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Abstract: observations with Chandra have shown that cluster-center radio sources and the dense ICM in the cores of cooling flow clusters have a profound impact on one another. In many cases,
cavities or “bubbles” are observed in the X-ray gas, and the central radio sources often reveal distorted morphologies. The bubbles appear to be created by the expansion of the radio source into the
thermal ICM. Several clusters show evidence of “ghost” bubbles where it appears that the radio lobe has detached from the central AGN and is buoyantly rising in the cluster atmosphere. Such buoyant
bubbles may be an important mechanism for transporting energy and magnetic fields throughout the ICM.

We present Chandra observations of the cluster Abell 2029 which contains a dense X-ray core and steep-spectrum central radio source. The central regions of the cluster reveal a number of
broad X-ray filaments, some of which appear to be connected to the central radio source. There are also depressions in the X-ray emission at or near the location of the steep-spectrum radio emission.
Unlike other cooling flow cores, the connection between the X-ray structures and the present radio source is less obvious. The X-ray emission at the core of the cluster displays an hourglass shape with
the radio jets propagating along the pinch axis. On larger scales the X-ray emission shows an apparent spiral excess which may be the signature of a cool cloud of material which has fallen into the
cluster core with non-zero angular momentum. There is also a linear X-ray absorption feature located about 1'.5 south of the cluster core due to photoelectric absorption in the disk of a foreground edge-

on spiral galaxy.

Abell 2029: Abell 2029 is a richness class I, Bautz-Morgan type | cluster at a

redshift of z=0.0767. Optical observations of the cluster show it has a large

Radio/X-ray Interaction

central c¢D (IC 1101) with low surface brightness emission extending to a radius
of 600 kpc (Uson et al. 1991). X-ray observations of the cluster with ROSAT
(Sarazin et al. 1992) show a north-east to south-west elongation similar to the
cD. The cluster-center cD hosts a distorted, steep spectral index radio source
(PKS 1509+59) which has two oppositely directed jets that appear to disrupt at
a distance of 10 — 20 kpc from the core (Sumi et al. 1988, Taylor et al. 1994).
Unlike typical cooling flow clusters, Abell 2029 does not appear to contain any

of the usual signatures of star formation (McNamara & O’Connell 1989).
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Figure 1: Adaptively smoothed image (0.3 — 10 keV) of the ACIS-
S3 observation of Abell 2029. The X-ray emission is elongated in a
north-east to south-west direction and appears very regular in the
outer regions of the cluster (Lewis et al. 2002). The inner core of the
cluster reveals a number of X-ray filaments, some of which appear
to be connected to the central radio source.

The X-ray emission in Abell 2029 appears to have an excess to
the north-east and south-west of the core and a deficit in the south-
east and north-west (Figure 1). We have fit an elliptical model to
the Chandra data allowing the ellipticity and position angle to vary
and subtracted the resulting model from a Gaussian (s = 1")
smoothed image of the X-ray emission. The resulting image (Figure
2) shows a spiral excess over large scales in the cluster. A cZmap
reveals the structure is highly significant. This feature may be the
result of stripping of gas from a cool cloud which has fallen into the
center of the cluster on an initial orbit with non-zero angular
momentum.

Figure 2: Residual image (central 275 kpc) obtained by
fitting and subtracting an elliptical model from the
Gaussian (s = 1") smoothed X-ray image. Contours show
the 1.4 GHz radio emission of PKS 1509+59 from Taylor et
al. (1994). The large spiral X-ray excess may be the result
of stripping of gas from an infalling cold cloud that had an
initial non-zero angular momentum orbit. The linear feature
seen 1'.5 south of the cluster core is an absorption region
associated with the disk of a foreground edge-on spiral
galaxy.

Figure 3: Adaptively smoothed Chandra image of the central 1.5 (117
kpc) region of Abell 2029 with 1.4 GHz radio contours overlaid. The X-
ray emission shows a number of broad filaments. There are also X-ray

depressions associated with both the north-west and south-east
extensions of the radio source. The inset shows an enlargement of a
Gaussian (s = 1") smoothed image of the south radio foot where a
compact X-ray depression is seen.

The central region of Abell 2029 shows a number of broad X-ray filaments

Foreground Spiral Galaxy

Hardness ratio maps of Abell 2029 show a large linear east-west feature
approximately 1'.5 south of the cluster core. This feature is due to
photoelectric absorption of the X-ray emission by the disk of a foreground
(z=0.0221, Dressler 1981) edge-on spiral galaxy (Figure 6). We have fit
the excess absorption due to the spiral using an XSPEC model and find
an excess absorbing column of 2.0 x 1021 cm2, where the Galactic
column is 3.15 x 102° cm™2. Hi observations with the GBT show an
asymptotic velocity of 108 km s at cz=6620 km s. The Hi mass derived
from the GBT observations is 3.1 x 10° M , while the lower limit derived
from the X-ray is 5.5 x 108 M . We note that Mp/M,; ~ 10.

(Figure 3) similar to those previously seen in ROSAT data (Sarazin et al. 1992).
Filaments to the north, north-east and east do not appear to be connected to the
present radio source. The filament to the south-west has a mass ~3.3x 10°M .
It appears to trace the steep spectrum radio foot and may represent a partial rim

similar to what is seen in Hydra A (McNamara et al. 2000). The thermal pressure

in the SW filament is P;,~8 x 101° dyne/cm? and the minimum energy non-

thermal pressure is P,,,~3 x 101t dyne/cm2, resulting in an X-ray over-pressure
of ~25, suggesting that there is additional pressure support in the radio source.

The core of the cluster reveals an hourglass shape with the radio jets
propagating along the pinch axis and disrupting near the edge of the pinch

(Figure 4). A temperature map of the central regions of the cluster (Figure 5)
shows a cool core (~3.5 keV) and cool regions on either side of the south radio

foot. The surrounding ICM has a temperature ~7 keV.

Figure 4: Enlargement of the central 25 kpc region of Figure 3 with 8.4 GHz

radio contours of Taylor et al. (1994). The bright X-ray core has an
hourglass shape with the radio source propagating along the pinch axis.
The flat-spectrum radio core is co-incident with the X-ray peak.

Figure 5: Temperature map of the central region of Abell 2029 with 1.4

GHz radio contours from Taylor et al. (1994). The temperature is shown on

a square root scale running from 3.5 keV (dark blue) to 10.5 keV (yellow).

In addition to the cool regions in the core, there appear to be cooler regions

on either side of the south radio foot.

Figure 6: Top image shows the KPNO 0.9m image of the
foreground spiral viewed along the line of sight to the core
of Abell 2029 (courtesy J. Uson). Bottom panel shows the
X-ray absorption feature in the Gaussian (s = 1")
smoothed 0.3 — 10 keV Chandra image.

Figure 7: Best fit XSPEC model of the joint fit to the
thermal emission from the spiral absorption feature (red)
and from the surrounding region (black). The resulting fit
finds an excess of 2.0 x 102 cm2for c%DOF = 187/223.
This corresponds to My, = 5.5x108 M .
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