
L81

The Astrophysical Journal, 670: L81–L84, 2007 December 1
� 2007. The American Astronomical Society. All rights reserved. Printed in U.S.A.

NEW RESULTS ON PARTICLE ACCELERATION IN THE CENTAURUS A JET AND COUNTERJET
FROM A DEEPCHANDRA OBSERVATION
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ABSTRACT

We present new deepChandra observations of the Centaurus A jet, with a combined on-source exposure time of
719 ks. These data allow detailed X-ray spectral measurements to be made along the jet out to its disappearance at
4.5 kpc from the nucleus. We distinguish several regimes of high-energy particle acceleration; while the inner part of the
jet is dominated by knots and has properties consistent with local particle acceleration at shocks, the particle acceleration
in the outer 3.4 kpc of the jet is likely to be dominated by an unknown distributed acceleration mechanism. In addition
to several compact counterjet features, we detect probable extended emission from a counterjet out to 2.0 kpc from the
nucleus and argue that this implies that the diffuse acceleration process operates in the counterjet as well. A preliminary
search for X-ray variability finds no jet knots with dramatic flux density variations, unlike the situation seen in M87.

Subject headings: galaxies: active — galaxies: individual (Centaurus A) — galaxies: jets — X-rays: galaxies

1. INTRODUCTION

Low-power, Fanaroff-Riley class I (FR I; Fanaroff & Riley
1974) radio galaxies are numerically the dominant population
of radio-loud active galaxies in the universe. Their dynamics
and energy content are thus essential to models of AGN “feed-
back” in which the energy released in the process of accretion
onto the central supermassive black hole is transported to large
spatial scales via the interaction between the jets and the ex-
ternal medium. To understand the dynamics and energetics of
these sources it is crucial that we understand the particle ac-
celeration processes by which the bulk kinetic energy of the
jets is translated into the internal energy of relativistic plasma.

The discovery withChandra that X-ray emission is common
in the inner few kiloparsecs of FR I jets (Worrall et al. 2001)
provides a very strong argument that in situ high-energy particle
acceleration is taking place in those regions. The broadband spec-
tral energy distribution and X-ray spectrum of the X-ray emission
imply a synchrotron origin for the X-rays (Hardcastle et al. 2001).
For magnetic fields close to the equipartition value in a typical
powerful jet, the loss timescale ( ) for the˙t p �E/E g ∼

electrons emitting X-ray synchrotron emission is tens of7 810 –10
years. Thus, observations of X-ray synchrotron emission essen-
tially tell us where particle acceleration is happeningnow; in par-
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ticular, resolved, diffuse X-ray emission implies a particle accel-
eration mechanism that must be distributed throughout the jet.

To probe the nature of the acceleration mechanisms in
FR I jets we require observations that can reliably distinguish
between compact and diffuse X-ray emission; this implies (at
the most optimistic) a spatial resolution that is comparable to
the loss spatial scale, the distance traveled by an electron before
synchrotron losses remove it from the X-ray band, or roughly

. Even with the comparatively high angular resolution ofct
Chandra, this can only be achieved in the nearest FR I radio
galaxy, Centaurus A. Given Cen A’s distance of∼3.7 Mpc (the
average of five distance estimates to Cen A; Ferrarese et al.
2007),Chandra’s resolution corresponds to∼10 pc.

Chandra observations of Cen A show a complex, knotty,
and in places edge-brightened jet structure (Kraft et al. 2000,
2002; Hardcastle et al. 2003, hereafter H03; Kataoka et al.
2006, hereafter K06; Hardcastle et al. 2006, hereafter H06). It
has been argued (H03, K06) that at least two acceleration mech-
anisms are required; the dynamics and spectra of the compact
knots in the inner part of the jet are consistent with a shock
origin, while the diffuse emission is inconsistent both spectrally
(H03) and in terms of the number distribution of knots (K06)
with being the sum of many unresolved knots with the same
properties as those observed and is instead probably truly dif-
fuse, implying a distributed acceleration mechanism such as
second-order Fermi acceleration (e.g., Stawarz & Ostrowski
2002) or magnetic field line reconnection (e.g., Birk & Lesch
2000). Here we present the results of new, much deeperChan-
dra observations and their consequences for the nature of par-
ticle acceleration in the Cen A jet and counterjet.

In this analysisChandra data processing was done using
CIAO version 3.4 and CALDB version 3.3.0.1. Spectral fitting
was carried out in XSPEC. We define the spectral indexa such
that flux ∝ ; the photon index . Errors quoted�an G p 1 � a
and plotted throughout are 1j for one interesting parameter.

2. OBSERVATIONS

The Chandra AXAF CCD Imaging Spectrometer (ACIS)
has observed Cen A four times prior to 2007 (ObsIDs 316,
962, 2978, and 3965) for a total of 157 ks (see, e.g., Kraft et
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Fig. 1.—False-color image of the jet and counterjet regions of Cen A using all ACIS observations. TheChandra data from each observation have been exposure-
corrected at an appropriate energy and then combined, weighting according to the value of the exposure map. The images are binned in standardChandra pixels
(0.492� on a side) and smoothed with a FWHMp 1.0� Gaussian. Red shows exposure-corrected counts in the energy range 0.4–0.85 keV, green shows 0.85–1.3 keV,
and blue 1.3–2.5 keV. Contours [ mJy beam ] are from the 5 GHz VLA map of H06 with 6.0� resolution.�17 # (1, 4, 16, …)

al. 2002; H03; K06) and six additional times in 2007 for the
Cen A Very Large Project (Cen A-VLP; ObsIDs 7797, 7798,
7799, 7800, 8489, and 8490). The combined ACIS data set has
an effective on-source time of 719 ks. All X-ray spectral fits
are the result of joint fitting to spectra extracted from matching
regions from each separate observation. Figure 1 shows a false-
color image of the jet and counterjet region.

Cen A has also been extensively observed in the radio using
the NRAO Very Large Array (VLA). In this Letter we make
use of radio data whose reduction was described by H03 and
H06. We also use new observations at 8.4 GHz taken on 2007
June 04 (observation AG754) as part of our ongoing program
to monitor proper motions and variability in the Cen A radio
jet. These data and the results of the monitoring program will
be presented elsewhere (J. L. Goodger et al., in preparation).
For radio/X-ray comparisons, we have aligned both the radio
and X-ray frames to the VLBI position of the nucleus quoted
by Ma et al. (1998). The relative astrometric alignment of the
Chandra data was done in the manner described by Jorda´n et
al. (2007). We then determined the X-ray centroid of the nu-
cleus by two independent methods (determining the intersection
of the readout streaks and centroiding on the hard wings of the
AGN PSF), which gave consistent results. The resulting radio/
X-ray alignment is accurate to�0.1�.

Figure 1 shows a number of interesting features of the new
deepChandra observation. The jet is now detected with high
signal-to-noise ratio out to 250� (4.5 kpc in projection) from
the active nucleus, and this allows us to extract spectra for a
large number of jet regions; we discuss the jet spectra in § 3.
Diffuse emission plausibly related to a counterjet is now de-
tected out to 110� (2.0 kpc); we discuss the nature of this
emission and its implications in § 4. Constraints on large-scale
variability in jet knots are discussed in § 5.

3. SPECTRA OF DIFFUSE AND COMPACT FEATURES

To investigate the jet X-ray spectrum we followed K06 in
dividing the jet into compact and diffuse regions. We defined
as a knot any compact feature in the jet that is clearly distin-
guished (by a factor�2) in surface brightness from its sur-
roundings and has a radius!2�. These criteria include many,
but not all, of the knots discussed by Kraft et al. (2002) and
K06; by our definition there are 26 knots in the jet, all but four
of which are bright enough for spectral analysis. We extracted
spectra for these knots using the PSEXTRACT script, fitting
a power-law spectrum with a single normalization and photon
index and with absorption that was free to vary above the
Galactic value (we adopt cm , as reported20 �2N p 8.4# 10H

by the COLDEN code; Dickey & Lockman 1990) but con-
strained not to fall below it. The effects of knot variability on
this fitting are discussed in § 5. Background subtraction was
done using local off-source background regions, taking into
account the variation in both background surface brightness
and column density. The knot spectra may therefore include a
small amount of contamination from diffuse jet background.

The diffuse region of the jet was taken to be a polygonal
region including all jet-related emission but excluding all fea-
tures defined above as knots. We divided this region into rect-
angular subregions whose long axes were the whole transverse
width of the jet (transverse spectral variations in the jet are
discussed by Worrall et al. 2007) and whose short axes were
allowed to grow in a direction parallel to the jet axis, in steps
of 1 Chandra pixel, until sufficient counts were enclosed in all
regions for spectroscopic analysis (�1000 counts in the com-
bined data set before background subtraction). This process
gave a total of 53 extended regions. Spectra for these regions
were extracted with the SPECEXTRACT script and were fitted
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Fig. 2.—Spectral index and surface brightness in the jet of Cen A.Top:
Red line shows the spectral index in the extended regions ( ); the dashedaX

blue line shows the radio/X-ray two-point spectral index, , for extendedaRX

emission. Green stars show the positions and X-ray spectral indices of knots.
Vertical bars are 1j errors; horizontal bars show the size of extended extraction
regions.Bottom: Surface brightness profile (arbitrary units) for extended emis-
sion in X-ray (red solid line) and radio (blue dashed line).

Fig. 3.—Counterjet region of Cen A. Gray scale shows accumulated raw
counts in theChandra observations in the 0.4–2.5 keV energy band, binned
in 0.246� pixels. Contours [ mJy beam ] are from the 8.4�10.1# (1, 2, 4, …)
GHz A�B-configuration VLA map of H03, smoothed to a resolution of 1.5�.
The radio data are only sensitive to features on scales�20�.

with absorbed power-law models in precisely the same manner
as the knots. All the fits for knots and extended regions were
acceptable (probability under the null hypothesis12%).

The results of this process are summarized in Figure 2, which
may be compared with Figure 4 of K06 and Table 2 of H03.
Based on this profile, the extended emission of the jet can be
divided into three regions with different radio and X-rayproperties:

1. , except at .—X-ray flux dominated by′′ ′′v ! 60 v ≈ 50
knots (∼ of total flux in knots; H03); radio surface brightness2

3

high; extended flat, often flatter than , and comparablea aX RX

to of knots.aX

2. and .—Few X-ray knots (!10% of′′ ′′ ′′v ≈ 50 60 ! v ! 190
flux in knots); knots have less than the extended value.aX

and roughly constant,≈ . Radio surfacea 1 a 1.2� 0.2X RX

brightness low, increasing by a factor of∼2 along the jet. X-ray
surface brightness flat but decreasing by a factor of∼2 along
the jet. Edge-brightening along the jet present in the X-ray.

3. , at and beyond the “flare point” of H06.—′′v 1 190 aX

steepens to very high values,∼2.5. Radio surface brightness
increases by factor of∼3. X-ray surface brightness increases
by factor of∼3, then falls off to zero.

In region 1, the flat X-ray spectral index of the extended
emission is consistent with the expectations from shock ac-
celeration coupled with rapid downstream expansion losses
(although some of the inner knots have well-determined steep
spectra, possibly implying higher magnetic fields in these
regions), while the fact that is inconsistent with aa 1 aRX X

one-zone model, but is consistent with the idea that much of
the particle acceleration here is localized to small subregions
of the jet. The new data provide some evidence that structures
that appeared diffuse in earlier observations (e.g., around knot
B) are in fact composed of smaller subclumps. In region 2, on
the other hand, the X-ray and radio/X-ray spectral indices and
the general appearance of the jet—dominated not by knots but

by filamentary, sometimes edge-brightened features—are con-
sistent with a truly diffuse acceleration mechanism, as argued
by K06. Finally, as discussed by H06, region 3 corresponds to
the end of X-ray emission from the jet. The remarkable X-ray
spectral steepening in this region cannot be due to synchrotron
losses—the spatial scales involved are too large—but must be
due to a progressive loss of efficiency of high-energy particle
acceleration. H06 showed that the mid-IR and radio data are
consistent with the idea that there is no particle acceleration
beyond the end of the X-ray emission at∼240�; the new data
provide additional evidence that whatever happens at the “flare
point”—perhaps a significant jet deceleration—makes the dif-
fuse acceleration process substantially less efficient at produc-
ing high-energy electrons. Our ability to distinguish between
the different models for the distributed particle acceleration
process (§ 1) is limited by the inability of these models to
produce detailed predictions for the particle energy spectrum,
but the steep spectra seen at the end of the Cen A jet represent
a challenge for any current model.

4. THE COUNTERJET

H03 showed that a number of X-ray features in the counterjet
region had radio counterparts, proving that a coherent counterjet
does exist on the kiloparsec scale in Cen A, although no large-
scale radio emission is detected from it. With the new X-ray data
we detect at least four more counterjet features (Fig. 3). There
is now a weak X-ray counterpart to the compact radio knot SJ3
(using the notation of H03) and to the diffuse feature S1. The
feature denoted SX1 by H03, with no radio counterpart, turns
out to be strongly variable (see § 5) and so may be unrelated to
the counterjet. However, the two radio knots S2A and S2B have
very clear X-ray counterparts with stable X-ray fluxes. There is
also a clear overdensity of fainter compact X-ray features, some
of which may be counterjet knots, although none has a radio
counterpart. The most striking new counterjet features are the
extended features SX2 and SX3, the former of which has a
curiousV-shaped morphology with a radio counterpart to one
arm of theV, and the latter of which appears as a patch of diffuse
emission on scales of 13� (230 pc). Both of these have clearly
harder spectra than the surrounding thermal emission or than
other nearby filamentary structures in the lobe region (Fig. 1).
We extracted spectra for these regions from the 2007 data sets
only, obtaining a good fit with power-law models with free ab-
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Fig. 4.—Inner jet of Cen A. Gray scale as in Fig. 3. Contours [0.15#
mJy beam ] are from the 8.4 GHz A-configuration VLA data�1(1, 4, 16, …)

taken in 2007, with a resolution of 0.84� # 0.22�.

sorption as for the other spectra, and found and�0.21a p 1.42X �0.14

for SX2 and SX3, respectively, consistent with the range�0.100.85�0.15

of spectra seen for extended regions of the jet discussed in § 3,
although we cannot rule out thermal models with keV.kT � 3.5
SX3’s 1 keV flux density of nJy would imply a2.3� 0.4
5 GHz flux density for a counterpart of∼20 mJy, if it were
similar to extended regions of the northern jet at comparable
nuclear distances, which is hard to rule out given the strong
filamentary structure in the S lobe. (For comparison, 5 GHz flux
densities for S1 and S2 are∼60 and∼80 mJy, respectively.)
SX3’s similarity in the X-ray to the diffuse structure of jet fea-
tures at a similar off-nuclear distance gives us the first evidence
that the diffuse acceleration process can also operate in the coun-
terjet. If this is so, it is unclear why only this one purely diffuse
counterjet feature is visible in X-rays. The fact that the jet-coun-
terjet ratio in the X-ray is, in general, higher for extended regions
than for compact sources lends some support to the model in
which X-ray–emitting knots are stationary while the diffuse
emission comes from the bulk flow.

5. KNOT VARIABILITY AND FLARING

A goal of the Cen A-VLP was to search for extreme vari-
ability in jet knots such as that seen in knot HST-1 of M87
(e.g., Harris et al. 2006). Only two bright X-ray features related
to the jets show very strong variability in the 10 epochs avail-
able. The counterjet feature SX1 appears to have flared in the
2003 observations (H03) when its 1 keV flux density is 9�

nJy compared to∼2 nJy in all other observations. Its rather1

flat spectrum ( ), the fact that it is unresolved,a p 0.4� 0.1X

and the lack of a radio counterpart means that it may well be
a low-mass X-ray binary (LMXB) unrelated to the counterjet.
More interesting is the feature AX2A detected in the 2007
observations in the inner jet (Fig. 4). The 1 keV flux density
of this feature is a constant nJy in 2007 and!1 nJy at5 � 1
all earlier times; it has . As Figure 4 shows,a p 0.65� 0.1X

it is just at the edge of the radio jet, is compact or unresolved,
and has no detected radio counterpart; given its flux density,
we might have expected one at the level of a few mJy if it
were a jet knot. While continued monitoring of this feature
will be interesting, it seems most likely that it too is an unrelated
LMXB. There is thus no evidence for extreme variability in
any bona fide jet knot in Cen A, consistent with the fact that
many of the X-ray and radio knots are spatially resolved. Evi-
dence for weaker variability in the X-ray and radio will be
discussed in a future paper (J. L. Goodger et al., in preparation).

6. SUMMARY

The inner part of the Cen A jet is dominated by the shock-
related knots discussed by H03, although we have so far failed
to see the dramatic variability seen in M87, interpreted as large
changes in particle acceleration processes or in jet flow. The
radio-associated compact features in the counterjet are likely
also the result of small-scale shocks, presumably caused as the
counterjet flow encounters compact obstacles. However, the
outer 3.4 kpc of the jet—and possibly also the newly detected
extended X-ray counterjet components—are different from the
shock-dominated regions in their X-ray spectra and structure
and in their radio/X-ray ratio. Our results add to the evidence
that an unknown, distributed particle acceleration process op-
erates in the jet of Cen A. Diffuse X-ray emission with a similar
broadband spectrum is seen in the jets of many other FR I
sources (e.g., 3C 66B; Hardcastle et al. 2001), and it also re-
sembles the extended synchrotron X-ray emission seen in the
jets (e.g., K06) and hot spots (e.g., Hardcastle et al. 2007) of
the more powerful FR IIs. The Cen A data allow us to study
the spatial and spectral properties of this emission and the
physical processes responsible for it in more detail than is
possible in any other object.
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