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ABSTRACT 
Models for the synchrotron and inverse Compton emission from relativistic jets with bulk acceleration are 

studied. The basic scheme explored is that the bulk velocity increases with increasing distance along the jet, 
while the emission spectrum shifts to lower frequencies. Thus synchrotron X-rays, emitted by the jet core, are 
weakly beamed, while the optical and radio emissions, produced further away, are more strongly beamed. We 
find that the different broad-band spectra of BL Lac objects selected by radio or X-ray flux can be accounted 
for as due to different orientation, radio-selected objects being viewed at small angles, X-ray-selected objects 
at large angles. Stringent conditions are imposed by this requirement on the jet properties. In particular, accel- 
eration should occur slowly over a wide distance range, with small final bulk Lorentz factors F ^ 3-5. The 
space density of X-ray-selected BL Lac objects is expected to be 20-100 times that of radio selected BL Lac 
objects with the same X-ray luminosity. Synchrotron emission with steep spectrum is expected to be the main 
radiation mechanism in the X-ray band for objects seen at large angles. Inverse Compton emission, yielding 
flatter spectra and longer variability time scales, may be important in the X-ray band, especially for objects 
seen at small angles. 
Subject headings: BL Lacertae objects — galaxies: jets — galaxies: nuclei — radiation mechanisms 

I. INTRODUCTION 

The presence of relativistic bulk motion in the cores of 
compact radio sources seems well established on the basis of 
the observational evidence (e.g., Blandford 1987). This leads to 
the necessary consequence that the emission is beamed in the 
direction of motion and the observed properties depend on the 
angle of the line of sight to the bulk velocity. 

BL Lac objects are a special class of compact radio sources 
exhibiting a continuum which extends to the optical and up to 
the X-ray band. They are characterized by high polarization, 
rapid variability, and by the weakness of emission lines. Bland- 
ford and Rees (1978) first proposed that relativistic beaming 
would resolve the difficulties associated with the rapid variabil- 
ity and the strength of the nonthermal continuum in BL Lac 
objects, and since then this idea has gained wide support. 

Models of emission from relativistic jets (Marscher 1980; 
Königl 1981; Reynolds 1982) reproduce the observed energy 
distribution by a convolution of spectra produced locally in 
different regions of the jet. In particular, since variability time 
scales are generally shorter at higher frequencies (Maraschi 
1987 ; Impey and Neugebauer 1988), X-rays should be produced 
in the most compact region of the jet, i.e., nearest to the core 
(Ghisellini, Maraschi, and Treves 1985, hereafter Paper I). 
Recently, it has been suggested by various authors (Stocke et 
al 1984; Maraschi et al 1986, Browne and Murphy 1987) that 
the X-ray emission of BL Lac objects is more isotropic than 
their radio emission. This may be understood assuming that 
the bulk velocity of the plasma increases with increasing dis- 
tance from the core (i.e., that the flow undergoes bulk 
acceleration), while the characteristic emission shifts to lower 
frequencies. 

In the above scheme lower frequencies are increasingly 

boosted with respect to X-rays. Therefore the observed spec- 
trum will depend on the viewing angle, being steeper for 
smaller angles. This qualitative prediction agrees with the 
finding that the overall spectra of BL Lac objects selected by 
different techniques differ significantly; radio selection, which, 
in the beaming hypothesis, favors small angles of view, yields 
steep overall spectra, while X-ray selection, which according to 
this scenario should be unbiased or less biased toward small 
angles, yields flatter overall spectra (Ghisellini et al 1986; 
Maraschi et al 1986). 

In this paper we develop a quantitative model, following 
closely the approach of Paper I, but adding the consideration 
of a relativistic bulk velocity which increases with increasing 
distance. Our aim is to account for the average spectral shapes 
of the two groups of BL Lac objects (radio-selected and X-ray- 
selected) in terms of a single phenomenon viewed from differ- 
ent aspect angles. Within this model the average angles and 
bulk Lorentz factors can be derived, with important conse- 
quences on the inferred space densities and on the related 
problem of the “ parent population.” In fact, if this scenario is 
correct, objects in which the jet is at large angles to the line of 
sight, although weak at radio and optical frequencies, should 
be significant X-ray emitters. 

Previous work regarding bulk acceleration in astrophysical 
jets has been done by Marscher (1980) and Reynolds (1982). 
Marscher (1980) treats the simplest case of an adiabatic accel- 
erating jet and indeed finds that the observed spectrum is 
steeper when the jet is observed at small angles. Reynolds 
(1982) introduces an advanced treatment of hydrodynamic 
acceleration but neglects to consider explicitly the dependence 
of the observed spectra on viewing angle. 

In § II we give a detailed account of the adopted jet model 
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and approximate expressions for the observed synchrotron 
and inverse Compton spectra valid in limited spectral ranges. 
In § III we apply the model to the observed spectra of blazars. 
In § IV a general discussion of the results is given. 

II. BASIC ASSUMPTIONS AND FORMULAE 

A physical model for the jet is beyond the scope of this 
paper; therefore we will parametrize all functional depen- 
dences of the physical quantities along the jet axis with power 
laws and assume every quantity constant on surfaces normal to 
the jet axis. The shape of the jet is described by the dependence 
of the radius, r, of a cross section on the distance, Æ, from the 
central engine 

(1) 

where R0 and R0 are the initial values. The e parameter defines 
the geometry of the jet, € = 1 corresponding to a truncated 
cone, and e < 1 to a paraboloid. Hydrodynamic consider- 
ations (Blandford and Rees 1978; Reynolds 1982) show that in 
the region, R < Rly where the flow undergoes bulk acceler- 
ation € < 1 and in the region after the terminal velocity is 
reached e^l. 

For simplicity, the relativistic electron distribution N(y) is 
assumed to be a unique power law: N(y) = Ky~p with the same 
slope p throughout the source, between y = 1 and a maximum 
value ymax which is allowed to vary with x as well as the density 
parameter K and the magnetic field B. We therefore have 

7max = 7max(^o)^“£e ? (2) 

K = K0x-£n; (3a) 

T = aTrK = T0x~£{n~1) ; (3b) 

B = B0x
£m. (4) 

In equation (3a) aT is the Thomson cross section. Consequently 
the local synchrotron spectrum is a power law of index a0 = 
(p — l)/2 up to a maximum synchrotron frequency 

vmax = v^Ro)*-" , (5) 

where r¡ = e(2e + m). In our model r\ is assumed to be positive, 
corresponding to the largest frequencies being produced at the 
base of the jet (see, e.g., Königl 1981 for a different choice). 

The variation of the bulk Lorentz factor F with R is also 
described by a power law 

Y = xg . (6) 

The observed synchrotron luminosity from a cross section of 
the jet of thickness dx = (dR/R0) is given by 

dLs(v) = 4n2ejv, x)Rl x2e[<5(x, dj]2+xdx , (9) 

where ¿(x, Ö) is the usual Doppler factor 

Ô = {F(x) - [F2(x) - 1]1/2 cos 0} -1 . (10) 

The dependence of dLs(v) on x, apart from the Doppler 
factor, can be summarized with an index ^ which incorporates 
the dependences of the magnetic field B and the relativistic 
particle density X on R so that 

dLs(v) = 47t2€s(v, 1)RoX^_1[<5(x, 0)]2+adx , (11) 

where 
£ - 1 = e[2 - n - m(l + a0)] . (12) 

For constant ¿-factor (i.e., without acceleration), the sign of ^ 
determines whether most of the observed flux is produced in 
the inner (£ < 0) or outer (^ > 0) part of the jet. 

The synchrotron spectrum from the whole jet is obtained by 
integration 

Ls(v) 
J'X2(V) 

d 
Xl(v) 

dLs(v) 
'xiM 

= 4712Rq€s(v, 1)v-‘° 
*2(V) 

x^—1 [<5(x, $)] ^+ao dx . (13) 
J*l(v) 

Since the emission below the synchrotron self-absorption fre- 
quency vm can be neglected, the lower limit x^v) is the largest 
between 1 and the distance at which ¿(x^v^Xi) = v. Analo- 
gously x2(v) is the minimum between the maximum extension 
of the jet, xmax, and the distance at which the maximum syn- 
chrotron frequency ¿ta^maxfe) = v- 

The self-Compton (hereafter IC) luminosity can be found in 
a way that is analogous to the synchrotron luminosity. We 
adopt here the simplifying assumption that the locally produc- 
ed photons dominate the radiation energy density (local 
approximation). This assumption is discussed in Paper I, 
where it is shown to be a sufficient approximation for all cases 
of interest here. We also refer to Paper I for the relevant formu- 
lae, from which the specific luminosity Lc(v) due to the 
Compton process can be derived 

Lc(v) = -A(oío)t0K0B
1

0
+*<>RIv-°<’ 

pV^x, 0)]2+‘oinN^~hx . (14) 
Jjci(v) LviWJ 

Because of the radial dependences of the magnetic field and 
of the particle density, the self-absorption frequency vm is a 
function of position 

Vm = vm(R0)x~km , (7) 

where km = 2e[n + m(1.5 + a0) — l]/(5 4- 2a0) (see, e.g., Paper I). 
The synchrotron emissivity es(v, x) between the self- 

absorption frequency vm and the maximum synchrotron fre- 
quency vmax is given by 

€s(v, x) = ^7^ KoBl+*ox-»-m(l+*o)v-*o ; (8) 
471 

where c^oco) takes the value 3.6 x 10"19 for a0 = 0.5 (see, e.g., 
Blumenthal and Gould 1970). 

The factor A(oc0) is listed in Paper I [,4(0.5) ~ 1.4], vl5 v2 are the 
extreme frequencies of the synchrotron spectrum contributing 
at a given inverse Compton frequency v. For the cases of inter- 
est here, they can be approximated by v2(R) = vmax(R) and 
Vi(R) = vm(R). 

The parameter / = <!; + e(l — n) has for the Ic emission same 
role as ^ for the synchrotron one: / > 0 means that the outer 
regions of the jet are mostly contributing at the frequency v, if 
¿(x) is constant. For the general case, the limits of integration 
are complicated and can be found, e.g., in Paper I. For the 
cases of interest here and for frequencies in the X-ray range, 
they coincide with the minimum and maximum size of the jet. 

To illustrate the effects of the gradients of the physical 
parameters on the resulting spectra, let us consider the case of 
a0 = 0.5, m = 1 and n = 2. a = 0.5 corresponds to p = 2 which 
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Fig. 1.—The synchrotron (upper three tracings) and inverse Compton (lower three tracings) emission spectra from a relativistic jet, described by the parameters 
reported in Table 1. The curve referring to the intrinsic (unbeamed) emission (# = 0 in Table 1) is labeled “ u The other curves represent the observed spectra for 
different angles of view when bulk acceleration is introduced in the inner region of the jet (g = 0.2 in Table 1). 

is the equilibrium solution of the particle spectrum for contin- 
uous injection of high-energy particles (see, e.g., Kardashev 
1962); m = 1, n = 2 correspond to a constant ratio of magnetic 
to particle energy density throughout the source. We further 
choose vmax(l) = 2 x 1018 Hz, e = 0.5, and g = 0, correspond- 
ing to no acceleration. As in Paper I, we assume the jet to be of 
parabolic shape in the inner part (x < 103), with e = 0.5, and of 
conical shape with e = 1 in the external region (x > 103). 

For the inner, parabolic zone, Ç = 0.25 and equation (13) 
gives Ls(v) oc v~(ao+m for v > vfe, where vb is the maximum 
synchrotron frequency emitted by the largest region of the 
paraboloid. Since rj = 1, the spectrum is steepened by 
Aa = 0.25 above v,, = ~ 1015 Hz. 

In the conical zone ^ = —0.5, so that the inner regions 
dominate the emission down to their self-absorption frequency. 
From equation (13) we have Ls(v) oc v-(ao+^/km), which, for 
m = 1, n = 2, and e = 1 gives a flat spectrum of index zero, 
independent of the value of a0. Thus the overall synchrotron 
spectrum is characterized by the three spectral indices : athick = 
0, a0 = 0.5, and ol1 = 0.75, with the breaks at the self- 
absorption (v J and maximum (vmax) emitted frequency of the 
transition region of the jet, connecting the paraboloid and the 

TABLE 1 
Parameters of the Models Shown in Figure Ia 

Region 1 < x < 103 103 < x < 106 

m   1 1 
n   2 2 
e   0.5 1 
ri   1 2 
g   0,0.2 0 
  0.25 -0.5 

/b   -0.25 -1.5 
a In Fig. I B0= 103 and t0 = 10 3 have been used. 
b £ = 1 — €[n + m(l + a) — 2], / = £ — e(n - 1). 

cone. Variability time scales should, in this model decrease 
with increasing frequency, since only the smallest regions emit 
the highest frequencies. 

For the inverse Compton emission we find / = —0.25 in the 
parabolic region, and l = —1.5 in the cone. Thus in both cases 
the IC flux derives mostly from the inner jet. In the range 1-10 
keV it is characterized by the spectral index a0 = 0.5. The com- 
puted synchrotron and IC spectra are reported in Figure 1 and 
the relevant parameters are reported in Table 1. 

Now let the plasma be accelerated according to equation (6) 
in the region where the jet shape is parabolic. This hypothesis 
is at least consistent with simple hydrodynamic models 
(Marscher 1980; Königl 1981). In this case the spectrum 
depends on the angle of view, and the integral in equation (13) 
cannot be expressed analytically. However analytic results can 
be obtained for v > in the limiting cases of 0 ~ 0° or 0 ~ 90°, 
since ¿(0°) ~ F and ¿(90°) ~ 1/F, for F > 1. Let us call 2 = 
g(2 + a0). If (^ > 2, for frequencies v > vb, where vb is defined as 
before (but taking into account the Doppler correction), equa- 
tion (13) yields the spectral indices 

«(0 = 0°) = a0 + , (14a) 
>1 

a(0 = 90°) = a0 + , (14b) 
n 

while, if £ < 2 

a(0 = 90°) = a0 . (14c) 

Due to the dependence of the Doppler factor on R, the contri- 
bution of the outer regions is enhanced for observers at small 
angles and reduced for observers at large angles, while that of 
the innermost regions is unaffected. Correspondingly, the spec- 
tral indices in the range v < vh are respectively steeper (eq. 
[14a]) and flatter (eq. [14b]) than in the case of no acceler- 
ation. 
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The full spectra numerically computed for A = 0.5 are shown 
^ in Figure 1. At low frequencies the “flat” spectrum is main- 
§ tained because outside the parabolic region the Doppler factor 
S is assumed to be constant and the spectral shape is roughly 
2 independent from the viewing angle. 

For the IC emission the effect is similar despite the fact that 
the intrinsic IC emission is stronger from the inner regions 
where beaming is weak. In fact, for small angles of view, the 
boosting effect reverses the dominance of the inner regions 
over the outer ones, since, in the parabolic region, 2 + / > 0. 

III. APPLICATION TO BLAZARS 

For all blazars (33 objects) observed in the UV band with the 
IUE satellite before 1983 December a collection of data includ- 
ing radio, optical, UV, and X-ray flux densities, and infrared, 
optical and UV slopes was studied by Ghisellini et al (1986). In 
an accompanying paper, Maraschi et al (1986) considered all 
blazars (75 objects) observed in the X-ray band, 52 of which 
have known redshifts. Because of the large percentage of 
sources with known distance, the luminosity distribution in 
different bands could be studied. Both samples contain objects 
discovered by radio surveys (radio-selected objects) and a 
minority of sources that have been or could have been dis- 
covered from X-ray observations (X-ray-selected objects). The 
main conclusions drawn from these papers, for which we seek 
here an interpretation are the following : 

1. Radio-selected blazars have steeper broad-band energy 
distributions than X-ray-selected ones. This statement holds 
also within the IR, optical, and ultraviolet ranges. This result is 
illustrated in Figure 2, where the average spectra of radio- and 
X-ray-selected objects are schematically reported. 

2. Both classes have the same mean X-ray luminosity, but 
they differ by two orders of magnitude in the mean radio 
luminosities, the X-ray-selected ones being underluminous. 

3. The “ classical ” radio-loud blazars may not be typical of 
the class of blazars as a whole, representing only a minority of 
sources in terms of absolute space density. 

Our aim is to reproduce the average observed spectra 
reported in Figure 2 with a unique set of parameters and differ- 
ent angles of view. The simple parameter choice discussed for 
illustration purposes in the previous section is not adequate for 
this scope. Comparing Figures 1 and 2 we see an important 
discrepancy in the optical infrared range where the model 
spectra have the same spectral index while the observed ones 
are significantly different. Therefore the effects of acceleration 
must be present in the region of the jet emitting at Optical and 
infrared frequencies. At the same time a significant steepening 
is observed, both for radio-selected and X-ray-selected objects, 
from the IR to the ultraviolet band. 

In terms of our model the observed steepening requires that 
Áa+=(£ + 2)/7/ as well as Aol~ = (Ç — Á)/r¡ increase with 
decreasing size (increasing frequency). This cannot be obtained 
by increasing L The parameter rj is constrained by the 
observed time scale at different frequencies. Imposing 1 hr 
(R ~ 1014 cm) in the X-rays (v = 1018 Hz) and 1 day 
(R ~ 3 x 1015 cm) in the ultraviolet (v = 1015 Hz), one deduces 
that the value of rj must be near to 2, at least for 1 < x < 50. 
For larger values of x, rj should be smaller, otherwise the 
maximum frequency rapidly approaches the self-absorption 
frequency and the emission is quenched. Therefore a larger Aa 
cannot result from a decrease of rj with increasing frequency. 
The only viable choice is then to increase £, i.e., to split the 
inner region in two parts with larger Ç in the innermost one. 

The results of models of this type are shown in Figure 3 
where for simplicity we do not include the outer region 
(x > 103) responsible for the radio emission. The relevant 
parameters for these models are reported in Table 2. Assuming 
that the bulk Lorentz factor F increases steadily with distance 
(for 1 < x < 103) one obtains the synchrotron spectra shown 
in Figure 3a. Comparing these with the observational results 
reported in Figure 2 one sees that the infrared to X-ray energy 
distributions are reasonably well reproduced. The observed 
monochromatic luminosities fall in between the curves for 
aspect angles of 20° and 60°. In order not to produce excessive 

Fig. 2.—The average monochromatic luminosities and spectral slopes of a sample of blazars as derived by Ghisellini et al. (1986) and Maraschi et al. (1986) are 
shown separately for radio-selected {upper points) and X-ray-selected objects {lower points). 
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TABLE 2 
Parameters of the Models Reported 

in Figure 3 

Region 1 < x < 50 50 < x < 103 

m  0.5 1 
n   1.25 2 
6   0.5 0.5 
r¡   1.5 2 
g   0.2 0.2 
<f   1 0.25 
/a   0.88 -0.25 
m  0.5 1 
n   1.25 2 
e   0.5 0.5 
r]    1.5 2 
g   0 0.3 
f   1 0.25 
/a   0.88 -0.25 

1 1.5 
0.5 1.25 
0.5 0.5 
1.5 2 

g   0.2 0.2 
   1 0.25 

/a   1.25 0.13 

Note.—The first set of parameters refers to Figures 
3a and 3c, the second to Fig. 3b, and the third to Fig. 
3d. For all models B0 = 103 and t0 = 10“3 have been 
used. 

a £ = 1 - €[n + m(l + a) - 2],/ = £ - c(n - 1). 

anisotropy the acceleration must be very slow (g = 0.2). 
We have also considered the possibility that the innermost 

X-ray-emitting region is associated with the isotropic core and 
acceleration starts at somewhat larger distances, in between 
the X-ray and ultraviolet emitting regions. The result is illus- 
trated in Figure 3b, where, with all the other parameters fixed 
as in Figure 3 a, acceleration has been introduced only for 
50 < x < 103, but with a larger value ofg(g = 0.3). 

It is useful to illustrate here also the role of the other impor- 
tant parameters. The £ parameter results from a combination 
of the exponents n, m, and e, describing, respectively, the radial 
dependence of the relativistic particle density, the magnetic 
field, and the cross-sectional radius of the jet (see § II). For the 
shape of the convoluted synchrotron emission the value of £ is 
more important than the separate values of n, m, and e. 
However, m and n determine the magnetic field and particle 
density and therefore the synchrotron self-absorption fre- 
quency. Therefore some dependence on the values of these 
parameters is also present. 

Especially sensitive to the magnetic field behavior is the self- 
Compton emission: this is determined by the initial values of 
the magnetic field and particle density and also by the radial 
dependences given by n and m. If B decreases too rapidly (large 
m) the self-Compton emission contribution becomes excessive. 

The IC spectra for the model reported in Figure 3a are 
shown in Figure 3c. Figure 3d shows the results of a model 
which differs from that of Figure 3c only in the radial decay of 
the magnetic field and particle density which are chosen in 
both cases so as to give the same value of ^ In fact, the syn- 
chrotron spectra of the two models are indistinguishable, but 
the one in which the field decays more rapidly yields an IC 
contribution largely in excess of the observational limits. 

In discussing the agreement of computed models with the 
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average spectra reported in Figure 2 one should know to what 
average aspect angles the two samples of radio-selected and 
X-ray-selected objects correspond. For a complete sample the 
angle could be computed given a model for the anisotropy. 
However, the samples from which the average spectra were 
derived, although objectively chosen, are not complete. Note 
that, even if the X-ray emission were isotropic, which would 
imply that pure X-ray selection is unbiased with respect to 
angle, the procedure of optical identification adopted in most 
cases requires a radio flux, although weak, and an optical con- 
tinuum from the nucleus of the galaxy. Thus the identification 
procedure introduces a bias in favor of smaller angles, which is 
not easily quantifiable. In view of these uncertainties we will 
simply assume that for X-ray-selected objects the average 
aspect angle is between 90° and 60° while for the radio-selected 
ones it is between 20° and 0°. 

The models selected to account for the observed average 
spectra are presented in Figure 4. As argued above, the suc- 
cessful models must include at least three regions, whose 
boundaries we keep fixed: 1 < x < 50 (region 1), 50 < x < 103 

(region 2), 103 < x < 3 x 106 (region 3). The minimum size R0 
is also fixed at 1014 cm by the constraint that the minimum 
variability time scale in the X-ray band is Ih. All the physical 
quantities vary continuously throughout the jet. Only the gra- 
dients are discontinuous at the boundaries of the regions. 

Figures 4a and 4b show the synchrotron and inverse 
Compton spectra for the case in which acceleration is assumed 
to occur continuously in regions 1 and 2. The relevant param- 
eters are reported in Table 3. They differ for the different values 
of m and n, chosen to let the IC flux come from the interme- 
diate region in the model of Figure 4a, and from the most 
extended zone for the model of Figure 4b. 

Figure 4c shows the results for the case in which acceleration 
is present only in region 2. The main difference between the 
two classes of models is in the as yet unobserved spectral 
region between the far ultraviolet and soft X-rays. In this range 
the second class of models yields a flattening of the synchro- 
tron spectrum for small aspect angles, which is impossible in 
the first one. As shown in Figure 2, a flattening is suggested by 
the comparison of the X-ray flux with the extrapolation of the 
UV spectrum for the radio-selected BL Lac objects which are 
supposedly observed at small angles. Alternatively a flattening 
in the EUV-soft X-ray region could be attributed to a 
Compton contribution which is present in both classes of 
models. However, if the flat spectrum is due to the inverse 
Compton process, it is expected to extend up to the hard 
X-rays. 

A general feature of the selected models is that, while the 
synchrotron emission in the X-ray band derives from the most 
compact region of the jet and is therefore quasi-isotropic, the 
X-rays produced through the IC process originate predomi- 
nantly in the outer regions and are therefore beamed. Thus for 
small sight angles the IC X-rays may be important, while for 
large sight angles synchrotron X-rays contribute predomi- 
nantly to the observed flux. 

IV. DISCUSSION 

The proposed model can account for the difference in spec- 
tral shapes of radio-selected and X-ray-selected blazars. It may 
seem that this is done in terms of a large number of parameters. 
On the other hand each homogeneous SSC model must specify 
the volume, the density and energy distribution of electrons 
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TABLE 3 
Parameters of the Models Reported in Figure 4 

Region 1 < x < 50 50 < x < 103 103 < x < 3 x 106 

n . 
€ . 
n 
g 

/a. 

m 
n . 
€ . 

g 
e 
/a . 

m 
n . 
€ . 
n ■ 
g • 

/a . 

0.5 
1.25 
0.5 
1.8 
0.15 
1 
0.88 

0.5 
1.25 
0.5 
1.8 
0.15 
1 
0.88 

0.5 
1.25 
0.5 
1.5 
0 
1 
0.88 

1 
1.5 
1 
1.2 
0.15 
0 

-0.5 

1.5 
0.75 
1 
1.2 
0.15 
0 
0.25 

1 
2 
0.5 
2 
0.3 
0.25 

-0.25 

1 
1.5 
1 
1.2 
0 
0 

-0.5 

1.5 
0.75 
1 
1.2 
0 
0 
0.25 

1 
1.5 
1 
1 
0 
0 

-0.5 

Note.—The first set of parameters refers to Fig. 4a (for which BQ — 700 and 
t0 = 5 x 10-4), the second to Fig. 4b {B0 = 5 x 103 and t0 = 2.5 x 10“5), and 
the third to Fig. 4c {B0 = 103 and t0 = 3 x 10 “4). 

a £ = 1 - €[n + m(l + a) - 2],/ = £ - e(n - 1). 

and the magnetic field. Here we have three regions in which 
these physical quantities vary according to power laws. Thus 
the model is equivalent to three discrete SSC components 
which can be joined monotonically. 

A description in terms of a number of components which 
may be associated with shocks in the flow may be closer to 
reality in specific objects. However, the regularity of the 

observed spectra demands well defined relations between the 
components. Our continuous description should then be rele- 
vant. 

The requirement that the observed differences between the 
overall spectra of X-ray-selected and radio-selected BL Lac 
objects is solely due to orientation effects imposes stringent 
conditions on the properties of relativistic jets. We require a 
first region in which the rest frame synchrotron power per unit 
frequency Ps(v) increases with increasing distance along the jet, 
followed by two regions in which Ps(v) is nearly constant and 
eventually decreases with increasing distance. 

The main bulk accleration occurs throughout the first and 
second or possibly only in the second region, reaching bulk 
Lorentz factors F ^ 3-5. If the smallest dimension is 1 light 
hour, the magnetic field must be of the order of 300-1000 G 
and slowly decreasing with radius. The density of relativistic 
electrons at the core is 107-108 cm-3 with maximum energy 
for the individual electrons of ~ 104 MeV. The lifetime of such 
electrons is much shorter than the crossing time, so that they 
must be replenished continuously by an acceleration mecha- 
nism, as first emphasized by Blandford and Rees (1978). Thus 
one cannot think of the flow as adiabatic, which constitutes, a 
posteriori, a justification for our empirical approach. 

The ratio UB/Ue of the magnetic energy density to rela- 
tivistic electron energy density is much greater than unity for 
the inner part of the jet for all the models of Figure 4. This 
dominance of the magnetic field is maintained throughout the 
entire jet for the models in Figure 4a and 4c, while the model in 
Figure 4b in which we force a large Compton contribution 
from the extended component results to be particle dominated 
in this region. The general dominance of the magnetic energy 
density is at least in agreement with the observed degree of 
polarization. The relativistic electrons in the inner part of the 
jet have roughly the same energy of protons at their virial 
temperature. Then proton densities of the same order of the 
relativistic electron density in the jet give the same pressure. 

Fig. 4a 
Fig. 4.—Synchrotron and Inverse Compton spectra from a relativistic jet observed at different angles for the model parameters reported in Table 3. Stars 

represent the observed average monochromatic luminosities of radio-selected {upper) and X-ray-selected {lower) Blazars (see Fig. 2). {b) differs from (a) mainly in the 
Inverse Compton emission, (c) Refers to a case in which bulk acceleration occurs within 50 < x < 103. In all cases x = R/R0 with R0 = 1014 cm. 
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This proton density corresponds to an accretion rate of ~ 1022 

g s - \ orders of magnitude smaller than the critical one. Thus a 
modest accretion flow, if at the virial temperature, would be 
sufficient to confine the inner part of the jet. 

The adopted intrinsic particle distribution (p = 2 -► a0 = 
0.5) is consistent with the hypothesis of continuous injection of 
monoenergetic particles in the absence of electron-positron 
pair production. We do not expect pair effects to be very 
important for the physical parameters discussed above. In fact 
the total luminosity to size ratio is only marginally above the 
threshold for pair production in the innermost region and the 
fraction of the total luminosity emitted above 1 MeV through 
the Compton process in the inner region is ~50%, since the 

magnetic and radiation energy densities are nearly equal. Fur- 
thermore, pairs mainly contribute to the synchrotron emission 
at low energies, where self-absorption is important (see, e.g., 
Ghisellini 1987,1988). 

The model was constructed so as to explain the two average 
broad-band energy distributions. This implies that the lumin- 
osity profile has a maximum in the intermediate part of the jet, 
at a distance corresponding to x ~ 50-100. In so doing we 
were forced to assume that, in the X-ray band, where the 
luminosities cluster around a single average value, the 
maximum synchrotron frequency is reached. This condition 
determines the steepening which appears at the high-energy 
end of the synchrotron spectra. Thus the model predicts that 
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spectra within the X-ray range will be generally steep. Only in 
sources where the Compton contribution is important, X-ray 
spectra may be flatter, therefore the shape of the X-ray spec- 
trum will be a signature of the dominant emission process. We 
note that in the sample of objects bright enough to be observa- 
ble with the medium energy experiment of the EXOSAT satel- 
lite the X-ray spectra turn out to be rather steep, with an 
average energy spectral index of 1.5 (Maraschi and Maccagni 
1988). 

A general feature of the model is that in the X-ray range the 
importance of the Compton contribution depends on the 
angle. Compton radiation from the inner regions can be com- 
parable to the synchrotron emission. However, Compton radi- 
ation from the outer regions which are affected by Doppler 
boosting will be larger for sources seen head on and smaller for 
sources seen at large angles. Correspondingly the short time- 
scale variability which may be associated with the inner 
regions will be observable in sources seen from the side but 
masked by the contributions from beamed outer regions in 
objects seen at small angles. 

This can explain the peculiar behavior of some BL Lac 
objects, such as 0735 +178 (Bregman et al 1984), which shows 
faster variability in the UV band than in X-rays. If the pro- 
posed model is correct, the IC flux coming from the interme- 
diate regions of the jet can give a sizable contribution to the 
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X-ray band only for sources beamed at us (radio-selected), 
which, on average, are then predicted to show less rapid X-ray 
variability than X-ray-selected sources. The opposite will be 
true at low frequencies, where objects beamed at us are 
expected to exhibit larger and faster variability than unbeamed 
(X-ray-selected) ones. 

Since the maximum bulk Lorentz factors derived in this 
model are small, F ^ 3-5, for a given X-ray luminosity the 
number ratio of radio strong to radio weak objects is expected 
to be 20-100. This implies that, when the sample of X-ray- 
selected objects will be large enough, some radio strong objects 
should be found to belong to this group. 

In summary, the apparent simplicity of BL Lac spectra is 
interpreted as being due to the convoluted emission from a 
relativistic jet whose innermost regions at rest emit the highest 
frequencies, while outer regions, with increasing bulk velocity, 
emit lower frequencies. The observed broad-band energy dis- 
tributions strongly constrain the properties of such jets. The 
model predicts that rapid X-ray variability is associated with 
steep X-ray spectra, while objects with flat X-ray spectra are 
expected to be more variable at optical to radio frequencies. 
The absolute space density of radio strong objects (aro > 0.5) 
should be (1-5) x 10“2 of that of radio weak objects with the 
same X-ray luminosity. 

BULK ACCELERATION IN RELATIVISTIC JETS 
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