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The non-thermal spectra of jetted Active Galactic NucleGG() show a variety of shapes and
degrees of curvature in their low and high energy componé&mntsn some of the brightest Fermi-
LAT blazars prominent spectral breaks at a few GeV have begularly detected which is in-
consistent with conventional cooling effects. We propbse the broad variety of spectral shapes
including prominent breaks can be understood as an impagjeation modes.

We therefore present an injection model embedded in a lepldezar emission model for exter-
nal Compton loss dominated jets of AGN which aims towarddding jet emission with accel-
eration models using a phenomenological approach. Our haddess to consider the effects of
continuous time-dependent injection of electrons intgdhevith differing rates, durations, loca-
tions and power-law spectral indices. Here we show the impldifferent injection rates and
spectral indices on the ambient emitting particle specibserved at a given snapshot time. We
found that varying these parameters has indeed notableivtfuon the spectral shapes, which
in turn can be used to set interesting constraints on théfgainjection scenario. We apply our
model to the flare state spectral energy distribution of 3€.3and PKS 1510-089 to constrain
the required injection parameters. Our results indicaeithpulsive-like particle injection is dis-
favored here. With this model we provide a basis for analyzimbient electron spectra in terms
of injection requirements, with implications for partideceleration modes.
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1. Introduction

Blazars are jetted active galactic nuclei (AGN) that showa@ad and often highly variable
spectral energy distribution (SED) covering the whole tetgnagnetic band. Non-thermal rela-
tivistic particle populations in their jets are thought ® fiesponsible for their variable continuum
emission although the nature - electron-positron pairglativistic electron-proton populations is
still under debate. The location within frequency spacehefcharacteristic two-component SED
is basis for the low-synchrotron peaked (LSP), intermeeéginchrotron peaked (ISP) and high-
synchrotron peaked (HSP) blazar classification [2]. Britdttspectrum radio quasars (FSRQSs),
LSP- and occasionally ISP-type BL Lac objects show ofteni@ant spectral breaks or turn-over
in the 1-10 GeV energy range, larger than expected fromtiagliaooling. So far proposed expla-
nations includeyy- pair production in the broad-line region (BLR; e.g., [1®}p-componeni-ray
spectra [8] or corresponding breaks in the ambient pardisigibution [1].

In this work we study, within the framework of an extern irserCompton leptonic blazar
emission model, the impact of various time-dependent filgescenarios of relativistic particles
on the shape of the emitting particle spectrum, and photectgpm. We focus in particular on
the formation of strongly breaking ambient electron sgecie apply our model to the observed
broadband SEDs of 3C 454.3 and PKS 1510-089 which allows ess tith draw inferences on
the required particle injection scenario in those cases.etailled description of the model and
comprehensive parameter study is given in [9].

2. Themode€

Here we shall briefly summarize the main cornerstones of aatain We consider a standard
leptonic blazar emission model where the non-thermal @omds originating from a magnetized
(with field strengthB) spherical symmetric emission region (“blob”) of siRg (galaxy rest frame)
that is moving with relativistic constant spe@gdc along the AGN jet axis and viewed under a
small angle. We consider the case where the dominant lossehaf the relativistic particles in
the blob is inverse Compton (IC) scattering on externalatamh fields such as radiation from the
(assumed here Shakura Sunyaev) accretion disk and accditioradiation backscattered by the
BLR. This case is particular suitable for FSRQs and LSP-Blpéacs where those radiation fields
are typically found particular luminous. For the BLR geomiete consider a spherical symmetric
shell of gas between an innd® ) and outer Ry) radius and a radially decreasing density gradient
ne O R¢. We use a delta-function approximation for the BLR spectfi]. This model set-up
follows broadly [6] and [7] except for the treatment of peldiinjection. Relativistic electrons
following a power law with indexs between particle Lorentz factogs andy are continuously
injected along the jet axis between heightandz, above the accretion disk with a time-dependent
injection rate] z @ (first proposed by [11]. The resulting emitting electronctpem at heightz
is then a superposition of the cooling electron spectra laae been injected and weighted by
the corresponding injection rate. The resulting (snapsirofy spectra are then calculated from
this ambient particle spectrum using the full Compton csesdion with scattering in the head-on
approximation. All further details can be found in [9].
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3. Results

We present here selected results from our parameter stutthyparticular focus on the effect
of injection rate and spectral index on the ambient parplectrum; see [9] for further details.

Starting from a reference model with parametess3,a = 2,z, = 200z=z, = 200Q y; =
1000Q y» = 1P, Thomson optical depth of BLR gas r = 0.01 whereR, = 100(Ry, R = 100(Rq
(Ry is the gravitational radius) arfl= 2 we vary subsequently the valuesypfsanda (Figs. 1-3).
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Figure 1: Emitting electron spectra for lower

energy boundy; of injected electron spec- Figure 2: Emitting electron for spectral in-
trum varying with respect to the referencgection indicess varying with respect to the

model. reference model.

Fig. 1 shows that the position of the break in the ambientiglarspectrum is in general
determind by the lowest energy of the injected spectrimThis is because beloyy only cooled
electrons contribute to the emitting particle spectrumlevdbove cooling and injection determines
its shape. The injected spectrum and injection rate thexefluences the broadness of the break.
Here the harder the injected spectrum the broader the bpgsdaes for a given injection rate (see
Fig. 2). The injection rate then influences the shape of th&iamspetrum below the break. Here
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Figure 3: Ambient electron spectra with different injeati@ate parameterg with respect to the
reference model.
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the lowest energieg < y1 stem from particles injected at the lowest pant z; where cooling
rates are higher than at larger distances above the actidish. As a consequence very steep
injection rate distributions result in softer ambient et spectra below = y; than shallower
injection laws where very hard electron spectra can buildTinis is depicted in Fig. 3.

The corresponding photon spectra from IC scattering in ticeetion disk and at BLR repro-
cessed accretion disk radiation fields are displayed inj@ find a higher probability that the two
components merge to one with increasing broadness of thiingsunderlying particle spectrum.

4. Applications

In the following we apply our model to quasi-simultaneousduatband SEDs of two bright
FSRQs, 3C 454.3 and PKS 1510-089. We focus in particular @in lineaking GeV-spectrum up
to < 10 GeV. This allows to neglect any possible absorption &fffom propagation of-rays
through the extragalactic background light as well as fiicanit source internal absorption. We
also neglect here any possible Synchrotron-Self Compt&Cj<ontribution to the SED which
typically may influence the X-ray spectrum in a rather smadirgy range only.

4.1 Modeling the SED of 3C 454.3
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Figure 4: Modeling the-ray spectrum with Figure 5: Corresponding model fits of the

Fermi-LAT data of the November 2010 flaresynchrotron spectrum of the November 2010
[5] with the “2-component model”; inlet: the flare (data from [14] together with the under-

underlying emitting electron spectrum. lying emitting electron spectrum (inlet).

We apply our model to the November 2010 flare state of FSRQ 3C34®siding at redshift
~ 0.859 ([5], [14]). In the optically thin range the synchrotrgpectra provide valuable constraints
on the shape of the underlying particle distribution. Weefare include modelling the low energy
hump of the SED (including synchrotron self-absorptionjvadl as they-ray spectra. We find two
principally different model fits to explain the GeV-breakiire y-ray data: Either the break is due to
the overlapping effect of the two IC components from BLR aadration disk target photon fields
(as has been proposed by [8]; see Figs. 4 & 5; “2-componentlfjpdr due to a break in the
underlying electron distribution (see Figs. 6 & 7; “BLR-dorated model”). The GeV-emission in
the latter case is dominantly due to IC scattering in the Baigdt radiation field. Other than in
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Figure 6: Modeling ther-ray spectrum with Figure 7. Corresponding model fits of the
Fermi-LAT data of the November 2010 flaresynchrotron spectrum of the November 2010
[5] with the “BLR-dominated model”; inlet: flare (data from [14] together with the under-
the underlying emitting electron spectrum. lying emitting electron spectrum (inlet).

[8] where the underlying particle distribution was treatéth free parameters our model allows to
determine the required injection details to fit the data.

For the2-component modele found the injected spectral index to lie betwsen2 ands= 3
with the low energy cutoff in the ranga = 800..1300 and high energy cutoff = (1...2) - 10*.
Here we inject particles from heightg = 100...800Ry up to heightsz, = 1500..300(Ry into a
magnetized region with magnetic field strengthBof 0.6G. The emission region of siZg, =
10'%cm is moving with bulk Lorentz factoF = 20 (Doppler factor D=30) along the jet axis. For
the accretion disk luminosity we use0@ times the Eddington luminosity assuming a black hole
mass of 2109M@. The relevant BLR parameters for our modelling aRe= 50Ry, Ry = 104Rg,
¢ =2 andtg .r = 0.008. For the model fits we require injection rates with indice< 4. This
indicates that instantenous-like injection modes do nmtagent the data well here.

The BLR-dominated modekquires a higher Thomson optical thickness of the BlgRk ~
0.05 while all other BLR relevant parameters remain unchaniféel also keep the accretion disk
luminosity as well as the speed of the moving “blob” of SRe 10*°cm at approximately the same
value. Particles are injected betwegn< 200Ry andz, = 2000...3000 with power law indices in
the ranges= 1.5....2.5 into a magnetized blob with field strengBh= 1G. y; andy, are similarily
constrained as in the 2-component model. The injectionmdtx is here rather tightly constrained
to lie in the rangex = 4....4.5.

Hence, both model fits indicate that impulsive-like injentis unfavored in the framework of
the here presented leptonic blazar emission model.

4.2 Modedling the SED of PK'S 1510-089

The FSRQ PKS 1510-089 at redshift0.361 is also among the best observyerhy blazars
with a well-constrained SED from radio yaays. We apply here our model to the quasi-simultanuous
broadband data from the January 2009 flare as published, itngiirst flare in a series of outbursts
from this source in early 2009. These observations indizat@bility of time scales of a day down
to a few hours (e.g., [4]). The appearance of two new knots loBA/43 GHz radio maps around
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Figure 8: Modeling ther-ray spectrum with Figure 9: Corresponding model fits of the
Fermi-LAT data of the January 2009 flaresynchrotron spectrum of the January 2009
[3] with the “2-component model”; inlet: the flare (data from [3]) together with the under-

underlying emitting electron spectrum. lying emitting electron spectrum (inlet).
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Figure 10: Modeling they-ray spectrum
with Fermi-LAT data of the January 2009Figure 11: Corresponding model fits of the
flare [3] with the “accretion disk dominated synchrotron spectrum of the January 2009
model”; inlet: the underlying emitting elec- flare (data from [3]) together with the under-
tron spectrum. lying emitting electron spectrum (inlet).

August 2008 and April 2009 that move with superluminal sgeafd 2Z and~ 24c along the jet
seem to indicate a relation between these flaring eventshairdaippearance [10]. The Fermi-LAT
spectrum during the January 2009 flare indicates a prondutheeline at a few GeV, similar as in
the case of 3C 454.3.

The results of our modeling indicate again the possibilityinterpret this GeV-break as ei-
ther due to the composite effect of the two IC-componentgh(agcretion disk and BLR as target
radiation fields; “2-component model”) or due to an intrinbreak in the emitting particle distri-
bution resulting from continuous time-dependent partigjection. Here the photon spectrum is
dominated by IC scattering in the accretion disk radiatietf{“accretion disk dominated model”).

The model represention of the data using2heomponent modeielded quite similar param-
eter values as in the case of 3C 454.3. Figs. 8 & 9 show the nfitalelith the following parameter
values: injected particle spectrum with spectral index2 within the energy rangg = 1000 and
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yo = 10%; particle injection from heights, = 200Ry up to heightsz, = 200(Ry with injection rates
parametrized with indexr < 3 into a region with magnetic field strengi= 1.5G; the emission
region is of sizeR, = 10°cm and moving with bulk Lorentz factdr = 20 (Doppler factor D=30)
along the jet axis. For the accretion disk luminosity we ugd fimes the Eddington luminosity as-
suming a black hole mass of 20°M..,. The BLR parameters used for our modelling Bre- 50Rg,
Ro = 1O4Rg, & = 2 and1g r = 0.005. Hence here particle injection starts and ends deephjirwi
the BLR.

In the case of fitting the data with treccretion disk dominated modele require particle
injection starting a, = 200Ry and ending ak, = 2000Ry at essentially the innelR( = 100Ry)
and outer rim R, = 200(Ry), respectively, of the BLR witlig g = 0.002. The fitting parameters
used for the model representations shown in Figs. 10 & 11 taerwise rather similar to the 2-
component model case= 2, y; = 1500, = 2-10%, a < 3, = 20, D = 30 and unchanged
accretion disk radiation parameters.

We note that in both model fits presented here the values gftiiele injection rates required
indicate again that impulsive-like injection is disfavdre

5. Summary

We considered the case of continuous and time-dependeiti@anjection (parametrized by
powerl-law injection rates) into an emission region thanisving with relativisic speed along the
jet within the framework of an external Compton blazar eimissnodel with accretion disk and
BLR target photon fields. Such setup is suitable for stramg-blazars such as FSRQs. We find
that a broad range of spectral shapes of the emitting partistribution, and correspondingly
photon spectra, can be explained. In particular spectesKsr that are larger than expected from
cooling are found. Our simple phenomenological approatérins of particle energization has the
potential to set constraints on the required particle @agbn mechanism when applied to blazar
spectral data. We demonstrated this by applying our moddiddlare states of 3C 454.3 and
PKS 1510-089 which show pronounced breaks at GeV energiesdth sources we were able to
explain these breaks by either the composite effect of Comgtattered BLR and accretion disk
photons (confirming the suggestion by [8]), or by a one-camepb IC model whith an intrinsic
break in the ambient particle distribution built up from tionous particle injection and cooling,
while complying with the broadband data as well. The reglarticle injection parameters in
all cases disfavor impulsive-like particle injection buaiqt towards a scenario where fairly narrow
power-law particle spectra are continuously and with a gy decreasig rate injected into the
moving plasma blob.
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