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Abstract

High resolution (< 1'), low frequency (< 100 MHz)
radio observations of non-thermal sources such as su-
pernova remnants (SNRs), radio galaxies, and clusters
can be a valuable complement to both higher frequency
radio and X-ray observations. For SNRs they probe
unshocked ejecta, constrain the physics of Fermi ac-
celeration processes, and delineate the distribution of
ionized gas at SNR/molecular cloud boundaries, all
of which are well complemented by X-ray observa-
tions. For radio galaxies they provide sensitive con-
tinuum spectra for studying radio galaxy evolution, for
understanding self-absorption processes, and for delin-
eating the extent of low surface brightness emitting re-
gions that may not be revealed by higher frequency ra-
dio observations. Toward clusters they anchor accu-
rate continuum spectra that enable studies of the pres-
sure balance between the non-thermal plasma in the
constituent radio sources and the confining thermal X-
ray emitting gas, and they are sensitive to the buoyant
bubbles of relativistic plasma rising to cluster periph-
eries. In all cases the unrivaled continuum spectra can
be utilized to understand the details of shock acceler-
ation processes that may have their seed particles in
the X-ray emitting thermal gas. Here we provide ex-
amples of the ongoing Very Large Array-led renais-
sance in high resolution, low frequency radio astron-
omy that is providing images that can address these
questions. These observations foreshadow the rich sci-
entific landscape awaiting exploration by an emerging

generation of much more powerful low frequency in-
struments such as the Low Frequency Array (LOFAR)
and the Long Wavelength Array (LWA).

1 Introduction

Sub-arcminute resolution, long wavelength radio ob-
servations of non-thermal sources including supernova
remnants (SNRs), radio galaxies, and clusters are a
powerful complement to both higher frequency radio
and X-ray observations. However, until recently the
past limitation in the angular resolution and sensitiv-
ity of low frequency radio imaging, particularly below
100 MHz, has precluded its availability for the detailed
study of astrophysical sources. The Very Large Array
(VLA) is finally providing the radio observations to do
this, and here we provide examples in which these new
images are being utilized for studies in both Galactic
and extragalactic sources.

2 First 74 MHz imaging with the VLA + Pie
Town link

A 74 MHz receiver has been added to the Pie Town
VLBA antenna, bringing the full resolving power of
the VLA + Pie Town link to this lowest VLA fre-
quency. With baselines up to 73 km, Fig. 1 shows the
first images emerging from this system. At a higher
resolution then any previous imaging below 100 MHz,
these maps mark another important milestone in low
frequency radio astronomy. For comparison, 330 MHz
images are also shown. These images are being used
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Figure 1: (a) Cygnus A at 74 MHz with VLA A-configuration

(b) Cygnus A at 74 MHz with VLA 4 Pie Town Link
(c) Cygnus A at 325 MHz with VLA A-configuration
(d) Hercules A at 74 MHz with VLA A-configuration
(e) Hercules A at 74 MHz with VLA + Pie Town Link

(f) Hercules A at 325 MHz with VLA A and B configurations

(g) Cassiopeia A at 74 MHz with VLA A-configuration
(h) Cassiopeia A at 74 MHz with VLA + Pie Town Link

Cygnus A images courtesy of R. Perley, private communication, Hercules A images are from Gizani et al. (2004) and Cas-
siopeia A images are courtesy of T. Delaney, private communication.

to study evolution (e.g., via synchrotron aging) and
self-absorption processes (e.g., via synchrotron self-
absorption) in radio galaxies Cygnus A (Kassim et al.,
1996, 2004) and Hercules A (Gizani et al., 2004), and
for studying shock acceleration and ejecta in the SNR
Cassiopia A (Cas A) (Delaney et al., 2005).

3 Studying shock acceleration and ejecta in
supernova remnants

Radio spectral index maps are powerful tracers of
physical processes in SNRs—if they are of sufficient
accuracy. Historically, however, such maps have had
a limited frequency dynamic range, caused primarily
by the lack of good low frequency maps. Figure 2

illustrates these difficulties by comparing spectral in-
dex maps between 330 and 1400 MHz and between 74
and 330 MHz. In the former (angular resolution ~ 7")
subtle variations trace shock acceleration related pro-
cesses; in the latter (angular resolution ~ 25") only a
much more crude spectral flattening (blue), likely trac-
ing absorption from cool, unshocked ejecta, is seen.

Figure 3 illustrates a connection between radio and X-
ray observations of Cas A. A high angular resolution
(=~ 9") 74/330 MHz radio spectral index map afforded
by the VLA+PT Link is compared against continuum
dominated X-ray emission from Chandra. The typi-
cal radio spectral indices seen at higher frequencies are
approximately —0.7 to —0.6. The blue indicates re-
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Figure 2: Spectral index maps of Cas A for (a) 330/1400
MHz (8 ~ 7") and (b) 74/330 MHz (6 ~ 25"). Spectral
index a (S o< v®) varies from —0.9 (red) to —0.5 (blue).

gions with a = —0.35, thus representing a significant
change in spectral index from that observed at higher
frequencies. This change may be due to absorption
from unshocked ejecta since it is localized toward the
interior of the remnant. Much of the very flat spectral
indices are also associated with the “interior” X-ray
continuum-dominated emission likely associated with
the forward shock. The greater absorption toward these
filaments may indicate that they are on the far side of
the remnant. The results presented here are drawn from

Figure 3: Radio spectral index (color) overlaid on total
intensity Chandra X-ray intensity (brightness). The radio
spectral index varies from —0.9 (red) to —0.35 (blue).
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Figure 4: Total intensity 330 MHz radio image of super-
nova remnant 3C391.

the paper presented by Delaney et al. (2005).

4 Tracing supernova remnant-molecular

cloud interactions

Figure 4 shows a total intensity image of the SNR
3C391.

The four panels in Fig. 5 reveal a multi-wavelength pic-
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Figure 5: (a) Hard X-ray contours from ASCA in the 2.6-10 keV range (Chen & Slane, 2001) superposed on the 74/330
MHz spectral index map. (b) Soft X-ray contours from ASCA (Chen & Slane, 2001) in the 0.5-2.6 keV range superposed on
the 74/330 MHz spectral index map. For both (a) and (b) the lowest contour is 30% of the peak value. (c) CO (2-1) integrated
emission from 91 to 110 km s~ tracing the molecular cloud that is interacting with 3C391 (Reach & Rho, 1999) superposed
on the 74/330 MHz spectral index map. The crosses indicate the positions of OH(1720 MHz) masers (Frail et al., 1996) and
the squares indicates the position of an ionizing shock detected by Reach et al. (2002). (d) IR emission from ISOCAM at
12-18 pm (Reach et al., 2002) superposed on the 74/330 MHz spectral index map. Notice the impressive agreement between
the regions of strongest 74 MHz absorption and the IR emission.

ture of a SNR-molecular cloud (MC) interaction. The of ionized gas residing in this SNR-MC shock bound-
color in each frame is 74/330 MHz radio spectral in- ary (Brogan et al., 2002).

dex of the SNR 3C391, with the red and yellow tracing

regions of thermal absorption (flat spectrum). Hard X- 5 Discovering new cluster halo and relic sys-
rays trace the entire SNR (Fig. 4a), while soft X-rays tems

only emerge from the “blow out” side to the southeast

(Fig. 5b). The SNR is colliding with a MC to its north-  The number of radio relics and halos has grown rapidly
west, as seen in CO (Fig. 5¢). Excellent agreement from just a few to several dozens in the past several
between IR emission (Fig. 5d) and other tracers of ion- years. Because of their very steep spectra and diffuse
izing shocks provides striking delineation of the sheath morphology, low frequency observations are an ideal
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Figure 6: Abell 754. (Color) “Disturbed” ROSAT X-ray
emission suggesting a recent cluster merger in Abell 754;
(Contours) 74 MHz radio emission discovering both a cen-
tral radio halo and, at the expected shock location, a radio
relic (Kassim et al., 2001).

way to discover such objects. Figure 6 and 7 illustrate
radio and X-ray comparisons between the presumed
merging cluster A754, within which a radio halo and
relic were discovered with the 74 MHz VLA (Kas-
sim et al., 2001). Unfortunately, current low frequency
telescopes lack the sensitivity to detect the great ma-
jority of radio clusters and relics which are thought to
exist. It is estimated that with instruments such as LO-
FAR and the LWA, the relic and halo population may
increase to hundreds or even thousands, including at
higher red-shifts.

6 Bubbles in cooling flow clusters

A hypothesis to explain the XMM-Newton observed
deficit of cool gas previously expected at the center
of cooling flow clusters is illustrated by the 74 MHz
radio emission (contours) overlay on the Chandra X-
ray image of the Perseus cluster in Fig. 8. A current
theory is that radio sources at the center of clusters
inflate bubbles of relativistic particles that buoyantly
rise through the hot X-ray cluster gas. This could ex-
plain the morphology of the observed radio and X-ray
emission, and there are implications for the heating of
the intracluster gas and the transport of magnetic fields
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Figure 7: Overlay of Chandra ACIS-I 0.3-10 keV X-ray
data (color) of the central regions of A754 with 74 MHz ra-
dio emission (contours). In addition to a number of compact
X-ray sources, the extended thermal emission from the clus-
ter is visible as a broad EW extension. The bright X-ray bar
running NE to SW through the image is thought to be the
result of ram-pressure from a cluster merger (Clarke et al.,
2003).
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Figure 8: Overlay of steep spectrum 74 MHz radio emis-
sion (contours) on Chandra X-ray image of Per A from
Fabian et al. (2002).

from the central active galactic nucleus (AGN) to the
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Figure 9: (a) ROSAT X-ray (contours) overlay on 330 MHz
VLA radio (color) image of the field containing 3C129
(large radio galaxy) and 3C129.1 (small diameter source
near the peak of the X-ray emission). (b) Blow up of 330
MHz radio emission near the head of 3C129, showing the
presumed relic or fossil radio plasma source. Contour levels
are 1.95 mJy beam—! x (-2, —1, 1,2, 4, 8, 16, 32, 64).

outer regions of clusters—where they are observed. In
Fig. 9 an outer and presumably older bubble seen in
the X-ray image (grey-scale) is revealed to contain rel-
ativistic electrons via the steep spectrum 74 MHz spur
(contours) extending toward its location (Fabian et al.,
2002).
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Figure 10: (a) (Top) 74 MHz radio image of Hydra A; (b)
(Bottom) 6 cm VLA radio (contours overlaid on Chandra X-
rays in color). Note that the full extent of the radio emission
is revealed only on the 74 MHz image (Lane et al., 2004a,
2005).

7 Detecting re-energized fossil radio plasma

Figure 9 shows the head-tail radio galaxy 3C129
“plunging” toward the center of the X-ray emitting
cluster in which it resides (Lane et al., 2002). Near
the head of the radio galaxy a very steep spectrum fea-
ture (o &= —2) that might represent fossil radio plasma
that is now being re-energized by the interaction. Ob-
servations at 74 MHz with the VLA+PT link have been
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recently obtained in order to provide a better constraint
on its spectrum. If steep spectrum features such as this
are common they would have been missed by past ob-
servations but would be detected in great numbers by
the LWA and LOFAR.

8 What is the real size of radio galaxies?

Because of limits in surface brightness sensitivity of
interferometers to extended non-thermal radio emis-
sion, the true size of radio galaxies may often be re-
vealed only in low frequency radio maps. The 74 MHz
image of Hydra A in Fig. 10 shows how much larger
the source is than as revealed in previous higher fre-
quency images (Lane et al., 2004a, 2005). Figure 10
also shows an X-ray overlay, but limited only to the
center of the source. Past underestimation of the full
source extent had limited the focus of X-ray studies to
the central region.

9 Summary

In this paper we have shown unique new high reso-
lution, long wavelength images that can be used to
study a variety of important physical processes in non-
thermal sources. They can also provide unique infor-
mation on the interaction between thermal and non-
thermal sources as tracers of thermal absorption. All
these observations provide an excellent compliment to
both higher frequency radio observations as well as X-
ray observations.

The examples provided in this paper illustrate a wide
variety of astrophysical scenarios several of which
were explored in greater depth by focused presenta-
tions elsewhere in this meeting. In review, the follow-
ing summarizes the key scientific applications of long
wavelength radio observations as presented here and in
related talks in these proceedings:

e Shock acceleration via the radio spectrum (SNRs,
radio galaxies, clusters);

e SNe ejecta via internal thermal absorption
(SNRs);

e SNR-molecular cloud collisions via local thermal
absorption (SNRs/star forming regions);

e Jonized gas in the ISM via line of sight thermal
absorption (ISM);

e Re-acceleration of fossil electron populations
via steep spectrum radio emission (clusters and
relics);

e Delineating the full size of radio sources (SNRs,
radio galaxies, clusters);

e Self-absorption processes via the radio spectrum
(hot spots of radio galaxies); and

e Pressure balance between thermal and relativistic
plasmas (via radio spectrum).

The renaissance in low frequency radio astronomy
stimulated by the success of the 74 MHz system at the
VLA continues to grow. It foreshadows the opening
of a new window on one of the most unexplored re-
gions of the electromagnetic spectrum below 100 MHz
by both the Low Frequency Array (LOFAR) and the
Long Wavelength Array (LWA). Each of these instru-
ments will surpass the power of previous long wave-
length imaging systems, including the pioneering 74
MHz VLA system, by at least two orders of magni-
tude. Consequently the potential for new discoveries
outside the broad range of physical processes consid-
ered in this paper is significant.
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