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The influence of dust on the inverse Compton emission from jets in
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Abstract. The recently observed high energyray 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 targ
photon source. The results show that the relative contribu-f
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.

H(RlOTchT)

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 coordinat®s©+ and®r, is

1 Introduction scattered within the plasmoid, called blob, which is located at point
B at the distance above the black hole and moves along its angular

The inverse Compton process has been considered a likeljpomentum axis with velocitys = Brc

mechanism to produce the high energyradiation from

AGNi. In this process low energy photons are scattered by ] ]

relativistic electrons and positrons within the jets. The low 2 General considerations

energy photons may penetrate the jet from out§keldern-

Inverse-Compton scattering, EIQpermer et al., 1992) or

they can be generated by the jet itself via synchrotron radia

tion (Synchrotron-Self-Compton scattering, S$&garaschi

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.

etal., 1992). In the following the EIC scattering will be ex- In general all quantities in the electron rest frame are indi-
amined. We will, in particular emphasise the importance ofCated by a prime and those in the frame of the galaxy by an

the dust torus as a source of target photons and compare iEassterlsk; guantities in the blob rest frame are not indexed. For

contribution to they-ray production with the contribution of simplicity we will perform th_e_calculus in the rest frame Qf
the scattered accretion disk photons. the blob. Therefore all quantities have to be transformed into

the blob frame which we do using relativistic invariants. In
Correspondence taC. Arbeiter the same way the results can be transformed into the frame of
(ca@tp4.ruhr-uni-bochum.de) the galaxy respectively, and using a particular cosmological
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model, into the frame of the observer. whereD=I'(1 — Brug)]~! denotes the Doppler factor and
We will first calculate the scattering rate for an arbitrarily in the case of a monochromatic photon source
placed point source; then the solution for an extended source

can be derived by integrating the solution for a point source o1

over the source distribution. 0% (€5, ) _ DUTn((eO)NIEIO) < €§ ) 2
R 3272 (e*) \n (") ’
* 2 * * 2
3 The differential scattering rate (e )" <es < n{€ )2 (5)

The differential scattering rate, which is the angle-dependeni’vith

photon number spectrum of the scattered photons, is in the g1 _, . - o .
blob frame given by (Dermer et al., 1992) n =D [I_NS“H_ \/(1 = 157) (1 = pip’) cos(dg— ¢H)} (6)
. T 7 The restriction in energy is a consequence of the cut-offs in
ns(es, (2s) = C/alE ?{ df} /d'y fdQe the energy distribution of the electrons. With equations (4,5)
0 1 we can calculate the differential photon number spectrum for
d’c target photons of an extended source by integration over the

x (1= Beost) (e, Q) ne(y, e) source distribution. Afterwards, the differential luminosity,
Here,ng, andn. denote the differential number density of . e. the Iumir!osity ber SOqu angle e.Iement, can be derived
the incoming photons and the blob electrons, respectivelyby an energy integration. Since the integral over the source

Since the scattering process is charge-independent, we don(;{IStrIbUtlon 1S much ?'”Pp'e“ vyhen the_energ)_/ mteg_ratlo_n IS
erformed first, we will first derive the differential luminosity

distinguish electrons and positrons. The differential cross][) it d then f tended t t phot
sectiond?o /(desdS)s) can be written in the Thomson limit or a point source and then for an extended target photon

(¢ =~e(1 — Beost) < 1) using the head-on approximation source. The calculation of the differential photon number

dESdQS ' (1)

as (Reynolds, 1982), (Dermer & Schlickeiser, 1993) spectrum is performed in chapter 5.
d20' ~ 5 A2 (1 _ ﬂ 1/))} . . . . . Y
desdOg  © TTO[Bs e cos 4 The differential luminosity dLg/dQg

X 0(ps — pre) 0(ds — de)- (2)  The differential luminosity of the scattered photons in the
In the frame of the galaxy, the thermal photon point sourcegalactic frame can be derived from

atH provides in the blob a8 a photon number density dLx oo
_ S :DVB/ del €5 ns, ©
mie ot ) = V) s s g, @ '
N dma2e " e with the volume of the blob}; = DVg (Begelman et al.,

wherez denotes the distance between the photon sourde at 1984). Inserting (4) and (5) in (7), respectively, we get the
and the blob aB (cf. Fig.1). Ny is the photon number spec- same differential luminosity for the monochromatic photon
trum of the photon source anrdhe speed of light. Using the source as well as for a grey body spectrum.

invariancen/e? (Rybicki & Lightman, 1979) andy = ¢}

this relation can be transformed into the rest frame of the

blob. ALy _ 3¢()D*VeornoNy'©

Assuming an isotropic power law energy distribution with d€§ 16 ¢(3)7? ‘

a low and an high energy cut-off for the electrons within R

the blob, ne(v, Q) = ne(y) = nd/(4m)y~*, 3 < 7 < n? . 7 (8)
, and a grey body (GBWx (¢*)| . = NV e2(2¢(3) 03 2

7 grey body (GBWVu(e")|,, = Ny €™ (2¢(3) @ () , s—3

(e% — 1))~1, as well as a monochromatic (MC) photon n

source spectruniyy (¢*) e = NI({O)é(e* —(e*)), integration  Thus, the assumption of a monochromatic photon source as
of (1) and the transformation into the galactic frame gives inan approximation of a photon source radiating with a thermal
the case of a grey body photon source spectrum has no impact on the differential luminosity of the
inverse Compton scattered photons.
The luminosity of an extended photon source can be de-
Doy nﬁo) NISIO) € - rived by integration over its surfac_e, provided the photon
m (77_@> source is optically thick. We approximate the surface of the
, dust torus by a spherical shell with a radids, and an angu-
€5/ (nO7) 43 lar extent of@ = O to O = 180° — O, and perform the
X / dt (4)  integralR? [T _duk [ZTde% dLg/dQ%, T = cos©q. Insert-
/o) ing the former result and making use of the relaties=

ng(€s: 25) =
GB
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ando= f2+1+2frandu = f2 + 1 — 2f7. For the ac-
cretion disk we calculatg’ORADdR 27 A RdLy/d and

obtain

dL§ _ps 3Vgor ni® (NI({O) )., C(4)mec? D

g 1 32¢(3)w

AD
%2 1 . F
F?2+1
G- ln( i ) F=
F AD

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 integratiddV [dA nf. As seen in

Fig. 2. The differential luminosity in arbitrary units as antenna di- the calculation above, the two considered target photon spec-
agrams for the dust torus (solid line) and the accretion disk (dashira (GB and MC) gave the same differential luminosity. For
dotted line) as target photon sources for different distances of théhe monochromatic case an analytic solution for the differen-
blob from the centref’, measured in units of the accretion disk ra- tial scattering rate can be derived, so we concentrate on this

270

270

dius. The0® direction defines the jet axis. Here we use an electroncase.

spectral index =3 and for presentability’=2.3; for other param-
eters, see the texteft panel F' = 4; the scattered accretion disk
emission dominates the differential luminosiRight panel F'=7;

the scattered dust emission is more intense than the accretion di

contribution for small angles and stays dominant also for greater . .
be a good approximation.

distances. Note that the relative intensities of the two component
scale withLpr /L ap.

f—ph

R%. + 2% — 2Ry, uiy = W=y e and¢r = ¢y,
wheref = z/Ryy; is the height: of the blob normalised to
Ry we find

arg | ps 3Veornd (N ©), C(4)mec? e
g | T o 16¢(3)
L[ 3ug> -1 (1— s’
. 3 *2 1
" ((1 057 = (14 1) H ) ()
* 1— f2
with
72"]'7;__'();1 mTs , s 3& m
Pm = (10)
In (%) , s=m

Note thaty (cf. (6)) in the energy interval of the differential
scattering ratex$ in (5) depends on both integration vari-

S%bles. So, we first averageover¢i.: (n) = D?[1 — pgpuf].

ecause the system is symmetric to the jet axis this seems to

The radiation of the counter-jet is highly suppressed because
of the angular dependence of the Doppler fadbor-or sim-
plicity, we consider scattering angles smaller tian= 90°

and distances of the blob smaller than the distance to the
torusz < Ryr. Other values 0Bg 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 distributionds= 3. Setting

n = (n) 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:

_ Ve or (NI({0)<€*>)DT (0)

N 3272 %DG%_Q
1 *2 1_f22
o058
* 1— 2
_5;(0—@(1—1— ouf)
pg® 2 °
+ (12f2 1-f )>ln<u>]



o } for y12 A4, < e < mZA_
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with Z: T } for 12 A_ < e <?A; (12)

For clarity we defined the function$y = A4 (f, 1d).

Ay = D* () (1 — §s

__fET
\/1+f2j:2f7>’

Oitvz} for 2 Ay < € < 7% A_.

(13)

6 Summary

We have calculated comptonizationray 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

which carry the information about the position of the blob highest differential luminosity and photon energy is emitted

and the aspect angle and

ti = i (1 — 65)
iz J2 D2 (e*) pr 71\22

:t\/f—2<1—L)2+1—f2 (14)
,U§2 D2<€*>Dr71\22 ’

To=\1+f2+2fr.

Similarly, we find for the accretion disk as target photon

source
N VB oT néO) (NI({O) <6*>)AD 6 x—2
NS = 32772 D ES
AD
1
X {ID(Z) —2(o—u) + 5(0 —u
o=1Ly "
u=1, } for v12 B, < e < v2B_
. 0= L+ %
with " L} for 12B_ < € <o

o=l

" — L_} for 2B, < e§ < v2B_ .

(15)

)

(16)

The functionB. = B (F, ug), l1)2 and L. are defined as

By = D*{()yp(1-1Ly),
6*
T1j2 D2<€*>AD71\22 ’
_ kgF o
L_=—""_ and L.=us.
1+ F? s

17
(18)

(19)

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/OVYV, 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 anglé ~ 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 extragalactie-ray background (Sreekumar et al., 1998).
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