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Summary. X-ray data from the Einstein Observatory have been
collected for a number of low luminosity B2 radio galaxies, in
order to study the effect of gas pressure on radio sources.
Generally the thermal pressure of the X-ray emitting gas is
sufficient to confine most of the radio components. Various
possibilities are given for sources where thermal pressure
significantly exceeds the non-thermal pressure.

For radio lobes, we find an inverse correlation between the
central densities of the cluster gas and the size of the radio
structures.

For jets, a study of the pressure ratios is given for different
distances from the radio core. In a few cases pressure imbalance is
found in the outer regions of the jets. However, from de-
polarization data, this is unlikely to be produced by a large
thermal component inside the radio jets.
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1. Introduction

The possibility that the intergalactic medium plays an important
role in the morphologies of radio sources has been considered in a
large number of studies.

The external gas can interact with a radio source in different
ways: confining the source, modifying its morphology and
possibly “feeding” the central engine, i.e. accretion via cooling
flows (e.g. Burns et al., 1981).

Radio emitting galaxies can be found in different kinds of
environment (rich clusters, poor clusters or groups and also as
isolated objects). There is evidence (Harris et al., 1982) that the
extended structures of radio galaxies in rich clusters can be
confined by the thermal pressure of the surrounding hot gas and,
as Burnset al. (1981) pointed out, the same conditions may exist in
poor clusters. The detection of X-ray emitting hot coronae
(Bechtold et al., 1983; Forman et al., 1985) around early type
galaxies has shown that also the hot gas around these galaxies can
have characteristics (T~ 1-2 10’ K, n~1-2 10”7 ¢cm ™~ 3) suitable
to confine radio components. More questionable is the confine-
ment of powerful radio sources. In the case of Cygnus A (Arnaud
et al., 1984) the situation is not clear, because the minimum
pressure of the radio lobes is slightly higher than the calculated
thermal pressure.
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The amount of detailed structure visible with the new radio
telescopes of high sensitivity and resolution has led to a renewed
interest in the effects of ambient gas on radio structures. In the
present work we address the question of confinement of radio
sources by studying twenty-two low luminosity radio galaxies,
originally selected from the B2 catalogue, which have been
observed with the Very Large Array (VLA) and with the imaging
instruments on board the Einstein Observatory. From the radio
data we compute the non-thermal pressure within each radio
structure. From the X-ray data we estimate the parameters
(temperature, density and pressure) of the interstellar and
intergalactic gas surrounding the radio components. A com-
parison is made between the external (thermal) and internal (non-
thermal) pressures to determine if the hot gas may effectively
confine the radio sources.

2. Description of the sample and data analysis

The B2 sample of low luminosity radio galaxies (Parma et al.,
1986; de Ruiter et al., 1986; Fanti et al., 1986, 1987) contains over
one hundred objects. In the Einstein Data Bank we have found
X-ray observations for twenty-two B2 sources, mainly in clusters
of galaxies or B2 sources which are also 3C sources. Therefore
the sample of objects studied in this paper is inhomogeneous.

In Table1 we list the optical and radio properties of the
twenty-two galaxies: the B2 name, the redshift of the galaxy, the
absolute visual magnitude, the total radio power at 1.4 GHz, the
linear size (i.e. a diameter or largest linear dimension) of the radio
source in kpc, the NGC name, the cluster name and other radio
names like 3C or 4C.

Throughout this paper we will use H, =100kms~! Mpc~!.

2.1. Radio data

The radio observations and data reduction of seventeen radio
galaxies in this sample are discussed in Parma et al. (1986), de
Ruiter et al. (1986), and Fanti et al. (1986, 1987). For the
remaining sources we used published data and maps to determine
the radio parameters (see references in Sect. 3, under “Comments
on individual galaxies™).

The angular resolution of the radio maps is usually much
higher than the resolution of the X-ray maps and thus we were able
to obtain the non-thermal pressure for different scale structures
such as hot-spots, lobes and jets. The non-thermal pressure within
a radio feature was calculated using the standard formulas

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1988A%26A...189...11M

FT9BBAGA - ~189- ~.111

12

Table 1. Optical and radio characteristics

B2 z M, log P,y D, NGC Cluster Other
name (W/Hz)  kpc name (group) name
0104432 0.0169 —211 2421 500 383  Arp 331 3C31
0210+33  0.0164 —21.8 223 31 507  Pisces -

Zw. cluster
0149+35 0.0160 —20.2 223 16 703 Abell 262 -
0836429  0.0790 —22.4 2473 331 — Abell 690 -
0844+31  0.0675 —22.2 2438 270 - Zw. cluster 4C31.32
1113429  0.0489 —21.8 24.67 61 — Abell 1213 4C29.41
1251427  0.0857 —20.9 25.37 50 — - 3C277.3
1303+31  0.1816 —22.3 24.39 44 - Abell 1667 —
1339426  0.0757 —22.6 24.30 194 - Abell 1775 4C26.41
1346+26  0.0633 —22.0 24.55 18 - Abell 1795 4C26.42
1350431  0.0452 —21.1  25.00 140 - Zw. cluster 3C293
1502+26  0.0540 —21.6 25.86 175 — Zw. cluster 3C310
1511426 0.1078 —21.0 25.34 212 - - 3C315
1525429  0.0653 —22.1 2398 28 — Abell 2079 -
1553+24 0.0426 —21.1 23.36 36 - - -
1610429  0.0313 —21.2 22.93 60 6086  Abell 2162 -
1615432  0.0296 —20.8 24.30 160 6109 — 3C332
1626439  0.0303 —22.2 24.49 47 6166  Abell 2199 3C338
1657+32  0.0631 —21.0 23.65 59 — Abell 2241W  4C32.52A
1658+32  0.1024 —20.6 23.88 7! - Abell 2241E  4C32.52E
1833432  0.0586 —22.1 25.07 133 — Zw. cluster 3C382
2335426 0.0301 —22.1 24388 210 7720  Abell 2364 3C465

assuming equipartition between particle and magnetic field energy
densities (Pacholczyk, 1970; Fanti, 1982).

Further assumptions are that the radio spectrum can be
represented by a power law from 10 MHz to 100 GHz, that the
ratio between the energy of electrons and heavy particles =1, and
the filling factor, ¢, is also =1.

This last assumption is a significant source of uncertainty
because in a few cases there is evidence of filaments in the radio
lobes (see Perley et al. (1984) for Cygnus A, and van Breugel and
Fomalont (1984) for 3C310). Values for the filling factor <1 can
be obtained if the lobes are composed of two types of emitting
plasma: high emissivity filaments (not necessarily confined by the
external medium) and a diffuse component of low brightness.
Usually we do not have the required resolution to determine
values of ¢ < 1, but if we use the results obtained for Cygnus A by
Perley et al. (1984) we can obtain a rough estimate of the
uncertainty introduced by this parameter. The estimated filling
factor in Cygnus A is ~0.3 — 0.03 and with these values we can at
least double our estimate of the non-thermal pressure. This will be
discussed in more detail in Sect. 4.1.3.

2.2. X-ray data

Data from both imaging instruments (Imaging Proportional
Counter, IPC, and High Resolution Imager, HRI) on board the
Einstein Observatory (Giacconi et al., 1979) were used in this
work.

2.2.1. IPC

All the IPC images were reprocessed using an improved detection
algorithm and background determination (REV 1, Harnden et al.,

1984). Twelve of these galaxies belong to Abell clusters and are
usually the central galaxies of the cluster. Generally the angular
separation between the X-ray centroid and the optical position is
less than one arcmin, which is the 3 sigma positional uncertainty of
the IPC. With few exceptions the X-ray emission is strong and
considerably more extended than the radio emission. Con-
sequently the low brightness radio regions farther away from the
core are always embedded in a X-ray emitting hot gas.

Six of the remaining ten objects are either in poor clusters or in
groups of galaxies and generally they are the dominant members
located in the central regions of the X-ray emission. In these cases
the X-ray and radio dimensions are more similar. The final four
sources are isolated galaxies; 1615+ 32 with unresolved X-ray,
1553+ 24 with weak X-ray emission and two with X-ray upper
limits.

2.2.1.1. Maps: In order to examine different scale structures, we
constructed X-ray contour diagrams with gaussian smoothing
functions of FWHM = 60" and FWHM = 120" for the IPC data in
the energy range 0.5-3.5 keV. Before smoothing, the maps were
corrected for vignetting and the background (the mean level in a
source free region) was subtracted. The larger gaussian was useful
to study the low surface brightness regions. The X-ray contours
enabled us to choose the location and radius of circles for intensity
and spectral calculations and to estimate source extent either as
deconvolved FWHM values or overall (deconvolved) diameters.

In most cases, we produced X-ray and radio contour diagrams
at the same angular scale in spite of the large difference in
resolution. This procedure allowed us to select corresponding
features in the radio and X-ray for parameter estimation. The
radio and the IPC maps are shown overlayed in Figs. 1 through
17.
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Figs. 1-17. Radio contour levels superimposed onto X-ray contour maps (IPC). For each source we list in Table 5 the parameters

2.2.1.2. Spectra and fluxes: A rough estimate of the gas
temperature was obtained using a standard spectral analysis
program (Harnden et al., 1984). This procedure consisted of a
least squares fit of the Pulse Height Analysis (PHA) data to
various theoretical spectra. We chose the counts within a circle
large enough to enclose the 3 sigma contours and subtracted a
background calculated from the counts within an external
annulus. We assumed thermal bremstrahlung spectra with a

range of temperatures from 0.5 to 7.0 keV and a low energy cut-off
derived from 21 cm measurements of the H 1 column density in our
Galaxy (Stark et al., in preparation). These spectral distributions
are convolved with the effective area of the telescope and other
instrumental filtering to find the expected PHA distribution for
the assumed spectra. By comparing the PHA observed distri-
bution with a grid of expected solutions, we find the “‘best fit”
parameters. The method of Avni (1976) for the case of one
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point to point, we used the global value because we did not have
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temperatures.

The total fluxes were obtained from the same program used to
determine the temperatures. The uncertainties of the observed flux
are determined by statistics, gain uncertainties, and absolute

L 7 calibration of the detector.
2.2.1.3. Extent: Sources were considered to be unresolved if their

O measured FWHM was comparable to
26°32'| | (PRFZ + Gz)uz ,
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Table 5.

B2 name 69 FWHM (2)
0104432 2-5,7 64
0120+ 33 3,5,8, 11, 15, 18, 21, 23, 25 64
0149 +35 12-27, 29 64
0836+29 2-5,7 120
0844+ 31 3-6 120
1113429  3-5 120
1303+ 31 3-11 64
1339426  3,5,6, 8, 10, 12, 14, 16 64
1346426 5,7, 12, 20, 34, 46, 59, 72, 85, 98, 111 120
1350+ 31 2-17 64
1502426  3-7,9, 11, 12 64
1525429 3-9 120
1553+24 2-5 120
1610+29 2-4 120
1615+32  2,6,9, 12, 14, 16, 18 64
1626+39 9, 10, 12-14, 16, 17, 19, 20, 22, 23 64
1657+ 32

1658+32} 2, 4,6, 11, 14, 17, 21, 25, 27,29, 31 120
Notes:

(1) Contour levels above the local background in units of sigma
(2) The corresponding FWHM in arcsec used for smoothing the
X-ray data

uncertainties are of the order of 309, and arise chiefly from
statistics and the uncertainty of the spectral distribution (the size
of the PRF depends on energy and pulse height channel).

2.2.1.4. Derivation of gas pressure: For the extended sources,
with approximately circular shape, we determined the density as a
function of radius using a modified King approximation to an
isothermal distribution. Following Gorenstein et al. (1978) the
X-ray surface brightness distribution is assumed to be

S(r)=S(0) [1 + (r/a)?]~3#+172,

where a is the core radius and f represents the ratio of the energy
per unit mass in galaxies to the energy per unit mass in gas
(Cavaliere and Fusco-Femiano, 1976):

ﬁ = :umHo-Z/3 kTgas,

where u is the mean molecular weight, my is the mass of hydrogen
atom, o is the galaxy velocity dispersion and T, is the X-ray gas
temperature. We used a value of f#=0.65 which is appropriate
for clusters of galaxies (Jones and Forman, 1984) and measured
a=0.65 FWHM.

For irregular structures, the density was calculated also from
the surface brightness in the contour diagram. We estimated the
emitting volume from the size of the effective beam and the path
length through the source, and the density as that required to
produce the observed luminosity for a uniform gas filling this
volume. In most cases the densities calculated with both methods
show good agreement (difference <30 %). In every case the values
found with the last method are compatible with the range or limit
in density obtained with the first one.

Another uncertainty in calculating the density at any point in
an extended source comes from the difficulty in properly
estimating the core radius. Jones and Forman (1984) de-
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monstrated the existence of central X-ray excesses in the X-ray
surface brightness profiles of many clusters. If similar excesses are
present in the objects under study (see Sect. 3) they may not have
been noticed since our data might not have the required angular
resolution. This will lead to an underestimate of the core radius, an
overestimate of the central density and an error in the calculation
of density as a function of radius.

The thermal pressure at any location within the X-ray source is
taken ~2nkT. The uncertainty in the pressure can be estimated
from the functional dependence of the pressure on the observed
quantities:

P~ (F:/z T3/4)/(D1/2 93/2),

where F, is the flux, 7 the temperature, D the distance and 0 the
angular scale.

For typical uncertainties of the order of 30 % in F, 30 % in 6,
and a factor of two in 7, the contributions to the uncertainty in the
pressure are the following factors: 1.14, 1.5, and 1.7. Thus the total
error to the pressure is roughly a factor of three.

The thermal pressure should be considered as an average value
across a region corresponding to the angular resolution and one
must remember that regions with higher gas pressure may be
present for small scale features which we were unable to resolve.

Table 2 lists the IPC parameters: in column 1 the B2 name and
the IPC number, in column 2 the X-ray flux in the 0.5-3.5keV
band in unit of 107 '2ergcm~2s~! (the global flux errors are
estimated to be approximately 30 %, at 20 when few counts are
present, and somewhat better for stronger sources); in column 3
the most probable value for the gas temperature in keV and, in
parenthesis the corresponding 2 ¢ error (if the upper limit is above
5keV we only give the lower limit to the value of the temperature,
see also 2.2.1.2); in column 4 the X-ray luminosity in 10*?ergs™!;
in column 5 the most probable value for the central density of the
gas in 10 2>cm ™3 (obtained using the modified King approxi-
mation) and, in parenthesis the corresponding 2 ¢ error (obtained
from the temperature error); in column 6 the core radius in arcsec
(two different values are given when the core shows an evident
elliptical structure) and finally in column 7 the linear size
(diameter) of the X-ray emitting gas in kpc.

2.2.2. HRI

For the HRI data the FWHM of the gaussian smoothing function
ranges between 7” and 20”. For six objects HRI data were
analyzed. Three objects (0104432, 1833+ 32 and 2335+ 26) are
unresolved and the X-ray source coincides with the radio core
suggesting the presence of nuclear activity. In fact, for the sources
0104432 and 2335+26 the HRI flux represents only a small
fraction of the total source flux obtained from IPC data. In the
case of 1833+ 32 also the IPC shows an unresolved source. The
remaining three objects (0149 + 35, 1346+ 26 and 1626 + 39) show
extended X-ray emission. In these objects Jones and Forman
(1984) found a central excess in the brightness distribution of the
IPC emission, which they attribute to a cooling flow.

The parameters derived from the HRI are summarized in
Table 3. They are: the X-ray flux in the 0.1-4.5keV band in
units of 10~ *2ergem ™25~ ! obtained assuming a thermal brem-
strahlung spectrum with two different values for the temperature;
the linear size (diameter) of the X-ray emitting region in kpc; the
central density of the gas in 10~ 3 cm ™3 and the thermal pressure,
Py in 107> dynecm ™2,

The density was calculated only for the three galaxies with
extended HRI emission using the surface brightness as described
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Table 2. IPC parameters

Source Flux kT

L

N, a D

name 10" 2ergem 257! (keV) 10%%ergs ™! 10 3cm™3  (arcsec) (kpc)
0104+32 2.0 3.0 0.6 1.5 224 142
16308 (>1.0) (<2.5)

0120+ 33 7.8 2.5 2.2 6.6 123 140
17766 +1.2/-0.7 +0.7/—0.9

0149+ 35 21.0 2.2 5.7 12.0 123 150
1295 +1.1/-0.7 +19/—1.6

0836429 0.6 1.9 4.2 0.9 150 350
16020 (>0.5) (<1.7)

0844+ 31 0.3 >0.5 1.4 <2.0 — 60
13918

1113429 1.3 6.0 34 2.4 110 250
11844 (>1.5) (<3.0) 220

1251 +27 < 0.3 - < 2.6 <34 - -
13917

1303+ 31 3.0 4.0 80.0 2.2 80 290
12046 +2.0/-3.0 +2.4/-0.1 110

1339426 71 6.0 45.0 2.6 150 500
1320 (>4.0) (<2.7)

1346426 48.5 6.5 212.0 5.9 150 480
1293 (>6.0) (<6.0) 190

1350+ 31 0.23 >0.5 0.5 <3.5 90 125
16327

1502426 1.3 0.6 4.1 1.5 123 310
11907 (>1.5) (<2.2)

1511426 < 041 — 1.3 <1.1 — -
11909

1525429 2.3 7.0 11.0 1.5 150 413
11854 (>1.5) (<3.0) 200

1553424 0.2 6.0 4.2 3.9 90 70
14950 (>0.5) (<11.0)

1610+29 0.7 6.0 0.8 1.4 95 105
11856 (>0.5) (<4.0) 175

1615+32 1.0 1.9 27.0 <0.82 — 100
16319 (>0.5)

1626+ 39 43.01 <1.0 43.0 >9.4 170 290
12691 214

1657432 < 0.2 — < 0.5 <1.32 — —
14954

1658432 < 0.1 - 1.0 <1.6* — —
14954

1833432 12.7 4.0 45.0 <2.82 — <150
12650 £3.0/-2.0

2335426 6.0 2.5 5.7 2.4 170 400
18356 (>1.5) (<2.7) 300

2 Thermal density at radio source position

in Sect. 2.2.1.4. The radio and HRI maps are shown overlayed in

Figs. 18 through 21.

3. Comments on individual sources

0104+32 (3C31) (Fig.1): This well studied radio source
(Fomalont et al., 1980; Strom et al., 1983) is associated with the

bright galaxy NGC 383, which is the dominant member of a chain
(Arp 331). The radio observations show a two sided jet which
broadens away from the central component, merging gradually
into low brightness regions. The radio map reproduced in Fig. 1 is
taken from Strom et al. (1983). The straight parts of the jets are
inside the X-ray emission whereas the low brightness extensions
(both to the north and to the south) liec mostly outside the X-ray
emission. From the HRI data we detected only an unresolved
source coincident with the radio core.
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Source Flux N¢ Py
10" *?ergem” (107 *cm™% 107 '2dynecm 2
kT=1 kT=5
0104432 0.2 0.4 — —
0149+35 1.9 3.2 15 (kT=1) 42-28
1346+26 17.0 31.0 21 (kT=5) 270
1626+ 39 31.0 54.0 25 (kT=1) 72-39
1833432 11.0 19.0 — —
2335426 0.1 0.2 — —
Decl. 1 0120+ 33 (Fig.2): This galaxy (NGC 507) is the brightest object
0149+35 in the Pisces group. The two lobes are faint with a very steep radio
HRI spectrum (spectral index ~1.4) (Colla et al., 1975).
25°54'40" 0149+ 35 (Figs.3and 18): Thisis the brightest galaxy (NGC 708)
}_ in Abell 262. Jones and Forman (1984) found a central excess in
the brightness distribution of the IPC emission, which they
attribute to a cooling flow. The small scale X-ray structure (HRI
data) is extended (>10kpc) and asymmetric. The peak of the
X-ray emission is not coincident with the radio core and the
— optical object.
0836+29 (Fig.4): This radio source is associated with the
brightest galaxy in Abell 690. The narrow, linear radio structure
- (northern jet) lies within the high brightness X-ray region and both
35%4'00"— e southern and northern radio lobes lie at the edge of the IPC
emission.
0844+ 31 (Fig.5): 1f the X-ray emission is actually extended, this
1 | would be a beautiful example of an abrupt change in radio
1"49™52° 1"49™a8° R.A., morphology between the structure inside the X-ray emission
Fig. 18
Decl
o
1346+26
HRI - 6950'34"
26°51'F Decl.
26°50'28"
2°50' - Je6%0r22"
338 R.A.
26°49'
13"46™40° R.A.
Fig. 19

Figs. 18-21. Radio contour levels superimposed onto X-ray contour maps (HRI). For each source we list in Table 6 the parameters
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Table 6.

B2 name (1) FWHM (2)

0149+35  3-7 20
1346+26 3-8 7
1626439  3-15 13
1833432  2,3,6,9, 15,21, 27, 33, 39, 45, 51, 57 7

Notes:

(1) Contour levels above the local background in units of sigma
(2) The corresponding FWHM in arcsec used for smoothing the
X-ray data

(narrow, linear) and the extended parts (low brightness, diffuse
radio structure). The radio map reproduced in Fig. 5 is taken from
Machalski and Condon (1985). Unfortunately few counts are
available and the X-ray emission may be unresolved, i.e. it could
originate from nuclear activity.

1113429 (Fig.6): This radio source is associated with the
northern galaxy of a double system in the center of Abell 1213 and
shows a one sided jet, which is more evident when observed at
higher resolution (Fanti et al., 1986). Also in this case few counts
are available for the X-ray emission.

1251+ 27: The radio source 3C277.3=Coma A (Bridle et al.,
1981 a) presents a double structure with wide radio lobes. Only an
upper limit is available for the X-ray emission. No map is shown.

1303+31 (Fig.7): This radio source is associated with the
brightest galaxy in Abell 1667 (Coma B) and shows a head-tail
structure. Radio and X-ray dimensions are too different for
overlaying the two maps.

1339426 (Fig.8): This radio source is associated with a close
pair of galaxies in Abell 1775 (O’Dea and Owen, 1985; Parma et
al., 1986): a head-tail and a wide angle tail source which are not
separated in the present map. The head of the first galaxy is almost
coincident with the X-ray center while the tail moves away radially
from the center.

1346+ 26 (Figs. 9 and 19) : The radio source is much smaller than
the IPC X-ray size. The radio emission is associated with the cD
galaxy in Abell 1795. The radio map reproduced here is taken
from van Breugel et al. (1984). The IPC emission shows a central
excess (Jones and Forman, 1984) probably associated with a
cooling flow. Also the HRI emission is more extended than the
radio image.

1350+ 31 (Fig.10): This radio source (3C293) has a broad
emission bridge terminating in a hot-spot (the map reproduced
here is taken from Bridle et al., 1981b) and lies north of the main
X-ray emission.

1502+26 (Fig.11): The radio source, 3C310 (the radio map
reproduced in Fig. 11 is taken from Leahy and Williams, 1984),
lies in a Zwicky cluster (Burns and Gregory, 1982) and is mainly
composed of two large and diffuse lobes. The radio lobes show
evidence of shells and filaments in the high resolution maps (van
Breugel and Fomalont, 1984).

1511+ 26: The radio structure of 3C315 is double lobed (Leahy
and Williams, 1984). Only an upper limit is available for the X-ray
emission. No map is shown.

1525429 (Fig.12): The double jet radio source is associated
with the fainter southern galaxy of a double system in a common
halo and is located at the center of Abell 2079. The radio and
X-ray sizes are too different for a direct overlay.

1553424 (Fig.13).: The radio emission shows a typical example
of a “lobeless” jet. No evidence of lobes is found with the present
brightness sensitivity. The X-ray emission is weak with only a few
counts available.
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1610429 (Fig. 14): This source is associated with the brightest
galaxy (NGC 6086) in Abell 2162. The radio emission is faint and
shows two ‘“‘relaxed” lobes. The offset between the radio and the
X-ray centroid seems to be larger than the positional error of the
1PC.

1615432 (Fig.15): This is an isolated object (3C332) which
shows a double radio structure. The X-ray emission is unresolved
and could originate from nuclear activity.

1626+39 (Figs.16 and 20): This is the brightest member
(NGC 6166) of Abell 2199. The radio emission is quite complex
(Burns et al., 1983). Jones and Forman (1984) found a central
excess in the IPC brightness distribution associated with a cooling
flow. The HRI emission is extended and shows a peak coincident
with the radio core.

1657+ 32/1658+ 32 (Fig. 17): These radio galaxies belong to two
different clusters (Abell 2241 East and Abell 2241 West) projected
onto each other (Bijleveld and Valentijn, 1982). The prominent
X-ray source in the field is associated with the D galaxy in
A2241FE and also with a radio galaxy in A2241W. 1657+32isa
member of Abell 2241 W (z=0.06) while the head-tail 1658 + 32
(O’Dea and Owen, 1985) is a member of Abell 2241 E (z = 0.102).

1833432 (Fig.21): This source (3C382) shows a structure
typical of high luminosity radio sources: i.e. two lobes with hot-
spots. Both the IPC and HRI sources are unresolved and they
have almost the same flux.

2335426 This wide angle tail source (3C465-NGC 7720) lies in
Abell 2364. The radio and X-ray emission were studied in detail by
Eilek et al. (1984). The HRI observation shows a point source
coincident with the radio core. No map is shown.

4. Results and discussion

Three objects, 0844 + 31, 1615+ 32, and 1833+ 32, appear to be
unresolved in the IPC images. In the case of 1833432 this is
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confirmed by HRI data, which show a point source with a flux
similar to IPC flux. In all three cases the X-ray emission is centered
on the radio core and may therefore originate from the nuclear
activity rather than thermal bremstrahlung from an ambient gas.

The X-ray surface brightness of the lowest contour was used to
infer an upper limit for the thermal density and pressure around
the radio lobes.

Because of the low resolution and the large positional
uncertainty of IPC data, it is difficult to study positional anti-
coincidences between radio and X-ray emission (e. g. prevalence of
radio emission in regions where the X-ray emission is faint or
absent) as an effect of the buoyancy from the pressure gradient.
This effect has been considered in detail in different studies, in
particular for the cases of tailed sources (see e.g. Burns and
Balonek, 1982).

In Fig. 22 we plotted the linear size (D,) of each radio source
against the most probable value of the central density (N,) as
determined from the X-ray observations. Both parameters appear
correlated: high values of N, are found in small radio sources,
while the more extended radio sources are associated with galaxies
located in a medium with a low central density. In fact, a linear
regression of log (D, ) on the logarithm of the most probable value
of the central density (N,), taking into account the upper limits (as
described by Avni, 1976), gives D, ~ N; 2. We also considered
the well-known dependence of D, on radio power P (see, e.g.,
Ekersetal., 1981). We tried multiple regression of log (D,) on both
log(N,) and log (P); the resulting correlation gives a very weak
dependence on P (exponent ~0.15) and a small change in the
exponent of N, (~ —1.0).

In view of the large uncertainties associated with N_ and the
few points in the diagram, the exact form of the regression should
be taken with caution; we believe that a more detailed analysis is,
at this point, unwarranted. However, we consider the correlation
between D, and N, to be an indication that cluster gas has a direct
influence on the morphology of a radio source. Moreover, from
the present data, the linear radio size is close to inversely
proportional to the central gas density, and this is precisely the
dependence one naively would expect (for example in the
“independent blob”” model of Jaffe and Perola, 1974).

o logP) 245
| o £ 245
i1
b ] ° --=- D=221N
(kpc) A .
Noe
- N
\\\ Pury
ke .
4 ’y o
N o
\\ -0
\
\\
100 4 N
] AN
N
4 .
4 o L N
-1 o - \\\ °
4 \
° N
4 AN
N
N
N
N
4 . "
3
10 T T T T T TTT7 T T T™™T T T7T7T7T —>
10 100

N, (10%m?)

Fig. 22. Plots of radio dimensions of the sources versus the central density of the X-ray emission
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Table 4.
Source d Py P Py/P.w
(arcsec) 10~ 12dyne cm 2
0104432 N jet 600 1.7(>1.0) 0.2 8.5
360 3.9(>2.1) 03 130
200 7.6(>4.2) 1.0 7.6
30 13.2(>7.2) 13.8 1.0
S jet 30 13.2(>7.2) 9.2 1.4
150 9.4(>5.2) ~ 1.0 9.4
360 3.9(>2.1) ~ 0.5 7.8
660 1.7(>1.0) 0.2 8.5
0120433 E lobe 40 40.0(+12) 36 111
W lobe 28 46.0(+12) 6.5 71
0149+ 35 E jet 12 72(+25/—-18) 15.0 4.8
2 73 (+25/—18) 75.0 1.0
W jet 2 73 (+25/—18) 75.0 1.0
12 72 (+25/—18) 10.0 72
0836+29 jet 8 5.2(>3.0) 34.0 0.2
40 49(>2.8) 6.0 0.8
N lobe 180 22(>1.3) 0.5 44
S lobe 95 3.8(>2.2) 1.5 2.5
S lobe 120 3.2(>0.9) 0.6 5.3
0844+ 31 N jet 25 < 83 9.0 < 09
63 < 8.3 23 < 36
N lobe ~100 < 1.0 03 < 33
S lobe ~100 < 1.0 04 < 25
1113 +29 jet 7 19.0(>8) 65.0 0.3
23 18.6(>17.6) 25.0 0.7
E lobe 33 18.0(>7.0) 11.0 1.6
1251427  hot spot 20 <20.0 130.0 < 0.2
N lobe 12 <20.0 170 < 1.2
knots ~ 8 <20.0 160.0 < 0.1
S lobe 15 <20.0 250 < 0.8
1303+ 31 head 27.6+15/—14 23.0 1.2
tail 9 27.6+15/—14 6.0 4.6
1339+26  head 40.0(>28) 25.0 1.6
tail 20 39.0(>28) 7.5 5.2
150 20.0(>14) 0.6 333
1346+26 N jet 4 108.0 (>98) 68-130 0.8-1.6
S Jet 4 108.0 (>98) 58-150  0.7-1.9
1350+ 31 bridge 14 > 54 5.0 1.1
60 > 3.8 4.9 0.8
hot spot 90 > 3.8 11.0 0.3
1502426 N lobe 120 14.6 (>5.3) 1.7 8.6
S lobe 100 17.1(>6.2) 2.8 6.1
1511426 S lobe 60 < 6.1 30 < 20
N lobe 60 < 6.1 39 < 1.6
1525429 N jet 8 27.0(>8.9) 15.0 1.8
S Jet 5 27.0(>8.9) 20.0 1.4
1553+24 N jet 20 68.0 (> 15) 3.6 19.0
5 71.0(>16) 18.0 3.9
S jet 5 71.0 (> 16) 17.5 4.1
10 71.0 (> 16) 42 170
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Table 4 (continued)
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Source d Py P, Pu/Pum
(arcsec) 10~ *2dynecm ™

1610+29 W lobe 35 24.3(>5.6) 0.8 30.4
E lobe 60 21.1(>4.9) 12 176
1615+32 N lobe 35 < 7.5 9.0 0.8
S lobe 35 < 7.5 6.4 1.2
1626+39 W lobe 46 24.0(<35) 8.0 3.0
2 24.0(<35) 27.0 0.9
E lobe 17 24.0(<35) 39.0 0.6
26 24.0(<35) 14.0 1.7
40 24.0(<35) 8.0 3.0
1657432 < 6.6 40 < 1.7
1658+32  head < 4.6 7.0 < 0.7
tail 30 < 4.6 1.0 < 46
1833432 S lobe 70 <10.3 128 < 0.8
N lobe 53 <10.3 84 < 1.2
N lobe 70 <10.3 42 < 25
2335426 NS tail 150 11.8(>17.8) 4.9 2.4
90 15.2(>10) 8.5 1.8
EW tail 44 17.5(>11) 14.7 1.2
110 15.2(>10) 6.9 2.2
233 7.9(>5) 2.9 2.7

4.1. Comparison of thermal and non-thermal pressure

4.1.1. Assumptions for pressure balance

In Table 4 we present, for various distances (d) from the radio core
the most probable value for the thermal pressure, P, (and, in
parenthesis, the corresponding 20 error) obtained from the IPC
data (see Sect.2.2), the non-thermal pressure, P, , and the ratio
between these two pressures (Py,/P,,) determined using the most
probable value of P,. Wherever a range of P, is given, it
represents the values found closest and farthest from the radio
core.

Several uncertainties which limit the accuracy in the calcu-
lations of thermal to non-thermal pressures have already been
mentioned (Sect. 2.2.1.4). Furthermore the absolute position from
the IPC has a 90 % confidence uncertainty of about 30”. This
means that, when making a comparison between a radio
component and the brightness of the X-ray emission, errors may
occur in calculating the thermal pressure in locations where the
X-ray intensity is changing rapidly. The severity of this effect is
mitigated somewhat by the low resolution of the IPC which
effectively smooths rapid density variations. Only in the cases of
clumpy X-ray emission will the pressure errors be dominated by
the positional uncertainty. This problem is much less severe for the
HRI, where the 90 % confidence uncertainty in position is of the
order of 4”.

The low resolution of the IPC precludes us from recognizing
small scale, high density regions. This means that the actual
pressure of the gas surrounding radio features may be much
greater than the large scale average that we calculated. Finally we
have to be aware of projection effects. For the purpose of our
calculation we have tacitly assumed that the radio source is

actually embedded within the hot gas and lies at the point of
highest density along the line of sight. Thus the actual thermal
pressures could be lower than those calculated if the radio
component is in front of or behind the assumed location.

For most sources the two pressures are similar, especially if
one considers the large uncertainties associated with both
parameters. As a working hypothesis, we assume the external and
internal gas to be in equilibrium if the thermal and non-thermal
pressures are equal to within a factor of three. If the ratio is greater
than six, the external and internal gas are considered to be out of
equilibrium. Values between three and six give only marginal
evidence of imbalance.

4.1.2. Sources with Py > P,

In three sources (01204 33, 1502+ 26, and 1610+ 29) the thermal
pressure greatly exceeds the non-thermal pressure by a factor >6
over the whole source. It is difficult to explain this excess solely on
the basis of observational errors, even if allowance is made for
large uncertainties in some parameters.

A partial imbalance is found in the tail of 1339+ 26: the non-
thermal pressure is much lower than the pressure of the
surrounding medium. However, in this case projection effects may
be important. Assuming a reasonable length for the tail (600 kpc)
and an angle of 15 degrees between the tail and the line of sight, the
pressure imbalance can in part be reduced (Py,/P,,, ~ 6) because
much of the tail would actually lie outside the observed X-ray
distribution.

Sometimes the ratio of thermal to non-thermal pressure
increases with the distance from the radio core (e.g. 0104+ 32). In
order to emphasize this effect, the results of Table 4 are visualized
in two histograms (Figs. 23a and b), which show the distribution
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Fig. 23. Distribution of Py, /P, for (a) jets (closest (1) and farthest (2) from the radio core) and (b) for the lobes

of Py /P, for jets and lobes. When possible, two values for this
ratio along the jets (closest (1) and farthest (2) from the radio core)
are shown. Although this may reflect an actual progression from
equilibrium to non equilibrium, the observed effect may be
artificially introduced by the large difference in resolution
between the X-ray and radio beams. If small scale gas features of
high density are present, they would not be recognized as such
with the low resolution of the IPC. Thus Pg/P,, could be
underestimated close to the core.

4.1.3. Possible reasons for Py > P,y

There are three general considerations which could explain the
apparent pressure imbalance. The first of these is the departure
from the minimum pressure condition: a) if the magnetic field
strength is significantly different from the equipartition value, the
total non-thermal pressure will be greater than the calculated
value; b) similarly the total pressure would increase if there were a
large number of ‘“‘uncounted” electrons (i.e. a significant
contribution to the radio luminosity outside the 10 MHz to
100 GHz band); c) a significant contribution to the total energy
from protons or other cosmic ray particles and d) a small filling
factor. As van Breugel and Fomalont (1984) pointed out, in some
low luminosity radio galaxies surrounded by a relatively high
density medium, much of the energy coming from the nucleus may
be associated with the formation of ““bubbles”. This scenario was
partially confirmed by the discovery of filaments in the high
resolution map of 3C310. This fact suggests that the filling factor
can have large deviations from unity: a filling factor around
0.02-0.05 is needed to increase the non-thermal pressure of the
above mentioned sources to about the thermal pressure of their
surrounding (cf. ¢ =0.3 to 0.03 for Cygnus A).

The second consideration is the possibility that a large thermal
component inside the radio source might give a significant
contribution to the internal pressure. The steep spectral index and
the “‘relaxed”, faint radio emission found for 0120 + 33 and 1610
+ 29 suggest that they could be old sources, in which the nuclear

activity is turned off. Thus, the thermal component inside the
radio source may have become dominant due to the mixing of the
internal and external medium.

Finally, as mentioned above, due to projection effects the
radio components may not actually be within the gas that gives
rise to the X-ray emission.

4.1.4 Pressure balance for jets

A large number of sources in our sample show jet structures. A
detailed study of the whole B2 sample can be found in Parma et al.
1987 where a number of parameters for the jets are derived. For
each source the FWHM is measured as a function of the angular
distance from the radio core to derive the opening angle of the jet
(this was done by making cross cuts in the direction perpendicular
to the jet orientation). Furthermore the variation of surface
brightness with the jet width was calculated along the jet. Using
these parameters we have calculated the non-thermal pressure in
different positions along the jet.

Generally, the agreement between this pressure and the static
pressure (or an upper limit) of the external medium is satisfactory.
Low ratios of Py /P, in regions close to the radio core are not
necessarily indicative of a pressure imbalance, since the dimen-
sions of the jet close to the core are not well determined. On the
other hand, such an overpressure may well be real, since it may be
impossible to confine statically the first part of a jet (cf. other
compact structures like knots and hot-spots). Along the jet we
found that the ratio between external and internal pressure
increases with distance from the core. As mentioned above this
can be an effect of the large difference in resolution between the
two observations; alternatively it would be necessary to invoke a
large thermal component inside the radio jets.

In order to estimate the average density of an internal thermal
component, we have used the polarization data (Morganti et al.,
1987). For two sources of the present sample (1113 +29, 1553
+ 24), we could set upper limits to the thermal density inside the
radio source (assuming that depolarization, if any, is due to

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1988A%26A...189...11M

FT9BBAGA - ~189- ~.111

internal Faraday rotation and that the magnetic field along the
line of sight in the jet does not have many field reversals).

The thermal densities in the jets are always lower than the
density of the external gas (0jet/Qex ~ 0.1-0.5), so that, for them,
the presence of a large thermal component is excluded.

This result is in agreement with the current scenario describing
the jets in FRI radio sources. Such jets seem to have a low Mach
number (Morganti et al., 1987) and need a small ratio between the
internal and external thermal gas density (0.1-0.01 Bicknell,
1985). Under these conditions, buoyancy may play a significant
role in the dynamics of a jet.

5. Conclusions

We have studied the problem of confinement of radio galaxies
using VLA and Einstein observations of 22 low luminosity radio
galaxies (belonging to the B2 catalog). Most of these sources are in
clusters or groups and only three objects appear to be unresolved
in the IPC images.

From the X-ray data we have derived the density and the
pressure of the hot intergalactic (or interstellar) medium as a
function of distance from the nucleus. Using the radio data we
obtained the non-thermal pressure inside the radio sources. In
spite of the large uncertainties in the determination of these
parameters, some interesting results can be emphasized:

i) Perhaps the most striking result of our investigation is that
very often the external and internal pressure are in equilibrium.
This is less trivial that it may seem, since the uncertainties in the
determination of thermal and non-thermal pressure are large and,
moreover, both were calculated independently.

The pressure equality is in agreement with the idea of a radio
source evolving towards a situation of equilibrium, by adapting its
internal pressure (via expansion) to the pressure of the external
medium. It appears therefore that for this class of low luminosity
radio sources the non-thermal pressure (minimum pressure) can
be used to provide an estimate of the external gas pressure.

ii) In a few cases the external pressure seems significantly
larger than the “equipartition pressure”. While this could be due
to a deviation from equipartition conditions, we note that it
happens in objects which seem to be old radio remnants (0120
+33, 1610439, 1502 4 26, the tail 1339+ 26). It is possible that a
considerable mixing of the radio lobes with the external medium
has taken place and that most of the internal pressure is now
provided by thermal material. An alternate possibility is that these
sources have a filamentary structure (as in the case of 3C310) so
that the non-thermal pressure is larger by an order of magnitude
than the minimum (equipartition) pressure.

iii) The presence of a link between the radio source mor-
phology and the characteristics of the environment is also
confirmed by the fact that a correlation is found between the
dimension of a radio source and the central density derived from
the X-ray emission (see Fig.22). This indicates that the distri-
bution of the interstellar or intergalactic medium affects the
morphologies of radio structures.
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