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ABSTRACT

Chandraobservations of knots and hot spots in spatially resolved X-ray jets of radio galaxies show that the
X-ray fluxes often lie above an extrapolation from the radio-to-optical continuum fluxes. We show that combined
synchrotron and Compton losses on a single–power-law electron injection function can produce a hardening in
the electron spectrum at electron Lorentz factors of owing to Klein-Nishina energy losses8g ≈ 2 # 10 /[G(1 � z)]
on the cosmic microwave background radiation. HereG is the bulk Lorentz factor of the outflow andz is the
source redshift. This produces a flattening in the spectrum at frequencies of� Hz,16 2 38 # 10 dB /[G (1 � z) ]mG

where is the magnetic field in the comoving plasma frame in units of microgauss andd is the Doppler factor.BmG

A single population of synchrotron-emitting electrons may therefore produce the radio–to–X-ray continuum in
some radio galaxy knots, such as those in 3C 273.

Subject headings:galaxies: active — galaxies: jets — gamma rays: theory —
radiation mechanisms: nonthermal — X-rays: galaxies

1. INTRODUCTION

The excellent spatial resolution of theChandra X-Ray Ob-
servatoryis providing X-ray images of extended radio galaxy
jets in the 0.2–8 keV band at resolutions better than 0�.4 FWHM
as well as spectral detail of discrete components at flux levels
between≈10�13 and 10�14 ergs cm�2 s�1. Combined with high-
resolution radio and optical maps, spectral energy distributions
(SEDs) of spatially resolved hot spots and knots in the jets of
radio galaxies can be studied from the radio through the X-ray
regime.

The broadband SEDs in many of the hot spots and knots show
a general behavior whereby the X-ray spectra are harder than
the optical spectra and the X-ray fluxes are above an extrapo-
lation from the optical fluxes. This behavior is observed in the
SEDs of at least three of the four regions along the X-ray jet of
3C 273 (Sambruna et al. 2001; Marshall et al. 2001), the western
hot spot of Pictor A (Wilson, Young, & Shopbell 2001), knot
WK7.8 of PKS 0637�752 (Schwartz et al. 2000; Chartas et al.
2000), hot spot A of Cygnus A (Wilson, Young, & Shopbell
2000), and in some of the knots in the jet of M87 (Wilson &
Yang 2002). In other cases, such as the X-ray jet in 3C 66B
(Hardcastle, Birkinshaw, & Worrall 2001b), knots A1 and A3
in 3C 273 (Marshall et al. 2001; see, however, Sambruna et al.
2001 for a different spectral analysis), and some other knots
in M87’s jet (Wilson & Yang 2002), the X-ray–optical–radio
spectrum is consistent with a single or smoothly broken power-
law spectrum, indicating that the broadband emission is entirely
due to nonthermal synchrotron radiation.

Three main leptonic processes have been considered to ac-
count for the X-ray emission in the extended jets (e.g., Harris
& Krawczynski 2002): nonthermal synchrotron radiation, syn-
chrotron self-Compton (SSC) radiation, and X-ray emission
from Compton-scattered external radiation fields. Nonthermal
synchrotron emission is favored for smooth spectra and for the
western hot spot of Pictor A (Wilson et al. 2001), where an
SSC origin implies a very weak magnetic field and a combined
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Montréal, QC H3C 3J7, Canada.

SSC/synchrotron origin requires that the two emission com-
ponents be carefully matched in the X-ray regime. The SSC
process can, however, explain the X-ray emission mechanism
from the bright radio hot spots of Cygnus A (Wilson et al.
2000), the radio hot spots of 3C 295 (Harris et al. 2000), and
the eastern hot spot of 3C 123 (Hardcastle, Birkinshaw, &
Worrall 2001a).

Tavecchio et al. (2000) and Celotti, Ghisellini, & Chiaberge
(2001) argue that the X-ray emission from knot WK7.8 is due
to Compton-scattered cosmic microwave background radiation
(CMBR) rather than to SSC emission because an SSC model
requires a system well out of equilibrium and a jet that is
significantly debeamed. This model invokes an emitting region
in bulk relativistic motion on size scales of several hundred
kiloparsecs, in accord with observations of one-sidedness in
the jets on these size scales. Such a model has been applied
to X-ray–emitting knots in the jet of 3C 273 by Sambruna et
al. (2001). A synchrotron model for the X-ray emission is
discounted because it would apparently require two populations
of relativistic electrons to explain the radio, optical, and X-ray
fluxes. Another possibility is that the X-rays are synchrotron
radiation of high-energy protons (Aharonian 2002).

Here we show that synchrotron emission from a single
population of electrons injected with a nonthermal power-law
spectrum can produce X-ray spectral hardenings. When CMBR
cooling in the Thomson regime exceeds synchrotron cooling,
a hardening in the electron spectrum is formed at electron
energies where Klein-Nishina (KN) effects become important.
This produces a hardening in the synchrotron spectrum between
optical and X-ray frequencies. In § 2 an analytic model for the
synchrotron origin of X-ray emission from extended jets is
presented, motivated byChandraobservations of 3C 273. Re-
sults of a numerical simulation with cascade reprocessing are
given in § 3, and a discussion and summary are given in § 4.

2. ANALYTIC MODEL

In 3C 273, the X-ray energy spectral index in the inner knot
region A has , a value characteristic of a cooling shock-a ∼ 1.1X

accelerated electron spectrum, and there is an indication of spec-
tral softening along the jet (Sambruna et al. 2001). The peaks
of the X-ray emission along the jet of 3C 273 closely track the
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peaks in the optical waveband, and the overall X-ray emission
profile displays a decreasing mean intensity along the jet, whereas
the optical intensity is roughly uniform along the jet. The radio
profile also displays brightenings in spatial coincidence with the
X-ray and optical peaks, but the radio intensity increases dra-
matically along the jet. The optical emission profiles are narrower
than those of the radio emission.

These behaviors suggest that the electron population produc-
ing the radio emission accumulates owing to weak cooling,
whereas the electrons producing the optical and X-ray emission
strongly cool. Electrons that produce synchrotron radio emission
at observer’s frame frequenciesn have Lorentz factors ofg ≈

, whereas the electrons that4 1/25 # 10 [(n/5 GHz)(1� z)/dB ]mG

Compton scatter the CMBR to X-ray energies haveE g ≈X

. Consequently, the X-ray–emitting3 1/21 # 10 [(E /1 keV)/dG]X

electrons will cool more slowly than the radio-emitting electrons
unlessB exceeds milligauss intensities. The fast-cooling require-
ment for the X-ray–emitting electrons is readily satisfied assum-
ing a synchrotron origin for the X-rays. In this Letter we neglect
complications that involve variations of the magnetic fieldB and
the Doppler factor along the length of�1d p [G(1 � b cosv)]G

the jet. [Here andv is the angle between the�2 �1/2b p (1 � G )G

directions of the jet and the observer.]
The synchrotron energy-loss rate of relativistic electrons with

a random pitch-angle distribution in a region with comoving
mean magnetic fieldB is s�1 {�21 2 2˙�g � 1.3# 10 B gsyn mG

(Blumenthal & Gould 1970). Under the same conditions,2k gsyn

the energy-loss rate due to Compton-scattered CMBR in the
Thomson limit is

24cj 1 � bT G2 4 2˙ ˆ�g p g (1 � z) u GT CMB23m c 3e

�20 2 4 2 �1 2� 1.7# 10 g (1 � z) G s { k g , (1)T

where ergs cm�3 is the local ( ) intensity�13û � 4 # 10 z p 0CMB

of the CMBR. This expression holds when , whereg K gKN

is the Lorentz factor above which KN effects becomegKN

important, given through . For the CMBR, the di′ˆ4g e p 1KN

mensionless mean photon energy CMBG(1 � z) 2.7(kB #′ˆ ˆe � e �
2.72 K)G(1 � z)/ and , so that elec-2 �9ˆm c e p 1.24# 10e CMB

trons with scatter CMBR in the8g K g p 2 # 10 /G(1 � z)KN

Thomson regime.
In the extreme KN limit, the electron energy-loss rate�ġ �KN

4.6# 10�3(1 � z (1 � z)] s�1 (Blumenthal &2) ln [2.54g G10

Gould 1970), where and B2.72(1� z)/10g p g/10 V p k10

mec
2 p is the dimensionless temperature.�104.6# 10 (1� z)

We approximate the combined energy-loss rate for analytic sim-
plicity by the expression

kT 2 2˙�g p k � g { K (g)g , (2)syn syn, C[ ]b1 � (ag/g )KN

where and are chosen to roughly fit thea p 0.5 b p 1.7
behavior in the extreme KN regime and to provide˙�g ∝ ln g

spectral results within a factor of∼2–3 of the numerical re-
sults. Equation (2) shows that when , is dominated˙k k k gT syn

by Thomson losses at , flattens at˙ ¯g K g g g � g � g pKN KN

, and is dominated by synchrotron losses at1/2 ˙g (k /k ) gKN T syn

. Adiabatic losses are neglected here but can be shown to¯g k g
be negligible for X-ray–emitting electrons.

For numerical calculations in § 3, we solve the time-depen-
dent continuity equation for the energy spectrum of electrons

injected in the source with differential injection rateN (g, t)e

. For the analytic model treated here, we approximate theQ(g, t)
injection rate as a stationary function starting from , witht p 00

a single–power-law behavior �pQ(g) p Q g exp (�g/g )0 max

for , implying a comoving frame electron powerg ≥ g L pmin e

. In the stationary injection case with ,gmax2m c dg gQ(g) p 1 1∫ge min

the energy distribution of electrons at timet can be approximated
by , where the characteristic electron accu-N (g, t) � Q(g)te ac

mulation time . In this approxima-˙t p min (t, t p �g/g)ac cool

tion,

3�pg
for g � g ≤ gmin cool,K (g )gsyn, C cool cool

3g N (g) � Q (3)e 0
2�pg{ for g ≤ g � gcool max,K (g)syn, C

where is found from the equation .g { g (t) t (g ) p tcool cool cool cool

Equation (3) applies when and is easily generalizedg ! gmin cool

in the opposite case. We consider the case whereg K g Kcool KN

gmax andgmax p (3emaxe/jTB)1/2 4.6# 1010(emax/BmG)1/2 (e.g., de�
Jager et al. 1996), where the parameter .e � 1max

In the d-function approximation for the synchrotron and
Thomson radiation processes, the synchrotron radiation spec-nFn

trum from a uniform blob, assumed spherical in the comoving
frame, is

cj uT Bsyn 4 3f � d g N (g ), (4)e syn e syn( )26pdL

where , is the luminosity distance,1/2g p [(1 � z)e/(de )] dsyn B L

, and G). The Thomson2 13e p hn/m c e p B/(4.414# 10 nFe B n

radiation spectrum for an external isotropic monochromatic ra-
diation field is

cj uT ∗T 6 3f � d g N (g ) (5)e C e C( )26pdL

(Dermer et al. 1997; Dermer & Schlickeiser 2002). Hereg pC

d�1[(1 � z)e/(2e
*
)]1/2, e

*
p CMB(1 � z), and u

*
p CMB(1 � z)4ˆê u

are the mean photon energy and radiation energy density, re-
spectively, of the ambient CMBR field in the stationary frame.
An accurate representation of the Compton-scattered spectrum
in the KN regime is given by Georganopoulos, Kirk, & Mas-
tichiadis (2001).

The KN effects on the synchrotron spectrum are observed
at 2dBmG /(1 � z) ≈ 8 # 1016dBmG/[G2(1 � z)3].2n (Hz) � gKNs1 KN

The reduction of Compton losses compared to the be-2˙�g ∝ g
havior hardens the electron spectrum until synchrotron losses
dominate at , resulting again in a steepening of the synchro-¯g 1 g
tron spectrum in the hard X-ray domain. The KN effects on the
Compton-scattered CMBR spectrum are observed at dimension-
less photon energy ,2 8 �2e p hn /m c � 10 (d/G)(1� z)KN, C KN, C e

implying a hardening in the photon spectrum at photon energies
of TeV. We set the normalization�2E 1 E � 50(d/G)(1� z)KN, C

to and let44 �1 2 2�p 2�pQ p (p � 2)10 L ergs s /[m c (g � g )]0 44 e min max

, corresponding to the likely spectral index of particlesp p 2.3
accelerated by relativistic shocks (Achterberg et al. 2001).

Figures 1a and 1b show two suites of models inspired by the
Chandradata. In Figure 1a we assume that in a nearbyG p 10
radio galaxy with . We also assume that the jet axis isz p 0.15
inclined at an angle of . The comoving magneticv p 4/G p 23�
field ranges in values from 5 to 50mG, and effects of different
values of are illustrated. A field of 44mG gives equipartitiongcool
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Fig. 1.—Analytic model SEDs radiated by a relativistic magnetized knot energized by stationary relativistic power-law electron injection. Electrons are subject
to synchrotron losses and Compton losses with CMB photons. (a) Source is at redshift , and jet is oriented at , with bulk Lorentz factorz p 0.15 v p 4/G G p

and different comoving magnetic fields as labeled. Separate synchrotron and Thomson components are shown in the case. The value of ,510 B p 5 g p 10mG cool

except for the dot-dashed curve where . Injection power in nonthermal electrons is ergs s�1 ( ), , and .6 44g p 10 L p 10 L p 1 g p 3000 e p 0.01cool e 44 min max

(b) Analytic model SEDs of a source at ( cm) with , , , and . Effects of changes in the angle between28 5z p 1 d p 2.2# 10 G p 10 B p 30 e p 0.01 g p 10L mG max cool

the jet and observer directions are shown. Rough sensitivities for EGRET andGLASTin a 1 yr survey, thesensitivity forChandrafrom published analyses, and
the anticipated sensitivity of next-generation air Cerenkov telescopes are shown for comparison.

between the magnetic field and comoving CMBR energy den-
sities. The spectral hardening between the optical and X-ray
regimes is apparent. Note that the use of thed-function approx-
imation in the analytic approach enhances spectral features.

The jet with and is placed at5G p 10 B p 30 g p 10mG cool

in Figure 1b, but now with the outer jet oriented at variousz p 1
angles to the observer. The increasingly dominant Compton com-
ponent at small angles results from the different beaming factors
for synchrotron and Compton processes (Dermer 1995). For suf-
ficiently small values ofv and , Thomson-scattered X-raygmin

CMBR could make a significant or dominant contribution to
knot and hot spot emission, as in knot WK7.8 of thez p

superluminal source PKS 0637�752, with apparent trans-0.651
verse speeds reaching≈18c (Schwartz et al. 2000; Tavecchio et
al. 2000). When observing too close within the beaming cone,
the direct inner jet radiation may however dominate, which could
result in a pattern of gamma-ray flares superimposed on a sig-
nificantly weaker but persistent (on timescales of thousands of
years) flux.

3. NUMERICAL MODEL

Numerical calculations are done using the well-known solu-
tion for the energy distribution of electrons sufferingN (g, t)e

energy losses , which are contributed mostly by˙P(g) { (�g)
Compton and synchrotron losses. Calculations are done in the
comoving frame of a source moving relativistically with Lorentz
factorG, and then the emerging radiation spectra are transformed
to the observer frame. We neglect possible escape losses of
accelerated particles. This is valid for the large characteristic size
of the X-ray knots on the order of –10 kpc or so becauseR ∼ 1knot

for the electron cooling time in the co-4 5g 1 10 t � 10 yrcool

moving frame, which is smaller than any reasonable escape time
from such a large source. Particle escape may be important in
much smaller scale inner jets of blazars (Atoyan & Dermer 2001;
A. M. Atoyan & C. D. Dermer 2002, in preparation) or jets of
microquasars (Atoyan & Aharonian 1999).

Gamma-rays with energies of� eV could15 �1 �110 G (1 � z)
be absorbed in collisions with the CMB photons inside thegg
source. This process provides an injection functionQ (g, t)1, gg

for the first-generation electrons (e�, e�) of the pair-photon cas-
cade, which we also take into account in our calculations. Note
however that the cascade radiation turns out to be insignificant
compared with the radiation from the main injectionQ(g, t)

unless a large fraction of the overall power is injected at electron
energies�100 TeV (A. M. Atoyan & C. D. Dermer 2002, in
preparation).

We consider an electron injection spectrum

�qt
�p �g/gmaxQ(g, t) � g e 1 � (6)( )tinj

at energies of extending with index to PeVg ! g p p 2.3min

energies, and we set . The injection function is9g p 2 # 10max

approximated by at with2Q ∝ (g/g ) g � g p g G g pcool min 0 0

. Note that for electron acceleration by relativistic shocks,300
the values of could reach a large fraction ofg (m /m )G ∼0 p e

. The time profile of the injection in equation (6) treats2000G
both stationary (at ) injection if and as a graduallyt ≥ 0 t k tinj

declining injection at when .t � t q 1 0inj

In Figure 2a we show the synchrotron and Compton fluxes
expected from a relativistic knot with in a distant blazarG p 10
at for three different times in the knot frame: ,′ 4z p 1 t p 10

, and yr. If the injection starts relatively close4 55 # 10 3# 10
to the core, then these timescales would effectively correspond
to knots at distances of and 166 kpc and∼1 Mpc′l p ct G � 33
from the core. Injection is assumed to be stationary with

, and the magnetic field and the jet angle to the observerL p 144

are mG and , respectively. Figure 2b showsB p 30 v p 11�.4
the fluxes expected at the same epochs t′ from a closer blazar at

, calculated for a smaller magnetic field mG andz p 0.15 B p 6
and with . The electron injection here is assumedG p 5 v p 23�

to decline with and with a characteristic timescale of1q p 2

for initial power . Figure 2b demon-3t p 5 # 10 yr L p 5inj 44

strates that the X-ray and optical fluxes may significantly drop
while the radio flux continues to rise with increasing distance,
as observed in 3C 273 (Sambruna et al. 2001). At the same
time, the X-ray fluxes may be systematically harder than the
optical spectra, again in qualitative agreement with observa-
tions of 3C 273.

4. DISCUSSION AND SUMMARY

We have shown that the combined effects of Compton and
synchrotron losses on a power-law electron injection spectrum
can produce a hardening between the optical and X-ray regimes.
This model is in accord with observations of X-ray spectral
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Fig. 2a Fig. 2b

Fig. 2.—Numerical model for fluxes expected from blazar jets at comoving times yr (dot-dashed curves), yr (dashed curves), and′ 4 4 ′t p 10 5# 10 t p 3 #
(solid curves) after the start of the injection event. (a) Numerical model for fluxes expected from a distant ( ) blazar jet with stationary injection of510 yr z p 1

electrons in a relativistic knot for , , , ergs s�1, and , corresponding to . (b) Fluxes from a44 9B p 30 mG G p 10 v p 2/G p 11�.4 L p 10 g p 8.5# 10 e p 1max max

close blazar ( ) for , , , and , corresponding to . A gradually decreasing power of injection, with9z p 0.15 G p 5 B p 6 mG v p 23� g p 2 # 10 e p 0.01max max

, , and initial luminosity is supposed.3q p 0.5 t p 5 # 10 yr L p 5inj 44

hardenings in the knots of 3C 273 (Sambruna et al. 2001; Mar-
shall et al. 2001) and other sources, suggesting that the X-ray
emission is due to a cooling spectrum of electrons accelerated
by a strong shock. In a synchrotron model for the X-rays, the
X-ray profiles are narrower than radio profiles because the
X-rays are emitted by higher energy electrons and therefore cool
more rapidly than the radio-synchrotron–emitting electrons.

The Thomson energy-loss rate must exceed the synchro-
tron energy-loss rate to produce X-ray spectral hardenings, so
a large fraction of the energy in nonthermal electrons is radiated
as gamma-rays with energies of� TeV. The�250(d/G)(1 � z)
Compton-scattered CMBR from the knots and hot spots make
nearly aligned extended jet sources potentially detectable with
the Gamma-Ray Large Area Space Telescope(GLAST) and
the next generation of ground-based air Cerenkov gamma-ray
telescopes, such as the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS), the High Energy Stereoscopic
System (HESS), and the Major Atmospheric Gamma-ray Im-
aging Cerenkov (MAGIC). The relative intensities of the X-ray
and gamma-ray fluxes can be used to inferd, but the limited
spatial resolution of gamma-ray telescopes will pose difficulties
in separating core jet components (excepting those that are highly
variable) from steady extended emission components. The Space
Infrared Telescope Facility will be important to offer greater
spectral detail about the synchrotron component and to correlate
spectral cooling breaks in the synchrotron component with the
break in the Thomson component observed withGLAST.

The CMBR scattered in the KN regime will provide a source
of ultra–high-energy gamma-rays that can pair produce in the
diffuse CMB and infrared radiation fields to form pair halos
(Aharonian, Coppi, & Vo¨lk 1994), as well as providing a source
of synchrotron-emitting electrons. The mean free path forgg
attenuation in the CMB reaches a minimum value of 8 kpc/

at observed photon energies PeV and increases3(1 � z) E � 1g

to megaparsec scales at lower and higher energies. In the model
of Atoyan & Dermer (2001; A. M. Atoyan & C. D. Dermer
2002, in preparation), the injection of energy into the extended
jets of FR II radio galaxies is a consequence of neutral beams
composed of ultra–high-energy neutrons and gamma-rays
(∼1013.5–1018 eV) formed through photomeson production in the
inner jet, explaining the colinearity of the inner and extended
jets up to megaparsec scales. The highly collimated neutral-beam
energy is deposited in the intergalactic medium to drive relativ-
istic outflows and form shocks that accelerate high-energy par-
ticles which radiate X-ray emission observed withChandra.
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