:!:g:~: . -6.53 
16 013335.46 +303644.8 40.2±8.8 36.14 8.28:!:~~4~ 0.64:!:g:~1 (33.9) (4.57) 
17 01 33 41.58 +303900.1 69.3±11 36.58 4.68:!:~::~ 0.67:!:g:~~ (7.19) (2.96) 
18 013343.17 +304642.2 47.7±8.7 36.29 7.44:!:~:~ 0.25:!:g:~~ (12.5) (5.01) 
19 01 3346.26 +303800.2 81.7±12 36.42 (10.1) (3.02) 12.6:!:~~·~ 1.89:!:0:~~ 
20 013348.00 +303310.9 33.9±8.7 36.20 (2.85) (0.65) 588+4·Bo 3 18+~·15 . -3.49 · -1.06 
21 013350.85 +303946.2 18460±137 38.65 15.7:!:~:~ 2.25:!:g:~: 
22 013354.42 +303320.9 65.8±10 36.40 (9.32) (0.36) 14.7:!:~4.9 4.26:!:1:~~ 
23 013356.31 +303731.2 53.7±10 36.27 (5.04) (-) 193+7:8~ 066+8.09 . -1.93 · -0.66 
24 013358.48 +305010.9 35.1±8.2 35.88 32.4:!:lV9 0.88:!:~:~~ (39.4) (3.00) 
25 01 34 01.71 +303149.2 51.2±9.5 36.09 20 8+~5.4 1.08:!:5:g~ (M.9) (2.92) · -4.54 
26 013410.46 +304224.4 46.0±9.0 36.22 25.2:!:~::~ 0.16:!:8:~: (46.9) (-) 
27 013424.41 +302838.3 34.3±8.6 35.64 0.00+~·20 114+~·65 (0.00) (1.82) · -0.59 
28 013425.90 +305527.0 209±16 36.77 9.24+s:g2 3.21:!:~~2~ (10.7) (1.73) 
29 013426.13 +303741.1 32.1±8.0 36.03 255+U1 0.65:!:g:~~ (4.49) (2.93) . -1.6S 
30 013433.20 +304709.5 147±15 36.70 (0.28) 35.8:!:~t: 5.96:!:~:~~ 
31 013435.68 +303458.0 61.3±9.7 36.14 (15.2) (-) 11.6:!:3~:~ 1.05:!:~:r~ 
32 013439.20 +305511.0 197±15 36.63 (12.0) (1.13) 17 4+~·63 2.64:!:~:~~ . -4.01 
33 013444.66 +304934.0 52.1±12 35.78 (-) 0.14:!:g:~~ (0.00) (0.86) 
34 013448.57 +303336.7 70.0±1O 36.11 (51.9) (0.86) 72.4:!:~~~4 3.65:!:::~~ 
35 013451.40 +302918.0 2162±48 37.72 6.01:!:0:;~ 2.53:!:~:~g 
36 013452.75 +304625.1 43.4±9.7 35.92 482+82.5 0.40:!:~:~~ (78.7) (5.69) · -4S.2 

Diffuse emission (diffuse fraction) 38.27 (21%) 

corresponds to about 2.5 0". Interestingly, similar diffuse 
structure is also seen in the high-resolution lRAS maps of 
Ghosh et al. (1993), though only in the very lowest contour 
levels. 

Source 3 is the strongest source seen and is coincident 
with the nucleus of the galaxy. It is best fitted with a low
temperature plasma, suggesting that a lot of its emission is 
the result of supernova remnants (or more likely, a hot 
bubble of gas produced by several merged remnants) rather 
than accreting X-ray binaries. Its fitted column is very low, 
and is consistent with that out of our own galaxy, in contrast, 
for example, to the heavily absorbed nucleus of NGC 253. 
NGC 1291 is face-on, and the low column suggests that the 
hot bubble of gas expanding from the NGC 1291 nucleus 
may have blown a hole in the intervening H I. The spectrally 

hard sources, 1 and 2, are likely to be X-ray binaries (or 
collections of such binaries, given their large luminosities), 
whereas source 4 is more likely to be due to supernova 
remnants. 

4.8 NGC 3034 (M82) 

NGC 3034, or, as it is more commonly known, M82, is a 
nearly edge-on (inclination ~ 10°, Lynds & Sandage 1963) 
irregular galaxy undergoing a nuclear starburst, probably 
triggered by a close encounter with its giant spiral neighbour 
M81 ~ 2 x 108 yr ago (Cottrell 1977; Yun, Ho & Lo 1994). 
Tidal streamers seen in H I extending from the ends of the 
optical disc, the southern streamer connecting to M81, 
together with the lack of recent star formation in the disc 
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Figure 7. X-ray emission from NGC 891 (as in Fig. 2). 

(O'Connell & Mangano, 1978), bear witness to the strength 
of the interaction. 

In contrast to the outer disc, the central kiloparsec is a 
site of active star formation. Radio and IR observations 
reveal both molecular (Weliachew, Fomalont & Greisen 
1984) and ionized (Achtermann & Lacy 1995) rings, a 
nuclear bar and over 40 compact radio sources (Muxlow et 
al. 1994; Kronberg, Biermann & Schwab 1985) that are 
probably SNRs. From the estimated ages of these SNRs, the 

© 1997 RAS, MNRAS 286, 626-668 

associated supernova rate is ",0.05 yr-l, spread over a 
'" 50 x 15 arcsec2 region. 

,The high supernova rate drives a galactic wind out along 
the minor axis. Hrx filamentation observed extending out to 
'" 3 arcmin from the nucleus is probably shock-heated 
denser material swept out of the galaxy on the surface of the 
outflow cone (McKeith et al. 1995; Axon & Taylor 1978). 
Radio observations reveal an extended 6 x 7 arcmin2 syn
chrotron-emitting halo (Seaquist & Odegard 1991; Reuter 
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Thble 10. Results of spectral analysis of the sources within NGC 891 (as in Table 5). 

Src. RA Dec Net Log Lx 
No. (2000.0) (2000.0) counts erg S-1 

(0.1-2.0 
keY) 

1 022224.14 +422145.3 46.2±9.3 38.56 
2 022230.71 +422014.6 773±29 39.65 

Diffuse emission (diffuse fraction) 40.26 (79%) 
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Figure 8. X-ray emission from NGC 1291 (as in Fig. 2). 
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Table 11. Results of spectral analysis of the sources within NGC 1291 (as in Table 5). 

Src. RA Dec Net Log Lx 
No. (2000.0) (2000.0) counts erg S-1 

(0.1-2.0 
keY) 

1 031702.58 -410713.2 51.7±9.1 38.53 
2 031713.97 -4110 37.5 220±16 39.20 
3 03 17 18.71 -410629.5 384±22 39.48 
4 031745.82 -410651.1 33.9±7.8 38.41 

Diffuse emission (diffuse fraction) 39.81 (55%) 

et al. 1992). Spectral index variations in this halo are consist
ent with the aging of the synchrotron-emitting cosmic ray 
electrons as they are carried out with the wind, and yield a 
velocity for the plasma of 1000-3000 km S-I, higher than 
that estimated for the H IX filaments of '" 600 km S -1. 

Previous X-ray observations have detected both diffuse 
and point-source emission. Although M82 was first tenta
tively detected in X-rays by Uhuru (Forman et al. 1978), the 
first serious observation was performed by Einstein (Watson 
et al. 1984). The Einstein HRI detected several sources 
within diffuse emission in the nuclear regions as well as a 
fainter diffuse component extending several arcmin along 
the minor axes to both the north and the south. This they 
interpreted as shock-heated plasma from a galactic wind. 
Spectral fits using the IPC and MPC data were inconclusive 
as both power-law or thermal bremsstrahlung models gave 
equally good fits. On the basis of a later re-analysis of the 
same data, Fabbiano (1988) claimed that the surface bright
ness distribution of the extended emission followed a 
p ocr-2 profile, as would be expected from a free-flowing 
wind. Thermal bremsstrahlung fits to the data from the 
central 3 arcmin required a strongly absorbed plasma at 
kT", 1.2 ke V, while the MPC data required a hotter tem
perature of between 3 and 10 ke V, indicating a complex 
spectrum. An EXOSAT observation (Schaaf et al. 1989) 
found that the total spectrum could be fitted equally well 
with a bremsstrahlung or power-law spectrum. The tem
perature of the thermal fit was 9~~ keY, in agreement with 
the Einstein MPC data. 

More recently, a ROSAT HRI observation (Bregman, 
Schulman & Tomisaka 1995) has detected three point 
sources in the nuclear region. The diffuse emission domi
nates the total flux from M82, and is detected out to a 
distance of '" 6 kpc from the nucleus. 

The ROSAT PSPC image (Fig. 9) clearly shows the extent 
of the diffuse emission. Although there were several point 
sources in the field, only two point sources are detected 
within the bulk of the diffuse emission or the optical con
fines of the galaxy (Table 12). Source 1 at the top of the 
northern 'wind' could be a foreground object, a background 
AGN or a condensation in the wind. No counterparts were 
discovered within any of the cross-correlation catalogues to 
within the pointing uncertainty. Its spectrum is best fitted by 
a thermal bremsstrahlung spectrum with a column signifi
cantly above galactic. A power law is a significantly poorer 
fit and has an index of '" 7, unlike typical AGN. 

The only other source detected in M82 is the nucleus 
(source 2). As previous observations have shown, the 
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Spectral fits 
Bremsstrahlung Power law 

column temp. column index 
102O cm-2 keY 1020 cm-2 

0.94::~:~~ 6.36:::~3~ 
(20.0) 1.21::~:~~ 0.90::g::~ 

1.2r::o.af 1.07::0:~~ 
371+g:fa o 43+R.16 (6.65) (3.63) . -1.82 . -1.42 

nuclear emission is a result both of discrete point-source 
emission (X-ray binaries, bright SNRs etc.) and of diffuse 
emission from hot gas, either merged SNRs or material 
shock-heated by the wind. Consequently, simple fits to the 
nuclear region are poor. Both bremsstrahlung and power
law fits are highly absorbed by columns many times galactic. 
The thermal spectrum yields a temperature consistent with 
a spectrum consisting of a mixture of hot gas and harder 
point sources. 

Again, as is seen in the case of NGC 253, the best fit to the 
diffuse spectrum quoted in Table 3 is poor. The diffuse 
spectrum is actually far better fitted (reduced r= 1.9) by a 
two component model consisting of a dominant, cool 
(0.6eg:~ keY), very slightly absorbed (NH=5.64~g:~i x 1020 

cm-2), low metallicity (0.05~g:g~ solar) component, together 
with an additional very hot and highly absorbed component. 
An F-test shows this improvement in fit to be highly signifi
cant ( > 99.9 per cent confidence). This spectral complexity 
is not surprising given the difficulty of removing the con
tribution of the very luminous nucleus from the diffuse 
emission, and the fact that a more detailed analysis (Strick
land, Ponman & Stevens, in preparation) shows that the 
temperature varies through the wind. 

4.9 NGC 3079 

The nearly edge-on Sc galaxy, NGC 3079, although clut
tered with H I regions which define a rotation curve of 
normal appearance (Filippenko & Sargent 1992), is rather 
peculiar and exhibits an unusual range of nuclear activity. 
Its nucleus contains a LINER similar to that seen in M81 
(FiIippenko & Sargent 1985), and a compact flat-spectrum 
radio source (Hummel, van der Hulst & Dickey 1984) (see 
Table 13). It also has large radio lobes (Duric & Seaquist 
1988) together with a smaller HIX + N II feature extending 
out along the minor axis of the galaxy (Ford et al. 1986). The 
optical emission lines indicate that the gas is outflowing 
from the nucleus in an energetic bipolar wind similar to that 
seen in NGC 253 (Filippenko & Sargent 1992). As in NGC 
253, there is much evidence [e.g. the infrared (Lawrence et 
al. 1985) and molecular gas (Young, Claussen & Scoville 
1987) properties of NGC 3079] that this wind is driven by a 
powerful central starburst, although other authors (e.g. 
Filipenko & Sargent 1992) argue that the nuclear activity 
originates predominantly from an AGN. 

The ROSAT image (Fig. 10) looks essentially the same as 
the Einstein image, although much more structure is 
evident. An analysis of these data has been reported by 
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M82 - X-ray emission (0.1 - 2.3 keV) 
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Figure 9. X-ray emission from NGC 3034 (M82) (as in Fig. 2). 

Reichert, Mushotzky & Filipenko (1994); The similarity 
between NGC 3079 and NGC 253 is very apparent, 
although the former is considerably more luminous. Both 
are edge-on starbursts with diffuse emission making up well 
over two-thirds of the total X-ray flux and extending for 
many kiloparsecs out along their minor axes roughly, in the 
case of NGC 3079, in the same direction as the Ha feature, 
the radio jet, and the radio lobes. The diffuse emission of 
NGC 3079 is best fitted by, again, a low-temperature plasma 

with an absorption column equal to (or, in this case, just 
greater than) that out of our own Galaxy. The nucleus, as in 
NGC 253, is heavily absorbed, but unlike NGC 253 is rela
tively cool. This cooler, thermal fit to the nuclear spectrum, 
suggestive of a large proportion of the emission being the 
result of supernova remnants, probably rules out the exist
ence of a dominant active nucleus as proposed by Filipenko 
& Sargent (1992). Reichert, Mushotzky & Filipenko (1994) 
report that the integrated emission can be described as the 
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Table 12. Results of spectral analysis of the sources within NGC 3034 (M82) (as in Table 5). 

Src. RA Dec Net Log Lx Spectral fits 
No. (2000.0) (2000.0) counts erg S-1 Bremsstralllung Power law 

(0.1-2.0 column temp. column index 
keY) 1Q20 cm-2 keY 1020 cm- 2 

1 095532.83 +694443.3 72.4±14 38.58 10.9~~::g 0.30~g:g~ 
2 095551.32 +694039.5 13650±124 40.34 (2.26) 39.1~~::~ 2.21~g:~~ 

Diffuse emission (diffuse fraction) 40.69 (69%) 

Table 13. Results of spectral analysis of the sources within NGC 3079 (as in Table 5). 

Src. RA Dec Net Log Lx Spectral fits 
No. (2000.0) (2000.0) counts erg s-1 Bremsstralllung Power law 

(0.1-2.0 column temp. column index 
keY) 1020 cm-2 keY 1Q20 cm-2 

1 100159.28 +554056.7 358±24 40.12 6.21~~:~~ 1.05~g:~g 

Diffuse emission (diffuse fraction) 40.46 (69%) 

superposition of a simple power law of photon index 1.6 and 
a Raymond & Smith plasma of temperature 0.4 keY. 

4.10 NGC 3628 

NGC 3628 is an edge-on Sbc galaxy with a prominent dust 
lane. It is an interacting member of the Leo Triplet and has 
a nuclear radio continuum source similar to that of NGC 
253 (Condon et al. 1982). Complex kinematics near the 
nucleus have been suggested on the basis of high resolution 
H I and OH observations (Schmelz, Baan & Haschick 
1987a,b). 

NGC 3628 was originally observed by Einstein in an effort 
to detect a hot corona (Bregman & Glassgold 1982). No 
such corona was observed, and only the nuclear source and 
another source to the east of the disc were detected. In a re
analysis of the Einstein data, however, a possible plume of 
X-ray emission along the minor axis of the galaxy appeared 
in the softer energy channels, suggesting the existence of a 
collimated outflow similar to that of NGC 253 (Fabbiano, 
Heckman & Keel 1990). This elongation, however, was near 
a 'hot wire' in the Einstein IPC and was thought to be 
possibly spurious. Hoc plumes are visible in the southern 
minor axis region, while extended, possibly filamentary Hoc 
emission is visible to the north, supporting the idea of a hot 
outflow. Further support is given by line emission detected 
clearly along the northern minor axis. Line ratios of HOt:, 
[N II], and [S II] are seen to change from those characteristic 
of normal H II regions near the nucleus, to a low-ionization 
state, consistent with shock-heating, further out (Fabbiano 
et al. 1990). 

Results of X-ray observations ofNGC 3628 with both the 
ROSAT PSPC and HRI, and with ASCA have been pub
lished recently (Dahlem, Heckman & Fabbiano 1995; 
Yaqoob et al. 1995; Dahlem et al. 1996), and we compare 
our results with these below. 

The ROSAT image of NGC 3628 (Fig. 11) shows quite 
clearly that the elongation along the minor axis marginally 

© 1997 RAS, MNRAS 286, 626-668 

detected by Einstein was real. As seen by Dahlem et al. 
(1996), an extended (30 x 20 kpc) halo is seen, which 
appears to extend somewhat further to the south. The dif
ferent distance to NGC 3628 assumed by Dahlem et al. 
(1996) (10 Mpc) accounts for the difference in their quoted 
halo size. Many sources are seen, both within the disc and 
within the halo of the galaxy. 

The nucleus (source 4) appears very hard and heavily 
absorbed, indicating that accreting binaries may be a pos
sible source of the emission. It is also, however, very power
ful, more like a low-luminosity AGN. Recent ROSAT 
obervations of the nucleus of NGC 3628 by Dahlem et al. 
(1995) have shown that it was not detected during one of 
their observatons, after remaining at an almost constant flux 
level for over a decade. They offer two explanations as to 
the true nature of the nuclear source: either it is the most 
massive X-ray binary yet known, with a ~ 75-Mo black hole, 
or it is an unusual low-luminosity AGN, the changing light 
curve being the result of variable obscuration. This idea that 
the nuclear X-ray emission from NGC 3628 originates from 
a single compact object now seems certain, given recent 
ASCA results (Yaqoob et al. 1995) showing a factor of three 
difference between the 0.5-2.0-keV flux (Dahlem et al. 
1995) and the corresponding ASCA flux. The ASCA data 
also show that the spectrum is an intrinsically absorbed 
power law (Yaqoob et al. 1995). Our best fit to the nuclear 
spectrum (see Table 14) compares very well with that of 
Dahlem et al. (1996). Converting our luminosity to an intrin
sic luminosity (rather than escaping luminosity, as quoted in 
Table 14) for comparison with that given by Dahlem et al., 
we obtain log Lx =39.80, which agrees very well with their 
result after correcting for the distance factor. 

Aside from the nucleus, six other strong sources are seen 
within the diffuse emission, including the eastern source 
detected by Bregman & Glassgold (1982) (source 6), and 
source 1, another example of an asymmetric, non-point-like 
source, the extraction of which leaves a significant diffuse 
feature. Sources 1-7 correspond to the seven brightest 
sources detected in Dahlem et al.'s (1996) analysis of a 
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Figure 10. X-ray emission from NGC 3079 (as in Fig. 2). 

larger, harder (0.73-2.04 key), and therefore less diffuse 
emission dominated image, in which a total of 17 sources 
(including the nucleus) are detected. Our source 7 appears 
to correspond to Dahlem et al.'s (1996) near coincident 
sources, 15 and 16. All the other sources detected by 
Dahlem et al. (1996) but not by ourselves can be seen in Fig. 
11, but either lie outside the region used in our analysis, or 
fall just short of being detected at the 511 level in our 
broader energy band. 

The majority of the non-nuclear sources are hard and 
heavily absorbed, and in general are best-fitted by power
law models with high characteristic temperatures. Accreting 
binaries are one possible identification; however, the lumin
osity of all the sources within NGC 3628 exceeds the 
Eddington luminosity for a solar mass object. Since most of 
these sources lie outside the disc of the galaxy and are best 
fitted by power-law models with indices similar to those 
observed in quasars (2.2 ± 0.2) (Section 5.2), it seems likely 

© 1997 RAS, MNRAS 286, 626-668 
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Figure 11. X-ray emission from NGC 3628 (as in Fig. 2). 

that most of them are actually background AGN, as sug
gested by Dahlem et al. (1996). The number we see is con
sistent with that expected from the deep survey 
10gN -log S results of Hasinger et al. (1993). 

As mentioned previously in Section 4, it is both interest
ing and encouraging to compare the spectral fitting per
formed on the non-nuclear sources by Dahlem et al. (1996), 
in which X2 fitting is performed on a summed spectrum of all 
the non-nuclear source spectra (because of the poor 

© 1997 RAS, MNRAS 286, 626-668 

statistics within each individual spectrum), with the fitting 
performed within the present analysis, in which a maximum
likelihood criterion is used (allowing explicitly for a Pois
sonian nature of the statistics) on each individual source 
spectrum. While Dahlem et al. (1996) arrive at a single 
power-law fit to the non-nuclear source spectrum 
[NH =(3.69±11.3) x 1020 cm-2, r=1.85±0.27], we obtain 
six individual spectral fits which, when added together in a 
flux-weighted manner, give a 'total' fit of NH = 3.42 x 1020 
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Table 14. Results of spectral analysis of the sources within NGC 3628 (as in Table 5). 

Src. RA Dec Net Log Lx Spectral fits 
No. (2000.0) (2000.0) counts erg s-l Bremsstrahlung Power law 

(0.1-2.0 column temp. column index 
keY) 1020 cm-2 keY 102o cm-2 

1 11 2009.90 +133957.4 32.1±7.5 38.47 (1.07) (2.17) 1.73!2:1~ 1.84!g:s~ 
2 11 20 11.79 +133144.0 39.4±7.8 38.46 (4.23) 106+R.4O 1.59!OJ~ . -1.06 
3 11 20 14.29 +133250.0 57.9±9.3 38.64 (1.19) 3.35!~:~~ 2.46!8:~~ 
4 11 20 15.65 +133537.9 575±25 39.60 (20.0) 26.5!~::: o 3~8.66 . -0.37 
5 11 2026.23 +134044.5 97.7±11 38.80 1.12!g:~~ 2.38!t~: (1.53) (1.70) 
6 11 2037.20 +133451.0 97.8±11 38.83 (20.0) 5.49!~:~~ 1.08!0::~ 
7 11 2039.95 +133628.7 42.6±8.3 38.56 (4.54) (1.33) 6.54!~:~~ 234+8.75 . -0.70 

Diffuse emission (diffuse fraction) 39.37 (26%) 

Table 15. Results of spectral analysis of the sources within NGC 4258 (M106) (as in Table 5). 

Src. RA Dec Net Log Lx Spectral fits 
No. (2000.0) (2000.0) counts erg S-l Bremsstrahlung Power law 

(0.1-2.0 column temp. column index 
keY) 1020 cm-2 keY 102O cm-2 

1 121844.19 +472400.6 21.9±5.9 38.40 (21.9) (20.0) 10.8!~~~ 0.58!~:~: 
2 12 1855.43 +471759.2 221±18 39.61 4.41!g:~6 o.48!g:!~ 
3 121921.16 +470915.8 72.4±9.4 38.82 6 55+14.~ 1.18!~:~: . -5.10 

Diffuse emission (diffuse fraction) 40.32 (81%) 

cm-2, r=1.74, in good agreement with the Dahlem et al. 
(1996) results. 

The diffuse emission, making up 26 per cent of the 
0.1-2.0-keV flux (cf. the estimate of ~ 33 per cent from 
Dahlem et al.), is especially interesting. Extending to the 
north and south of the galactic disc, it is probably a result of 
shock-heated material from the circumnuclear starburst, as 
seen in NGC 253 and M82. While Dahlem et al. (1996) 
obtain a significantly lower temperature (0.16 ± 0.13 keY) 
than ourselves (0.36=g:~ keY), they have frozen the column 
at the Galactic value whereas we have fitted the column, 
obtaining a value somewhat less than, though within the 
error bounds of, the Galactic value. It is interesting to note 
that fig. 11 of Dahlem et al. (1996) is suggestive of the actual 
best-fitting column being less than the Galactic value, as we 
have seen. Our low-column fit could be interpreted, with the 
help of a two-component fit, as evidence for the additional 
presence of a cooler ( < 106 K) gaseous component to the 
halo (see Wang et al. 1995). A two-component fit of this 
form to the diffuse spectrum of NGC 3628 does not, how
ever, produce a significantly better fit (see the later discus
sions of NGC 4631 and NGC 5457). 

4.11 NGC 4258 (MI06) 

The nearby galaxy NGC 4258 exhibits a well-known (e.g. 
Martin et al. 1989) pair of 'anomalous arms', visible in the 
radio continuum and in RO(, that are quite distinct from the 
R II region-strewn spiral arms in both gaseous excitation 
and morphology. These arms, usually interpreted as colli
mated nuclear outflows or 'jets', emerge from the nucleus as 
linear features, then bend at 2-5 kpc radius. The lack of any 

spatially correlated blue continuum emission indicates that 
the gaseous excitation does not arise from OB stars. Several 
studies (e.g. Martin et al. 1989; Cecil, Wilson & Tully 1992) 
have shown that these jets are confined to within the disc 
and bounded by CO complexes. In fact, the jets seem to 
'bounce' off the interstellar clouds, shock-heating them. 
Condon & Broderick (1988) class the system as a non-active 
galaxy, though it is thought to harbour a Seyfert/LINER 
nucleus (Cecil et al. 1992). 

It has been shown that much of the X-ray flux seen in the 
Einstein RRI image (Fabbiano et al. 1992) is associated 
partly with the nucleus but mostly with the south-east jet, 
and that this emission can be interpreted as thermal emis
sion from hot, shocked jet gas (Cecil et al. 1992) and, pre
sumably, shocked interstellar clouds. 

What is immediately obvious from the ROSAT data (see 
Fig. 12 and Table 15) is that the X-ray flux is dominated by 
diffuse emission. Spectral fitting to this diffuse emission 
indicates a very low-temperature (0.35 ke V) plasma with an 
absorbing column somewhat greater than Galactic. This 
excess column is consistent with the idea that the jet is 
confined within the disc, so that any gas that is shock-heated 
by the jet will also be partly confined and hence its radiation 
will suffer absorption on its way out of the galaxy. Gas at this 
temperature can arise from shock speeds between 350 and 
500 km S-I. These shock speeds are consistent with gaseous 
excitation and radial velocities from published optical emis
sion-line spectra if the gas flows along helical paths (Cecil et 
al. 1992). 

A separate analysis of the present PSPC observations by 
Cecil, De Pree & Wilson (1993) has resulted in very similar 
values for the temperature and luminosity of the diffuse 

© 1997 RAS, MNRAS 286, 626-668 
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Figure 12. X-ray emission from NGC 4258 (M106) (as in Fig. 2). 

emission, though these authors obtain a smaller value for 
the absorbing column (~1020 cm-2). Their analysis, like 
ours, also requires a harder component near the nucleus. 
They claim to have discovered the tightest correlation 
between thermal X-ray emission and a radio jet seen to 
date. These observations have also been described recently 
by Pietsch et aI. (1994), who find, again in good agreement 
with our results, that 3.6 x 106 K diffuse emission with an 
extent of 7 kpc is detected from the halo of the galaxy. The 

© 1997 RAS, MNRAS 000, 000-000 

total X-ray luminosity they quote (5.6 x 1039 erg S-I) is con
sistent with our value (2.5 x 1040 erg S-I) when differences 
in the assumed distance to NGC 4258 are taken into 
account. 

4.12 NGC 4490 

Lying at a distance of 7.8 Mpc, NGC 4490 (a type ScdIII 
spiral) together with its small northern companion NGC 
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4485 (probably an irregular or tidally disrupted spiral mid
way in luminosity between the SMC and the LMC) appear 
morphologically very similar to the famous whirlpool sys
tem, NGC 5194/5 (also in this survey). Although Page 
(1952) found that the optical spectrum of NGC 4490/85 did 
not appear significantly different from that of isolated spiral 
galaxies, more recent observations such as those of Kenni
cutt et al. (1987) report high Hex equivalent widths for both 
objects, indicating that both are experiencing a period of 
enhanced star formation. Both Lewis & Davis (1973) and 
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Dean & Davis (1975) have studied NGC 4490/85 at 21 em, 
the latter pair noting the large size of the H I cloud relative 
to the optical galaxies. Young et al. (1986) studied the 
molecular mass in this and other interacting systems using 
the J = 1-+0 carbon monoxide transition. They concluded 
that interactions such as that seen in NGC 4490/85 lead to 
an increase in star formation efficiency when compared to 
isolated systems. 

NGC 4490 was not observed with Einstein and hence the 
ROSAT image (Fig. 13) is the first X-ray image of this 
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Figure 13. X-ray emission from NGC 4490 (as in Fig. 2). 
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interesting system. Four sources are seen embedded within 
diffuse emission (see Table 16), three of them lying within 
NGC 4490 itself, and one (source 1) lying at the southern tip 
of NGC 4485. The three sources within NGC 4490 are all 
almost certainly associated with the galaxy. The highly
absorbed nucleus (source 3) is seen as a bright Htx feature 
(Thronson et al. 1989) and is coincident with peaks in both 
the 24.5-GHz radio (Klein 1983) and the 100-J.illl IR 
(Thronson et al. 1989). The hardness of the nuclear spec
trum is indicative of a large contribution from massive X-ray 
binaries, or possibly a low level AGN. Both the radio and 
the IR images mentioned above, apart from peaking at the 
nucleus, extend near-identically to the north-west with a 
secondary hump at the position of source 2 [a large Htx knot 
(Thronson et al. 1989) is seen at this position also]. Source 
2 is very soft and is likely to be the result of a collection of 
supernova remnants (perhaps a superbubble). Strangely, 
little is seen by way of multi-wavelength activity indicators at 
the position of source 4. Like the nuclear source, its hard 
spectrum is indicative of high mass accreting objects rather 
than supernova remnants. 

Source 1 is perhaps the most interesting source, lying not 
at the centre but at the southernmost tip of the satellite 
galaxy, NGC 4485. Using Htx imaging, Thronson et al. 
(1989) found knots of stellar activity to the south of NGC 
4485, coincident with source 1, and they concluded that star 
formation is actually taking place primarily between the two 
galaxies. This suggests that the tidal effects of the inter
action are controlling the sites of stellar birth. Source 1 
appears to be very absorbed, an interesting fact as this is 
seen in another system within this survey, NGC 5194/5. The 
famous 'whirlpool' galaxy, NGC 5194 (see Section 4.16), is 
in many ways, as we shall see, very similar to NGC 4490. 
Both lie just under 8 Mpc away, both are experiencing 
bursts of staT formation, both appar to be at a similar inter
action stage with a galaxy much smaller than themselves, 
and both show some evidence for a low-level AGN. Both, it 
appears, also have neighbouring galaxies the X-ray spectra 
of which are nearly identical, requiring low temperature
high absorption fits. 

The diffuse emission appears to envelop NGC 4490, but 
only the southern part of NGC 4485. It appears also to 
extend for a few kpc high into the halo of the southern 
galaxy (note that the source to the north-east of NGC 4490 
is unlikely to be associated with the system, and so the 
diffuse emission probably does not extend as far to the 
north-east as depicted in the top right-hand panel of Fig. 
13). As can be seen from the bottom right-hand panel of 

Fig. 13, the spectrum of the diffuse emission appears very 
strange, having a large high-energy tail. Consequently, a 
fitting of the diffuse spectrum with standard spectral models 
resulted in insecure fits with no solid constraints placed on 
the temperature. We believe, therefore, that the diffuse 
spectrum is rather heavily contaminated with hard, unre
solved point sources. This would explain the rather high tail 
and the rather flat diffuse/total plot. 

4.13 NGC 4631 

NGC 4631 is an interesting system in that a starburst 
appears to have been triggered by interactions with its two 
neighbouring galaxies, NGC 4627 just to the north, and 
NGC 4656 30 arcmin away to the south-east. Tidal tails 
connecting NGC 4631 to these two systems can be seen in 
HI (Weliachew, Sancisi & Guelin 1978), and radio observa
tions (Hummel, Beck & Dahlem 1991) show the presence of 
a thick radio halo, with magnetic field lines oriented normal 
to the disc, suggestive of a strong outflow (Wielebinski 
1990). A 'double worm' feature extending above the central 
regions of the galaxy has been discovered in Htx (Rand, 
Kulkarni & Hester 1992), again indicating a possible power
ful outflow from the disc. 

NGC 4631 was studied by Einstein (Fabbiano & Trin
chieri 1987), and although the analysis was limited by the 
spatial and spectral response, they were able to separate the 
flux distribution, finding that the hard component domi
nated the X-ray flux. Emission from both bands was found 
to be centred to the west of the nucleus, but a weaker source 
also appeared to be associated with the nuclear region. In 
the soft band, extended emission was observed to extend 
along the plane, though spatial resolution was insufficient to 
determine whether it arose from the plane itself, or a corona 
above it. An HRI observation detected only the western 
source, very weakly. 

The ROSAT image (Fig. 14) shows seven X-ray sources 
embedded within a great deal of diffuse emission which 
extends both above and, to a lesser extent below, the plane 
of the galaxy. Of the sources (see Table 17), by far the 
brightest is source 2, to the west of the nucleus, coincident 
with one of the two H I supershells discovered so far within 
NGC 4631 (Rand & van der Hulst 1993). The power-law fit 
to the spectrum of source 2 (a fit nearly identical to that 
obtained by Wang et al. 1995) is consistent with source 2 
being a massive X-ray binary (or at least a collection of X
ray binaries), and Wang et al. (1995) suggest that source 2 is 
likely to be a black hole candidate. Source 3, lying within the 

'lItble 16. Results of spectral analysis of the sources within NGC 4490 (as in Table 5). 

Src. RA Dec Net Log Lx Spectral fits 
No. (2000.0) (2000.0) counts erg S-1 Bremsstrahlung Power law 

(0.1-2.0 column temp. column index 
keY) 102O cm-2 keY 1020 em- 2 

1 123030.68 +414135.1 98.8±14 38.40 (43.1) (0.46) 70.8:!:5~4: 5.22:!:~:~~ 
2 123032.03 +413915.2 515±28 39.33 (-) 464+hs 0.27:!:g:~~ . -2.34 
3 123036.38 +413841.1 750±35 39.38 (25.4) (3.12) 30A:!:~~:~ 1.93:!:g:g~ 
4 123043.40 +413819.3 202±20 38.84 21.3:!:~~:~ 2.21:!:~~:i~ (34.5) (2.49) 

Diffuse emission (diffuse fraction) 39.83 (55%) 
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Figure 14. X-ray emission from NGC 4631 (as in Fig. 2). 

halo emission to the north, appears spectrally harder than 
the surrounding diffuse emission. This is in contrast to NGC 
253 and NGC 5457, where the halo sources have spectral 
properties very similar to the enveloping halo emission. Two 
very similar sources (sources 4 and 5) appear near the 
nucleus of the galaxy. Both are of similar luminosity and are 
very heavily absorbed (not surprisingly, given the inclination 
of this galaxy). 

Of great interest is the diffuse emission which makes up 
over 60 per cent of the total X-ray flux. Wang et al. (1995) 

have recently presented the results of their analysis of this 
diffuse gas, based on these ROSAT observations. Apart 
from extending along the entire length of the galaxy, the 
diffuse gas is seen both above and below the plane reaching 
a distance of '" 8 kpc (given that NGC 4631 is not com
pletely edge-on, X-ray absorption may explain the relative 
lack of diffuse emission to the south). The strongest diffuse 
X-ray feature lies due north of the nucleus and appears to 
be associated with the peculiar double Ha filaments there 
(though these are somewhat smaller). Two giant plumes are 
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Table 17. Results of spectral analysis of the sources within NGC 4631 (as in Table 5). 

Src. RA Dec Net Log Lx 
No. (2000.0) (2000.0) counts erg s-1 

(0.1-2.0 
keY) 

1 124147.27 +323210.6 38.5±9.4 38.22 
2 124156.20 +323220.0 254±18 38.92 
3 124204.18 +323401.1 46.2±1O 38.42 
4 124206.41 +323250.9 68.8±12 38.49 
5 124210.18 +323251.4 72.8±12 38.54 
6 124216.44 +323254.3 54.6±11 38.28 
7 124222.64 +323257.9 43.6±9.9 38.14 

Diffuse emission (diffuse fraction) 39.56 (62%) 

also seen in the radio to the north (Hummel & Dettmar 
1990) of a size similar to the X-ray feature, possibly indicat
ing that the hot gas may be confined by massive magnetic 
loops high above the plane of the galaxy (Wang et al. 
1995). 

Spectral fitting of the diffuse emission leads to a very cool 
(0.26 keY) plasma as the most likely possibility. Wang et al. 
(1995) quote an identical temperature for the diffuse halo 
gas, but a value for the absorption column very much less 
than Galactic (our inferred absorption column, although 
low, is consistent with that out of our own Galaxy). They 
interpret this low column, with the help of a two-component 
fit, as evidence for the additional presence of a cooler 
(several times lOS K) halo gas component. Note that, 
whereas Wang et al. (1995) have fitted to the halo emission 
(i.e. the emission outside of the galactic disc), we have fitted 
to the total diffuse spectrum (i.e. the integrated minus 
source emission), indicating that this cool component 
hardly contributes at all to the central disc emission. 

4.14 NGC 5005 

The bright starburst galaxy NGC 5005 has an inclination of 
- 60° and has very confused, ill-defined spiral arms. The 
ROSAT data (Fig. 15) provide the first X-ray image, show
ing a rather extended nucleus embedded within some dif
fuse emission. Two other sources are detected, to the east 
and south-east of the nucleus, but are of marginal signifi
cance (see Table 18). 

The diffuse plume seen extending to the north out of the 
plane of the galaxy is probably a real feature, having a peak 
significance of ~3.50" (the lowest contour level of Fig. 15, 
top-right, corresponds to a significance of about 2.50"). 
Given the large FIR luminosity of this system (indicative of 
a high star formation rate) the plume is almost certainly 
another example of a galactic wind. Both this galaxy and 
NGC 3628 show diffuse plumes extending out of the plane. 
Both have diffuse emission making up only a modest frac
tion of the total, and both are best fitted as low temperature 
plasmas with very low absorbing columns, lower than Galac
tic (the errors on these columns, though, are almost consist
ent with that out of the Galaxy). 

In their multiband analysis of the surface brightness dis
tribution of NGC 5005, Prieto et al. (1992) find very strong 

© 1997 RAS, MNRAS 286, 626-668 

Spectral fits 
Bremsstrahlung Power law 

column temp. column index 
1020 cm-2 keY 1020 cm-2 

5.01:!:~:~: 0.29:!:g:~~ 
(11.3) (1.96) 16.6:!:~g 2.19:!:g:~~ 

5.97:!:~::: 0.47:!:°:~~ (9.87) (3.68) 

31.9:!:~~:~ 025+8.13 
• -0.08 

(22.6) (0.41) 49.9:!:~~:: 5.52:!:~:~: 
83.8:!:~~:~ O.IO:!:g:g: 

(21.2) (1.24) 33.7:!:~~:~ 2.90:!:~:~~ 

dust features both in the nucleus and in a plume extending 
from the nucleus across the top of the galaxy to the western 
X-ray feature. They also find that, rather unusually, the 
fitted (with an R1I41aw) bulge scalelengths vary with wave
length. This they interpret as an underlying bulge contami
nated in the B-band by star-forming regions within the 
bulge-disc region. They class NGC 5005 as a characteristic 
example of a galaxy with a zone of star formation situated 
between the bulge and the disc, which is populated by young 
stars. This non-nuclear star-forming region, together with 
the associated supernova activity, may explain both the 
extended appearance of the nuclear emission and the soft, 
thermal fit to its spectrum. 

4.15 NGC 5055 (M63) 

NGC 5055 is, like the previous galaxy, a fairly late-type 
spiral with chaotic patchy arms and a good deal of dust. The 
disc is seen at an inclination of ~ 35°, and has been mapped 
in the radio (e.g. Wevers, van der Kruit & Allen 1986) and 
its rotation curve studied in detail (Fillmore, Boroson & 
Dressler 1986). These curves are markedly asymmetrical 
about the centre of the galaxy, possibly as a result of mass 
motions of the gas, and also reveal that the disc is substan
tially warped in its outer regions. 

The ROSAT image (Fig. 16), the first X-ray image of this 
galaxy, shows several bright sources scattered over the opti
cal disc of the galaxy. A lot of diffuse emission is seen 
covering the disc and possibly extending above it to the 
north. The properties of this galaxy are very similar to the 
face-on galaxy NGC 1291, discussed earlier. They have 
near-identical optical luminosities (see Table 1) and X-ray 
luminosities (see Table 4), with diffuse emission making up 
a similar fraction in each case. The diffuse emission spectra 
of both galaxies are best fitted with Galactic absorption 
columns (within the errors) and quite warm temperatures. 
This can be seen graphically in the bottom right-hand panels 
of Figs 8 and 16, where a flatter appearance to the diffuse 
emission contribution to the total spectrum is apparent in 
both cases. Note, however, that there are large errors on 
these two fitted temperatures. 

Of the sources (Table 19), source 4 is coincident with the 
nucleus, and is fitted with a quite strongly absorbed (unsur
prisingly, given the inclination) cool temperature plasma, 
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Figure 15. X-ray emission from NGC 5005 (as in Fig. 2). 

probably indicating that supernova remnants, or a hot 
bubble of many combined supernova remnants, account for 
much of the nuclear emission. The plume to the north may 
be another example of ambient halo material that has been 
shock-heated by a supernova-driven wind. The western 
source, lying outside the optical disc, has no counterpart 
within any of the cross-correlation catalogues used and is 
very bright indeed. Although it has been removed to a 
radius of 0.8 arcmin, a great deal of diffuse emission is still 
visible. This is not surprising given the brightness and exten-

sion (note the plumes to the north and south) ofthis source. 
Source 6 is seen in the high-resolution infrared maps of 
Ghosh et al. (1993). 

4.16 NGC 5194 (M51) 

The well-known 'whirlpool nebula', M51 or NGC 5194, and 
its smaller companion, NGC 5195, have been intensively 
studied in most regions of the electromagnetic spectrum 
(see Palumbo et al. 1985; Rand, Kulkarni & Rice 1992, and 
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Table 18. Results of spectral analysis of the sources within NGC 5005 (as in Table 5). 

Src. RA Dec Net Log Lx Spectral fits 
No. (2000.0) (2000.0) counts erg ii-I Bremsstrahlung Power law 

(0.1-2.0 column temp. column index 
keY) 1020 cm- 2 keY 1020 cm- 2 

1 131056.05 +370324.S 243±lS 40.47 3.03+g·68 0.94+0 .26 

2 131107.20 +37012S.2 20.5±4.7 3S.72 1.2S~dr 0.1O+8:H 
6 05+14.~ -8.10 

3 13 11 07.30 +370321.0 22.3±5.1 39.01 010+ .18 
• -1>.10 . -0.10 

Diffuse emission (diffuse fraction) 40.32 (40%) 

NGC 5055 - X-ray emission (0.1 - 2.3 keV) NGC 5055 - Diffuse emission (0.1 - 2.3 keV) 
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Figure 16. X-ray emission from NGC 5055 (M63) (as in Fig. 2). 
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Table 19. Results of spectral analysis of the sources within NGC 5055 (M63) (as in Table 5). 

Src. RA Dec Net Log Lx Spectral fits 
No. (2000.0) (2000.0) counts erg S-1 Bremsstrahlung Power law 

(0.1-2.0 column temp. column index 
keY) 102o cm-2 keY 1020 cm- 2 

1 13 15 30.01 +420307.2 37.5±7.7 38.51 3.02:!:t~~ 0.64:::g:~ 
2 13 15 40.10 +42 01 44.0 53.0±9.7 38.90 (5.83) (0.35) 10.2:::~:~~ 4.24:::g:6~ 
3 131546.03 +420013.5 84.8±1l 38.84 (3.23) ll.4:::~~og 1.83:::d~ 
4 13 1549.59 +420141.3 178±16 39.31 2.55:::g:~~ O.74:::g:i~ 
5 13 15 52.63 +420403.2 42.6±8.3 38.44 (0.01) (20.0) O.OO:::g:g~ 1.ll:::g:~~ 
6 13 1602.04 +420149.7 29.4±7.6 38.39 1.57:::~:~~ 1.39:::~:~; 

Diffuse emission (diffuse fraction) 39.78 (58%) 

references therein). It has previously been observed in the 
X-ray by Einstein and Ginga. 

The Einstein study (Palumbo et al. 1985) discovered 
sources coincident with the NGC 5194 nucleus and with the 
companion galaxy, NGC 5195. Three other sources, all 
within the spiral arms, were also detected. It was found that 
the radial profile of the X-ray surface brightness distribu
tion follows the optical disc profile rather than the spiral 
arm distribution, indicating that a large fraction of the X -ray 
emission is associated with the older disc population. The 
same distribution is followed by the non-thermal radio con
tinuum emission, in agreement with previous results sug
gesting a link between X-ray sources, cosmic ray 
production, and radio emission. The nucleus is seen to be 
extended and this was thought to be due in part to a hot gas 
outflow similar to that seen in NGC 253, but viewed face-on. 
The Ginga observation of this system (Makishima et al. 
1990) produced a 2-20 keY spectrum, the harder part sug
gesting the presence of a weak Seyfert-like nucleus. The 
softer part was thought to be the result of individual X-ray 
binaries, distributed over the disc, together with emission 
from the hot nuclear outflow. The hardness and large lumi
nosity implied by this spectrum are less consistent with 
other interpretations (e.g. the dominance of massive binary 
sources and the prevalence of very hot gaseous emission). 

The detailed ROSAT image (Fig. 17) shows many sources 
(see Table 20) embedded within diffuse emission covering 
the disc not onlyofNGC5194 but also ofNGC5195. All the 
sources seen by Einstein are seen by ROSAT. The nucleus of 
NGC 5194 (source 5) is best fitted with a highly absorbed 
(substantially more than Galactic) low-temperature plasma, 
suggestive of supernova remnants, and not, as the Ginga 
data implies, of a Seyfert-type nucleus. Note, though, that it 
was thought that this weak Seyfert nucleus would be heavily 
obscured in soft (i.e. ROSATband) X-rays (Makishima et al. 
1990). 

The nucleus of the companion galaxy NGC 5195 
(source 7), however, seems, although cool, to be very heavily 
absorbed. This is also observed, as discussed earlier, in NGC 
4485, the companion galaxy of NGC 4490 (see Section 
4.12). N-body simulations of interactions involving gas-rich 
spirals (e.g. Barnes 1988) have shown that large bridges of 
material are formed connecting the two systems, together 
with great sheets, tails and filaments of material extending 
away from the galaxies. Not only will the smaller of the two 
galaxies be more likely to find itself embedded in or 

obscured by interaction-induced material, but it will also, on 
account of its size, be less likely to be able to blow a hole in 
any intervening material, through a starburst-driven wind. 
This may help to explain the large absorbing columns seen 
towards the two companion systems seen in NGC 5194/5 
and NGC 4490/85. 

The next two brightest sources, sources 8 and 9, were both 
seen with Einstein (sources A and B of Palumbo et al. 1985). 
Source 8 coincides with a strong HIX complex together with 
a peak in the radio continuum emission, and is probably, 
given the high Lx, the result of a number of unresolved 
X-ray sources with luminosities similar to Galactic sources. 
Source 9, almost coincident with a strong radio source, 
thought to be powered by a supernova remnant, is quite 
hard, and is unlikely to be associated with this supernova 
remnant. The only other source seen by Einstein (source C, 
Palumbo et al. 1985) is also seen by ROSAT (source 1) and 
is probably emission from supernova remnants. Four fur
ther sources are detected, all coincident with strong radio 
and HIX features. Two of them (sources 2 and 3) are likely to 
be the result of collections of supernova remnants. Sources 
4 and 6 are spectrally harder, and both are probably the 
result of a number of individual accreting binaries. 

Marston et al. (1995) have recently published the results 
of their analysis of the same PSPC data. Their X-ray image 
appears identical to ours, and their analysis results in the 
detection of the same sources, - the nuclear source, the 
source associated with NGC 5195, and the seven other 
sources within the disc of NGC 5194 (they also tentatively 
identify an additional source, their R2, to the south-east of 
source 8, although their detection algorithm does not 
actually separate this emission into two distinct sources). 

As in the case of NGC 3628, it is useful to compare the 
results of Marston et al.'s (1995) fitting of the source spectra 
with our own. Marston et al. (1995), as Dahlem et al. (1996) 
did while fitting the NGC 3628 sources, co-added the 
non-nuclear source spectra (excluding NGC 5195) and 
fitted the composite spectrum, obtaining a best fit of 
NH=(4.4±0.6) x 1020 cm-2, kT=1.67:':~ro keY. When the 
results of our seven separate spectral fits are co-added, in a 
flux-weighted manner, the resultant 'total' fit is 
N H=5.0 x 1020 cm- 2,kT= 1.63 keY, in very good agreement 
with their result. 

Much diffuse emission is seen covering the discs of this 
system. This, together with the fact that the diffuse spec
trum is fitted with a Galactic column, is suggestive of wind 

© 1997 RAS, MNRAS 286, 626-668 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/286/3/626/985430 by guest on 19 M
ay 2023

http://adsabs.harvard.edu/abs/1997MNRAS.286..626R


1
9
9
7
M
N
R
A
S
.
2
8
6
.
.
6
2
6
R

ROSAT observations of nearby spiral galaxies - I 659 

_ NGC 5194/5 - X-ray emission (0.1 - 2.3 keY) 
Or---r-~r-~r-~r--'--~V--T--~~~~ 

~ o 
~ 0 
+ 

.... 
o 

" ~ + 

0 -N 
1 
t: 
'E 
u ....... 
Co 

I 0 
0 

.... 
u -0 
0.., 
11)1 
t:o 
1: .... 
C> 

't:; 
.Q 

II) 
u 
0.,. 
't:1 
:10 
(/) .... 

®. 
o 

'0 

0 

• 

'0. 

'~ Q 

~. 

NGC 5194/5 - polar distribution 

#'(1 ~~ 
1 10 

Radius (arcmin) 

_ NGC 5194/5 - Diffuse emission (0.1 - 2.3 keY) 
Or---r---r-~r--'--~--~--~--~--~~ 
N 
o 

~ 
+ 

• in .... 
0 

" • t: ~ 
0 + :;::; 
C 

.5: 
'0 

~ 
II) 

0 (:) 
, 

.... 
0 

" ~ + 

.... NGC 5194/5 - Diffuse emission spectrum 
~o 
,>0 
II) 
Jt. 

1 
0.., 

N 1 
1 0 E .... 
u 
0 
t: 
0 

0'" .r:.1 
0.0 - .... 
~ 
'g; 
c: 
II) 
.... on 
£1 

0 - ... 
0 .... 
0 'It) II) • 

~o 

~ 
0 

0 
0.1 

Energy (keV) 

Figure 17. X-ray emission from NGC 5194 (M51) (as in Fig. 2). 

emission similar to that seen in NGC 253, though we cannot 
be sure, given the system's inclination. Marston et al. (1995) 
obtain a lower temperature (0.38~g:~ keY) than we did for 
the residual emission, but a value for the column 
(3.0~g:! x lOw cm-2) far in excess of the Galactic value. 
While Marston et al.'s (1995) method of extracting the dif
fuse emission spectrum from a small O.9-1.8-arcmin annu
lus, centred on but excluding the nucleus, correctly excludes 
the nuclear emission, it only samples the central regions of 
the diffuse emission. It is now known that temperature vari-

© 1997 RAS, MNRAS 286, 626-668 

ations exist within starburst winds (Read 1994; Strickland et ' 
al., in preparation), and this, together with the fact that the 
Marston et al. (1995) annulus samples only the central emis
sion, and is contaminated by emission from sources 2 and 3, 
may account for the spectral discrepancy. 

4.17 NGC 5457 (MI0l) 

NGC 5457 (M101) is another famous face-on spiral galaxy, 
though much less active than NGC 5194, and has been 
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Table 20. Results of spectral analysis of the sources within NGC 5194 (M51) (as in Table 5). 

Src. RA Dec Net Log Lx Spectral fits 
No. (2000.0) (2000.0) counts erg 8-1 Bremsstrahlung Power law 

(0.1-2.0 column temp. column index 
keY) 1020 cm- 2 keY 102O cm-2 

1 132940.71 +471242.3 106±15 38.73 3.23+1.1: 1.02+0.61 

2 132944.07 +4711 38.3 121±16 38.92 322+8:¥9 o 38+8:8g 
· -0.72 · -0.06 

3 132947.18 +471053.4 64.3±15 38.91 (0.54) 4.59::U: 3.24::g::~ 
4 132948.61 +470948.4 184±18 38.97 1.92::g:~: 2.32::2:~: (2.70) (1.82) 
5 132953.82 +471147.5 1612±47 39.90 4.62::0:~: . 0.43::8:g~ 
6 132955.18 +471437.2 63.3±12 38.62 349+R.74 722+22.5 (3.74) (1.41) · -1.26 · -7.22 
7 133000.16 +471601.8 283±20 39.09 31.8::~~5: 0.30::g:g~ (68.7) (6.91) 
8 133002.33 +471344.3 319±22 39.16 4.88::g:;o l.19::0:~: (6.58) (2.31) 
9 133008.61 +471110.9 456±24 39.23 10 4+5·5~ 168+Y.Ol (14.3) (2.21) . -2.80 · -0.58 

Diffuse emission (diffuse fraction) . 40.33 (57%) 

Table 21. Results of spectral analysis of the sources within NGC 5457 (M101) (as in Table 5). 

Src. RA Dec Net Log Lx 
No. (2000.0) (2000.0) counts erg 8-1 

(0.1-2.0 
keY) 

1 140222.08 +541754.7 69.0±12 37.96 
2 140227.69 +541618.2 209±17 38.33 
3 140229.62 +542112.1 344±21 38.62 
4 140252.08 +542104.0 67.3±13 38.05 
5 140303.58 +542727.1 199±17 38.28 
6 1403 11.97 +542056.8 121±17 38.35 
7 140319.34 +541712.9 137±16 37.70 
8 140321.95 +541942.8 96.4±15 38.28 
9 140339.94 +541852.2 85.1±14 38.15 
10 140341.09 +543136.4 68.3±13 37.97 
11 140353.58 +542147.5 113±15 38.26 
12 140413.50 +54 25 58.1 504±25 38.83 
13 140428.64 +542337.5 114±15 38.26 

Diffuse emission (diffuse fraction) 39.48 (52%) 

extensively studied across the whole of the electromagnetic 
spectrum. An Einstein X-ray observation (Trinchieri, Fab
biano & Romaine 1990) detected several sources in the disc 
(see Table 21), each with Lx> 1038 erg s-t, and a possibly 
extended feature over the inner part of the system. A defi
ciency of sources with Lx between 1037 and 1~8 erg S-l when 
compared to M31 was noted, perhaps the result of a flatter 
luminosity function. It was also suggested that the X-ray 
sources in NGC 5457 show a higher degree of clustering 
than those of local group spirals, though this was impossible 
to prove. Curiously, even though M101 is covered in bright 
disc H II regions, only one (NGC 5447) was detected (Hill, 
Bohlin & Stecher 1984). At the positions of the other 
regions, however, 30' upper limits of Lx ~ 4-8 X 1~8 erg S-l 

were estimated, similar to the X-ray luminosity of the 
source observed in NGC 5447. 

Like the Einstein image, the ROSAT image (Fig. 18) 
shows many sources within the optical disc. The confused 

Spectral fits 
Bremsstrahlung Power law 

column temp. column index 
102o cm-2 keY 1020 cm-2 

(10.0) 7.31::~~i: 0.41::g::f 
47.6::~g:4 0.44+0.~4 (75.9) (5.31) 
2.56+D·5~ 0.50~8:~~ -y.52 

164+R.81 175+ .76 · -1.27 · -1.12 
45.8::~::~ 0.41::g:~~ (75.5) (5.59) 

(0.43) 402+1.37 3.50::g::~ . -1.19 
0.66::g::~ 2.82::~:~: (1.05) (1.65) 

(1.07) (10.0) 1.52::~:~~ 1.29::g::~ 
4.30::t~~ 0.51::g:~~ 

(9.10) (0.40) 15.5:::~3~ 4.21::~:g~ 
(3.85) (0.60) 6.90::2:~~ 3.22::g:~~ 
(6.42) (1.00) 8 91+~·05 2.55::g:~: . -1.53 

7.37::~:~~ 0.26:!:g:g~ 

central emission seen by Einstein is also seen by ROSAT, but 
resolved into sources, embedded in what appears to be 
diffuse emission. We detect X-ray emission not only from 
NGC 5447 (coincident with source 2), but also from the 
three other bright H II regions, NGC 5471 (source 13), 
NGC 5462 (source 11) and NGC 5461 (source 9). 

The X-ray emission seen in the present observation from 
these giant H II regions has recently been described by 
Williams & Chu (1995). They note X-ray emission from the 
five brightest giant H II regions, the weakest being NGC 
5455 (this H II region can be seen in X-rays in Fig. 18 
(tx = 14 0300.0, 15 = 54 14 19), though it is not formally 
detected at our 50' threshold. Williams & Chu (1995) infer 
X-ray luminosities very similar to ours (1-3 x 1~8 erg S-l) 

for the four bright H II regions. Whereas NGC 5447 (source 
2) is spectrally hard and may be explained in terms of a 
massive X-ray binary, the other three giant H II regions have 
softer spectra, and are likely to be due primarily to bubbles 
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NGC 5457 - X-ray emission (0.1 - 2.3 keV) 
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Figure 18. X-ray emission from NGC 5457 (M101) (as in Fig. 2). 

of hot, SNR gas. Of the other sources detected within the 
disc of M101, most are also associated with very bright H II 
regions, notably source 3 and also sources 4,6, and 7. 

Diffuse emission making up over half the emitted flux is 
clearly visible within the central regions of the disc of M101, 
extending to a radius of ~ 6-7 arcmin (~1O kpc). The 
diffuse emission spectrum is clearly very soft and dominates 
the low-energy end of the integrated spectrum. Fitting this 
diffuse spectrum with standard spectral models results in an 
unreasonably low absorption column when compared to the 

© 1997 RAS, MNRAS 286, 626-668 

Galactic value (see Table 3). Freezing the column at the 
Galactic value resulted in a marginally worse fit and a very 
low temperature ( < 0.1 ke V). Again, as in the case of NGC 
4631, this very low inferred absorption column is probably 
indicative of a significant component of the diffuse emission 
being the result of a cooler (several times lOS K) halo gas 
component. 

Our results are generally consistent with the analysis of 
Snowden & Pietsch (1995), who also find that the diffuse 
X-ray emission from M101 makes up ~ 1/2 of the total flux 
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(they find it accounts for 65 per cent of the soft flux, 46 per 
cent of the mid-band flux, and 15 per cent of the hard flux). 
They also find that the diffuse emission (after freezing the 
column at the Galactic value) has a very low characteristic 
temperature, and conclude that this emission most likely 
originates in the halo of MlOl. 

5 DISCUSSION 

Our aim in the present paper is to present our data, to 
extract some interesting parameters, and to consider the 
effects of systematic errors on our results. In a forthcoming 
paper (Read & Ponman, in preparation) we will use these 
results to analyse the statistical properties of the sample as 
a whole, and to consider the way in which the X-ray proper
ties of spiral galaxies vary with other properties, such as 
galaxy morphology, activity and optical luminosity. 

5.1 Selection effects 

The fact that we are sampling galaxies over a range of 
distances will affect the interpretation of our results. Two 
effects, i.e. limitations on sensitivity and on resolution, are 
the most important, especially as regards the fraction of 
diffuse emission detected within each system. 

Consider two identical galaxies, one nearby and the other 
more distant. Faint point sources detected within the nearer 
galaxy would not be detected in the more distant galaxy, and 
would instead contribute to the diffuse emission, suggesting 
that we should expect to see an increase in diffuse emission 
fraction with distance (see Fig. 19). No trend appears obvi
ous, however, and a K-statistic test indicates that there is no 
significant relationship present. 

The lack of such a trend is probably the result of the 
countervailing effects of limited spatial resolution in more 
distant galaxies. This has two effects. First it will cause 
source confusion - individual, closely spaced sources in a 
nearby galaxy may appear as a single bright source in a more 
distant galaxy. This 'blending' of sources will reduce the 
number and increase the luminosity of the sources within 
the more distant systems. This effect can be seen through-
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Figure 19. Plot showing the relationship between the fraction of 
the X-ray luminosity that appears to be diffuse versus distance for 
the survey galaxies. 

out the survey, the more distant systems appearing to con
tain fewer, more luminous sources than the nearer ones. 
Fig. 20 shows 10gN-logS plots for three different source 
samples; those (numbering 36) detected in M33 (the closest 
system) alone, those (79) within systems 3 Mpc away or less, 
and the whole sample of 140 sources. The increase in source 
luminosity across the samples is very evident (the mean 
luminosity of the whole source sample is some 20 times that 
of the M33 sources). The increase in the maximum source 
luminosity apparent in Fig. 20 is actually unlikely to arise 
entirely from source confusion. The flux limit imposed in the 
selection of the galaxy sample (Section 2) implies that the 
more distant galaxies in the sample are also, in general, 
more luminous. Hence it would not be surprising if some of 
them really did contain high luminosity X-ray sources, par
ticularly in their nuclei. In practice, most of the sources with 
an X-ray luminosity greater than", l(f9 erg S-l appear to be 
identified with galactic nuclei. 

The second effect of limited spatial resolution is the loss 
of diffuse emission into sources as the instrumental point 
spread function encompasses a larger fraction of the galaxy 
at larger distances. Consider again the case of two identical 
galaxies. Within the more distant galaxy, the source extrac
tion circle used (see Section 3) is large compared to the size 
of the galaxy. Consequently, more truly diffuse emission 
that may have existed around and between the individual 
sources will be removed. Of course, an attempt is made to 
replace this lost diffuse flux in the patching procedure 
described in Section 3, but as, in this distant galaxy case, the 
source extraction procedure has removed the diffuse emis
sion to a (relatively) larger radius, the level of the diffuse 
flux at the edges of the 'holes' left for the interpolation 
procedure is reduced and, remembering that the interpola
tion is linear, this inevitably leads to a reduction in 
estimated diffuse flux. 

In order to get some estimate of the possible impact of 
these conflicting effects of limited sensitivity and resolution 
in more distant galaxies, it is helpful to consider the way in 
which estimates of the diffuse emission fraction would 
change in nearby systems if they were observed at larger 

0 

~ 

'J< 
" z~ 

36 37 38 39 40 
Log Lx (erg s-') 

Figure 20. LogN-logS plots for three different source samples: 
(a) those (numbering 36) detected in M33, (b) those (79) within 
systems 3 Mpc away or less, and (c) the whole sample of 140 
sources. 
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distances. Since the effects can be expected to depend on 
the actual diffuse fraction, we have chosen two extreme 
cases: M33, the closest system in the survey, with the largest 
number of point sources and a low diffuse emission fraction, 
and M82, with its massive plumes of diffuse emission and 
only two point sources. 

M33 was moved to a distance of 7 Mpc, 10 times further 
than its actual distance, and comparable with the majority of 
the galaxies in the survey. Considering, first, source confu
sion, a confusion radius of 0.5 arcmin was estimated from 
the most closely spaced resolved pair of sources in M33 
(Fig. 6). Circles of radii 10 times this were drawn on an 
image of M33 at the positions of each detected point source. 
Then, working from the brightest sources down, sources 
within each circle were assumed to be blended and centred 
on the position of the brightest source within the circle. This 
reduced the number of resolvable sources in M33 to nine 
(from 36). However, only four of these are now detectable 
(given the hundred-fold reduction in the flux from each) -
one fairly bright source and three faint sources, with fluxes 
comparable to the flux sensitivity limit seen in the survey 
(~1.5 X 10- 14 erg cm-2 S-I). Essentially the same pro
cedure as described in Section 3 was then followed, i.e. the 
four sources were extracted from the data (to a radius 10 
times the normal one) and the resultant holes were interpo
lated across. Comparison of the patched data with the 
image including sources, gave the new diffuse emission frac
tion. The same procedure was then followed for M82, 
except that the distance of M82 was increased by only a 
factor of two, to 10.4 Mpc. 

The results of this analysis are that the estimated diffuse 
fraction in M33 was essentially unchanged ( ~ 22 per cent at 
7 Mpc) by the increase in its distance, whilst the diffuse 
fraction for M82 dropped by one third. On the basis of these 
results, it appears that estimates of the diffuse fraction in 
systems which are dominated by point sources should be 
fairly reliable, whilst the diffuse fraction in galaxies whose 
emission is dominated by hot gas may be significantly under
estimated if they are poorly resolved. However, these con
clusions must depend to some extent on the detailed 
distribution and luminosities of sources in a galaxy. 

5.2 Spectral characteristics of point sources 

In the foregoing results for each galaxy, we have used the 
spectral characteristics of point sources to help to classify 
their nature (XRB, SNR, H II region etc.). As mentioned 
earlier, previous studies have indicated that X-ray binaries 
appear spectrally harder in the ROSAT band than do super
nova remnants (e.g. Williams & Chu 1995). We can use the 
observed properties of sources with known counterparts to 
justify our assumptions about the spectral characteristics of 
different classes of sources post hoc. 

The known SNRs within the survey, most of which lie 
within M33 (NGC 598), but also those in M101 (NGC 5457) 
and others, appear soft, exhibiting a mean temperature of 
0.36 ke V with a dispersion in the best-fitting values of 0.20 
ke V. Known XRBs, of which there are fewer, mostly in M33 
and NGC 4631, appear harder, with a mean temperature of 
1.84 keY (and a dispersion of 0.13 keY). H II regions within 
the survey, most of which lie within NGC 300 and MI0l, 
have a mean temperature between that of the SNRs and the 
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XRBs (0.90 ke V), but have a wide spread «(J = 0.72). Conse
quently, we have not attempted to classify any individual 
unidentified source as an H II region, though a source whose 
fitted temperature is between that of typical SNRs and 
XRBs is likely to be either an H II region or a composite 
source comprising SNR-related hot gas and harder XRBs. 

Almost all of the sources with an X-ray luminosity greater 
than ~ 1039 erg S-1 lie at the nuclei of the survey galaxies. 
Interestingly, nearly all of them have fairly soft (T;.51 ke V) 
spectra, indicating that a large fraction of the nuclear emis
sion is the result of hot gas, and not of evolved stellar 
populations or hidden AGNs. 

As discussed in Section 4, we expect to see a small 
number of background quasars within the survey. The mean 
spectrum of quasars in the ROSAT band can be represented 
by a power law with a photon index of 2.2 ± 0.2 (Bran
duardi-Raymont et al. 1994; Roche et al. 1995). A recent 
deep ROSATsurvey (Almaini et al. 1996) has confirmed this 
result, concluding that the spectral hardening (to ex ~ 1.7) of 
sources observed at faint X-ray fluxes is due, not to the 
quasars (which retain a mean photon index of 2.2), but to 
the emergence of an unidentified source population. 

5.3 Physical properties of the hot gas 

For each of the systems analysed where the diffuse emission 
appears to cover a significant fraction of the galactic disc, 
and is strong enough to allow spectral fitting, mean physical 
properties of the hot gas can be inferred once some assump
tions have been made regarding the geometry of the emis
sion. 

We assume two simple geometries for the diffuse emis
sion, a bubble model, where the gas is assumed to be con
tained in a spherical bubble of radius r, and a coronal model, 
where the gas occupies a disc of radius r and height h. The 
radius r is assumed to be the average radius of the lowest 
contour level seen in each diffuse emisson image (i.e. each 
of the top right panels of Figs. 2-18). The scaleheight h is 
obtained from the diffuse emission surface brightness pro
files of each system (the solid line in each of the bottom left 
panels of Figs. 2-18), and is equal to the distance at which 
the central diffuse emission surface brightness is reduced by 
a factor of e2• While the bubble model describes the largest 
volume over which the gas is likely to be distributed, the 
coronal model gives the minimum volume for the emitting 
gas. 

Using the volumes derived for the bubble and coronal 
models, the fitted emission measure I]n~V (where I] is the 
'filling factor' - the fraction of the total volume V which is 
occupied by the emitting gas) can be used to infer the mean 
electron density ne, and hence the total mass Mgas , thermal 
energy E'M and cooling time tcool of the hot gas, and also the 
mass cooling rate Mcool and adiabatic expansion time-scale 
texp' 

The resulting parameters for the bubble model are listed 
in Table 22. Corresponding values for the coronal geometry 
can be derived from these by multiplying by the follow
i1?g factors: ne - 0.816 Jilh; Mgas , E th , tcool -1.224 Jh!T; 
Mcool -1.0; texp -h/r. 

The morphology of the gas surrounding many of the 
edge-on systems is suggestive of some sort of outflow. Many 
of these features (e.g. those seen in NGC 253, M82, NGC 
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Table 22. Values of physical parameters for the diffuse gas for each of the systems for which we have reliable spectral fits. The 
values quoted are for the bubble model (see text). 11 is the filling factor of the gas. 

Galaxy Log Lx Tx r h n. 
(0.1-2.0 keV) (keV) (kpe) (kpc) (em-3 ) 

(erg s-l) ( x1 /..[ii) 

N0247 37.97 0.16 2.7 2.2 0.0030 
N0253 39.90 0.47 9.2 1.8 0.0062 
N0598 38.27 0.43 1.4 0.9 0.0228 
N0891 40.26 0.11 9.0 4.4 0.0022 
N1291 39.81 0.55 8.6 3.6 0.0063 
N3034 40.69 0.72 7.6 2.0 0.0234 
N3079 40.46 0.52 14.8 14.2 0.0059 
N3628 39.37 0.36 9.0 5.9 0.0035 
N4258 40.32 0.35 7.4 4.3 0.0098 
N4631 39.56 0.23 8.4 8.9 0.0034 
N5005 40.32 0.42 9.9 8.6 0.0080 
N5055 39.78 0.58 6.7 4.0 0.0103 
N5194 40.33 0.51 11.2 5.8 0.0084 
N5457 39.48 0.26 17.3 9.5 0.0011 

3079, and NGC 3628) appear to be very extended, and have 
temperatures T ~ 4-8 X 106 K. If 11 = 1 for these systems 
then they are presumably plumes of 4-8 million K gas flow
ing out from the galaxy. On the other hand, we may be 
seeing small 'clouds' of X-ray emitting gas (i.e. 11 « 1) being 
shock-heated by a fast, hot (» 107 K) wind. Hydro
dynamical modelling of starburst winds predicts that the 
X-ray luminosity (in the 0.1-2.0-keV band) of these 
shocked clouds can exceed considerably the X-ray lumino
sity of the hot wind fluid itself (Suchkov et al. 1994), which 
supports the second hypothesis. 

The diffuse features seen around other edge-on systems 
(e.g. those in NGC 891 and NGC 4631) are thought (Breg
man & Pildis 1994; Wang et al. 1995) to be coronal in 
nature, i.e. 'bound' to the host galaxy, with filling factors 
closer to unity. That is, the X-ray emitting gas that is seen, 
occupies almost the entirety of the volume and is thought to 
be in approximate hydrostatic equilibrium. If this were not 
the case, then hotter, low-density gas would be required to 
fill the rest of the volume, and this could not be bound to the 
galaxies (which have escape temperatures of typically 
~ 107 K), and would therefore be of the form of a galactic 
wind. 

It is interesting to note that the X-ray extensions in these 
'coronal' systems have lower inferred gas masses, and also 
lower temperatures than those seen within the known 'wind' 
systems (Table 22). Using this temperature diagnostic leads 
to the interpretation that the diffuse emissions in NGC 5005 
and NGC 5055 are more likely to be winds than coronae. 

Many of the face-on systems (e.g. M33, NGC 1291, NGC 
5194, NGC 5457) also show diffuse structures, although 
(because of their inclination) we have no way of knowing 
how far, if at all, they extend above the plane. The diffuse 
feature seen in M33 is low-power, and only occupies the 
central regions of the disc. The unusual morphology of the 
emission in NGC 1291, as discussed in Section 4.7, may be 
hard to reconcile with current coronal models, as one would 
expect a more uniform covering. The diffuse emission struc
tures seen in NGC 5194 and NGC 5457, however, are both 
powerful, large, and fairly uniform. The diffuse emission of 

Mgas Eth te~ol Mcool texp 
(M0) (erg) (Myr) (M0 yr-l) (Myr) 
(x..[ii) (x..[ii) (x..[ii) 

3.1 X 106 2.8 X 1054 530 0.01 13 
2.5 x 108 6.6 X 1056 2620 0.10 26 
3.0 x 106 7.2 X 1054 1230 0.00 4 
8.2 x 107 5.0 X 1055 90 0.91 52 
2.1 X 108 6.4 X 1056 3130 0.07 22 
5.4 X 108 2.2 X 1057 1380 0.39 17 
1.0 X 109 2.9 X 1057 3160 0.32 40 
1.3 x 108 2.7 X 1056 3590 0.04 29 
2.1 x 108 4.0 X 1056 610 0.34 24 
1.0 x 108 1.3 X 1056 930 0.11 34 
4.1 X 108 9.4 X 1056 1430 0.29 30 
1.6 x 108 5.2 X 1056 2730 0.06 17 
6.2 x 108 1.7 X 1057 2580 0.24 30 
2.9 x 108 4.1 X 1056 4250 0.07 65 

NGC 5457 is cool ( ~ 3 X 106 K) and is less massive than the 
more active, hotter (~6 X 106 K) feature of NGC 5194. 
Again, if the above temperature diagnostic can be believed, 
then NGC 5194 is likely to have a galactic wind, and NGC 
5457, a corona. A more thorough analysis and discussion of 
this will follow in a subsequent paper (Paper II). 

It appears likely, then, that soft X-ray emitting gas can 
exist within the halo of spiral galaxies in two forms: in 
galactic coronae, as bound 1-3 x 106 K gas, with 11 ~ 1, 
bubbling out of the galactic plane through galactic 'foun
tains' and 'chimneys' formed by localized high-activity star
forming regions within the galactic disc, and falling back to 
the plane ballistically (Norman & Ikeuchi 1989); and in 
galactic winds, as higher-temperature (4-8 x 106 K) gas 
clouds with 11« 1, shocked by a fast ( '" 3000 km S-1), hot 
( » 107 K) free wind, produced through the efficient therm
alization of supernovae ejecta and massive stellar winds 
within a starburst nucleus (e.g. Heckman et al. 1993). Pre
sumably, there is nothing to'stop both of these forms of hot 
gas existing simultaneously within a galactic halo, and this 
may have been observed in the merging galaxy pair NGC 
4038/9 (Read, Ponman & Wolstencroft 1995). 

Assuming, for the coronal systems, that the gas has a 
filling factor close to unity, the mass of gas observed 
( '" 108 Mo) is quite substantial, though, for comparison, 
only a tenth of that observed within the halo of NGC 4038/9 
(Read et al. 1995). Assuming that these haloes have been 
formed over a starburst time-scale of 5 x 107 yr (Heckman 
et al. 1993), the gas-loss rate is 2 Mo yr-1. This is con
siderably greater than the rate at which cooling is currently 
returning gas to the disc, in all cases but NGC 891, which 
appears to be returning gas to the disc via cooling at a rate 
comparable to the mass-loss rate, and may be the system 
closest to coronal mass-flow equilibrium. 

Energy requirements for the creation of coronae such as 
these appear to pose no real problems, as the energy needed 
is only slightly greater than the tabulated thermal energy 
content (i.e. gravitational potential energy of the halo gas is 
unimportant). This typically corresponds to the energy 
released by a few hundred thousand supernovae, around a 
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tenth the number produced over 5 x 107 yr (the supernova 
rates are calculated using the rates given in van den Bergh & 
Tammann 1991 and scaling these with the FIR luminosity as 
in Devereux & Eales 1989). 

Moving on to the wind sytems, if the X-ray emitting gas is 
escaping at the wind velocity, then mass-loss rates can be 
calculated from the inferred gas parameters. These mass
loss rates, range from 20 (NGC 3628) to 160 (NGC 3079) 
.ji,VlOOO Mo yr-l (where VlOOO is the wind velocity in units of 
1000 Ian S-I). For '1 '" 1, such losses could greatly deplete 
these galaxies of gas within 5 x 107 yr. Interestingly, the rate 
at which kinetic energy is lost from these systems, Lwind' 
ranges from 6 (NGC 3628) to 51 (NGC 3079) x 1042 .ji,V~ooo 
erg s-l, which is rather greater than the total inferred 
supernova luminosities for these systems (Read & 
Ponman 1995). This would allow all the energy injected into 
these systems by supernovae to escape in the wind. This 
situation, however, is unlikely to be the correct one. More 
likely, '1 « 1, and ROSAT cannot actually see the hot wind 
itself. The above results will still apply, but the mass and 
energy loss in the clouds are reduced by a factor .ji" though 
additional mass and energy will be lost in the hot wind fluid 
itself. 

5.4 The X-ray properties of spiral galaxies 

In Sections 4.1 to 4.17 we have described the X-ray proper
ties of the individual sample galaxies. In this subsection we 
briefly consider the X-ray properties of the sample as a 
whole. A forthcoming paper (Read & Ponman, in prepara
tion) will analyse the statistical properties of the whole sur
vey, and look at the way in which the X-ray properties of 
these systems vary with other parameters, such as activity 
and brightness in other wavebands (see also Read, Ponman 
& Strickland 1996). 

The present results show that nearby, non-active spiral 
galaxies have 0.1-2.0 keY X-ray luminosities in the range 

> 
~~ 
a 
N 
I 

c.i 
'-' 

+ 

1038_1041 erg s-l, a result consistent with that found with 
Einstein (e.g. Fabbiano et al. 1992). Fig. 21 shows the rela
tionship between the ROSAT (0.1-2.0 keY) X-ray lumino
sity and the Einstein (0.2-4.0 keY) X-ray luminosity for all 
members of the sample that were observed with Einstein. 
The Einstein luminosities were calculated for the distances 
in Table 1, using the fluxes given in Fabbiano et al. (1992) 
(the errors are merely the statistical error on the counts) . 
Results from Trinchieri et al. (1988) and Trinchieri et al. 
(1990) have also been used. The relationship is, as one 
would perhaps expect, tight with very little scatter. A linear 
fit to these data, using the ODRPACK package (Boggs 
et al. 1992) to account for errors along both axes gives 
10gLx(ROSAT) = (1.06±0.12) 10gLx(Einstein) - 2.51 ±4.82 
(errors at 95 per cent confidence), consistent with a slope of 
unity. This is quite surprising given that, first, the Einstein 
luminosities are from a larger and harder bandwidth than 
the ROSATluminosities, and secondly, whereas the present 
ROSAT luminosities have been calculated here using com
plex summations of several spectral models, the Elnstein 
results were calculated using a simple emission bremsstrah
lung spectrum with kT=5 keY and the galaxy line of sight 
NH in each case (Fabbiano et al. 1992). 

Almost all of the survey systems show evidence for signifi
cant amounts (up to '" 109 Mo) of diffuse hot gas, in some 
cases accounting for 80 per cent of the total flux. This dif
fuse gas is found to be consistent with low metallicity hot gas 
at temperatures of between 1 and 8 x 106 K 

Whereas this hot gas, seen in many starbursts to envelop 
the disc and extend above it for several kpc in the form of 
winds and haloes, dominates the emission from high-activity 
systems, low-activity systems appear to be dominated by 
point sources (XRBs, SNRs, etc.). These sources span a 
wide range in X-ray luminosity (few x 1035-few x 1040 erg 
S-I). Most of the sources with an X-ray luminosity greater 
than '" 1039 erg S-1 are nuclear sources with soft (T~ 1 keY) 
spectra. 

39 39.5 40 40.5 41 
Log Lx (EINSTEIN) (0.2-4.0 keY) (erg s-l) 

Figure 21. Plot showing the ROSAT (0.1-2.0 keY) X-ray luminosity versus the Einstein (0.2-4.0 keV) X-ray luminosity for all members of 
the sample observed with Einstein. The best linear fit (accounting for errors along both axes) is shown (dashed line). Also shown (dotted 
lines) are the two extreme 95 per cent confidence fits (i.e. largest gradient, smallest intercept and vice versa). 
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As can be seen in Table 3, in almost every case the metal
licity of the diffuse emission inferred from the hot plasma 
fits is constrained to be very low (significantly less than 
solar). This is a surprising result given the high supernova 
rates inferred for the majority of the sample galaxies and the 
consequent injection of metal-rich gas expected. One must 
be very cautious in interpreting metallicity results from 
ROSAT spectra, as the low spectral resolution of the instru
ment makes it impossible to distinguish individual lines, and 
one is instead primarily fitting the effects of a blend of lines 
(mostly iron L lines) at E ~ 1 keY. In fact, a single tempera
ture fit can result in an underestimate of the metallicity 
when the emission consists of a mixture of gas phases span
ning a range of temperatures. Similarly, ROSAT observa
tions of the interacting galaxy pair NGC 4038/9 (the 
Antennae) appear to indicate that the diffuse hot gas within 
this system is also of very low ( < 0.1 0 ) metallicity (Read et 
al. 1995). In the case of elliptical galaxies, it has been reliably 
established by much higher spectral resolution studies with 
theASCA observatory, that the abundance of the gas in hot 
X-ray emitting haloes is ;:50.50 in many cases (Loewenstein 
et al.1994; Matsushita et al. 1994). If it is true that the X-ray 
emitting gas in these spiral systems is metal poor, then it 
cannot represent the supernova ejecta, but must be derived 
from relatively uncontaminated gas from the galactic 
haloes, or almost primordial material in the environment of 
the galaxies. 

6 CONCLUSIONS 

We have reported the results of an analysis of ROSAT data 
for a sample of 17 nearby spiral galaxies, covering a wide 
range in activity and inclination. The data from each system 
have been reduced in exactly the same way, and this uniform 
analysis results in the largest detailed X-ray survey of nearby 
galaxies performed with the ROSAT PSPC to date. It pro
vides a significant step forward in terms of spectral and 
spatial information over the pioneering studies carried out 
with Einstein. 

The primary aim of our analysis has been to separate the 
emission into two components, point-source emission and 
diffuse emission, giving an insight into the properties of 
X-ray sources within external galaxies, and allowing us to 
establish the prevalence of hot galactic winds and haloes. 
The fitting of standard spectral models to each diffuse emis
sion spectrum and to each spectrum of the 140 sources 
detected within the survey galaxies allows us to calculate 
such parameters as X-ray luminosity, the fraction of that 
luminosity made up of diffuse emission, and temperatures 
of both the diffuse gas and each of the sources. 

Nearby non-active spiral galaxies have (0.1-2.0 keY) 
X-ray luminosities in the range 1038_1041 erg S-I. Significant 
amounts (up to 109 M0 ) of low-metallicity diffuse hot 
(1-8 x 106 K) gas are evident in most of the systems 
observed, and the amount of gas observed appears to 
increase with Lx. This hot gas is seen to extend above the 
planes of high-activity galaxies in the form of winds and 
haloes. 

The point sources detected have (0.1-2.0 keY) X-ray 
luminosities in the range of a few x 1035 to a few x 1039 erg 
s-I, and appear to dominate the emission from the low-

activity systems. Most of the sources with Lx > 1039 erg S-1 

are nuclear sources with soft (kT;:51 keY) spectra. 
A forthcoming paper (Read & Ponman, in preparation) 

will use the results presented here to analyse the statistical 
properties of the sample as a whole. The way in which the X
ray properties of spiral galaxies, such as their X-ray lumino
sity and their diffuse fraction, vary with other properties, 
such as galaxy morphology, activity and optical and infrared 
luminosity, will be discussed. 
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