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ABSTRACT

Context. The blazar PKS 1510-089 is an example of flat spectrum radio quasars. High-energy emissions from this class of objects are
believed to have been produced by IC radiation with seed photons originating from the broad line region. In such a paradigm, a lack
of very high-energy emissions is expected because of the Klein-Nishina effect and strong absorption in the broad line region. Recent
detection of at least three such blazars by Cherenkov telescopes has forced a revision of our understanding of these objects.

Aims. We have aimed to model the observed spectral energy distribution of PKS 1510-089 from the high-energy flares in March 2009,
during which very high-energy emission were also detected by H.E.S.S.

Methods. We have applied the single-zone internal shock scenario to reproduce the multiwavelength spectrum of PKS 1510-089. We
have followed the evolution of the electrons as they propagate along the jet and emit synchrotron and IC radiation. We have considered
two sources of external photons: the dusty torus and the broad line region. We have also examined the effects of the gamma-gamma
absorption of the high-energy photons both in the AGN environment (the broad line region and the dusty torus), as well as while
traveling over cosmological distances: the extragalactic background light.

Results. We have successfully modeled the observed spectrum of PKS 1510-089. In our model, the highest energy emission is the
result of the Comptonization of the infrared photons from the dusty torus, thus avoiding Klein-Nishina regime, while the bulk of the

emissions in the GeV range may still be dominated by the Comptonization of radiation coming from the broad line region.

Key words. galaxies: jets — galaxies: active — quasars: individual: PKS 1510-089

1. Introduction

The observations by the Fermi/LAT instrument in the high-
energy (HE: 100 MeV < E < 100 GeV) range resulted in an
identification of 1873 sources (Nolan et al. 2012). Most of these
sources are blazars, which are very luminous, active galactic nu-
clei (AGNs) with relativistic jets pointing toward the observer.

The broadband spectrum of blazars is dominated by non-
thermal emissions produced in a relativistic jet (Blandford &
Rees 1978). The spectral energy distribution (SED) of blazars is
characterized by two, broad spectral components. A low-energy
component extends from the radio to optical/UV/X-rays, and is
produced by the synchrotron radiation of relativistic electrons.
The high-energy component may extend from X-rays to y rays
and, according to recent interpretations, is produced by IC (IC)
radiation with a possible source in seed photons, being either the
synchrotron radiation, the broad line region (BLR), or the dusty
torus (DT).

Blazars can roughly be divided into two classes: flat spec-
trum radio quasars (FSRQs) and BL Lac objects; FSRQs are
distinguished by the presence of broad emission lines, which are
absent or very weak in BL Lac objects.

The high-energy component of FSRQs is usually much more
luminous than the low-energy one. The seed photons for IC ra-
diation most probably come from regions external to the jet
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(Sikora et al. 1994; Btazejowski et al. 2000). The high-energy
component of BL. Lac objects results from the Comptonization
of synchrotron photons. The luminosity at the peak of the high-
energy component is comparable or lower than the synchrotron
peak luminositiy (Blandford & Rees 1978).

If the high-energy component is produced by an IC scat-
tering of photons reprocessed in the BLR, then the spectra
of FSRQs should have a cut-off at a few GeV due to the
Klein-Nishina (KN) effect (Moderski et al. 2005). Spectral
breaks at a few GeV have been found in many FSRQs (Abdo
et al. 2011). The most prominent example is 3C 454.3 (Abdo
et al. 2009). In addition, the luminous IR-UV photon fields from
the BLR or the DT can cause a strong absorption of HE and very
high-energy (VHE: >100 GeV) photons by electron-positron
pair production (Donea & Protheroe 2003; Liu & Bai 2006).
This mechanism was proposed by Poutanen & Stern (2010) to
explain the observed spectral features in several blazars.

Despite a large number of FSRQs detected in the HE range,
almost all blazars observed in the VHE range belong to the
BL Lac class of objects (Errando et al. 2012). Recently, how-
ever, Cherenkov telescopes have detected three FSRQs in the
sub-TeV range. The first detected object was 3C 279, ob-
served with the MAGIC Telescope (Aleksi¢ et al. 2011a).
Two additional FSRQs are 4C 21.35, detected by the MAGIC
Telescope (Aleksi¢ et al. 2011b), and PKS 1510-089, detected
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with H.E.S.S. (Hauser et al. 2011; Wagner & et al. 2010). The
detection of these objects proved that FSRQs can also emit pho-
tons in the VHE range.

This VHE emission is very difficult to explain within the cur-
rent models of FSRQs, which assume that the y-ray emitting re-
gion is close to the base of the jet, within distances up to 1072 pc,
where the strong external photon field originating from the BLR
is present. We investigate impacts of the location of the emit-
ting region on the SED. In particular, we focus on the impact
of an environment on the jet, such as external photon fields, the
v — v absorption, and the Klein-Nishina effects.

The paper is organized as follows. In Sect. 2, we describe
general properties of PKS 1510-089. In Sect. 3, we report the
results of the monitoring on the source during its flaring activ-
ity in March 2009, together with simultaneous multiwavelength
observations across the electromagnetic spectrum. In Sect. 4,
we present the SED modeling and discuss the absorption, as
well as the location of the y-ray emitting region in the jet of
PKS 1510-089. The discussion and conclusions are presented in
Sects. 5.

2. Blazar PKS 1510-089

Blazar PKS 1510-089 (CZ_]ZO()Q = 15h12m50'55’ 6_]2000 =
—09906™00°%), at a redshift of z = 0.361, is a FSRQ detected
in the MeV-GeV band by the EGRET detector (Hartman et al.
1999). It is characterized by a highly relativistic jet that makes
a ~3° angle relative to the line of sight (Wardle et al. 2005). The
radio jet of PKS 1510-089 is curved and shows an apparent su-
perluminal motion as high as 45 times the speed of light (Homan
et al. 2001, 2002; Jorstad et al. 2005).

The first large multiwavelength campaign on PKS 1510-089
took place in August 2006 (Kataoka et al. 2008) and involved the
Suzaku and Swift satellites, as well as ground-based optical and
radio instruments. The campaign allowed the construction of the
broadband spectrum of the object, ranging from 10° to 10" Hz.
The spectrum was successfully modeled using the one-zone in-
ternal shock scenario. Kataoka et al. (2008) focused their work
on the explanation of the X-ray part of the SED, where an excess
of emissions has been observed. If interpreted as bulk-Compton
radiation, this excess allows an estimate of the pair content of
the jet. In the case of PKS 1510-089, the ratio of e*e™ pairs to
the number of protons was estimated to be on the order of 10.
This implies that although the number of e*e™ pairs is larger
than the number of protons, the power of the jet is still domi-
nated by the latter. As an alternative interpretation, Kataoka et al.
(2008) proposed that the observed soft X-ray excess might be ex-
plained as a contribution of the synchrotron self-Compton (SSC)
component, which, although energetically inefficient, shows its
presence in the soft X-ray range.

Abdo et al. (2010) have reported on multiwavelength obser-
vations of PKS 1510-089 during a high activity period between
September 2008 and July 2010. These observations revealed a
complex variability in optical, UV, X-ray, and y-ray bands of
time scaled down to 6-12 h. The study of the correlation of
the variability in different energy ranges, performed by Abdo
et al. (2010), shows lack of a correlation between the y rays
and the X-rays, a weak correlation between the vy rays and the
UV(R) band, and a significant correlation of y rays with the
optical band. Abdo et al. (2010) attempted to model three dis-
tinctive flares observed during the period with simultaneous data
from radio to y-ray energies. They adopted the IC scenario with
seed photons originating from the BLR to explain the HE emis-
sion. The emission region in their model was assumed to be
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located within the subparsec scale. A significant fraction of the
IC scattering in their model occurred in the KN regime leading to
the curved MeV/GeV spectral shape that matches the observed
spectrum in the HE range.

A multiwavelength campaign in a quiescent state of
PKS 1510-089 was conducted in 2011 (Nalewajko et al.
2012). The campaign included Herschel observations com-
bined with the data publicly available from the Fermi/L AT,
Swift/XRT, SMARTS, and the Submillimeter Array (SMA).
Nalewajko et al. (2012) concluded that at least a two-zone blazar
model is necessary to interpret the entire dataset. They suggested
that the observed infrared emission is associated with the syn-
chrotron component produced in the hot-dust region. To explain
the y-ray emission, they proposed an IC component produced
in the BLR. Both components were located within the subpar-
sec scale. In such a scenario, the optical/UV emission would
be associated with the accretion disk thermal emission, with
the accretion disk corona likely contributing to the X-ray emis-
sion. Nalewajko et al. (2012) demonstrated that a single-zone
scenario would require an unrealistically high-energy density
of the external radiation to explain the observed data and, in
particular, the Compton dominance.

Most recently, Saito et al. (2013) investigated the y-ray light
curve of the source obtained with Fermi/LAT during the pe-
riod from September to December 2011. They found a variety
of temporal characteristics and variability patterns, e.g., very
rapid flares with doubling times of 1 h and an energy release
comparable to the kinetic luminosity of the jet.

3. Observations

In March 2009, a flaring activity of PKS 1510-089 was reported
in the high-energy range (D’ Ammando et al. 2009; Pucella et al.
2009; Vercellone et al. 2009). The flaring activity was also de-
tected by the ATOM telescope and the GASP project (Villata
et al. 2009). Observations with the H.E.S.S. telescopes followed
the reporting of this flaring activities. In this work we used
the H.E.S.S. and Fermi/LAT spectrum published by H.E.S.S.
Collaboration (Abramowski et al. 2013b), which covers two pe-
riods. The majority of VHE emissions was detected during the
first period. The Fermi/LAT spectrum is obtained for the time pe-
riod simultaneous with the H.E.S.S. observations of PKS 1510-
089.

3.1. H.E.S.S. observation

The H.E.S.S. data were taken simultaneously with the peak of
the HE flare recorded by Fermi/LAT. The H.E.S.S. Collaboration
carried out observations of PKS 1510-089 in two periods.
The first observations were taken between 23 March 2009
MIJD 54910) and 2 April 2009 (MJD 54 923). The second
report of the HE activity triggered the H.E.S.S. observations
between 27 April 2009 (MJD 54948), and 29 April 2009
(MJD 54950). The H.E.S.S. observations resulted in 15.8 h
of good-quality data. The spectrum in the energy range
from 0.15 TeV to 1 TeV is well represented by the power-law
function with a spectral index of I' = 5.4 £ 0.7 £ 0.34y. The
integral flux corresponds to 3% of the Crab Nebula, or, equiv-
alently 1(0.15 TeV < E < 1.0 TeV) = (1.0 + 0.2 + 0.24y5) X
107" ecm™2 5! (Abramowski et al. 2013b).
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3.2. Fermi/LAT data analysis

The Fermi/LAT (Atwood et al. 2009) data, simultaneously
with the H.E.S.S. observations, were published by the H.E.S.S.
Collaboration (Abramowski et al. 2013b). The light curve be-
tween MJD 54909.5 and MJD 54951.5 shows two evident
flares, one centered around MJD 54 916, and the other centered
around MJD 54 948.

The HE data taken between MJD 54 914.8 and MJD 54 917.5
were best fitted by the log-parabola model dN/dE =
no(E/Eg)~*PME/E0) " with the following parameters: a normal-
ization ng = (10.5 £ 0.7) x 107 ecm™2 s~! MeV~!, slope parame-
ters of @ = 1.81+£0.13 and 8 = 0.161 + 0.048, and the energy E
fixed at 260 MeV.

3.3. RXTE, Swift, optical and radio data

The RXTE light curve and spectrum, as well as the radio data,
were presented in Marscher et al. (2010).

The Swift/XRT spectrum in the period corresponding to the
H.E.S.S. observations (MJD 54 910-54 923) was produced us-
ing the Build Swift/XRT Products tool (Evans et al. 2009). The
resulting Swift/XRT spectrum is accurately described by a power
law with photon index 1.45 + 0.03. The galactic absorption with
a hydrogen column density of 6.89 x 10*° cm~2 was assumed
(Kalberla et al. 2005).

The optical observations have been carried out with the
ATOM telescope located on the H.E.S.S. site and operated by
the H.E.S.S. Collaboration. PKS 1510-089 is one of the sources
regularly observed with the ATOM. The maximum optical flux
of 5.724 + 0.150 mJy was observed by the ATOM in the R band
in March 2009 (Abramowski et al. 2013b).

The radio data during the flare were recorded through
the Michigan Radio Astronomy Observatory (14.5 GHz), the
Metsidhovi Radio Observatory (37 GHz), and the Submillimeter
Array (230 GHz) and are presented in Marscher et al. (2010).

4. Modeling

We have aimed to reproduce the SED of PKS 1510-089 dur-
ing the HE state recorded in March 2009, during which emis-
sion VHE were also detected by H.E.S.S. telescopes. Our ap-
proach was to use the one-zone leptonic model implemented in
the BLAZAR code (Moderski et al. 2003).

The BLAZAR code models non-thermal flares following the
evolution of relativistic electrons injected into the conical jet as
a result of shock operation. The shock forms during the collision
of inhomogenities propagating down the jet with different veloc-
ities. Such inhomogenities may be created by some instabilities
in the very central part of the AGNs. In the absence of a detailed
model of particle acceleration the injected distribution of parti-
cles is assumed to be a broken power law. The injected particles
then lose their energy because of synchrotron and IC emission
as well as adiabatic cooling.

The BLAZAR code requires some input parameters, notably
the value of the energy density of an external diffuse radiation
field, the injected electron energy distribution, the value of the
magnetic field, and the description of the overall geometry of
the emitting region.

The parameters of these external photon fields, used as the
input, are estimated based on the observations and known rela-
tions (see Sect. 4.1). The choice of geometry, mainly opening
and viewing angles, and the Doppler factor are in first approx-
imation motivated by observations, and then are tuned to best

reproduce the overall SED. The localization of the emitting re-
gion is obtained by combining various effects, thus our choice is
strongly constrained by observations (see Sects. 4.2.1 and 4.3).
The value of the magnetic field and the electron distribution can-
not be constrained directly, but can be found from the model-
ing of the SED. The modeling of simultaneous multiwavelength
data, as in the case of the 2009 active state of PKS 1510-089,
provides the best tool for constraining the values of the magnetic
field and the electron energy distribution.

The next sections present the model parameters and intro-
duce two effects that are important for modeling of FSRQs at
high-energies, namely absorption of high-energy photons in a
process of pair production and the Klein-Nishina effect. Later in
this section we discuss the location of the region where the bulk
of the HE emission is produced, the so-called blazar zone, and
present the obtained SED of the object.

4.1. Model parameters

The BLAZAR code calculates the evolution of electrons injected
along the jet. The injected electrons follow a broken power-law
distribution,

P=4q.,—p fi < <
b Of Ymin SY = %b
kA 7 :

Q()) C{,y q for Yo <Y < Vmax» ( )

where K. is the normalization of the injection function, p and ¢
are low- and high-energy electron spectral indices, and vy, Ymin,
and ymax are break, minimum, and maximum electron Lorentz
factors, respectively.

The electron injection starts at some distance Ry from the
center and continues until R = 2R, while the electron evolution
is followed up to 3Ry. The proper choice of Ry is crucial for the
SED modeling. The luminosity of the accretion disk has been
reported by Nalewajko et al. (2012) tobe Ly = 5 x 10 ergs™!.

Two sources of external photons, DT and BLR, were
considered. Following the equation (Pian et al. 2005)

AL, (1350 A)

10* ergs~!

0.61£0.02
] light-days, 2)

Rgir = (224 =+ 08) [

the size of the BLR, Rg g, is estimated to be 0.12x 10'8 cm. The
dust temperature is T = 1.8 T3, where 73 = 1000 K (Nalewajko
et al. 2012). The size of the DT is approximately Rpr =~ 1.94 X
10"8 cm (see Eq. (39) in Sikora et al. 2009).

The energy density of the magnetic field, B, is defined as
up = B?/8n (see Table 1). The energy density of external radia-
tion fields have been calculated using the equation (Sikora et al.
2009)

gextLd 1
dneR2 1+ (7/ Rex)"er ’

ext

3)

Uexe(r) =

where “ext” can be either DT or BLR, and & is a fraction
of reprocessed emission from the accretion disk. We adopted
ngr = 3 and npr = 4 (Sikora et al. 2009; Nalewajko et al.
2012; Hayashida et al. 2012). The corresponding energy density
in the jet comoving frame is approximated as 1’ = 4 /31Uy
We have used égir = 0.1 and épr = 0.2. The values
of &prrpr together with values of Ly, Rprrpr listed above,
give the density of external radiation fields at a distance 2Ry,
ugrr =~ 0.09 erg cm™ and upr ~ 0.0005 erg cm™3, where Ry is
the distance from the central engine to the point where the elec-
tron injection starts (see Table 1). The distribution of the energy
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Fig. 1. Energy density of the extended fields as a function of the distance
from the central source. The energy density is given in the jet comoving
frame. The solid violet line represents the energy density of BLR, the
dashed red line the energy density of DT, and the dash-dotted green line
the energy density of magnetic field.

Table 1. Input parameters for modeling of the non-thermal emission of
the PKS 1510-089.

Parameter Model
Minimum electron Lorentz factor y, 1

Break electron Lorentz factor y, 900
Maximum electron Lorentz factor ¥y 10°
Low-energy electron spectral index p 1.2
High-energy electron spectral index g 34
Normalization of the injection function K, 1.85 x 10% 5!
Bulk Lorentz factor of the emitting plasma I 22

Jet opening angle 6 0.045rad
Jet viewing angle 6,ps 0.045 rad
Location of the blazar zone R 0.7 x 10'® cm
Jet magnetic field intensity B 0.75G
Scale of the BLR external photon field rg; g 0.12 % 10'® cm
Energy density of the external photon field ug;r ~ 0.09 erg cm™
Photon energy of the external photon field hvg g 10eV
Scale of the DT external photon field rpr 1.94 x 10'8 cm
Energy density of the external photon field upy ~ 0.0005 erg cm™
Photon energy of the external photon field Avpr 0.15eV

density of the photon fields as a function of distance is presented
in Fig. 1.

We assumed a jet Lorentz factor of I' = 22 and with the
jet opening angle, B, related as 1/T". The jet opening angle is
then ~2.6° (see Table 1). The object is observed at fops = e,
which is consistent with observations (Wardle et al. 2005).

4.2. Absorption

The fundamental process responsible for the absorption of HE
vy rays is the electron-positron pair production.
The observed HE spectrum after attenuation is

Fops(E) = Fin(E)e™™®, 4
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where e ™ is the attenuation, 7(E) is the optical depth, and Fjy
is the intrinsic spectrum of the source. The optical depth given
by Gould & Schréder (1967) is

08 6
'max 6
H(E) = fdl dcos g9
COS Oin
Xf den(e)o(E, €, cos 6), (®))
E[h

where d/ is the differential path traveled by the HE photon, 6 is
the angle between the momenta of HE and low-energy (LE) pho-
tons, and Ey, is a threshold energy for pair production. The en-
ergy of the HE photon is E and the energy of the LE photon is €.
The density number of the LE photons is n(e) cm™3. The cross-
section o (E, €, cos 6) of pair production is given by Bi & Yuan
(2008).

High-energy photons can be absorbed by several photon
fields during their travel from the emission region to the ob-
server. The first sources of LE photons are located in the blazar
itself (internal absorption). Then, when photons escape from
the blazar, they travel over cosmological distances and may be
absorbed by LE photons of the extragalactic background light
(external absorption).

4.2.1. Internal absorption

The first possibility of absorption arises from the photon fields
present in the blazar itself. When a HE photon is produced in
the jet within the BLR radius, it has to travel through the com-
bined photon fields of BLR and DT. The characteristic frequency
of the BLR radiation is on the order of 10 eV (Kataoka et al.
2008), while the characteristic frequency of DT is on the order
of 0.1 eV (Nalewajko et al. 2012). Since the energy of BLR pho-
tons is larger than that of DT photons, the threshold energy
of pair production is smaller for the BLR and HE photons are
absorbed above energies of a few GeV. Specifically, at a dis-
tance R = 107 cm (just inside Rgy R) the attenuation for 200 GeV
photons due to internal absorption is ~0.1.

To avoid significant absorption by BLR photons, the blazar
zone, where HE photons are emitted, has to be located outside
the BLR. The photon number density of external radiation (from
both BLR and DT) decreases with distance as in Eq. (3). When
HE photons propagate inside the BLR or DT region then the dis-
tribution of the photon field is isotropic and therefore the cos € in
Eq. (5) ranges from —1 to 1. However, outside of the BLR or DT
regions, 6 have values ranging from O, = 7+ arctan(RgLr pr/7)
t0 Oax = T — arctan(RpLr pT/7)-

Figure 2 shows the internal absorption caused by photons
from BLR, e ™), as a function of the photon energy.

The internal absorption caused by photons from the DT is
significant for y-ray photons with energies above 400 GeV and
can thus be ignored in further investigation because the emis-
sions detected during the 2009 flare by H.E.S.S. is in sub-TeV
range.

4.2.2. External absorption

The other source of LE photons is the extragalactic background
light (EBL). The EBL is the IR/UV radiation generated by
stars (UV) and radiation emitted through the absorption and re-
emission of star light by dust in galaxies (IR). The EBL models
have been reviewed recently by, e.g., Hauser & Dwek (2001)
and new constraints on the EBL intensity have been provided by
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Fig. 2. Internal absorption as a function of photon energy emitted in the blazar zone. The values of attenuation presented for BLR, e
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Meyer et al. (2012) using the Fermi/LAT data and Abramowski
et al. (2013a) using the H.E.S.S. observations of the brightest
blazars.

In the case of EBL, the energy of HE photon, E, as well as
the energy of LE photon, €, have to be multiplied by (1 + z),
where E and € are the observed photon energies at z = 0. The
distribution of angles, 6, at which background photons can col-
lide with HE photons is flat when a photon is traveling over cos-
mological distances; therefore, the cos 8 of the scattering angle
(see Eq. (5)) changes from —1 to 1.

The EBL model of Franceschini et al. (2008) has been used
in our modeling of PKS 1510-089.

4.3. Location of the y-ray emitting region in PKS 1510-089

The choice of the distance of the shock formation from the cen-
tral source, Ry, is constrained on the one hand by the internal
absorption of y rays in BLR, and on the other hand by the IC ef-
ficiency. When Ry is smaller than Rpy R, a significant fraction of
the HE radiation (from several dozen to several hundred GeV) is
absorbed. If Ry is greater than Rp; g, then only a few percent of
the HE emission is absorbed.

If, however, the blazar zone is too far away from the BLR
then the photon energy density is too small to produce the
observed y-ray emission by IC mechanism.

There is some observational evidence that the blazar zone
in PKS 1510-089 may be located outside the BLR. The radio
observations of PKS 1510-089 between 9 September 2011, and
17 October 2011, show a At,,s ~ 40 day increase in radio flux
(Orienti et al. 2013). If the y-ray flare is associated with the same
region as the radio flare, the projected distance between the re-
gions where the shock formed and the site responsible for the
y-ray emission is ~0.6 pc (Orienti et al. 2013). Assuming a jet
inclination angle of i, ~ 3° (Marscher et al. 2010), the depro-
jected distance is about ~10 pc. This demonstrates that at least
for some y-ray flares, the blazar zone may be located far outside
the BLR.

In the modeling of PKS 1510-089 presented, we adopted
Ry = 0.7 x 10'® cm. At that distance, the absorption by the
low-energy photons originating from the BLR is very small, less
than 1%, while the energy density (see Fig. 1) in the blazar zone
of PKS 1510-089 (0.7—1.4 x 10'® ¢m) is still dominated by ra-
diation from the BLR. Outside Rg R, the external radiation field

is dominated by ugrr up to a distance Rpt, where ugpr becomes
comparable to the energy density of the radiation from DT.

In the considered scenario, the blazar zone is placed outside
the BLR, thus the radiation form BLR comes from behind the
outflowing plasma jet. The IC energy losses are smaller here than
in the isotropic external radiation fields (Ghisellini & Tavecchio
2009; Sikora et al. 2013). The impact of the direction of the ra-
diation field on the observed SED is currently being investigated
(Moderski & Bhatta, in prep.).

4.4. Klein-Nishina effect

When the product of the energy of the photon and the energy of
the electron before the collision ye is <1, where v is the electron
Lorentz factor and € = hv/(m.c?), the interaction proceeds in the
so-called Thomson regime. In this regime, the rate of IC energy
losses of relativistic, isotropically distributed electrons is

(6)

. 4eor 4
[yrl = I
where u is the total energy density of the radiation field.
However, in the case of HE emission in blazars, the pho-
ton energy may become comparable or even larger than the
electron energy (ye > 1). In such a case the cross-section
has to be expressed using the full Klein-Nishina (KN) formula
(Moderski et al. 2005). The cross-section is smaller here than in
the Thomson regime as the photon energy becomes larger. One
of the consequences is a reduction of the electron energy loss
rate

(7

where yr is given by Eq. (6) and a factor Fky is given by
Moderski et al. (2005).

Figure 3 presents the Klein-Nishina (KN) correction (a ra-
tio of the Klein-Nishina cross-section to the Thomson cross-
secton ogN/oT) as a function of the external photon energy for
different electron Lorentz factors y. The KN correction is pre-
sented together with the radiation of the BLR and the DT ap-
proximated as blackbody radiation and transformed into the
jet comoving frame. Since the electrons with Lorentz factors
above 10° are responsible for the HE and VHE emissions it can
be seen from the picture that most of the scattering of the BLR

v = y1 Fxn,
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Fig. 3. Klein-Nishina correction factor, oxn/01, as a function of the
photon energy for different electron Lorentz factors, y (black lines). The
blue and red lines represent the energy densities of two external photon
fields, BLR and DT, respectively, transformed into the jet comoving
frame.
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Fig. 4. Rate of IC energy losses of relativistic electrons. The IC cooling
is presented for two sources of seed photons: BLR (violet lines) and
DT (red lines). The cooling rate was calculated for different electron
Lorentz factors y: 1, 100, 10 000.

photons happens in the KN regime, while electrons with Lorentz
factors up to 10* scatter DT photons while they are still in the
Thompson regime.

The rate of IC energy losses of relativistic electrons, calcu-
lated according to Eq. (7), is shown in Fig. 4. For sufficiently
large distances from the center (>10'® cm), high-energy elec-
trons cool predominantly by the IC scattering of DT photons,
even if the energy density of the BLR radiation field is compara-
ble or higher than the energy density of the infrared photons (see
Fig. 1).

4.5. Spectral energy distribution

The other model parameters are estimated to best reproduce the
observed multiwavelength spectrum of PKS 1510-089. The pa-
rameters are summarized in Table 1. The overall spectrum of
PKS 1510-089 is presented in Fig. 5. The green triangles in
Fig. 5 represent the observations taken around the VHE flare
in March 2009. The gray circles shows the data published by
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Kataoka et al. (2008). The gray squares are INTEGRAL data
analyzed by Barnacka & Moderski (2009).

All discussed arguments suggest the following scenario for
the PKS 1510-089 flaring activity recorded in March 2009:

— the low-energy component is produced by the synchrotron
radiation;

— the high-energy part of the spectrum (from X-rays to VHE)
consists of two components:

— the first component is the IC radiation with seed photons
originating from the BLR; this component dominates the
emission in the Fermi range; because of the KN effect,
this component alone cannot explain the highest part of the
spectrum (>100 GeV);

— the VHE emission is produced via IC scattering of the seed
photons originating from DT; the same component is also
responsible for the X-ray part of the spectrum, as in the pre-
vious modeling attempts of this object (Kataoka et al. 2008);

— the modeled emission of PKS 1510-089 convolved with the
EBL attenuation accurately fits the VHE emission.

5. Discussion and conclusions

In this work, we developed a single-zone model to explain
the emission of PKS 1510-089 during the flare observed in
March 2009. The distinct feature of models is the low-energy
component produced by the synchrotron radiation and the high-
energy component produced by the same population of ultra-
relativistic electrons via an IC process. It has been confirmed that
the Comptonization of photons coming from BLR alone cannot
explain the VHE emission due to the KN effect, as anticipated
by Moderski et al. (2005); VHE emission is accurately explained
by the Comptonization of photons coming from the DT.

The recent attempt to model the observed spectrum of
PKS 1510-089 was undertaken by Nalewajko et al. (2012), who
analyzed the 2011 low state of the object. They used the data
obtained with the Herschel satellite to constrain the theoreti-
cal models and concluded that a multizone emission model is
necessary to explain the spectral properties of PKS 1510-089.

The fast optical flares observed in 2009 were significantly
brighter and more strongly polarized than those observed in
2011.

Abdo et al. (2010) modeled the flares observed in 2009, but
were unable to reproduce VHE emission due to assumption of
BLR responsible for all HE emission.

The optical flaring activity in 2009 and 2011 might have been
accompanied by an increase in the magnetic field. This is sup-
ported by the observation of a significant increase in the degree
of optical polarization (Sasada et al. 2011) and observation of the
emergence of superluminal knot with VLBA a 7 mm (Marscher
et al. 2010) during the flare in 2009. This behavior of the low-
energy component was not observed in 2011 when the Herschel
data were taken.

The source PKS 1510-089 was detected with the H.E.S.S.
system in March—April 2009 during the high state in the HE and
optical domains. The observations revealed a VHE emission up
to 400 GeV. Abdo et al. (2010) model the emission for energies
below 100 GeV, without predictions for the VHE emission.

Our model provides interesting predictions for variability
pattern observed at different wavelengths; for example, the HE
and X-ray emission does not have to be correlated because
the emission in these energy ranges is produced by differ-
ent components. This lack of correlation between X-ray and
HE was reported in the multiwavelength data presented by
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Fig. 5. Overall spectrum of PKS 1510-089. The short-dashed blue line represents the synchrotron component, the dashed red line is the inverse
Compton (IC) component with seed photons originating from the dusty torus (DT) before absorption, and the dashed-dotted violet line is the
IC radiation with seed photons originating from the broadband region (BLR). The dash-double-dotted orange line is the SSC component. The
solid black line represents the sum of all the components, corrected for EBL absorption (see text for details) and absorption on the low-energy

photons originating from the BLR and the DT.

Abdo et al. (2010), who also report a positive correlation be-
tween the HE and optical band. The last correlation is a sig-
nature of a leptonic single-zone scenario in which optical and
y-ray emission is produced by the same population of electrons.

Possible lack of correlation between HE and VHE can also be
explained as due to different production mechanisms.

Marscher et al. (2010) demonstrated that the HE emission
from the jet of PKS 1510-089 is quite complex. The emission
arises from different regions and probably multiple emission
mechanisms are involved. Such a complicated behavior may be
a result of different locations of the blazar zone during different
flares. A complicated interplay between the internal absorption
of different spectral components in the HE and VHE ranges may
lead to large differences in the observed correlation or lack of
correlation at different wavelengths.

The absorption of the HE and the VHE photons in the blazar
itself has also been investigated. Figure 6 shows the blazar model
with and without internal and external absorption corrections.
Strong absorption of the VHE photons by the BLR photon field
is avoided by locating the blazar zone outside the BLR. The
absorption by photons from the DT and EBL absorption be-
come significant only for photons with energies above 400 GeV.
Such a highly energetic emission was not observed in the case
of PKS 1510-089.

The EBL models given by Franceschini et al. (2008),
Dominguez et al. (2011), and Kneiske & Dole (2010) have been
used to analyze the absorption of VHE v rays in intergalactic
space. These models are not significantly distinguishable within
the H.E.S.S. errorbars. For comparison, Fig. 6 shows the blazar
model after internal absorption and external absorption using
the models given by Franceschini et al. (2008), Gilmore et al.
(2009), and Aharonian et al. (2006).

HES.S.
Blazar Model
-10.5 Model+Internal Absorbtion ------—-
Aharonian et al. (2008) -----
Franceschini et al. (2008) -
-1 Gilmore et al. (2009)
<
§ M5 ™
Tcn
o
3, 12
LL>
= -125
f=2
o
-13 '
135
14 L 1 ! N, . 1
254 25.6 25.8 26 26.2 26.4 26.6 26.8 27
log v [Hz]

Fig. 6. H.E.S.S. observation of PKS 1510-089 and the model with and
without absorption corrections. The shaded region shows the fit to the
H.E.S.S. data at 68% confidence, and the points with error bars (1o
statistical errors) are the energy flux. Arrows denote the 99% confi-
dence level. upper limits. Data taken from Abramowski et al. (2013b).
The solid line represents the blazar model without internal and ex-
ternal absorption corrections. The long-dashed red line represents the
blazar model after internal absorption correction. In the model pro-
posed, where the blazar zone is located at a distance of ~1 pc, absorp-
tion in the BLR can be ignored. The absorption in the DT became sig-
nificant at energies ~400 GeV, but the emissions, above these energies
were not detected by H.E.S.S. in March 2009. The short-dashed blue
line, the double-dot-dashed orange line, and the dash-dotted violet line
represent the blazar model after internal absorption and external absorp-
tion using models provided by Franceschini et al. (2008), Gilmore et al.
(2009), and Aharonian et al. (2006), respectively.
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Very high-energy emission can be a common feature of
FSRQs. Because of their high luminosity FSRQs can provide
valuable targets for future VHE experiments. The H.E.S.S. II,
with its energy range from tens of GeV, will provide a great op-
portunity to search for emission from other objects of this class.

In Abramowski et al. (2013b) the Fermi-HESS +y-ray spec-
trum was used to put constraints on the EBL level. In the
model described here the assumption of a single-emission com-
ponent for the entire y-ray regime does not hold. However, if the
VHE emission is measured while the source is in a low state in
the Fermi-band, then it is plausible that the EC component from
the torus dominates the VHE as well as the HE bands. In such
a scenario the method used in Abramowski et al. (2013b) is still
applicable.

Acknowledgements. We would like to thank the referee for the valuable com-
ments. We would like to thank Jeff Grube for help with the Swift/XRT data anal-
ysis. This work was supported by the Polish Ministry of Science and Higher
Education under Grants No. Dec-2011/01/N/ST9/06007. Part of this work was
supported by the French national Program for High-Energy Astrophysics PNHE,
and the French ANR project CosmoTeV.

References

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2009, ApJ, 699, 817

Abdo, A. A., Ackermann, M., Agudo, L., et al. 2010, ApJ, 721, 1425

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2011, ApJ, 733, L26

Abramowski, A., Acero, F., Aharonian, F., et al. 2013a, A&A, 550, A4

Abramowski, A., Acero, F., Aharonian, F., et al. (H.E.S.S. Collaboration) 2013b,
A&A, 554, A107

Aharonian, F., Akhperjanian, A. G., Bazer-Bachi, A. R., et al. 2006, Nature, 440,
1018

Aleksié, J., Antonelli, L. A., Antoranz, P, et al. 2011a, A&A, 530, A4

Aleksi¢, J., Antonelli, L. A., Antoranz, P., et al. 2011b, ApJ, 730, L8

Atwood, W. B., Abdo, A. A., Ackermann, M., et al. 2009, ApJ, 697, 1071

Barnacka, A., & Moderski, R. 2009, in Very High Energy Phenomena in the
Universe, eds. J. Dumarchez, & J. Tran Thanh Van, 1, 111

Bi, X.-J., & Yuan, Q. 2008, unpublished [arXiv:0809.5124]

Blandford, R. D., & Rees, M. J. 1978, in Proc. Conf. BL Lac Objects, ed. A. M.
Wolfe (University of Pittsburgh), 328

Btazejowski, M., Sikora, M., Moderski, R., & Madejski, G. M. 2000, ApJ, 545,
107

D’ Ammando, F., Vercellone, S., Tavani, M., et al. 2009, ATel, 1957, 1

Dominguez, A., Primack, J. R., Rosario, D. J., et al. 2011, MNRAS, 410, 2556

A113, page 8 of 8

Donea, A.-C., & Protheroe, R. J. 2003, Astropart. Phys., 18, 377

Errando, M., et al. 2012 (VERITAS Collaboration), Fermi and Jansky
Proceedings — eConf C1111101 [arXiv:1205.0068]

Evans, P. A., Beardmore, A. P, Page, K. L., et al. 2009, MNRAS, 397, 1177

Franceschini, A., Rodighiero, G., & Vaccari, M. 2008, A&A, 487, 837

Ghisellini, G., & Tavecchio, F. 2009, MNRAS, 397, 985

Gilmore, R. C., Madau, P., Primack, J. R., Somerville, R. S., & Haardt, F. 2009,
MNRAS, 399, 1694

Gould, R.J., & Schréder, G. P. 1967, Phys. Rev., 155, 1404

Hartman, R. C., Bertsch, D. L., Bloom, S. D., et al. 1999, ApJS, 123, 79

Hauser, M. G., & Dwek, E. 2001, ARA&A, 39, 249

Hauser, M., Lenain, J. P., Wagner, S., & Hagen, H. 2011, ATel, 3509, 1

Hayashida, M., Madejski, G. M., Nalewajko, K., et al. 2012, ApJ, 754, 114

Homan, D. C., Ojha, R., Wardle, J. E. C., et al. 2001, ApJ, 549, 840

Homan, D. C., Wardle, J. F. C., Cheung, C. C., Roberts, D. H., & Attridge, J. M.
2002, Apl, 580, 742

Jorstad, S. G., Marscher, A. P, Lister, M. L., et al. 2005, AJ, 130, 1418

Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440, 775

Kataoka, J., Madejski, G., Sikora, M., et al. 2008, ApJ, 672, 787

Kneiske, T. M., & Dole, H. 2010, A&A, 515, A19

Liu, H. T., & Bai, J. M. 2006, ApJ, 653, 1089

Marscher, A. P., Jorstad, S. G., D’Arcangelo, F. D., et al. 2010, Fermi Symp.,
eConf. Proc. C091122 [arXiv:1002.0806]

Meyer, M., Raue, M., Mazin, D., & Horns, D. 2012, A&A, 542, A59

Moderski, R., Sikora, M., & Btazejowski, M. 2003, A&A, 406, 855

Moderski, R., Sikora, M., Coppi, P. S., & Aharonian, F. 2005, MNRAS, 363,
954

Nalewajko, K., Sikora, M., Madejski, G. M., et al. 2012, ApJ, 760, 69

Nolan, P. L., Abdo, A. A., Ackermann, M., et al. 2012, ApJS, 199, 31

Orienti, M., Koyama, S., D’Ammando, F,, et al. 2013, MNRAS, 428, 2418

Pian, E., Falomo, R., & Treves, A. 2005, MNRAS, 361, 919

Poutanen, J., & Stern, B. 2010, ApJ, 717, L118

Pucella, G., D’Ammando, F., Tavani, M., et al. 2009, ATel, 1968, 1

Saito, S., Stawarz, L., Tanaka, Y. T., et al. 2013, ApJ, 766, L11

Sasada, M., Uemura, M., Fukazawa, Y., et al. 2011, PAS]J, 63, 489

Sikora, M., Begelman, M. C., & Rees, M. J. 1994, ApJ, 421, 153

Sikora, M., Stawarz, £.., Moderski, R., Nalewajko, K., & Madejski, G. M. 2009,
Apl, 704, 38

Sikora, M., Janiak, M., Nalewajko, K., Madejski, G. M., & Moderski, R. 2013,
ApJ, 779, 68

Vercellone, S., D’Ammando, F., Pucella, G., et al. 2009, ATel, 1976, 1

Villata, M., Raiteri, C. M., Larionov, V. M., et al. 2009, ATel, 1988, 1

Wagner, S. J., et al. (HE.S.S. Collaboration) 2010, AAS/High Energy
Astrophysics Division, 11, 2706

Wardle, J. F. C., Homan, D. C., Cheung, C. C., & Roberts, D. H. 2005, in Future
Directions in High Resolution Astronomy, eds. J. Romney, & M. Reid, ASP
Conf. Ser. 340, 67


http://arxiv.org/abs/0809.5124
http://arxiv.org/abs/1205.0068
http://arxiv.org/abs/1002.0806

	Introduction
	Blazar PKS 1510-089
	Observations
	H.E.S.S. observation
	Fermi/LAT data analysis
	RXTE, Swift, optical and radio data

	Modeling
	Model parameters
	Absorption
	Internal absorption
	External absorption

	Location of the -ray emitting region in PKS 1510-089
	Klein-Nishina effect
	Spectral energy distribution

	Discussion and conclusions
	References

