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Abstract. XXXXXXXX DRAFT XXXXXXX DRAFT XXXXXXXXX DRAFT XXXXXXXXXXXX

High resolution X-ray images of three early type galaxies observed with the ROSAT HRI are presented. Data for
NGC 1553 and NGC 5846 indicate that the emission is highly irregular, with interesting features at different scales.

The gas temperatures also vary both with the galactocentric radius an in correspondence to regions of higher emission
and denser material.

Strikingly similar features are observed in the X-ray and Ha morphologies of NGC 1553 and NGC 5846, while

smooth, regular isophotes are observed in NGC 4649 at both wavelengths. A connection between these two kinds of
emission therefore seems likely.

Key words: - Galaxies: elliptical and lenticular - Galaxies: ISM - Galaxies: individual:

1. Introduction

The existence of a hot interstellar medium in bright early-type galaxies and some of its properties have been established

in the past _ 15 years with data first from Einstein and more recently from ROSAT and ASCA. X-ray images have

shown the presence of diffuse emission at least coextensive with the the stellar component in the x-ray bright early
type galaxies. Average temperatures and radial temperature gradients have been measured. In general, temperatures

of 0.5-1.5 keV are a common property of these galaxies, with cooling times typically much shorter than a Hubble time.

Coexisting with the hot ISM, a cooler ("warm") component has been mapped in Ha in several X-ray bright objects

(Kim 1989; Trinchieri & Di Serego 1991; Shields 1991; Goudfrooij et al. 1994; Buson et al. 1994; Singh et al. 1995;
diSerego et at in preparation). The morphology of this emission can be either relatively smooth and azimuthally

symmetric or exhibit filamentary structures, arcs and/or rings. Although clearly extended, it is generally confined to
the innermost regions of the galaxies, often within _ 1 kpc, and it is relatively faint and hard to detect properly. To

date. the study of the relation between hotter and cooler gas has been restricted to a handful of galaxies. Moreover,

only the statistical comparison of the total X-ray and Ha luminosities has been studied. Morphological comparisons

require high-resolution X-ray data which is only recently becoming available with the ROSAT HRI observations. The

comparison of the luminosities in optical emission lines and in X-rays suggests that while galaxies with a larger X-ray
emitting gas component also show more powerful line emission than objects with a smaller hot interstellar medium,

the scatter in the relation is significant, implying that other parameters play a role in the production of optical lines

(see e.g., Trinchieri & Di Serego 1991).

There are however new high resolution data at both X-ray and optical wavelengths that suggest a very close
connection between these two gas phases. As shown by the preliminary data presented by Trinchieri & Noris (1995),

both gross and finer morphological similarities are found in the X-ray and Ha maps of NGC 1553 and NGC 5846.
We present here a more comprehensive investigation of these similarities. Section 2 presents the X-ray data analysis

of NGC 1553, NGC 4649 and NGC 5846 (?? NGC 1332 should be added). The Ha data obtained from the literature

(Trinchieri & diSerego 1991, diSerego et al. 1996) are compared to the X-ray maps in Section 3, and a discussion of

the results is presented in Section 4.
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ROSATHRIdataof thesamplegalaxieshavebeenobtainedinseveralobservingruns,asdetailedinTable1.A few
standardprocedureshavebeenappliedto thedata,asbrieflysummarizedbelow.ToanalyzetheX-raydatawehave
usedmainlythePROSsoftware(W'orralet al 1992)developedundertheIRAF(Tody1986)environment.Foreach
field,aradialdistributionof thedetectedemissionis producedin concentricannulicenteredat theX-raypeakand
extendingoutto theedgesof the field. The radial profiles (Fig. 1) indicate that outside of r=5', 7_and 7' for NGC 1553, ./

NGC 4649 and NGC5846 respectively, the emission is relatively constant with radius, as expected from an uniform ,r]t 4"/
illumination (such as due to isotropic sky emission and particle contamination) of the instrument field of view (The'ff p

ROSAT Users' Handbook, David et al. 1995). We have therefore used the region outside of these radii to estimate the

background. Even though a small vignetting effect is evident in the form of a radial gradient in the data (in particular

after the selection on the raw energy channels, see later), the correction is small, and a local estimate allows us to
better estimate the statistical uncertainties in the subtraction of the background. To minimize the vignetting effect
we have selected the annulus at 8' - 10' radial distances for all objects, that should avoid emission from the source,

wtlil¢ being relatively near the field's center.

The HRI has not been calibrated in energy, however the data retain the information about the Pulse Height

Amplitude Channel (PHA, in the range 1 to 15, see The ROSAT Users' Handbook) in which each incoming photon
was detected. Therefore, although we cannot retrieve the energy distribution of the photons, we can examine the

PHA of the photons extracted from different regions to look for differences. This is particularly useful to enhance the

significance of the detection. In fact the spectral distribution of the "source" and of the background are different, as

shown in Fig 2. We have therefore used only those PHA channels in which the signal is significantly higher than the

background, namely PHA 1 to 7 for NGC 1553 and NGC 4649, and PHA 1 to 9 for NGC 5846. The radial profiles
corresponding to this selection is also plotted ill Fig. 1.

Both NGC 4649 and NGC 5846 were observed in two occasions by the ROSAT HRI, as reported in Tab. 1. The

first observation of NGC 4649 is of only _ 2000 see., while the second observation is much longer (_ 12000 see.), and

will therefore dominate in the subsequent analysis. However, since the image obtained from the short exposure seemed

to be consistent with the longer one, we have merged the two in order to increase the statistical significance. The two

observations of NGC 5846 are of similar length, and therefore each will have approximately equal weight in the final

merged image. We have therefore first analyzed each of the two images separately, to check for possible differences.

With the exception of the distribution of the emission in PHA channels (cf. Fig. 3), we have found that the two sets

of observations are consistent. A gain variation with time is expected to be responsible of the difference in the PHA
distribution, as reported in the HRI calibration report (The ROSAT Users' Handbook) and therefore should not be

indicative of an intrinsic change of the source characteristics. Since the details of the PHA distribution have not been
exploited, rather the integrated PHA range has been considered, we have disregarded this difference and used the

merged image for the analysis.

2.1. X-ray maps

Background subtracted X-ray images have then been obtained for all galaxies. To enhance different details, the raw
data have first been binned and smoothed with Gaussian functions of increasing c,'s. The results are described briefly

below for each galaxy.

NGC 1553 The isointensity contour maps of Fig. 4 show that the emission from NGC1553 is complex and clearly

deviates from azimuthal symmetry. The low resolution map is elongated along the optical major axis. At higher
resolution, several features can be clearly identified: a "tail" is visible towards the SE; the central region appears

elongated along the ,_ E-W direction, roughly perpendicular to the outer elongation and the optical PA. This is
however further resolved in a possible spiral-like structure around the central peak, plus a more isolated, point-like

source to the W (given the limited statistics the source could be consistent with a point-source). Two additional
features can also be seen to the NW, at a distance of :> 1/5 from the center.

NGC 4649 As evident from the maps in Fig. 5, the X-ray emission from NGC4649 is regular and roughly azimuthally

symmetric, as already shown by the PSPC data (Trinchieri et al 1996), and no significant features appear even at

higher resolution.
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Abstract. The morphological distribution of the 10 7 K,

x-ray emitting gas in two early type galaxies with com-
plex, filamentary Ha emission is analyzed in detail and

compared to the emission in the Ha line. The x-ray gas
shows a structured, asymmetric, often clumpy emission at
all scales. Gross similarities are observed between the Ha

and x-ray morphologies, although there is not a one-to-
one correspondence of the features present. The sample is
much too small to allow us to draw conclusions and more

examples will have to be analyzed before these similarities

are interpreted as evidence of a common origin, or a com-

mon mechanism, linking the gas at different temperatures.

The study of different phases of the Interstellar Medium

in early type galaxies has shown that, on average, galaxies
with hot (107 K) gas also contain extended line emission

observable in Ha (Trinchieri & diSerego 1991). In order

to better understand this suggested relationship, we have

programmed a detailed comparison between the emission
at the two different wavelengths. For this we need: deep

Ha images of galaxies with structured line emission that

extends on scales > 30"- 1'; and sensitive, high resolution

x-ray observations of galaxies with hot gas. Only a handful
of objects meet these requirements. At the present time

we have analyzed two objects for this purpose: NGC 5846
and NGC 1553.

1. X-ray data

We have found that the high resolution observations of

several early type galaxies indicate that the gas does not
have a smooth, regular morphology, as was suggested by
earlier, lower resolution observations, but often shows fea-

tures and asymmetries. Whether this is a property of all

early type galaxies when looked at in greater details is

not clear at the present time and will require examination

of a larger number of galaxies. In particular for the two

galaxies under study:

NGC 5846: This galaxy has been observed both at high
and low resolution with the ROSAT instruments. While

the PSPC data (from the archive) only show asymmetric

excess emission in the NE quadrant, the HRI observation

clearly shows an elongated feature particularly prominent

in the 1' - 3' galactocentric annular distance (Fig. 1). The
emission also appears skewed, with a sharper decline to

the west relative to the eastern emission. Some elongation
towards the south could also be seen on a 1' - 2' scale. In

the inner 1' radius the emission looks mostly azimuthally
symmetric.

NGC 1553: This galaxy is fainter than NGC 5846 and

the data are therefore of lower statistical significance. The

HRI observation indicates that the emission at large scale
is elongated along the NW-SE direction, similar to the op-

tical Position Angle. On smaller scales, however, a change

in PA is observed, and the emission appears elongated in
the EW direction. A clear extention to the SE quadrant

is also visible in the 30" - 1.5' annulus. Opposite to the

NW, some excess emissi6n can also be seen at a distance

of 1.5' from the peak (Fig. 2).

2. Ha images

Both galaxies present very structured Ha emission, ex-
tended on a scale of several 10".

NGC 5846: The emission is very filamentary and clumpy

on all scales. A clear structured extention pointing to the

North is visible in the NE quadrant (Trinchieri & diSerego
1991).

NGC 1553: In this galaxy as well the emission is very

clumpy, with an overall elliptical shape oriented in a NW-

SE direction. A clear tail extends to the SE, and clumps

are also visible in the NW quadrant (Fig 2).

3. Comparison

It is clear that both the x-ray and the Ha images show
complex morphologies. There is also a suggestion that they
may be somewhat related. In NGC 1553 there is a rela-

tively good spatial coincidence between the Ha "tail" and
the elongation in the x-ray data, and between the addi-

tional clumps observed in the NW quadrant at both fre-

quencies. There is instead morphological similarity but no

spatial coincidence in NGC 5846. In both images shown

in Fig. 1 there is a clear elongation to the north in the NW

quadrant. However, while the Ha emission is well within

a radius of 1', asymmetries are only observed outside of
this radius in the x-ray data.



At the present time we do not have enough informa-

tion to understand whether these similarities are peculiar

to these two objects, or whether they are indicative of

a causal relationship between the two emissions. Data at

other wavelengths, radio emission in particular, will also

have to be taken into account, since a possible anticorre-

lation between radio and x-ray morphologies has been no-

ticed in a few galaxies and clusters (e.g. NGC1399, Kim et

al 1995). The presence of a radio structure could therefore

affect both x-ray and Ha morphologies and could mask a

more direct link between these two emissions. We will also

have to examine a much larger number of objects with

different line emission morphologies, both highly irregular

and regular for a more comprehensive understanding of

the relation between different phases of the ISM in early

type galaxies.
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Fig. 1. X-ray (HRI; top; the image is binned to 3" pixels

and is smoothed with a gaussian function of a = 9") and Ha

(bottom) images of NGC 5846. The Ha image covers roughly

the area indicated by the box in the x-ray map

Fig. 2. X-ray (HRI; top; the _mage is binned to 4" pixels

and is smoothed with a gaussian function of a = 16") and

Ha (bottom) images of NGC 1553. The two images are on the

same scale
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in a feature extending in the NE quadrant, and most prominent at 1' - 2' radial distance from the peak (see Sec-
tion 2.2 later and Fig. 7). At smaller radii the emission is also skewed, with a steeper gradient in the Western side (see

Section 2.3). Several features can also be observed at small radii (smaller than _ 0.5 - 1'), that. can be described as
chimps, holes and filaments. A more quantitative analysis of the reality of these features will follow.

The qualitative statements that the emission from NGC 1553 and NGC 5846 is not azimuthally symmetric have been
checked more quantitatively by analyzing the azimuthal distribution of the emission. For all galaxies, we have divided

in 8-10 azimuthal sectors the whole emission from the galaxy, namely a circle of radius 5' for NGC 1553, and 7' for

NGC 4649 and NGC 5846. The results are plotted in Fig. 7. The azimuthal dependence of the emission is almost
nonexistent for NGC 4649, while strong deviations from a constant are observed for the other two objects.

We have further analyzed the azimuthal distribution of their emission in concentric annuli, as described below for

each of them. All angles are measured counterclockwise from North.

:\'GC 1553 . The 5' region of the emission has been divided into 3 annuli of 0'- 1; 1'-3'; 3'-5' inner and outer radii

respectively. Deviations from azimuthal symmetry are evident in all three annuli, although more evident in the 1' - 3'

region. The "point source" to the W of the central region is visible in the 0' - 1' annulus at an angle of _ 240 °, while
the 1' - 3' region shows the --_ N-S elongation (see Fig. 4). A peak at --- 240 ° visible in the 3' - 5' annulus corresponds

t.o the probably unrelated source visible in the SW quadrant.

NGC 4649 • As shown by Fig. 7, no significant deviations from the azimuthal symmetry are observed in this galaxy.

A possible elongation towards the South, visible in the plot relative to the 0' - 7' annulus, is not evident at smaller
radii.

.\"GC 5846 . The azimuthal distribution is divided in three annuli (0' - 1', 1' - 2.'5, and 2.'5 - 5') and is shown in

Fig. 7. While the innermost _ 1' circle is relatively flat, and shows only the skewness of the emission to the W, the

feature to the N is prominent in the _ 1' - 2.'5 annulus (from _ 340 ° to --, 90°). An extension to the S is also visible
in the outermost annulus.

2.3. Radtal profiles

The surface brightness distribution of the emission from each galaxy, obtained in concentric annuli, is shown in Fig. 8.
As expected from the morphology of the emission discussed above, the radial profiles of all but NGC4649 are not smooth

functions of radius. We have attempted to parameterize the radial profiles with a two parameter model ("King-type"

model of the form E, oc (1 + (_)_)(-3_+0.s) with r_ as the core radius and/3 that indicates the radial dependence),
To take into account the Point Spread Function (PSF) of the HRI, we have convolved the "King-type" model with

the HRI PSF, as given by the "ROSAT HRI Calibration Report". However, we have obtained a reasonable fit only for

NGC 4649, for which r_, = 3" (consistent with values between 2" and 10") and/3=0.47 4-0.03.

For NGC 1553, a fit can be found outside 10", for a r_ = 25" and/3=0.41. Inside a radius of r=10", there is a clear

excess, probably due to an unresolved source.
To take into account the azimuthal asymmetry of the emission of NGC 5846, radial profiles in different pie regions

and along different directions have also been obtained. Fig. 9 shows the comparison between the profiles obtained in

the azimuthal limits from 850 to 3400 and from 340 ° and 85 °, where the feature to the N is visible. A significant excess

in the ~ 1' - 2.5' region is clearly seen. In fact, a fit to the 85 ° to 3400 region (for r= = 15" and/3 = 0.5) is reported

on the data and makes the excess quite visible.

2.4. Spectral data

All three galaxies have also been observed with the ROSAT PSPC, as indicated in Tab. 1. A detailed analysis of the
PSPC data of these objects is beyond the purpose of this work. However, the spectral information that is contained in

the PSPC data is useful to derive fluxes and luminosities and to better study the characteristics of the ISM in these

galaxies. We have therefore obtained the PSPC data of NGC 1553 and NGC 5846 from the ROSAT archive to analyze

them. NGC 4649 results have been taken from Trinehieri et al (1996). The analysis is done using the IRAF-PROS



galaxiestlrlncnlerleLal l_q; 13_0).
In orderto estimatethetotalextentof theemissionin thePSPCwehaveproduceda radialdistributionof the

0.2-2keVphotonsbinnedin concentricannuliaboutthepeakof theX-raysource,andcomparedit with theradial
distributionof the datacontainedin theexposuremap,that simulatesthespatialresponseof the instrumentto a
constantincidentsourcewithacharacteristicstemperatureof 1keV.Theunrelatedsourcesthatarealsodetectedin
thefieldshavebeenmaskedout in thiscomparison.Sincethetworadialdistributionsappearverysimilarat radii
of 7' and> 12'for NGC1553andNGC5846respectively,theregionof thefieldoutsidetheseradiicanbeusedto
estimatethe background(seealsoTrinchieriet al. 1994,1996).To minimizetheeffectof vignetting,anannulusas
closeaspossibleto thesourcewill beusedto estimatethebackground.ForNGC1553the7'- 10'annulusappearsfree
of sourcesandcanbeusedfor thispurpose.ForNGC5846however,inorderto avoidthecircularsupportstructure
of thePSPC,theannulusat 25'- 27'hasbeenused.

Toestimatethegastemperature,wehaveassumeda thermalplasmamodel(Raymond-Smithcode)wit_osmic
abundancesandlowenergyabsorption. ..O_'s7

j,--
NGC1553 . We have obtained the spectral distribution of the counts in the whole 7' circle and in the inner 2' region.

To these, a properly rescaled and vignetting-corrected background has been subtracted (see PROS documentation).
A one temperature spectral fit to both regions does not give a satisfactory result: the best fit X 2 value is high and

the best fit low energy absorption would imply a column density much lower than the line-of-sight value of 2.4x 10 "_°

cm -2. Fixing the low energy absorption at the line-of-sight NH column results in even poorer fits. The spectrum also
seems much harder than usually found in bright early type galaxies (see Tab. 2).

We have therefore tried a two component fit, using two Raymond-Smith models with cosmic abundances. As shown

by the Table, this reduces significantly the best fit X -_ value, and suggests that a very soft --_0.1 keV and a harder

1 keV plasma could describe the data, when the absorbing column is fixed at the galactic value. The two components
appear to contribute similar amounts in the inner 0' - 2' circle, while the _ 1 keV component contributes -_ 60% of
the total extended emission.

NGC5846 . The source region of NGC 5846 has been divided into 3 concentric annuli, and a spectral fit has been
done on each. We have used two separate background estimates: the 25' - 27' region and the adjacent outer annulus,

in an attempt to subtract in part the contribution from the outer regions that are projected onto the innermost part

(a proper procedure would require a more sophisticated spatial/spectral deconvolution of the data). The results are
summarized in Tab. 3.

It is evident that the gas is cooler in the inner regions, as found in other early type galaxies (cf. Trinchieri et

al. 1996), and that the temperature is an increasing function of radius. This evidence is stronger when the "local"

background is subtracted to the data, even though the statistics are poorer.
However, while the average temperature in the annulus might be an increasing function of radius, the presence of

substructure suggests that the average value might not apply everywhere in the annulus. For example, a significant

feature is present in the 1' - 2.'5 annulus, where enhanced emission is clearly observed in the HRI data to the NNE

(Fig. 6). We have therefore checked whether the observed enhancement corresponds to different spectral characteristics
of the emission.

We have divided the 1' - 2.'5 annulus in two separate regions, one comprised between the angular limits 85 ° - 340 °

and the other in the complementary region, and measured the spectral characteristics of the two regions separately.
The background is estimated in the 2.'5 - 4' annulus. For the 340 ° - 85 ° sector we have also used as background the

85 o - 340 ° region at the same radial distance. The results are summarized in Table 3.

The region of the filament is cooler than the rest of the annulus, with kT< 0.76 - 0.78 keV compared to kT> 0.76

keV (90% values).

2.5. Fluxes, luramosities and densities of the hot gas

The spectral results above have been used to derive the luminosity of the sources associated with these galaxies and to

estimate the emission from the substructures in NGC1553 and NGC5846. We have used the best fit spectral parameters

to convert from HRI count rates to 0.2-2 keV fluxes. Luminosities are derived from the assumed distances of 21.5, 17

and 45.8 Mpc, for NGC 1553, NGC 4649 and NGC 5846 respectively.

Gas densities can also be derived in different regions. However, as already extensively discussed elsewhere (see

Trinchieri et al 1996 and references therein), a number of assumptions have to be made on the state of the gas and
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structured. In Fig. 10 we show the density profiles derived for the three galaxies from the average surface brightness

profiles obtained in Section 9_.3, deprojected under the assumption of spherical symmetry (Kriss et al 1993), for the

average temperatures derived in Section 2.4. For NGC 1553, for which a two temperature model is required, we have
used kT = 1.008 keV (the value of the high temperature component). The innermost point in NGC 1553 is probably

dominated by the point-like source, and should therefore be disregarded for the purpose of central density estimates.

The total amount of hot gas in these galaxies is Mga., ,-- 0.4 - 4 × 101° Mo, and cooling times are shorter than ,_ 101°

yr out to the outermost radius used in these estimates, and are 107 - l0 s yr in the innermost regions.

Given the clumpy nature of the emission however we expect that locally the gas could have significantly different
densities than those derived on the average at different radii. We have estimated the density in two regions: the tail of

NGC 1553 and the NNE feature of NGC 5846 (see Tab. 2 and Tab. 3). To estimate the volume occupied by the gas,

we have assumed a cylinder. For NGC 1553, the height h of this cylinder and the radius of the base b are h=2.6 and
b=6.8 kpc. The density in this regions is therefore ne "-- 0.01 cm -a. For NGC 5846, assuming h = 1.'5 and b = 0.'3

for the cylinder, ne "_ 0.025cm -a. Although these numbers should be taken with caution, since their estimate relies

heavily on the volume assumed, the local densities could be ,-_ 10 times higher than the average value derived at the

same radial distance (see Fig. i0).

3. Comparison between X-ray and Hc_ Emissions

Ha maps of these galaxies have been obtained with the 3.6 meter and the NTT at ESO. The analysis of these data is

presented elsewhere (Trinchieri _ diSerego 1991; diSerego et al 1996). Here we use those observations for a comparison

with the X-ray maps.

Two of the galaxies analyzed here, NGC 1553 and NGC5846, show a very structured Ha morphology. In both
cases, the emission is not azimuthally symmetric, and filaments and substructures can be clearly identified. Emission

out to a radial distance of r _ 40" (not including the fainter filaments the the SW and to the NW) for NGC 1553

and r _ 30" (not including a filament extending north in the NW quadrant) for NGC5846 is visible. On the contrary,
tile Ho map of NGC 4649 shows little deviations from azimuthal symmetry, is centrally peaked and extends out to a

radius of r_ 30" (Fig. 11, 12, 13).

As already discussed in the previous sections, structures are also observed in the X-ray emission of NGC 1553 and

NGC5846, while the map of NGC4649 shows a more regular, azimuthally symmetric morphology.

NGC I553 The comparison between the X-ray and Ha maps is shown in Fig. 11. The Ha map enhances the low

surface brightness features at larger radii, for a more significant comparison with the X-ray data. At smaller radii the

Ha image shows a central peak with an elongation and spiral structure along the NS direction, but this structure is

confined in the inner --_ 8", where the comparison with the X-ray data is very difficult, both because of the poorer

spatial resolution and limited statistics, and because of the presence of a central source in the X-ray data as well. At

larger radii, a more diffuse, elliptical Ha morphology can be seen, resembling the stellar light, that extends in a sort of
a faint tail to the SE. A similar feature at the same radial distance from the peak is observed in the X-ray emission as

shown by Fig. 11. Two filaments to the NW, at a radial distance of 1.'5 from the central peak, are spatially coincident

with two features in the X-ray map.

NGC 4649 As already discussed by Trinchieri & diSerego (1991) the line emission from NGC4649 is centered on the

nucleus and extends in a roughly azimuthal symmetry out to r-,- 30" (Fig. 12). The X-ray map also shows azimuthal

asymmetry both in the same area covered by the line emission (Fig. 12) and out to a larger scale of r--_ 7'.

NGC58_6 Complex line emission peaked on the nucleus with a filamentary structure visible in particular in a clear

finger-like feature in the NE quadrant is observed in NGC 5846 (Fig. 13). Several of the Ha features seem to have a

correspondence in the X-ray morphology, even though often this is more a qualitative than a quantitative statement.

In particular, the Ha filament to the NE has a corresponding feature in the same quadrant and similar direction in
the X-ray map. The scale of the X-ray feature is however not the same as the Ha: while this latter is visible at 30"

to 60" from the central peak, the X-ray feature begins at --- 60", and extends out to _ 2' - 2.'5. On smaller scales,

there is not a coherent structure in the X-ray map, although excess emission starts at _ 30" in the NNE quadrant

(see Fig. 9).



Theintriguingobservationalresultsof aspatialcorrelationbetweenX-rayandHc_featuresin thecentralregionsof
early-typegalaxiesneedto beunderstood.It iscommonbeliefthat theX-rayemissionin X-raybrightearly-type
galaxiesisdominatedbyetheradiationof thehot interstellarmedium.Thecharacteristicsof thisgasindicatethat
it cancoolonshorttimescales,andmoresoin thedenser,coolercentralregions.Thelineemissionis somewhat
morecomplicatedto understand,in particularif associatedwith thehotgas.Originallyit wassuggestedthat the
theHa filamentsobservedin severalcoolingflowclusterscouldoriginatedirectlyfromthecoolingof the10r K gas.
By analogy,thismechanismwouldalsoworkinearly-typegalaxies.Howevertheexpectedintensityof the lines,for
reasonableassumptionsof therecombinationrate,is significantlybelowthevaluesobserved(Johnstoneet al 1987,
Trinchieri& diSerego1991,HeckmanBaum...).Trinchieri& diSerego(1991)proposedthat thestellarpopulation,in
particularthePostAsymptoticGiantBranchstars,mightprovideenoughionizingphotonsto explaintheobserved
emission.Whileproperlyaccountingfor theenergeticrequirement,suchamechanismwouldnotexplainhoweverthe
peculiarmorphologyofsomeofthesesystems,sincetheionizingphotonsareexpectedto beevenlydistributedin the
galaxy(inparticulartheywouldfollowthestellardistribution),norwouldit explainthecloseconnectionbetweenvery
hotandwarmgas.A peculiargasdistributionwouldhaveto beintroduced,to explaintheobservedmorphologies.

Sarazinet al ...andKimet al havesuggestedthattheradiosourcesfoundin galaxiesandclusterwouldinfluence
thedistributionof thegas.AnticorrelationbetweentheradiojetsandX-rayemissionisobservedin NGC1399and
Whilethiscouldexplainthecasesabove,neitherNGC1553norNGC5846areknownto hoststructuredradiosources.
In fact,only NGC4649, that shows no peculiar morphology in either Hc_ or X-ray, shows a weak radio jet (Stanger

XXX). Therefore it is likely that a more direct link between hot and warm gas is required to explain the observed

similarities, j_/_/_f/z "fTwo models have been proposed that would provide a link between these two gas phases.

Voit & Donahue (1990) and Donahue & Volt (1991) present a theoretical model based on the assumption that the

optically emitting filaments are powered by the radiation from gas emitting in the X-rays and EUV that predicts a high
efficiency for converting soft X-ray photons into optical line emission, and therefore is able not only to reproduce the

line ratios observed, but also to account for the high luminosity of the optical emission lines. However, the feasibility
of the model has more recently been questioned.

Sparks et al. (1989) suggest that heat transfer from the X-ray gas to the dust, often found associated with these

optical line filaments, might provide the excitation for the line emission. Their model, applied to the data of NGC

4649, explains their observations quite well.

As already discussed, we do not require a source of ionizing photons in early type galaxies, but we do need to
explain the peculiar morphologies found. Since the ionizing field is expected to be more homogeneously distributed

t_hroughout the galaxy, we can assume that the peculiar morphologies reflect a peculiar distribution of the gas. We
expect that the bulk of the hot gas is produced by the mass loss from stars, and it should therefore also reflect the

optical light distribution. The origin of the cold gas is however less definite: it could also come from the stellar mass

loss, it could have been accreted from outside (through mergers for example) or it could come from the cooling of the
hot gas.

Two scenarios can be explored to explain the peculiar morphology of the cold gas, independent from the hot

gas: tidal forces, resulting from interaction with other galaxies or from a merging event; internal forces (e.g magnetic
fields, radio structures) that modify the more regular gas distribution. This latter would not work in these systems,

as discussed above. Tidal forces could be invoked to explain the peculiar gas distribution of NGC 1553, known to

be interacting with NGC1549. However, NGC 5846 is at the center of a small group and should not be interacting.

Merging with a smaller group member cannot be dismissed, even though no other obvious signs of such event are

observed in the optical.

However, even if we assume "as given" that the cold gas has the observed morphology (through one of the scenarios

discussed above, for example), we are still left with the question of how and why cold and hot gas (or at least some of

the hot gas) have similar distribution. We could then consider a third component of the interstellar medium of these
objects, quite often associated with the cold gas: dust. Dust has been observed in early type galaxies both through

their far infrared emission (Jura) and from direct observations of obscuring material in the optical. Dust can be quite

efficient in cooling the hot gas (see Cowie and Mckee 1977). We can therefore expect excess X-ray emission resulting

from heat conduction to the cold dust. As shown by the map of Trinchieri & diSerego (1991), there are two dust
filaments in NGC 5846, one of which is in the general direction of the feature in the NE quadrant. Moreover, recent

observations by Goudfrooij ... indicate that the dust is probably coextensive with the Ha emission, and could therefore

act as a cooling agent throughout the region where the Ha and X-ray peculiar morphologies are observed. Dust is also

observed in the central region of NGC 1553 (diSerego et al 1996).



5. Conclusions _,,_ _"

The high resolution images of some high X-ray luminosity early type galaxies reveal the presence of inhomogeneities

:_l_d structures in the gas morphology. These features appear both as (positive or negative) clumps in a more diffuse

emission, on scales of a few arcsec, and as more coherent structures such as filaments/tails on scales of the order of

arcminutes. PSPC spectral data of NGC 5846 indicate a significantly cooler temperature in one such feature, which

suggests a _ 10 times denser medium in the area.

A suggestive analogy is found between features in the Ha and X-ray maps of NGC 1553 and NGC 5846, while NGC

4649 shows no significant structures at either wavelengths. This suggests that a link exists between these two phases

of the gas. that determines the spatial distribution of the emission. While confinement from radio structures does not

seem to provide a good explanation for these objects, a possible link through heat conduction from hot gas to dust

that gives rise to Ho features provides a reasonable explanation and accounts for energetics and spatial coincidence

of these three components of the interstellar medium.
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Table 1. Log of the HRI and PSPC observations

Name R.A. Dec. begin/end Observing Instrument

optical Time

(_2ooo) (sec)
NGC 1553 04 16 10.4 -55 46 51

NGC 4649 12 43 40.3 +11 32 58

NGC 5846 15 06 29.4 +01 36 25

14106194-26/08/94 46148.5 HRI

19/08/93-24/09/94 15320 PSPC

11/07/94-11/07/94 2195.8 HRI

17/06/95-18/06/95 11826.7 HRI

21/12/91-27/12/91 14301 PSPC

02/02/94-05/02/94 22581.0 HRI

05/08/94-11/08/94 16763.4 HRI

25/07/92-05/08/93 8808 PSPC

18/01/93-18/01/93 5947 PSPC

This article was processed by the author using Springer-Verlag ]_4TEX A&A style file L-AA version 3.



Table2. SpectralcharacteristicsoftheemissioninNGC1553
Region net counts NH kT1 90% conf. kT2 90% conf. Normal. 2 DOF NotesXmin

and error limits limits ratios _

0' - '2' 9805=38.6

0' - 7' 1587.64- 76.9

18 3 > 2 47.5 22 A,B,C

20.38 3 182.3 23 C,D
20.38 0.133 0.115-0.155 1.057 0.90-1.45 -0.044 34.8 20 D

18.00 0.308 3.0 0.732 13.9 20 A,B

18 3 > 2 61.2 22 A,B,C

20.38 3 149 23 C,D

20.38 0.139 0.11-0.16 1.008 0.70-1.20 -0.195 31.2 21 D

18.00 0.276 2.48 0.505 15.4 20 A

Notes:

1 Ratio between the normalization parameter of second component relative to the first (log (norm2/normi)).

A The program finds the lowest value in the allowed range of Nn values.

B The 90% upper limit to the galactic absorption, for 2 interesting parameters, is _ 19.5

C The program finds the uppermost value in the allowed kT range.

D The N H parameter has been fixed at the galactic value

Table 3. Spectral characteristics of emission in NGC 5846

Region net counts NH 90% confidence kT 90% confidence X,_,_2 DOF Notes

and error limits limits

0'- 1' 2604.15=56 20.40 20.25-20.55 0.604 0.54-0.65 30.9 20 A

2110.35=57 20.45 20.30-20.60 0.561 0.50-0.62 22.8 20 B

l' - 2/5 2611.95=58.4 20.37 20.25-20.50 0.810 0.77-0.84 30.0 21 C

2158.95=62.4 20.35 20.20-20.50 0.780 0.72-0.83 25.0 21 B

2/5 - 5' 1161.6_53 20.52 20.20-21.00 0.959 0.90-1.06 26.2 21

848.64-55.0 20.50 20.10-21.5 0.996 0.86-1.12 19.1 21 B

5'- 12' 1857.05=132.3 20.01 0.803 0.60-0.96 46.15 21 D

0' - 5' 6396.624-94.3 20.36 20.25-20.50 0.752 0.73-0.79 78.2 22 E

5982.75=96.6 20.34 20.25-20.45 0.747 0.72-0.78 61.7 22 B,F

1' - 2.'5

85 ° --340 ° 4- 20.34 20.10-20.60 0.818 0.76-0.88 8.7

340 ° - 85 ° ± 20.105 <20.40 0.710 0.62-0.78 17.7

340 ° - 850 ± 20.13 < 21 0.577 0.36-0.76 10.5

G

H

NOTES: The background is obtained from the 25' - 27' annulus, unless otherwise noticed.

A The _,_ is reduced to 16.8 if a two temperature model is adopted. The best fit parameters are: Nn=20.51; kT1=0.554;

kT2=3 (Upper limit of the allowed range)

B The background is obtained from the adjacent annulus (of 1' - 2'; 2.'5 - 4'; and 5' - 9' inner and outer radii).

C The X,2_,,, is reduced to 18.9 if a two temperature model is adopted. The best fit parameters are: NH=20.45; kT1=0.745;

kT2=3 (Upper limit of the allowed range)

D The 2X,,_,_ is reduced to 25.5 if a two temperature model is adopted. The best fit parameters are: NH=20.48; kT1=0.674;

kT2=3 (Upper limit of the allowed range)
E The 2X,n,,_ is reduced to 25.4 if a two temperature model is adopted. The best fit parameters are: Nn=20.46; kT1=0.675;

kT2=2.9

F The 2X,,_,n is reduced to 24.7 if a two temperature model is adopted. The best fit parameters are: NH=20.49; kT1=0.365;

kT2=l.7

G The 1' - 2.'5 annulus is divided into the two angular regions. The background is obtained from the 2.'5 - 4' annulus.

H The background is obtained in the 1' - 2.'5 region, with the exclusion of the 340 ° - 85 ° sector.



£aole ,i. fluxes ano lumlnoslrAes lor rme galaxies ana cnelr componem, s

Galaxy RA Dec Radius net counts error flux ( x 10 la) Luminosity Notes

32000 " erg cm -2 s -1 erg s -z

NGC 1553 4 16 10.3 -55 46 48 300 2132.4 137.4 26.0 1.44x104_ HRI; A
420 1587.6 76.9 19.6 1.08×1041 PSPC

central source 4 16 10.3 -55 46 48 15 203.4 17.0 2.48 1.37x104° .,_/f/_ ,z<#///,N. feature 1 4 16 06.5 -55 45 24 20 38.0 11.0 0.46 0.26)< 1040 B

N. feature 2 4 16 01.5 -55 45 54 20 36.6 11.0 0.45 0.25xi04° B

unrel. P.S. 4 16 03 -55 46 54 15 29.6 9.6 0.36 0.20x104° C

central diffuse 4 16 11.5 -55 46 52 80x120 332.4 26.4 4.05 2.24x104° D

tail feature 4 16 17.5 -55 47 50 50x65 50.9 17.7 0.62 0.34x104° E

. G( 4649 12 43 40 11 33 10 420 2346.4 132.8 43.7 1.52x1041 HRI

420 5890 103 46.2 1.61x 104_ PSPC; F

NGC 5846 15 06 29.2 1 36 24 420 8508.9 250.6 69.2 1.74x1042 HRI

300 5982.7 96.6 50.6 1.27x 1042 PSPC

NNE feature (60-150) 688 53 5.19 1.31 x 1041 G

NOTES: No correction is applied to the flux estimate to account for photons scattered outside the source region. Fluxes are

estimated using the best fit parameters obtained in section 2.4 (see Tab. 2 and 3). HRI/PSPC indicate the instrument used

to derive the total flux.

A The source at 4:16:51 -55:49 has been masked out

B The background is obtained in the annulus at the same radial distance from the peak (excluding the regions occupied by the

Lwo sources).

C The background is obtained from the Eastern half of the adjacent 20" - 100" annulus

D The counts are obtained in a 80" × 120" box. The background is obtained in the adjacent rectangular annulus with outer

dimensions of 160" and 240".

E The background is obtained in the Southern half of the rectangular annulus concentric to the box, and with 45" - 80" inner

and outer radii respectively.

F From Trinchieri et al. (1996)

G Excess counts in the 340 ° - 850 sector of the 1' - 2.'5 annulus, above the average emission in the 850 - 340 ° at the same

angular distance.

NGC 1553 NGC 4649 NGC 5846

f ' I ' I ' I ' _ ' I 'T 1
o.1

8
r°++++++*+++*++++÷I T

FOOoooooooooooooi+;+ ; ooooooooooooo+
k o _o 4- o

o [ | °++++++++++++++!
! ! °°o%oooooo +÷1

0"01 F I I I -_- , 1 °,° ° n----_- , I , -

0 I0 0 i0 0 i0

radius (arcmin)
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Fig. 12. Comparison between the Ha and X-ray morphologies for NGC 4649• Ha data (right) are from Trinchieri & diSerego

1991. The celestial coordinates of the Ha map have been assigned a posteriori without proper absolute calibration (the peak

position was assigned the RC3 coordinates of the nucleus of NGC 4649). ** Check with livia **
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Abstract. We report on the ROSAT PSPC observations of 5 X-ray bright early-type galaxies. Their X-ray morphology

is more complex than Einstein data had shown, ranging from the ellipsoidal shape of NGC 533 to the ,-_ 200 kpc tail

of NGC 7619. Hot gas at an average temperature of 0.8-1 keV dominates their X-ray emission. The spectral analysis is
based on the _sumption of a hot thin plasma at solar abundances, since the spectral resolution of the PSPC does not

allow unambiguous measures of the model parameters (temperatures, low energy cut-off, metal abundance). However,
the estimated temperature are not strongly affected by this choice. A temperature distribution of the hot interstellar

medium is also derived. Higher temperatures are in some cases observed at larger radii, while the innermost 1' region

is cooler in all of the objects studied. Due to the large range in distances however this corresponds to significantly

different galaxy radii, from 5 kpc in NGC 4649 to 30 kpc in NGC 533.
The temperature and density distributions derived are used to estimate the total mass of these systems, which

span from MT "_ 1012 -- 1013 M® and corresponding mass-to-light ratios M/L ,-- 10-150 in solar units. Formal errors
on the derived masses are estimated to be > 25%.

Care must be taken in comparing results for different systems, since some of the emission attributed to these

objects could suffer from the contribution for the groups and clusters they belong to. Accordingly, our mass estimates
could reflect the effect of the cluster/group potential.

Key words: - Galaxies: individual: NGC 533 - Galaxies: individual: NGC 2563 - Galaxies: individual: NGC 4649 -

Galaxies: individual: NGC 7619 - Galaxies: individual: NGC 7626 - Galaxies: elliptical and lenticular - Galaxies: ISM

1. Introduction

Einstein observations of early type galaxies have established that a hot interstellar medium (ISM) dominates the

emission in the X-ray brightest objects. This discovery is very important for many reasons: 1) it has indicated the

presence of substantial amounts of ISM in these objects; 2) it has provided a potentially powerful tool for estimating

total galaxy masses at large radii; 3) it has provided a new wealth of parameters for the understanding of the enrichment

of the intercluster medium. However, with Einstein data, we had not been able to achieve a good understanding of
the detailed properties of the hot ISM. Average spectral parameters, over the entire source extent, could be estimated,

albeit with large uncertainties. The morphological appearance and total extent of the hot ISM could only be roughly
estimated.

The improved spatial and spectral resolution of the PSPC (Position Sensitive Proportional Counter) instrument

on board the ROSAT satellite (Triimper 1983; Pfeffermann et al 1987) has proven to be crucial in furthering our

understanding of the properties of the X-ray emitting gas in early type, normal, nearby galaxies. Its softer energy

Send offprint requests to: G. Trinchieri



earl; type galaxies (e.g. N_GC 4636, Tr'inchieri et al 1994(NGC 507, Kim & Fabbiano 1995 among others). Tl_is work

suggests that that the hot ISM is not isothermal over the entire source, but can show a slow temperature increase

over a large region (-_ 40 kpc in NGC 4636), and that its morphology is far from smooth and regular, but can show

asymmetries and inhomogeneities (e.g. NGC 507).

In order to better understand the characteristics of the ISM in early type galaxies we have observed 5 X-ray bright

early type galaxies for which Einsetin data had already established the presence of a dominating hot gas component

in their X-ray emission. The environment in which the galaxies sit spans a large range in richness, from the low density

environment of NGC 533 (in the vicinity of A193, it is at the same recessional velocity but it is located at > 3 °, or > 6

Mpc, from the cluster center, and it is not considered as a possible member, Chapman et al 1988; it is instead one of 4

members of group GH14, Geller & Huchra 1983) to galaxies in groups and poor clusters (NGC 7619 and NGC 7626 in

Pegasus I group; NGC 2563 in group A of the Cancer cluster) and galaxies in richer clusters (NGC 4649 in the Virgo

cluster, at > 1 Mpc from the cluster center).

Table 1. Log of the Observations

Field RA Obs. Dates On Time

Dec Beginning

(J2000) End (s)

NGC 533 1:25:31.2 14/07/93 13054

1:45:36.0 27/07/93

NGC 2563 8:20:36.0 11/10/93 27174

21:04:12.0 13/10/93

30/04/94 22873

02/05/93
NGC 4649 12:43:43.2 21/12/91 14301

11:33:36.0 27/12/91

NGC 7619/7626 23:20:31.2 30/05/92 18234

(Pegasus I) 8:12:36.0 11/06/92

The five early type galaxies have been observed by the ROSAT PSPC as summarized in Table 1. The two obser-

vations of NGC2563 have been merged to improve on the statistical significance of the data, after checking that the

single observations yielded consistent results. The data have been analyzed using primarily the PROS software avail-

able under IRAF. The details of the spatial and spectral analysis are reported in §2. Derived quantities are discussed

in §3. §4-6 are devoted to the results for the Pegasus I and Cancer groups. The general results of these observations

are summarized in the conclusions.

2. Data Analysis

The early type galaxies considered here all show extended emission in X-rays. Contour plots of their smoothed images

in the energy band 0.14-2.0 keV are shown in Fig. 1, 8 and 9. In this energy band the expected effect of the vignetting

correction is well represented by the exposure map (a model field containing information about the effective exposure

moduled by the expected vignetting, see PSPC documentation for more details) provided with the data for each

observed field (see also Trinchieri et al 1994, Kim & Fabbiano 1995). We can therefore use this map to flat field the

data.

The raw images have been normalized to the exposure maps, and smoothed with a Gaussian function, as specified

in the figure caption. Several additional sources are visible, often embedded in the X-ray emission of the target galaxy.

These possible interlopers were conservatively excluded from the subsequent analysis, unless otherwise noted, by

masking out circles at the source positions with radii chosen to be comparable to the outer contour (typically at 2

_r) on the contour maps. The presence of several, possibly unrelated, sources in the field is not surprising. From the

LogN-LogS function derived from ROSAT data (Hasinger et al 1993) we can estimate that _ 6 sources will be present
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Fig. 1. lsointensity contour plots of NGC 533 and NGC 4649. Data in the 0.14-2.0 keV energy range have been normalized by

the exposure map, and smoothed with a Gaussian function with a = 30". A constant background value has been subtracted.
The dashed contour is for 0 counts. Other contours are at 2a, 3a, 4a, 5a, and higher.

in the inner _ 0.3 square degree field at fz > 4 x 10 -14 erg cm -2 s -1, and ,_ 20 if the flux limit is lowered to 2 x 10 -14

erg cm- 2 s- 1.

The NGC2563, NGC4649 and NGC7626 images show extended and azimuthally symmetric emission. The external

X-ray isophotes of the NGC533 map instead show a more elliptical shape. A tail of emission is observed to the SW of
NGC7619, extending for about 10' away from the X-ray peak.

2.1. Radial Count Distribution

To estimate the size of the X-ray sources associated with these galaxies, we have produced plots of the radial distribution

of the X-ray emission and compared them with the expected background, estimated from the properly normalized

corresponding exposure map (Fig. 2). We have used concentric annuli, centered at the source peak position, with width

varying from 0.251 to 2' - 3' depending on the counting statistics. The profile of the Pegasus I group is centered on
NGC 7619.

Table 2. Parametric Representation of Radial Distribution of the X-ray Surface Brightness outside r,,- 2'

Galaxy R_!rnox

NGC 533 16' -1.95+0.14 b
NGC 2563 14' -1.18+0.07
NGC 4649 13' -2.51+0.18

7' -3.39+0.25
NGC 7619 22' -1.454-0.06 b

-1.28+0.17 ¢
NGC 7626 3.'5 -2.87+0.05 d

_Maximum radius used in the fit

t'For the azimuthally averaged profile
c From 4' to 22', in the 250 ° pie region that excludes the X-ray tail
d From 1.5' to 3.'5 only.

It appears that the profile of the NGC4649 field has the same shape as the exposure map from r,_ 10'. However, two
different normalizations are necessary to match the level of emission, one in the ,-, 10' - 16' annulus and a lower one

outside of-_ 25' (both shown in the figure). A more careful determination of the shape and level of the background will

be necessary for this object; however, in this work we will consider both possibilities and will discuss the differences
in the two cases.
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Fig. 2. Radial surface brightness distribution of the raw counts, in concentric annuli centered at the X-ray peak position

(coincident with the optical position of the galaxy's nucleus). The sofid line represents the background model we have assumed
for each field, derived from the exposure map properly rescaled to the data. The two lines shown for NGC 4649 represent two
different normalization values (see text). The profile of NGC 7619 & NGC 7626 is centered on NGC7619, offset from the field's
center. Consequently, the "dip" in the exposure map profile here is not as pronounced as in the other cases.

As can be seen from Fig. 2, the exposure map represents a good fit to the emission in the region outside --, 20'

from the field center (e.g. outside of the ring of the support structure for the PSPC that has a shape reminiscent of a

"wagon wheel" and that can be recognized as a "dip" in both source data and exposure map profiles).

The net count distributions are plotted in Fig. 3 to 5 for each galaxy. Two Point Spread Functions (PSF), one

appropriate for on-axis sources with temperatures of 0.2 keV (the softest PSF available with the PROS software)

and one for a kT corresponding to the best fit temperature of the innermost circle (see §2.2), are also plotted for

comparison, normalized at the central bin. In all cases the emission is clearly larger than either PSF, although in
most cases the 0.2 keV PSF is a reasonable representation of the data for r_< 1 r. The spectral results however indicate

significantly harder emission in that region (cf. §2.2).
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NGC 7626. The power law fits of Tab. 2 are reported on the data.

Fig. 4 and 5 show both the azimuthally averaged profiles of NGC533 and NGC7619 and the comparison of the

emissions from different pie regions• In NGC 533 there is an indication of a significant change of slope at r.-, 1'. This

could be interpreted as due to the presence of an unresolved, very soft core, since the emission within 1' radius is

well approximated by the 0.2 keV PSF. However, this is in contrast with the spectral results (§2.2), that indicate an

average kT of 0.9 keV in the inner 1' circle. More likely, the difference is due to the dominating contribution of the

galaxy relative to the group emission (1' _ 30 kpc at the galaxy's distance).

Fig. 4b compares the NE-SW sectors averaged together (i.e. a 70 o cone along position angle PA--35 °, counterclock-

wise from North) to that in the NW-SE ones (PA--125°). Outside of r_ 5' - 6', the surface brightness along PA--35 °

is flatter and significantly higher than that from the complementary regions.

In Fig. 5b, the region SW of NGC7619 (from 1700 to 280 °, corresponding to the 'tail' visible in the contour plot

of Fig. 8), and the complementary region are compared. The SW profile appears significantly higher than in the other

angular sector for r> 2', although it is not a simple radial function. This is consistent with a closer inspection of the
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Although surface brightness profiles have traditionally been represented by a two parameter model (a core radius

rx and a radial dependence parameter _), the core radii in these galaxies are smaller than the PSF of the instrument,
as suggested by the higher spatial resolution data of some of these (see for example Trinchieri et al 1986), so that

determining rz is not extremely meaningful. We have therefore fitted the radial dependence of the profile at large radii

with a simple power law fit (Tab. 2). Outside of a radius of 2' the influence of the PSF and of rx are negligeable. There

is a large variety of radial dependencies of E_, spanning from the flattest distribution of NGC2563 (Ex c( r -12) to

the steepest NGC 4649 (E_ oc r-34).

2.2. Spectral data

As already shown by previous studies (Trinchieri et al 1994; Buote & Canizares 1994; Fabbiano et al 1994; Bauer &

Bregman 1996) the spectral capabilities of ROSAT do not allow us to measure the metallicity of the gas, since the
results obtained from models of varying metallic contents are at best ambiguous. We have therefore assumed a thermal

plasma model with low energy absorption and fixed the gas abundances at the cosmic value. We have however checked
how much different abundances would affect the results obtained and discuss the results at the end of this section.

We have based the spectral analysis primarily on the IRAF/PROS software, which uses the same 34 channels of

pulse height defined by the 'SASS' (see ROSAT Data Production Guide, by Downes, White and Reichert). To obtain

the temperature in different regions, the data are extracted in concentric annuli of varying widths. The background is

taken in a region considered free of emission, from the same field to ensure that its spectral distribution is the correct
one for that particular observation, and is then corrected for differential vignetting before subtraction, as described

in the PROS documentation. In general, the annulus at 25' - 27 _ from the field center has been used to estimate the

background. Other choices made for NGC 4649 and the Pegasus field are discussed below. An average temperature_
over the entire source, is also derived for completeness.

Tables 3a through 3e summarize the spectral results for each galaxy separately, graphicMly shown in Fig. 6. A
cooler inner region, and a general tendency of increasing temperatures with galactocentric radii are seen, with the

exception of NGC 2563, for which the temperature outside the inner 1' is isothermal.at _ 1.1 keV. For NGC 533 a

drop in the temperature is also observed outside of a 6_ radius, although with large errors.

There is no clear trend of varying low energy absorption with radius, with the exception of the central bin of NGC

4649, where the fitted values of NH is higher than outside. Often however NH is not very well constrained.

Briefly for each galaxy:

NGC 533 : The average gas temperature within r _ 6', i.e. before the radial profile becomes asymmetric, is ,_ 1 keV,

in the assumption of a 1-Temperature model. This however gives a relatively high X,,_tn2 value of 42.9 for 25 degrees

(X,ni, "" 19.6) by adding a second temperature in the model. The twoof freedom (DOF), that is significantly lowered 2

best fit temperatures become kT1=0.30-0.90 [at the 90% confidence limit] and kT2 > 1.2 keV. The suggestion that at

least 2 temperatures are present in the data is well justified by the temperature profile obtained at different radii. In

fact, when the emission is divided in 3 concentric annuli, the temperature increases from 0.9 [0.85-0.95] at the center
to > 1.1 keV in the outermost bin.

If the whole _ 17' region is considered, the average temperature also is around 1 keV, however the errors become

larger and the 2X,nin value does not require a two-temperature fit as in the case above.

NGC 2563 : The spectral distribution of the data obtained in the two observations have been compared to assure

ourselves of their consistency, before merging the two data sets for the following analysis.

The average gas temperature within r=15 _ is kT,,, 1.06 keV, with an acceptable Xmi,_ = 24 for 23 DOF. The

temperature profile obtained in 7 concentric annuli indicates a cooler core in the inner 1' radius, and a constant ,,- 1.1

keV value outside, although a possible indication of a temperature decrease with radius is visible in the data (see Fig.

6).

NGC _6_9 : Given the uncertainty in the normalization of the background template, we have considered both the

25 _- 2W annulus used for all other fields, and an annulus at 11' - 13_ for background estimates. This latter choice has

the advantage that the vignetting corrections are reduced. Moreover, if the Virgo cluster is responsible for the "extra"
emission outside of _ 7', we would subtract it from the galaxy data. A comparison of the spectral distribution of the

data in the two regions (11'- 13_ vs 25 _- 27') however shows that they are consistent within the errors. In the present

analysis we have chosen the 11_ - 13' annulus as background.



a) NGC 533

Arm. Net counts

(')

Chart. kT 90% NH 90%

(keV) confidence (cm -2) confidence

region region

2
X. min lJ Notes

0-1 1334.4=1=41.6

1-3 812.74-36.9

3-6 897.84-46.1

6-10 985.84-63.9

10-17 353.64-41.3

5-28 0.904 0.84-0.94 20.41

5-30 1.074 0.99-1.22 20.23

5-28 1.299 >1.07 20.22

5-28 0.941 0.83-1.08 19.74

5-8 1.024 >0.80 19.60

10-25

20.25-20.55 23.5 21

20.05-20.40 16.2 23

<20.45 18.9 21

<20.20 9.6 21

<20.20 12.2 17

0-6 3093.0-1-70.7 5-32 1.028 0.98-1.07 20.26

0.552 0.30-0.90 20.33

1.228 >1.2

20.20-20.35 42.9 25

19.6 23 1

b) NGC 2563

Arm. Net counts

(')

Chan. kT 90% NH 90%

(keV) confidence (cm -_) confidence

region region

2
Xmin I) Notes

0-1 1143.54-40.5

1-3 1302.84-53.0

3-5 1176.34-60.1

5-7 1308.14-72.1

7-9 1269.04-82.6

9-12 1867.4-}-116.6

12-15 1149.6=t=127.7

5-30 0.848 0.80-0.92 20.40 20.20-20.60 17.8 23

5-30 1.177 1.07-1.38 20.40 20.20-20.60 22.1 23

5-30 1.244 1.10-1.55 20.40 20.15-20.70 19.4 23

5-30 1.192 1.08-1.38 20.38 20.15-20.55 19.1 23

5-30 1.025 0.91-1.15 20.22 <20.70 20.7 23

5-10 1.075 0.97-1.27 20.00 <20.35 17.5 21

13-30

5-10 1.014 0.83-1.35 19.60 <20.60 15.3 17

13-26

0-15 9050.14-312.0 5-30 1.058 1.01-1.14 20.20 20.00-20.40 23.9 23

C) NGC 4649

Ann. Net counts Chart. kT 90% NH 90% X,_,,_ v Notes

(') (keV) confidence (cm -2) confidence

regio_ region
0-1 3670.04-66.1 5-30 0.814 0.78-0.83 20.28

0.756 0.46-0.80 20.36

2.91 >1

1-2 1237.24-44.0 5-28 0.898 0.83-0.96 19.99

2-3 463.8-t-34.8 5-7,9-29 0.923 0.78-1.08 19.74

3-6 388.74-61.7 6-9,11,12 1.315 >0.93 19.60

14-26

20.25-20.35 27.2 23

-- 14.1 21 I

19.75-20.20 15.3 21

<20.25 14.0 21

< 20.60 15.8 16

0-6 5741.24-112.9 5-32 0.853 0.82-0.90 20.10

0.793 0.64-0.84 20.20

3.000 > 1.2

19.95-20.30 47.9 25

-- 30.5 23 1

d) NGC 7619
Ann. Net counts

(')

Chan. kT 90% Nn 90%

(keV) confidence (cm-_) confidence

region region

2
Xmin V Notes

13-1 972.44-36.8 5-30 0.775 0.70-0.82 20.59

1-3 858.34-39.6 5-29 0.885 0.82-0.94 20.55

3-10 1073.64-49.1 6,7,9-30 0.948 0.88-1.02 20.41

0-10 2886.44-72.6 5-29 0.880 0.84-0.92 20.58

0.812 0.60-0.88 20.67

3.00 > 1.1

20.40-20.85 12 23

>20.25 17.6 22

20.10-21.10 19.2 21 2

20.40-20.85 27.8 22 2

-- 19.5 20 1

19.50-20.40 13.3 20"group" 2150.14-143.6 5-7,9 1.267 1.10-1.90 20.04
11-29 3



v NotesAnn. Net counts Chart. kT 90% NH 90% Xmin

(') (keV) confidence (cm -2 ) confidence

region region

0-1 404.4-t'-26.1 6-30 0.737 0.58-0.88 20.48 >20.20 18.9 22

0-3 613.5--I-34.1 8-28 0.826 0.68-0.90 20.50 25.2 18

Notes to the Table:

The fine-of-sight NH value is: ,-_ 20.5 for NGC 533;_ 20.7 for NGC 2563, NGC 7619 and NGC 7626;-_ 20.4 for NGC 4649 (Stark

et al 1992).

1 A two temperature fit is used. kT1 and kT_ are given on successive fines. The errors are derived for kT only

2 Limited to the 170°-280 ° sector in the 3' - 10' annulus.

3 "group" is the region from 2' to 16', centered on NGC 7619, and excluding the 170°-280 ° sector.
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0.84 keV, and kT2 > 1.2 keV at the 90% confidence level. No further reduction of X_in is achieved with the addition

of a third component.
A slow increase of T towards large radii, and a higher value of the absorbing column in the innermost 1' circle are

suggested by the data.

Pegasus I group : The contour map and the radial profile show that the emission from the Pegasus I group field covers
the inner 20 _circle, and it is likely to extend further out, with the possible exception of a region north of the NGC7619

galaxy. We have therefore tried both this region of low emission and the annulus at 25 _ - 27 _ for background estimates.

The former choice would have the advantage of smaller corrections, but with a larger statistical uncertainty due to
the smaller area covered. As for the case of NGC4649 however, a comparison between the spectral distribution of the

data in the two regions shows consistency within the statistical errors. We have therefore used the outer annulus as
background in the following analysis.

The source associated with NGC7619 has been divided into two annuli within r=3', and the "tail", in the SW

quadrant, from 3' - 10'. Tab. 3d indicates that there is a significantly cooler 1_ core, and that the tail is harder than

the galaxy. The group gas (in the 2' - 16' region, excluding the "tail") is also harder than the tail. The low energy
absorption is not well constrained, and is in general consistent with the line of sight value.

NGC7626 extends only out to r,-,3', and the total number of counts detected does-not allow us to examine the

spectral distribution of the data in different regions. The average temperature over the whole 3' circle is kT_0.83 keV
2

with a X,m,_ of 25.2, which is entirely consistent with the temperature obtained from just the innermost 1_ circle.

We have also examined the spectral distribution of the data of the galaxies above the possible cluster emission by

assuming as background the annulus at 4' - 10 _ from the field center, with the exclusion of a 3_ circle at the position
of the two galaxies. The resulting best fit parameters are consistent with those reported in Table 3.

Metal Abundance In order to explore the effect of different abundance models on the temperatures derived, we have

redone the spectral fits for a few of the cases presented in Table 3, where the statistics is higher, fixing the abundance
parameter at 20% the cosmic value.

The absolute values of the temperatures are smaller (< 0.1 keV in all cases examined, and typically is ,_ 0.05-0.06)
and the low energy cutoff values are higher (typically, -,, 0.3 in log NH) in the case of 20% abundances, but the trends
and the uncertainties on T are preserved. The values of 2X,,_in are also consistent with one notable exception, given

by the global spectrum of NGC533 (in the 0' - 6' annulus). The 20% abundance model gives an acceptable X2min=24
for kT=0.95 and NH=20.6 20_,_in= 43 for the 1-temperature model at 100% cosmic abundance, Tab. 3). To obtain a
similar 2)_mi,_, a 2 temperature model must be assumed for 100% cosmic abundances. This is however an indication of

the ambiguity with which the spectral parameters can be derived from the limited spectral resolution of the ROSAT

PSPC (cf. Figure 7 in Trinchieri et al. 1994).

3. Derived quantities

3.1. Fluxes and Luminosities

Table 4 summarizes the resulting fluxes and luminosities for the sample galaxies within the given radius P_. The counts

to flux conversion is derived from the parameters of the best fit spectral model of the source as a whole. However, the

fluxes are entirely consistent with those obtained by summing the contribution of each annulus, accounting for the
different spectral parameters obtained for each of them.

Luminosities are in the range L_ _, 2 -60 x 1041 erg s-1, at the top of the distribution of X-ray luminosities of

early type galaxies (see Fabbiano et al 1992).

3._. Density profiles

The radial profiles, together with the spectral results, have been used to derive the radial dependence of intrinsic

gas parameters: electron density, cooling time and total gas mass. Since the observed surface brightness profile is the
integral along the line of sight, a deprojection of the observed quantity is needed to obtain the intrinsic distribution

(Kriss et al 1993). However, the temperature of the gas must be known to derive its density, and the preceding analysis



Galaxy R_ Counts a Flux b L_ D
' (kpc) erg cm -2 s-I erg s-1 Mpc

NGC 533 18(565) 4321=t=115 4.19× 10-12 5.90x 1042 108
NGC 2563 20(560) 86124-220 2.28× 10-12 2.53x 1042 96
NGC 4649 _ 7(35) 58904-103 4.62×10 -12 1.61×1041 17
NGC 4649 d 17(84) 74184-197 5.82x 10 -l_ 2.02x 1041 17
NGC 7619 e 10(225) 29804-60 2.23× 10-12 1.51 x 104_ 75
NGC 7626 3.5(75) 6234-34 4.21 x 10 -13 2.83x 1041 75

a The maximum radius R,,_ (in ' and in kpc in parenthesis) and the counts given are consistent with the radial profiles of fig.
3-5 in the energy range 0.14-2.00 keV.

b Single temperature fits have been used for all galaxies
c The background template is normalized to the data in the 11' - 13' annulus

The background template is normalized to the data in the 25' - 27' annulus
• Azimuthally averaged for r_< 3', and in the 170°-280°sector for 3'< r _ 10'

has only provided us with the projected values. A proper deconvolution of the spatial/spectral data is needed to derive

this quantity. We have however approximated this procedure with the following assumptions: 1) the gas is assumed
homogeneous, i.e. the gas has only one temperature at any given radius; 2) the temperature is constant in any given

annulus; 3) the observed projected value of the temperature is not significantly different from the de-projected intrinsic
value. This last assumption is supported by the results of the procedure used in the analysis of NGC4636 data. There

Trinchieri et al (1994) had applied the same de-projection used to derive the intrinsic surface brightness distribution to
the spectral data as well, and have derived the best fit parameters and errors based on the de-projected distribution.

As can be seen from the comparison of their tables 1, 2 and 5, the temperatures are consistent, within the errors.

Moreover, it should be remembered that the density depends weakly on the temperature, therefore small changes
in kT should not affect the results significantly. Finally, while assumption 1) is probably strictly incorrect, as the

temperature is in most cases an increasing function of the radius, the increase is small and the data quality is such

that this approximation should not be a serious source of error. Moreover, no correction for the effect of vignetting at

large radii is applied (however the error introduced by this should be small).

The case of NGC4649: The density profile has been derived in the assumption that the emission outside of 7' should

be considered background emission relative to the galaxy. This assumption is justified by its shape (see §2) and also

by the fact that the galaxy is located in the Virgo cluster, relatively close to M87 (< 1 Mpc, for d=17 Mpc) where the

cluster emission is still relatively strong (Boehringer et al 1994). The radial distribution of the net emission shown in

Fig. 3 (panel b) also indicates that the profile flattens quite significantly outside of 7', when the background is taken

far from the galaxy. This could be justified again by the presence of a low surface brightness emission such as that of

a cluster gas.

The tail of NGC7619: An asymmetric feature is present to the SW of NGC7619. Even though the asymmetry is

already present at a radius r,-- 2', we have derived the density profile within a radius of 4' assuming azimuthal

symmetry. This radius is estimated from the radial profile of the region complementary to the tail, and corresponds

to a possible flattening of the profile.

The density profiles are shown in Fig. 7. Their parameterization is given in Table 5. Central densities span a
relatively large range of value, 5-15 x 10 -3 cm -3 [Note that these are probably underestimated due to the influence of

the PSF which has not been removed]. This spread however could be due to the different distances of the objects, such

that the inner 0.'5 circle in which the central densities are estimated refer to circles of radii 2.5 kpc, in NGC4649, and

of 10 to 15 kpc for the others. Similarly, the outermost radii at which the densities are derived refer to significantly

different physical sizes, from 35 kpc (NGC4649), to 90 kpc (NGC7619), to > 500 kpc for the other galaxies.

Total gas masses and cooling times have also been derived, for a filling factor f -- 1. Central cooling times range
from --- 6 xl0 s yr for NGC 7619 to ,,- 3 xl09 yr for NGC 533. At the outermost radius considered they are < 1011 yr

for NGC 4649, NGC 7619 and NGC 7626, and ,_ 2-3 x 1011 yr for NGC 533 and NGC 2563. Total gas masses (listed

in Tab. 5) again span a large range from Mga_ _ 4x 109 to _- 101_ M O. At similar physical sizes (35 kpc), Mga8 are

<_ 101° M o for all except NGC4649, which appears to contain less gas than the other objects (-,, 1/2).
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Fig. 7. Radial density distribution for the sample galaxies. The plot for Pegasus I refers to the intergalactic emission outside

the "tail" feature of NGC7619 and outside the two bright galaxies NGC7619 and NGC7626.

3.3. Total Mass Determination

The temperature and density distributions can be used to estimate the total gravitational mass MT, if the gas is

assumed in hydrostatic equilibrium in the galaxy's spherically symmetric potential (Fabricant & Gorenstein 1983).

Table 5 summarizes the mass estimates for the galaxies in the present sample. These have been calculated within
the maximum radii also listed in the table, using the results on temperatures and densities reported above and also
listed in the table. However there are still several caveats associated with these estimates, which also prevent a reliable
estimate of the errors on these quantities: a) the calculations are based on assumptions that are not exactly met

(e.g. spherical symmetry); b) in most cases only a lower limit to the temperature could be derived at Rma_; c) the
uncertainty in the value of the temperature due to the assumption of cosmic abundances is not taken into account;
d) the assumed Rma, often does not reflect the maximum extent of the source, but it is for example the farthermost
region at which the gas temperature could be determined; e) the linear fits to calculate temperature and density
gradients are done using the actual values of the quantities, without taking into account their error; moreover, density



Name R,_ Ap 6 AT _ T(Rm) d Mg_ MT e M/L _" fg

'(kpc) keV M® MG Mo/Lo %

NGC533 6(190) -0.96=k0.14 0.16-1-0.03 1.3 7.3x101° 7.3[+1.3] × 1012 50 20

NGC533 18(570) -1.054-0.13 0 1.0 2.2x1012 2.2[+0.3] x 1013 70-160 20-15

NGC2563 15(420) -0.81+0.06 0 1.1 4-0.15 1.3x1012 1.4[=i:0.2] x 1013 10-150 95-15

NGC4649 7(35) -1.724-0.31 0.194-0.08 1.3 4.2x109 2.6[4-0.5] x 1012 50 16

NGC7619 4(90) -0.964-0.20 0.10 0.894-0.05 4.7 x 101° 2.9[4-0.6] x 1012 30 25

NGC7626 3.5(75) -1.554-0.34 0 0.834-0.07 1.8x101° 3.6[+0.8] × 1012 40 20

Pegasus I 16(350) -0.644-0.20 0 1.284-0.15 _8x101_ 1.1[+0.4] × 1013 60 20

Notes:

Maximum radius (in ' and in kpc in parenthesis) at which the total mass MT is calculated

b Density gradients. The slope of the density profile is calculated assumning a simple power law outside of r--2 _ to avoid the

influence of the PSF except for NGC 7619 and NGC 7626, for which rin=l'.5

¢ Temperature gradients, calculated assuming a simple power law fit. They are based on 3 points for NGC 533, on 4 points for

NGC 4649 and on 2 points only for NGC 7626, for which no error on the fitted gradient is given.

a Temperatures at R,_. The errors are at the 68% confidence. For NGC2563, the value is an estimate of the average temperature

from the results of Table 3. For NGC533 and NGC4649 no errors are given, since only a lower limit could be determined.

e Total mass within Rm. Proper error estimates could not be done and the errors quoted are probably underestimates (see

text). They should be taken with caution.

! Mass to light ratios. For NGC 533 and NGC 2563 they have been estimated based on both the group (Bothun et al 1983,

Geller and Huchra 1983) and on the galaxy only luminous mass, respectively.

9 "Visible" to total mass fraction. For NGC 533 and NGC 2563 it is estimated based on both the group (Bothun et al 1983,

Geller and Huchra 1983) and on the galaxy only optical luminosity, respectively.

gradients are derived assuming a power law fit to parametrize the data, which does not take into account possible

effects of the PSF and r_ (although at large radii these should be negligeable) and does not take into account the effect

of the energy dependent vignetting at large off-axis angles. The formal errors on MT listed in Table 5 are therefore

an underestimate of the real errors associated with the data, since some of the uncertainties have not been taken into

account. The uncertainty in determining MT can therefore be estimated to be > 25%.

For NGC 533 we give two different estimates, within a radius of 6 _, within which we detect a temperature gradient,

and within the maximum extent of this galaxy of 18 t. This latter is calculated assuming isothermality. For the Pegasus

I cluster we give two different estimates of MT, one for the individual galaxies, within a radius of 4 _ for NGC 7619

and 3.'5 for NGC 7626, and one for the cluster, based on the density distribution derived in the 250 ° azimuthal region

that avoids the X-ray tail (cf. Fig. 5).

Total masses span from _ 3 x 1012 M® to _ 2 x 1013 M O. This large range of values once again reflects the much

different scales of the X-ray emission, relative to the galaxy only (R_ 35 kpc, NGC4649) or to the group (R,_ 400

kpc, NGC 2563).

Mass-to-light ratios (M/L) and the "visible" (i.e. stars, hot gas) to total mass fraction f have been calculated and

are also given in Table 5. M/L values span from ,-_ 20 for the NGC2563 group to 30-50 for individual galaxies to >

100 for NGC533. f is of the order of _ 20% for all systems, with the exception of Cancer, for which it could be as

high as ~ 100%.

4. The Pegasus I Group

Fig. 8 shows the detailed X-ray emission from the Pegasus I group, superposed onto the optical plate of the area, from

the "Digitized Sky Survey" 1. The X-ray map shows that there is extended, low surface brightness emission in the area

surrounding the two bright galaxies NGC 7619 and NGC 7626, that the emission is structured and that many clumps

I Based on photographic data of the National Geographic Society - palomar Observatory Sky Survey (NGS-POSS) obtained

using the Oschin Telescope on the Palomar Mountain. The NGS-POSS was funded by a grant from the National Geographic

Society to the CaliforniaInstituteof Technology. The plates were processed into the present compressed digitalform with their
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Fig. 8. Isointensity X-ray map of the Pegasus I group superposed onto the optical plate form the Digitized Sky Survey, smoothed
with a gaussian function with a ----22".5.

or other sources are present. Table 6 lists the counts rates for the clumps present. Counts are extracted in a circle of

radius given in the table and the background is estimated locally from adjacent annuli. The positions are obtained

from a combination of sources found by the detect algorithm and "eye-judgment" of the contour map. The luminosity

of these "clumps" is in the range 1-10 xl04° erg s-_, if they are at the Pegasus distance (75 Mpc).

Some of the X-ray structure is probably due to unrelated sources, most of which are coincident with optical
candidates. It is clear from the map that most of the galaxies have no X-ray counterpart and vice versa, most of

the X-ray sources or clumps of gas visible in the field are not associated with galaxies. The only notable exception,

permission. The Digitized Sky Survey was produced at the Space Telescope Science Institute under US Government grant NAG
W-2166.



Source RA 6 Radius Counts Err. fx
J2000 ' erg cm -2 s -1

1 23:19:26.2 8:07:25.2 0.83 76.34 11.6 3.9 ×10 -14
2 23:19:28.6 8:17:20.2 0.83 275.24 19.1 1.6 xl0 -13
3 23:19:37.0 8:19:31.1 1 724.14 29.9 3.2 xl0 -13
4 23:20:09.2 8:09:57.0 0.7 25.70 11.4 1.7 xl0 -14
5 23:20:11.0 8:07:54.1 0.67 42.96 11.0 1.8 x10 -14
6 23:20:32.9 8:18:30.5 0.83 37.66 10.2 1.6 xl0 -14
7 23:20:38.0 8:21:25.5 1 693.25 28.6 2.4 xlO -13
8 23:20:46.5 8:30:54.2 1 78.17 13.4 4.7 ×10 -14
9 23:20:55.1 8:02:45.5 0.67 43.16 9.0 2.7 xl0 -14

10 23:21:16.7 8:10:30.3 0.83 51.30 10.7 2.4 xl0 -14
11 23:21:31.5 8:02:05.2 0.83 76.49 11.1 4.2 xl0 -14

besides the two galaxies NGC7619 and NGC7626 already discussed, is NGC 7617, an SO galaxy of mB = 14.8, clearly

coincident with a peak of emission in the tail of NGC 7619. The excess counts for this source (# 4 in Table 6) are
estimated on a 0.7' circle at the position of the galaxy, above the local background, estimated in an annulus of 0.7' - 2'

inner and outer radii respectively concentric to the source region. If the excess is attributed to the galaxy, NGC7617

would have an X-ray luminosity of 1.3 x 1040 for a 1 keV thermal spectrum (appropriate for an early type galaxy)
and line-of-sight column density. The X-ray-to-optical flux ratio of 30.1 would put this galaxy among the low X-ray

luminosity galaxies, i.e. those galaxies in which the gaseous component does not dominate the emission (if it is present

at all, see Fabbiano et al 1992).

The correspondence with NGC 7617 could alternatively be interpreted as chance coincidence, and this X-ray en-

hancement, together with the irregular appearance of the tail morphology, as inhomogeneities in the tail of NGC 7619.

Similar inhomogeneities have already been reported in the emission of NGC507 (Kim & Fabbiano 1995), A85 and

A496 (Prestwich et al 1995) and NGC1399 (Kim et al 1995) among others. A spectral analysis of such features in

other groups indicates that they might be cooler denser condensations in the hot gas. Unfortunately, given the limited

statistics of this observation, we can only measure the global spectral characteristics of the tail in the Pegasus I group.

Cooler condensations could be the signature of density inhomogeneities induced by thermal instabilities, possibly trig-

gered by dynamical effects. The evidence of a tail-type emission in NGC7619 would also point to dynamical effects,

like stripping of gas as the galaxy moves into the denser cluster medium (the first example of a similar feature observed

in NGC4406 was in fact interpreted as the result of the dynamical interaction with cluster gas, Forman et al 1979).

An intergalactic medium is known to be present from Einstein observations of this region (Canizares et al 1986),

and it is also visible in the contour map of Fig. 8 and in the radial profile of Fig 5 out to a radius of ,-, 16' - 20'

from the galaxy's center (the background template has been normalized outside of this region, therefore no excess can

be measured at larger radii, see Section 2.1). To avoid the obscuration due to the PSPC support structure, we have
however restricted our estimate of the diffuse group emission to r _ 16'. In the region comprised between 2' and 16'

centered on NGC 7619 and excluding the sector containing the tail (170°-280°), a 2' circle around NGC 7626, and the

other possible interlopers, we find about 2000 excess counts. If we correct for the area excluded, we estimate a total of

--, 3200 counts in the full 16' circle. The spectrum of this emission is consistent with a thermal model with kT--1.1-1.9

kT (90% confidence). The flux, f_ _ 2.5x10 -12 erg cm -2 s-1, corresponds to L_= 1.7 xl042 erg s-1 (D = 75 Mpc),
comparable to the luminosity of the NGC7619 complex emission.

To estimate the density of the intergalactic gas, the tridimensional spatial distribution must be known. Assuming

spherical symmetry, and filling factor of unity, we have derived an average density of -_ 1.9 x 10 -4 cm -3. This is

probably an underestimate of the real gas density in the group since the emission does not seem to fill uniformly the

observed surface (a circle of r=16'). The corresponding total mass of gas in the same volume is Mgas "" 8 x 1011 M O.

These results are entirely consistent with the estimates based on the Einstein data (Canizares et al 1986), and
with those summarized for a sample of poor clusters of galaxies by Price et al (1991), also based on Einstein data.



"DigitizesSkySurvev".Tl_etotalnumberofsourcesdetectedmoreoverisentirelyconsistentwiththeexpectednumber
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Fig. 9. lsointensity X-ray map of the Cancer subgroup A (NGC2563) superposed onto the optical plate form the Digitized Sky
Survey. A smoothing function with _ = 22."5 is applied to the data.



X-ray contours over the "Digitized Sky Survey" plate of the area), there are secondary peaks of emission, several of

which, unlike in the case of the Pegasus I group, coincide with galaxies. The net counts associated to these peaks are

listed in Table 7.

Table 7. Sources in the NGC 2563 field

Source RA 6 Radius Counts Err. fx

J2000 ' erg cm -2 s -1

1 8:18:38.5 20:46:43.7 1.5 92.34 28.79 3.80×10 -14

2 8:18:40.3 21:02:16.6 1.5 325.00 34.78 1.22×10 -is

3 8:18:52.6 21:23:25.3 1.5 155.03 29.54 6.15×10 -14

4 8:18:58.7 21:26:03.8 0.7 79.68 30.35 3.20× 10 -14

5 8:19:13.2 21:10:50.7 0.7 52.29 11.22 1.78x10 -i4

6 8:19:17.9 21:02:32.1 1.5 92.52 14.44 3.09×10 -14

7 8:19:28.9 21:10:49.5 1.5 129.16 28.40 4.22x10 -14

8 8:19:34.6 20:57:09.8 0.7 77.80 14.37 2.53×10 -14

9 8:19:37.1 20:42:58.9 1.5 296.93 31.58 1.09x 10 -13

I0 8:19:40.2 21:06:26.3 0.7 71.11 14.06 2.23×10 -14

11 8:19:47.1 21:18:13.5 0.7 61.85 12.42 2.05×10 -14

12 8:19:52.0 20:59:11.1 0.7 54.04 12.94 1.75×10 -14

13 8:19:52.9 21:01:32.3 0.7 54.04 13.17 1.64 × 10 -14

14 8:19:58.6 21:07:02.2 0.7 176.47 18.09 5.29×10 -14

15 8:20:02.5 20:55:28.4 0.7 71.18 13.82 2.17x10 -14

16 8:20:18.0 21:13:35.4 0.7 68.85 13.84 2.09× 10 -14

17 8:20:20.0 21:05:07.6 0.7 42.87 13.91 1.26×10 -14

18 8:20:21.9 21:08:04.3 0.7 42.78 14.07 1.25x10 -14

19 8:20:30.6 20:56:15.7 0.7 58.06 12.91 1.74×10 -14

20 8:20:33.2 21:24:47.2 1.5 113.00 25.37 3.86×10 -14

21 8:20:42.1 20:57:19.3 0.7 265.74 20.28 7.88X10 -14

22 8:20:43.4 21:08:30.8 0.7 36.06 13.38 1.06×10 -14

23 8:21:01.5 21:28:48.5 1.5 139.56 25.57 5.10×10 -14

24 8:21:02.6 20:47:31.8 1.5 451.97 32.69 1.50x10 -13

25 8:21:07.1 21:17:27.0 0.7 41.93 12.33 1.36×10 -14

26 8:21:24.7 21:27:26.0 0.7 117.98 28.14 4.36× 10 -14

27 8:22:14.9 21:05:41.2 1.5 215.81 28.10 7.73×10 -14

Counts are extracted in circles of 0.'7 or 1.'5 radii (smaller for sources in denser/more confused area), and the

background is estimated from an adjacent annulus. The positions are obtained from a combination of the peaks found

by the detect program and "eye-judgment" of the contour map. If these sources are at the distance of NGC2563, their

luminosities (1 keV spectrum with line-of-sight column densities) are in the range ,_ 1040 - 1041 erg s -1 consistent

with the luminosities of normal galaxies. However, not all of the clumps are associated with galaxies, and vice versa,

not all galaxies are associated with clumps in the X-ray emission. Therefore a direct association clumps-galaxies must

be made with some caution. In particular, as already mentioned for the case of the Pegasus I group, inhomogeneities

have been observed in other groups and clusters, apparently not associated with optical objects. The 'sources' N. 4, 6,

12 and 18 appear to coincide with early type galaxies of the Cancer subgroup A (Zw 119048, 119053, 119058, 119063

respectively), and source 27 coincides with an early type galaxy of subgroup B (Zw 119072). Source 10 is associated

to a late type galaxy (Zw 119055), also from subgroup A. Most of the other clumps appear to coincide with one or

more object in the "Digitized Sky Survey" plate. A detailed analysis of the spectral properties of these sources cannot

be done at this stage, due to the limited statistics available.

The contour map of Fig. 9 indicates that the extended emission is probably associated only to Group A, and should

be assigned a distance based on the 4705 km s -1 velocity that Bothun et al (1983) have estimated for that group.



(Group 13 is also at a much higher average veloc]iy, v--'6326 km s-l). At the distance of 12£5 Mpc, L: --- 1.5 xl041
-1

erg s

The radial distribution of the emission (Fig. 3) is one of the flattest of the present sample of galaxies and is very
similar to other radial distributions reported for galaxy groups (NGC 507, Kim &: Fabbiano 1995;NGC 1399, Kim

et al 1995). It is therefore likely that the group emission dominates also in this case outside of the inner 1' (30 kpc)
i.e. outside of the optical size of the galaxy, as measured by the UGC (Nilson 1973). The temperature profiles also

indicates that the gas is isothermal outside of the inner 1' region, where a cooler galaxy gas is found.

As shown by Table 5, to NGC2563 is associated the largest gravitational mass we have calculated. The total mass,

MT _ 1013 Mo, is comparable with the total masses estimated for other groups of galaxies (NGC5044, David et al

1994; NGC507, Kim &: Fabbiano 1995; NGC4261, Davis et al 1995). However, our estimate is about a factor of 10 less

than that derived from the dynamical properties of the group, as estimated by Bothun et al (1983). If we use our mass

estimate, we can calculate the mass-to-light ratio both for the group as a whole (i.e. taking into account all of the
optical light as given by Bothun et al.) and for the single galaxy (i.e. assuming that the whole X-ray emission should

be attributed to NGC2563). This results in M/L in the range 10-150 respectively.

6. Other Galaxies in the Observed Groups

The present observations of the two groups (Pegasus and Cancer) are much more sensitive than those obtained with

the Einstein instruments. The Cancer field in particular has been observed for 50000 sec., which allows us to detect
sources as faint as _> 2 x 10 -14 erg cm -_ s -1. This corresponds to a luminosity L_ --, 1040 erg s-1, for the spectral

parameters of Table 6 at the assumed Cancer distance. In the NGC533 field, NGC521, a bright late type galaxy in
the same group (GH14, Geller &: Huchra 1983) is also detected with fz _ 1.4 × 10 -13 erg cm -2 s -1, corresponding

to L_ -_ 2 × 1041 erg s-1 (for a 5 keV thermal bremsstrahlung spectrum, with line-of-sight absorption). As already

noticed, besides the targets, 6 of the galaxies in Cancer (5 early and one late types) and one (early type) in Pegasus
have been individually detected, at fluxes f, > 2 x 10 -14 erg cm -_ s-1. This corresponds to X-ray luminosities in

the range 1-10x 104° erg s -1 , entirely consistent with the X-ray luminosities of normal galaxies (Fabbiano et a] 1992).

Moreover, these are among the optically brighter objects. Therefore, given the observed trend that brighter galaxies

are also on average more X-ray luminous, the lack of detection of all galaxies is entirely consistent with this trend and
with the related scatter.

If the association of the excess counts with the corresponding optical galaxy is real, the X-ray to optical ratio

for these objects spans from a value of ,-- 29.6 for NGC2562 (source 18 in Cancer) to ,-, 31 for source 27 in Cancer,

associated with a Group B galaxy (ZWl19072), e.g., they cover the entire range observed for early type galaxies (Kim
et al. 1992).

7. Conclusions

ROSAT PSPC observations of 5 X-ray bright early-type galaxies are analyzed and the spectral characteristics of the
X-ray emitting hot gas that dominates the emission are derived.

The morphology of the gas appears in most cases to deviate from azimuthal symmetry, indicating that the assump-

tion of spherical symmetry is often an oversimplification of the real distribution of the gas. Several clumps or additional

sources are also observed, some of which could be related to the presence of a group emission. In the NGC2563 field

several of this seemingly unrelated sources appear to coincide with galaxies in the group. Whether these are detections

of individual galaxies or whether they are substructures of the group gas that coincide with the presence of a galaxy is

not known. However, if these are individual galaxies, their X-ray luminosity is consistent with those of normal galaxies
of the same optical luminosity (cf. Fabbiano et al 1992).

We find that the gas has an average temperature of 0.8-1 keV, and that a positive temperature gradient is suggested
in a few cases. However care must be taken when comparing temperatures for different systems, since they have been

sampled over very different physical regions. In NGC4649, a bright galaxy in the Virgo cluster, the gas temperatures

are estimated within a 35 kpc radius, and therefore we are most certainly in the galaxy itself. In NGC2563, at the
center of group A in the Cancer cluster, the observed X-ray emission extends out to ,,_ 400 kpc and is probably due to

the whole group, while the galaxy gas only contributes (and possibly dominates) in the inner 1_ region (corresponding



gradients are present only in the gas of the galaxy proper (as is the case for example of NGC 4636; Trinchieri et al

1994), then a fair comparison between objects calls for spatially resolved spectra over the same linear size, which is

only achievable at the present time for a handful of the most nearby, brightest objects. Until instruments with the

appropriate spatial resolution coupled with high sensitivity and spectral capability become available (such as AXAF)

we are not likely to resolve the issue of what are the properties of the emission from gas dominated early type galaxies

compared to those of more complex systems (groups and clusters).

The determination of temperatures and densities at different radii could in principle be used to estimate the total

mass of the system. However, at large radii, where a mass measure would be most interesting, temperatures are not

well determined, and often only lower limits could be derived. Estimates of the total mass therefore remain highly

uncertain. Formal values are in the range of a few × 1012 M O for individual galaxies to a few x 1013 M O for groups. This

leads to M/L values of ,-, 30-100 and to a "visible" to total mass fraction of the order of ,-, 20% for all systems. The

Cancer group seems to be an exception, with a "visible" mass that could be as high as ,-, 100% of the total. However,

as already discussed, the X-ray derived MT is significantly smaller than that derived from dynamical considerations

(Bothun et al 1983). The X-ray derived mass is in good agreement with similar results for other poor groups of similar

dynamical properties (i.e. similar velocity dispersion). Since we are not aware of a systematic comparison between

total mass derived from X-ray or dynamical methods for poor groups, this discrepancy could be also found in other

systems.
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