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ABSTRACT

We report the first detailed X-ray observations of the dumbbell radio galaxy NGC 326. The region contain-
ing the source was imaged for 5.8 hr in soft X-rays with the ROSAT PSPC as part of a program to measure
the X-ray emission in low-power radio galaxies not known to be in rich clusters.

Unlike other radio galaxies measured as part of this program, NGC 326 is discovered to be embedded in
bright asymmetrical X-ray—emitting cluster gas of temperature kT ~2 keV and 0.1-2.4 keV luminosity
3.5 x 103 W (H, = 50 km s~ * Mpc~!). There is a peak in the X-ray emission consistent with the location of
the radio galaxy core. Five of the 10 brightest galaxies in the region are the brightest optical objects in error
circles of excess X-ray emission. In the same observation, ROSAT also detected the unrelated, more distant,
cluster Abell 115 and provided its first spectral measurement: kT = 7.2*9 4 keV.

It has been suggested previously that galaxy kinematics are responsible for the apparent change in direction
over time of the twin jets of the large-scale radio emission of NGC 326. This was thought to be due either to
a misalignment between the radio beam and galaxy axes or to interaction between the two galaxies which
form the dumbell nucleus of NGC 326 and which are known to be passing at about 16 kpc projected separa-
tion. Our X-ray results support a different explanation: that buoyancy forces have bent the outer radio struc-

ture.

Subject headings: galaxies: clusters: individual (Abell 115) — galaxies: individual (NGC 326) —
galaxies: jets — intergalactic medium — X-rays: galaxies

1. INTRODUCTION

The radio source B2 0055+ 26 (4C 26.03) was discovered by
Colla et al. (1975) to be associated with the elliptical galaxy
NGC 326 at a redshift of 0.047. The galaxy was subsequently
found to have a double nucleus (Battistini et al. 1980). Wirth,
Smarr, & Gallagher (1982) measured the projected separation
of the galaxy centers to be 6” and used the system to define the
most elliptical class of dumbbell galaxy, dbl.

The radio source was found by Ekers et al. (1978) to have an
interesting structure: two curving tails with a 180° rotational
symmetry (see Fig. 8 later in this paper). Nothing was known
about the surrounding medium, and although NGC 326 is the
brightest galaxy of Zw 0056.9 +2636 (Zwicky & Kowal 1968),
Ekers et al. described this as a small group and concluded that
the shape of the radio source is determined by the central
engine rather than the surrounding medium. They demon-
strated that the observed structures could be produced if the
radio beams are sweeping out cones on either side of the galaxy
and have completed about a quarter of the rotation in the
lifetime of the radio source. They suggested precession, due to a
mismatch between the beam and galaxy axes, as the effect most
likely to change the directions of the radio beams.

Wirth et al. (1982), knowing about the dumbbell nucleus,
argued that the structure of the radio source had nothing to do
with the central engine but was, instead, caused by a single
change of direction of the radio beams during close passage
between the two elliptical galaxies: beams which once pointed
northeast and southwest had changed direction to point
southeast and northwest. A change in the direction but not the
amount of bending between the beams was suggested to indi-
cate a change in the direction of the velocity vector of the
system through the Zwicky cluster.

This paper presents for the first time detailed results on the
structure of the intercluster medium surrounding NGC 326.
We have discovered X-ray—emitting gas of cluster, rather than
group, scale and density. Indeed, the source is unusual in being
the only one so far in our X-ray study of low-power radio
galaxies not known to be in rich clusters which shows such
obvious cluster-scale hot gas (Worrall & Birkinshaw 1994, and
work in preparation). Our results show that, contrary to pre-
vious work, the surrounding medium may be affecting the
radio structures of the source.

2. X-RAY OBSERVATIONS AND ANALYSIS PROCEDURES

We observed NGC 326 with the ROSAT Position Sensitive
Proportional Counter (PSPC; Triimper 1983; Pfeffermann et
al. 1987) for 21 ks during 1992 July 24-29. The observation was
made in “wobble ” mode in order to permit correction for the
obscuration caused by the window-support mesh. Here we
expand the initial data analysis of Worrall & Birkinshaw
(1994) by removing times of high background from the data,
making background-subtracted, exposure-corrected images,
contouring the images in a way which compensates for the
statistical uncertainties and the fact that the point response
worsens toward the edge of the field of view, and fitting spec-
tral models to spatially selected regions.

Our data reduction was performed using the Post Reduction,
Off-line Software (PROS; Worrall et al. 1992) and other stan-
dard IRAF tasks. To remove intervals of high particle back-
ground we excluded times when the reading of the master veto
rate (MVRATE) was greater than 170. We then looked at the
resulting low-energy (0.2-0.7 keV) light curve extracted for
regions away from X-ray sources to check for residual times of
high background, particularly due to solar-scattered X-rays
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which tend to be more predominant immediately before and
after Earth occultations; none was found. The resulting X-ray
event file had 19,409 s of acceptable data.

There was a slight change in roll angle during the set of
observation intervals which make up the complete exposure.
The first 59% of the exposure has a roll angle of ~
194295-195°05, the rest ~210°90-211°05. We were concerned
that there may have been a change in the selection of aspect
stars between these periods which may have resulted in the
derived absolute positions (which can be in error by as much as
12", 95% confidence; MPE 1992) being different between the
two periods. We checked this by first analyzing the two periods
separately, and we verified that sources do not shift relative to
the aspect-corrected coordinate system; combined data were
used for results presented in this paper.

We chose our background region to be a field-centered
annulus of radii 7:5-18'75 and position angles 125°-290° and
subtracted from it circles centered on sources found by Version
5.8 of the Standard Analysis Software System (SASS; Gruber
1992), which had been run prior to our receipt of the data. The
radii of our excluded circles ranged between 2’ and 3', depend-
ing on the relative strength of the source and its off-axis angle;
17 SASS sources overlapped our background region and were
excluded. The average surface brightness in the resulting back-
ground region was 4.2 x 10™* counts arcmin~2 s™!, 0.2-2.3
keV.

The background over the field is expected to have a contri-
bution due to particle events, which should be flat, and a con-
tribution from stray X-rays, primarily solar scattered, which
have been focused by the X-ray telescope and exhibit the same
vignetting and obscuration as those of interest. We used an
empirical approach to determine the relative contributions of
these two sources of background to our data. To do this, we
modeled the background over the whole field as a constant
times the SASS exposure map plus an additional constant, and
we used the data to determine the best values for the two
constants. Following the method of Hughes & Birkinshaw
(1995), the exposure map was first resampled onto 75 square
pixels, and our subsequent image analysis was performed using
bins of this size. Best-fit values for the two constants were
obtained using a radial profile through the source-subtracted
background region (described above) in the exposure map and
a similarly extracted profile (and errors) from the data. The
best fit was statistically acceptable (x> = 25.1 for 28 degrees of
freedom). The average surface brightness over the model back-
ground in the background region was 4.7 x 10~ counts
arcmin~2 s™1, 0.2-2.3 keV. The fit gave ~20% of this surface
brightness as nonvignetted, in good agreement with the parti-
cle background modeling of Snowden et al. (1992). The
background-subtracted data were divided by a normalized
version of the resampled exposure map to produce a surface
brightness image for the 0.2-2.3 keV band. The whole pro-
cedure was repeated to produce an image for only the upper
part of the energy range, 1-2.3 keV.

We used a modified version of the adaptive-smoothing pro-
cedure of Hughes & Birkinshaw (1995) to improve the contrast
between point sources and diffuse emission in our background-
subtracted, exposure-corrected images. First, because we were
interested in data as far out as 32’ from the image center (where
the point response of the telescope is as large as 160” FWHM,
and beyond the obscuring ring in the PSPC window-support
structure at about 20’ radius), we smoothed the data by an
amount which depended on the effective exposure time in the
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region. The image was split into four separate images based on
the percentage of peak exposure: >91%, from >84% to
<91%, from >70% to <84%, and <70%. Values in pixels
not satisfying the condition were set to zero. These four images
were then smoothed with Gaussians of ¢ = 22”5, 37”5, 45", and
60", respectively. This meant that regions in the outer part of
the image and those most obscured were smoothed by the
greatest amount. A subsequent smoothing was then performed
based on four bands of counts pixel™! in the 0.2-2.3 keV
image. The divisions (in units of counts arcmin~2 s~') were
>3.1x 1073, from >15x10"3 to <3.1 x 1073, from
>40 x 107* to <1.5x 1073, and <4.0 x 1074, and the
sigmas of the Gaussians were 775, 2275, 3070, and 11275,
respectively. The hard-band (1-2.3 keV) image was then adap-
tively smoothed such that each pixel was smoothed by the
same amount as its corresponding pixel in the broadband (0.2
2.3 keV) image, thus allowing subsequent comparison of the
two smoothed images. The broadband image is shown in
Figure 1.

3. SPATIAL STRUCTURE AND HARDNESS DISTRIBUTION
OF THE X-RAY EMISSION

The PSPC data for the NGC 326 field exhibits diffuse emis-
sion in excess of background, filling a large portion of the
region within the obscuring ribs of the window-support struc-
ture at a radius of ~20' from the field center. The brightest
peak in the central diffuse X-ray emission is coincident to
within ~ 12" with the radio core of NGC 326 at 0P58™22%63,
26°51'58777 (J2000, 0”1 error; E. Fomalont 1993, private
communication). Because the source ~4' to its east requires a
similar position adjustment to improve the match with star
SAO 74409 (the almost certain identification based on the rela-
tive X-ray and optical strengths of 9th magnitude F stars and
on the fact that the associated X-ray emission is soft relative to
the other X-ray emission in the field), we have shifted the coor-
dinate frame of the X-ray field accordingly. Such a shift of
~12" is within ROSAT’s absolute position errors (MPE 1992).
Confirmation of the shift was later found by an excellent match
of an X-ray source ~ 19’ northwest of NGC 326 with the posi-
tion of star SAO 74389 (HD 5514, an 8th magnitude A star).
With regard to establishing the reference frame it is unfor-
tunate that the brightest star in the field, SAO 74405 (HD 5650,
a K star of 7.5 mag), which is ~5' south of NGC 326, was not
detected in X-rays.

Figure 1 presents the background-subtracted, exposure-
corrected, and adaptively smoothed 0.2-2.3 keV PSPC X-ray
image, derived as described in § 2. NGC 326 is embedded in
bright asymmetrical diffuse X-ray emission of full extent 2800
kpc (Ho = 50 km s~ Mpc ™ !) stretching predominantly north-
east of the peak. The diffuse emission is of “cluster” rather
than “group” scale, and we associate it with X-ray—emitting
gas. Zw 0056.9 +2636 (Zwicky & Kowal 1968) encompasses
the region in which we detect X-ray emission but extends far to
the south and east of the field shown in Figure 1. The area of
the Zwicky cluster on the sky is ~ 1.4 deg?, and it is described
as medium compact, with a population of 145 galaxies brighter
than a photographic magnitude of 15.7, and near (z < 0.05) by
Zwicky & Kowal. Few redshifts are known for galaxies in the
cluster, but those that are known range from z = 0.017 to
z = 0.047 (de Vaucouleurs et al. 1991). This wide redshift range,
a visual inspection of the Palomar Sky Survey plates, and the
morphology of the X-ray emission suggest that cluster
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FiG. 1.—Background-subtracted, exposure-corrected, and adaptively smoothed 0.2-2.3 keV PSPC X-ray image. The axes show J2000 equatorial coordinates.
Contour levels, in units of 10~ 3 counts arcmin 2 s, are 0.18, 0.3, 0.5, 0.83, 1.4, 2.3, 3.9, and 6.6. NGC 326 is identified with the brightest peak in the diffuse emission
at the center of the field. The X-ray emission which extends off the southwestern corner of the image is associated with the unrelated, more distant, cluster Abell 115.

At the redshft of NGC 326, 10’ corresponds to 766 kpc for Hy = 50kms™! Mpc ™.

0056.9 +2636 is a composite object, made up of two (or poss-
ibly three) poorer clusters.

Worrall & Birkinshaw (1994) extracted a radial profile about
the maximum likelihood centroid of X-ray emission in
NGC 326. Data for position angles 125°-290°, where the
cluster gas extends the least, were used. Background was taken
from an annulus of radii 3'-5.7 within the same position angles.
We used only counts for the energy band 0.2-1.9 keV, for
which the PSPC point-response function (PRF) is well
modeled. The background-subtracted radial profile was fit to a
convolution of the energy-dependent PRF (weighted according
to the spectral distribution of the data) with radially symmetric
spatial models. Here we present the results of repeating this
analysis using background from our carefully selected back-
ground region rather than from a region closer to the peak of
the emission. Best-fit parameters were determined for a fit of
the background-subtracted radial profile to an unresolved
component, a f-model which is appropriate for gas in hydro-
static equilibrium (Cavaliere & Fusco-Femiano 1978; Sarazin
1986), and a combination of an unresolved component and a
B-model. An unresolved component alone gives an unaccept-
able fit (x> = 9780 for 11 degrees of freedom), as might be
expected from looking at Figure 1. A f-model alone gives a
significantly worse fit than the combination of a f-model and

an unresolved component. Figure 2 (left) plots x> against core
radius for different values of . The dashed curves, for a
B-model alone, all give an unacceptable minimum y? (greater
than 42 for 10 degrees of freedom). The fits to a joint f-model
and unresolved component are all acceptable for f > 0.5. Such
a value of B is consistent with values generally fit for cluster gas
(see, e.g., Sarazin 1986). Our new fit for f = % gives a core
radius of 200” + 13” (255 kpc), consistent with the value of
230" + 30" fit by Worrall & Birkinshaw (1994) using a less
precise measure of the background. Figure 2 (right) plots the
background-subtracted radial profile and best fit for a two-
component model with g = 0.9. There are 1066 net counts in
the 0.2-1.9 keV profile, and the unresolved component con-
tains 60 + 10 counts.

Figure 3 shows the background-subtracted, exposure-
corrected, adaptively smoothed hard X-ray image (1-2.3 keV),
derived as described in § 2, divided by the broadband (0.2-2.3
keV) image of Figure 1. Only regions where both the hard and
broadband data are above 20% of background have been used.
The contours of Figure 1 are superimposed. The darkest
regions on the image correspond to those with the hardest
X-ray spectrum. The plot is particularly useful in indicating
point sources which differ from the cluster gas in their spec-
trum. For example, the source 4’ to the east of the peak at
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FIG. 2—Left: x* as a function of core radius, 0., for a fit to the background-subtracted 0.2-1.9 keV radial profile for position angles 125°~290° centered on
NGC 326, to a f-model (dashed curves) and the combination of a f-model and an unresolved source (solid curves). Each set of curves, from left to right, corresponds to
B = 0.35,0.5,0.6667, 0.9, 1.0. Right : Background-subtracted radial profile and fit to a combination of a B-model and unresolved component for f = 0.9. x> = 9.4 for 9
degreees of freedom, 6, = 267", the f-model central brightness is 0.0107 + 0.0004 counts arcsec™2, and 60 + 10 counts are in the unresolved component. The
exposure time is 19,409 s.

FiG. 3.—Background-subtracted, exposure-corrected, adaptively smoothed hard X-ray (1-2.3 keV) image divided by the broadband (0.2-2.3 keV) image, with the
broadband contours of Fig. 1 superimposed. The darkest regions on the image correspond to those with the hardest X-ray spectrum.
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NGC 326 has a relatively soft spectrum, supporting its identifi-
cation with the star SAO 74409. Figure 3 also shows that the
cluster gas shows no sign of being cooler at its outer extre-
meties.

4. OPTICAL CANDIDATES FOR THE X-RAY—EMITTING
FEATURES

The image (Fig. 1) reveals many possible discrete X-ray
sources which are either confused with the diffuse emission or
lie outside it. It is of particular interest to determine if any of
these possible X-ray emitters is associated with a galaxy at the
cluster redshift. It is also interesting that Abell 115 lies off axis
but fully within the complete field observed, and its spectrum
and luminosity are reported in § S.

In order to match galaxies with X-ray sources, we obtained
from the Space Telescope Science Institute a file of the digi-
tized, position-calibrated Palomar Observatory Sky Survey
(POSS) data for the region of sky in our ROSAT image.
Although NGC 326 is the brightest galaxy in the field, there are
several other galaxies within ~3 mag. Visual inspection
showed that the most prominent galaxies lie to the northeast of
NGC 326 and are roughly co-extensive with the X-ray gas.
This supports the argument that the diffuse X-ray emission is
at the redshift of NGC 326, and not behind. Redshift measure-
ments of the galaxies (see Table 1) are required for confirma-
tion and to permit study of the hydrostatic state of the
X-ray—emitting gas.

We have searched for coincidences between the galaxy posi-
tions and X-ray sources found by the SASS. SASS incorporates
a sliding-box source detection algorithm followed by a
maximum likelihood estimate of existence, flux, and position.
Within the region of diffuse emission, SASS finds many over-
lapping sources in some regions. However, by taking only the
38 sources for the area shown in Figure 1 where the SASS
maximum likelihood indicator of existence is greater than 40
for regions overlying the diffuse emission, and greater than 26

elsewhere, we find reasonable agreement with visual inspection
of the data and with the detection algorithm available in
PROS. We have added 12" to the 1.4 ¢ positional uncertainties
given by SASS in order to produce conservative radii for error
circles of the X-ray sources, taking into account the possible
residual aspect errors. Within a ~ 20’ radius circle of NGC 326
(1.5 Mpc projected distance), we find that five of the 10 bright-
est galaxies are the brightest optical objects in X-ray error
circles (Table 1). This suggests that the galaxy atmospheres are
not fully integrated into the cluster gas as a whole, with impli-
cations for the evolution of the cluster as a dynamical entity.
Our analysis of 1.4 GHz C-array VLA data for a field cover-
ing roughly the inner 70% of the area of Figure 1 (see § 7) finds
a radio source of 105 4+ 10 mJy consistent with the visually
second-brightest galaxy, UGC 613; radio emission for the
other galaxies in Table 1, with the exception of NGC 326, is
<5 mly. Apart from the two galaxies NGC 326 and UGC 613,
the only radio source which we have matched with an X-ray
source lies within 5” of 0"57™25%9, 27°01'25” and emits 78 + 8
mly; the digitized POSS reveals no obvious optical candidate.

5. ABELL 115

Abell 115 (z = 0.197) with optical position 0"'56™, 26°19’
(J2000; Abell, Corwin, & Olowin 1989) was first detected in
X-rays with the Einstein Observatory. The IPC image showed
a double peak which Forman et al. (1981) suggested to be
evidence for an intermediate stage in the evolution of the
system, before final merger into a relaxed cluster. Subsequent
optical work found three primary clumps of galaxies, two of
which correspond to the X-ray peaks (Beers, Huchra, & Geller
1983). The brighter X-ray clump (the one to the north) contains
the radio galaxy 3C 28, and Feretti et al. (1984), in a follow-up
Einstein Observatory HRI observation, estimated that ~30%
of the emission in the northern IPC peak could be associated
with 3C 28 itself. The Einstein Observatory detections were
weak (~ 200 net counts with the IPC and ~ 60 net counts with

TABLE 1
BRIGHTEST GALAXIES WITHIN ~ 20’ RADIUS OF NGC 326

Position® X-Ray Detection®
J2000 (to ~2") Name (yes/no)
0158™2236 26°51'59" ....... NGC 326, Zw 0055.7+2636 Yes
059 245270333 ...... UGC 613, Zw 0056.7 + 2647 Yes
059 03.627 0233 ...... MCG +04-03-030 Yes
0 58 47.526 5840 ...... No
0 58 04.4 26 5347 ...... MCG +04-03-024 Yes
0 58 28.526 5343 ...... No
059 00.4 27 0847 ...... Yes
0 58 09.626 4800 ...... No
058 49.027 0012 ...... No
059 16.426 5202 ...... No

Note—Other galaxies (further from the field center, but in the magnitude range
of those in the table) which may be X-ray emitters are three at 1°0™27%9, 27°1'32"
(Zw 0057.8 +2645, MCG +04-03-032), 1°0™34:1, 27°5'53" (MCG + 04-03-033), and
1"0™3134, 27°4'27", consistent with the contoured emission close to the left-hand axis
in Fig. 1, and two at 0°56™45%4, 27°0'35" (MCG +04-03-021, UGC 585) and
0%56™41%9, 27°1'39”, which are consistent with an apparent excess in Fig. 1 (just
below the level of the contours and not found by the SASS detection algorithm).

® In order of decreasing magnitude estimated from visual inspection of the POSS.
Positions use astrometry from the digitized POSS.

b Yes means coincidence of the galaxy with a SASS Version 5.8 X-ray error circle
(see text). X-ray sources are listed in the SASS master source list, except for
NGC 326 whose emission was combined with weaker surrounding “sources” and

reported as a cluster.
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the HRI) and unable to constrain the spectrum, which, on the
basis of other clusters, was assumed to be from thermal gas of
kT ~ 6keV.

The long observing time and the increased sensitivity of
ROSAT with respect to the Einstein Observatory renders a
strong detection of Abell 115 (4870 + 94 net counts 0.1-2.4
keV) despite the reduced sensitivity caused by its location 44’
off axis. We extracted a spectrum, measuring background from
a region spanning the same off-axis annulus as Abell 115, but
away from it and other contaminating sources. OQur spectral
fitting, which took into account the off-axis location of the
source, confirms a relatively high temperature for the source.
As shown in Figure 4, a single-temperature Raymond-Smith
thermal model (Raymond & Smith 1977) gives a good fit
(x*> = 28.8 for 28 degrees of freedom) and finds kT = 7.2%{,
keV (1 o error for two interesting parameters; the PSPC is
poor at constraining the upper limit to temperatures of hot gas
because of its soft response). The abundance fraction is also
poorly constrained since the temperature is high; solar abun-
dances give the best fit. There is marginal evidence for some
absorption in addition to the Galactic value of 5.1 x 10%°
cm ™2 (Stark et al. 1992), with a best-fit range of 1.8 x 10'° to
2.6 x 10?° cm ™2, However, such absorption is needed at less
than 95% confidence and could be induced by the over-
simplicity of our single-component model. We found no signifi-
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cant improvement to our fit when we added a second thermal
or a power-law component, which implies that if 3C 28 has
a very different spectrum from the cluster gas, it contributes
<10% of the total counts (probably not incompatible with the
Einstein Observatory results). An interesting point is that the
luminosity we measure is roughly double that inferred by
Forman et al. 1981, presumably since much of the low surface
brightness cluster emission was blended into the background
in the IPC measurement. The total ROSAT luminosity is
1.6 x 10%® W (0.1-2.4 keV), and an extrapolation of the spec-
irum gives 1038 W (1-3 keV) and 2 x 10%® W (2-10keV).

For the large off-axis angle (~44’) at which Abell 115 was
measured with ROSAT, the best approximation of the asym-
metric PRF to a Gaussian has a o ~ 105" (Hasinger et al.
1993). Thus the ROSAT beam is more than twice the size of the
on-axis Einstein IPC point response for a source of this spec-
trum (Harnden et al. 1984). Consequently, ROSAT does not
resolve the two nuclei seen with the IPC, although we note a
general north-south elongation as expected from the IPC
image, with the northern part being brighter than the southern
part.

6. X-RAY SPECTRUM

The contiguous central region, where the emission is bright-
er than the fourth from lowest contour of Figure 1, and exclud-
ing a region of radius 175 around the X-ray centroid
associated with NGC 326 itself and 1:63 around the (X-ray
fainter) SAO star to its east, gives 1619 + 56 net counts (0.1-2.4
keV) in 63.6 arcmin? (in 19,409 s), taking background from our
standard background region. Spectra were fitted using the
latest versions of the PSPC response matrix (No. 36) and
effective-area calibration (No. 2.6) appropriate to the time at
which NGC 326 was observed. The spectrum gives a good fit
to a single-temperature Raymond-Smith thermal model. An
iron abundance fraction less than solar is found: 0.3*3:35, 1 ¢
errors for one interesting parameter, x2,, = 11.9 for 26 degrees
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F1G. 4—Spectral fit of the PSPC data for Abell 115 to a Raymond-Smith thermal model with 100% cosmic abundances and fixed Galactic Ny of 5.1 x 10%°

cm~ 2. The best-fit model (x? = 28.8 for 28 degrees of freedom) is for a temperature of kT = 7.2 keV and excess intrinsic absorption of 1.3 x 102° cm ™2, Shown are

* net counts compared with model fit (top left), residuals (data — model) for the fit (bottom left), and contours of equal x2 at values of 2.3, 4.6, and 9.2 above the best-fit
! value, corresponding to uncertainties of 1 a, 90%, and 99% for two interesting parameters (right).
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F1G. 5—The yx? contours (1 6, 90%, and 99% for two interesting parameters) for Raymond-Smith spectral fits to the diffuse emission in the contiguous 63.6
arcmin? central region where the emission is brighter than the fourth lowest contour on Fig. 1, and excluding a region around NGC 326 itself and the SAO star ~4'
to its east. The abundance fraction has been fixed at the best-fit value of 0.3. Left: Temperature, Galactic absorption, and normalization are free parameters. The plot
shows good agreement with Galactic absorption from Stark et al. (1992), indicated with the horizontal line. Right: Absorption has been fixed at the Stark et al. (1992)
value, and confidence contours are shown for the temperature (in units of kT) and the logarithm of the normalization (emission measure/4nD? in units of cm ~5).

of freedom. Such a result is in excellent agreement with the
mean iron abundance of 0.35 + 0.02 found by Arnaud et al.
(1992) for clusters observed with EXOSAT and Ginga. Figure 5
(left) shows x2 contours (1 6, 90%, and 99% for two interesting
parameters) for temperature and Galactic absorption,
assuming an abundance fraction of 0.3. The absorption is in
excellent agreement’ with the Galactic absorption toward
NGC 326 from Stark et al. (1992) of 5.5 x 10?° atoms cm 2.
Figure 5 (right) shows x2 contours of temperature versus emis-
sion measure/4nD? assuming an abundance fraction of 0.3 and
that the only absorption is Galactic. Our conclusions are that
the gas in this central region (not including the unresolved
emission associated with NGC 326 itself) exhibits no absorp-
tion in excess of the Galactic value, has an abundance fraction
less than solar, is of temperature kT = 1.9*3:2 keV, and has an
emission measure/4nD? of (1.80 + 0.09) x 10*! cm~3 for an
abundance fraction of 0.3. The luminosity, adopting the red-
shift of NGC 326 and H, = 50 km s~ Mpc™1, is 1.6 x 103°
W. A consideration of the uncertainty in abundance increases
the allowed upper limit to the temperature slightly, to 3.2 keV.
The emission measure/4nD? is dependent on abundance frac-
tion, and for example, we find (2.03 + 0.16) x 10!! cm~° for an
abundance fraction of 0.1 and (1.53 + 0.12) x 10! cm ™% for
an abundance fraction of 0.6.

To estimate the total luminosity of gas we took all emission
brighter than the lowest contour of Figure 1 and excluded
circles around 38 discrete sources (see §4). This gave
3673 + 117 net counts in 293 arcmin?. Despite the large area,
the spectrum again gave an acceptable fit to a single-
temperature thermal (y? = 25.5 for 26 degrees of freedom),
with parameter values similar to those shown in Figure 5 (left).
The 0.1-2.4 keV luminosity is 3.5 x 103® W. When the spec-
trum is extrapolated to the energy range 2-10 keV, we find

1036 W, giving excellent agreement with the correlation of
X-ray luminosity and temperature for clusters of David et al.
(1993; see their Fig. 5a).

In order to get a better estimate of the temperature and
emission measure of the gas in the vicinity of the radio lobes of
NGC 326 (see Fig. 8 later in the paper), we repeated the pro-
cedure above using only the emission from a contiguous region
in the center, brighter than the fifth from lowest contour of
Figure 1. This time we excluded a region of radius only 45"
around the X-ray centroid of emission at NGC 326 itself;
Figure 2 (right) shows that this radius is sufficient to exclude
the region in which the unresolved component dominates. This
central diffuse emission gives 635 + 35 net counts (0.1-2.4 keV)
in 17.2 arcmin?. The best-fit abundance fraction is not signifi-
cantly different from that found for the gas over the larger
region, and contour plots equivalent to those of Figure 5 but
for this smaller region of brighter central gas are shown in
Figure 6. Like the gas on a larger scale, we find that the central
gas exhibits no absorption in excess of the Galactic value and
gives an excellent fit to a single-temperature thermal model.
The temperature is kT = 1.8%%:2 keV, the luminosity is
6 x 1033 W, and the emission measure/4nD? is 6.9%3:$ x 10°
cm~% for an abundance fraction of 0.3. The comparison
between the data and best-fit model are shown in Figure 7.

Within a circle of radius 45” centered on NGC 326, the
unresolved X-ray component matches the contribution from
diffuse emission, at roughly 60 counts each. The unresolved
emission contributes less by a factor of ~2.4 in total counts
and 1 keV flux density than estimated by Worrall & Birkin-
shaw (1994). The 60 net counts within the 45" circle, using the
inner region of diffuse emission fit in Figure 6 as the back-
ground, could be either power-law or thermal emission. In
either case the 0.2-1.9 keV luminosity is about 4 x 103* W,
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FI1G. 6—Same as Fig. 5, but for a contiguous 17.2 arcmin? region in the center where the emission is brighter than the fifth from lowest contour of Fig. 1,
excluding a circle of radius 45” which encompasses the unresolved X-ray emission from NGC 326 itself, as evident in Fig. 2b.

and the arguments of Worrall & Birkinshaw (1994) still hold:
this is too large a luminosity to be dominated by the integrated
emission of discrete X-ray sources similar to those in spiral
galaxies.

A possible origin for the unresolved component is gas on a
scale size less than or equal to that of the galaxy system, since
this would be unresolved to the PSPC. Worrall & Birkinshaw
(1994) have already shown that the cluster emission is cooling
too slowly for a cooling flow to have been initiated. However, if
the unresolved emission is hot gas, it would be cooling on a
timescale shorter than the Hubble time.

An alternative origin for the unresolved component is non-
thermal radiation from the active nucleus responsible for the
radio jets. Our revised X-ray spectral luminosity of
(6 + 4) x 10'> W Hz ! sr™! brings the source into agreement
with the correlation of X-ray core and radio core components
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for low-power radio galaxies shown in Figure 2 of Worrall &
Birkinshaw (1994).

7. RADIO DATA

Radio images of NGC 326 were obtained from the 5 GHz
mapping survey of Birkinshaw & Davies (1995) and from the
analysis of archival 1.4 GHz data taken by Parma, Cameron,
& de Ruiter (1991). Figure 8 shows these images superimposed
on a gray-scale representation of the X-ray emission near
NGC 326.

The 5 GHz data used in Figure 8a were taken with the VLA
in its C array on 1989 June 15 as a part of a galaxy imaging
survey, and the map was constructed following standard
reduction procedures (including self-calibration) and combin-
ing both intermediate frequencies (IFs). The central structure
of the radio source is not clearly split into distinct jet and core
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F1G. 7—Net counts compared with best-fit model (left) and residuals (data — model; right) for data for which contours are shown in Fig. 6. The model is a
Raymond-Smith thermal of kKT = 1.78 keV, 30% cosmic abundances, and Galactic Ny (x> = 14.1 for 28 degrees of freedom).
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components by the ~4” synthesized beam: however, higher
resolution 5 GHz data have been analyzed by E. Fomalont
(1993, private communication) and resolve the ambiguities of
the central structure. The central radio emission consists of
two compact (angular size <074) components, associated with
the two optical nuclei of the NGC 326 dumbbell system, and
prominent, two-sided, knotty radio jets which extend from the
brighter (northwestern) of the two radio cores (see also Parma
et al. 1987). Further out, the jets broaden into lobes of emis-
sion, which have tailed structures extending away from the
center of the galaxy, as described by Ekers et al. (1978).

The 1.4 GHz data were taken with the VLA in its C array on
1985 September 28, and Figure 8b represents the image formed
by the usual analysis procedures (including self-calibration) for
a single IF. The synthesized beam used in the figure is a circu-
lar Gaussian with FWHM 14", and the lower resolution (due
to the lower frequency) and increased source brightness (also
due to the lower frequency) cause the 1.4 GHz map to be more
sensitive to large-scale structure than the 5 GHz map of Figure
8a, despite the fact that both data sets have similar (C-array)
antenna spacings. The total apparent 1.4 GHz flux density of
NGC 326 in Figure 8b is 1.6 + 0.1 Jy, which is somewhat
smaller than the flux density of 1.75 Jy reported by White
& Becker (1992) based on their analysis of the Condon &
Broderick (1986) survey. This suggests that the map in Figure
8b is missing some large-scale structure: a careful examination
of the data suggests that much of the missing flux density lies to
the north of the galaxy center, in a western extension of the
northeastern structure (at ~26°54’ decl.), but the existing VLA
data are insufficiently extensive to permit an adequate image of
this emission to be made.

8. INTERACTION OF THE RADIO STRUCTURES WITH
THE X-RAY—EMITTING GAS

The presence of compact X-ray emission centered on
NGC 326, and the symmetric large-scale structure of the radio
source in NGC 326, suggests that environmental effects such as
buoyancy of the radio plasma in the X-ray atmosphere could
be involved in producing the bending of the radio lobes. Buoy-
ancy has been invoked to explain the structure of other radio
sources (e.g., Burns & Balonek 1982).

Figure 8 shows that each radio lobe has a tail that is bent
through an angle of approximately 90° from the axis of the
lobe, as defined by lines to the radio core. The overall source
symmetry is broken by the presence of a low surface brightness
extension of the tail from the eastern lobe. This extension is at
an angle of about 90° to the tail and causes problems for the
precessing-jet theory of Ekers et al. (1978) and complicates the
dumbbell interaction theory of Wirth et al. (1982), who con-
sider only the symmetric source structure.

. Figure 8a shows well-collimated radio jets entering the radio
lobes. The transition from collimated jets to diffuse tails is
similar to such transitions seen in wide angle tail (WAT) radio
sources (e.g., O’'Donoghue, Owen, & Eilek 1990). Furthermore,
the radio luminosity of NGC 326 (1.6 x 102> W Hz™ ! at 1.4
GHz) is within the narrow range of WAT radio luminosities
observed by O’Donoghue et al. However, the Z-shaped mor-
phology of NGC 326 is not compatible with the C or L shapes
of WAT sources. The large-scale bending of WAT sources has
long been difficult to explain (e.g., Eilek et al. 1984;
O’Donoghue, Eilek, & Owen 1993), and buoyant bending of

» the lobes of NGC 326 is explored below. Another proposed

! explanation of the large-scale bending of radio sources such as
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WAT sources is the bulk motion of group gas containing the
radio sources, for example due to an on-going merger of clus-
ters of galaxies (Roettiger, Burns, & Loken 1993). In the case of
NGC 326, the radio source symmetry argues more for galaxy-
centered buoyancy effects than such random bulk motions in
the cluster gas.

Here we consider the radio tails as part of the backflow from
the radio lobes rather than markers of previous positions of the
radio lobes. Numerical simulations of the lobes of classical
double radio sources (e.g., Leahy & Williams 1984) show that
material in the lobes flows back from the lobe hot spots. These
simulations also show that the strength of the backflow
depends on the relative densities of the jet and the surrounding
medium, with light jets producing strong backflows and slow
forward propagation of the front of the lobes. In NGC 326, the
tails are at least 3 times longer than the lobe-core distances. If
the lobes and tails are the same age and the jets have not
changed orientation, then the flow velocities in the tails must
be at least 3 times larger than the velocity of separation of the
leading edges of the lobes from the radio core, suggesting light
jets in NGC 326. As an indication of the actual backflow
velocities, we use the results of Alexander & Leahy (1987) who
used spectral index gradients in the radio lobes to infer separa-
tion velocities between the hot spot and lobe material in a
representative sample of classical double radio sources. Most
of these sources exhibit separation velocities between 0.01¢ and
0.2¢. We lack spectral index gradient data for NGC 326, but
might expect comparable flow velocities in its tails.

The superposition of the radio and X-ray data (Fig. 8) shows
that, in projection, each radio lobe bends sideways into a tail as
the backflow approaches the denser X-ray emission region sur-
rounding the core of the radio source. The eastern tail bends so
that it remains in a region of low X-ray brightness, and except
for the low radio brightness extension of the tail, lies alongside
the edge of a region of higher X-ray surface brightness. The low
radio brightness extension, although superimposed on a region
of brighter X-ray emission, does not conflict with the buoyancy
force explanation of the radio structure. Being at the end of the
eastern lobe, it may be at a considerable spatial distance from
the X-ray emission region on which it is projected. The tail
from the western lobe is superimposed on a region of higher
X-ray brightness, but also points away from the X-ray emission
surrounding the radio core.

In each tail, the bending has a radius of curvature of ~ 30"
(38 kpc). The bending of the eastern lobe occurs at ~45” from
the radio nucleus, as defined by the closest approach of the
lobe to the nucleus, while the bending of the western lobe
occurs at ~15” from the nucleus. These bends are too close to
the nucleus to be induced by pressure gradients associated with
the extended X-ray component (0., = 267") of the model
shown in Figure 2. However, the bends could be produced by
the smaller scale pressure gradients that are implied by a
thermal origin for the compact component of the X-ray emis-
sion. Our data are consistent with a core radius for this com-
ponent of up to ~15”. Such an X-ray core radius is
comparable with both the radius of curvature of the bends and
the distance of the bends from the radio and X-ray centers.

In the inner jet regions, the high-resolution radio image in
Parma et al. (1987) shows straight symmetric inner jets,
although the eastern jet is rather abruptly bent through an
angle of about 32° at a distance of ~20” (27 kpc) from the
nucleus, with a further straight jet segment beyond the bend.
No strong bending is seen in the shorter western jet. This
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abrupt bending of the eastern jet is unlike the gradual bending
seen in jets affected by ram pressure, as in NGC 1265 (O’Dea &
Owen 1986). A brightening of the jet is associated with the
abrupt bend: this may indicate a shock in the jet at this point.
The lack of clear ram-pressure bending in the jets of NGC 326
indicates either that the galaxy is moving slowly relative to the
surrounding X-ray atmosphere or that the jets are shielded by
a galactic atmosphere from feeling any velocity-induced ram
pressure. In what follows we will neglect ram-pressure effects in
the analysis of the dynamics of the radio lobes and tails.

Minimum pressures in the radio tails are around 7 x 10714
N m~2, while the thermal pressure from the X-ray gas is
5 x 1073 N m~2 at 60” from the radio core, with the pressure
from the extended X-ray component being the dominant con-
tributor. This apparent pressure confinement of the radio lobes
by the surrounding thermal material has been found in other
low-power radio sources by Morganti et al. (1988), who
suggest several possible explanations for the apparent pressure
imbalance, including the deviation of internal lobe pressures
from the minimum pressure, and entrainment of thermal
material into the radio lobes. In NGC 326, the extended X-ray
component shows a nonuniform, unrelaxed surface brightness
structure, so that the radio lobes could be closer to pressure
equilibrium than suggested by our simple model for the
extended X-ray emission.

The dynamics of a buoyant radio source in a surrounding
hot X-ray atmosphere are expressed by Euler’s equation:

ov vp
—+ @ - Vip=—
ot Plobe

+g, o)

where v is the velocity of material in the radio lobes, which has
density p,,,. and is subject to a pressure gradient (VP) and
gravity (g). If the lobe backflow is assumed to be steady and to
occur at a constant speed, v, and the compact X-ray source is
assumed to arise from gas with density p.(r) in hydrostatic
equilibrium, so that -

VP
g§=——, (2)
Px
equation (1) can be approximated as
v? 1 1 \dP
e (—-—) =, 3
2R Px Piobe dr

which relates the radial pressure gradient to the radius of cur-
vature, R, of the backflow in the lobes. Positive buoyancy at
any radius corresponds to p, > pi.- We estimate both the
pressure gradient and p, from a f-model for the measured
compact X-ray component, assuming a temperature of 0.6 keV
as is reasonable for an elliptical galaxy of this type. We assume
this compact component is produced by isothermal gas having
a 15” core radius. The density p, and radial pressure gradient
dP/dr are obtained from direct evaluation of the f-model at the
apparent radial distances of 45” and 15" for the east and west
lobes, respectively. If we assume that the observed (projected)
radius of curvature is close to R = 30" for both the east and
west lobes, and assume a flow speed v, then we can solve for
P/ Probe- Since we have no direct measurement of the backflow
speed in NGC 326, we will use v ~ 3000 km s~ 1 at the low end
of the range obtained by Alexander & Leahy (1987). Table 2
gives the resultant X-ray densities, pressure gradients, and
pressure contrasts for the lobes. We find p,/pop. = 40 (east)
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TABLE 2
Buoyancy MoDEL

Lobe East West
Radial distance ............. 45", 57 kpc 15", 19 kpc
pkgm ™) .l 49 x 10723 2.5 x 10724
dP/dr N m~2 kpc™1)...... —19 x 10715 —1.6 x 10714
PufPlobe +evverenereiniininann 40 25

and 25 (west). These derived density ratios would be even
greater for backflow speeds greater than 3000 km s ™', and the
flow remains buoyant for all plausible temperatures. With
density contrasts of the derived size or larger, all the observed
lobe bending can be attributed to the action of buoyancy
forces, and the flow remains buoyant even if a significant frac-
tion of the compact X-ray emission is produced by unresolved
nonthermal emission associated with the radio core (Worrall
& Birkinshaw 1994).

The magnitudes of the buoyancy forces on the lobes fall by a
factor of 2 from their values at the bends at distances of about
60" (east) and 25" (west) from the X-ray center and drop to zero
at 300” (east) and 100" (west) if p;p. i taken to be constant.
Thus, although it is plausible that the lobes remain buoyant
over the entire structure shown in Figure 8b, away from the
bends the buoyancy forces drop rapidly.

Thus the structure of the diffuse radio emission seen in
Figure 8b can be attributed to the effects of buoyancy, with the
bends in the tails being driven by the density gradient in a
compact gas component, and the low surface brightness exten-
sion of the eastern lobe occurring at neutral buoyancy. Further
studies of the source are needed to set limits to the velocity of
the backflow and test this interpretation.

9. SUMMARY

The basic result and conclusions of our work can be sum-
marized as follows:

1. The X-ray emission in the vicinity of NGC 326 is pre-
dominantly diffuse, but there is an unresolved peak which is
consistent in position with the dumbbell radio galaxy and
which provides an excess 0.1-2.4 keV luminosity of ~4 x 10**
w.

2. The bright asymmetrical X-ray-emitting gas in which
NGC 326 is embedded has full extent 2800 kpc and lumi-
nosity 3.5 x 103¢ W. It stretches predominantly northeast of
the peak and is cospatial with the optically brightest galaxies in
the field, which are associated with the western part of Zw
0056.9 +2636.

3. A radial profile of the southern part of the X-ray emis-
sion, centered on NGC 326, shows that the diffuse component
fits a B-model with 8 > 0.5, consistent with general findings for
cluster gas.

4. The diffuse X-ray emission fits a Raymond-Smith spectral
model with kT = 1.973:5 keV and an abundance fraction 0.3
times solar, in good agreement with other clusters of similar
X-ray luminosity. The X-ray peak, unresolved with the PSPC
and coincident with the radio galaxy core, may be due to
cooler gas or to nonthermal emission associated with the
active nucleus responsible for the radio jets.

5. Within a ~ 20’ radius circle of NGC 326 (1.5 Mpc project-
ed distance), we find that five of the 10 brightest galaxies are
the brightest optical objects in error circles of discrete X-ray
sources. This suggests that the galaxy atmospheres are not fully
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integrated into the cluster gas as a whole, with implications for
the evolution of the cluster as a dynamical entity.

6. The unrelated cluster Abell 115 was detected as a strong
extended source, 44’ off axis and unconfused with emission
from the cluster surrounding NGC 326. A single-temperature
Raymond-Smith thermal model fits the cluster data (~ 5000
net counts) and finds kT = 7.2*3 ; keV. The total luminosity,
1.6 x 10°* W (0.1-2.4 keV), is about twice that previously mea-
sured in a shallower observation with the Einstein Observatory
IPC.

7. The Z-shaped structure of the radio emission of NGC 326
has been interpreted previously as either precession of the
central beam (Ekers et al. 1978) or a change in direction of the
beam (from northeast-southwest to southeast-northwest)
during close passage with the companion elliptical galaxy
(Wirth et al. 1982). Our X-ray results support a different expla-

nation: that buoyancy forces have bent the outer radio struc-
tures into directions of decreasing external gas pressure.

We are grateful to the referee, Jack Burns, for his thoughtful
report and suggestions, to Jack Hughes, Stuart Daines, and
Larry David for discussions concerning analysis procedures
for extended ROSAT sources, to Ed Fomalont for the posi-
tions of radio components from his analysis of high-resolution
VLA data, and to the GASP group of the Space Telescope
Science Institute for a file of the digitized, position-calibrated
Palomar Sky Survey data for the region of sky in our ROSAT
image. Use was made of the NASA/IPAC Extragalactic Data-
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