
Proceedings of ICRC 2001: 2721c© Copernicus Gesellschaft 2001

ICRC 2001

The influence of dust on the inverse Compton emission from jets in
AGNi

C. Arbeiter, M. Pohl, and R. Schlickeiser

Institut für Theoretische Physik, Lehrstuhl IV: Weltraum- und Astrophysik, Ruhr-Universität Bochum, D-44780 Bochum,
Germany

Abstract. The recently observed high energyγ-ray emission
from more than sixty blazars is most likely caused by inverse
Compton scattering of soft ambient photons, the source of
which is a subject of extensive debate. We investigate the in-
fluence of a dust torus on the inverse Compton emission of
the relativistic electrons in the jets of Active Galactic Nuclei.
This is an extension of previous studies, in which the main
focus had been on target photons emitted by the accretion
disk. We show that due to the different angular distribution
of the two photon fields, the beaming pattern of the respec-
tive scattered inverse Compton gamma rays are different. We
also calculate the bolometric luminosity, the beaming pattern
and the spectral distribution of the emitted gamma rays for
the dust torus as well as for the accretion disk as the target
photon source. The results show that the relative contribu-
tions of both to the gamma ray emission depend sensitively
on the observer‘s viewing angle and the distance of the jet
plasmoids from the accretion disk and the dust torus, respec-
tively.

1 Introduction

The inverse Compton process has been considered a likely
mechanism to produce the high energyγ-radiation from
AGNi. In this process low energy photons are scattered by
relativistic electrons and positrons within the jets. The low
energy photons may penetrate the jet from outside(Extern-
Inverse-Compton scattering, EIC)(Dermer et al., 1992) or
they can be generated by the jet itself via synchrotron radia-
tion (Synchrotron-Self-Compton scattering, SSC)(Maraschi
et al., 1992). In the following the EIC scattering will be ex-
amined. We will, in particular emphasise the importance of
the dust torus as a source of target photons and compare its
contribution to theγ-ray production with the contribution of
the scattered accretion disk photons.
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Fig. 1. Sketch of the basic geometry: The central black hole defines
the originO of the coordinate system. A photon, emitted at an arbi-
trary pointH with the spherical polar coordinatesR, ΘT andΦT, is
scattered within the plasmoid, called blob, which is located at point
B at the distancezabove the black hole and moves along its angular
momentum axis with velocityvB = BΓc

2 General considerations

Figure 1 shows a sketch of the situation considered. The
amount of the energy gain of the scattered photons depends
on the geometrical relations as well as on the blob properties.

In general all quantities in the electron rest frame are indi-
cated by a prime and those in the frame of the galaxy by an
asterisk; quantities in the blob rest frame are not indexed. For
simplicity we will perform the calculus in the rest frame of
the blob. Therefore all quantities have to be transformed into
the blob frame which we do using relativistic invariants. In
the same way the results can be transformed into the frame of
the galaxy respectively, and using a particular cosmological
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model, into the frame of the observer.
We will first calculate the scattering rate for an arbitrarily
placed point source; then the solution for an extended source
can be derived by integrating the solution for a point source
over the source distribution.

3 The differential scattering rate

The differential scattering rate, which is the angle-dependent
photon number spectrum of the scattered photons, is in the
blob frame given by (Dermer et al., 1992)

ṅS(εS,ΩS) = c

∞∫
0

dε

∮
dΩ

∞∫
1

dγ

∮
dΩe

× (1− β cosψ)nph(ε,Ω)ne(γ,Ωe)
d2σ

dεSdΩS
. (1)

Here,nph andne denote the differential number density of
the incoming photons and the blob electrons, respectively.
Since the scattering process is charge-independent, we don’t
distinguish electrons and positrons. The differential cross
sectiond2σ/(dεSdΩS) can be written in the Thomson limit
(ε′= γε(1 − β cosψ)≤ 1) using the head-on approximation
as (Reynolds, 1982), (Dermer & Schlickeiser, 1993)

d2σ

dεSdΩS
' σTδ

[
εS − γ2ε(1− β cosψ)

]
× δ(µS − µe) δ(φS − φe). (2)

In the frame of the galaxy, the thermal photon point source
atH provides in the blob atB a photon number density

n∗H(ε∗, µ∗, φ∗) =
ṄH(ε∗)
4πx2c

δ(µ∗ − µ∗H) δ(φ∗ − φ∗H). (3)

wherex denotes the distance between the photon source atH
and the blob atB (cf. Fig.1).ṄH is the photon number spec-
trum of the photon source andc the speed of light. Using the
invariancen/ε2 (Rybicki & Lightman, 1979) andφH = φ∗H
this relation can be transformed into the rest frame of the
blob.
Assuming an isotropic power law energy distribution with
a low and an high energy cut-off for the electrons within
the blob,ne(γ,Ωe) = ne(γ) = n

(0)
e /(4π) γ−s, γ1 ≤ γ ≤

γ2, and a grey body (GB),̇NH(ε∗)
∣∣
GB

= Ṅ
(0)
H ε∗2(2 ζ(3) Θ3

(e
ε∗
Θ − 1))−1, as well as a monochromatic (MC) photon

source spectrum,̇NH(ε∗)
∣∣
MC

= Ṅ
(0)
H δ(ε∗−〈ε∗〉), integration

of (1) and the transformation into the galactic frame gives in
the case of a grey body photon source

ṅ∗S(ε∗S,Ω
∗
S)
∣∣∣∣
GB

=
DσT n

(0)
e Ṅ

(0)
H

64π2x2 ζ(3) Θ

(
ε∗S
ηΘ

)− s+1
2

×
ε∗S/(ηΘγ2

1)∫
ε∗S/(ηΘγ2

2)

dt
t
s+3

2

e t − 1
(4)

whereD≡ [Γ(1−BΓµ
∗
S)]−1 denotes the Doppler factor and

in the case of a monochromatic photon source

ṅ∗S(ε∗S,Ω
∗
S)
∣∣∣∣
MC

=
DσTn

(0)
e Ṅ

(0)
H

32π2x2〈ε∗〉

(
ε∗S

η 〈ε∗〉

)− s+1
2

,

η〈ε∗〉γ1
2≤ε∗S ≤ η〈ε∗〉γ2

2 (5)

with

η
β→1
'D2

[
1−µ∗Sµ∗H−

√
(1− µ∗2S )(1− µ∗2H ) cos(φ∗S−φ∗H)

]
(6)

The restriction in energy is a consequence of the cut-offs in
the energy distribution of the electrons. With equations (4,5)
we can calculate the differential photon number spectrum for
target photons of an extended source by integration over the
source distribution. Afterwards, the differential luminosity,
i. e. the luminosity per solid angle element, can be derived
by an energy integration. Since the integral over the source
distribution is much simpler, when the energy integration is
performed first, we will first derive the differential luminosity
for a point source and then for an extended target photon
source. The calculation of the differential photon number
spectrum is performed in chapter 5.

4 The differential luminosity dL∗S/dΩ∗S

The differential luminosity of the scattered photons in the
galactic frame can be derived from

dL∗S
dΩ∗S

= DVB

∫ ∞
0

dε∗S ε
∗
S ṅ
∗
S, (7)

with the volume of the blob,V ∗B = DVB (Begelman et al.,
1984). Inserting (4) and (5) in (7), respectively, we get the
same differential luminosity for the monochromatic photon
source as well as for a grey body spectrum.

dL∗S
dΩ∗S

=
3 ζ(4)D2VB σT n0Ṅ

(0)
H Θ

16 ζ(3)π2
mec

2

× η2

x2


γ2

3−s−γ1
3−s

3−s , s 6= 3

ln
(
γ2
γ1

)
, s = 3

(8)

Thus, the assumption of a monochromatic photon source as
an approximation of a photon source radiating with a thermal
spectrum has no impact on the differential luminosity of the
inverse Compton scattered photons.

The luminosity of an extended photon source can be de-
rived by integration over its surface, provided the photon
source is optically thick. We approximate the surface of the
dust torus by a spherical shell with a radiusRDT and an angu-
lar extent ofΘT = Θ0 to ΘT = 180◦ −Θ0 and perform the
integralR2

∫ τ
−τdµ

∗
T

∫ 2π

0
dφ∗T dL

∗
S/dΩ∗S, τ = cos Θ0. Insert-

ing the former result and making use of the relationsx2 =
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Fig. 2. The differential luminosity in arbitrary units as antenna di-
agrams for the dust torus (solid line) and the accretion disk (dash-
dotted line) as target photon sources for different distances of the
blob from the centre,F , measured in units of the accretion disk ra-
dius. The0◦ direction defines the jet axis. Here we use an electron
spectral indexs=3 and for presentabilityΓ=2.3; for other param-
eters, see the text.Left panel: F = 4; the scattered accretion disk
emission dominates the differential luminosity.Right panel: F =7;
the scattered dust emission is more intense than the accretion disk
contribution for small angles and stays dominant also for greater
distances. Note that the relative intensities of the two components
scale withLDT/LAD.

R2
DT + z2 − 2zRDTµ

∗
T, µ∗H = f−µ∗T√

1+f2−2 f µ∗T
andφ∗T = φ∗H,

wheref ≡ z/RDT is the heightz of the blob normalised to
RDT we find

dL∗S
dΩ∗S

∣∣∣∣∣
DT

=
ρ3

ρ1

3VB σT n
(0)
e (Ṅ (0)

H Θ)
DT
ζ(4)mec

2

16 ζ(3)π
D6

× 1
f

[
3µ∗S

2 − 1
8f2

(o− u)

(
1 +

(1− f2)2

ou

)

+

(
(1 + µ∗S

2)− (1 + f2)
3µ∗S

2 − 1
4f2

)
ln
(
o

u

)

− 2
µ∗S
f

(√
o−
√
u
)(

1 +
1− f2

√
o u

)]
(9)

with

ρm ≡


γ2
m−s−γ1

m−s

m−s , s 6= m

ln
(
γ2
γ1

)
, s = m .

(10)

and o ≡ f2 + 1 + 2fτ and u ≡ f2 + 1 − 2fτ . For the ac-
cretion disk we calculate

∫ RAD

0
dR
∫ 2π

0
dφ∗TRdL

∗
S/dΩ∗S and

obtain

dL∗S
dΩ∗S

∣∣∣∣∣
AD

=
ρ3

ρ1

3VB σT n
(0)
e (Ṅ (0)

H Θ)
AD
ζ(4)mec

2

32 ζ(3)π
D6

×

[
(3µ∗S

2 − 1)
1

F 2 + 1
+ 8µ∗S

(
F√

F 2 + 1
− 1
)

+ (3− µ∗2S ) ln
(
F 2 + 1
F 2

)]
, F ≡ z

RAD

(11)

5 The differential photon number spectrum

Similar to the calculation of the differential luminosity, the
differential photon number spectrum of an extended source
can be derived by the integrationDVB

∫
dA ṅ∗S. As seen in

the calculation above, the two considered target photon spec-
tra (GB and MC) gave the same differential luminosity. For
the monochromatic case an analytic solution for the differen-
tial scattering rate can be derived, so we concentrate on this
case.
Note thatη (cf. (6)) in the energy interval of the differential
scattering ratėn∗S in (5) depends on both integration vari-
ables. So, we first averageη overφ∗T: 〈η〉 = D2

[
1−µ∗Sµ∗H

]
.

Because the system is symmetric to the jet axis this seems to
be a good approximation.
The radiation of the counter-jet is highly suppressed because
of the angular dependence of the Doppler factorD. For sim-
plicity, we consider scattering angles smaller thanΘS = 90◦

and distances of the blob smaller than the distance to the
torusz ≤ RDT. Other values ofΘS andz can easily be taken
into account.
For the integral no analytical solution can be found for ar-
bitrary values ofs. To make progress, we assume that the
spectral index of the electron distribution iss = 3. Setting
η ≡ 〈η〉 in (5) the two limits can be inside or outside the
integration interval. Therefore the solution for the differen-
tial photon number spectrum after integration splits into three
parts:

Ṅ∗S

∣∣∣∣
DT

=
VB σT

(
Ṅ

(0)
H 〈ε

∗〉
)

DT

32π2

n
(0)
e

ρ1
D6 ε∗S

−2

× 1
f

[
µ∗S

2

8 f2
(o2 − u2)

(
1 +

(1− f2)2

o2u2

)

− µ∗S
2 f

(o− u)
(

1 +
1− f2

o u

)

+
(

1− µ∗S
2

2 f2
(1− f2)

)
ln
(
o

u

)]
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with



o = T+

u = t+γ1

}
for γ1

2A+ ≤ ε∗S ≤ γ1
2A−

o = T+

u = T−

}
for γ1

2A− ≤ ε∗S ≤ γ2
2A+

o = t+γ2

u = T−

}
for γ2

2A+ ≤ ε∗S ≤ γ2
2A− .

(12)

For clarity we defined the functionsA±=A±(f, µ∗S),

A± ≡ D2 〈ε∗〉DT

(
1− µ∗S

f ± τ√
1 + f2 ± 2 f τ

)
, (13)

which carry the information about the position of the blob
and the aspect angle and

t±γ1|2
≡ f

µ∗S

(
1− ε∗S

D2 〈ε∗〉DT γ1|22

)

±

√
f2

µ∗S
2

(
1−

ε∗S
D2〈ε∗〉DTγ1|22

)2

+ 1− f2 , (14)

T± ≡
√

1 + f2 ± 2 f τ . (15)

Similarly, we find for the accretion disk as target photon
source

Ṅ∗S

∣∣∣∣
AD

=
VB σT n

(0)
e

(
Ṅ

(0)
H 〈ε

∗〉
)

AD

32π2 D6 ε∗S
−2

×
[

ln
(
o

u

)
− 2 (o− u) +

1
2

( o2 − u2)
]

with



o = L+

u = lγ1

}
for γ1

2B+ ≤ ε∗S ≤ γ1
2B−

o = L+

u = L−

}
for γ1

2B− ≤ ε∗S ≤ γ2
2B+

o = lγ2

u = L−

}
for γ2

2B+ ≤ ε∗S ≤ γ2
2B− .

(16)

The functionB±=B±(F, µ∗S), l1|2 andL± are defined as

B± ≡ D2 〈ε∗〉AD (1− L±) , (17)

lγ1|2 ≡ 1− ε∗S
D2〈ε∗〉ADγ1|22

, (18)

L− ≡
µ∗SF√
1 + F 2

and L+ ≡ µ∗S . (19)

For a more detailed discussion of the presented results see
Arbeiter et al. (submitted to A&A).

6 Summary

We have calculated comptonizationγ-ray spectra of AGNi
for arbitrary observing angles. We present analytical solu-
tions for the bolometric luminosity and the photon number
spectrum produced by inverse-Compton scattering for an ar-
bitrarily placed point source of target photons as well as for
the accretion disk and a dust torus as the target photon source.
Our study does not rely on a specific model for the injection
or acceleration of relativistic electrons in the jets of AGN.
Therefore our results can also be used to determine EIC spec-
tra in blast wave models for AGN and GRB (Pohl & Schlick-
eiser, 2000).
In agreement with previous studies, our results show that the
highest differential luminosity and photon energy is emitted
along the jet axis and for small distances to the accretion disk.
Moreover, we point out that the scattered dust emission is
concentrated on small aspect angles, whereas the scattered
accretion disk photons show a broader distribution in aspect
angle. For small aspect angles the relative relevance of the
dust torus and the accretion disk depends sensitively on the
distance of the blob from the accretion disk. Thus for small
angles to the jet axis and distances of more than a few accre-
tion disk radii the dust surrounding the AGNi is more impor-
tant as target photon source for the inverse-Compton scatter-
ing.
A strong external photon field is likely to be found in
FSRQ/OVV, in contrast to the case of BL Lacs. It may be
concluded that the FSRQ/OVV observed with EGRET, i.e.
the brightest ones, are those seen nearly head-on, in which
case we probably observe comptonized dust emission. The
FSRQ/OVV seen at an intermediate angleΘ∗ ≈ 10◦ would
show a significant level of scattered accretion disk emission.
The latter objects are less intense, meaning they would be
less likely identified as point sources, but would contribute to
the extragalacticγ-ray background (Sreekumar et al., 1998).
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