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ABSTRACT

We have performed sensitive polarimetric radio observations with the VLA of three galaxies: PKS
0745—191, PKS 1508+059, and PKS 2354—350, embedded in x-ray cooling flow clusters. High
sensitivity, multifrequency maps of all three, along with spectral index and Faraday rotation measure (RM)
maps of PKS 1508+059 and PKS 2354—350 are presented. For PKS 1508+059 and PKS 2354-350
models of the electron density of the intracluster medium (ICM) have been used to set lower limits of 0.1
and 2.7 uG, respectively, on the magnetic field in the ICM based on the observed RMs. In an x-ray selected
sample of cooling flow clusters with an associated radio source, 57% (8/14) are found to have absolute RMs
in excess of 800 radians m~2. This sample includes the three sources of this study and all the other high RM
sources found to date at z<<0.4. These facts are consistent with the high RM phenomenon being produced
by magnetic fields associated with the relatively dense, hot x-ray gas in cooling flow clusters.

1. INTRODUCTION

Radio sources embedded within rich clusters of galaxies
can serve as useful probes of the intracluster medium (ICM).
Sharp changes in the ICM pressure at the sonic radius may
disrupt radio jets (Soker & Sarazin 1988; Norman et al.
1988), and if the thermal ICM pressure is large enough it
may confine the radio source. Polarized radiation from em-
bedded radio sources may also be rotated by the Faraday
effect if magnetic fields are present in the ICM.

The x-ray emission in some clusters is strongly peaked at
the center, leading to high densities and cooling times of the
hot ICM in the inner ~100 kpc of much less than the Hubble
time. To maintain hydrostatic equilibrium, an inward flow is
required (for a review see Fabian et al. 1991). Typical mass
cooling flow rates are 100 Mg yr™ 1. No direct evidence has
yet emerged, however, either for the “flow” of material into
the center, or for where the “cooled” gas resides. Neverthe-
less, as is done in the literature, we will use the terminology
“cooling flow’ to refer to this observational class of sources.
The cooling flow phenomenon in clusters is quite common—
between 70%—-90% of an x-ray flux-limited sample of clus-
ters have cooling flows (Edge et al. 1992).

While most extragalactic radio sources exhibit Faraday
rotation measures (RMs) on the order of 10 s of radians m™2
due to the interstellar medium of our galaxy, there are a small
number of sources displaying RMs in excess of ~1000
radians m 2. Recent studies of these high RM sources [e.g.,
Cygnus A: Dreher, ef al. (1987); A1795: Ge & Owen (1993);
Hydra A: Taylor & Perley (1993)] indicate that these RMs
are most likely to be induced by a cluster magnetic field.
Furthermore a common theme has emerged that each of the

1942 Astron. J. 107 (6), June 1994

0004-6256/94/107(6)/1942/11/$0.90

high RM sources is found in association with a hot x-ray
emitting gas, and in most cases a cooling flow (Ge 1991,
Taylor 1991). The diversity of the radio structures and pow-
ers, and the commonality of the x-ray parameters suggest
that the high RMs are the result of external Faraday rotation
occurring in a magnetized hot cluster gas surrounding the
radio sources. For external Faraday rotation, the RMs are
related to the density, n,, and magnetic field along the line of
sight, By, through the cluster according to

L
RM=812[ n.B| dl radians m~?, 1)
0

where B is measured in uGauss, 7, in cm™? and dl in kpc.
the RM distribution, along with x-ray observations (used to
estimate n,), can then be used to understand the magnetic
field structure along the line of sight.

The RM structure of many of the high RM sources (in
particular that of Hydra A, 3C 295, Cygnus A, and A1795)
show ordered structures over tens to hundreds of kpc. The
origin and evolution of such magnetic fields is a topic of
some speculation (Daly & Loeb 1990; Goldman & Rephaeli
1991; DeYoung 1992). They could be remnant magnetic
fields of extinct radio galaxies, the result of a cluster dynamo
effect (Ruzmaikan et al. 1989; Eilek 1993), or magnetic
fields stripped from spiral galaxies during galactic cannibal-
ism. Cluster magnetic fields may have important effects on
cluster dynamics and energy transport (Sarazin 1986; Tribble
1989), and significant implications for primordial star forma-
tion (Pudritz & Silk 1989). These magnetic fields can only be
traced when there is a radio source located within or behind
the cluster. Given the low density of sources fortuitously
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located behind clusters and strong enough to provide a good
estimate of the RM, the best way to probe these fields is to
examine those clusters with a known radio source.

We have observed PKS 0745—191, PKS 1508+059, and
PKS 2354350 in order to test the predictions of Ge (1991)
and Taylor (1991) that radio galaxies in cooling flow clusters
exhibit high RMs. We also use the detailed observations of
these sources in an attempt to better understand their envi-
ronment. We present our observations in Sec. 3. In Sec. 4 we
compare thermal and radio pressures, derive spectral indices,
and present the RM results. In Sec. 5 we discuss the RM
observations for a sample of radio sources embedded in cool-
ing flows. We assume H,=50 kms 'Mpc™! and Q=1
throughout this paper.

2. PREVIOUS OBSERVATIONS

All three radio sources lie in rich, Bautz-Morgan (1970)
type I clusters; PKS 0745—191 in 0745-191, PKS 1508
+059 in A2029, and PKS 2354—350 in A4059. Furthermore,
each radio source is associated with an ultraluminous cD
galaxy (0745—191—Mackie et al 1990; A2029—Uson
et al. 1991; A4059—Carter et al. 1985). Each of these clus-
ters is a luminous x-ray source, and in fact 0745—191 is the
most luminous x-ray cluster found in a flux limited sample of
51 sources (Edge et al. 1992). All three sources possess sig-
nificant cooling flows.

PKS 0745—191 has been imaged extensively in the radio
by Baum & O’Dea (1991), and was included, along with
PKS 1508+059, in a study of the radio properties of cD
galaxies in clusters by Burns (1990). Sumi ez al. (1988) pre-
sented high resolution VLA images of PKS 1508+059 at
4860 and 1500 MHz. We have retrieved this data, along with
unpublished observations from the VLA archive, in order to
produce high resolution, multifrequency spectral index and
polarization maps. The only previous radio image of PKS
2354—350 comes from Ekers et al. (1989) using the partially
completed VLA.

3. THE VLA OBSERVATIONS

These sources were selected for sensitive, high resolution
polarimetry by their large cluster cooling flow rates, the pres-
ence of extended radio emission, and the fact that no previ-
ous RM determination existed. Observations of PKS 0745
—191, PKS 1508+059 and PKS 2354—350 were made with
the Very Large Array (VLA) of the NRAO! at four frequen-
cies within the 3.6 cm band in order to map the RM struc-
ture. For both PKS 1508+059 and PKS 2354—350 observa-
tions were made in both the A and A/B or B configurations,
and later combined, in order to provide both high spatial
resolution and good sensitivity to diffuse polarized emission
on scales of 5”-10". Supplemental observations were also
made at 4860 MHz, or obtained from the VLA archive in the

!The National Radio Astronomy Observatory is operated by Associated Uni-
versities, Inc., under cooperative agreement with the National Science Foun-
dation
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TaBLE 1. VLA observations.

Source Date Configuration Frequencies  Duration Bandwidth
(MHz) (hrs) (MHz)

PKS0745-191 1992 Nov 14 A 7815, 8165 1.99 50
8515, 8885 1.97 50

PKS1508+059 1985 May 16 B 4835, 4885 5.39 50
1985 Jul 14 C 4835, 4885 4.05 50

1986 Jun 21 A/B 1465, 1515 0.71 50

4835, 4885 2.87 50

1987 Sep 6 A 1465, 1515 1.01 50

1987 Dec 19 B 14915, 14965 3.714 50

1988 Mar 16 C 14915, 14965 1.08 50

1992 Nov 14 A 7815, 8165 2.04 50

8515, 8885 1.98 50

1993 Mar 24 B 7815, 8165 1.20 50

8515, 8885 1.20 50

PKS2354-350 1992 Nov 14 A 7815, 8165 2.27 50
8515, 8885 2.24 50

1993 Feb 7 B 4815, 4885 0.41 50

7815, 8165 0.89 50

8515, 8885 0.89 50

case of PKS 1508+059. Table 1 contains a list of the obser-
vations.

Absolute flux calibration to the flux scale of Baars et al.
(1977) was obtained through a short observation of 3C 286.
Complex antenna gain and polarization calibration were per-
formed using nearby VLA calibrators in the standard way.
All calibration and mapping were performed using the AIPS
package of the NRAO.

4. RESULTS
4.1 Multifrequency Synthesis Radio Images

Byproducts of the multifrequency observations required
for the RM determinations are four sensitive total intensity
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FiG. 1. The 8350 MHz (3.6 cm) image of PKS 0745—191 made by multi-
frequency synthesis. The synthesized beam is 0.264"X0.170" at p. a. —6°.
Contours are drawn at —0.1, 0.1, 0.141, 0.2, ..., 25.6 mJy beam™! at root
two intervals with negative contours drawn using dashed lines. The grey-

scale range is from 0 to 15 mJy beam ™.
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FiG. 2. The 8350 MHz image of PKS 1508+059 made by multifrequency
synthesis and combined observations from the A and B configurations of the
VLA. The synthesized beam is 0.4”. Contours are drawn at —0.04, 0.04,
0.057, 0.08, ..., 2.56 mly beam™! at root two intervals with negative con-

tours drawn using dashed lines. The greyscale range is from 0 to 2.5

mlJy beam ™.,

measurements with a frequency spread of 14%. This fre-
quency spread is nearly ideal for covering gaps in the u—v
plane and can make a considerable improvement in both sen-
sitivity and image fidelity (Conway 1991). Differences in the
spectral index between the strong core and diffuse emission
in PKS 0745—191 led to weak but significant spectral side-
lobes. To eliminate these sidelobes the core component was
removed, the four frequencies combined, and then the core
component added back to the u—v data. The uniformly
weighted image made from this synthesis is shown in Fig. 1.

Total intensity images of PKS 1508+059 and PKS 2354
—350 made directly from a multifrequency synthesis and
using natural weighting are shown in Figs. 2 and 3. The
positions of the radio core, accurate to =50 mas, are pre-
sented for each image in Table 2 along with the redshift,
1400 MHz power and largest angular size (LAS). The beam,
rms noise, peak core flux density, and total source flux den-
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FiG. 3. The 8350 MHz image of PKS 2354—350 made by multifrequency
synthesis and combined observations from the A and A/B configurations of
the VLA. The synthesized beam is 0.8”X0.5" at p.a. 7°. Contours are drawn
at —0.05, 0.05, 0.071, 0.1, ..., 3.2 mJy beam™! at root two intervals with

negative contours drawn using dashed lines. The greyscale range is from 0

to 3 mJy beam ™.

sity for each of these images is given in Table 3, along with
measurements from observations at other wavelengths. The
errors in the peak and total flux densities are typically ~2%.
The measurements of total flux density generally agree with
previous single dish measurements, although we find only 76
mly for PKS 2354—350 at 4860 MHz compared to 110 mJy
found by Ekers et al. (1989) using the Parkes 64 m tele-
scope. The missing flux is the result of insufficient short
baselines.

4.2 Spectral Indices

The integrated radio spectrum for each source (Fig. 4)
was derived using published values from the literature and
our own observations. At low frequencies these data come
primarily from single dish observations (taken from the
Parkes 1990 Catalog of the Australia Telescope National Fa-

TABLE 2. Radio parameters.

Source Core Position (B1950)% z log P14q0 scale  LAS?

RA. Decl. (WHz™!)  (kpcasec™!)  (kpe)
PKS0745-191 07 45 18.427 —19 10 11.13  0.1028 25.99 2.52 25
PKS1508+059 15 08 27.357 05 55 59.30  0.0767 25.13 1.96 80
PKS2354-350 23 54 26.103  —35 02 15.12  0.0478 25.11 1.28 70

@ Core positions were determined from the 8350 MHz images.
The largest angular size (LAS) was determined from the 4860 MHz images.
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TaBLE 3. Radio flux density measurements.

Source Freq. Beam rms Peak  Total Flux
(MHz) (asec) (mJy beam_l) (mJy beam'l) (mJy)
PKS0745-191 8350  0.264 x 0.170 at —5.7° 0.031 34.8 168
PKS1508+059 1490 13 x 13 0.078 29.9 511
4860 13 x 1.3 0.026 5.1 58.5
8350 04 X 04 0.010 29 25.0
14940 0.72 x 0.62 at —61° 0.048 2.2 9.7
PKS2354-350 8350 0.8 x 0.5at 7° 0.011 3.0 37.0
4860 1.67 x 1.22 at 20° 0.047 7.5 75.6

cility, and from the Effelsberg survey of Andernach et al.
1988). At high frequencies the data are primarily derived
from VLA observations (Owen et al. 1992; Ekers et al.
1989; Baum & O’Dea 1991; this work). For PKS 2354—350
at 5000 MHz we have used the value reported by Ekers et al.
(1989). A linear least-squares fit to the data yield spectral
indices, a, (defined as S,v%) of —1.22, —1.52, and —1.43
for PKS 0745—191, PKS 1508+059, and PKS 2354—350
respectively. These spectral indices are much steeper than the
median a of ~—0.68 (Windhorst et al. 1990) for sources
with comparable radio powers, but are similar to other
sources in dense cooling flow clusters (e.g., 3C 295—Perley
& Taylor 1991; Hydra A—Taylor et al. 1990).

Spectral index maps for PKS 0745—191 can be found in
Baum & O’Dea (1991).

In Fig. 5(a) we show a spectral index map of PKS 1508
+059 between 4860 and 8515 MHz. The spectral index is
0.21 at the core and steepens to —2.7 near the edges of the
source. In Fig. 5(b) is the spectral index map between 1490
and 4860 MHz. This map reveals faint tails with a steep
spectrum of ~—3. Evidence for curvature in the spectrum of
PKS 1508+059 can be found by comparing Figs. 5(a) and
5(b). The spectral index of the jet is steeper in the spectral
index map made with the higher frequency pair.

The spectral index map for PKS 2354 —350 between 4860
and 8515 MHz is shown in Fig. 6. The spectral index is —1
at the core and steepens slightly to —1.1 in the lobes. There
is some evidence for a faint, diffuse component to the lobes
with a spectral index of —2.5 or perhaps even steeper. This is
supported by the missing flux in the 4860 MHz synthesis

PKS0745-191 PKS1508+059

image compared to the single dish measurement (see Sec.
4.1). Some of this faint, diffuse emission can be seen in a
4860 MHz image made using a larger, 5" beam (Fig. 7).
Accurate measurements of the flux density and spectral in-
dex of this diffuse component will require further observa-
tions which include shorter spacings.

Since high energy electrons radiate faster than those at
lower energies, the age of a synchrotron source can be re-
lated to its spectral shape (Scheuer & Williams 1968; Myers
& Spangler 1985). Assuming an injected power law spec-
trum corresponding to a spectral index of —1 and synchro-
tron losses in which electrons retain constant pitch angles,
we have used the derivation of Myers and Spangler to esti-
mate the age of the source. In the jets of PKS 1508+ 059, the
minimum energy magnetic field strength is ~50 uG, and the
spectral index is ~—1.5, leading to an estimated age for the
jets of 1.1xX10° yr. In the tails the spectral index steepens to
~—2.5 and the minimum energy field strength falls to ~20
uG which gives an age of 12X10° yr. This age requires an
average bulk velocity of 3200 km s ™! if the relativistic elec-
trons that supply the tail come from the central engine within
the radio core.

4.3 Comparison of X-ray and Radio Pressures

We have calculated the minimum energy magnetic field
strengths and pressures in several locations in each source.
This has been done assuming a cylindrical geometry as in
Perley et al. (1979). We have further assumed a volume fill-
ing factor, 7, of unity, upper and lower frequency cutoffs of

PKS2354—-350
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FiG. 4. The integrated spectra for PKS 0745—191, PKS 1508+059, and PKS 2354 —350. Total flux density measurements were taken from the literature (see
text for references) as well as the observations presented in this paper. A single power law has been fit to each data set and its corresponding index is shown.
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FiG. 5. Spectral index maps of PKS 1508+059 at 1.3" resolution made
between 4860 and 8515 MHz overlaid on contours from an 8515 MHz
image (a) and between 1490 and 4860 MHz overlaid on contours from the
1490 MHz image (b). The greyscale range is from 0 to —4 for both maps.
The FWHM of the synthesized beam is drawn in the lower right corner.
Contours increase by factors of 2 with the lowest contour starting at 0.06
and 0.24 mJy beam ™ in (a) and (b), respectively.
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FiG. 6. Spectral index map of PKS 2354—350 at 1.6" resolution made be-
tween 4860 and 8515 MHz. The greyscale range is from 0 to —3.5. Con-
tours are taken from the 8515 MHz image and drawn at 0.08, 0.16, 0.32,
0.64, 1.3, 2.6, and 5.1 mJy beam™,

10 GHz and 10 MHz, and equal energies in the relativistic
electrons and protons. The spectral index used for the calcu-
lations is taken from the measured value between 1490 and
4860 MHz. The values are presented in Table 4, along with
the thermal pressure derived from x-ray observations.

In PKS 0745—191 and PKS 1508—059 the thermal pres-
sures derived from the x-ray observations exceed the mini-
mum energy pressures derived from the radio observations
by up to two orders of magnitude. In PKS 2354—350 the
x-ray observations of Schwartz et al. (1991) provide only a
lower limit to the central density and thermal pressures,
which are probably much greater. All three radio sources
may be confined by the hot gas, in which case their energies
must be somewhat greater than the minimum energy condi-
tions. Alternatively, the radio sources might be filamentary
with volume filling factors less than unity since P,z 7.
To be unconfined by the large thermal pressures would re-
quire the radio sources to be highly filamentary, and/or to
have energies over two orders of magnitude greater than the
minimum energy. Confinement of the radio sources is con-
sistent with their relatively small sizes and steep spectra.

4.4 Comparison of X-ray and Radio Images

In Fig. 8 the 20 cm radio image of PKS 1508+059 is
overlaid on the ROSAT HRI image (Sarazin et al. 1992; here-
after referred to as SOM). The ROSAT image has been
shifted by 0.5” and 3.3" in right ascension and declination,
respectively, in order to align the x-ray peak with the radio
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F16. 7. An image of PKS 2354—350 at 4860 MHz and 5" resolution. Note
the presence of faint, diffuse emission to the north and south. Contours are
drawn at 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 mJy beam ™.

core. This shift is marginally consistent with the error in the
position of the x-ray centroid of *+3" quoted by SOM. With
the two images aligned, it is evident in Fig. 8 that the radio
emission is anticoincident with the x-ray filaments. In other
words, the radio emission appears to flow out along a pres-
sure minimum, as expected for a buoyantly rising plume. A
similar, but more pronounced, effect has recently been re-
ported for NGC 1275 (3C84) by Bohringer et al. (1993). The
idea of a radio-emitting plasma buoyantly rising through a
hot gas goes back to the work of Gull & Northover (1973).
The velocity for a buoyantly rising plasma in a constant pres-
sure gradient is

1947
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Fic. 8. The 1490 MHz radio image at 1.3" resolution overlaid upon the
ROSAT HRI image at 2" resolution from Sarazin et al. (1992). The x-ray
image has been shifted such that the peak of the x-ray emission is coincident

with the radio core. Contours are drawn at 5%, 10%, 15%, ..., 95% of the

peak x-ray flux. The greyscale range is from —1 to 30 mJy beam™".

ZApext) 12
v=c| —| (2
s( Pint

where c; is the speed of sound in the external medium, Ap,,
is the change in density in the external medium, and p;, is
the density of the radio plasma. The sound speed in PKS
1508+059 is 1070 km s ™! which requires an internal density
of 0.05 cm™2 in order to be consistent with the flow velocity
of 2700 km s ™' derived from the change in spectral index
(see Sec. 4.2). Baum & O’Dea (1991) also suggest that the
amorphous structure of PKS 0745—191 may be due to buoy-
ancy effects, and find spectral indices consistent with a buoy-
ant flow.

4.5 Rotation Measure Structure

Faraday rotation measures can be produced within an ex-
tragalactic radio source if sufficient thermal material is

TABLE 4. Minimum energy magnetic fields and pressures.

Source Location dist  Bme Pme P‘t.lh nah
(asec)  (uG)  (dynes cm_2) __(dynes cm—z) (cm_a)

PKS0745-191  SE Ridge 1.1 88 31x10710  gox1010 0.03
NW Exten. 1.6 59 14 x 10710 8.0 x 10710 0.03

PKS1508+059 N Jet 44 50 1.0 x 10~10 2.8 x 1078 1.25
S Jet 46 49  97x10"H 18 x 1078 0.80

N Tail 208 20 1.6x 10”1 95 x 1079 0.42

STail 151 23 22x 10~ 1.3 x 10~8 0.58

PKS$2354-350 N Lobe 8.5 28  31x10711 >48x107l >e01
S Lobe 5.8 37 56 x 10711 >4 x107!! >o01

@ X-ray pressures and densities are from Arnaud et al. 1987 for PKS0745-191; Sarazin,
O’Connell & McNamara 1992 for PKS1508+059; and Schwartz et al. 1991 for PKS2354-151.
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mixed in with the synchrotron radiating relativistic plasma
(internal Faraday rotation), or along the line of sight by mag-
netic fields and thermal gas (external Faraday rotation). Re-
cent studies (Ge 1991; Taylor 1991) of the high RM sources
suggest that in all cases the dominant mechanism is external
Faraday rotation. In the following three sections, the results
of the multifrequency polarimetry are presented for each of
the sources.

PKS 0745—191: No polarized flux was detected in PKS
0745—191 down to a 3¢ limit of 45 wJy beam™! at 8515
MHz. This is a factor of 3 lower than the limit obtained by
Baum & O’Dea (1991) at 4860 MHz. Our corresponding
limit on the core fractional polarization is <0.1%.

The very low polarization observed in PKS 0745—191
may be the result of: (1) a highly tangled magnetic field
within the source; (2) depolarization by dense thermal gas
intermixed with the radio-emitting plasma; or (3) depolariza-
tion by an external Faraday screen. The first possibility is
highly unlikely since any shear or compression will strongly
polarize the radio source (Laing 1980). Given the presence of
the dense ICM and the large equipartition radio pressure,
shear and compression are likely to occur. The second reason
is also unlikely since PKS 0745—191 appears to be buoy-
antly flowing away from the cluster center. In addition, no
convincing evidence for internal Faraday rotation has yet
been found for any extragalactic radio source (Taylor & Per-
ley 1993, 1994). All of the high RM sources are severely
depolarized by an external Faraday screen when observed
with low resolution and/or at low frequencies. We believe
this mechanism is responsible for the low polarization ob-
served from PKS 0745—191.

The depolarizing Faraday screen may be located in either
the ICM or the line-emitting gas. If PKS 0745—191 is simi-
lar to the other high RM sources then the RM gradients in
the ICM must exceed 2700 radians m ™2 arcsec ™! everywhere
across the source. Alternatively, PKS 0745—191 may be de-
polarized by magnetic fields associated with the line-emitting
gas. Heckman et al. (1989) report on a strong emission-line
region in PKS 0745—191 that completely covers the radio-
emitting region. Furthermore, the volume filling factor is be-
lieved to be very small, 3.1X 107 (Heckman ef al. 1989), so
that many filaments would exist within any telescope beam.
If magnetized, these filaments would give rise to a wide
range of RMs within each telescope beam and thereby depo-
larize the source. To provide sufficient coverage of filaments
across the beam may require an ICM component associated
with the line-emitting component, but with a larger filling
factor. Depolarization at the location of line-emitting gas has
also been seen in A1795 (Ge & Owen 1993).

PKS1508+059 in A2029: Most of the southeast lobe and
the brighter part of the northern lobe in PKS 1508+059 were
found to be as much as 50% polarized and had polarized flux
densities of 50—120 uJy beam™! in the 8 GHz band at 0.4"
resolution. The 4860 MHz data have been almost completely
depolarized, probably due to large gradients in the RM (see
below). The rms noise in the 8 GHz Stokes Q and U images
was 14 uJy beam ™!, The RM image (Fig. 9) was determined
from the 7815, 8165, 8515, and 8885 MHz 0.4” resolution
maps by performing a weighted linear least-squares fit on a
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FiG. 9. The RM map in greyscale for PKS 1508+059 at 0.4" resolution. The
greyscale range is from —10 000 to 4000 radians m~2, Contours are taken

from the 8350 MHz image and drawn at 0.04, 0.08, 0.16, 0.32, 0.64, 1.3,

and 2.6 mJy beam™ ",

pixel-by-pixel basis to the polarization angle, i, against A%
No value for the RM was determined unless the errors in ¢
were less than 20°.

In the southeast lobe the RMs start out around 200
radians m 2 in the region closest to the core and steadily
increase with distance to a maximum value of 4000+400
radians m 2 at a distance of 5.6” (11 kpc). The gradient in
RM is ~2000 radians m 2 arcsec ™. Even further out along
the lobe the RMs appear to decrease, although the signal-to-
noise ratio is low. In the northwest lobe the RMs are
~—8000+500 radians m 2 Some sample fits of the RM are
plotted in Fig. 10 at every other pixel for the northwest re-
gion. In all cases the data are well fit by a A? relation. Using
a power-law density distribution derived from the azimuth-
ally averaged x-ray image (SOM 1992) out to a distance of
200 kpc, we derive a minimum cluster magnetic field
strength of >0.19 uG to the northwest lobe. If the field is
tangled, or confined to a smaller volume of the cluster, then
its strength must be greater. Towards the southeast lobe,
where the RMs are smaller we find a minimum cluster mag-
netic field strength of >0.11 uG. The change in sign of the
RM from the northwest to southeast lobe indicates that a
field reversal must take place. Field reversals across the core
have been seen in two other high RM sources (A1795—Ge
& Owen 1993; and Hydra A—Taylor & Perley 1993). The
presence of these field reversals implies ordered cluster mag-
netic fields on scales of 20-100 kpc.

The projected magnetic field direction in the radio source,
corrected for RM, is shown in Fig. 11. While some of the
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Fi6. 10. Sample fits to the RM in the northwest lobe of PKS 1508+059. Error bars are drawn only if they would exceed the size of the plotted points. The

separation between pixels is 0.2, or half the beamwidth.

irregularity in the field orientation from pixel to pixel may be
intrinsic to the source, much of it is probably due to errors in
the RM determination. An error in the RM of %300
radians m~2 will result in a rotation of *+21° at 8500 MHz.

PKS 2354—350 in A4059: At 8500 MHz PKS 2354—350
is more strongly polarized than PKS 1508 —059. Polarized
intensities range from 60—190 uJy beam ™! and the fractional
polarization in typically 40% and is as high as 80% in the
lobes. There is one location in the southeast lobe where we

Ia I I T ! I I I I
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FiG. 11. The projected magnetic field direction, corrected for RM, in PKS
1508+059. A vector length of 1” corresponds to a polarized intensity of 0.2
mlJy beam ™. Contours are taken from the 8350 MHz total intensity image
and are the same as in Fig. 9.

find only an upper limit to the polarization of 7%. At 4860
MHz PKS 2354—350 is considerably less polarized than at
8500 MHz, reaching a maximum value of only 22%. A map
of the depolarization (mgsgo/m4g69) is shown in Fig. 12.
Values for the depolarization range from 1.5-6. A depolar-
ization of 2 could be caused by a gradient in the RM of 350

radians m 2 arcsec ™.
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F1G. 12. The depolarization, (mgs;s/m4ge0), map for PKS 2354—350 at 1.6”
resolution. The contours are taken from the 8515 MHz polarized intensity
image. Note that several regions for which there are no data (due to a lack of
information at 4860 Mhz) are bordered by regions of very large depolariza-
tion. Contours are drawn at 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mJy beam™!
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2
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Fic. 13. The RM map in greyscale for PKS 2354—350 at 0.8"X0.5" reso-
lution. The greyscale range is from —3000 to +3000 radians m 2. Contours
are taken from the 8350 MHz image and drawn at 0.09, 0.18, 0.36, 0.72, 1.4,
2.9, and 5.8 mJy beam™. The separation between pixels is 0.4".

The RMs throughout much of PKS 2354—350 are within
the range of —300 to +300 radians m? (see Fig. 13), and
are similar to the typical error in our estimation of the RM.
There are three locations, however, of anomalously high RM.
One small patch in the northwest lobe exhibits a RM of
—2700=500 radians m ™2, another somewhat larger region (a
few beamwidths in size) just northwest of the radio core
exhibits RMs of ~1500+400 radians m ™2 (see Fig. 14), as
does another small region in the southwest lobe. This last
region is adjacent to the region of very low fractional polar-
ization. To produce a RM of 1500 radians m™2, with a den-
sity distribution as observed by Schwartz et al. (1991) over a
path length of 200 kpc requires a cluster magnetic field of
>2.7 uG. This value is significantly larger than was found
for the PKS 1508—059 cluster due to the much lower central
density (0.008 cm™>) of the hot gas surrounding PKS 2354
—350. More sensitive, higher resolution observations are
needed to better constrain the density of the hot gas in the
central regions of the A4059 cluster.

The projected magnetic field direction in the radio source,
corrected for RM, is shown in Fig. 15.

5. DISCUSSION

Examination of a flux-limited, all-sky x-ray sample of
galaxies put forth by Edge et al. (1992) reveals that clusters
with nonzero mass flow rates and embedded radio sources
stronger than 100 mJy at 5000 MHz frequently display sig-
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FiG. 14. Sample fits to the RM in the northwest lobe of PKS 2354—350.
Error bars are drawn only if they would exceed the size of the plotted points.

nificant RMs. Of the 14 clusters in the sample that meet
these criteria, 8 display an excess of 800 radians m™2, two
have RMs between 100 and 800 radians m ™2, one could not
be measured (PKS 0745—191, see Sec. 4.5), and three have
not yet been measured. Cooling flow rates, x-ray luminosi-
ties (from 2-10 keV), RMs, and other relevant parameters
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FiG. 15. The projected magnetic field direction, corrected for RM, in PKS
2354—350. A vector length of 1” corresponds to a polarized intensity of 0.2
mJy beam ™. Contours are taken from the 8350 MHz total intensity image
and are the same as in Fig. 13.
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TABLE 5. Radio sources in cooling flow clusters.

Radio z M9

Cluster log Ly Gal? S5000 log P50({0 Size RM(14+2)2  Ref.
Source (Mo yr_l) (erg s_l) Type (Jy) (W Hz™") (kpc) (rad m—2)
Cygnus A 3C405 0.057 187 448 E 364 277 180 3000 1
Virgo A 3C274.0 18 Mpc 10 43.1 E 76 244 58 2000 2
Cen A 1322-42 3.5 Mpc 18 43.8 S0 63 23.0 500 -450 3
A426 3C84 0.0183 183 450 pec 50 25.9 640 N/A 4
Hydra A 3C218 0.0522 315 445 cD 14 26.3 670 -12000 5
A2052 3C317 0.0348 90 441 D 1.0 24.7 39 -800 6
A2199 3C338 0.031 150 445 D 048 24.3 67 2000 6
Al19 0053-015 0.044 23 44.4 E 040 245 350 N/A 7
0053-016 0.044 23 444 E 029 244 300 N/A 7
0745-191 0745-191 0.1028 702 454 cD 039 25.3 25 .d 8
A2597 2322-123 0.0824 480 448 cD 033 25.0 10 N/A 9
Al1795 4C26.42 0.062 478 449 D 0.26 24.6 15 3000 6
3C129 04454449 0.0208 61 44.3 E 025 23.7 500 -135¢ 10
A4059 2354-350 0.0478 124 43 D 0.11 24.0 70 -1500 8
A2029 15084059 0.0767 402 45.3 cD 0.10 244 80 -8000 8

@ The mass flow rate for a critical cooling time of 2 X 107 from Edge, Stewart & Fabian (1992).
b Galaxy type (E:elliptical; SO: lenticular; pec: peculiar, or ¢D: central dominant elliptical)

€ The largest angular size of the radio source in kpc.

No RM could be determined due to a lack of polarized emission (see Sec. 4.5).
€ Downes (1984) reports that the RM values determined for 3C129 may suffer from n7 ambiguities.
References - (1) Dreher et al. 1987; (2) Owen et al. 1990; (3) Clarke, Burns & Norman 1992;
(4) Burns et al. 1992; (5) Taylor & Perley 1993; (6) Ge 1991; (7) O’Dea & Owen 1985; (8) this work; (9) Ball,

Burns & Loken 1993; (10) Downes 1984.

for these 14 galaxies are listed in Table 5. The RM value
given is chosen from the region of largest RM which is co-
herent across a beamwidth or more with good polarized sig-
nal to noise. We have also plotted in Fig. 16 the RM as a
function of cooling rate, M. These results strongly suggest a
correlation between the cooling rate and rotation measure.
Even more striking is the fact that all of the known high RM
sources (RM>700 radians m_z; see Table 1 in Taylor et al.
1992) at low redshifts (z<<0.4) are included in this x-ray
selected sample. The high RM radio galaxy 3C 295 (Perley
& Taylor 1991) at a redshift of 0.461 is also associated with
a luminous x-ray cooling flow (Henry & Henriksen 1986),
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FIG. 16. The maximum absolute RM plotted as a function of M for the ten
clusters in Table 5 with known RMs.

but the x-ray data for the remaining seven high RM, high z,
sources are not good enough to distinguish between extended
thermal emission and that from an active nuclear source.
Beyond redshifts of ~0.4, low power radio sources like PKS
1508+059, and PKS 2354 —350 are much too weak to allow
for a determination of their RM. Most (6/8) of the high RM
sources found at redshifts greater than 0.4 are CSS (compact
steep spectrum) sources which have large radio powers and
small sizes. The compact nature of the CSS sources, their
frequently high RMs, and the frequent presence of a low
frequency turnover in their spectra, possibly the result of
free—free absorption, may indicate that these sources are also
located in a dense environment (Taylor et al. 1992).

In addition to producing the high RMs, the dense cluster
gas also appears to directly affect the embedded radio
sources. The source with the largest inferred cooling flow
rate, PKS 0745—191, has an amorphous shape, perhaps be-
cause the collimation of the usual bipolar flow has been dis-
rupted by the dense ICM. Similar arguments have been sug-
gested by Zhao et al. (1993) to explain another amorphous
radio source, 3C317, embedded in an x-ray cooling flow. The
notably steep spectra observed for PKS 0745—191, PKS
1508+059, and PKS 2354350 (see Sec. 4.2) argue in favor
of these sources being confined by the ICM. Baum & O’Dea
(1991) suggest that in radio sources that are not confined by
an ICM, the old population of relativistic electrons undergo
adiabatic losses, so that their synchrotron emissivity de-
creases and they do not contribute as strongly to the radio
spectrum. In confined sources, this is not the case, so that
these electrons produce a steeper spectrum. Roland et al
(1985) also suggest that sources of spectral index steeper
than —1.3 are best understood if they are assumed to be
confined by the intergalactic medium.

The observed change from negative to positive RM across
the core of PKS 1508+059 strongly suggests a large scale
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organization of the magnetic field. This phenomenon has
been observed in Hydra A (Taylor & Perley 1993) and A1795
(Ge & Owen 1993). The scale of the organization of this
field is roughly the size scale of the galaxy, ~100 kpc. Gen-
erating such large scale cluster magnetic fields will be a chal-
lenge for theorists.

6. CONCLUSIONS

Sensitive, high resolution images are presented for three
radio sources embedded in x-ray cooling flow clusters. While
PKS 0745—191 has been found to be unpolarized to less
than <1%, absolute RMs as large as 2700 and 8000
radians m 2 are reported for PKS 2354—350 and PKS 1508
+059, respectively. These three sources, and all of the high
RM sources with z<<0.4, are included in the flux limited
sample of Edge et al. (1992). For those cooling flow clusters
with an embedded radio source, 57% (8/14), are found to
have absolute RMs in excess of 800 radians m ™2 indicating
that the high RMs are related to the presence of dense cluster
gas. Furthermore, a direct correlation is found between the
RM and the cooling flow rate. We derive a minimum esti-
mate of the cluster magnetic field strength of ~0.2 and ~2.7
MG in A2029 and A4059, respectively.

1952

In addition to generating the observed cluster magnetic
fields, the dense ICM in the three cooling flow clusters stud-
ied also interacts with the radio source. Thermal pressures
derived from the x-ray observations meet or exceed mini-
mum energy pressures in the radio sources. Confinement of
the radio sources leads to much steeper than average radio
spectra, and may disrupt the collimated flow in PKS 0745
—191. A direct comparison of high resolution x-ray and ra-
dio images for PKS 1508+059 has shown that the radio
source flows out along pressure minima.

In a future paper we will present the VLA observations
for the three sources that lack good radio polarimetry, and a
statistical analysis of the radio sources embedded in cooling
flow clusters.
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