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ABSTRACT 
The radio-through-y-ray emission from beamed relativistic jets associated with bright, compact 

radio sources is considered and applied to the interpretation of extragalactic X-ray and y-ray sources. 
It is argued that in sources which are viewed at small angles to their jet axes, the beamed emission 
component also contributes significantly to the observed X-ray and y-ray radiation. Model synchro- 
tron and inverse-Compton spectra for a resolved jet and for an unresolved inhomogeneous jet are 
calculated, taking into account the effect of synchrotron radiation losses. It is shown how the source 
nonuniformity in an unresolved jet gives rise to a spectrum which may be quite different from the local 
emission spectrum in both the optically thick and the optically thin regimes. On the basis of this model, 
it is pointed out that various observed features in the spectra of BL Lac objects could be attributed to 
emission from unresolved relativistic jets. The spectrum of 3C 273 is discussed, and it is concluded that 
the infrared-through-X-ray flux is probably unbeamed, but that the radio emission and perhaps also 
the high-energy y-ray s are beamed from the relativistic radio jet associated with this source. It is argued 
that if 3C 273 is a typical quasar, then a large fraction of the diffuse high-energy y-ray background 
could be contributed by beamed sources. In addition, a synchrotron-radiation model is proposed for 
the resolved X-ray jet in Cen A. 
Subject headings : BL Lacertae objects — gamma rays : general — quasars — 

radio sources: general — synchrotron radiation — X-rays: sources 

I. INTRODUCTION 
A growing number of extragalactic radio sources are being found to possess narrow, elongated features (jets) which 

connect the extended radio components with a central compact core. It is currently believed that these jets supply the 
extended components with matter and energy from a central “ powerhouse,” which is usually identified with a quasar or 
an active galactic nucleus (e.g., Blandford and Rees 1978a). The radio emission is generally interpreted as incoherent 
synchrotron radiation from a nonthermal distribution of relativistic electrons. Many strong compact sources also show 
evidence for relativistic bulk motion, most notably in apparent superluminal separation velocities of individual 
components (e.g., Cohen et al 1979). In fact, it has been argued (Scheuer and Readhead 1979; Blandford and Königl 
1979b, hereafter Paper I) that the majority of bright, compact radio sources could be identified with relativistic supersonic 
jets which are observed at small angles to their axes. In this picture, the sequence—radio-quiet quasars, radio-loud 
quasars, and “blazars” (i.e., optically violently variable quasars and BL Lac objects)—corresponds to similar strong 
sources, associated with relativistic jets, which are viewed at progressively smaller angles to their axes. As the angle of 
observation decreases, the contribution of the highly variable and strongly polarized beamed emission component 
increases relative to the steady and unpolarized isotropic component which is responsible for photoionizing the 
emission-line gas near the nucleus. Blazars are interpreted as sources in which the beamed component dominates the 
observed emission (cf. Angel and Stockman 1980). 

Relativistic jets associated with compact radio sources are also expected to be X-ray and y-ray sources, with 
synchrotron and inverse-Compton being the most likely emission mechanisms. Recent X-ray observations (e.g., 
Tananbaum et al 1979; Ku 1980) have indicated that a substantial fraction of radio-selected quasars, and most blazars, 
are indeed X-ray sources, and that blazars can be highly variable also in the X-ray regime (e.g., Ricketts, Cooke, and 
Pounds 1976; Mushotzky ein/. 1979). Furthermore, the only quasar identified so far as a high-energy (> 100 MeV)y-ray 
source is 3C 273 (Swanenburg et al 1978), which is also a bright, compact radio source that displays apparent 
superluminal velocities (e.g., Cohen ei al 1979). When interpreted in the context of the relativistic-jet model, these 
observations appear to suggest that the beamed component also contributes significantly to the observed X-ray and y-ray 
radiation in sources which are viewed at small angles to their jet axes. In this paper, the relativistic-jet model for compact 
radio sources is extended and applied to the interpretation of extragalactic X-ray and y-ray sources. The synchrotron and 
inverse-Compton spectra of an inhomogeneous relativistic jet are calculated in § II on the basis of a simple emission 
model. This calculation generalizes the results of Paper I for the steady emission component in the jet. The model is then 
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applied in § III to the interpretation of the spectra of BL Lac objects and of 3C 273. In addition, the postulated local 
synchrotron spectrum is applied to the resolved X-ray jet in Cen A. Some general properties of extragalactic X-ray 
sources and the contribution of relativistic jets to the diffuse X-ray and y-ray background are discussed in § IV. A 
summary of the results is given in § V. 

II. SYNCHROTRON AND INVERSE-COMPTON EMISSION FROM A RELATIVISTIC JET 
In this section, the synchrotron and inverse-Compton spectra are calculated for a resolved jet and for an unresolved 

inhomogeneous jet. The local synchrotron spectrum is described in § Ha. It is assumed to be produced by a power-law 
distribution of continuously reaccelerated relativistic electrons and to break as a result of synchrotron radiation losses. 
The local synchrotron self-Compton spectrum is then calculated in the ¿-function approximation. The corresponding 
spectra for an unresolved jet are obtained in § lib by adding up the contributions of the local emission spectra from the 
entire jet. In this calculation it is assumed that the relativistic-electron distribution has the same power-law throughout 
the source, but the coefficient of the distribution and the magnitude of the magnetic field in which the electrons radiate are 
allowed to vary along the jet. 

a) Local Emission Spectrum 
Consider a narrow conical jet of semiangle cp which has a constant velocity ßj (in units of the speed of light c) and which 

is seen at an angle 9(9 > cp) to the axis. Assume that a portion of the jet at a distance r from the apex, subtending a solid 
angle AQob at the observer, emits optically thin radiation at frequency v' with spectral emissivity e(vf), as measured in the 
rest frame of the jet. The observed frequency is v = ^v7(l-f z), where z is the redshift of the source and 

= y,-- — ßj cos 9)~ \ with yj = (1 — /?/)"1/2, is the relativistic Doppler factor. The observed flux density is then 

Sob(v) ^ (1 + z)~3@j2(2r(p esc 0)(Ai^b/47r)£[(l + z)^/^j] • (1) 

(Note that the observed radius and cone angle are given by roh = r sin 9 and <pob = cp esc 0, respectively.) 
The synchrotron emissivity es due to relativistic electrons with a power-law distribution ne(ye) = Xeye“

(2ae+1), 
min < Je < 7e max, radiating isotropically in a magnetic field B, is given by 

a(l + = (1 + , vsmin < vs < vsmax , (2) 
where [(1 + z)vs/@j] is the argument of es, and where Cx(af) is a constant [e.g., Blumenthal and Gould 1970; 
Ci(0.5) = 3.6 x 10“ 9 cgs]. The spectral energy density of the optically thin radiation can be approximated by [£s(vs')ies'], 
where tes' % rcp/c is the mean photon lifetime before escape. In what follows, it will be assumed that the relativistic 
electrons are injected continuously with Ke = K,oce = oc0i and with Lorentz factors in the range yel <ye < yeu, but that oce 
increases to (a0 + 0.5) for ye > yeb (yel yeb yeu) owing to synchrotron-radiation losses (see Kellermann 1966). The 
model synchrotron spectrum is illustrated in Figure 1. Below the frequency vsm the source is optically thick to synchrotron 

log[i/(Hz)] 
Fig. 1.—The local emission spectra in the jet. The model synchrotron spectrum (labeled S) has an injection spectral index a0 = 0.5. The 

once-scattered inverse-Compton spectrum (labeled C) was calculated for this model spectrum using equations (7) and (9). The spectra displayed in this 
figure represent the local emission spectra at a distance of 1 pc from the origin in the inhomogeneous-jet model described in the caption of Fig. 2. All the 
frequencies marked in the figure are defined in the text. 
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self-absorption, and the flux density rises as vs
2,5. The optically thin spectrum has a spectral index as = a0 between vsm and 

vsb, and as = a0 + 0.5 between vsb and vSM, where vsb and vSM are the characteristic emission frequencies of electrons with 
Lorentz factors yeb and yeu, respectively. Above vsu the flux density falls off exponentially with frequency. The frequency 
vsm(r) is approximated by setting the optical depth to synchrotron self-absorption equal to unity. Assuming that 
B = B1r~m and K = K1r~n (where cgs units apply to every quantity except r, which is expressed in parsecs), one obtains 

vsm(r) * (1 + z)"1^ x 1018C2(ao)^/-5+aoX1ß1
1-5+a> esc e]1/i2'5+ao)r-km Hz , (3) 

where C2(a0) is a constant (e.g., Blumenthal and Gould 1970; C2(0.5) = 8.4 x 1010 cgs), and where /cm = [(3 + 2a0)m + 
2n — 2]/(5 + 2a0). (All the labeled /c-coefficients defined in this paper are assumed to be positive numbers. ) The observed 
size of the optically thick “ core” of the jet thus varies with frequency as vs~

1,km. The frequency vsb(r) is estimated by 
equating the jet travel time to a distance r with the synchrotron cooling time (cf. Paper I). This gives 

vSb(r) - 6.9 x 107(1 + z)" " V» Hz , (4) 

where kb = (3m - 2). It will be assumed, for simplicity, that the values of yei and yeu are independent of r. (Note, however, 
that the discharge of relativistic electrons will be conserved along the jet only if the number density ne & Kyel~ 2ao/2a0 

scales as r-2.) This assumption will be consistent with the requirements vsm(r)/vsi,(r) > yci
2/yef,2 and vsu(r) = 

106(1 + z)~ 1^jBi yeu
2r~m > vsb(r) as long as r is not too large. The smallest radius from which optically thin emission 

with as = a0 is observed can be determined by setting vsb(r) = vsm(r) and is given, for a0 = 0.5, by 

rM ^ [1.6 x 106@j~i(yjßj)~6K1Bl
11(p esc 0]1/(llm+n“7) pc . (5) 

The frequency vsm(rM) = vsM is given, for a0 = 0.5, by 

VsM ^ 6.9 X 107(1 + X lO6^^ CSC 0)3--2^.8m + n-5^^4m+2„-2ßi-(3M+l)]l/(llm + „-7) Hz 

The emissivity ec due to a single inverse-Compton scattering of synchrotron photons (with spectral index as) by 
relativistic electrons (with emission spectral index ae) can be estimated using the ¿-function approximation (e.g., Rieke 
and Weekes 1969). According to this approximation, the final frequency of a scattered photon is given by vc' ^ ye

2^s and 
vc' % ye me c2 for ye hvs

f < me c2 (the Thomson regime) and ye hvs' > me c2 (the Klein-Nishina regime), respectively, where 
v/ is the initial frequency of the photon, ye is the Lorentz factor of the scattering electron, me is the electron’s rest mass, and 
h is Planck’s constant. The emissivity ec

T due to scattering with the Thomson cross section (tt is then given by 
.ymax 

6c
t[(1 + z)vc/%| ^ KeaTr(pes[(l + z^/^J J ^y , 

ymin 

7emin ^smin — max» 7e max^ jMeC /(I “I“ z)/l, jflieC /(I “b z)/l] /vsinjn} , (7) 
where 

ymin = max {ye min ; (vc/vs max)
1/2 ; (1 + z)hvc/^jmec

2}, 

Tmax min {yemax, (vc/vsmin) }, (8) 

and where the appropriate values of as, ae, Ke, ye min, ye max, vs min, and vs maxare summarized in Table 1. The emissivity ec
KN 

due to scattering with the Klein-Nishina cross section is given in this approximation by 

ec
KN[{l + * %KeGTr<pes[(l + z)vc/^j][^mec

2/(l -b z)h] 

(Í 

-(as+D + 3 
ocs + 1 [2(as -b 1) 

+ In 
(1 + z)h 
@jmec

2 2vvP 

max {@jyeminmec
2/(l + z)h; + z)/j]2/vs max} < vc < S>f/e maxmec

2/(l + z)h, (9) 

where vmin = max {vs min ; [^¡me c2/(l + z)/j]2/vc} and vmax = vs max. The total inverse-Compton emissivity, ec = ec
T + £C

KN, 
is generally dominated by in the scattered-photon frequency range where the Thomson regime and the Klein-Nishina 
regime overlap. (Note that the Klein-Nishina frequency range, given in eq. [9], is contained entirely in the Thomson 
frequency range, given in eq. [7], when ye maxhvsmin' < mec

2.) The ¿-function approximation yields an overestimate of the 

TABLE 1 

Local Relativistic Electron Distribution and Optically Thin Synchrotron Spectrum 
in the Jet 

Ke CLe ye mjn ye max Cs M's min max 

K  a0 yei yeb const. vsJ
a° _ a0 vsw vsb 

Kyeb a0 + 0.5 yeb yeu const. (vs/vsil) °-5vs a0 + 0.5 v^, vs„ 
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true emissivity, since the scattered photons are given roughly the maximum possible energy. For example, in the limit 
7emin2vsmax < vc < max^smin* equation (7) overestimates the correct emissivity (e.g., Blumenthal and Gould 1970) by a 
factor < 2 (for 0 < ae < 1). This approximation, however, is sufficiently accurate for the applications discussed in this 
paper. 

The once-scattered synchrotron self-Compton spectrum corresponding to the optically thin portion of the model 
synchrotron spectrum is illustrated in Figure 1. (The inverse-Compton emission associated with the optically thick 
portion of the synchrotron spectrum is relatively small and can be neglected.) The spectrum extends between the 
frequencies vcm = yei

2vsm and min {vcu; vKN}, where vcu = yeu
2vsu and vKN = yeu^jmec

2/(l + z)h. It essentially reproduces 
the shape of the optically thin synchrotron spectrum, with a break occurring near vcb = yeb

2vsb 
[yeb2 ^ z)^j~iB~1vsb]9 where the spectral index changes from ac ^ a0 to , ac æ a0 + 0.5. The spectra 
corresponding to higher-order inverse-Compton scatterings of the synchrotron photons can be calculated in an 
analogous way and have similar shapes. 

The quasi-steady flux in the jet can vary as a result of fluctuations in the energy source at the origin. The time scale for 
flux decay in any given outburst cannot, however, be shorter than the radiative cooling time of the relativistic electrons 
which produce the observed emission. The electron cooling time is given by 

¿cool ~ 3 X 107(1 + + >1c)B2ßn]-1 S , (10) 
where 

tic ~ (Ke(TTr(p) J ye' 
2*'dye 

Ve min 
is the ratio of the Compton-scattered photon energy density to the synchrotron energy density. 3ince the source is 
assumed to be synchrotron-loss dominated (r¡c 1), tcool is essentially the synchrotron cooling time. For synchrotron 
radiation observed at a frequency vs, ye

_1 ^ 103(1-h z)~1/2^J
1/2B1/2vs“

1/2. For Thomson-scattered synchrotron 
radiation observed at a frequency vc, a lower limit on icool is obtained by substituting vs~

1/2 ^ vc
-1/2ymin (cf. eq. [8]) in the 

expression for ye~
1. The cooling time scale generally increases with radius. 

The above expressions are used in § lib to derive a model spectrum for an unresolved nonuniform jet. However, they 
are also useful for an analysis of the observed spectrum from a homogeneous emission region, as is illustrated in § IIIc. 

b) Spectrum of an Unresolved Jet 
The observed optically thin flux density Sob(v) emitted between rmin and rmaxfrom an unresolved conical jet is given by 

Sob(v) = [(1 + z)S>j2/4nDi2] j 4(1 + z)v/^j\n(r(p)2dr , (11) r min 
where Di = 109Di9 pc is the luminosity distance to the source. Equation (11) is now used to calculate the synchrotron and 
inverse-Compton spectra for an inhomogeneous jet extending between rz and ru (rz ru\ with e, rmin, and rmax determined 
on the basis of the model presented in § lia. 

Consider first the synchrotron spectrum, for which the emissivity is given by equation (2). In the frequency range 
vsm(ru) á vs < vsM, where vsM is given by equation (6), the observed flux density at vs is dominated by emission from 
rmin(vs) = (vs/vsM)~1/kmrM, obtained from equation (3) by setting vsm(r) = vs and substituting for rM from equation (5). 
Note that rmin(vs) decreases to rM as vs increases to vsM. For frequencies in the range vsM < vs < vsi,(rM), the flux density is 
dominated by emission from rmin(vs) = (vs/vsM)1/kbrM, which is obtained by setting vsb(r) — vs in equation (4), and which 
now increases with frequency. In both of these cases rmax = ru, and so equation (11) gives 

e / ^ JSobS(''SM)(vs/vSM)-asl vsM(ru/rM)-k" <vs<vsM , 
l^obs(vsM)(vs/vsAf) 0152 VsM ^ v.s ~ vs\i{ru!rm)^ > 

where, setting 

/cs = (1 + a0)m + h - 3 , 

Sobs(vsM) * 3 x 104[C1(ao)/C1(0.5)](l + Jy ? 

and where asl = (4 + m — 5km)/2km and ocs2 = a0 + bs/h- [It is assumed here that rM > rt\if rz rM, then the spectrum 
between vsm(rz) and vsb(r|) is dominated by emission with spectral index a0 from rv In addition, it is assumed that 
KIK < 0.5;ifks//cb > 0.5, then the spectrum above vsM is dominated by emission with spectral index (a0 + 0.5)fromrM.] 
The spectral indices asl and as2 represent the effect of the nonuniformity of the source in the optically thick and optically 
thin regimes, respectively. (The flattening of the optically thick spectrum in an inhomogeneous synchrotron source has 
previously been pointed out by Condon and Dressel [1973], de Bruyn [1976], and Marscher [1977]. The steepening of the 
optically thin spectrum in such a source was considered by Marscher [1980], who, however, assumed no reacceleration of 
the injected relativistic electrons.) For frequencies in the range vsb(ru) <vs< vsu(ru), the spectrum is dominated by 
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emission from near ru with spectral index (a0 4- 0.5), whereas above vsu(rM) the emission comes predominantly from 
rmax(vs) = [vs/vsu(ru)]'

1/mru, and the spectral index is approximately as3 = (m + 2 — n)/m. The synchrotron spectrum 
terminates near vSM(ru). This description is only approximate, and the actual spectrum changes slope continuously over a 
wide range of frequencies. An example of a synchrotron spectrum calculated in this way is shown in Figure 2. It is seen 
that the nonuniformity of B and K can give rise to an integrated spectrum which is quite different from the underlying 
emission spectrum (cf. Fig. 1). In turn, it should in principle be possible to deduce the values of m and n (as well as of a0) 
from the observed shape of the spectrum. (Note that this cannot be done in models where only the optically thick spec- 
trum is affected by the source inhomogeneity; cf. Marscher 1977.) For example, if a0 = 0.5 and asl =0, then 
h = (17 — 7m)/5,as2 = (8m — 3)/(15m — 10),andas3 = (12m — 7)/5m.Ifthemagneticfieldisconvertedby thejet, then,in 
a conical geometry, m can vary between 1 and 2 (e.g., Blandford and Rees 1974). Correspondingly, in this example, n, ocs2, 
and as3 lie in the ranges 2-0.6,1-0.65, and 1-1.7, respectively, and for m = 1, the magnetic and electron energy densities 
are in equipartition (this special case was considered in Paper I). 

The synchrotron self-Compton spectrum is calculated on the assumption that the emission at radius r is mainly due to 
the scattering of photons produced within a distance ~ (rep) from the scattering site. Even though the optical depth to 
Thomson scattering, tc % ~1(jTKe rep esc Qye min " 2aVae (f°

r a line °f sight passing through the jet at a distance r from 
the apex), is typically 1, this assumption is valid for a sufficiently narrow jet (ep <^1). In this case, equations (7) and (9) 
for the local emissivities are applicable. The once-scattered photon spectrum lies in the range vcm(ru) < vc < min (vcu(rM); 
vKN}. In a manner similar to the synchrotron-spectrum calculation, one finds that the observed flux density just below 
vcm = vcm(rM) is given by 

5„bc(Vc) = Sob(;(vi;M)(vc/v<.M)"atl , (13) 

where, setting /cc = /cs -f n — 1, 
Sob>cM) ^ Jy ? 

and where acl = max { — (kc/km — a0); —1}. (An optically thin inverse-Compton spectrum cannot rise faster than 
Sob c oc vc; e.g., Blumenthal and Gould 1970.) For vcM < vc < vcb(rM), the spectrum is dominated by emission from near rM 
with spectral index a0, whereas for vci)(rM) < vc < vcb(ru), the spectral index is approximately ac2 = a0 + kc/(2kb + m).The 
spectral indices acl and ac2, like asl and as2 in the synchrotron spectrum, arise because of the inhomogeneity of the source. 
The once-scattered photon spectrum is also illustrated in Figure 2. The higher-order inverse-Compton spectra display 
similar behavior, but in the frequency range of interest they generally lie well below the once-scattered photon spectrum 

Fig. 2.—The synchrotron and inverse-Compton spectra for an unresolved inhomogeneous jet. This example corresponds to a relativistic conical jet 
with Dig = 0.5, = jj = esc 6 = 5, <p = 0.1, and a synchrotron spectrum with vsm(ru) = 109 Hz, vsM = 5 x 1011 Hz, Sobs(vsA/) = 1.0 Jy, a0 = 0.5, 
asl = 0, and as2 = 0.8. (All the quantities referred to in the legend or marked in the figure are defined in the text.) Using these observable parameters in 
eqs. (5), (6), and (12), one obtains m = 1.25, n = 1.65, = 1.7 x 10z cm-3, B1 = 2.9 x 10“2G, rM = 2.3 x 10“2 pc, and ru/rM = 3.7 x 102. These 
values, as well as yel = 50 and yeM = 5 x 106, were used in eqs. (2), (7), (9), and (11) to generate the synchrotron spectrum (labeled S) and the 
once-scattered inverse-Compton spectrum (labeled C) which are shown here. Note that in this example as3 = 1.28, acl = 0.62, and ac2 = 0.75. The local 
emission spectra in this jet at a distance of 1 pc from the origin are displayed in Fig. 1. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8l

A
pJ

. 
. .

24
3.

 .7
0O

K
 

No. 3, 1981 RELATIVISTIC JETS 705 

for typical radio-jet parameters. For example, the maximum observed flux density of the twice-scattered photon 
spectrum is given approximately by 

5obcc(vccM) ^ 3 x 10~8(km
2/kcc

3)[CJ(a0)/Cx(0.5)]( 1 + z)1'^ 

x\Di9~2@j
2+0ío(p4'K1

3B1
í+CíovccM~CíorM~kcc Jy , (14) 

where vccM = yel
4vsm and kcc = kc + n — 1, which may be compared with the analogous expression for the once-scattered 

photon flux given by equation (13). 
The inverse-Compton spectrum steepens once the Klein-Nishina regime is reached (cf. Fig. 2). The high-energy flux 

could in principle be attenuated also by collisions between once-scattered synchrotron photons of frequencies 
vc > (2)1/2^mec

2/(l + z)h and synchrotron photons of frequencies vs ^ 2[^mec
2/(l + z)h]2/vc, which produce e+ e~ 

pairs with cross section crp ^ 10"25 cm2 (e.g., Jelley 1966). However, the optical depth for this process, tp(vc) ~ 
s[2@j(mec

2/h)2/(l + z)vc]r<ji)//ic}(7;,{2r<^ esc 0}, evaluated at rmin(vc), is typically much smaller than unity, so in 
practice the attenuation is negligible. Recall that in this model most of the energy emitted from the jet is assumed to be 
synchrotron radiation (see the discussion following eq. [10]). If the integrated synchrotron spectrum breaks near vs* from 
as < 1 to as > 1, then most of the energy is emitted near vs*. The precise value of vs* depends of course on the parameters 
of the source, but note that for ocs2 < 1 < a0 + 0.5, it lies in the frequency range dominated by emission from the outer 
region of the jet. 

The spectra displayed in Figure 2 are calculated for a representative beamed source. It is assumed in this calculation 
that giïj ^ yj ^ esc 0, which for a source observed at a given angle 0 is the combination which maximizes the Doppler 
factor @j. (In this case the apparent velocity ßoh is also ~ cf. Paper I.) Those portions of the spectrum which arise 
essentially in the same region (e.g., near rM or ru) should show correlated variability and could vary on a different time 
scale than the flux which is emitted from a different region (cf. eq. [10]). Although some of the specific assumptions used in 
calculating the spectrum, such as constant cp and ßj9 may not all apply in real sources, this model can nevertheless be used 
to account for various broad features of observed spectra, as is discussed in the next section. 

III. APPLICATIONS 

a) Spectra of BL Lacertae Objects 
BL Lac objects have been interpreted as extreme cases of beamed sources, in which the Doppler boost is so large that a 

substantial portion of the observed optical spectrum is dominated by the non thermal contribution from the jet (see 
Blandford and Rees 19780 and Paper I). It is proposed here that the beamed component may in fact dominate most of the 
observed spectrum from radio frequencies through X-rays. In support of this hypothesis, it is shown that the model 
spectrum calculated in § 110 for an unresolved, inhomogeneous relativistic jet could account for various properties of the 
spectra measured in these sources. First, general features are outlined for the different spectral regimes, and then a 
particular source (Mrk 421) is discussed in greater detail. 

i) Radio. The radio spectra typically are flat and become optically thin near or above ~ 1011 Hz, which is higher than 
the average break frequency for flat-radio-spectrum QSOs (e.g., Condon 1978). The spectra may be interpreted in the 
inhomogeneous-jet model as corresponding to asl ^ 0, and the higher break frequency is consistent, by equation (6) for 
vsM, with a higher degree of beaming (i.e., with a larger value of or of esc 0). 

ii) Optical The high degree of variability and strong linear polarization displayed by BL Lac objects may be associated 
with the beamed emission from the jet, as discussed in Paper I. However, the optical spectrum of some sources, such as 
Mrk 421 and Mrk 501 (e.g., Ulrich et al. 1975; Maza, Martin, and Angel 1978), appears to contain also a contribution 
from the associated elliptical galaxy and therefore cannot be compared with the model of § 110. 

iii) X-rays. BL Lac objects have now been established also as a class of X-ray sources (e.g., Schwartz et al. 1979; Ku 
1980). Present data indicate that below ~ 5 keV their spectra are generally soft (a > 1), but some sources, e.g., the 
Markarian galaxies 421 and 501 (Mushotzky et al. 19780), and PKS 0548-322 (Riegler, Agrawal, and Mushotzky 1979), 
display a hard (a < 0.5) component at higher energies. These two components could be interpreted as synchrotron 
radiation and once-scattered inverse-Compton radiation, respectively (cf. Margon, Jones, and Wardle 1978; Schwartz et 
al. 1978). In those sources where it was detected, the hard X-ray component has a flux density which is a fraction, (a few) 
times 10“ 6, of the flat-spectrum radio flux density. This is consistent with the estimates of § 110 for a reasonable choice of 
parameters in equations (5), (6), (12), and (13) and suggests that the absence of a detectable hard X-ray component in 
sources like PKS 2155-304 (e.g., Griffiths et al. 1979) is due to the fact that they have a relatively high (> 10"5) ratio of 
X-ray to radio flux densities at the observed X-ray frequencies. In the present model it is predicted that all sources would 
display a hard X-ray component at sufficiently high energies, that this component would on the average show less linear 
polarization than the soft X-ray component (reflecting the difference between the emission mechanisms attributed to 
these components), and that it would vary in correlation with the high-frequency (vs < vsM) radio flux density (since the 
bulk of the emission in both cases is assumed to come from the same region near rM). 

iv) y-rays. No BL Lac object has as yet been detected in high-energy y-rays, but upper limits set by Bignami et al. (1979) 
for Mrk 421 and Mrk 501 indicate that the flux density must decrease by a factor > 102 between 10 keV and 100 MeV. 
This means that the effective spectral index in this range exceeds 0.5, which is consistent with the behavior of the 
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once-scattered photon spectrum in the present model, and implies that the hard X-ray component measured in these 
sources in the 2-30 keV range (e.g., Mushotzky et al. 1978h) must steepen at higher energies. 

As a specific application of the model, consider the source Mrk 421. The high degree of variability measured in this 
object, particularly in the optical and X-ray regimes, supports an association with a relativistic beamed source. However, 
because of the inherent variability and the incomplete spectral coverage, a steady state spectrum which could be 
compared with the model spectrum of § Ilh is still not well established. The observed radio spectrum is flat and shows no 
break below 90 GHz (cf. O’Dell et al 1978) and so could conceivably join with the far-infrared spectrum, which is 
nonthermal with spectral index >0.8 (e.g., Ulrich et al 1975; Maza, Martin, and Angel 1978). The UV spectrum 
measured by the H/E (Boksenberg et al 1978) and the soft X-ray spectrum measured by Hearn, Marshall, and Jernigan 
(1979) below 6 keV have similar spectral indices (—1) and may in fact join together. The hard X-ray component 
measured by Mushotzky et al (1978h) at higher energies was not detected at a later measurement (Mushotzky et al 1979), 
which also revealed a steepening of the soft component. It is possible to give a self-consistent interpretation of these 
observations in the inhomogeneous-jet model. The measured spectrum from the radio to soft X-rays, excluding the 
galactic optical contribution, may be modeled by a synchrotron spectrum with asl ^ 0, as2 ~ 0.8, and a0 ~ 0.5, and with 
the break frequencies vsM, vsi,(ru), and vsu(ru) being roughly 1012 Hz, 1015 Hz, and lO17 Hz, respectively. The soft X-ray 
component is then produced in the outer region of the jet near rM, whereas the hard X-ray component, interpreted as 
once-scattered inverse-Compton emission, is produced in the inner region near rM. It is therefore expected that the hard 
component would show a higher degree of variability, and the reported time scale of < 1 yr is consistent with the 
cooling-time estimate of equation (10). Mrk 421 also displayed a strong X-ray outburst on a time scale of ~ 10 days 
(Ricketts, Cooke, and Pounds 1976), for which no direct evidence exists at optical wavelengths, but which was observed in 
the radio, with amplitude that increased with frequency and a variability time scale of a few months (Margon, Jones, and 
Wardle 1978). If the outburst corresponded to a disturbance in the steady state conditions which propagated outward 
from the origin of the jet, then these observations are consistent with the radio emission coming from progressively 
smaller radii as the frequency of observation is increased toward vsM and with the optical radiation being emitted at 
r ^>rM. Alternatively, the outburst could be interpreted as emission from clouds or shock waves traveling in the jet, which 
at lower radio frequencies would be obscured by the optically thick “ core ” of the jet (cf. Paper I). 

b) Spectrum of 3C 273 
The archetypal quasar 3C 273 has been observed at frequencies ranging from radio to high-energy y-rays. It is 

associated with a core-jet radio source which is resolved by VLBI on a milli-arcsec scale (e.g., Readhead et al 1979) and 
which shows evidence for relativistic motion in the form of apparent superluminal separation of radio components with 
ßob % 5.2 (e.g., Cohen et al 1979). The radio spectrum is flat and polarized (e.g., Rudnick et al 1978) and could be 
accounted for by the inhomogeneous-jet model of § lib, which is compatible with the observed morphology of the source. 
The absence of an observed counterjet may be another indication that the radio source is beamed (e.g., Readhead et al 
1978). 

The radio spectrum breaks at ~ 50 GHz and could conceivably be extrapolated to the infrared regime with a ^ 0.8 (cf. 
Elias et al 1978); however, the infrared component is much steeper and, like the optical component, shows little 
variability (e.g., Neugebauer et al 1979) and low polarization (e.g., Kemp et al 1977). These components thus appear to 
be distinct from the radio component, a conclusion which is supported by the apparent lack of correlation between the 
infrared-optical and the radio regimes in quasars in general (cf. Neugebauer et al 1979), The observed UV flux (e.g., 
Boksenberg et al 1978) is consistent with the ionizing continuum required to produce the unbeamed Hß flux (e.g., 
Weedman 1976) and is probably also not associated with the jet. 

X-ray spectral measurements of 3C 273 have been obtained by Primini et al (1979) and by Worrall et al (1979). The 
best-fit spectral index is ~ 0.4 in the range 2-60 keV and ~ 0.7 in the range 13-120 keV, with a change of slope indicated 
above ~ 20 keV. The X-ray flux appears to vary by a factor < 2 on a time scale of months. Both the spectral shape and the 
degree of variability are similar to those of Seyfert 1 galaxies (e.g., Mushotzky et al 1980), which are generally weak radio 
sources and do not show evidence for beaming (e.g., Weedman 1977). A similarity with Seyfert 1 spectra is indicated also 
by X-ray measurements of other quasars (e.g., Apparao et al 1978), but more observations are required to determine 
whether it holds for quasars in general. The X-rays could in principle also be once-scattered synchrotron self-Compton 
photons from the jet (cf. Jones 1979). However, it is difficult to fit the observed X-rays with the model spectrum of 
§ lib, given the constraints imposed by the radio spectrum and by the apparent velocity. 

As was mentioned in § I, 3C 273 is as yet the only quasar identified as a high-energy y-ray source, with a possibly 
variable flux density of ~ 2 x 10“ 9 Jy around 100 MeV (Swanenburg et al 1978). The y-ray flux density is consistent 
with an extrapolation of the synchrotron spectrum with a % 1 from the radio break frequency. (This spectrum would pass 
also through the observed X-ray regime, but is too steep to account for the observed X-ray spectrum.) However, the 
electron Lorentz factors required to produce such high-energy synchrotron emission must exceed 108. If the synchrotron 
spectral index above the break frequency is in fact smaller (~ 0.7-0.8), then it is also possible to interpret the y-rays as 
once-scattered inverse-Compton radiation from the jet. For example, if a0 = 0.5, the once-scattered spectrum would 
steepen near vci>(rM) ^ 1015-1016 Hz,whereSobc % 10“6 to 10“5 Jy,fromac ^ 0.5toac ^ 0.6-0.7, and could extend up to 
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the y-ray region, passing below the observed X-ray spectrum. (Note that in the model of Jones [1979], the y-rays are 
interpreted as iwicc-scattered synchrotron photons.) 

To summarize, the radio emission in 3C 273 is attributed to an inhomogeneous relativistic jet which could also 
produce the high-energy y-rays, but other parts of the observed spectrum appear to be unbeamed. It is therefore likely 
that the Doppler factor associated with the beamed component is relatively small, implying that the angle 0 between the 
jet axis and the observer direction is relatively large. However, the high apparent velocity constrains 0 to be less than or 
equal to 2 ctn“ 1(ßob) ^ 22° and indicates a large The origin of the y-ray flux in 3C 273 is discussed further in § IV. 

c) X-Ray Emission from Resolved Jets 
The inhomogeneous-jet spectrum calculated in § lib is based on a simple synchrotron spectrum, as described in § lia. It 

is of interest to verify that the assumed local emission spectrum is in fact an adequate representation of the spectra 
observed in resolved jets. One suitable example is provided by the spectrum of emission knot A in the jet of M87 (e.g., 
Turland 1975; Redman 1978). The spectrum extends from ~ 108 Hz with a ^ 0.5 and steepens above ~ 1014 Hz to 
a ^ 1.3. The recently discovered X-ray emission from this knot (e.g., Schreier et al 1979b) is consistent with a linear 
extrapolation of this spectrum. The break at optical frequencies may be interpreted as due to synchrotron-radiation 
losses. (An increase in the spectral index by more than 0.5 could indicate that the reacceleration of relativistic electrons is 
not continuous; see Kellermann 1966.) It is then possible to estimate the magnetic field as a function of the size of the 
emission region and the velocity of the radiating material (cf. eq. [4]). This was done for knot A by Blandford and Königl 
(1979a), who interpreted the emission as radiation from behind a shock wave associated with a dense cloud which is 
accelerated by the jet (see also Rees 1978). 

X-ray emitting knots have also been detected in Cen A, where they lie within the inner NE radio lobe and are aligned 
with the inner optical jet (e.g., Schreier et al 1979a; Feigelson 1980). A large knot located about 1' from the nucleus was 
measured by the Einstein HRI to have a diameter d & 15" ( ^ 0.4 kpc at a distance of 5 Mpc) and a surface brightness of 
~ 10~10 Jy arcsec- 2 at ~ 1017 Hz. By analogy with knot A in M87, it is proposed here that the X-rays be interpreted as 
synchrotron radiation emitted above the break frequency and arising behind a strong shock wave which travels in the jet. 
(Note that Schreier et al [1979a] interpreted the X-ray emission as thermal in origin.) Unlike the case of the jet in M87, 
there is direct evidence in Cen A for radial motion of optical knots away from the nucleus (Osmer 1978 ; Dufour and van 
den Bergh 1978). The measured radial velocities are in the range 2.5-3.5 x 107 cm s-1 for knots lying at projected 
distances of 13-24 kpc from the nucleus. The relati ve uniformity of the velocity values supports the interpretation of the 
knots as clouds that have been accelerated by the jet. Furthermore, the spectrum of at least one of the optical knots may 
indicate excitation by a shock. The spectral break frequency vsb in the large X-ray knot can be estimated by adopting the 
equipartition value Beq for the magnetic field in the emission region. Using an injection spectral index a = 0.65 (which is 
compatible with the spectral indices of both the radio and the X-ray emission from the nucleus; cf. Mushotzky et al 
1978a) and a lower cutoff frequency of ~ 108 Hz, and writing the velocity of the jet as Vj = 108^-8 cm s~1 and the size of 
the knot as d = O.4d0.4 kpc, one obtains vsb ^ 4 x 108do.4_2^8

7/2 Hz and£eq ^ 10 1/2G. (Note that emission due 
to inverse-Compton scattering of the microwave background will not exceed the synchrotron emission as long as 
£ > 3 x 10~ 6G; e.g., Harris and Grindlay 1979.) Now, the X-ray knot is located within the radio ridge which appears in 
the 1.4 GHz (~ 1' resolution) map of Christiansen et al (1977) between the nucleus and the inner NE lobe, but the map 
shows no enhanced radio emission at the position of the knot. In order not to exceed the radio surface brightness 
estimated from this map (~ 10~3 Jy arcsec-2), the break frequency must be > 1013 Hz (for a ^ 0.65). This could be 
reconciled with the above estimate if either d 15" or Vj $> 108 cm s-1. The first possibility is consistent with the visual 
diameters of the moving knots measured by Osmer (1978), which are ~ 1" (e.g., Blanco et al 1975), especially in view of 
the fact that accelerated clouds would expand as they moved downstream in the jet (cf. Blandford and Königl 1979a). As 
regards the second possibility, it is conceivable that the velocity of the inner jet is actually much greater than the lower 
limit set by the radial velocities of the outer optical knots. If the jet velocity is even mildly relativistic, then, as in the case of 
M87 (e.g., Rees 1978), this could account for the absence of an observed counterjet. As was discussed by Blandford and 
Königl (1979a; Paper I), the knots could be either interstellar clouds (which may form in the inner optical jet of Cen A by 
a thermal instability; cf. Schreier et al 1979a), planetary nebulae, or supernova remnants. They might also be portions of 
the jet’s wall which were torn off near the origin of the jet by hydrodynamical instabilities. High-resolution radio 
observations and sensitive spectroscopic measurements should be able to determine the actual sizes of the X-ray emitting 
knots, their velocities, and their origin. 

IV. DISCUSSION 

As was mentioned in § I, recent X-ray observations suggest that a large fraction of quasars and BL Lac objects are 
also X-ray sources. Although the sample is still incomplete, there are indications that BL Lac objects and optically violently 
variable quasars have a higher ratio of X-ray to optical luminosity than radio-quiet QSOs (e.g., Ku and Helfand 1980). 
This is manifested in the value of the effective optical-to-X-ray spectral index otox (defined, e.g., by Tananbaum et al 
1979), which is ~1.25 for blazars and ~1.5 for radio-quiet QSOs. These spectral indices could be interpreted as 
corresponding, respectively, to the beamed and isotropic emission spectra in quasars. In fact, the deduced value of aox 
for blazars is consistent with the soft X-ray component measured in several BL Lac objects, as discussed in § Ilia. 
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Alternatively, the larger average X-ray luminosity in blazars could reflect an increase in the relative contribution 
of the beamed component in these sources on going from optical to X-ray frequencies. Ku and Helfand (1980) 
analyzed the statistical properties of a sample of active galactic nuclei and found a good correlation between the 
X-ray (2 keV) and optical (2500 Á) fluxes, but no correlation between the X-ray flux and the radio flux at 
5 GHz. These properties are consistent with the X-rays being associated with the isotropic optical component rather than 
with the beamed radio emission (cf. § III6). However, these results are also consistent with the model spectrum for 
strongly beamed sources discussed in the previous sections, in which the soft X-ray component is a continuation of the 
optical component, but is distinct from the radio component. As was noted by Ku and Helfand (1980), the low-frequency 
radio emission could actually come from a steep-spectrum halo. This may well be the case for the beamed sources, in 
which the halo would correspond to an outer radio lobe seen head on (cf. Paper I). 

It has been suggested, on the basis of their observed X-ray luminosities and apparently strong cosmological evolution, 
that quasars account for most of the diffuse X-ray background in the few keV range (e.g., Setti and Woltjer 1979; 
Tananbaum et al 1979). However, Schwartz et a/. (1978) estimated that, in the absence of density evolution, BL Lac 
objects contribute only a few percent of the background in that energy range. Of course, this estimate could be revised if 
BL Lac objects are shown to evolve, or if their volume emissivity is larger than that assumed by Schwartz et al (1978). 
According to the beaming hypothesis, radio-loud QSOs (as a subset of optically selected QSOs) and BL Lac objects (as a 
subset of giant elliptical galaxies) are the intrinsically faint sources which are brightened by the relativistic Doppler effect. 
If the Lorentz factors associated with the beamed components in these two types of sources are comparable, then the 
fraction of radio-loud quasars among optically selected QSOs (< 10%; e.g., Sramek and Weedman 1978) is expected to 
be of the same order as the fraction of BL Lac objects among giant elliptical galaxies. This is in fact consistent with the 
current space-density estimates of BL Lac objects (~ 102 Gpc~3; e.g., Setti 1978) and of giant elliptical galaxies 
( ~ 104 Gpc- 3 ; e.g., Schmidt 1966). However, at least some BL Lac objects appear to be associated with elliptical galaxies 
at the top of the luminosity function (e.g., Kinman 1978; Griffiths et al 1979), suggesting that there may be many more 
faint BL Lac objects which have not yet been identified. Setti and Woltjer (1979) noted that if quasars account for much of 
the observed X-ray background, then only about 5% of them could have the same ratio of X-ray to y-ray flux density as 
3C 273 if the diffuse high-energy y-ray background is not to be exceeded. If 3C 273 is a typical quasar, then this fact may 
have important consequences when interpreted in the context of the beaming hypothesis. It could suggest the existence of 
a correspondence between radio-loud and y-ray loud quasars, implying that both the radio and the y-ray emission in 
3C 273 originate in the beamed jet. Such a correspondence would also imply that the diffuse background at high ( > 100 
MeV) energies is dominated by radiation from beamed sources. Of course, these inferences are merely suggestive and 
could only be checked after additional extragalactic high-energy y-ray sources are detected. Note that if the ratio of y-ray 
to X-ray flux density in BL Lac objects is comparable to that in 3C 273, then Lacertids would contribute a substantial 
fraction of the diffuse y-ray background even without evolution. If most of the high-energy background is produced by 
beamed sources with similar spectra, then the observed spectrum of the background at these energies (e.g., Fichtel, 
Simpson, and Thompson 1978) should reflect the shape of the individual spectra. In addition, improved limits on the 
isotropy of the background could constrain the number density of these sources (cf. Schwartz and Gursky 1974). 

v. SUMMARY 
This paper considered the radio-through-y-ray emission from relativistic jets associated with bright, compact radio 

sources. A simple local synchrotron-emission spectrum was adopted, with an assumed break frequency determined by 
equating the synchrotron cooling time to the expansion time. This spectrum was applied to the interpretation of emission 
knots in the jets of M87 and of Cen A, and to the calculation of a synchrotron and inverse-Compton spectra for an 
unresolved inhomogeneous jet. In this calculation it was shown how the nonuniformity of the magnetic field and of the 
relativistic-electron density in the source could give rise to an integrated spectrum which is quite different from the local 
emission spectrum in both the optically thick and the optically thin regimes. It was pointed out which parts of the 
integrated spectrum are emitted from the same region of the jet, and would therefore be expected to show correlated 
variability. The inhomogeneous-jet model was applied to the interpretation of the spectra of BL Lac objects. In 
particular, it could account for the flat radio spectrum and the relatively high break frequency, as well as for the soft 
component and the more highly variable hard component observed in X-rays. On the basis of this model, it was predicted 
that a hard spectral component would be detected in all BL Lac objects at sufficiently high energies, that it would be less 
strongly polarized than the soft X-ray component, and that it would vary in correlation with the high-frequency radio 
emission. In the case of 3C 273, it was concluded that the infrared-through-X-ray spectrum is probably unbeamed, but 
that the radio flux and possibly also the high-energy y-rays could be attributed to the relativistic inner radio jet. Finally, 
the distinguishing properties of blazars as a class of X-ray sources were considered in the context of the relativistic-jet 
model, and it was pointed out that beamed sources could contribute a major fraction of the diffuse high-energy y-ray 
background. 

I thank Roger Blandford and David Payne for valuable suggestions and encouragement. 
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