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Abstract. The recently observed high energy 7-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 influence 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 respective 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 contributions 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, respectively.
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1. Introduction

The first AGNi were discovered about 40 years ago after
optical identification of powerful, compact and variable
radio sources (Schmidt 1963). Later high resolution radio
observations exhibited structured jets feeding the large ra-
dio lobes; in some cases the apparent bulk velocities of
the source components exceeds the speed of light: the so
called superluminal motion (Cohen et al. 1977; Gomez
et al. 1998). The energy radiated by the AGNi during their
lifetime and the apparent stability of the jet axis seem to
require that the central engine is a super massive black
hole (Begelman et al. 1984).

This motivate the picture of discrete plasmoids, sub-
sequently denoted as blobs, travelling outwards from the
central region along the angular momentum axis of the
black hole with a velocity close to the speed of light. Thus
the superluminal motion and the enormous luminosity
of the most conspicuous subclass of AGNi, the blazars,
can be explained by Doppler boosting towards favourably
aligned observers. The angular dependence of the Doppler
boosting together with the assumption of a dust torus sur-
rounding the central region of the AGNi, which would ab-
sorb the X-rays from the accretion disk, should be able
to explain most of the phenomenology of AGNi (for re-
view see Urry & Padovani 1995). Accordingly the angle
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between the jet axis and the line of sight determines the
classification of the AGNi.

It came as a surprise when, a decade ago, EGRET
aboard the Compton Gamma Ray Observatory de-
tected many blazars as strong and variable v-ray emitters
(von Montigny et al. 1995; Mukherjee et al. 1997). More
recently, observations with ground-based Cerenkov tele-
scopes have shown that at least for BL Lacertae objects
the ~-ray spectrum can be traced to more than a TeV
observed photon energy (Punch et al. 1992; Quinn et al.
1996; Catanese et al. 1998; Krennrich et al. 1997). In these
sources the bulk of luminosity is often emitted in the form
of ~-rays.

The inverse Compton scattering has been considered a
likely mechanism to produce the high energy ~y-radiation
from AGNi ever since COS B detected the first extra-
galactic y-ray source, 3C 273. In this process low energy
photons are scattered by relativistic electrons within the
jets. The low energy photons may penetrate the jet from
outside, for example from the accretion disk of the central
black hole, this process being named FExternal-Inverse-
Compton scattering (EIC) (e.g. Dermer et al. 1992), or
they can be generated by the jet itself via synchrotron ra-
diation, the Synchrotron-Self-Compton scattering (SSC)
(e.g. Maraschi et al. 1992).

Blazars can be divided into two subclasses:
BL Lacertae objects and flat spectrum radio quasars
or optically violent variables, FSRQ/OVV. It would
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seem that in BL Lacertae objects, in the absence of a
strong external photon field, the SSC process dominates
(Mastichiadis & Kirk 1997; Ghisellini et al. 1998; Coppi
& Aharonian 1999), whereas in case of the FSRQ/OVV
the EIC process is more important.

Some of the observed blazars show little variation in
the ~-ray flux over periods of weeks which, in the frame-
work of EIC models, can be easily understood if the ex-
ternal photon field is rather homogeneous on scales of
10'7-10'® cm. Some variants of the EIC models have there-
fore considered thick accretion disks (Bednarek & Kirk
1995) or photons backscattered by clouds in the broad
line region (Sikora et al. 1994).

Observations of AGNi in the infra-red range show
spectral features which can be interpreted as thermal
dust emission. Because the thermal emission is suppos-
edly isotropic, the luminosities can be enormous. In the
case of PG 12474267 Haas et al. (1998, 2000) find Ly ~
2 x 10* L, which is more than 50 times brighter than the
Eddington luminosity of a black hole of 108 M. Therefore
it would seem that the dust torus is an important source of
target photons for the v-ray production. At the same time
photon-photon absorption on dust emission would prevent
the escape of TeV photons, which have been produced
within the vertical extent of the dust torus (Protheroe &
Biermann 1997).

Recently, Blazejowski et al. (2000) have calculated
~-ray spectra from comptonisation of dust emission for a
specific line-of-sight to the observer (f,bs = 1/T"). In this
paper we will derive analytical solutions for the compton-
isation spectra of dust emission for arbitrary observing
angles. 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 de-
termine EIC spectra in blast wave models for AGN and
GRB (Pohl & Schlickeiser 2000).

The paper is organized as follows: in Sect. 2 we will
specify the notation used in the following sections as well
as the geometry, and we will outline the basic idea of the
following calculations; in Sect. 3 we shall calculate the dif-
ferential scattering rate ng for an arbitrary placed point
source for both a monochromatic and a grey-body target
photon distribution; in Sects. 4 and 5 we will calculate the
resultant differential luminosity, the beaming pattern and
shall expand the solutions to extended sources, respec-
tively. In Sect. 6 we derive the differential photon number
spectrum of an extended source in the case of a monochro-
matic target photon source. Section 7 gives a summary.

2. General considerations

Figure 1 shows a sketch of the situation: the collimated
outflow in the jets is not continuous but bunched to
discrete plasmoids subsequently denoted as blobs. These
move along the angular-momentum axis of the central
black hole and perpendicular to its associated accretion
disc. Photons of a point source of thermal radiation at an
arbitrary point H will penetrate the blob and be scattered
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Fig.1. Sketch of the basic geometry: the central black hole
defines the point of origin O of the system of coordinates. A
photon, emitted at an arbitrary Point H with the spherical
polar coordinates R, Or and ®r, is scattered within the blob at
point B which is situated at the distance z above the black hole
and moves along its angular momentum axis with velocity vg =
Brec and the associated Lorentz factor I'. In a frame centered
on the point B, point H has coordinates xz, 7 — Ou and Py.

by the high relativistic electrons and positrons within the
blob and thereby gain energy. The energy gain depends
on the geometrical relations as well as on the blob’s and
electron’s/positron’s Lorentz factors.

In general all quantities in the electron rest frame are
indicated 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 with the help
of relativistic invariants. In the same way the results can
be transformed into the frame of the galaxy respectively,
and using a particular cosmological model, into the frame
of the observer.

We will first calculate the scattering rate for an arbi-
trarily placed point source; then the solution for an ex-
tended 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 pho-
tons, is in the blob frame given by (Dermer et al. 1992)

ng(es, Qg) = c/de%dﬂ/dv%dQe
0 1

d?c

x (1 — Beost)) npm(e, Q) ne(7y, Qe) dedns (1)
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Here, npn and ne 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 section d2 /(degd)s) can be written in the Thomson
limit (¢’ =~e(1— [ costp) <1) with the help of the head-on
approximation as (Reynolds 1982; Dermer & Schlickeiser
1993)

d%c
dES dQS

= JT(s[eS —72%€¢(1 — Bcos 1/’)}
X (5(,U/S - Me) 5(¢S - ¢e)a (2)

where 1 is the angle between the incoming photons and
the blob electrons and u; denotes the cosine of the corre-
sponding angle 0y, respectively. In the frame of the galaxy
the thermal photon point source at H provides a photon
number density at the place B of

NH(G*)

na (€, 47, 07) = 4drx2e

6(p* — pgy) 6(¢" — o), (3)
where x denotes the distance between the photon source
at H and the blob at B (cf. Fig. 1). Ny is the photon
number spectrum of the photon source and ¢ means the
speed of light. Using the invariance of n/e? (Rybicki &
Lightman 1979) and the transformation properties of €*
and p* (Hagedorn 1973)

+ B
€ =Te(l+ Brp), p"= K a

S o Mt 4
14+ Bru )

Equation (3) can be transformed to the rest frame of
the blob:

NH (Fe(l + Bp,uo))

nu(e, p, @) = Anz2e 6(u — o) 6(¢ — ¢m),(5)
_ kg —Br
Ho = m (6)

Assuming an isotropic power law energy distribution with
a low and an high energy cut-off for the electrons within
the blob,

ne(y) _ Mo s

ne(')/)Qe) = 4 - E’y )

(7)

71 <7 <9,

performing the integral in Eq. (1), the transformation into
the galactic frame, here using the invariance /e, leads to

Y2
.k % * DU n — % 6*
i5(e5. ) = T2 [ a4 <S+2>NH(—S), ®)

16m222 n~y?
71

where D denotes the Doppler factor D=[I'(1 — Brug)]~*
and

D(1 — Beosto) pt 2{
2L T DCOS0) B3t 2y
(L + Bryo) st

=00 i) eos(05 i)
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Thus, 1 contains the geometrical information of the scat-
tering process. The constant ng in Eq. (7) is related to the

total number density of the electrons né‘)) by

1—s
vy S=y ) s7# 1
ng = ngo) (10)
1/In(2), s=1

and the cosine cos g in (9) is defined as

(1= ) (1 — p§) cos(¢s — o). (11)

At this point we need to specify the photon number spec-
trum of the photon source. We consider a grey body (GB)
as well as a monochromatic (MC) photon spectrum:

costhy = pops +

2

7(0)  e* 1

) Ny .5 2¢®O% GB

Nu(e*) = (12)
N 5(er — (e*)), MC.

Here, © = kpT'/(mec?) is the dimensionless temperature
of the emitter and (¢*) is the mean energy of the grey
body spectrum

oo

/de* € Nu(e*)

__0
/de* N (€)
0

where ¢ denotes the Riemann zeta function (Gradshteyn
& Ryzhik 1965).

In the case of a grey body photon source we obtain for
the differential scattering rate

GB

(€)

GB

7(0) AN
h*(e* Q*) _ DUTnoNH G_S
SUSTTSA T 64m222¢(3)0 \n O
s
WGWf oi3
t™=2
dt , 14
et —1 (14)
5
71973

whereas in the case of a monochromatic photon source
we find

<n§§*>>sgl

for n(e*)m” < €§ < n (e )’

D oaT No ngo)
32 w222 (e*)

ng(es, 25) =
MC

(15)

The restriction in energy is a consequence of the cut-
offs in the energy spectrum of the radiating electrons (cf.
Eq. (7)). This result is in accordance to the result of
Dermer & Schlickeiser (1993) for n averaged over ¢r. With
Egs. (14, 15) we can calculate the differential photon num-
ber spectrum for target photons of an extended source by
integration over the source distribution. Afterwards, the
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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 de-
rive 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
Sect. 6.

4. The differential luminosity dLg/dQ§

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

dLg
dQg

(o)
= mQCQDVB/ deg egng, (16)
0

with the volume of the blob, Vi = DV (Begelman et al.
1984). Inserting the derived solution for n§ from Egs. (8)
with (13) in (16), we get the same differential luminosity
for the monochromatic photon source as well as for a grey
body spectrum.

dLg 3 2 (0) 5 6(4) o
= —— Vi Ny’ ' ©>=—=D
Qg ~ 162 ¢ BTN i)
o[
X — (17)

In (%), s =3.
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 lumi-
nosity of the inverse Compton scattered photons.

The differential luminosity of an extended photon
source can be derived by integrating over its surface pro-
vided that the photon source is either geometrically thin
or optically thick. Here we simplify the dust torus as an in-
finitely thin belt with constant distance to the black hole,
Ryr, and finite extent in polar angle with —7 < pi < 7.
We have to distinguish between optically thin and opti-
cally thick emission. In the optically thick case the cosine
of the angle between the normal of the emitter surface and
the direction to the blob has to be taken into account.
With

m—s

W
Pm = (18)
In (%), s=m

in the optically thin case we then obtain for the scattered
dust torus emission

thin
ALz 3 5 © () oy P3 C(4) o
= me N, B3%p
A0 tor2 e VB o (Nt O )
DT
T 27 9
< By [ [aor T (19)
—T 0
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(0)

Note that ng in (10) can be represented as ne ' /pi.

Inserting 7 from (9) and making use of the relations

22 = R2. + 2% — 22Ryo iy

P = ) 20
VAT L Y 2
¢ = du,

where f = z/Rpr is the height of the blob, z, normalised
to the radius of the dust torus, Rpr, we get

thin
dL 3 ) - (0) p3 C(4)
= Vi O (N ©)pr = 2L DO
a0s 67 ¢ VB o e (N O - o7
DT
% l 3/%2 — 1K(2) _9 'LL_EK(U
flosr T f

+ (3 - f%%) In (%) ] (21)

with o=+/f24+1+2f7, u=+/f2+1-2f7 and
<1i w)(o” —u").

K = (22)

orun

For an accretion disk of radial size R, and inner radius R;
located at z = 0 we calculate correspondingly

thin

dLg 3 2 (0) P3 4) 2
= — N _— D
dQg | Tgr2 e VBT e 1 ¢(3)
Rap 27 9
« / dR / agy R (WP O)(R). (23
Ry 0

Here, O, and N}(IO) depend on the radius. For the bolo-
metric flux

B(R) = mec*(Ni (")) (R)

- 3%7718@2@;10)@)@(3) (24)
we use the model of Shakura & Sunyaev (1973)

3 GME L (M\( M
N O R

where a ~ 3.15 x 107 s denotes one year in seconds, M
the mass and M the mass accretion rate of the black hole,
respectively, and

3Rg
=[1-4/22
o=|i- %

the Schwarzschild radius. A good approximation is
given by

with  Rg =2GM/c?, (26)

| bhEs

1t (27)

Y=4q
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with ¢ = 0.75,b = 3.4 and a lower integration limit of
R; = 4Rg. With

z
VAR
where F' is the height z normalised to the radius of the
accretion disk, R, we obtain

iy = F=2/Ra, (28)

drg [ 3qVeorn® ps GM2 (M \ ([ M
dQg  64mR3, p1 a Ma ) \Mo/a
6 -3 I .
X DSF M(MS,F—) — M(43, F)
R
1 bRs R,
————— [ N(pg, F=— | = N(ug, F 29
i (Nug P ) =N ) ) | (29
where we define
2
Yy +2
Mg, y) = (14 p87) y — 205 ——=
(MS y) ( Hs )y MS\/W
1 *
_ Z(7u32+3)arc‘5an( )+ (3us 71) + 5 (30)
2
" x <yl +3 .
N(ug,y) = (1+ p5?) y* — 203 y+3) _ 3arcsinh(y)
V14192
- l(5 24 D1+ 2)+1(3 21— (31
5 Hg Y B Hs 1142

In the optically thick case the angle between the normal of
the surface and the direction to the blob has to be taken
into account. For the scattered dust torus emission we get

(cf. Eq. (19))
/ e / dg;

thick
where pj is the cosine of the angle /(HB,HO) (cf.
Fig. 1)

AL
g |

(32)

1 _ *
pi = L (33)
VIt =2 fuh
The calculation leads to
thick
dLg 3 0) / x7(0) p3 C(4) 6
= — N =D
an | e Voo (N Ol e
U[3ug® =1 ) #§ @
— | =K\ -22K
] [ 12/2 ot T f
. SM*Z -1
R R O e

For the definition of ngl) see (22). Correspondingly
we get for the comptonised optically thick accretion

disk radiation
/ dR / Ao R

thick

dL;

N(O
g |

O)uo (R) piz (35)
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which leads to a slightly modified solution compared to
the optically thin case

g | 3qVeornl® py GMZ (M ( M
do O 64mR3, p1 a \Mp)\Mg/a
6 7—3 * RI *
x DY F3|P (g, Pt ) — P(u, F)
Rap
1 bRs R,
—>m & S Fo— ) —Qus, F 36
QRADF <Q <'U’S’ RAD) Q(:U'Sa )) a( )
where we define
2 2
Y+ 2 1 9 3y2 +2
P(us, 1+ ps®) S—= — ~(3u* -1 :
(1s,y) = (1 + pg”) = 5 (31 )(1+y2)7
1 g 3
— ok z _2
Mg [y—l— SR 2arctan(y)], (37)
2
« .2y Yy +3 . :
Qus,y) = (1+pug?) w3 (6157 + 2) arcsinh(y)

V1492

1
— 24 [yz + i 21n(1 +y2)}

3
+(3u§21){§( vy __ Y ] (38)

1+y2)7 1+ y2
Figure 2 shows the dependence of the differential lumi-
nosity in arbitrary units on the aspect angle ©§ as po-
lar plot for the dust torus (solid line) and the accretion
disk (dash-dotted line) as optically thin target photon
sources in different distances of the blob from the cen-
tre, F. The 0° direction defines the jet axis. The aspect
angle ©F corresponds to the angle between the line of
sight of an observer and the jet axis of the AGNi. We
use Lpr/Ls = 15, which is in accordance with the ra-
tio of an intermediate dust luminosity measured by Haas
et al. (1998) and an accretion disk luminosity estimated
by the Eddington luminosity of a black hole of 108 Mg,
i.e. Lyp = 1.3 x 10% ergs—!. Furthermore we choose s=3,
Ryr/ Ry = 1000, ie. f = F/1000, R,/Ra = 4/300 and,
here, for presentability I'=2.3. The opening angle of the
dust torus is ©F =60°, corresponding to 7=0.5. The left
panel of Fig. 2 shows an antenna diagram for a distance
F'=4; the maximum of the cone-like angular distribution
of the scattered accretion disk emission dominates the dif-
ferential luminosity for observing angles of ©§ ~ ©§™"**
(cf. Fig. 5). For small aspect angles the differential lumi-
nosity is clearly dominated by the scattered dust emission.
At a distance F'=7 (right panel) the dust torus has even
become more important and stays dominant for greater
distances because the accretion disk photon field decays
as F~2. The relative intensities of the two components
scale with the luminosities of the accretion disk and the
dust torus, that is with Lyr/L .. Were the dust torus less
luminous, the scattered accretion disk emission would pro-
vide the absolute maximum of the differential luminosity
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Fig. 2. The differential luminosity in arbitrary units as antenna
diagrams for the dust torus (solid line) and the accretion disk
(dash-dotted line) as optically thin target photon sources for
different distances of the blob from the centre, F', measured
in units of the accretion disk radius. The 0° direction defines
the jet axis. Here we use an electron spectral index s =3 and
for presentability I' = 2.3; for other parameters, see the text.
Left panel: F'=4; the scattered accretion disk emission domi-
nates the differential luminosity, whereas for small angles the
scattered dust emission is more intense than the accretion disk
contribution. Right panel: F' = 7; the scattered dust emission
yields the absolut maximum of the differentiel luminosity and
stays dominant also for greater distances. Note that the rela-
tive intensities of the two components scale with Lpr/Lap.

also at distances somewhat larger than F = 7. However,
the different antenna patterns would persist: the scattered
dust emission is concentrated in the exact forward direc-
tion, ©f = 0°, and yields the main contribution whereas
the scattered accretion disk emission is most intense for
intermediate aspect angles, ©F ~ 1/T.

Figure 3 shows the difference between optically thin
and optically thick target photon sources on the differ-
ential luminosities. The quotient = of the differential lu-
minosities shows a weak angle-dependence. For the ac-
cretion disk (upper panel) the additional factor ujj is
approximately unity for F > 1 and therefore likewise
Zap = 1. Thus the differential luminosities differ distinctly
only near to the accretion disk. For the dust torus (lower
panel) the difference between the optically thin and the
optically thick solution of the differential luminosity be-
comes largest when the blob sees target photons from the
upper edge of the dust torus which have been emitted
obliquely to the surface of the dust torus, i.e. for fr — 1.

5. The beaming pattern

The beaming pattern shows the relative contribution of
the two target photon sources independent of their lumi-
nosity. To derive the beaming pattern, we have to nor-
malise the differential luminosity of the scattered photons
to the differential luminosity of the target photon source,
respectively.

d; .
~dOg dLy  mec v o
S = i’ a; ~ dr /dA/de € Ny . (39)

a0 0
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Fig. 3. The quotient Z of the differential luminosities in the
optically thin and the optically thick case for the accretion
disk (upper panel) and the dust torus (lower panel) as tar-
get photon sources as a function of the distance of the blob
from the centre, I', measured in units of the accretion disk ra-
dius. For both target photon emitters the difference shows a
marginal angle-dependence. Upper panel: for the accretion disk
the additional factor uj; is approximately unity for F' > 1 and
therefore likewise Z=ap ~ 1. Thus the differential luminosities
differ only near to the accretion disk distinctly. Lower panel:
for the dust torus the difference between the optically thin
and the optically thick solution of the differential luminosity
becomes largest when the additional factor uy in the integrand
of the optically thick case becomes small for photons emitted
from the upper edge of the dust torus, i.e. for fr — 1. (Here,
7=10.5, F = 1000 f).

For the target photon source luminosity we find in the
case of the accretion disk with (12) and the relations for
the flux used in the previous chapter

dLI”iI thin B iGM(% % M
dQ - 167 a Mg My /a
AD
RAD — RI bRS RAD + RI
A Mg IR T (40
 TRoR: { 2 RADRI] (40)

In the optically thick case the optically thin solution has
to be multiplied with the cosine of the aspect angle ;g to
take into account that the effective area of the accretion
disk seen in the OF direction varies with p§. For the dust
emission we derive

thin

RO

¢(3)

ALy,
Qs

mec? (N}(IO) O)pr R 7. (41)

For optically thick dust emission the integrand in (39) be-
comes a complicated function of pk. In the special case
7 = 1, 7 is the cosine of the finite extent in polar angle
of the dust, an easier solution can be found which corre-
sponds to the optical thin solution for 7 = 1.
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Fig. 4. The beaming pattern, S, for the dust torus (solid line)
and the accretion disk (dashed line) as target photon sources in
different distances F'=2,4,8 and 16 (normalised to the accre-
tion disk radius) of the blob from the centre and a bulk Lorentz
factor of I'=10; for other parameters, see explanation of Fig. 2:
the beaming pattern of the scattered dust torus photons is al-
most constant whereas the contribution of the accretion disk
decreases rapidly with increasing distances F. In the ©§ = 0°
direction the decrease is proportional to F~¢. Please note that
the beaming pattern shown here is normalised to the luminos-
ity of the actual target photon source, whereas elsewhere in
this paper the figures are for a scaling of the target photon
luminosities Lpr/Lap =15.

The total energy FEiot of the electrons in the blob can
be obtained from

Eiot (42)

Y2
mec®Vi /dv ¥ ne (7, Qe)

71
2
MeC 0y P2
= = 1pnWE.

43
A p1 ( )

We then derive for the beaming pattern in the optically
thin case

5| -
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for the dust torus and
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Fig. 5. Upper panel: the dependence of the angle of maxi-
mum differential luminosity/beaming pattern ©§™** on dis-
tance F for different blob Lorentz factors I'. The maximum of
the beaming pattern of the scattered accretion disk radiation
occurs closer to the jet axis with increasing blob velocities.
The minimum in the exact forward direction is established at
larger distances with increasing blob velocities. Lower panel:
the apparent jump of the angle of maximum differential lu-
minosity /beaming pattern in the upper panel occurs because
a second maximum establishes with increasing distance. For a
Lorentz factor of I' = 10 the second maximum becomes the ab-
solut one at a distance of F' ~ 6. Thus the angle of maximum
differential luminosity /beaming pattern ©§™** changes at this

distance to a value close to 4° as shown in the upper panel.

for the accretion disk. For M and N see (30) and (31),
respectively.

Figure 4 shows the beaming pattern for the dust torus
(solid line) and the accretion disk (dash-dotted line) as
target photon sources in different distances F' (normalised
to the accretion disk radius) of the blob from the centre
in the optically thin case. Here the bulk Lorentz factor is
I'=10. The beaming pattern of the scattered dust torus
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photons remains almost constant for the considered dis-
tances and shows a stronger concentration of the inverse
Compton radiation in the forward direction. The contribu-
tion of the accretion disk decreases rapidly with increasing
distances F' and shows a weaker decay with increasing ob-
serving angle ©F. The upper panel of Fig. 5 shows the
dependence of the angle of maximum differential lumi-
nosity /beaming pattern ©§™** on distance F' for different
blob Lorentz factors I' = 2.3,4,10. The minimum in the
forward direction is established at larger distances and the
maximum is stronger concentrated towards the jet axis
with increasing blob velocities. The lower panel of Fig. 5
illustrates the reason for the apparent jump of the angle of
maximum differential luminosity /beaming pattern ©§™a*.
With increasing distance an second maximum establishes
and in some distance, here F' ~ 6 for I' = 10, becomes the
absolute maximum whereas the former one in the forward
direction decreases to an absolute minimum.

6. The differential photon number spectrum

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

N (€5, Q) =D Vg /dA n

T 2
R2. [dus [dgh ng, DT
—T 0

= DV (46)
Rap 2T
[ dR [d¢y Rag , AD.
R1 0

As seen in the calculation above, the two spectral distri-
butions of the photon source (GB and MC, cf. Eq. (12))
lead to the same differential luminosity. For the monochro-
matic case an analytic solution for the differential pho-
ton number spectrum can be obtained, which we will use
henceforth. In the optical thin case, we calculate

k% « D2VBO'TTL£;O) >k,s-*—l
Ng(e5, Q) = 22 €s *
- (0) s T 2 5;1
(M=) R [ dps [ - DT
x (47)
Rap 2 # ~(0) o1
[ dR [des RﬂxT(NH (€)% ) (R), AD.
R1 0 AD

To perform the integrals in (47), we have to take into ac-
count that the energy interval of the differential scattering
rate ng in (47) depends on both integration variables (see
(15) with (9), (20) and (28)). To perform this we first
average 1 of Eq. (9) over ¢k

1 * * * * *
(=5 /d¢T n(piy, 1) = D? [1 - MS:U'H] : (48)
Because the system is symmetric to the jet axis this seems
to be a good approximation.
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The radiation of the counter-jet is highly suppressed
because of the angular dependence of the Doppler factor
D. For simplicity, we consider aspect angles smaller than
O =90° and distances of the blob smaller than the dis-
tance to the torus f < 1.

In the case of the dust torus we obtain for the differ-
ential photon number spectrum with the help of Eq. (20)

and the substitution t=+/14 f2 — 2 f p% the expression

7(0) 0) L
N* _ Veor NH ‘DT 77,((3 <6*>S; Dst3 6*—5_‘;1
S o 3272 p1 or S

s+1
2

ps (L= +2ft—pst?
Xl/dt |: i Si1 543 i
f (2/)

2 (72
The lower limit for € in (15) lead with (20) to the restric-
tions for the new integration variable ¢

(49)

(t—t3,)(t—15,) =0 (50)
with
L (1 - % )
Y1 'ug D2 <€*>Dr712

f? & ’

() e @

and the upper limit for €§ leads to
(t—td)(t—1,) <0 (52)
with
tt = S <1 — L)
Y2 :LLE D2 <€*>DT'Y22

f? < ’

For f < 1 the “—"-solution becomes negative and can
excluded because by definition ¢ represents a distance.
Taking this together we get

+
t“/l S

t < th. (54)
Outside of this interval the integrand becomes zero. For
the indefinite integral in (49) no general solution can be
found. To get a first result, we assume that the spectral
index of the electron distribution is s=3.

The two limits in (54) can be inside or outside the

integration interval

Wi+ f2—2fr 1+ f2+2f7] = [T-,Ty], (55)

respectively. If they are inside we had to change the inte-
gration limits. So after integration the solution for the dif-
ferential photon number spectrum is split into three parts.
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0= T+ "
w— t% } for y2A, < e < "n2A_
with Zigf } for y2A_ < el <Ay (56)
o=1tt «
u_YZi} for 7% Ay < €f <?A_.
For clarity we defined the functions Ay =AL(f, ug),
fET )
Ay =D? (¢ <1— R 57
+ (€")or Hs TNETIL (57)

which carry the information about the position of the blob
and the aspect angle. For the definition of tI , T4 and
K see (51), (53), (55) and (22).

Again, in the optically thick case the cosine pj;, defined
in (33), has to be added to the integrand in (46). Note that
the limits in (56) are not affected. In comparison to the
optically thin solution in the second line in (56) changes to

1 lu’gz (3) _ IU’S (2) ’u§2 2 (1)
K K+ (1 1—f K
l1212 2f 412( )

For the accretion disk we get for s = 3 and optically thin
emission with the help of (20), (28), (48) and the substi-
tution y = z/R

_ SaVeor ne” o GME (MY (M
_2567r3R§D p1 S mec?a \My ) \ Mg /a

Y1)2?

- (58)

N§

AD

(V1+y% — pgy)? bR
F- 3 S 1—
X /dyy L ( TRe y) (59)

with the additional restriction in energy

* * *
€y, < 6 < €y

* —
6’71\2 =

* Y * 2.2
| — Y D22, 60
(1 s ) (60)
where (e*),p(y) is derived with (13) and the Stefan-
Boltzmann law

: (W) ks (B@)\*
= 3— _— .

<6 >AD(y) <(3) mecg om

For B(y) see (25) with R = z/y. The energy restric-

tion in (60) leads to energy dependent arguments which

can be specified numerically. To get an analytical expres-

sion for the energy dependent integration limits, we set

(61)
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@ =1 and consider distances F' > 1. For the two impor-
tant cases pug = 1 and F' > 1 the energy restriction can
be approximated accurately. We expand

Y 1

1
i _7—1—+O(—>
H /_1 + y2 2y2 y4
and derive the explicit restrictions for y.
Case A pg =1.

(62)

In the case pug = 1 the first order expansion of uj; is an
accurate approximation for all values of F' slightly larger
than 1. With
4) ky (3 GM2\T/ M\ M \ _1
c=388) ke (8 GMONT( MM M RyZ  (63)
€(3 mec? \87 ospa ) \Mg) \Mg/a

we get for the integration variable y

4
D2C’)/2 5
A A 1]2 _3
y < yg( ), yl(|2)E (27*') Fs. (64)
€s
In comparison to the numerically achieved value, the lower
cut-off takes place at higher energies (cf. Fig. 6).

Case (B): F > 1.

In a distance F' > 10 most of the target photons penetrate
the blob from behind. At high energies the approximation
wi = y/+/1+y? = 1 shifts the cut-off to slightly higher
energies (cf. Fig. 7). Considering aspect angles & > 20°
the approximation also holds for F' < 10. We obtain

(B) (B) . (B) _ ( €§

4
1 3
Yo Sy <y, Yo = )F-(65)
1]2 D2071|2 NS

We define the new functions

2
Y v +2
Mt y) = (1+ pi®)y — 2pf 22
(1s,y) = T+pg7)y MS\/W
1 *2 1 2 x
_ 5(3ﬂs +2) arctan(y)+§us —1+y2’ (66)
2
N(ug,y) = (1+#32)y2*2us g—?)arcsmh(y)
V1492
*2 2 *2
= (2ps" + 1) In(1 +y7) — g 1 (67)

which are slightly different to M and N in (30) and (31),
respectively, and we get for the differential photon number
spectrum Ng

(0) 2
7 3q Ne 6 «—2f GMg -3 -3
= Wi D R°F
S w2963 BaT p1 ‘s <m802a AD
M M - .
_ % o) — M
(M@)(M@/(Z) |: (:U'Sao) (:U'Sau)
1 bRy (=, . <
- 5 7 (N05.0) ~ Nz, 0) |
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with
o=F/q 5 X
U::El(A) } for U%q4 S €s S U’Yl
=F « 5
@ Z: F/q } for Uy, < €5 <Uy,qt (68)
_ A 5
0= Ty for U,,q* < € <U,,
u=F
o=zP 3
! for V3, < €5 <V3,/q3
u=F
o=F/q 3
L } for V,,/q7 < €& <V, (69)
u =
o=1F/q 3
_ {B)} for V,, < €5 < V“/z/qia
U=,

where ¢ = R;/R.p is the quotient of the inner and the
outer accretion disk radius and U,,, = U,,,(F) and
Vi = Vo, (F, p§) are defined as

D?(ug = 1)0’)’12|2

U’Yl\Q = 2F2 ’

V’Yl\z = D2C'712|2(1 - Mg)

For the definition of yy(ﬂB) see (64) and (65).
We supplement pf in (59) to get the solution for op-

tically thick accretion disk emission. The solution corre-

sponds to the optically thin solution when M is replaced

by P and N by Q, respectively, with

2 2
- P2 1 L 3242
P *’ =(1+ x2y J TE& L %2 J9Y T L
(s,y) = (1 + ps”) = 3" 118
. 1 y 3
—2ug [y—l— 2112 Earctan(y)], (72)
X y(y* +3)

Qlug,y) = (1+pg”) — (45" + 3) arcsinh(y)

Ve

1
— 2k |42 —21n(1 + 12
us[y +1+y2 n(l+y )}
+ L2 1){1 v } (73)
27 TV Vir )

The different dependences on the distance of the blob F
and the angle ©f between the jet axis and the observer
for the two considered target photon sources in the case of
optically thin emission are illustrated by Figs. 6 and 7. We
use 1 = 100 and 72 = 10° for the lower and the upper limit
of the electron spectrum, respectively. The blob Lorentz
factor is I' =10; for other parameters, see explanation to
Fig. 2.
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Fig.6. The differential intensity spectrum of the inverse-
Compton scattered photons for the dust torus and the accre-
tion disk as target-photon sources in arbitrary units derived by
numerically quantified integration limits. The dotted lines as-
sociated to the different spectra of comptonised accretion disk
emission present the approximated analytical solutions. The
aspect angle is 0°, the lower and the upper limit of the elec-
tron spectrum 1 = 100 and ~2 = 10°, respectively. The blob
Lorentz factor is I' = 10. The dotted lines associated to the
different spectra present the approximated analytical solution
For other parameters, see explanation of Fig. 2. When compar-
ing to Fig. 4 please note that this figure is derived for a scaling
Lpr/Lap = 15. Varying the distance of the blob of relativistic
electrons from the central black hole, F', measured in units of
the accretion disk radius, we see that the intensity of scattered
radiation disk emission falls of strongly whereas that of the
scattered dust radiation remains constant.

Figure 6 shows the results for the differential inten-
sity spectrum for the dust torus and the accretion disk as
target-photon sources in the distances of 5, 10 and 15 ac-
cretion disk radii, respectively. The dotted lines associated
to the different spectra represent the approximated ana-
lytical “accretion disk”-solutions. The aspect angle is 0°.
The spectrum of scattered dust emission is nearly con-
stant (up to F'~100) whereas the scattered accretion disk
emission decreases by two orders of magnitude.

The sharp peak and the inversion of the spectrum at
small energies results at least partly from the head-on
approximation for the inverse Compton cross Sect. (2).
Because of the low energy cut-off in the electron spec-
trum, =1, the energy condition, represented by the delta
functional in (2), can not be satisfied for all relevant scat-
tering angles. This means that only some part of the target
photon distribution, actually those penetrating the blob
from favourable directions, can be scattered to become
~-rays of very low energies. The geometrical restrictions
still being present, the use of the full scattering cross sec-
tion would result in a smooth turn-over of the intensity
spectrum at low y-ray energies.
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Fig.7. The differential intensity spectrum of the inverse-
Compton scattered photons in arbitrary units for a blob dis-
tance F'=10, an aspect angle of 0° (solid and solid & crosses
line) and 20° (dashed and the dash-dotted line) for the dust
torus (DT) and the accretion disk (AD), respectively. The dot-
ted lines associated to the different spectra of comptonised
accretion disk emission present the approximated analytical
solutions. The accretion disk contribution shows a weaker de-
pendence on the observing angle ©3: at intermediate aspect
angles the scattered accretion disk emission can dominate the
spectrum, though close to the jet axis the scattered dust emis-
sion is nearly two orders of magnitude stronger than the scat-
tered accretion disk radiation. Note again that in this figure
we have assumed Lpr/Lap = 15.

The angular dependences of the differential intensity
spectrum are displayed in Fig. 7: for a distance of F'=10
the dashed and the dash-dotted line show the differential
intensity spectrum for an aspect angle of 20°, the solid
and the solid&crosses line for an aspect angle of 0° for
the dust torus (DT) and the accretion disk (AD), respec-
tively. The dotted lines associated to the different spectra
of comptonised accretion disk photons represent the ap-
proximated analytical solutions. Again, the superposition
of relativistic motion and geometrical properties leads to
a different angular dependence in the two considered cases
of target photon sources.

7. The Thomson limit
We use the differential cross section d?c/(degdQ)s) in the

Thomson limit ¢ <1. Applied to the monochromatic ap-
proximation, the energy restriction transformed into the
galactic rest frame leads to

-1
() < [yr( - 80)(1 - Bra)| (74)
This limitation is most severe for head-on collisions, i.e.
1) = —1. Moreover setting Br = 8 = 1 we get

() < [0 - )] (75)
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Fig. 8. Radial temperature distribution of the accretion disk
(solid line) for a black hole of M = 10°My and upper limits
for F = 2 (dashed line) and F' = 4 (dash-dotted line) for the
validity of the Thomson limit.

For the different target photon sources we deal with, the
lowest energies are required for the largest values of Of,
i.e. for photons emitted at the upper edge of the dust
distribution, pj; = —7, and the outer rim of the accretion
disk, pf; = 1/v/1+ F~—2, respectively. If we allow for a
closed dust sphere, 7 = 1, we get as Thomson limit for the
target photon energy and the corresponding temperature

Tor = mec?/ki - ((3)/(3C(4)) - {€*)or

()pr <25x 1077, Tpr <550 K (76)

with ¥ = 45 = 10° and I’ = 10. Thus the Thomson limit
is applicable for dust emission below 550 K.

We consider distances of the blob larger than one ac-
cretion disk radius, F' > 1, and presented results for
F > 5. In Fig. 8 we compare the radial temperature dis-
tribution of the accretion disk (solid line) for a black hole
of M = 108M¢, with the values allowed by the Thomson
limit. For a distance of F' = 2 (dashed line) the Thomson
limit is violated for R > 100 Rg whereas for distances of
F > 4 (dash-dotted line) the use of the Thomson limit is
always justified. Note that the distance F' = z/R,, scales
with the accretion disk radius. Thus if we consider more
extended accretion disks with R,, > 300 Rs the applica-
bility for F' > 4 is still granted. The temperature distribu-
tion, represented in dependence of the normalised Radius
R/Rg scales with (M/Mg)~/? (cf. Eq. (25)). Therefore
the use of the Thomson limit for M/Mg < 10% is still
valid for F' > 1.

8. Summary and discussion

In this paper we have calculated comptonisation
~-ray spectra of AGNi for arbitrary observing angles. We
present analytical solutions for the bolometric luminosity,
the beaming pattern and the photon number spectrum
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produced by inverse-Compton scattering for an arbitrar-
ily placed point source of target photons as well as for the
accretion disk and a dust torus as the target photon source
for optically thick and thin emission. 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 spectra in blast
wave models for AGN and GRB (e.g. Pohl & Schlickeiser
2000).

In agreement with previous studies, our results show
that the highest differential luminosity and photon en-
ergy 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 accretion disk
radii the dust surrounding the AGNi is more important as
target photon source for the inverse-Compton scattering.

The presented model for comptonisation of external
photon fields does in principle also apply for the broad line
region (BLR) as target photon source. It can be treated
either as a homogeneous sphere with a photon emission
rate determined by the total luminosity of the BLR, anal-
ogously to the approach for the dust torus, or as dis-
crete point sources (clouds), thus as a summation of point
source solutions also presented in this paper. However,
the comptonisation of the BLR photons does not always
happen in the Thomson regime, therefore our analytical
approach is not always applicable for all y-ray energies.
Numerical solutions of the comptonisation of BLR pho-
tons using the full Bethe-Heitler cross section have been
presented by Bottcher & Bloom (2000). The relative in-
fluence of the dust emission in comparison to the emission
of the BLR depends sensitively on the strength of the en-
ergy density of the photon fields and the proportions of
the emitters. For distances z > Rpyy the photon field of
the BLR decays with the distance squared, thus we expect
the dust to be the dominant target photon source at least
in this regime.

Though our results are not directly comparable with
the time-averaged spectra presented by Blazejowski et al.
(2000) for a specific line-of-sight to the observer (fops =
1/T) our results confirm the relative importance of the
dust on the inverse Compton radiation at least for AGN
known as strong infra-red sources. The weak dependence
of the comptonised dust emission for distances less than
F ~ 100 for 7 = 0.5 and even further for a more closed
dust configuration seems to justify the assumption of a
constant energy density uy used by Blazejowski et al. in
the range z < Rpy;7.

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
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head-on, in which case we probably observe comptonised
dust emission. The FSRQ/OVV seen at an intermediate
angle ©* ~ 10° would show a significant level of scat-
tered accretion disk emission. The latter objects are less
intense, meaning they would be less likely identified as
point sources, but would contribute to the extragalactic
~-ray background (Sreckumar et al. 1998).
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