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ABSTRACT
We use multiwavelength spectra of core-dominated Ñat spectrum radio-loud quasars (FSRQs) to study

properties of jets in active galactic nuclei. From a comparison of the predicted bulk Compton radiation
with the observed soft X-ray Ñuxes, we Ðnd that these jets must be optically very thin. This eliminates
the importance of such processes as Coulomb interactions, pair annihilation, and bremsstrahlung
and determines the minimum distance from the black hole where a powerful jet can be fully devel-
oped (accelerated, collimated, and mass loaded). In the case of pair dominated jets, this distance is
?100GMBH/c2.

Further constraints on the parameters of a jet can be derived from luminosities and positions of spec-
tral peaks of low-energy (IR/optical) and high-energy (c-ray) radiation components, provided that both
are produced by the same population of electrons. Whereas there appears to be a consensus about the
synchrotron origin of the low-energy component, there is still debate about the mechanism of production
of c-rays. Most likely, they result from Comptonization of a soft radiation Ðeld by the same electrons
that produce synchrotron radiation. Such a soft radiation Ðeld can be provided by the synchrotron
process in a jet, by the accretion disk, and by a fraction of the disk radiation that is reprocessed/
rescattered by emission line clouds, dust, and intercloud medium. We show that for FSRQs, the pro-
duction of the high-energy radiation can be dominated by Comptonization of synchrotron radiation only
for jets with moderate bulk Lorentz factors or if external radiation Ðelds are much weaker than!

j
([3)

those observed in typical quasars. Furthermore, in synchrotron self-Compton (SSC) models, the rela-
tivistic plasma producing nonthermal radiation is constrained to be very weakly magnetized (B@\ 0.01
gauss) and located at very large distances (r D 1019 cm). These can impose problems with jet conÐne-
ment and with short observed timescale of variability. In the external radiation Compton (ERC) models,
the magnetic Ðelds are predicted to be much stronger (B@D 100 gauss), and nonthermal radiation can be
produced very closely to the black hole (r D 1016 cm), which alleviates the problems with plasma con-
Ðnement and short timescale variability. However, because of the close proximity to the black hole, the
constraints imposed by the bulk Compton radiation imply that the plasma must be free of e`e~ pairs.

Finally, we discuss the difficulties that existing models have in explaining the sharp spectral breaks at
MeV energies and postulate a ““ hot electron ÏÏ version of the ERC scenario for the production of MeV
peaks. We show that appropriate electron ““ temperatures ÏÏ (kT D 100 MeV) to produce the luminosity
peak at MeV energies by Comptonization of external UV radiation are achievable at subparsec distances
only for proton-electron plasmas.
Subject headings : galaxies : jets È gamma rays : theory È radiation mechanisms : nonthermal

1. INTRODUCTION

Studies of extended double radio structures in radio-loud
quasars show that they must be powered at a rate of 1046È
1047 ergs s~1 & Saunders Such a large(Rawlings 1991).
power can be provided only by the release of energy in the
innermost parts of an accretion disk & Payne(Blandford

or by fast-rotating black holes & Znajek1982) (Blandford
From radio observations on a parsec and larger1977).

scales we know that this energy is transmitted outward by
highly collimated relativistic jets. Perhaps the most detailed
study of these jets is a†orded via the interpretation of
observations of objects where the jets are believed to point
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closely to our line of sight. These objects are blazars, a class
of active galactic nuclei (AGNs) that encompasses Ñat spec-
trum radio quasars (FSRQs) as well as BL Lac objects (for a
review, see, e.g., Such jets, if starting near theSikora 1994).
black hole, are expected to undergo strong Compton inter-
actions with the surrounding dense radiation Ðelds. In par-
ticular, cold electrons streaming in a jet together with
protons at bulk Lorentz factors (which is a typical!

j
D 10

value inferred from VLBI measurements ; see, e.g.,
& Cohen are expected to produce strong-Vermeulen 1994)

beamed soft X-ray Ñux due to Comptonization of external
UV radiation & Sikora As a result,(Begelman 1987).
spectra of blazars should show prominent soft X-ray
bumps/excesses, which are not observed. This suggests that
at least in quasarsÈwhere UV radiation Ðelds are very
denseÈthe jets must be accelerated, collimated, and/or
mass loaded, over a much larger distance(Levinson 1996a)
range than the size of the central engine.

Further probing of the subparsec jets can be accom-
plished by the use of nonthermal spectra of FSRQs. These
spectra are dominated by two broad components : one at
low energies, peaking in the IR band, and another at high

108
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energies, peaking in the c-ray band, often at MeV energies
Montigny et al. see Highly polarized and(von 1995 ; Fig. 1).

variable infrared and optical radiation is successfully inter-
preted in terms of Doppler-boosted synchrotron radiation

& Rees & Ko� nigl while(Blandford 1978 ; Blandford 1979),
the most plausible mechanism of the c-ray production
seems to be Compton upscattering of lower energy
photons ; both processes are most likely due to electrons
with random relativistic energies ranging up to

Since the timescales of radiative energy losses103È105m
e
c2.

of such electrons are very short to both synchrotron and
Compton processes, the electrons must be accelerated in
situ, i.e., in the regions where they produce radiation. These
seed photons can be provided by the synchrotron radiation
in a jet & Gear(Rees 1967 ; Ko� nigl 1981 ; Marscher 1985 ;

& Maraschi by external sourcesGhisellini 1989), (Dermer,
Schlickeiser, & Mastichiadis & Schlickeiser1992 ; Dermer

Begelman, & Rees hereafter1993 ; Sikora, 1994, SBR;
& Levinson & BlandfordBlandford 1995 ; Levinson 1995),

and/or by jet synchrotron radiation reprocessed/rescattered
by external matter/clouds located very closely to the jet

& Madau(Ghisellini 1996).
The relative contribution of these soft radiation Ðelds as

““ seeds ÏÏ for Comptonization depends on their energy
density as measured in the comoving frame of the jet. As it
was demonstrated by and et al. in theSBR Sikora (1996),
case of quasars, the largest contribution appears to be from
the di†use external radiation Ðelds produced by
reprocessing/rescattering of the accretion disk radiation by
emission line clouds, dust, and intercloud medium. From
the measured luminosities and energies of the spectral peaks
of the low-energy (synchrotron) and the high-energy
(Compton) components, it is possible to estimate Poynting
Ñuxes and magnetic Ðeld intensities and then distances at
which most of the nonthermal radiation is produced, as well
as the maximum content of e`e~ pairs in the jets. We show
that these results are dramatically di†erent for synchrotron
self-Compton models (SSC) and external radiation
Compton (ERC) models.

Additional constraints on the relative importance of
various radiation models can be obtained from the X-ray
spectra and from the change of the spectral slope in the
vicinity of the MeV peaks. The average energy index of
X-ray spectra in FSRQs is a ^ 0.7 & Wilkes(Worrall 1990 ;

et al. et al. As wasKii 1992 ; McNaron-Brown 1995).
pointed out by & Madau such hardGhisellini (1996),
spectra cannot be reproduced by ERC models with pair
cascades (see for the discussion of the depen-Svensson 1987
dence of the spectral slope on the number of electron gener-
ations in the pair cascade process). With regard to the MeV
spectral break, in most cases, the slope change is *a¹ 0.5,
which can be explained by homogeneous version of ERC
model in terms of incomplete cooling of relativistic elec-
trons below certain energy. However, some FSRQs show
*aº 1 et al. et al.(McNaron-Brown 1995 ; Blom 1995 ;

et al. Such breaks accompanied by hardBloemen 1995).
X-ray spectra cannot be reproduced by any existing homo-
geneous model, unless one postulates an ad hoc break in the
electron injection function. c-ray spectra that are sharply
peaked in the MeV rangeÈaccompanied by hard X-ray
spectraÈcan in fact be explained by pair-free inhomoge-
neous models, but in such models, the relativistic electron
energy distribution must be Ðne-tuned to avoid any inten-
sive pair production at any distance, and the product of the

maximum electron energy in the region where MeV peak is
produced times must always be D103 MeV in order to!

jupscatter external UV photons up to MeV energies. Alter-
native possibility, which we postulate in this paper, is the
““ hot electron ÏÏ version of the ERC model, where the MeV
peak is produced by electrons that undergo very efficient
heating process such that at distances of 1017È1018 cm they
reach a ““ temperature ÏÏ of D100 MeV.

Our paper is organized as follows. In we compare the° 2,
soft X-ray Ñuxes predicted by the bulk Compton process
with the observations and derive constraints on the optical
thickness and distance where the AGN jet is formed. In ° 3,
we use the luminosities and locations of the two spectral
components in FSRQs to derive constraints on the SSC and
ERC models. In we review the difficulties that all exist-° 4,
ing models have in reproducing the large spectral breaks at
MeV peaks, and we propose a ““ hot electron ÏÏ version of the
ERC model to explain the extreme cases of the MeV
radiationÈdominated FSRQs. Our results are summarized
in ° 5.

2. SOFT X-RAYS VERSUS BULK COMPTON

RADIATION PREDICTIONS

We assume that the plasma Ñows in a steady jet, which
propagates at a constant bulk Lorentz factor and has!

jconical geometry with an opening angle weh
j
D 1/!

j
;

compare this conÐguration of a jet to that consisting of
individual ““ blobs ÏÏ in In addition to highlyAppendix B.
relativistic electrons and positrons (hereafter together called
electrons), the jet is very likely to contain electrons that are
cold (nonrelativistic in the jet frame). Streaming through
external radiation Ðelds, such cold electrons produce bulk
Compton luminosity (deÐned under an assumption of iso-
tropy, i.e., as where is the luminosity dis-L \ 4n d

L
2Fobs, d

Ltance to the source and is the measured Ñux)Fobs

L BC,em \
P
r&

K dE
e

dt
K
n
e
dV , (1)

where is the Compton energy losses rate of elec-o dE
e
/dt o

trons, is the number density of nonrelativistic electrons asn
emeasured in the black hole frame, dV ^ na2 dr is the

volume element, is the cross-sectional radiusa D rh
j
D r/!

jof a jet, r is the distance from the apex of the cone, and isr&the distance at which the jet is assumed to be not fully
developed yet, i.e., not sufficiently accelerated, collimated,
or mass loaded to contribute signiÐcantly to the bulk
Compton radiation.

Assuming that where is the Lorentz factor!
j
[!eq, !eqof the frame in which an external radiation Ðeld has zero net

Ñux at the jet axis et al. the electron energy(Sikora 1996),
losses can be approximated by the formula

K dE
e

dt
K
^ cpT!

j
2u

D
, (2)

where

u
D

\ mL UV
4nr2c (3)

is the energy density of an external di†use radiation Ðeld,
is the luminosity of the central source (which in quasarsL UVis dominated by UV radiation of an accretion disk), and m is

the fraction of UV radiation, which at a given distance r
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contributes to the di†use (isotropized by reprocessing
and/or rescattering) radiation Ðeld. For quasars, the frac-
tion m is expected to be D0.01È0.1. In the vicinity of the
black hole, m is determined by Thomson optical depth of
disk coronae/winds, while at larger distances, it is deter-
mined by the fraction of the central radiation converted to
broad emission lines by optically thick clouds, and to IR
radiation by dust. As was shown by et al. withSikora (1996),
all these quasar radiation components, up to dis-!eq \ 4
tances which justiÐes the use of the approximater D 104r

g
,

provided is the gravita-formula (2), !
j
[ 5 (r

g
\ GMBH/c2

tional radius).
Assuming that the Ñux of cold electrons is conserved

along the jet (no pair production or annihilation at r [
we have Using this in andr&), n

e
P 1/r2. equation (1)

inserting equations and we(2) (3), obtain6

L BC,em ^
n
e
(r&)r&p

T
mL UV

4
. (4)

The bulk Compton radiation is beamed along the jet axis ;
the observer, located at will seehobs D 1/!

j
L BC D

(see This luminosity should be2!
j
2 L BC,em Appendix A).

peaked at energy

hlBC ^ !
j
2 hluvD

A!
j

10
B2

keV , (5)

i.e., in soft X-rays, precisely where the c-ray dominated
blazars show strong deÐciency of radiation (see Fig. 1).

For a given distance r, the optical thickness to Thomson
scattering by cold electrons in the jet is given by q

j
^

Using the observational constraintn
e
ap

T
^ n

e
rp

T
/!

j
.

where is the observed luminosity atL BC¹ L SX, L SX lD lBC,it follows that

q
j
(r&) [ 0.02

L SX,46
(mL UV)45

A!
j

10
B~3

, (6)

where ergs s~1 andL SX,46 \ L SX/1046 (mL UV)45 \
ergs s~1.mL UV/1045

Thus, highly relativistic and collimated jets must be opti-
cally very thin, since high optical thickness predicts higher-
than-observed soft X-ray Ñux. This imposes serious
constraints on any radiation models that involve such pro-
cesses as pair annihilation, bremsstrahlung, and Coulomb
interactions. This is because in such thin plasmas, the time-
scales of these processes are much longer than the timescale
of plasma propagation in a jet & Blandford(Coppi 1990).

So far, we did not specify the normalization of the elec-
tron number density. Such normalization is provided by the
formula for kinetic luminosity of a jet, which in case of
inertia dominated by cold protons is(n

e
/n

p
\ m

p
/m

e
)

L
K

^ n
p
@ m

p
c3na2!

j
2D n

p
@ m

p
c3nr2 , (7)

where is the number density of protons in the jet com-n
p
@

oving frame. Noting that we haven
p
\ n

p
@ !

j
,

n
e
^

n
e

n
p

L
K

!
j

nm
p
c3r2 . (8)

is derived assuming Lm/Lr \ 0. However, the result6 Equation (4)
should be of the same order also for provided the dependence ofLm/Lr D 0,
m on r is weaker than the dependence of on r.n

e

Substituting this into the formula for for weL BC r \ r&,
obtain

L BC^ 2
n
e

n
p

r
g

r&

L
K

L Edd
mL UV !

j
3 , (9)

where Then, the conditionL Edd\ (4nm
p
c3/p

T
)r
g
. L BC ¹ L SXgives

r&
r
g

º 200
n
e

n
p

L
K

L Edd

(mL UV)45
L SX,46

A!
j

10
B3

, (10)

which implies that for powerful and pair-(L
K

D L Edd)dominated jets, overproduction of soft X-rays can(n
e
? n

p
)

be avoided only if (Note that forr&? 200r
g
. n

e
/n

p
[

the inertia of jet is dominated by cold electrons, andm
p
/m

e
,

the term in must be replaced by and thenn
p
@ m

p
eq. [7] n

e
@ m

e
,

the term in eqs. and must be replaced byn
e
/n

p
[8], [9], [10]

m
p
/m

e
.)

3. CONSTRAINTS DERIVED FROM THE

BROADBAND SPECTRA

3.1. SSC Model versus ERC Model
The broadband spectra of blazars consist of two promi-

nent, broad components, one at low energy, peaking in the
IR through optical bands, and another at high energy,
peaking in c-rays (see While the low-energy com-Fig. 1).
ponent is most likely produced by synchrotron radiation

& Rees & Ko� nigl the(Blandford 1978 ; Blandford 1979),
high-energy component is presumably produced by an
inverse Compton process, and thus the emission in both
components requires relativistic electrons. The seed
photons for the Compton process can be provided either by
synchrotron radiation in a jet or by external sources (see ° 1
and the review by The criterion determiningSikora 1994).
which radiation Ðeld dominates in the Compton energy
losses of relativistic electrons can be derived from the com-
parison of energy densities of these radiation Ðelds in the
comoving frame of the jet. Noting that energy density of the
synchrotron radiation is

u
S
@ ^

L
S

4na2c!
j
4D

L
S

4nr2c!
j
2 , (11)

where is the luminosity of synchrotron radiation, andL
Sthat the energy density of radiation Ðelds provided by exter-

nal sources is where is given byu
D
@ D !

j
2 u

D
, u

D
equation (3),

we Ðnd that SSC mechanism can dominate over ERC only
if

!
j
\
A L

S
mL UV

B1@4
^ 3
C L S,47
(mL UV)45

D1@4
, (12)

or

m \ 10~3 L S,47
L UV,46

A!
j

10
B~4

. (13)

Since in quasars the reprocessed/rescattered continuum
can easily provide ergs s~1, while sta-mL UV D 1044È1045
tistical analyses & Urry &(Padovani 1992 ; Maraschi
Rovetti and VLBI observations & Cohen1994) (Vermeulen

give the production of c-rays in jets of FSRQs1994) !
j
[ 5,

is most likely dominated by the ERC mechanism.
It should be emphasized here that andequation (11),

therefore apply for both steadyconditions (12) and (13),
sources and moving patterns (““ blobs ÏÏ) (see Appendix B).
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FIG. 1.ÈSchematic representation of a spectrum of an MeV blazar

3.2. Other Constraints on SSC models
3.2.1. Poynting Flux

If both high-energy and low-energy spectral components
are produced by the same population of relativistic elec-
trons, and the production of high-energy radiation is domi-
nated by the SSC process, then

L
C

L
S
D

L
C
@

L
S
@
D

u
S
@

u
B
@

, (14)

where is the energy density of magnetic Ðeld.u
B
@ \ (B@)2/8n

Equations and thus give(11) (14)

u
B
@ ^

1
4nr2c!

j
2

L
S
2

L
C

, (15)

which, in the case of steady Ñow, determines the Poynting
Ñux

L
B
^ cu

B
@ na2!

j
2^ cu

B
@ nr2^

1
4!

j
2

L
S
2

L
C

^ 2.5] 1043 L
S,472

L
C,48

A!
j

10
B~2

ergs s~1 . (16)

Thus, luminosities of high- and low-energy components in
the c-rayÈradiationÈdominated FSRQs can be explained in
terms of the SSC model only for very weakly magnetized
jets, with about 3 orders of magnitude lower than theL

Bpower that must be delivered to the radio lobes in radio-
loud quasars & Saunders(Rawlings 1991).

3.2.2. Electron Energies and Magnetic Fields

Using d-approximations for photon energies at lumi-
nosity peaks, and (see one can derive thehl

S
hl

C
Fig. 1),

energies of electrons that produce these peaks, and mag-c
b
@ ,

netic Ðelds in the region where the peaks are produced (see,

e.g., Maraschi, & Dondi For photons pro-Ghisellini, 1996).
duced by synchrotron radiation we have

hl
S
@ ^ (c

b
@ )2(B@/Bcr)me

c2 , (17)

and for photons resulting from Compton upscattering of
synchrotron photons we have

l
C
@ ^ (c

b
@ )2lsS@ , (18)

where andl
S
@ ^ l

S
/!

j
, l

C
@ ^ l

C
/!

j
, Bcr4 m

e
2 c3/+e^ 4.4

] 1013 gauss. These equations give

c
b
@ ^
Al

C
@

l
S
@
B1@2

^ 104
Al

C,21
l
S,13

B1@2
, (19)

and

B@ ^
hl

S
@ /m

e
c2

(c
b
@ )2 Bcr ^ 4 ] 10~3 l

S,132
l
C,21

A!
j

10
B~1

gauss , (20)

where Hz and Hz.l
S,13\ l

S
/1013 l

C,21 \ l
C
/1021

3.2.3. Distance, Pair Content, and Variability T imescales

Combining with orequation (20) equation (15) equation
one can Ðnd that the distance at which the synchrotron(16),

and Compton luminosity peaks are produced is

rSSC ^ 2 ] 1019 l
C,21

l
S,132

L S,47
L C,481@2 cm . (21)

This is for a black hole with mass D109D105r
g

M
_

.
At such distances, the models of even strongly pair-

dominated jets are so optically thin that they do not over-
produce soft X-rays due to bulk Compton radiation (see

However, provided the jet is fully developed already at° 2).
the pair content must decrease withr& > rSSC, (n

e
/n

p
)

decreasing distance, down to the value determined by the
condition given by equation (6).

At distances given by the shortest varia-equation (21),
bility timescale, as limited by the transverse size of the
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source, is

tobs,&^
a

c!
j
D

r
c!

j
2 D 3 ] 106rSSC,19

A!
j

10
B~2

s . (22)

The above limit comes independently from the minimum
di†erence of optical paths of photons emitted from two
opposite sides of a jet, and fromtobsZ a sin hobs/c^ a/c!

j
,

causality considerations, With thistobs^ t@/!
j
º a/c!

j
.

limit, the SSC model cannot be applied to explain the c-ray
Ñares, which are often observed on timesscales shorter than
D1 week.

3.3. Constraints on ERC Models
3.3.1. Poynting Flux

In the case of ERC model we have

L
C
@

L
S
@
D

u
D
@

u
B
@

, (23)

but in contrast to the case of the SSC model, here in general
This is because the ERC radiation is moreL

C
/L

S
D L

C
@ /L

S
@ .

collimated than the synchrotron radiation (see Dermer
Noting, however, that practically the whole radiation1995).

is beamed quasi-uniformly within the e†ect of theh
j
D 1/!

j
,

additional collimation in the ERC process is expected to be
signiÐcant only for and the relationhobs [ 1/!

j
, L

C
/L

S
D

can be applied for any observers located atL
C
@ /L

S
@ D u

D
@ /u

B
@

Combining this relation with the formula forhobs[ 1/!
j
. u

D
@

multiplied by we Ðnd that(eq. [3] !
j
2)

u
B
@ ^ !

j
2 mL UV

4nr2c
L
S

L
C

. (24)

For steady Ñows, givesequation (24)

L
B
^ cu

B
@ nr2^ 2.5] 1045 (mL UV)45 L

S,47
L
C,48

ergs s~1 , (25)

which is about 2 orders of magnitude greater than in the
case of the SSC model.

3.3.2. Electron Energies and Magnetic Fields

In the case of the ERC model we have

l
C
^ (c

b
@ !

j
)2lUV , (26)

which gives

c
b
@ ^

1
!
j

A l
C

lUV

B1@2 \ 0.6] 102
A l

C,21
lUV,15.5

B1@2A10
!
j

B
, (27)

and from equations and we obtain magnetic Ðeld(17) (27)
intensity

B@ ^
hl

S
@ /m

e
c2

(c
b
@ )2 Bcr ^ 102 l

S,13 luv,15.5
l
C,21

!
j

10
gauss . (28)

Note that this magnetic Ðeld is roughly 4 orders of magni-
tude greater than that obtained for the SSC model (eq.
[20]).

3.3.3. Distance, Pair Content, and Variability T imescales

Combination of equations and or(28) equation (24)
givesequation (25)

rERC ^ 1016 l
C,21

l
S,13 lUV,15.5

C(mL UV)45 L
S,47

L
C,48

D1@2
cm . (29)

This is for the black hole of mass 109 about 3D102r
g

M
_

,
orders of magnitude smaller than mainly due to muchrSSC,larger magnetic Ðelds predicted in the ERC model than in
SSC model (note that r P L

B
1@2/B@).

At such small distances, the condition (withrERC [ r&given by can be satisÐed only ifr& eq. [10])

n
e

n
p
\

1
2r

g,14

l
C,21

l
S,13 lUV,15.5

L Edd
L
K

L
S,471@2 L SX,46

L
C,481@2 [(mL UV)45]1@2

A!
j

10
B~3

,

(30)

where cm. This implies that jets in a viabler
g,14 \ r

g
/1014

ERC model must be free of pairs.
Minimum observed variability timescales due to the radi-

ation emitted at distances as given by areequation (27)

tobs,& D 3 ] 103rERC,16
A!

j
10
B~2

s , (31)

sufficiently short to explain the rapid Ñaring activity
observed in FSRQ.

4. THE MeV BREAK

4.1. MeV Break in Compton Models
One of the strongest constraints on the emission models

of blazars is the spectral break (4change of the power-law
index) at the frequency where the luminosity peaks. Such
breaks can have di†erent origins : they can be related to the
break in the electron injection function, as is assumed in
homogeneous SSC models et al.(Ghisellini 1996 ;

et al. they can result from incompleteMukherjee 1996) ;
cooling of relativistic electrons below a given energy, as is
predicted by the homogeneous version of ERC model by

they can reÑect the electron spectrum shaped by theSBR;
pair cascade process, as in the inhomogeneous ERC model
suggested by & Levinson and, Ðnally,Blandford (1995) ;
they can correspond to the maximum injected electron
energies at a distance where luminosity peaks are produced,
provided such inhomogeneous models do not involve pair
cascades.

The most severe constraints on nature of the spectral
breaks come from the c-ray observations. There, the spec-
tral breaks, observed directly or deduced from extrapo-
lation of the EGRET and X-ray spectra, have a remarkably
““ stable ÏÏ location, usually in the 1È30 MeV range (see, e.g.,

Montigny et al. Noting that in the homogeneousvon 1995).
SSC models the photon energy at the Compton peak is

while in the homogeneous ERC models it isP(c
b
@ )4B@!

j
,
this apparent stability of the location of the MeVP(c

b
@ )2!

j
2,

breaks seems to require more Ðne-tuning (as applied to indi-
vidual sources) of the parameters of the SSC models than of
the ERC models.

Natural explanation of the location of the MeV spectral
break is provided by an inhomogeneous version of the ERC
model proposed by & Levinson In theirBlandford (1995).
model, the high-energy spectrum is produced by a Compton
pair cascade, with the c-ray portion above D10 MeV
resulting from a superposition of di†erential spectra pro-
duced over several decades of distance. These di†erential
spectra have cuto†s due to c-c pair production on external
X-rays, and, since the compactness of the external radiation
drops with a distance, the energy of these cuto†s increases
with distance. Hence, according to this model, the location
of the break at MeV energies is determined by the position
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of the high-energy cuto† of the spectrum produced by pair
cascades at smallest distances. However, as was already
pointed out by & Madau pair cascadesGhisellini (1996),
produce X-ray spectra with the slopes which isa

X
º 0.75,

larger than observed in most FSRQs & Wilkes(Worrall
et al. et al. Another1990 ; Kii 1992 ; McNaron-Brown 1995).

difficulty with such a model is related to the constraint on
the pair content ; again, as discussed in this arises from° 2,
the FSRQ spectra and, speciÐcally, from the absence of soft
X-ray excesses predicted via the bulk Compton process.
This problem can conceivably be resolved by postulating
moderate bulk Lorentz factor but this would be in([3),
conÑict with the uniÐed scheme for FR II objects by pre-
dicting too many quasars with strong MeV peaks.

The prediction of the softer-than-observed X-ray spectra
in the context of the inhomogeneous ERC models can be
avoided if pair production is not involved. Then the X-ray
slope and the MeV break correspond directly to the elec-
tron injection function at the base of the radiatively active
region in a jet, whereas the slope of the c-ray spectrum at
[10 MeV depends on a distance distribution of both elec-
tron injection power and maximum electron energies.
However, in this case, the position of the spectral break at
MeV energies requires Ðne-tuning of the maximum energy
of electrons (to the value given by to correspond toeq. [27])
the spectral region where the luminosity peaks are pro-
duced.

The homogeneous ERC model predicts that the break
arises because of incomplete cooling of lower energy elec-
trons, and its location can be made consistent with obser-
vations, provided that radiation is produced at distances
1017È1018 cm from the central source These particu-(SBR).
lar distances can be related to the distance atD!

j
2 c*t

which disturbances, separated by time *t and propagating
with a Lorentz factor di†erent by collide and dissi-*!D!

jpate their energy In such a scenario, *t determines(SBR).
the timescale of c-ray Ñares, which in several blazars has
been observed to be D1 day. This timescale corresponds
roughly to the dynamical timescale of an accretion Ñow in
the vicinity of a black hole of a mass of 109 The modelsM

_
.

then predict a change of the spectral slope around the break
of This is adequate to explain the*a\ ac[ a

X
\ 0.5.

observed breaks in most FSRQs; however, for some objects,
this break is as large as *aD 1 et al.(McNaron-Brown

et al. et al. and this1995 ; Blom 1995 ; Bloemen 1995),
cannot be explained as resulting from incomplete cooling
e†ects. We discuss below possible modiÐcation of an ERC
model, which can explain the extreme cases, i.e., the objects
with the sharpest MeV peaks.

4.2. T he ““Hot Electron ÏÏ Scenario
Let us assume that a roughly equal amount of energy

necessary to stochastically accelerate relativistic electrons
producing EGRET spectra is also used to heat all electrons.
Such heating at subparsec distances is then balanced by
energy losses due to radiation, and since radiative efficiency
drops with increasing distance, at some point the electron
““ temperature ÏÏ would reach the value corresponding to c

b
@

given by If the distance at which this occursequation (27).
corresponds with the distance where the jet dissipates most
of its energy, the Comptonization of external radiation by
such mildly relativistic, ““ hot ÏÏ electrons would lead to a
formation of MeV bump. We show below that this is a
viable scenario, but only if the plasma is pair-free. We also

show that the region of the greatest energy dissipation, just
as for the ““ cold ÏÏ ERC model, is determined by the dynami-
cal timescale of the central engine.

According to our assumptions

L heat\ L ERC,em ^ m
e
c2
K dc

e
dt
K
ERC

n
e
na2*r , (32)

where *r ^ 2r [ r is the region where the jet energy dissi-
pation is largest, and, as shown by et al.Sikora (1996),

K dc
e

dt
K
ERC

^
K dc

e
@

dt@
K
ERC

^
16
9

cpT
m

e
c2 (c

e
@ !

j
)2u

D
. (33)

Assuming that jet is steady, we have (seeL ERC,em ^ L
C
/2!

j
2

and, using for we Ðnd that theAppendix A), equation (8) n
e
,

energy balance is satisÐed if(eq. [32])
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e

L Edd
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mL UV
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g

1
!
j
3 . (34)

Now, taking into account that the production of the MeV
bump by upscattering of UV photons requires c

e
^ c

b
@ ^

we Ðnd that the distance at which electrons(l
C
/lUV)1@2,

reach such equilibrium energies is

r
C
^ 104r

g
n
e

n
p

L
K

L Edd

(mL UV)45
L C,48

, (35)

i.e., cm for powerful jetsD1018(MBH/109 M
_

) (L
K

D L Edd)made from proton-electron plasma.(n
e
\ n

i
)

We note that the same result also applies to the case of
MeV radiation produced by moving ““ blobs,ÏÏ provided
their sizes are In this case,a D r/!

j
. L ERC,em D L

C
/!

j
4.

However, taking into account that the longitudinal size of
the ““ blob,ÏÏ as measured in the black hole frame, is a

A
D

we have now and both changes, onea/!
j
D r/!

j
2, *r D r/!

j
2,

in the luminosity ampliÐcation, and the other in *r, cancel
each other in Therefore, as long as the elec-equation (32).
tron densities are the same in both cases, the distance esti-
mate given by is also valid for the ““ blob ÏÏequation (35)
models.

This ““ hot jet ÏÏ scenario, suggested above to explain the
MeV bumps, must be augmented by radiation processes
responsible for GeV c-ray and X-ray emission. The former
can be produced by ultrarelativistic electrons accelerated to
GeV energies by the Ðrst-order Fermi mechanism in colli-
sionless shocks, while the latter (X-rays) can be produced by
synchrotron-self Compton mechanism, as well as by hot
plasmas at lower distances where the equilibrium electron
energies are lower. The electron heating postulated in the
above picture can be provided by reconnection of magnetic
Ðelds & Lovelace or by(Romanova 1992 ; Blackman 1996)
acceleration of electrons by whistler waves Miller,(Dermer,
& Li and such electrons, preheated1996 ; Levinson 1996b),
up to mildly relativistic energies, can be further efficiently
accelerated in shocks.

5. DISCUSSION AND SUMMARY

Even the most precise imaging observations of blazars at
any wavelength cannot resolve the innermost regions of
their jets, and therefore we must use the spectral and varia-
bility data to study their structure, as well as the processes
responsible for the acceleration and radiative output of the
jets. Perhaps the most stringent constraints arise from the
observations of those blazars that are associated with
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quasars. These objectsÈÑat spectrum radio quasars, or
FSRQsÈin addition to the nonthermal jet radiation that
dominates spectra of BL Lac objects, also exhibit thermal
signatures commonly observed in most AGN. These are
broad emission lines that are visible even during high states
of jet activity Lawrence, & Tapia UV(Impey, 1991),
excesses that are observed during low states of jet activity

et al. et al. or inferred from the(Smith 1988 ; Brown 1989a)
decrease of the polarization level with frequency et al.(Wills

and IR thermal radiation deduced from observations1992),
of spectral variability et al. These features(Brown 1989b).
support the view that FSRQs are the radio-loud quasars
observed along the jet. Since propagation of such a jet
through dense radiation Ðelds in quasars leads to Comp-
tonization of this radiation and beaming of it along the jet,
one can expect to see signatures of this process in spectra of
FSRQs. These signatures are likely to impose additional
constraints on physical parameters of jets and jet radiation
models.

We Ðrst studied Comptonization of external radiation
Ðeld by cold electrons in a jet. These electrons, streaming
with Lorentz factor scatter the external UV!

j
D 10,

photons and produce a collimated beam of bulk Compton
radiation, which is expected to arise in the soft X-ray
regime. Its luminosity drops with the distance r as m/r, and
therefore it is the highest close to the ““ base ÏÏ of a jet, below
which the jet is not yet fully developed (collimated, acceler-
ated, and/or mass loaded). Comparing the results of our
bulk Compton radiation calculations with the observed soft
X-ray Ñuxes, we found that jets must be optically very thin
(see which excludes the importance of any sucheq. [6]),
processes as pair annihilation, bremsstrahlung, and
Coulomb interactions. Combining the limit for optical
depth with the given kinetic energy Ñux in a jet, we derived
lower limit for a distance of the jet base from the black hole.
For the jets with the kinetic energy Ñux comparable to the
Eddington luminosity, this distance is about 200(n

e
/n

p
)r
g(see This seriously hampers all models predictingeq. [10]).

formation of pair-dominated jets closely to the black hole.
The detailed studies of Comptonization of external radi-

ation by electrons with relativistic random energies in a jet
are more ambiguous. This is because the distribution of
relativistic plasma in a jet is related to the distribution of
dissipative processes, which generally does not have to scale
with the density of the bulk (cold) plasma in a jet. In addi-
tion, the ERC process leads to the production of a spectral
component which largely overlaps with the SSC com-
ponent, and only indirect arguments can determine whether
the ERC component indeed dominates the observed spec-
trum. Comparing the energy densities of the synchrotron
radiation Ðeld and the external di†use radiation Ðeld, both
as measured in the jet comoving frame, we concluded that
the ERC process dominates if (seem [ 10~3/(!

j
/10)4 eq.

This condition can be easily satisÐed in quasars,[13]).
where the values of m on the order of 0.01È0.1 can be provid-
ed by coronae/winds associated with the accretion disk and,
at larger distances, by broad emission lines and dust radi-
ation. For BL Lac objects, which do not show any distinc-
tive signatures of thermal radiation and broad emission
lines, the production of c-rays can well be dominated by the
SSC process.

Since both the SSC and the ERC processes are likely to
operate in FSRQs at some level, we considered the broad-
band spectra of these objects to derive constraints on

models based on both processes. We used luminosities of
synchrotron and Compton components to calculate the
Poynting Ñux in a jet (eqs. and and location of[16] [25])
the luminosity peaks to calculate the magnetic Ðelds and
energies of electrons producing the peaks (eqs. [19], [26],

and By combining the estimates of Poynting[27], [28]).
Ñuxes and magnetic Ðelds, we obtained the distance r of the
region in a jet where the most of radiation observed at the
luminosity peaks is produced (eqs. and and[21] [29]) ;
requiring that this distance is at with obtainedr º r&, r&from the constraint imposed on bulk Compton process by
the observed X-ray luminosities, we derived the upper limits
for the electron-positron pair content in the jet plasma. The
two most important constraints from these analyses are
that in the strongly c-rayÈdominated FSRQs, the Poynting
Ñux in the SSC jet models must be D3 orders of magnitude
lower than the kinetic energy Ñux determined from radio-
lobe studies & Saunders and that in the(Rawlings 1991),
ERC models, the peak luminosities must be produced very
closely to the black hole. We stress, however, that all results
obtained using the luminosities and energies of the two
spectral peaks are valid only if these peaks are produced
both in the same spatial region and by electrons with the
same energy.

Finally, we discussed the difficulties that di†erent radi-
ation models have in explaining the ““ stable ÏÏ location of the
peak at MeV energies. Most natural explanation of this
peak is provided by the inhomogeneous version of the ERC
model proposed by & Levinson where theBlandford (1995),
location of the peak at a few MeV is explained by the c-c
absorption of high-energy radiation produced most closely
to the black hole. However, as was pointed out by Ghisellini
& Madau such a model predicts a stronger than(1996),
observed relative X-ray luminosity. An alternative explana-
tion of the MeV break/peak is provided by the homoge-
neous version of ERC model by According to thisSBR.
model, the break results from incomplete cooling of elec-
trons below a given energy. This energy is determined by
equating the ERC energy losses timescale to the jet dynami-
cal timescale and corresponds to the peak at MeV energies
if the radiation is produced at distances D1017È1018 cm.
These are distances required to produce the c-ray Ñares with
the observed timescales of D1 day. Such distances, implied
by homogeneous ERC models as sites for the c-ray pro-
duction, are much larger than these obtained from the two-
peak luminosity analyses (see This discrepancyeq. [29]).
can be resolved by postulating di†erent regions of pro-
duction of two peaks or by postulating that magnetic Ðeld is
not homogeneous and that the more energetic electrons
cool in stronger magnetic Ðelds (on average) than less ener-
getic electrons. The change of the spectral slope due to the
incomplete cooling is *a^ 0.5, and, with adding some con-
tribution from lower distance jet parts, one in principle
could explain the spectra of all MeV radiation dominated
blazars, as long as However, there are known*a[ 0.5.
cases with *aD 1 et al. et al.(McNaron-Brown 1995 ; Blom

et al. which cannot be explained by1995 ; Bloemen 1995),
any previous models.

To explain such spectra, we proposed the ““ hot electron ÏÏ
version of the ERC scenario, where a similar fraction of
energy dissipated in the jet is channeled to heat electrons as
that required to accelerate some of them further in shocks.
We found that electron ““ temperatures ÏÏ of D100 MeV,
required to produce the MeV bump, are available at dis-
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tances 1017È1018 cm, provided the plasma is not dominated
by pairs (i.e., In this scenario, the c-ray spectra atn

e
D n

p
).

higher energies ([100 MeV) are produced by electrons
further accelerated by shocks up to GeV energies. Since all
electrons are assumed to be preheated up to 100 MeV ener-
gies before being accelerated to higher energies, the ERC
process, operating at a distance where the MeV peak is
produced, does not contribute to the X-ray spectra. The
X-rays can be produced by a synchrotron self-Compton
mechanism and/or by hot plasmas at lower distances, where
equilibrium temperatures are lower. Such efficient electron
heating is also desired for two other reasons : it provides the
precondition for e†ective acceleration of electrons in shocks

& Lovelace(Romanova 1992 ; Blackman 1996 ; Levinson
and, via dramatic reduction of the density of cold1996b),

electrons, it solves the problem of Faraday depolarization
in proton-electron jets & OÏDell(Wardle 1977 ; Jones 1977).

In all SSC and ERC models discussed in this paper, elec-
trons are assumed to be accelerated directly or produced by
photon-photon interactions. Alternatively or additionally,
relativistic electrons can be injected by relativistic protons
following nuclear interactions and/or photo-meson pro-
duction process. Since the column densities in the jet
plasma are too low to provide a target for nuclear inter-
actions, an external target has been postulated (Bednarek

Such a target can be provided by the walls of the1993).
funnels formed around the black hole by a geometrically
thick disk. There are at least two shortcomings of such a

model : Ðrst, the extremely low magnetic Ðelds in the target
are required to avoid isotropization of relativistic protons
before nuclear collisions, and second, such a compact
region is expected to be opaque for GeV photons. For the
photo-meson production, injection of relativistic electrons
is limited by requiring extremely relativistic protons. Only
for protons with energies above D109 GeV, the blazar radi-
ation Ðelds become opaque for photo-meson production
process Following photo-meson pro-(Mannheim 1993).
duction triggered by such protons, the synchrotron pair
cascade develops. In this model, the break between X-rays
and c-rays is postulated to correspond with the break in the
pair injection function. The model predicts andac¹ 1,
therefore it cannot explain production of c-rays in blazars
with steep c-ray spectra.
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APPENDIX A

LUMINOSITY AMPLIFICATION IN STEADY-STATE JET MODELS

The observed luminosity for a zero redshift objects is deÐned as

L obs\ 4n d
L
2Fobs , (A1)

where is the luminosity distance to the object,d
L

Fobs\
P

I d) , (A2)

is the observed Ñux, and

I\
P

j ds , (A3)

where j is the volume emissivity in the direction to the observer, ds is a distance measured along the ray within the source, and
the source is assumed to be optically thin. Noting that where A is an element of area in the pattern frame that ford)\ dA/d

L
2,

a steady-state jet has zero velocity (see, e.g., & Blandford we obtain thatLind 1985),

Fobs\
1
d
L
2
P

j dV , (A4)

where dV \ dAds. Now, using Lorentz transformation formulae j \D3j@ and we obtainV \V @/!
j
,

L obs\ 4n
D3
!
j

P
j@ dV @ , (A5)

where (Note that relation corresponds directly to the relation given byD\ [!
j
(1 [ b cos hobs)]~1. / j dV \ (D3/!

j
) / j@ dV @

& Lightman between the power emitted per solid angle as measured in the comoving frame and the powerRybicki 1979
emitted per solid angle as measured in the external frame.) If the radiation in the jet frame is isotropic, then 4n / j@dV @ is equal
to the total emitted luminosity L@, and

L obs\
D3
!
j

L@ . (A6)
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Taking into account that for an axisymmetric emissivity j@

L em \
Q LL em

L)
d)\

Q D3
!

j

LL@
L)@

d)@\ L@ , (A7)

where and LL@/L)@4 / j@ dV @, we obtainLL em/L)4/ j dV

L obs\
D3
!
j

L em . (A8)

is, however, derived for and provides a good approximation of luminosity ampliÐcation only forEquation (A8) h
j
\ 0

For jets with the dependence of the observed luminosity on is Ñat and for is wellh
j
\ 1/!

j
. h

j
Z 1/!

j
, hobs h

j
? 1/!

japproximated by

L obs^
4n
)

j
L em , (A9)

where (Note that for a spherical outÑow, as one should expect for steady-state sources.))
j
^nh

j
2. L obs\ L em,

In our paper we assumed that and and for such a case, none of the two analytical approximationsh
j
D 1/!

j
hobsD 1/!

j
,

works well. for gives while for gives WeEquation (A8) hobs\ 1/!
j

L obs\ !
j
2 L em, equation (A9) hobs\ 1/!

j
L obs\ 4!

j
2 L em.

found numerically that the correct value is almost exactly intermediate, i.e.,

L obs^ 2!
j
2 L em . (A10)

APPENDIX B

STEADY-STATE SOURCES VERSUS MOVING BLOBS

The commonly used term ““ blob ÏÏ in reference to blazars has no unique meaning. In the extreme case, a ““ blob ÏÏ is
understood as representing isolated portion of plasma with associated magnetic Ðelds. Presumably, a more realistic meaning
of a ““ blob ÏÏ is that it represents some inhomogeneity propagating along a jet (e.g., a shock) where the dissipation of bulk
kinetic energy and/or magnetic Ðelds leads to an acceleration of relativistic particles. In this case, the contrast between
densities of the bulk matter (i.e., the portion of matter that dominates kinetic energy Ñux of a jet) and the magnetic Ðeld
intensities inside and outside of the blob does not have to be very large, and then one can use ““ steady-state ÏÏ scaling to
determine these parameters in blobs as a function of a distance.

Another issue concerning the ““ blobs ÏÏ and steady state sources regards the proper form of the luminosity ampliÐcation
formula. SpeciÐcally, what are the circumstances when one should use and when should beL obs\D4L blob@ , equation (A8)
applied? To answer this question in an illustrative way, below we use a simple model, where the jet is represented by a
sequence of blobs/inhomogeneities propagating along a given direction.

Let us assume that (1) the blobs are injected into the ““ active zone ÏÏ every (2) all blobs are moving with the same*tinj ;Lorentz factor ; (3) blobs radiate isotropically in their rest frame, each at the same rate, (4) each blob stops to radiateL em,1@ ;
after passing a given distance range *r \ r.

Since in the external frame (in which the black hole and noncosmological distant observers are at rest) blobs are moving at
a speed bc, the number of blobs enclosed within a distance range *r \ r is

N\*tem
*tinj

, (B1)

where Since the signal from each blob is observed during time & Lightman*tem\ r/bc. (Rybicki 1979)

*tobs(hobs)\ (1[ b cos hobs)*tem , (B2)

the number of blobs contributing at any moment to the observed radiation (observed separately on the sky, if we have
sufficiently good angular resolution) is

Nobs\
*tobs
*tinj

\ (1 [ b cos hobs)*tem
*tinj

\ (1 [ b cos hobs)N . (B3)

Then, noting that the luminosity observed from each blob is

L obs,1(hobs) \D4L em,1@ , (B4)

we obtain that total observed luminosity is

L obs(hobs) \Nobs(hobs)L obs,1(hobs) \N(1[ b cos hobs)D4L em,1@ \D3
!
j

L em@ , (B5)

where Since blobs are assumed to radiate isotropically in their respective rest frames, we have andL em@ \NL em,1@ . L em\ L em@from we obtainequation (B5) equation (A8).
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It is important to emphasize that as long as we consider the luminosity that is emitted only by these blobs, which at a given
moment contribute to the observed Ñux, then, just as in the case of luminosity ampliÐcation for a single blob, we have

L obs\Nobs L em,1@ D4\ L em@ (Nobs)D4 \ L em(Nobs)D4 . (B6)

Let us assume now that i.e., that at any moment only one blob is seen by the observer located at*tinj \*tobs(hobs\ 1/!
j
),

(see and that blobs have longitudinal sizes i.e., that they form continuous pattern, whichhobs\ 1/!
j

eq. [B3]) a
A

\ cb*tinj,within a distance range *r \ r produces radiation in a steady-state manner. Then, it does not matter that there is only one
blob or continuous steady pattern : the observer sees the same luminosity in both cases (see for and theeq. [B6] Nobs\ 1),
radiation energy density given by for a single blob applies for steady sources as well.equation (11)
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