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Abstract: A few distant FSRQ type blazars have been recently detected not only in the GeV energies but also
in the sub-TeV energy range by Cherenkov telescopes. The fast variability of the γ-ray emission from these
sources is difficult to understand in the model which assumesγ-ray production outside of the Broad Line Region,
extending up to a fraction of a parsec from the central engine. We wonder whether thisγ-ray emission can not
originate in the Inverse Compton (IC)e± pair cascade occuring in the dense radiation field of the accretion disk
in the inner part of the jet. Using the anisotropic IC pair cascade scenario we model the observedγ-ray spectrum
observed from PKS 1510-089. It is shown that the observed shape of the GeV-TeVγ-ray spectrum can be well
described by electrons injected with the simple power law spectrum if the absorption effects at the radiation from
the accretion disk, the broad line region (BLR) and in the Extragalactic background Light (EBL) are included.
We also interpret the short scale variability of this emission in terms of such model.
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1 Introduction
Three distant flat spectrum radio quasars (FSRQs), 3C 279
[1], PKS1222+21 [2] and PKS 1510-089 [3, 4], have been
detected in the GeV energies and recently also in the sub-
TeV γ-rays by Cherenkov telescopes. Theγ-ray spectra of
these sources are flat in GeV energies and becomes steep
in TeV energies. This feature can be caused by the absorp-
tion in the Extragalactic Background Light (EBL), the in-
ternal absorption at the source or a mixture of both. In the
case of PKS 1510-089, variability in the GeVγ-ray range
with flux doubling time scales reaches the values as small
as∼20 min [5, 6, 7, 8]. In the sub-TeVγ-ray range dou-
bling time scale of 10min has been observed in light curves
of PKS1222+21 [2]. Such short variability time scales ar-
gue for relatively small emission region. In addition it is
believed that the emission region has to be located at large
distance from the base of the jet in order to avoid strong ab-
sorption in the radiation fields of the accretion disk and the
broad line region (BLR). On top of that, this small emis-
sion region (or regions), being at large distance from the
central engine, should still move with very large Lorentz
factors in order to be consistent with the observedγ-ray
power. Such large Lorentz factors are difficult to reconcile
with the observations of the superluminal motion in these
sources which give the values of the order of∼20 in the
case of PKS 1510 [9]. Therefore, the location of theγ-ray
emission region remains in fact a mystery.

We perform Monte Carlo calculations of theγ-ray emis-
sion in terms of an anisotropic ICe± pair cascade model.
They are compared with the GeV and TeV observations of
an example source of this class, PKS 1510-089. PKS 1510-
089 is a luminous FSRQ located at a redshift z = 0.361,
harboring a black hole with the mass∼ 5× 108 M⊙ [5].
In our model electrons are accelerated in the inner part of
the jet close to the accretion disk and deep within the BLR.
They comptonize thermal radiation from the accretion disk.
Electrons produce first generation ofγ-rays which initiate

the ICe± pair cascade in the radiation field of the accretion
disk. The finalγ-ray spectra are obtained by taking into ac-
count the absorption of cascadeγ-rays in the soft radiation
from the BLR and in the EBL.

2 IC e± cascade model for FSRQs
The details of the anisotropic ICe± pair model, which
we apply in order to interpret the GeV-TeV emission from
PKS 1510-089, are reported in [10, 11]. Here we men-
tion only the general features of this model. We assume
that electrons are accelerated and confined in a blob which
moves along the jet with a fixed Lorentz factorγb. The di-
rections of the electrons at any given moment are assumed
to be isotropic in the blob’s frame of reference. The elec-
trons are injected with the simple differential power law
spectrum (∝ E−α) and the high energy cut-off atEmax.
Note, that due to the Doppler boosting, the energies of elec-
trons in the disk’s frame of reference will reach higher val-
ues. The injection occurs with constant rate at a specific
range of distances from the base of the jet, i.e. between
Dmin andDmax.

Since we consider the acceleration of electrons close to
the base of the jet, the main cooling process of electrons
is the interaction with the anisotropic radiation from the
accretion disk. The emission of the disk is treated as a
black body with the power-law dependence on the distance,
r, from the black hole,T(r) = Tin(r/r in)

−3/4, whereTin is
the inner disk temperature andr in is the disk inner radius.
We assume that the disk extends up to the radius of 500r in.
The total disk luminosity,LD = 4πσSBr2

inT4
in is normalized

to the observations of the UV bump with the power∼ 3×
1045 erg s−1 [12]. For this disk luminosity and the disk
inner radiusr in = 3rBH = 5×1014 cm (corresponding to
the black hole mass ofMBH = 5×108 M⊙) the inner disk
temperature isTin ∼ 6.5×104 K.

Note that the accretion disks are expected to have hot
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Figure 1: Optical depths for absorption ofγ rays in the accretion disk radiation field of PKS1510-089 as the function of
the energy measured in the Earth’s frame for 3 observation angles with respect do the direction of the jet: 0◦ (left panel),
10◦ (middle panel) and 30◦ (right panel).γ rays are injected at different distances from the black hole: 1r in (solid lines),
3r in (dashed), 10r in (dotted), 30r in (dot-dashed), 100r in (dot-dot-dashed), 300r in (dot-dot-dot-dashed).

coronae which emission is observed in some FSRQs as the
extension of the pure Black Body emission from the ac-
cretion disk. For example, in the case of 3C 273, the addi-
tional component, described by a power law spectrum ex-
tending above the peak of the thermal emission from the
accretion disk, is clearly visible [13]. In the present calcu-
lations we do not take into account this additional radiation
field which however might cause additional absorption ef-
fects in the observedγ-ray spectrum at a few tens GeV.

The γ-ray spectra, which escape from the vicinity of
the accretion disk, are formed in the ICe± pair cascade
process initiated by the relativistic electrons from the jet.
We calculate the cascadeγ-ray spectra, produced in the se-
quence of processes: IC production ofγ-rays in collisions
of electrons with disk photons and subsequent absorption
of theseγ-rays in collisions with disk photons, as a func-
tion of the angle measured in respect to the axis of the
jet. Such spectra are strongly affected by the anisotropic
radiation field. The emergingγ-ray spectra are defined
by the three-dimensionalγ-spheres, i.e. the optical depths
for γ-rays in different directions. The optical depths are
computed following the approach of [10] and shown in
Fig. 1. Our calculations show that for small angles in re-
spect to the jet axis (< 10◦) theγ-rays with energies below
∼ 10GeV escape from the disk radiation without any ab-
sorption if produced even at the base of the jet. However
γ-rays with energies above 100 GeV can only escape pro-
vided that they are produced at distances greater than∼10
inner radii from the accretion disk.γ-ray with energies of a
few hundred GeV (which were observed from PKS 1510-
089 by H.E.S.S. and MAGIC telescopes) escape without
absorption only from distances above∼30 rin.

The γ-ray spectra produced close to the accretion disk
have to pass through the disk radiation which is scattered
or absorbed and re-emitted in the broad emission line re-
gion (BLR). Such radiation has more favorable angles for
the absorption ofγ rays, and thus can affect them also at
larger distance from the black hole and at lower energies,
even while the total luminosity of BLR is much smaller
than the one of the accretion disk. Moreover, contrary to
the absorption in the disk radiation field, the absorption in
BLR nearly does not depend on the direction of the propa-
gation of the production distance and the propagation angle
of theγ ray, as long as it is produced deep within the BLR
region [14]. We include the absorption effects of the cas-
cade ICe± spectra by multiplying them by the reduction
factorse−τBLR . In our calculations we assume the radius
of the BLR to be∼ 1500r in, similar to the value used in
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Figure 2: Optical depths forγ-rays in the BLR radiation
field of PKS1510-089 as the function of the energy mea-
sured in the Earth’s frame. The dashed line shows the opti-
cal depth in the lines of BLR, the dotted line in the contin-
uum emission, and the solid one is the sum of both.

[15]. The optical depths for specific parameters determin-
ing the BLR radiation field are calculated following [14].
They are shown for the assumed parameters of the BLR in
PKS 1510-089 in Fig. 2. These optical depths reaches the
values of the order of∼ 3−4 for theγ-rays with energies
∼ 200−300 GeV.

Finally, the γ-ray spectra which escaped through the
BLR suffer absorption in the EBL on their way from the
source to the observer. We take this absorption effects into
account by applying the EBL model of [16].

3 Gamma-ray spectra and variability
The shortest observed variability time scale of the GeVγ-
ray emission from PKS 1510 allows us to constrain the
velocity of the emission region along the jet. If the blob
forms close to the base of the jet, then its radius has to
be not larger than the inner radius of the accretion disk,
Rb = ξ Rin ∼ 3RBHξ ≈ 5×1014ξ cm, whereξ < 1 is the
ratio of the radius of the blob to the radius of the jet.
The variability time scale of GeV emission,τvar ∼ 20 min,
depends on the radius of the blob and its Doppler factor,

Rb = 0.5ξ Dcτvar/(1+ z), (1)
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Figure 3: Spectral energy distribution of PKS 1510-089
measured by Fermi-LAT (gray squares) and H.E.S.S. (gray
circles) [3]. The dotted line shows the SED obtained from
e± pair cascade code (see text for parameters). The dot-
dashed, dashed and dot-dot-dashed curves show the SED
corrected also for absorption in the radiation field of BLR,
assuming that it reflects 0.75%, 1%, and 1.25% respec-
tively of disk radiation in continuous emission and in lines.
The solid line shows the above SED corrected also for ab-
sorption in EBL according to [16].

whereτvar is taken to be 20 min,z= 0.361 is the redshift
of PKS 1510-089,D = 1/[γb(1−βbcosα)] is the Doppler
factor, andα is the viewing angle. Eq. 1 allows us to
constrain the Doppler factor of the blob onD ≈ 40/ξ .
If the observer is located on the axis of the jet then the
Lorentz factor of the blob isγb ≈ 0.5D ≈ 20/ξ . Based on
the estimated Lorentz factor of the blob, we can constrain
the inner part of the jet in which the observed emission
originates,

Dmax ∼ cτvarγ2
b(1+βb)/(1+ z)

≈ 40r in/ξ 2
≈ 1.9×1016/ξ 2 cm, (2)

whereβb is the velocity of the blob in units of the veloc-
ity of light. For reasonable value ofξ equal to 0.6 (corre-
sponding toγb = 30), we estimate that the active region of
the jet (in which electrons are accelerated) has to extend
up toDmax∼ 100r in from the base of the jet.

Applying the parameters estimated above, we perform
Monte Carlo calculations of the ICe± pair cascade spectra.
In Fig. 3 we show the spectral energy distribution obtained
in the framework of the model described in the previous
section. For the calculations we assume a simple differen-
tial power law spectrum of electrons with slope−2.7. The
spectrum has an high energy cut-off atEmax = 600GeV
(measured in the reference frame of the blob). Note how-
ever that as sub-TeV and TeVγ rays are strongly absorbed
in the EBL the precise value of this cut-off has little in-
fluence on the obtained SED, as long asEmax & 100GeV.
The electrons are injected homogeneously within the blob
in the range of distances 1-100r in. Note that those primary
electrons are injected deep in the BLR. Therefore theγ
rays produced in the ICe± pair cascade will be strongly
attenuated by the absorption in BLR (according to Fig.2).
We collect the gamma rays emitted in the viewing angle of
< 5◦ with respect to the jet axis. We correct the SED for
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Figure 4: Integrated flux above 0.1 GeV (solid line), 1
GeV (dotted line) and 100 GeV (dashed line) expected
in IC e± pair cascade model from PKS 1510-089. All
light curves have been normalized to have the same pho-
ton count integrated over the whole time range. The light
curves are computed with respect to the time of the ob-
server at Earth.

the absorption in the EBL (according to [16]) and in BLR
(according to Fig. 2). The Fermi-LAT and H.E.S.S. spec-
trum can be reasonably well described by our model. For
the basic scenario, we assume that 1% of the radiation of
the accretion disk is reflected by BLR in a form of contin-
ues radiation, and another 1% is reprocessed in the form of
emission lines. Note that as the value of the optical depth
in BLR is not far from unity, theγ-ray spectrum is very sen-
sitive to even small difference in the reflectivity (compare
dot-dashed and dot-dot-dashed lines with the solid line in
Fig. 3 for the effect of the slight change of the reflectivity
coefficient).

Note that the model prediction goes slightly above two
of the Fermi-LAT points in the energy range close to
∼ 10GeV. As we commented above, such an effect can be
caused by fact that we have not taken in the present calcula-
tions the additional absorption in the hot corona above the
accretion disk (see e.g. [14]). This hot corona is expected
to emit UV and soft X-rays which provide additional tar-
get for γ rays with energies of a few tens of GeV. We do
not consider this additional accretion disk radiation com-
ponent since its emission geometry is not well known at
present.

In Fig. 4 we study the shape of light curves predicted
by the IC e± pair cascade model above different energy
thresholds. We apply the same parameters of the electron
injection as for the SED study. The GeV light curves in
this model consist of three phases. First, they exhibit a
small peak at the beginning of the emission. It is caused by
efficient cooling of electrons and multiplication ofγ rays
in cascade processes in the inner part of the jet, which is
immersed in the strong radiation field close to the surface
of the accretion disk. The peak is then followed by a slowly
dropping emission generated from electrons injected along
the jet with total time spread corresponding to the injection
range according to Eq. 2. The shape of this part of the
emission is nearly independent on the energy threshold.
The last part of the emission, an exponential decay, is
caused by electrons being in pure cooling phase. The decay
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phase is much sharper for higher energy thresholds. On
contrary, the light curve in the sub-TeV range shows a
rapid raise time caused by the blob coming out of the
intense absorption region in the beginning of the jet. Note
that the raise time of both GeV and sub-TeVγ-rays may
be extended due to the time scale of electron acceleration,
and rate of their injection in the blob. Therefore, precise
investigation of the shape of theγ-ray flare should give us
information on the injection efficiency of electrons along
the jet.

4 Conclusion
We show that the basic emission features of FSRQs, i.e.
flat spectrum in GeV energies and steep in the sub-TeV en-
ergies and very short variability time scales of this emis-
sion, can be understood in terms of the ICe± pair cascade
model. In this model electrons are accelerated in a relativis-
tic blob in the inner part of the jet and the dominating radia-
tion field comes from the accretion disk. Good description
of the observedγ-ray spectrum (see Fig. 3) can be obtained
in the case of electrons with a simple power spectrum pro-
vided thatγ-rays interact very strongly with the soft radi-
ation already at the source (i.e. with the accretion disk ra-
diation and the disk radiation reprocessed in the broad line
emission region). Such model naturally explains extremely
short time scale variability of the order of∼ 20 min ob-
served in the GeV emission by Fermi.

Discussed above modeling do not require any extraordi-
nary parameters for the widely accepted classical model of
the comptonization of disk radiation by electrons in the jet.
We have assumed that the blob accelerates electrons start-
ing from the base of the jet up to the distance of 100 jet in-
ner radius and moves relativistically already there with the
Lorentz factor equal to 30.
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