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ABSTRACT

We examine a systematic comparison of jet knots, hot spots, and radio lobes recently observed withChandra and
ASCA. This report discusses the origin of their X-ray emissions and investigates the dynamics of the jets. The data
were compiled at well-sampled radio (5 GHz) and X-ray (1 keV) frequencies for more than 40 radio galaxies. We
examine three models for the X-ray production: synchrotron (SYN), synchrotron self-Compton (SSC), and external
Compton (EC) on cosmic microwave background (CMB) photons. For the SYN sources—mostly jet knots in
nearby low-luminosity radio galaxies—X-ray photons are produced by ultrarelativistic electrons with energies 10–
100 TeV that must be accelerated in situ. For the other objects, conservatively classified as SSC or EC sources, a
simple formulation of calculating the ‘‘expected’’ X-ray fluxes under an equipartition hypothesis is presented. We
confirm that the observed X-ray fluxes are close to the expected ones for nonrelativistic emitting plasma velocities
in the case of radio lobes and the majority of hot spots, whereas a considerable fraction of jet knots are too bright in
X-rays to be explained in this way. We examine two possibilities to account for the discrepancy in a framework of
the inverse Compton model: (1) the magnetic field is much smaller than the equipartition value, and (2) the jets are
highly relativistic on kiloparsec and megaparsec scales. We conclude that if the inverse Compton model is the case,
the X-ray–bright jet knots are most likely far from the minimum-power condition. We also briefly discuss the other
possibility, namely, that the observed X-ray emission from all the jet knots is synchrotron in origin.

Subject headinggs: galaxies: jets — magnetic fields — radiation mechanisms: nonthermal —
radio continuum: galaxies

1. INTRODUCTION

The excellent spatial resolution of the Chandra X-Ray Ob-
servatory has opened a new era to study the large-scale jets in
powerful extragalactic radio sources. At the time of this writing,
more than 40 radio-loud active galactic nuclei (AGNs) are known
to possess X-ray counterparts of radio jets on kiloparsec to mega-
parsec scales (Harris & Krawczynski 2002; Stawarz 2005, and
references therein).3 Bright X-ray knots (hereafter ‘‘jet knots’’)
are most often detected, but the X-ray emissions from the hot
spots and radio lobes are also reported in a number of Fanaroff
and Riley type II (FR II) radio galaxies and quasars (e.g., Wilson
et al. 2000, 2001; Hardcastle et al. 2002b, 2004; Tashiro et al.
1998; Isobe 2002).

The broadband spectra of jet knots, hot spots, and lobes de-
tected by Chandra show great variety between radio and X-ray
energy bands. In nearby Fanaroff and Riley type I (FR I) sources,
the typical X-ray–to-radio spectrum of the jet knots is consistent
with a single, smoothly broken power-law continuum, suggest-
ing that this broadband emission is entirely due to nonthermal
synchrotron radiation from a single electron population (e.g.,
Marshall et al. 2002; Wilson & Yang 2002 for M87). In most
other sources, however, the X-ray knots’ spectra are much harder
than expected from a simple extrapolation of the radio-to-optical
fluxes. In these situations it is believed that both the radio and op-
tical emissions are due to synchrotron radiation, whereas X-ray
photons are produced via the inverse Compton scattering of ei-
ther synchrotron photons (the synchrotron self-Compton [SSC]

process) or cosmic microwave background (CMB) photons (the
external Compton [EC] process; Tavecchio et al. 2000; Celotti
et al. 2001). Other (synchrotron) models have also been pro-
posed to explain the intense X-ray emission of the large-scale
quasar jets (e.g., Dermer & Atoyan 2002; Stawarz & Ostrowski
2002). In the case of the hot spots in powerful sources, one
finds an analogous controversy regarding the X-ray emission: al-
though in many objects this emission is consistent with the stan-
dard SSCmodel (see, e.g., Wilson et al. [2000] for Cygnus A), in
some other sources it cannot be simply explained in this way,
most likely suggesting a synchrotron origin of the detectedX-ray
photons (see, e.g., Hardcastle et al. 2004). For the extended lobes
of quasars and FR II galaxies, it is established that the X-ray
radiation is produced by the EC process involving CMB target
radiation. In some cases, however, infrared target photons from
quasar cores may contribute to the inverse Compton lobes’ emis-
sion at keV photon energy ranges (Brunetti et al. 1997).

In the standard picture of FR II radio galaxies and quasars,
the relativistic jet is decelerated in a hot spot, converting part of
its energy into relativistic electrons and part in a magnetic field.
Then the shocked plasma moves inside the head region just be-
hind the hot spot and expands almost adiabatically to form dif-
fuse, extended radio lobes. Although this picture appears to be
simple, much of the fundamental physics behind it remains un-
clear (see, e.g., the recent monograph by De Young 2002b). For
example, the velocity and dynamics of the large-scale jets are
unknown. From the analogy to subparsec jets in blazar-type
AGNs, it is plausible that some of the FR II and quasar jets are
highly relativistic even on kiloparsec and megaparsec scales.
Recent studies on the optical emission of the large-scale jets
seem to justify this hypothesis (e.g., Sparks et al. 1995; Scarpa
& Urry 2002; Jester 2003), and the usually discussed versions
of the EC model for the X-ray jet knots indeed require the jet
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bulk Lorentz factors �blk �10 (e.g., Harris & Krawczynski
2002). Yet the exact velocity structure both along and across
large-scale jets in FR II radio galaxies and quasars remains
an open issue. The strong terminal shocks at the hot spots are
unlikely to be moving with high bulk Lorentz factors, but
moderately relativistic motions (�blk � a few) are permitted by
hydrodynamic simulations (e.g., Aloy et al. 1999). We note that
such simulations repeatedly reveal a complex hot spot morphol-
ogy, especially at the late stages of the jet evolution (e.g., Martı́
et al. 1997; Mizuta et al. 2004). Finally, the main-axis expan-
sion of the radio lobe is thought to be subrelativistic; �blk ’1.
However, detailed transport and spatial distribution of the ra-
diating particles within the lobes of powerful radio sources is
still being debated (e.g., Blundell & Rawlings 2000; Kaiser
2000; Manolakou & Kirk 2002).

As for the velocity of jet plasma, the strength of the magnetic
field in radio galaxies is an open matter. Assuming an equipar-
tition field value in the lobes (1–10 �G), which seems to be
supported by observations of the X-ray lobes, a simple flux con-
servation argument predicts the magnetic field in the jets to be
as high as 0.01–1 G (De Young 2002a). Such a strong magnetic
field is problematic, since numerical simulations of Poynting-
flux–dominated jets (e.g., Komissarov 1999) cannot correctly
reproduce the observed large-scale morphologies of powerful
radio sources. Thus, an amplification of the magnetic field to the
equipartition value in a strong jet terminal shock and in its tur-
bulent downstream region is required, although only a few the-
oretical investigations of this issue have been reported (see
De Young 2002a). Let us mention in this context that turbulent
processes that may lead to amplification of the magnetic field
can manifest in the formation of the flat-spectrum synchrotron
X-ray features, such as the ones discovered recently in the hot
spots of the Cygnus A radio galaxy (Bayucińska-Church et al.
2005). On the other hand, the equipartition of energy between
the magnetic field and the radiating electrons, established for
some high-luminosity sources, may not be valid in general, es-
pecially in the case of low-luminosity hot spots (Hardcastle
et al. 2004). Finally, we note that the configuration of the mag-
netic field within the lobes is also not well understood (see a
discussion in Blundell & Rawlings 2000).

Unfortunately, present radio-to–X-ray observations are not
sufficient to conclusively discriminate between different mod-
els proposed in order to explain multiwavelength emission of
the large-scale structures of powerful radio sources and of their
kiloparsec and megaparsec jets in particular. However, we be-
lieve that a systematic comparison between broadband radiative
properties of the jet knots, hot spots, and lobes will provide im-
portant clues to the dynamics and physics of large-scale jets and
put some constraints on the models discussed in the literature.
Keeping these motivations in mind, the purpose of this paper is
to obtain a rough but unified picture that may link the jet knots,
hot spots, and radio lobes rather than tomodel individual sources
in a sufficiently detailed manner. Obviously, detailed studies on
individual cases are irreplaceable. In fact, many controversial
issues briefly touched in this analysis will remain open until such
detailed investigations, based on long multiwavelength observa-
tions, are performed. We emphasize that our analysis confirms
many results known from the literature (see, e.g., Stawarz 2005
for a review), although for a large number of sources that, in
addition, are modeled in a uniform way. Based on this homo-
geneous approach, however, we explore some new, hardly dis-
cussed in the literature, aspects of the physics behind the X-ray
emission models for the considered objects. Let us also mention
that in this paper we do not consider hadronic models for the

broadband emission of the large-scale jets and their hot spots
(see, e.g., Aharonian 2002; Atoyan & Dermer 2004).
Our present study is based on data analysis for a sample

consisting of 26 radio galaxies, 14 quasars, and four blazars.We
collected all existing data at well-sampled radio (5 GHz) and
X-ray (1 keV) frequencies and analyzed them in a systematic
manner. In x 2, we define the sample selection and observables
used in this paper. In x 3, we present a simple formulation of
calculating the ‘‘expected’’ X-ray flux densities for the SSC and
EC models taking the relativistic beaming effect into account.
We then compare the physical quantities (beaming factor and
magnetic field) of the jet knots, hot spots, and lobes. In x 4, we
discuss the results, and the summary is presented in x 5.

2. DATA AND ANALYSIS

2.1. Sample

Table 1 compiles a list of X-ray jet sources in which jet knots,
hot spots, and/or radio lobes are detected by Chandra and ASCA.
The first pioneer work is reported by Harris & Krawczynski
(2002), in which the emissionmechanisms of 18X-ray jet sources
(mainly jet knots) are discussed in the framework of a relativ-
istically moving jet model. They continue to maintain current
information at the XJETHome Page,4 which conveniently sum-
marizes the names, coordinates, distances, and morphologies of
the X-ray jet sources. Our sample contains all the sources listed
in this page, with additional information on the X-ray obser-
vations of radio lobes mainly organized by the ASCA team.
Before compiling the data, we performed a quick reanalysis

of Chandra data (if already archived) to check the published
results and found no discrepancy.We therefore refer to published
results (fluxes and spectral indexes) unless otherwise stated in
this paper. This gives a large number of objects known to us as
of 2004 June, which contains 44 X-ray jet sources (56 jet knots,
24 hot spots, and 18 radio lobes; see Table 2). We are aware that
our sample is still incomplete, as the knownX-ray jet sources are
increasing their number day by day. Nevertheless, such a list
provides a convenient overview of X-ray jet sources detected
so far and a useful hint to predict the fluxes of unobserved X-ray
jet sources. We also note that Hardcastle et al. (2004) recently
summarized the X-ray emission properties of the hot spots in
FR II radio galaxies.
The basic information about each source is listed in Table 1:

source name (col. [1]), redshift z (col. [2]), luminosity distance
to the source dL adopting H0 ¼ 75 km s�1 Mpc�1 and q0 ¼ 0:5
(col. [3]), classification (col. [4]), and references (col. [5]). RG
denotes a radio galaxy of either FR I or FR II, QSO denotes
either core-dominated (CD) quasars or lobe-dominated (LD) qua-
sars, and BLZR denotes a blazar-class object.
More detailed information on each source is listed in Table 2.

In column (2) we use ‘‘knot’’ (K) to indicate a distinct structure
in the jet, ‘‘hot spot’’ (HS) as a terminal bright enhancement at
an end of the FR II jet or as one of the multiple features asso-
ciated with a termination of the jet, and ‘‘lobe’’ (L) as a diffuse
extended structure associated with a radio lobe. A suffix after
K, HS, and L means the identification of each structure. For ex-
ample ‘‘K-A’’ denotes ‘‘knot A,’’ and ‘‘HS-SE’’ means ‘‘southeast
hot spot.’’ In succeeding columns of Table 2, we list six obser-
vables: radio spectral index�Rmeasured at 5 GHz (col. [3]), radio
flux density fR at 5 GHz in mJy (col. [4]), X-ray spectral index
�X at 1 keV (col. [5]), X-ray flux density fX at 1 keV in nJy
(col. [6]), optical flux density fo at 5 ; 1014 Hz in �Jy (col. [7]),

4 Available at http://hea-www.harvard.edu/XJET/.
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TABLE 1

List of Radio Sources with Extended X-Ray Jet, Hot Spot, and Lobe Structures

Name

(1)

z

(2)

dL
a

(Mpc)

(3)

Classb

(4)

Reference

(5)

3C 9 ................................................... 2.012 16133 QSO (LD) 1

3C 15 ................................................. 0.073 302 RG (FR I) 2

NGC 315............................................ 0.0165 67 RG (FR I) 3

3C 31 ................................................. 0.0169 67 RG (FR I) 4

NGC 612............................................ 0.0298 120 RG (FR II) 5

B0206+35........................................... 0.0369 150 RG (FR I) 6

3C 66B............................................... 0.0215 87 RG (FR I) 7

Fornax A ............................................ 0.00587 23.5 RG (FR I) 8

3C 120 ............................................... 0.033 134 RG (FR II) 9

3C 123 ............................................... 0.218 965 RG (FR II) 10

3C 129 ............................................... 0.0208 84 RG (FR I) 11

Pictor A.............................................. 0.035 143 RG (FR II) 5, 12

PKS 0521�365.................................. 0.055 225 BLZR 13

PKS 0637�752.................................. 0.653 3465 BLZR 14

3C 179 ............................................... 0.846 4815 QSO (LD) 15

B2 0738+313 ..................................... 0.635 3344 QSO (CD) 16

B2 0755+37 ....................................... 0.0428 175 RG (FR I) 6

3C 207 ............................................... 0.684 3642 QSO (LD) 17

3C 212 ............................................... 1.049 6393 QSO (LD) 18

3C 219 ............................................... 0.174 756 RG (FR II) 19

4C 73.08 ............................................ 0.0581 236 RG (FR II) 5

Q0957+561 ........................................ 1.41 9613 QSO (CD) 20

3C 254 ............................................... 0.734 4011 QSO (LD) 21

PKS 1127�145.................................. 1.187 7505 QSO (CD) 22

PKS 1136�135.................................. 0.554 2830 QSO (LD) 15

3C 263 ............................................... 0.656 3487 QSO (LD) 23

4C 49.22 ............................................ 0.334 1559 QSO (CD) 15

M84.................................................... 0.00354 11.3 RG (FR I) 24

3C 273 ............................................... 0.1583 683 BLZR 25

M87.................................................... 0.00427 10.7 RG (FR I) 26

3C 280 ............................................... 0.996 5964 RG (FR II) 21

Cen A................................................. 0.00183 2.3 RG (FR I) 27

Cen B ................................................. 0.01215 48.7 RG (FR I) 28

4C 19.44 ............................................ 0.720 3917 QSO (CD) 15

3C 295 ............................................... 0.45 2205 RG (FR II) 29

3C 303 ............................................... 0.141 603 RG (FR II) 30

GB 1508+5714 .................................. 4.3 54142 QSO (CD) 31

3C 330 ............................................... 0.55 2803 RG (FR II) 23

NGC 6251.......................................... 0.0249 101 RG (FR I) 32

3C 351 ............................................... 0.372 1763 QSO (LD) 23, 33

3C 371 ............................................... 0.051 209 BLZR 34

3C 390.3 ............................................ 0.0561 230 RG (FR II) 35, this work

Cygnus A ........................................... 0.0562 231 RG (FR II) 36

3C 452 ............................................... 0.0811 331 RG (FR II) 37

a Luminosity distance to the source adopting H0 ¼ 75 km s�1 Mpc�1 and q0 ¼ 0:5.
b RG: radio galaxy of either Fanaroff & Riley type I (FR I) or type II (FR II ); QSO: quasar, either core-

dominated (CD) or lobe-dominated (LD); BLZR: blazar.
References.—(1) Bridle et al. 1994; Fabian et al. 2003; (2) Leahy et al. 1997; Kataoka et al. 2003b;

(3) Worrall et al. 2003; (4) Laing & Bridle 2002; Hardcastle et al. 2002a; (5) Isobe 2002; (6) Worral et al. 2001;
(7) Hardcastle et al. 2001b; (8) Tashiro et al. 2001; (9)Harris et al. 1999, 2004; (10)Hardcastle et al. 1997, 2001a;
(11) Harris et al. 2002b; (12) Wilson et al. 2001; (13) Birkinshaw et al. 2002; (14) Chartas et al. 2000;
Schwartz et al. 2000; (15) Sambruna et al. 2002; (16) Siemiginowska et al. 2003b; (17) Brunetti et al. 2002;
(18) Akujor et al. 1991; Aldcroft et al. 2003; (19) Comastri et al. 2003; (20) Harvanek et al. 1997; Chartas et al.
2002; (21) Donahue et al. 2003; (22) Siemiginowska et al. 2002; (23) Hardcastle et al. 2002b; (24) Harris et al.
2002a; (25)Marshall et al. 2001; Sambruna et al. 2001; (26)Marshall et al. 2002;Wilson&Yang 2002; Perlman
et al. 2001; (27) Kraft et al. 2002; (28) Tashiro et al. 1998; (29) Harris et al. 2000; Brunetti et al. 2001b;
(30)Meisenheimer et al. 1997; Kataoka et al. 2003a; (31) Siemiginowska et al. 2003a; Yuan et al. 2003; Cheung
2004; (32) Sambruna et al. 2004; (33) Brunetti et al. 2001a ; (34) Pesce et al. 2001; (35) Harris et al. 1998;
(36) Wilson et al. 2000; (37) Isobe et al. 2002.



TABLE 2

Parameters for X-Ray Jet, Hot Spot, and Lobe Features

Observables
a

Model Results
b

Name

(1)

Component

(2)

�R

(3)

fR
(mJy)

(4)

�X

(5)

fX
(nJy)

(6)

fo
(�Jy)

(7)

�

(arcsec)

(8)

Beq(1)

(�G)

(9)

RSSC(1)

(10)

REC(1)

(11)

�SSC
(12)

�EC
(13)

Class
c

(14)

3C 9 .............. K 1.0d 3.2E2 0:6 � 0:6 2.2 . . . 0.3d 230 3.6 54 0.60 3.8 SSC

3C 15 ............ K-C 0.9 55 0:7 � 0:4 1.2 6.0 0.3d 84 5.5E2 1.5E3 0.080 11 SYN

L 0.8 1.8E3 0:3 � 0:4 2.9 . . . 20 6.2 58 1.1 0.20 1.0 EC

NGC 315....... K 0.9d 68 1:5 � 0:7 4.1 . . . 0.3d 130 3.1E3 1.0E4 0.040 22 SYN

3C 31 ............ K 0.55 37 1:1 � 0:2 7.3 2.0 0.3d 110 1.4E4 2.4E4 0.022 29 SYN

NGC 612....... L 0.6 5.1E3 1:0 � 0:5 37 . . . 120 2.2 6.4E2 0.99 0.075 0.99 EC

B0206............ K 0.5 26 1:1 � 0:7 5.2 . . . 0.3d 79 1.1E4 1.4E4 0.024 24 SYN

3C 66B.......... K-A 0.75 3.9 1:0 � 0:3 4.0 1.0 0.3d 52 1.9E5 3.6E4 7.7E-3 33 SYN

K-B 0.60 34 1:2 � 0:1 6.2 15.8 0.3d 97 1.2E4 1.9E4 0.024 27 SYN

Fornax A ....... L 0.9 1.6E4 0:7 � 0:3 100 . . . 450 1.5 1.4E3 0.47 0.055 0.78 EC

3C 120 .......... K 0.65 9.2 0:5 � 0:1 29 <0.7 1.5 15 6.9E5 1.2E4 4.6E-3 23 EC

3C 123 .......... HS 0.5 5.2E3 0:6 � 0:3 4.6 <3 0.5 170 1.5 1.3E2 0.85 5.1 SSC

3C 129 .......... K 0.5d 3.8 1.0d 1.9 . . . 0.3d 52 9.7E4 1.8E4 0.010 26 SYN

Pic A ............. HS 0.74 2.0E3 1:1 � 0:1 87 104 0.5 180 3.6E2 1.2E4 0.095 23 SYN

L-W 0.72 1.3E4 0:6 � 0:3 56 . . . 90 3.5 1.9E2 1.3 0.12 1.1 EC

PKS 0521...... K 0.6 1.5E2 1:3 � 0:3 14 45 0.3d 120 1.7E3 1.2E4 0.050 23 SYN

PKS 0637...... K 0.8 48 0:9 � 0:1 6.2 0.2 0.3d 80 6.0E2 1.6E3 0.077 12 EC

3C 179 .......... K-A 0.8 73 1.0d 0.40 <0.06 0.3d 97 15 61 0.34 4.0 EC

K-B 0.8 1.1E2 1.0d 1.1 <0.06 0.3d 110 23 1.4E2 0.29 5.2 EC

CL 0.8d 2.9E2 1.0d 0.24 <2.8 2.0 28 3.0 1.1 0.64 1.0 EC

B2 0738 ........ K-A 0.5d 1.7 0:5 � 0:4 0.30 . . . 0.3d 30 4.5E3 4.1E2 0.035 7.4 EC

HS-B1 0.5d 2.2 1:0 � 0:3 0.33 . . . 0.3d 33 3.4E3 4.0E2 0.039 7.4 SYN

HS-B2 0.5d 4.0 1:4 � 0:5 0.10 . . . 0.3d 39 4.2E2 89 0.090 4.5 SYN

B2 0755 ........ K 0.5d 54 1:1 � 0:2 9.7 . . . 0.3d 94 6.3E3 1.6E4 0.030 25 SYN

3C 207 .......... K 0.8 2.3E2 0:2 � 0:3 4.6 . . . 0.3d 130 46 5.1E2 0.22 8.0 SSC

HS 0.8 1.6E2 0:7 � 1:0 1.3 . . . 0.3d 110 23 1.7E2 0.29 5.6 SSC

L 0.9 2.5E2 0:5 � 0:4 4.5 . . . 5.0 12 1.4E2 7.0 0.14 1.9 EC

3C 212 .......... HS-S? 0.5d 13 1.0d 0.80 . . . 0.3d 64 3.1E2 2.3E2 0.10 6.1 SYN

HS-N? 0.5d 74 1.0d 0.48 . . . 0.3d 106 14 58 0.35 3.9 SYN

3C 219 .......... L 0.8 2.2E3 0:7 � 0:2 30 . . . 50 2.7 4.0E2 1.6 0.091 1.2 EC

4C 73.08 ....... L-E 0.85 2.7E2 0:7 � 0:4 54 . . . 180 0.58 6.4E4 2.3 0.012 1.3 EC

L-W 0.85 5.6E2 0.65d 31 . . . 180 0.71 1.2E4 0.93 0.023 0.98 EC

Q0957............ K-B 0.8d 2.2E2 0:9 � 0:6 0.37 <0.11 0.3d 170 1.7 18 0.81 2.6 SSC

K-C 0.8d 1.3E2 0:9 � 0:6 0.11 <0.11 0.3d 140 1.1 6.9 0.96 1.9 SSC

3C 254 .......... HS-W 0.8d 98 1:0 � 0:8 0.52 . . . 0.3d 100 15 81 0.34 4.3 SYN

PKS 1127 ...... K-A 1.2 1.3 0.5d 1.1 . . . 0.3d 35 1.1E4 8.6E2 0.024 9.5 EC

K-B 0.82 16 0.5d 0.89 <0.18 0.3d 72 2.2E2 2.0E2 0.11 5.8 EC

K-C 0.86 17 0.5d 0.60 <0.15 0.3d 73 1.3E2 1.3E2 0.14 5.1 EC

PKS 1136 ...... K-A 0.8d 1.0 1.0d 1.41 0.23 0.3d 25 5.4E4 2.9E3 0.013 14 EC

K-B 0.8d 41 1.0d 3.7 0.24 0.3d 73 5.4E2 1.2E3 0.081 11 EC

K-C 0.8d 1.9E2 1.0d <0.62 0.13 0.3d 110 <9.1 <92 >0.41 <4.5 EC

3C 263 .......... HS-K 0.8d 5.7E2 1:0 � 0:1 1.0 0.8 0.3d 160 2.7 72 0.67 4.2 SSC

HS-B 0.8d 22 1.0d <0.06 . . . 0.3d 64 <19 <22 >0.31 <2.8 SSC

L-NW 0.8d 1.9E2 0:4 � 0:2 0.8 . . . 8 7.1 51 0.73 0.21 0.90 EC

L-SW 0.8d 44 0:4 � 0:2 0.5 . . . 8 4.7 2.8E2 0.95 0.10 0.98 EC

4C 49.22 ....... K-A 0.8d 56 1.0d 3.9 0.63 0.3d 75 5.9E2 1.7E3 0.08 12 EC

K-B 0.8d 36 1.0d 1.3 0.02 0.3d 66 3.8E2 7.0E2 0.09 8.9 EC

K-C 0.8d 74 1.0d 0.99 0.08 0.3d 81 98 3.7E2 0.16 7.2 EC

M84............... K-2.5 0.65 3.5 0:8 � 0:3 0.63 <30 0.3d 88 1.0E5 1.7E4 9.9E-3 26 SYN

K-3.3 0.65 13 0:8 � 0:3 1.16 <30 0.3d 130 2.6E4 1.6E4 0.02 25 SYN

3C 273 .......... K-A1 0.65 20 0:6 � 0:1 38.1 5.2 0.3d 56 4.8E4 4.8E4 0.01 36 SYN

K-B1 0.65 2.2E2 0:9 � 0:1 23.2 5.2 0.3d 110 8.1E2 8.7E3 0.069 21 EC

K-D/H3 0.65 3.2E2 0:8 � 0:1 8.27 8.2 0.3d 120 1.6E2 2.6E3 0.13 14 EC

M87............... K-HST1 0.7 77 1:3 � 0:1 81.9 20 0.3d 220 1.3E5 4.8E5 9.0E-3 78 SYN

K-A 0.7 3.5E2 1:3 � 0:2 67.8 100 0.3d 330 1.1E4 1.9E5 0.024 57 SYN

K-D 0.7 2.6E3 1:6 � 0:1 142 1000 0.3d 590 1.2E3 1.4E5 0.059 52 SYN

3C 280 .......... HS-W 0.8 7.2E2 1:3 � 1:0 0.79 0.99 0.3d 200 0.95 32 1.0 3.2 SSC

HS-E 0.8 3.3E2 1.2 0.34 0.23 0.3d 160 1.3 21 0.90 2.7 SSC



and radial size � of the emitting region in arcseconds (col. [8]).
When observations have not been reported at 5 GHz or 1 keV,
we calculate the flux by extrapolating the nearest measured fre-
quency by assuming the spectral index listed in the table. Values
for which we have assumed the fixed value for this calculation are
noted.

2.2. Radio/X-Ray Comparison

Figure 1 shows the distribution of the spectral indexes in the
radio band (�R; top) and in the X-ray band (�X; bottom). Note
that the radio spectral index shows a relatively narrow distri-
bution centered at 0.8, and there is no clear difference between
the jet knots, hot spots, and radio lobes. As is widely believed,

the radio emissions of these sources are most likely due to the
synchrotron radiation from the low-energy population of rela-
tivistic electrons. In other words, the energy index of acceler-
ated electrons is narrowly distributed around s ¼ (�R þ 1)=2 ’
2:6, which is slightly steeper than the one expected from a diffu-
sive acceleration at nonrelativistic shocks, s ¼ 2. Let us note in
this context that analytical and numerical studies of particle ac-
celeration at relativistic shocks (reviewed by, e.g., Kirk &Duffy
1999; Ostrowski 2002) indicate that in such a case one can
expect a variety of particle spectra, with the asymptotic power-
law inclination s ¼ 2:2 for the strong turbulence condition and
ultrarelativistic shock velocity. We also note that stochastic
second-order Fermi processes do not favor any universal value

TABLE 2—Continued

Observables
a

Model Results
b

Name

(1)

Component

(2)

�R

(3)

fR
(mJy)

(4)

�X

(5)

fX
(nJy)

(6)

fo
(�Jy)

(7)

�
(arcsec)

(8)

Beq(1)

(�G)

(9)

RSSC(1)

(10)

REC(1)

(11)

�SSC
(12)

�EC
(13)

Class
c

(14)

Cen A.............. K-NX1 0.8d 36 1.5 5.8 . . . 0.3d 270 6.3E4 1.1E5 0.01 48 SYN

K-AX1 0.8d 5.2E2 1.5 110 . . . 0.3d 580 2.2E4 5.4E5 0.02 81 SYN

K-AX2 0.8d 4.8E2 1.5 14 . . . 0.3d 570 3.1E3 7.1E4 0.04 41 SYN

K-AX3 0.8d 7.4E2 1.2 28 . . . 0.3d 640 3.3E3 1.1E5 0.04 49 SYN

K-AX4 0.8d 3.3E2 1.2 14 . . . 0.3d 510 5.5E3 8.6E4 0.03 44 SYN

K-AX6 0.8d 71 1.2 23 . . . 0.3d 330 9.0E4 3.0E5 0.01 67 SYN

K-BX2 0.8d 88 1.0 66 . . . 0.3d 350 1.9E5 7.8E5 7.8E-3 92 SYN

K-BX5 0.8d 7.5E2 1.0 50 . . . 0.3d 640 5.7E3 2.0E5 0.03 59 SYN

Cen B .............. L 0.78 3.7E4 0:9 � 0:2 220 . . . 180 3.5 3.8E2 1.9 0.09 1.2 EC

4C 19.44 ......... K-A 0.8d 57 1.0d 8.3 0.3 0.3d 86 5.6E2 1.7E3 0.08 12 EC

K-B 0.8d 23 1.0d 0.24 0.04 0.3d 66 63 79 0.19 4.3 EC

K-C 0.8d 13 1.0d 0.37 <0.06 0.3d 56 2.3E2 1.6E2 0.11 5.4 EC

K-D 0.8d 16 1.0d 0.25 <0.06 0.3d 60 1.1E2 98 0.15 4.6 EC

K-E 0.8d 6 1.0d 0.25 <0.06 0.3d 45 4.9E2 1.6E2 0.08 5.4 EC

K-F 0.8d 12 1.0d 0.70 <0.06 0.3d 55 4.9E2 3.2E2 0.08 6.8 EC

K-G 0.8d 13 1.0d 0.62 <0.06 0.3d 56 3.8E2 2.7E2 0.09 6.5 EC

K-H 0.8d >1 1.0d 0.41 <0.06 0.3d >27 >1.2E4 >6.4E2 >0.02 <8.6 EC

K-I 0.8d 87 1.0d 0.66 . . . 0.3d 97 24 1.1E2 0.28 4.8 EC

3C 295 ............ HS-NW 0.65 1.3E3 0:9 � 0:5 3.9 0.078 0.3d 190 4.4 2.7E2 0.55 6.5 SSC

HS-SE 0.65 6.3E2 0:9 � 0:5 1.1 <0.02 0.3d 150 3.6 1.1E2 0.60 4.8 SSC

L 0.9 6.5E3 0:4 � 0:2 3.4 . . . 1.5 75 0.76 9.4 1.1 2.1 SSC

3C 303 ............ HS 0.84 2.6E2 0:4 � 0:2 4.0 7.5 1.0 42 2.2E2 2.5E2 0.12 6.3 SSC

GB 1508.......... K >0.8 0.43 0:9 � 0:4 1.1 <0.2 0.6 32 1.6E4 81 0.02 4.3 EC

3C 330 ............ HS-NE 1.0 1.3E3 0.5d 0.34 <0.5 0.3d 200 0.32 19 1.6 2.7 SSC

HS-SW 1.0 1.3E2 0.5d 0.09 <0.5 0.3d 100 2.6 16 0.68 2.5 SSC

L-NE 0.9 2.6E2 0.5d 0.28 . . . 3.5 15 8.9 0.90 0.42 1.0 EC

L-SW 1.0 2.3E2 0.5d 0.32 . . . 3.5 15 12 1.1 0.37 1.0 EC

NGC 6251....... K 0.64 2.2E2 0:2 � 0:4 2.3 . . . 10 7.9 1.4E3 13 0.06 2.4 EC

3C 351 ............ HS-J 0.7 1.9E2 0:5 � 0:1 4.3 2.5 0.3d 110 1.0E2 9.2E2 0.16 9.7 SSC

HS-L 0.7 4.5E2 0:9 � 0:1 3.4 3.8 0.8 59 36 1.1E2 0.24 4.8 SSC

HS-A 0.8 4.5 0.9d <0.05 . . . 0.3d 37 <3.0E2 <69 >0.10 <4.1 SSC

L-N 1.0 72 0:6 � 0:8 1.1 . . . 10 4.0 5.9E2 2.0 0.08 1.3 EC

L-S 0.9 73 0:6 � 0:8 0.7 . . . 10 4.0 3.7E2 1.3 0.09 1.1 EC

3C 371 ............ K-A 0.76 37 1.0d 6.7 5.8 0.3d 81 6.9E3 1.2E4 0.03 23 SYN

K-B 0.73 15 0:7 � 0:3 16 3.4 0.3d 62 6.4E4 4.6E4 0.01 36 SYN

3C 390.3 ......... HS-NE-B 0.7 3.5E2 0:9 � 0:1 4.5 1.8 1.1 49 2.9E2 3.6E2 0.10 7.1 SYN

HS-SW 0.7 67 0:4 � 0:2 3.5 . . . 10 4.7 8.1E3 23 0.03 2.9 EC

Cygnus A ........ HS-A 0.55 4.0E4 0:8 � 0:2 19 . . . 1.2 180 1.0 1.3E2 0.98 5.0 SSC

HS-D 0.50 5.0E4 0:8 � 0:2 29 <8 1.2 190 1.2 1.7E2 0.94 5.5 SSC

3C 452 ............ L 0.78 4.0E3 0:7 � 0:3 41 . . . 80 2.4 4.7E2 1.3 0.09 1.1 EC

a �R: radio spectral index at 5 GHz; fR: radio flux density at 5 GHz; �X: X-ray spectral index at 1 keV; fX: X-ray flux density at 1 keV; fo: optical flux density at
5 ; 1014 Hz; �: radial size of the emitting region.

b Beq(1): equipartition magnetic field for no beaming (� ¼ 1); RSSC(1): ratio of observed X-ray flux density to that expected from SSC model for � ¼ 1; REC(1): ratio
of observed X-ray flux density to that expected from EC model for � ¼ 1; �SSC: Doppler beaming factor required to hold equipartition, i.e., RSSC(�SSC) ’ 1; �EC: Doppler
beaming factor required to hold equipartition for EC model, i.e., REC(�EC) ’ 1.

c Most likely scenario of producing observed X-rays.
d Assumed to be a listed value.
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of the power-law spectral index characterizing accelerated
electrons.

Meanwhile, the X-ray energy index,�X, is widely distributed
from 0.2 to 1.6. Part of the reason may be relatively large un-
certainties in determining the spectral shape of faint X-ray
sources compared to the radio spectral shape, but even if only
bright (i.e., with small error bars) X-ray sources are plotted, the
same trend is obtained. Steep X-ray sources are most frequently
found in nearby FR I radio galaxies. As discussed in the liter-
ature, the X-ray fluxes in these sources may smoothly connect
with radio and/or optical fluxes and hence are considered to be
the highest energy tail of the synchrotron radiation. For the
X-ray emission from other jet knots, the situation is less clear.
Flat X-ray spectral indexes may indicate pileup effects at the
high-energy part of the electron energy distribution, thus advo-
cating synchrotron origin of the keV photons (see Harris et al.
2004), or, oppositely, spectral flattenings occurring at the low-
energy part of the electron continuum, thus being consistent
with the EC interpretation of the X-ray knots’ emission. Clearly,
spectral information alone is not sufficient at the moment to
distinguish between a synchrotron and an inverse Compton ori-
gin of the keV photons from the jet knots in most of the cases or
to indicate the appropriate particle acceleration process.

Figure 2 presents the distribution of luminosity ratio of LR
and LX, where LR ¼ 4�d 2

L fR�R and LX ¼ 4�d 2
L fX�X. Note that

a clear difference can be seen between the jet knot and hot spot
or radio lobes. The jet knots tend to be much brighter in X-rays
than the hot spots and radio lobes. This trend is seen more clearly
in Figure 3, where the correlation between LR and LX is plotted in
two-dimensional space. One finds several important tendencies
that cannot be accounted for by the sampling bias effect. First,
hot spots and radio lobes only occupy the high-luminosity part
of the plot, namely �1040 ergs s�1. Second, low-luminosity hot
spots tend to be brighter in X-rays, as has been pointed out
by Hardcastle et al. (2004). Third, LR � LX for most of the hot
spots and radio lobes, but most of the jet knots show an opposite
trend.

We should note that because of the limited sensitivity of
Chandra (typically 0.1 nJy at 1 keV for a 10 ks exposure), we
would not expect to detect the X-ray emission from the ‘‘X-ray–

faint’’ jet knots. Therefore, the lack of the X-ray–faint (i.e.,
LR � LX) jet knots at the bottom left corner of Figure 3 would be
biased by the sensitivity of the Chandra detector. In fact, we can
find a few X-ray–faint jet knots at the top right corner, where the
luminosity is the highest. However, even if only high-luminosity
sources are selected, we can see a clear difference between the jet
knots, hot spots, and radio lobes, namely, ‘‘X-ray–bright’’ sources
are found only in jet knots. Apparently, this is not due to the sam-
pling effect, since we certainly would have been able to detect
X-ray–bright hot spots if they existed.

3. MODEL APPLICATION TO DATA

In this section we present a simple formulation of computing
an equipartition magnetic field strength Beq from an observed ra-
dio flux fR measured at a radio frequency �R . Next we calculate

Fig. 1.—Distribution of the energy index measured at 5 GHz (top) and 1 keV
(bottom).

Fig. 2.—Distribution of the ratio between L1 keV and L5 GHz.

Fig. 3.—Relation between the luminosities L5 GHz and L1 keV.
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the ‘‘expected’’ SSC and EC luminosities for Beq to compare them
with the observed X-ray luminosities. In the analysis, we include
possible relativistic bulk velocity of the jet plasma. Taking the
obtained results into account, and additionally analyzing the ob-
served broadband spectral properties of the compiled sources
(including optical fluxes), we follow the ‘‘conservative’’ classifi-
cation of the compiled X-ray sources into three groups, namely,
(1) synchrotron involving single or broken power-law electron en-
ergy distribution (SYN), (2) synchrotron self-Compton (SSC), and
(3) external Compton of CMB photons (EC). Finally, we discuss
the validity of the applied classification scheme and compare it
briefly with the classification introduced in the literature.

3.1. Equipartition Magnetic Field

In order to determine the X-ray emission properties of the
large-scale jets, we first estimated the magnetic field strength
under the minimum-power hypothesis using the observed ra-
dio luminosities measured at 5 GHz. As we review in x 1, it
is generally believed that the magnetic field energy density uB
and the particle energy density ue may be close to equipartition
in a number of radio sources. Therefore, our approach is that
we first assume an equipartition to calculate ‘‘predicted’’ inverse
Compton X-ray luminosities and then compare them to the ob-
served ones. If a large discrepancy occurs, this may suggest that
equipartition is strongly violated, that the inverse Compton ori-
gin of the observed keV photons is not the case, or that we have
to consider another correction factor, such as Doppler beaming
factor �, as we discuss below.

Since the synchrotron luminosity, L�, is proportional to ueuBV,
where V is the volume of the emitting regions, we can estimate the
equipartition magnetic field Beq for a given luminosity observed
at a radio frequency �. Under the assumption of no relativistic
beaming (� ¼ 1), Beq is expressed as

Beq; �¼1 ¼
3�0

2

G(�)�L�
V

� �2=7
/ �L�

V

� �2=7

�1=7; ð1Þ

where �0 is the permeability of free space, G(�) is a function
given in Longair (1994), � is the spectral energy index, L� is the
synchrotron luminosity measured at a frequency �, and � is
the ratio of energy density carried by protons and electrons to the
energy density of the electrons; i.e., � ¼ 1 for the leptonic (e�e+)
jet and � ¼ 1836 for the hadronic (e�p+) jet for which the ratio of
proton to electron energy densities equals the ratio of their rest
masses. In the last approximation in equation (1), we put the
minimum synchrotron frequency �min ¼ � and � ¼ 0:75. The
latter choice is justified by a narrow distribution of the radio
spectral indexes in the compiled data set (Fig. 1, top). The former
choice gives the minimum value of Beq for the observed L� at
some given frequency �. Below we consider � ¼ �R ¼ 5 GHz,
although it is obvious that the minimum radio frequency has to
be lower than this (especially in the case of the EC model, which
requires the presence of low-energy electrons with energies below
GeV scales). However, the difference between the equipartition
magnetic field computed for �min ¼ � and for �min 6¼ � is rather
small,/(�min=�)1=14. In addition, the expected spectral flattenings
at the low-energy part of the synchrotron continuum are likely to
make this difference even smaller.

In general, an emission volume, V, is quite uncertain for as-
trophysical sources because of the limited angular resolution of
detectors and projection effect. We have assumed that the emit-
ting region has a spherical volume of a certain angular radius �
(in arcseconds) for all the jet structures. This is obviously an

oversimplified assumption; however, it significantly reduces the
complexity of the models. Most of the jet knots and hot spots are
pointlike sources when observed withChandra.We therefore set
an upper limit of � ¼ 0B3, unless there are additional radio/op-
tical observations obtained with better angular resolution. Mean-
while, a number of radio lobes show extended structures, but
morphology is more complicated than a homogeneous sphere.
We therefore calculated the volume by assuming a cylinder or a
rotational ellipse and then approximated it as a sphere that has an
equal volume.

For a relativistically moving plasma, the equipartition mag-
netic field measured in the emitting plasma rest frame is related
to the equipartition value computed for no beaming by the re-
lation (Stawarz et al. 2003)

Beq ¼ Beq;�¼1�
�5=7: ð2Þ

The above expression can be more conveniently written as

Beq ¼ 123�2=7 1þ zð Þ11=7 dL

100 Mpc

� ��2=7 �R

5 GHz

� �1=7

;
fR

100 mJy

� �2=7 �

0B3

� ��6=7

��5=7 �G; ð3Þ

where dL is the luminosity distance to the source and fR is the
observed radio luminosity measured at frequency �R. Values
of Beq;�¼1 for various jet sources are calculated in Table 2 for
� ¼ 1, which gives again theminimum value of Beq;�¼1.We note
that this particular choice does not refer exclusively to the lep-
tonic jet model. For example, it may refer to the case of energy
equipartition solely between the jet magnetic field and radiating
electrons. We note that the discussion on the jet composition is
still open, and the situation may be quite complex as, for ex-
ample, the jet can be composed predominantly from the e�e+

pairs but still remain dynamically dominated by the (cold) had-
rons (see Sikora & Madejski 2000).

3.2. Synchrotron (SYN) Case

We first consider the case in which the X-ray emissions are
due to the synchrotron radiation emitted by the electrons with
the Lorentz factor �X. We assume that the magnetic field in the
jet-moving plasma is close to equipartition Beq and its relativ-
istic beaming factor is �. Then the observed X-ray frequency is
given by

�X ’ 1:2 ; 106� 2
XBeq(1þ z)�1�

’ 1:2 ; 106� 2
XBeq; �¼1(1þ z)�1� 2=7: ð4Þ

The respective electron Lorentz factor, �X, is hence given as

�X ’ 4:5 ; 107
�X

�1 keV

� �1=2
Beq; �¼1

100 �G

� ��1=2

1þ zð Þ1=2��1=7;

ð5Þ

where �1 keV is 2:4 ; 1017 Hz. Therefore, although � is quite
uncertain, the estimated value of �X is not affected significantly,
since � is only weakly dependent on �; i.e., / ��1/7.

3.3. Synchrotron Self-Compton (SSC) Emission

The observed radio frequency is approximately

�R ’ 1:2 ; 106Beq�
2
R 1þ zð Þ�1�; ð6Þ
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where �R is the Lorentz factor of the electrons, which emit
synchrotron photons at �R. In the SSC case, electrons upscatter
synchrotron photons to a frequency

�IC ’ 4

3
� 2
R�R

¼ 2:8 ; 1017
�R

5 GHz

� �2
Beq

100 �G

� ��1

1þ zð Þ��1 Hz

¼ 2:3 ; 1017��2=7 1þ zð Þ�4=7 dL

100 Mpc

� �2=7

;
�R

5 GHz

� �13=7
fR

100 mJy

� ��2=7 �

0B3

� �6=7

��2=7 Hz: ð7Þ

Note that �IC depends both on the observed radio frequency
and on themagnetic field strengthBeq. To calculate theX-ray flux
at an observed frequency �X, we have to extrapolate the inverse
Compton flux calculated for �IC by assuming the observed X-ray
spectral index �X. In the SSC case, we expect �X ’ �R , if the
synchrotron continuum can be well-approximated by a single
power law with � ’ �R. The ratio of X-ray (SSC) luminosity to
the radio (synchrotron) luminosity is therefore

� IC fIC

�R fR
’ �X fX

�R fR

� IC

�X

� �1��R

’
u0sync

u0B
; ð8Þ

where u0sync and u0B are the synchrotron photon energy density
and the magnetic field density, respectively, both evaluated in
the emitting region rest frame denoted by primes. Here u0sync is
given by

u0sync ¼
d 2
L�R fR
R2c�4

¼ 7:9 ; 10�13 1þ zð Þ4 �R

5 GHz

� �
fR

100 mJy

� �

;
�

0B3

� ��2

��4 ergs cm�3; ð9Þ

if we assume that the emission regions ( jet knots) are moving
sources (see a discussion in Stawarz et al. 2004). From equa-
tions (7)–(9), we predict the SSC flux density measured at �X to
be roughly

fX ¼ 2:8 ; 10�3��1=2(1þ z)
dL

100 Mpc

� �1=2 �R

5 GHz

� �5=4

;
�X

�1 keV

� ��3=4
fR

100 mJy

� �3=2 �

0B3

� ��1=2

��5=2 nJy:

ð10Þ

Here we have assumed �R ¼ 0:75, taking the result of Figure 1
into account. Note that fX goes as ��5/2, meaning that the SSC
flux significantly decreases as the beaming factor increases. Note
also that fX / ��1=2, i.e., that for a given fR and B ¼ Beq, clump-
ing of the emission region leads to the increase of the SSC X-ray
flux.

3.4. External Compton (EC) Emission on Cosmic
Microwave Background Photon Field

Similarly to the SSC case, we can estimate the expected EC
flux at a certain X-ray frequency �X. In the EC model, electrons

upscatter CMB photons to frequencies peaked at �IC, which, in
a Thomson regime, is simply

� IC ’ 4

3
� 2
R�CMB 1þ zð Þ�1�2	

¼ 7:3 ; 1018��2=7	 1þ zð Þ�4=7 dL

100 Mpc

� �2=7

;
�R

5 GHz

� �6=7
fR

100 mJy

� ��2=7 �

0B3

� �6=7

�12=7 Hz; ð11Þ

where 	 ¼ (1þ �)(1þ 
)�1 and �CMB ¼ 1:6 ; 1011(1þ z) Hz.
Here we may set 	 ’ 1 for simplicity, since the value of 	 is
always on the order of unity for any choice of �blk and �. The
ratio of X-ray (EC) luminosity to the radio (synchrotron) lu-
minosity is approximately given by (Stawarz et al. 2003):

� IC fIC

�R fR
’ �X fX

�R fR

� IC

�X

� �1��R

’ uCMB

u0B
	2 1þ zð Þ4�2; ð12Þ

where uCMB ¼ 4:1 ; 10�13 ergs cm�3. From equations (11) and
(12), the EC flux density measured at �X can be expressed as

fX ¼ 5:9 ; 10�4	7=4��1=2(1þ z)
dL

100 Mpc

� �1=2 �R

5 GHz

� �1=2

;
�X

�1 keV

� ��3=4
fR

100 mJy

� �1=2 �

0B3

� �3=2

�3 nJy ð13Þ

for �R ¼ 0:75. It is interesting to note that fX goes as �3, mean-
ing that the EC flux significantly increases as the beaming fac-
tor increases, which is the exact opposite of the trend in the SSC
case. Note also that in the case of the EC emission fX / �3=2;
i.e., for smaller emission region with given fR and B ¼ Beq, the
EC X-ray emission decreases, again opposite to what is ex-
pected in the case of the SSC process.

3.5. Source Classification

First we group the sources by the X-ray spectral index�X and
the X-ray flux fX observed at 1 keV. If the X-ray emission
smoothly connects with the radio/optical spectra, we consider
the X-rays to be produced via the synchrotron emission as for
the radio to optical photons, and that only the highest energy tail
of the electron population contributes to the X-ray emission.
Good examples are the knots in M87, where the X-ray spectral
indexes are�X ’ 1:3–1.6 and theX-ray fluxes are consistent with
radio/optical/X-ray synchrotron continua of a broken power law
form. As listed in Table 3, we find 25 ‘‘synchrotron’’ jet knots and
seven hot spots, but none were found for the radio lobes. Figure 4
plots the distribution of �X�

1/7, calculated from equation (5) de-
rived in x 3.2. Note that for all the synchrotron sources, electrons
must be accelerated very efficiently up to �X ’ 107–108 for B ¼
Beq (and to even higher energies if only B < Beq), and that the
highest population is occupied by the hot spots.
Meanwhile, remaining sources showflatX-ray spectra that can-

not connect smoothly with the radio and optical spectra in terms
of a single (or broken) power-law continuum. Let us follow the
‘‘conservative’’ hypothesis that the X-rays in these sources are
due to the inverse Compton emission of either synchrotron itself
(SSC) or the CMB photons (EC). We therefore compare the ratio
between the observed flux density to that expected one from SSC
and EC models (cf., xx 3.3 and 3.4), RSSC and REC, to determine
which process may dominate for the X-ray production. For
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example, the hot spot of 3C123 iswell explained bySSC, because
RSSC(1) ¼ 1:5 and REC(1) ¼ 130. This means that the observed
X-ray luminosity is 1.5 times larger than that expected from the
SSC model under the equipartition hypothesis, whereas it is 140
times the expected EC flux if � ¼ 1. In contrast, a good example
of the EC source are the lobes in 3C 15, where RSSC(1) ¼ 58 and
REC(1) ¼ 1:1. The results of classification are given in the last
column of Table 2.

The resulting group of jet knots, hot spots, and radio lobes are
summarized in Table 3. Note that most of the jet knots are either
the synchrotron or the EC sources, whereas the majority of the
hot spots are SSC sources. Moreover, almost all the radio lobes
emit X-rays via the EC (CMB) process. However, in a number
of jet knots classified as SSC and EC, the observed X-ray lu-
minosities cannot be reproduced satisfactorily. For example,
modeling of the jet knot in PKS 0637 results in RSSC(1) ¼ 600
and REC(1) ¼ 1600, meaning that the observed X-ray flux is
about 1000 times brighter than those expected from both the
EC and SSC models. As we derive in xx 3.3 and 3.4, and as is
well known from the literature, such a discrepancy could be
reduced by taking the relativistic beaming effect into account,
� 6¼ 1, by giving up the equipartition hypothesis, B < Beq , or by

postulating a synchrotron origin of the X-ray photons due to
an additional flat-spectrum electron population. None of these
possibilities can be simply excluded. We comment more about
it in x 4.

Let us mention briefly that because of differences in the
model-fitting procedure adopted in this paper as compared to the
previous studies reported in the literature, some differences may
occur in either specific values for the obtained model parameters
(e.g., Sambruna et al. [2004] for the case of NGC 6251) or even
in classification of some particular sources (e.g., Fabian et al.
[2003] for 3C 9). Yet another case is the knot A1 in quasar 3C
273. Marshall et al. (2001) claimed that its X-ray emission is
consistent with the extrapolation of the radio-to-optical single
power-law synchrotron continuum. However, Jester et al. (2002)
have shown that this is not the case, as the observed X-ray flux
thereby exceeds the one expected from such an extrapolation.
Here we classify the 3C 273 knot A1 as the SYN source, in ac-
cordance with Marshall et al. (2001), although it should be em-
phasized that—in face of the detailed optical studies by Jester
et al. (2002, 2005)—this particular choice already involves non-
standard energy distribution of the radiating electrons.

4. DISCUSSION

In the previous sections, we have followed ‘‘conservative’’
classification of the discussed sources based on their radio and
X-ray emission properties. SYN sources are mainly found as jet
knots in nearby low-luminosity radio galaxies, in agreement
with previous studies (e.g., Hardcastle et al. 2001b; Pesce et al.
2001; Birkinshaw et al. 2002). If the magnetic field strength is
not far from the equipartition value in these objects, the elec-
trons must be accelerated very efficiently up to 10–100 TeV, in
accordance with the general expectation that radio galaxies may
be some of the most efficient particle accelerators in the uni-
verse (see a discussion in Kataoka et al. 2003a). If the electrons
are actually accelerated to such high energies, the electrons
emitting via synchrotron in the X-ray band have relatively short
radiative lifetimes. The synchrotron cooling time of the elec-
trons can be expressed as

tsync ¼ 250
Beq

100 �G

� ��2 �

107

� ��1

yr: ð14Þ

Since Comptonization of the synchrotron photons, CMB pho-
tons, and galactic photon fields also cools electrons (which could
be especially significant if the considered jets are relativistic on
kiloparsec scales), the above estimate would be an upper limit
for the electron cooling timescale. Indeed, Stawarz et al. (2003)
estimated the energy density of the starlight emission at 1 kpc
from the center of average elliptical galaxy—where the X-ray–
bright knots of the low-power jets are typically located—to be
ustar � 10�9 ergs cm�3. For the 25 FR I jet knots classified as
SYN sources in this paper, themedian equipartitionmagnetic field
computed for nonrelativistic bulk velocities is Beq;�¼1 ¼ 130 �G
(see Table 2), which gives the comoving energy density of the
magnetic field u0B ¼ 6:7 ; 10�10��10=7 ergs cm�3. Thus, the rel-
ative importance of the inverse Compton to synchrotron radi-
ative losses for the electrons within the FR I jets is roughly

u0star
u0B

� �2
blk�

10=7: ð15Þ

That is, radiating electrons within nearby FR I jets possessing
X-ray (and optical) counterparts (which are believed to be atFig. 4.—Distribution of the electron Lorentz factor, �X, for the SYN sources.

TABLE 3

Source Classification of Jets, Hot Spots, and Lobes

Class Jet Knot Hot Spot Lobe

Classification by AGN Type

QSO (CD) .............................. 19 2 0

QSO (LD).............................. 7 9 6

RG (FR I).............................. 22 0 3

RG (FR II) ............................ 1 13 9

BLZR ..................................... 7 0 0

Classification by Emission Process

SYN........................................ 25 7 0

SSC ........................................ 4 16 1

EC .......................................... 27 1 17

X-RAY EMISSION PROPERTIES OF LARGE-SCALE JETS 805No. 2, 2005



least moderately beamed toward the observer, � > 1) coolmainly
as a result of inverse Compton losses on the starlight photon
fields of the host galaxies unless B3Beq. Hence, for the highest
energy electrons in the FR I jets one can safely put the radiative
cooling spatial scale ctcool < 100 pc. In general, this is consistent
with the visual sizes of the jet knots but significantly smaller than
the typical knots’ distances from the nucleus (k1 kpc in the case
of FR I sources) and also than the typical interknot separation
distances. Therefore, the jet electrons have to be accelerated in
situ, most probably because of stochastic processes connected
with strong turbulence occurring within those jets as a result of
the mass entrainment from the surrounding medium (De Young
1986).

One could ask whether in the case of the SYN jet knots in
the nearby FR I galaxies the magnetic field can be much smaller
than the equipartition value. This possibility could be verified
by means of detecting the inverse Compton radiation of the
synchrotron-emitting electrons, which is expected to peak at the
high-energy �-ray band. Interestingly, we can already put some
meaningful limits on such a high-energy component in the case
of the M87 jet. Nearby radio galaxy M87 was detected at TeV
photon energies by the High Energy Gamma Ray Astronomy
(HEGRA) Cherenkov Telescope (Aharonian et al. 2003), and it
was shown that the kiloparsec-scale jet in this object can pro-
duce very high energy �-ray photons at the required level via
Comptonization of the starlight photon field (Stawarz et al.
2003). However, the latest nondetection ofM87 by theWhipple
Telescope (Le Bohec et al. 2004) suggests variability of the
discussed TeV radiation, indicating that the kiloparsec-scale jet
in M87 cannot account for the HEGRA signal. The implied
upper limits indicate in turn that the magnetic field within the
kiloparsec-scale jet of the M87 radio galaxy cannot be smaller
than the equipartition value (Stawarz et al. 2005). Thus, one can
also expect that in the case of the other FR I jets BkBeq.

For the SSC and EC sources, a number of jet knots seem ex-
tremely bright in X-rays, as we have seen in Figures 2 and 3. This
inevitably causes a large discrepancy between the ‘‘expected’’
and ‘‘observed’’ X-ray fluxes, as we see in Table 2 and x 3.5,
and which is again well known from the previous studies. One

formal possibility is that equipartition hypothesis may not be
valid in the considered jet knots. For a given synchrotron lumi-
nosity Lsync / ueuB and for a given emitting region volume V, an
expected SSC luminosity is LSSC / ue. We therefore expect the
ratio RSSC(1) / L�1

SSC / uB. Similarly, for the EC case, REC(1) /
L�1
EC / uB. Hence, in both models, the expected X-ray luminosity

is increased by decreasing the magnetic field strength.
Figure 5 shows the distribution of the ‘‘best-fit’’ magnetic

field B if we allow for the deviation from the equipartition con-
dition and assume nonrelativistic velocities for the emitting re-
gions (which, in the case of the jet knots, is rather only a formal
hypothesis). One finds that both the non-SYN jet knots and the
radio lobes are distributed around B ’ 1–10 �G, whereas hot
spots have a relatively narrow peak at higher field strength,
B ’ 50–300 �G, plus a ‘‘tail’’ extending down to �1 �G.
Figure 6 shows the ratio of B to the equipartition value. Inter-
estingly, B in the lobe and most of the hot spots is almost con-
sistent with equipartition (B=Beq;�¼1 � 1), whereas that of the
non-SYN jet knots and of some of the hot spots is much weaker
than what is expected (B=Beq;�¼1 � 0:01–0.1).
As an alternative idea, we also consider a case in which the

difference between the ‘‘expected’’ and ‘‘observed’’ X-ray fluxes
is due to the relativistic beaming effect, and the minimum-power
condition is fulfilled, as suggested by Tavecchio et al. (2000) and
Celotti et al. (2001). Relativistic beaming changes the observed
X-ray luminosities significantly as fX / ��5=2 for the SSC and
/�3 for the EC (eqs. [10] and [13]). Deviation from equipartition
may not be formally required so long as an appropriate beam-
ing factor is assumed. The Doppler factors thus calculated are
shown in Table 2 and Figure 7. One can see that the lobes and hot
spots exhibit relatively narrow distribution at � � 1, whereas for
most of the jet knots large beaming factors of �10 are required,
as noted before by many authors. We note that the obtained
� � 0:1 for some of the hot spots is rather a formal possibility.
Figure 8 shows the distribution of the equipartition magnetic
field in the framework of the relativistically moving jet model.
Similarly to Figure 5, we find again that the narrowly distributed
strength of the magnetic field in the hot spots, B � 100–500 �G,
is an order of magnitude larger than that of the jet knots and radio
lobes.

Fig. 5.—Distribution of the evaluated magnetic field, B, for the case of no
relativistic beaming (� ¼ 1).

Fig. 6.—Distribution of the ratio between the evaluated magnetic field B
(for � ¼ 1) and the equipartition value Beq;�¼1.
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Apparently, the above considerations imply that the inverse
Compton X-ray emissions from the lobes and hot spots are rel-
atively close to that expected from the magnetic field–radiating
electrons’ energy equipartition, with at most mildly relativistic
bulk velocities of the radiating plasma. A number of jet knots in
powerful sources require, however, a significant bulk Lorentz
factor of �blk � �=2 � 5 to agree with the inverse Compton
origin of the X-ray photons with the minimum-power condition
B ¼ Beq. We note that our evaluation gives the minimum value
of Beq, as we set �min ¼ � in equation (1) and � ¼ 1 in the
subsequent analysis. Therefore, any more realistic derivation
would result in an even larger deviation from the energy equi-
partition and thus in an even larger value for the jet Doppler
factor � required to satisfy the minimum-power condition. Let
us mention that the alternative two-population synchrotron mod-
els do not require violation of the energy equipartition (Stawarz
& Ostrowski 2002; Dermer & Atoyan 2004).

Usually, in applying the EC model to the quasar jet knots’
X-ray emission, the idea of subequipartition magnetic field is
rejected, since it implies a very high kinetic power of the jets. For
this reason, large values for the jet Doppler factors are invoked.
However, as discussed by, e.g., Atoyan & Dermer (2004), such
an approach does not solve all the problems with the total energy
requirements (see also a discussion in Stawarz 2005). Let us
mention in this context another important issue. It is well known
that the VLA studies of the large-scale jets in quasars and FR II
galaxies indicate that bulk Lorentz factors of the radio-emitting
plasma in these sources cannot be much greater than �blk � 3
(Wardle & Aaron 1997). The discrepancy between this result
and the requirement of the minimum-power ECmodel for �blk >
10 is typically ascribed to the jet radial velocity structure, namely
that the radio emission originates within the slower moving jet
boundary layer, and the inverse Compton X-ray radiation is pro-
duced within the fast jet spine (e.g., Ghisellini & Celotti 2001).
While it is true that jet radial stratification can indeed signifi-
cantly influence the jet-counterjet brightness asymmetry ratio,
one should be aware that by postulating different sites for the or-
igin of radio and X-ray photons, homogeneous one-zone models
for the broadband knots’ emission can no longer be preserved. In
particular, in such a case one has to specify, e.g., exactly what
fraction of the jet radio emission is producedwithin the spine and

what fraction within the boundary layer, what exactly the jet
velocity radial profile is, and what the magnetic field strength is
in each jet component. Without such a discussion, one cannot
simply use the observed radio flux of the jet to construct the
broadband spectral energy distribution of the knot region, i.e.,
simply estimate the expected inverse Compton flux by means of
equipartition magnetic field derived from the radio observations.
If one insists on applying the homogeneous one-zone model (as
a zero-order approximation), as presented in this paper, self-
consistency requires a consideration of �blk � 5. In such a case,
a departure from the minimum-power conditions within the non-
SYN X-ray jets is inevitable.

According to the discussion above, if the X-ray emission of
the powerful jets is due to the EC process, these jets are most
likely particle dominated (ue 3uB). The jet magnetic field then
must be significantly amplified in the hot spot, where an ap-
proximate equipartition is expected to be reached. Then the
shocked plasma moves slowly to the radio lobe, where the equi-
partition field becomes close to the intergalactic value (B of a
few �G). Let us comment in this context on the following issue.
Pressure of radio-emitting electrons within the lobes of quasars
and FR II galaxies computed from the equipartition condition
is often found to be below the thermal pressure of the ambi-
ent medium (Hardcastle &Worrall 2000), which challenges the
standard model for the evolution of powerful radio sources.
Such a discrepancy can only be removed by postulating devia-
tions from the equipartition condition or by the presence of
nonradiating relativistic protons within the lobes. The presented
analysis of the X-ray data confirms, for a large number of
sources, the anticipated result that the magnetic field–radiating
electrons’ energy equipartition within the lobes is generally ful-
filled, and thus that the relativistic protons are very likely to con-
stitute a significant fraction of the lobes’ nonthermal pressure.
Interestingly, this would mean that the total energy outputs of
powerful jets are systematically larger than what is implied
solely by the analysis of the lobes’ radio emission (Rawlings &
Saunders 1991). This, in turn, would be consistent with deviation
from the minimum-power condition within the considered jets
themselves. We note that viscous acceleration of cosmic rays
taking place at the turbulent boundary layers of relativistic jets,

Fig. 8.—Equipartition magnetic field for relativistically moving jet model.
Fig. 7.—Distribution of the required beaming factor � for B ¼ Beq.
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discussed by, e.g., Ostrowski (2000) and Rieger & Mannheim
(2002), could provide an energetically important flat-spectrum
population of ultrarelativistic protons within the lobes of powerful
radio sources.

We have discussed two different versions of the EC model to
account for extremely bright X-ray jet knots: (1) the nonequi-
partition case and (2) the significant relativistic beaming case.
Both of these options are in many ways problematic. Our next
concern is to attempt to prove, in general, the postulated inverse
Compton origin of the X-ray photons. Note in this context that
for the EC sources the radio-to–X-ray flux ratio is proportional
to u0�1

B (1þ z)4�2 (eq. [12]). Therefore, for a large sample of
EC sources one should expect to observe LR=LX / (1þ z)4 be-
havior, if only B and �blk do not have large scatter from source
to source (cf. Figs. 5 and 7). We therefore expect the high-
redshift EC sources to be brighter in X-rays than nearby EC
sources (see Schwartz 2002; Cheung 2004).

Figure 9 shows the distribution of the flux ratio (L1 keV=L5 GHz)
as a function of z. The dotted line shows the /(1þ z)4 relation
that fits the highest z data point (GB 1508+5714, z ¼ 4:3) just to
help guide the eyes. Although the data sample is still poor, we
may say that no clear trend can be seen in this plot. Furthermore,
we notice that the discussed ratio is widely distributed even in
the same objects. For example, in the cases of the knots in 4C
19.33 (z ¼ 0:72), ‘‘conservatively’’ classified as the EC sources,
the X-ray–to-radio luminosity ratio changes of about an order
of magnitude (Table 2). Such a difference is not easy to explain
in the framework of model 1, since we have to assume an or-
der of magnitude increase in the magnetic fields along the jet.
In a framework of relativistic beaming (hypothesis 2), one may
possibly explain such variation by postulating the decrease of the
bulk Lorentz factor along the flow and only moderate changes in
magnetic field (Georganopoulos & Kazanas 2004). In this case,
however, one has to explain what causes significant deceleration
of the jet, which preserves its excellent collimation, with no sig-
nificant radiative energy losses. We need more data obtained in
various energy bands and a more sophisticated analysis to con-
clude this further. However, we note that recent observations of
high-redshift quasars by Bassett et al. (2004) did not reveal any
evidence for the enhanced X-ray emission of the distant large-
scale jets due to the increased energy density of the CMB. Since
such an effect is expected in the framework of the ECmodel, one
may conclude that the X-ray photons from the powerful quasar

jets are not inverse Compton in origin. Recent detailed reanalysis
of the Chandra data for 3C 120, again ‘‘conservatively’’ clas-
sified as an EC source, strongly supports this idea (Harris et al.
2004).
Let us finally discuss yet another issue regarding the EC

scenario for the quasar jets’ X-ray emission. Figure 10 shows the
Doppler beaming factor � required in this model to obtain B ¼
Beq versus the redshifts z of the jet knots classified here as the EC
ones. One can clearly see a significant anticorrelation between �
and z, meaning that the high-z sources require much smaller � for
the magnetic field–radiating electrons’ energy equipartition than
the sources located closer to the observer.5 There are two pos-
sible explanations for the noted �–z anticorrelation. If reflecting
a physical property, it would mean that the distant large-scale
quasar jets are less relativistic than their nearby analogues but
similarly close to the equipartition, or that both low- and high-z
quasar jets are only mildly relativistic on large scales but closer
to the minimum-power condition when located at large redshifts.
Neither of these options appears to be particularly inartificial,
especially as the high-z quasar cores seem to be comparable to
their low-z counterparts (e.g., Bassett et al. 2004). On the other
hand, differences in velocity and energy content of the large-
scale jets may not reflect differences in the central engines but
more likely differences in the surrounding galactic or interga-
lactic medium. The second possibility for understanding the �–z
anticorrelation is, however, that it is simply an artifact of the
applied but inappropriate EC model. This issue has to be dis-
cussed carefully for a larger number of sources.

5. CONCLUSION

We have studied the statistical properties of the large-scale jet
knots, hot spots, and lobes in more than 40 radio galaxies re-
cently observed with Chandra and ASCA. For the jet knots in
nearby low-luminosity radio galaxies and for some of the hot
spots, X-ray photons are most likely synchrotron in origin,
being then produced by ultrarelativistic electrons with energies
10–100 TeV that must be accelerated in situ. For the other

Fig. 9.—Luminosity ratio, L1 keV=L5 GHz, as a function of redshift for SYN,
SSC, and EC sources.

Fig. 10.—Expected beaming factor �EC for B ¼ Beq as a function of redshift
for EC jet knot sources. The open circle shows FR I radio galaxy NGC 6251, but
its X-ray emission seems to be problematic in a framework of the EC model.
Full details are given in the text.

5 Nearby FR I radio galaxy NGC 6251 (Fig. 10, open circle) constitutes the
only exception from this trend. However, this peculiar source does not belong to
the quasar class, and, in general, its X-ray emission is particularly problematic
(especially in a framework of the EC model).
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objects, X-ray photons are inverse Compton in origin or, al-
ternatively, are due to synchrotron emission of very high energy
electrons with a nonstandard energy distribution. In this paper
we examine in more detail the former possibility. We first calcu-
lated the ‘‘expected’’ SSC or EC fluxes by assuming equipar-
tition magnetic field and nonrelativistic velocity of the emitting
plasma and then compared them to the observed fluxes. We
confirmed that the observed X-ray fluxes from the hot spots and
radio lobes are approximately consistent with the expected ones,
whereas a number of the jet knots in powerful sources are too
bright at X-rays. We examined two possibilities to account for
this discrepancy in a framework of the inverse Compton model.
The first idea is that the equipartition hypothesis may not be valid
for the considered sources. In this case, the X-ray–bright jets are
particle dominated and therefore far from the minimum-power
condition. The jet magnetic field must then be significantly am-
plified in the hot spots, where an approximate energy equipar-

tition with the radiating particles is expected to be reached. An
alternative idea is that the jets are highly relativistic (�blk � 5)
even on kiloparsec and megaparsec scales but significantly de-
celerate in the hot spots. This, however, in addition to other prob-
lems, challenges the homogeneous one-zone emission region
model adopted in this paper, as discussed in the text. Unfortu-
nately, the comparison of the observed radio-to–X-ray flux ratios
for various z sources from the compiled data set does not provide
definite constraints on the X-ray emission process dominating
within the quasar and FR II jets.
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