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Abstract. We present Rosat X-ray observations (with PSPC
and HRI instruments) of a sample of radio galaxies belonging
to the B2 catalog (3C31, 0206+35, 1113+29 and 1553+24). The
source 3C31 (B2 0104+32) belongs to the group Arp 331 which
shows emission from a diffuse hot intra-group gas and from the
brightest members of the group. We discuss both the morpho-
logical and spectral features of this extended region deriving,
in the framework of an isothermal beta model, the core radius,
the central density, the mass of the emitting material and grav-
itational mass, obtaining indications on the presence of dark
matter. A comparison of X-ray and radio data shows that the
thermal pressure of the external gas exceeds the minimum pres-
sure of the radio components, apart from the region close to
the nucleus where the jet is over-pressured. The X-ray emis-
sion from the single members of the group and from the other
galaxies of the sample are consistent with a thermal spectrum
originating from hot halos, which is a common feature in early
type galaxies. We discuss the main morphological and physical
properties of these coronae. Furthermore, using also the data of
previous works, we confirm the strong correlation between the
X-ray and optical luminosities of all these galaxies.

Key words: galaxies: intergalactic medium – galaxies: jets –
radio continuum: galaxies – X-rays: galaxies

1. Introduction

The discovery of X-ray emitting hot coronae and intracluster gas
by the Einstein satellite has allowed a significant improvement
in the understanding of the physical properties of galaxies.

Most important for its cosmological implications was the
discovery of dark matter in groups and clusters. Moreover, the
evolution of radio sources on small and large scales is critically
governed by the interaction of the emitted plasmoids or jets with
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the external hot plasma. Among these effects one can recall the
confinement and stability of jets, the entrainment of external
gas, and the onset of terminal and internal shocks where parti-
cle acceleration may occur (Fanti 1984, Burns 1986, Bicknell
et al. 1990). The theoretical modeling of these processes re-
quires the knowledge of the physical parameters of the radio
emitting plasma (deduced from radio observations) and of the
hot external gas (obtained from X-ray data).

One of the most relevant results of X-ray observations of the
ambient medium that surrounds low brightness sources is that
the radio emitting components seem to have a minimum pres-
sure lower than the external hot gas (see Morganti et al. 1988,
Feretti et al. 1990, 1992). This trend has been recently confirmed
by Rosat observations of a small sample of low brightness ra-
dio galaxies of the B2 catalog (1615+35, 1621+38, Feretti et al.
1995; 1122+39, Massaglia et al. 1996).

We present here, in the same scheme, the results of Rosat
pointed observations of the radio galaxies 3C31 (B2 0104+32),
B2 0206+35, B2 1113+29 and B2 1553+24. The radio sources
3C31 and 0206+35 have been observed with both the Position
Sensitive Proportional Counter (PSPC) and the High Resolution
Imager (HRI), while for the two last objects we have data from
the HRI only. Besides 0206+35, the other radio galaxies have
been observed with the Einstein observatory by Morganti et al.
(1988), who have first shown that radio blobs exist with pressure
lower than the external one.

The outline of this paper is the following. In Sect. 2 we
recall the main results obtained from previous observations of
these sources in X-rays and at other wavelengths; in Sect. 3
we report the details of the present observations and the data
analysis. In Sect. 4 we discuss results from the morphological
and spectral analysis for all the sources, while in Sec. 5 we
deduce and discuss the relevant physical parameters and their
interpretation, including also the results obtained in our previous
published papers. The results are summarized in Sec. 6.

A Hubble constant H0=50 km s−1 Mpc−1 is used throughout
the paper.
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Table 1. Source parameters

Name z R.A. (2000) DEC mB S1.4 LASa

h m s ◦ ′ ′′ mJy ′′
3C31 0.0169 01 07 24.0 32 24 36 13.4 5280 1500
B2 0206+35 0.0375 02 09 38.3 35 48 00 14.3 2050 89
B2 1113+29 0.0489 11 16 33.6 29 15 00 15.1 1810 91
B2 1553+24 0.0426 15 56 04.8 24 26 00 15.4 124 55
a Largest Angular Size at 1.4 GHz

Table 2. Observational details

Name Instrument Date Exposure
(s)

3C31 PSPC Jul 91 29,430
HRI Jan 92 2,765

B2 0206+35 PSPC Jul 92 14,843
HRI Feb 94 21,590

B2 1113+29 HRI May/Jun 92 6,547
B2 1553+24 HRI Mar 94 8,466

HRI Aug 94 20,559

2. The sources

We recall here the main features of the objects under study. The
source data are given in Table 1.

2.1. 3C31 (B2 0104+32, NGC 383)

The radio source 3C31 is associated with the galaxy NGC 383,
the brightest member of the the group (chain) Arp 331, in the
Perseus-Pisces super-cluster, comprising NGC 379, NGC 380,
and NGC 382-386 (NGC 382 is at ≈ 35′′ from NGC 383 in
the SW direction). The galaxy shows a dust lane at ≈ 3.7′′

from the central region (Fraix-Burnet et al. 1991) and is also an
infrared source with a total luminosity in the range 10−100µm
of LIR ≈ 8 × 1043 erg s−1 (Impey, Wynn-Williams & Becklin
1990).

At radio wavelengths, 3C31 is an intermediate luminosity
source (P1.4 GHz ≈ 1024 W Hz−1) that shows two prominent
radio jets emerging from a central unresolved core, for a total
extent of ≈ 25′ (≈ 750 kpc, see Strom et al. 1983).

Observations with the IPC detector of the Einstein satel-
lite provided quite detailed data on the hot gas surrounding the
galaxy (Morganti et al. 1988). In the HRI, an unresolved source
was detected coincident with the galactic nucleus and the radio
core.

2.2. B2 0206+35 (4C 35.03)

The elliptical galaxy associated to this source (UGC 1651) be-
longs to the Zwicky cluster 0216.0+3625. The two radio jets
emerging from the nucleus, have at 1.4 GHz an extension of
≈ 35′′ (≈ 40 kpc) in the NW - SE direction. They appear to
be embedded in a weaker diffuse radio emission of total extent
≈ 1.5′ (≈ 100 kpc; Parma et al. 1987, Morganti et al. 1987).
At X-ray frequencies a point-like source plus extended emis-

sion has been detected from a pointed Rosat/PSPC observation
(Worrall & Birkinshaw 1994).

2.3. B2 1113+29

This radio source (also known as 4C29.41) is associated to the
galaxy CGCG 156-046 belonging to a double system of galaxies
close to the center of the cluster Abell 1213. At radio frequencies
it shows a double structure with total size≈ 120 kpc with a one-
sided jet of length ≈ 45 kpc (Fanti et al. 1986). An extended
weak X-ray emission associated to the cluster has been detected
in the IPC of Einstein (Morganti et al. 1988).

2.4. B2 1553+24

The radio source is associated to the galaxy CGCG 137-003,
which has been found to show Hα emission in the central
region (Morganti et al. 1992). At radio frequencies two twin
‘naked’ jets of size ≈ 30 kpc emerge from the core (Parma et
al. 1987). A weak extended X-ray emission has been detected
by the Einstein-IPC (Morganti et al. 1988).

3. Observations and data reduction

The observations were performed with the ROSAT HRI and
PSPC detectors ( see Trümper 1983, and Pfeffermann et al.
1987). The data analysis has been carried out employing the
January 1996 release of the Exsas package (Zimmermann et al.
1995). The observation of 3C31 (PSPC and HRI) and 0206+35
(PSPC) have been extracted from the public archive, while the
other pointed observations were proposed by the authors.

All the data have been corrected for vignetting and dead-
time, and the contamination from high energy particles has been
removed. To avoid too high background towards the end of each
orbital transit, the PSPC exposure of 3C31 has been reduced to
25,756 s.

The background has been extracted from annuli centered on
the target position, with size depending on the source extent. In
the PSPC observation of 3C31 the outer region of the diffuse
emission of size ∼ 0.6◦ is masked by the detector supports. In
such a case the background has been selected from a circular
corona with internal and external radius 4,500 and 6,000 pixels,
respectively, removing the ‘dead’ regions hidden by the support
structure of the PSPC.

For the spectral analysis, only the channels 11 - 235 of
the PSPC were considered, corresponding to an energy range
0.15−2.1 keV. The errors reported in the text for the parameters
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Fig. 1. Left: Overlay of the PSPC X-ray contours onto the grey-scale image of the optical (red) plate of 3C31 (B2 0104+32). The X-ray map has
been smoothed with Gaussians of increasing width with decreasing count rate up to ∼ 3′ (FWHM), to enhance the low brightness structures.
Contours are at 64, 66, 68, 69, 70, 73, 75, 81, 94% of the peak of 3.71 counts pixel−1 (1 pixel = 4.5′′ × 4.5′′). The first contour corresponds
to a level of about 3σ above the background. Sources are labeled according to Table 1 (in this and the following figures the coordinates are at
J2000). Right: The same as in the left panel, showing the X-ray emission of the galaxies of the chain Arp 331, smoothed with a Gaussian of 30′′

(FWHM). Contours are 9, 15, 21, 30, 42, 61, 91% of the peak emission of 1.65 counts pixel−1 (1 pixel = 2′′ × 2′′)

obtained from the spectral fits are at 68% confidence values. The
positional errors in the PSPC and HRI maps have been corrected
by overlaying the X-ray maps on the optical plates.

The observational details for each source are summarized
in Table 2, while the main X-ray data, with the corresponding
count rates, are reported in Table 3.

The optical maps have been extracted from the digitized
Palomar Sky Survey (PSS).

4. Results

4.1. 3C31 group

X-ray emission has been detected in the PSPC from the five
most luminous galaxies of the chain Arp 331. These sources are
embedded in a region of diffuse emission which extends beyond
the ring-like support of the detector. The X-ray contour maps
showing the diffuse region and the emission from the single
galaxies of the chain are shown, overlayed to the optical plates
of the same region, in Fig. 1.

With the HRI detector, emission has been detected from
NGC 383 and NGC 380 only, due to the short observation.

4.1.1. Diffuse component

The diffuse component detected with the PSPC shows an ap-
proximate radius of ≈ 17′ (corresponding to a total extension
of ≈ 1 Mpc) with an emission peak at ≈ 1.5′ southwards from
the center of NGC 383.

The spectrum of the diffuse component has been fitted to an
optically thin plasma model (Raymond & Smith 1977; see Fig.
2). The results of the spectral analysis are summarized in Table
4. The parameters are obtained by fixing the hydrogen column
density to the Galactic value. By leaving the hydrogen column
density as a free parameter, we obtainNH = 6.6+2.0

−1.1×1020 cm−2,
consistent within the errors with the Galactic absorption, a tem-
perature kT = 1.46+0.08

−0.10 keV and a metallicity (with respect to
the standard cosmic value) M = 0.36+0.15

−0.13.
In order to check the degree of homogeneity in temperature

of the diffuse emission we have verified that fits to the flux
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Table 3. Detected sources

Source R.A. (2000) DEC NH,gal CRPSPC CRHRI Size (FWHM)
h m s ◦ ′ ′′ ×1020 cm−2 ×10−2 s−1 ×10−3 s−1 ′′

Diffuse 3C31 01 07 23.1 32 22 59 5.23 43.0± 9.0 710

NGC 383 (3C31) 01 07 24.8 32 24 52 5.23 1.90± 0.13 6.3± 1.7 <5

NGC 379 01 07 15.7 32 31 24 5.36 0.39± 0.06 <25

NGC 380 01 07 17.5 32 29 09 5.36 1.20± 0.10 5.9± 2.4 <5

NGC 384 01 07 22.8 32 17 50 5.23 0.15± 0.03 <25

NGC 385 01 07 26.7 32 19 22 5.23 0.23± 0.04 <25

B2 0206+35 02 09 38.6 35 47 50 5.84 2.1± 0.3 6.6± 1.2 < 25a

B2 1113+29 11 16 34.5 29 15 11 1.59 2.0± 0.6 <5

B2 1553+24 15 56 3.9 24 26 53 4.47 3.0± 0.4 4.5
a The compact source is surrounded by an extended region of size ≈ 160′′

from the inner (circle with radius≈ 8′) and outer zone (circular
corona within≈ 8′− 17′) lead to a temperature consistent with
that deduced considering the whole region. This is confirmed by
a fit with a two-temperature thermal spectrum that has revealed
no evidence of a second thermal component.

To test the matter distribution within the group, we have
analyzed the fluxes selected from four circular regions of radius
≈ 6.5′, with the center at ≈ 12′ and in the NE, NW, SW and
SE directions from the central emission peak. The values ofNH

and M are different in the various sectors, but always within
the statistical errors, except in the NW region where we find
NH >∼ 9 × 1020 cm−2 at 99.7 % confidence level. The low
quality of the fits does not allow further discussion, however
the origin of this extra absorption is not clear. One possibility
could be the mixture of components at different temperatures.
For the purposes of the present study, we will consider the whole
region of diffuse emission with the spectral parameters obtained
assuming NH = NH,gal. The total flux is given in Table 5.

A radial profile of the brightness distribution of the extended
region has been obtained by integrating the counts over annuli
of 30′′ of size, centered on the approximate X-ray centroid.
The radial profile was fit to an hydrostatic isothermal model,
described by the functional form (Cavaliere & Fusco-Femiano
1981, Sarazin 1986):

I(r) = I0(1 + r2/r2
c )−3β+0.5

where I0 is the central surface brightness, rc is the core radius,
and β is the ratio between kinetic energy of the galaxies and
the thermal energy of the gas. The background is also fit and
the instrument point spread function is taken into account. The
parameters obtained from the fit are: I(0) = 4.6 × 10−7 cts
s−1 arcsec−2, β = 0.61 ± 0.06 and rc = 460′′ ± 60′′, with a
reduced χ2 ≈ 4. The diffuse emission, which appears quite
isotropic, extends up to ≈ 3rc, so that it is partially obscured

by the ring-like detector support, preventing the achievement of
a better fit. Following Feretti et al. (1995) the values of β and
rc allowed us to derive the central density value of the emitting
gas of the extended component, nc ' (6.5±0.3)×10−4 cm−3.
The mass of emitting gas, within one core radius, turns out to
be Mgas ' 3.5− 6× 1011 M�.

4.1.2. Emission from the galaxies of the chain Arp 331

The radial count rate distribution for NGC 383 is basically
consistent with the point spread function of both PSPC and
HRI instruments. Keeping the hydrogen column density fixed
to its Galactic valueNH,gal, the flux is consistent with a thermal
Raymond-Smith spectrum (see Table 4 and Fig. 3). A power-law
spectrum does not fit the data, however a non-thermal fraction
from a point-like central source cannot be excluded. Fixing the
photon index of the non-thermal component (α = −1.9), its
contribution to the total flux increases from ∼ 25% to ∼ 60%
for M = 0.1 → 1. The large statistical errors do not allow a
more detailed spectral analysis.

With the parameters deduced from the PSPC data, we expect
in the HRI a count rate≈ 7×10−3 s−1, which is consistent with
the observed photon flux. Even though not yet conclusive, due to
the very short exposure (18 photons detected), these data imply
small dimensions for the emitting region region (<∼ 5′′).

The PSPC radial profile for NGC 380 is consistent with
the point spread function of the detector. The spectral analysis
provides results quite similar to those obtained for NGC 383: the
flux is consistent with a thermal emission (see Table 4 and Fig.
3), with a possible contribution from a non-thermal component.
The fit to a power-law spectrum is not acceptable, as expected
for a radio quiet object.

In the short HRI exposure the brightness profile is typical
for a point-like source, with the count rate as expected from the
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Fig. 2. a Spectrum of the diffuse source surrounding 3C31 and the chain Arp 331 assuming an optically thin thermal plasma spectrum. b
Confidence levels at 68%, 95% and 99% of the metallicity M versus the temperature kT . c The same as in panel b for the temperature kT
versus the hydrogen column density NH

Table 4. X-ray parameters for thermal model

Source kT M χ2/(d.o.f.) Factor/10−11 FX/10−13 a

keV erg cm−2 ct−1 erg cm−2 s−1

Diffuse 3C31 1.50+0.08
−0.11 0.48+0.15

−0.11 0.8 (99) 1.84 (PSPC) 79.1

3C31 0.80+0.15
−0.15 0.08+0.08

−0.03 0.7 (16) 1.66 (PSPC) 3.15

NGC 379 0.57+0.30
−0.28

>∼ 0.04 1.4 (7) 1.69 (PSPC) 0.66

NGC 380 0.90+0.14
−0.15 0.22+0.78

−0.12 0.7 (11) 1.58 (PSPC) 1.9

NGC 384 0.9b 0.2b 1.59 (PSPC) 0.24

NGC 385 0.9b 0.2b 1.59 (PSPC) 0.37

B2 0206+35 1.27+0.83
−0.30

>∼ 0.03 0.7 (11) 1.60 (PSPC) 3.37

B2 1113+29 1b 0.5b 3.08 (HRI) 0.62

B2 1553+24 1b 0.5b 3.56 (HRI) 1.07

a Energy band: 0.1 - 2.4 keV b Assumed values
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Fig. 3. Above: Confidence levels at 68%, 95% and 99% of the metal-
licity M versus the temperature kT (withNH = NH, gal) for NGC 383
assuming an optically thin thermal plasma spectrum. Below: The same
as in the upper panel for NGC 380

PSPC observation. Therefore also for NGC 380 the dominant
emission is thermal and quite concentrated towards the galactic
center.

The weak emission from NGC 379, NGC 385 and NGC 384
does not allow a useful determination of the spectral parameters
(see Table 4). For NGC 379 only, we can have an estimate of
the temperature and a lower limit for the metallicity. For the
computation of flux and luminosity, we assumed the parameters
derived for NGC 380.

4.2. B2 0206+35

We have reanalyzed the PSPC observation presented by Worrall
& Birkinshaw (1994), using also the information derived from
the HRI data. The contour maps of the PSPC X-ray image of B2
0206+35 and the overlay of the X-ray map on the radio image
are presented in Figs. 4: the compact central source, consistent
with the PSF, is surrounded by an extended halo of very low
brightness (radius ≈ 2.5′).

In the HRI only the central compact region is detected, with
a count rate lower by a factor≈ 2.5 than the photon flux detected

in the PSPC observation. The source appears extended (radius
≈ 30′′), however, an inspection of the HRI pointing stability
implies that the attitude errors can be quite larger than expected.
Therefore it is not possible to say whether this region is actually
extended or point-like.

This complex structure is not consistent with a simple hy-
drostatic model. In Worrall & Birkinshaw (1994) the extended
emission was fitted to a beta model with rc ≈ 70 kpc, assuming
β = 0.67. This value of the core radius is much higher than
found in similar objects (see e.g. Feretti et al. 1995, Massaglia
et al. 1996), therefore we cannot exclude a contribution from
an intra-group plasma to the X-ray emission from the galactic
atmosphere. It is also worth noticing that there is a weak narrow
tail of emission in the E direction (∼ 4σ above the background,
See Fig. 4).

Due to the low count rate and the extension of the source,
very little information can be obtained from the spectral analy-
sis. The detected emission is consistent with both a thermal and
a non-thermal spectrum; Worrall & Birkinshaw (1994) fit the
data to a two component spectrum (thermal + power law), but
without a useful determination of the parameters.

If the total emission from the inner and outer regions origi-
nates from a hot plasma, the spectral analysis yields a somewhat
high temperature for a hot corona (see Table 4). Conversely,
one expects a non-thermal spectrum if the emission detected
in the HRI is point-like and associated to a compact source in
the galactic center. Assuming a two component spectrum, with
the same parameters for the thermal spectrum as in Table 4,
and fixing α = −1.9 for the power law spectrum, we deduce
Fth = 1.6×1042 erg s−1 andFpl = 2.0×1042 erg s−1, consistent
with Worrall & Birkinshaw (1994).

4.3. B2 1113+29

This source appears point-like in the HRI. The X-ray emission
could be of non-thermal origin, associated with the active nu-
cleus. However, given the short exposure, we cannot exclude
that the X-ray emission is the tip of a gaseous extended atmo-
sphere. The flux and luminosity have been evaluated assuming
thermal emission.

4.4. B2 1553+24

The HRI map of 1553+24 is given in Fig. 5. The X-ray emission
appears elongated in the direction of the galaxy optical minor
axis. A brightness radial profile was obtained by integrating in
concentric annuli of 5′′ around the X-ray peak. A fit of the radial
profile to the hydrostatic isothermal model does not give reliable
results, probably because of the asymmetry in the brightness
distribution. By comparing the source profile with the PSF, we
evaluated that the source size is≈ 4.5′′, with the contribution of
a possible point-like component to the total count rate of <∼ 45
%. The same spectral parameters as in B2 1113+29 have been
assumed to evaluate the luminosity.
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Fig. 4. Left: Overlay of the PSPC X-ray contours onto the grey-scale image of the optical (red) plate of B2 0206+35. The X-ray map has been
smoothed to a Gaussian of 55′′ (FWHM). Contours are at 13, 20, 27, 34, 51, 68% of the peak of 6.23 counts pixel−1 (1 pixel = 7.5′′ × 7.5′′).
Right: Overlay of the radio contour map onto the grey-scale PSPC image. The radio image was obtained with the Very Large Array at1.4 GHz,
with angular resolution of 1.5′′ (Parma et al., unpublished). Contour levels are 0.6, 1.8, 3, 6, 10, 14, 20, 30, 40, 80 mJy/beam

5. Discussion

5.1. Hot coronae

It is now well established that elliptical galaxies have hot coro-
nae (T ≈ 107K) which emit at X-ray frequencies (see, e.g.:
Fabbiano 1989 and references therein). The relationship be-
tween X-ray and optical luminosities has been studied by many
authors (e.g., Donnelly et al. 1990). Here we examine this rela-
tion for the objects studied by us: in total we have 12 ellipticals,
8 of which are radio loud, considering also the objects analyzed
in Feretti et al. (1995) and Massaglia et al. (1996).

For NGC 6109 (B2 1615+35), which in Feretti et al. (1995)
was assumed non-thermal due to its point-like radial distribution
of counts (in the HRI) we assumed the same parameters of B2
1113+29 and B2 1553+24. The whole flux from B2 0206+35 has
been considered to be of thermal origin, neglecting the possible
small contribution from the intra-group medium.

The comparison of the LX − LB relationship for our ob-
jects with those in the literature, obtained essentially for radio
quiet ellipticals, may give some clues as to whether the X-ray
emission of our radio loud ellipticals is mostly thermal or non-
thermal. In Fig. 6 we plotLX versusM 0

BT assuming the distances
from Lynden-Bell et al.(1988), here after referred as 7S, and the
B0

T magnitudes from the 7S or from the Third Revised Cata-
logue (3RC, de Vaucouleurs et al. 1991). The magnitudes from
the two catalogues are in quite good agreement, except for NGC
6107, for which the 7S magnitude is brighter than that from the
3RC by about one magnitude. In this case we have chosen the 7S
magnitude, which is more recent. For B2 1113+29 we used the

Zwicky magnitude corrected to B0
T following the prescriptions

given in the 3RC. Our best fit gives:

log LX = −1.0M 0
BT + 19.4 (1)

with a regression coefficient r = 0.96. We remark the agreement
between our relationship and that of Donnelly et al. (1990),
where LX is in the 0.5 - 4.5 keV energy band: the spread of
our data around their relationship (≤ 0.25 dex) is even smaller
than the scatter found by these authors (0.35 dex). This further
points towards a thermal origin for most of the X-ray emission
for our loud ellipticals (it is worth noticing that the 4 radio quiet
galaxies of our sample do not differ from the 8 radio loud).

The core radii for the galaxies of the sample have been de-
rived for the extended objects from the fit to the hydrostatic
isothermal model. For the unresolved sources, upper limits have
been estimated from the PSF. We obtain core radii of the order of
a few kpc (see Table 5), with a possible correlation with absolute
optical magnitude.

The central gas densities have been evaluated using the pa-
rameters of the hydrostatic isothermal model, when available,
or the luminosity in the other cases. Values up to 0.1 cm−3 have
been found.

The metallicity in the galactic atmospheres discussed here
is quite low. Even if we can in principle accept values up to 1,
the most likely values for most sources seem to be <∼ 0.2 of the
standard cosmic abundances.
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Table 5. Intrinsic parameters

Source Dist. MB LX/1041 a rc n0 Cluster codeb

Mpc erg s−1 kpc cm−3

Diffuse 103 – 99.2 230 6.5×10−4 1

3C31 103 -22.07 3.95 <2 >0.1 1

NGC 379 103 -21.44 0.83 – – 1

NGC 380 103 -21.67 2.38 <2 >0.1 1

NGC 384 103 -21.24 0.30 – – 1

NGC 385 103 -21.45 0.46 – 1

B2 0206+35 224 -23.01 21.2 <18 >0.02 1

B2 1113+29 260 -22.54 6.67 <5 >0.05 2

B2 1122+39 40 -21.17 0.76 1.3 0.09 0

B2 1553+24 296 -22.32 8.73 3.6 0.07 1

NGC 6107 189 -22.83 13.2 4.1 0.049 2

B2 1615+35 189 -22.27 2.71 <3.1 >0.05 2

B2 1621+38 189 -22.98 24.1 3.2 0.051 1
a Energy band: 0.1 - 2.4 keV b Environment of the source: 0=isolated,

1=group, 2=cluster

5.2. Hot gas in poor groups

With the present data we detect the diffuse X-ray emission from
the intergalactic gas in the group of 3C31, with a much larger
size than previously imaged by the IPC on board the Einstein
Observatory.

The physical parameters (temperature, density, brightness
profile) for the intra-group plasma of the extended diffuse region
are basically consistent with the properties of other objects of
the same class. However, referring in particular to the group of
1615+35 (Feretti et al. 1995), we notice that the metallicity here
is higher by a factor ∼ 2 − 3. The metallicity of the ambient
gas in the group of 3C31 is higher than that of the individual
galaxies belonging to the group, but still consistent within the
errors except for NGC 383. However this discrepancy can be
overcome if a small non-thermal contribution to the thermal
flux is present. We also point out that the structure of the X-ray
emitting region of the 3C31 group is quite symmetric, contrary
to the distribution of galaxies in the Arp 331 chain.

5.3. Implications on the dark matter

The potential well which maintains in hydrostatic equilibrium
the hot isothermal intracluster gas implies a binding mass within
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Fig. 5. Overlay of the HRI X-ray contours onto the grey-scale im-
age of the optical (red) plate of B2 1553+24. The X-ray map has
been smoothed with a Gaussian of 7′′ (FWHM). Contours are at
11, 16, 24, 32, 48, 65, 81% of the peak of 0.62 counts pixel−1 (1 pixel
= 1′′ × 1′′)

the core radius:

Mgrav

M�
≈ 5.7× 1010β

(
T

107K

)(
rc

1Kpc

)
≈ 1.3− 1.9× 1013 .

Such value exceeds by a factor 25 - 30 the total mass of the X-ray
emitting plasma obtained in Sec. 4.1.1. This implies the presence
of a large amount of dark matter in the diffuse component, as
found in other similar objects (Mulchaey et al. 1993, Ponman
& Bertram 1993, Ponman et al. 1994, Feretti et al. 19951).

The lack of constrained morphological parameters does not
allow in general a useful evaluation of the masses of the galactic
coronae of the present sample. For NGC 383 and NGC 380,
assuming a beta profile with nc = 0.1 cm−3, rc = 2 kpc and
an outer radius of 10 kpc (see Table 5), and fixing β = 0.6,
we obtain Mgas ∼ 109M�. With these parameters we can also
deduce Mgrav/LB ∼ 3 (NGC 383) and ∼ 9 (NGC 380). Even
taking into account the large uncertainties of the parameters, we
remark that the quite low value of the mass/luminosity ratio for
NGC 383 could further suggest a small non-thermal contribution
from the nucleus to the total X -ray luminosity. For NGC 380
conversely some amount of dark matter could be present.

We could follow the same method for the inner compact
region of B2 0206+35 assuming nc = 0.02 cm−1, rc = 18 kpc
and β = 0.6, but we do not know the extension of the corona,

1 In Eq. (4) of that article it should be Σ1(x) → Σ1(x, β/2)
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Fig. 6. Plot of the X-ray luminosity (0.1 - 2.4 keV) versus theB optical
magnitude for the galaxies of the present sample. The circles refer to
radio emitting galaxies, while crosses represent radio quiet ellipticals.
The continuous line represents the best fit to the data (Eq. 1)

that merges into the wider diffuse region. As a lower limit, we
can estimate the mass inside the assumed core radius: from the
above data we obtain Mgas ∼ 8 × 109M� and Mgrav/LB ∼ 4.
These values imply that either there is a large amount of dark
matter in the halo or the core radius is much lower than the
assumed upper limit.

5.4. Radio source confinement

For radio galaxy 3C31 where the extended gaseous emission
can be fit by a hydrostatic isothermal model, we can obtain the
radial profile of the pressure of the ambient gas, and compare it
with the internal pressure obtained from the radio data. In Fig.
7, we show the comparison between the pressure of the ambi-
ent gas and the internal radio pressure computed from Strom
et al. (1983) assuming standard equipartition conditions (with
k = 1 and Φ = 1, see Feretti et al. 1995). At distances larger
than ∼100′′ from the core, the external pressure is larger than
the minimum equipartition pressure by a factor of 2 to 6, in-
creasing with distance. A discrepancy of a factor of 2 can be
accepted as due to the errors; furthermore we must take into
account possible projection effects, quite effective far from the
nucleus. However it is very likely that at larger distances from
the core the imbalance is significant, as already found in other
sources. Conversely, the jets in their innermost regions seem not
to be confined by the intracluster gas, having a minimum inter-
nal pressure∼ 5−6 times larger than that of the outer medium.
This could imply that the innermost jets are confined by the
galactic atmosphere, which is somewhat more extended that the
size detected by the short HRI exposure. The trend observed in
this source is common to the regions of low brightness in the
other radio galaxies studied so far. It is likely that the difference
between internal and external pressure is due to the numerous

Fig. 7. Plot of the equipartition radio pressure (dots, southern jet, and
triangles, northern jet) and of the allowed range of values for the thermal
pressure of the X-ray emitting gas in the extended region of 3C31 (solid
lines) versus the radial distance from the peak of X-ray emission. The
pressure is in dyne cm−2, the distance in arcsec

assumptions used for the calculation of equipartition parame-
ters, or to the presence of thermal plasma within the radio lobes.

5.5. Non-thermal component

From the present data, and those of the other B2 radio galax-
ies previously studied by us, the existence of possible central
unresolved sources of non-thermal origin is inferred. For this
component, we generally evaluate an upper limit to the count
rate from the X-ray profile, and then an upper limit to the lumi-
nosity, using a power law spectrum with photon indexα = −1.9.
These upper limits are consistent with the correlation found by
Worrall and Birkinshaw (1994) between the luminosity of the
unresolved X-ray component and the core radio emission. This
reinforces the hypothesis that a contribution from a point-like
source may be present in the radio galaxies, which may be as-
sociated with the inner radio jet. However, we cannot put better
constraints on this correlation, since we cannot estimate the ex-
act contribution of this component. Furthermore, we note that
the correlation of the radio versus non-thermal X-ray luminosi-
ties from the core could be affected by strong local absorption
(see e.g. Makishima et al. 1994). Data at higher energies are
necessary for an improved analysis.

6. Conclusions

We have analyzed the X-ray properties of a sample of low lumi-
nosity radio galaxies, and the main results can be summarized
as follows:
1. The chain Arp 331 is embedded in an extended X-ray thermal
emission (kT ≈ 1.5, M ≈ 0.5), with a luminosity peak not far
from the radio galaxy NGC 383 (3C31). The brightness profile
is consistent with an isothermal distribution, and the mass of the
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gas results to be quite lower than the binding mass. Therefore a
large amount of dark matter must be present in the group.
2. Consistent with previous results, the pressure of the hot exter-
nal gas is larger than the pressure inside the radio components,
along almost the whole length of the lobes. However very close
to the central nucleus the jet is over-pressured by a factor≈ 6−7.
3. The brightest members of the chain Arp 331 have X-ray emis-
sion fitted to thermal spectra (temperatures ≈ 0.6 − 0.9 keV),
that are likely to be associated with galactic coronae. The image
of NGC 383 appears point-like in the HRI observation. However
the higher pressure of the radio jet in its central region suggests
the possible presence of an atmosphere, not detected in the very
short HRI exposure. Furthermore a slight non-thermal contri-
bution from the nucleus of NGC 383 cannot be excluded.
4. In the HRI, the X-ray emission from B2 1113+29 and B2
1553+24 come from quite compact regions, suggesting small
sizes for their hot coronae (however we should not forget the
short exposure for the first source).
5. The structure of B2 0206+35 is quite peculiar: a central com-
pact region surrounded by an extended corona, much wider than
expected for this class of objects. The central emission region
could be associated to a galactic atmosphere, that merges into
the more extended intra-group hot gas.
6. For all the 12 galaxies of our sample, including also those
studied in Feretti et al. (1995) and Massaglia et al. (1996), the X-
ray emission is consistent with a thermal spectrum and strongly
correlated with the optical (blue) luminosity. This correlation
holds for both radio loud and radio quiet galaxies.
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