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Fig. 2.— PKS1222+21 light curve above 100GeV, in 6 minutes bins (black filled circles).

The observation was carried out on MJD 55364. The black solid line is a fit with an ex-

ponential function and the black dotted line a fit with a linear function. The grey open

squares denote the fluxes from the background events and the grey dashed line is a fit with

a constant function to these points.
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Fig. 3. Fermi-LAT >100MeV light curve in the three hour bins
for the first MAGIC observing period. The vertical lines rep-
resent the MAGIC observing times (all shorter than 3 hours in
duration) showing that the MAGIC observation windows missed
the times of the fastest HE γ-ray variability.

MAGIC observations. Apparently the MAGIC observations also
missed the highest peaks of the HE γ-ray light curve. The maxi-
mum flux measured simultaneous to the MAGIC observations is
F (>100MeV)∼ 8 · 10−6 cm−2 s−1 and the average of the strictly
simultaneous bins is F (>100MeV)∼4.4·10−6 cm−2 s−1.

For the second MAGIC observation window in March-April
(from 56001 to 56020), fast variability could not be investigated
because of the lower HE γ-ray state of the source. After March
23 (MJD 56009), the source was no longer detected on daily
scales in HE γ rays, the daily upper limits being below 1.0 · 10−6
cm−2 s−1. Therefore, in total, the HE γ-ray flux variability am-
plitude, within the windows strictly simultaneous to the MAGIC
observing windows, was ∼ 8 on nightly scales, which could go
undetected in the MAGIC light curve given the overall low flux
as discussed in section 2.2. It is therefore not possible to con-
clude if the lack of significant variability in the VHE γ-ray band
has a real physical origin or if it is simply an observational bias
(either due to unfortunate sampling or due to low photon statis-
tics).

The SED of PKS 1510-089 from ∼100MeV to ∼400GeV
is presented in Fig. 4. The HE γ-ray data from AGILE-GRID
and Fermi-LAT cover slighly different periods (AGILE from
MJD 55977.5 to 55991.5 and Fermi-LAT from MJD 55976 to
55991 and from 56001 to 56020). The AGILE-GRID data con-
sist of flaring state data only while the Fermi-LAT spectrum
summarizes all events of the time intervals coincident with the
MAGIC observation window. As suggested by AGILE and con-
firmed by Fermi-LAT, the brighter states are characterised by a
hardening of the HE spectrum, and therefore the higher flux ob-
served by AGILE at 2GeV is expected. The peak of the SED is at
∼ 100MeV. The log parabola fit and the errors of the Fermi-LAT
spectra have been extrapolated to the MAGIC energy range. We
also show the extrapolation taking into account the EBL absorp-
tion using the model of Dominguez, et al. (2011). The VHE γ-
ray spectrum observed by MAGIC connects smoothly with this
extrapolation suggesting that the emission originates from the
same region.

4. Swift X-ray observations, data analysis and
results

The Swift satellite (Gehrels et al., 2004) performed 23 ToO ob-
servations on PKS 1510−089 between 2012 February 2 and
April 5 (MJD 55959-56022), triggered by the strong activity
of the source detected first by AGILE (Lucarelli et al., 2012)
and Fermi-LAT at HE γ-ray energies, and then by MAGIC at
TeV energies (Cortina, 2012). The observations were performed
with all three onboard instruments: the X-ray Telescope (XRT;
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Fig. 4. The γ-ray SED constructed fromAGILE, Fermi-LAT and
MAGIC data. The AGILE-GRID data (grey filled squares) cor-
respond to the data of Flare-II (from MJD 55977.5 to 55991.5).
The Fermi-LAT spectrum (black open circles) combines all
events of time intervals coincident with the MAGIC observa-
tion window (MJD 55976 to 55991 and from 56001 to 56020)
with the blue lines showing the log parabola fit to the data and
its statistical uncertainty (the thinner lines). The fit and the errors
of the Fermi-LAT spectra have been extrapolated to MAGIC en-
ergy range. The dashed blue lines show the extrapolation with
the EBL absorption effects included. The MAGIC data points
are shown with black filled squares (observed) and red filled
circles (de-absorbed). The corresponding shaded region indi-
cates the statistical uncertainty of the spectral fitting (same as
in the Fig. 2). The grey data shows, for the comparison, the
low-intermediate state spectrum of the source as measured by
AGILE-GRID (triangles) and Fermi-LAT (open triangles) and
high state SED as measured by Fermi-LAT (open squares).

Burrows et al. (2005), 0.2–10.0 keV), the Ultraviolet Optical
Telescope (UVOT; Roming et al. (2005), 170–600 nm), and the
Burst Alert Telescope (BAT; Barthelmy et al. (2005), 15–150
keV).

For the Swift-XRT data analysis, we considered observations
with exposure time longer than 500 seconds, including 20 ob-
servations. In addition we summed the data of the three observa-
tions performed on February 19 in order to have higher statis-
tics. The XRT data were processed with standard procedures
(xrtpipeline v0.12.6), filtering, and screening criteria by
using the Heasoft package (v6.11). The source count rate was
low during the entire campaign (< 0.5 counts s−1), so we only
considered photon counting data and further selected XRT event
grades 0–12. Pile-up correction was not required. Source events
were extracted from a circular region with a radius of 20 pix-
els (1 pixel ∼ 2.36”), while background events were extracted
from a circular region with radius of 50 pixels away from the
source region. The spectral redistribution matrices v013 in the
Calibration database maintained by HEASARC were used.

The adopted energy range for spectral fitting is 0.3–10keV.
When the number of counts was less than 200 the Cash statistic
(Cash , 1979) on ungrouped data was used. All the other spectra
were rebinned with a minimum of 20 counts per energy bin to al-
low χ2 fitting within XSPEC (v12.6.0; Arnaud , 1996). We fitted
the individual spectra with a simple absorbed power law, with a
neutral hydrogen column density fixed to its Galactic value (6.89
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• Smooth connection of GeV and TeV spectra during GeV flare.
   →Suggesting co-spatiality of GeV/TeV emission zone locating outside BLR; >1017 cm, 
since VHE photon is absorbed in BLR due to γγ→e+e− .

• Variability of several minutes in TeV range

Fermi MAGIC MAGIC

Location of Emission Zone in Blazars
• Kinetic luminosity of FSRQs (flat spectrum radio quasars) is comparable to accretion power 
during flares.
• The site and structure of the emission region is controversial.
• Variability of a few hours is observed with Fermi-LAT. (Foschini+11, Saito+13, Brown +13, Rani+13, Hayashida+15)
   → Location of emission site: R < cδΓΔt/(1+z) ≒ 1016 cm ~ 100 RG (Δt=2hours, Γ=10 )

10 min



Time-dependent modeling of FSRQ flares

Flare1 Flare2

Flare3

Figure 5.6: Fermi -LAT light curves of PKS 1510−089 around the three major γ-ray

outburst, binned in the intervals of 12 h, 6 h, and 3 h (upper, middle, and lower panels,

respectively).
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Constraining emission zone of FSRQs by
• Modeling time evolution of SEDs during flares.
• Fitting simulated GeV gamma-ray light curves to observed ones.  

• “Finer time resolution” is important since an 
apparently coherent flare would be resolved into 
superposition of sub-flares with better resolution.

• The brightest gamma-ray flares with excellent 
photon statistics and apparently coherent time 
profile in three hour binning were modeled.

(Saito et al., 2015, ApJ, 809, 171)



• A single-zone model with underlying assumption of internal shock.

• “BLAZAR” model (Moderski+03, 05)
   0. Assume a thin shell moving along the jet.
   1. Electron injection (Q) during a certain section.
   2. Calculate time evolution of electron 
       energy distribution (Nγ).

   3. Calculate observed spectra
       at each moment.

   4. Extract GeV band and 
       make GeV light curves.

Modeling the Flaring Light Curves

Figure 7.2: A figure illustrating the geometry taken into account in the BLAZAR code,

which was taken fromModerski et al. (2003). An shell which encloses relativisric electrons

within the opening angle of the jet (2ψj) is considered. The shell is divided into a number

of cells (100 cells in our calculation). The observer is located at the angle ψobs from the

jet axis. Observed SED at given moment is obtained by integrating over θ contributions

from cells located at different radii.
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Figure 7.6: Variation of SEDs during the flare #5 in PKS 1510–089. Each SED cor-

responds to each simulated point in the light curve (Rstart = 0.7 × 1018 cm) presented

in Figure 7.4. Veritical dotted lines show the Fermi-LAT energy range (0.1 GeV – 300

GeV).
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a jet is assumed as emitting zone in this model. We utilized ”BLAZAR” model developped

in Moderski et al. (2003) and Moderski et al. (2005) for our modeling of the rapid flares.

The prescription of the code to study the time evolution of relativistic electrons in jets

and to calculate the observed emission are briefly described below. For further detail,

see Moderski et al. (2003).

7.3.1 Electron Evolution

The code assumes conical jet geometry shown in Figure 7.2. Evolution of electron energy

distribution while a shell propagating along the conical jet is obtained by solving the

kinetic equation for the total population of relativistic electrons, assuming that electron

injection function and energy densities of magnetic field and of external radiation fields

are uniform across the shell. The equation is written in the following form.

∂Nγ

∂t′
= − ∂

∂γ

(
Nγ

dγ

dt′

)
+Q (7.11)

which could be rewritten as,

∂Nγ

∂r
= − ∂

∂γ

(
Nγ

dγ

dr

)
+

Q

cβΓΓ
(7.12)

where
dγ

dr
=

1

βcΓ

(
dγ

dt′

)

rad

− 2

3

γ

r
(7.13)

Q is the electron injection function (defined in 7.3.3), Nγ is number density of electrons

which have Lorentz factor γ, r is the location of the emitting shell measured from the

central blackhole, Γ and βΓ are bulk Lorentz factor and velocity of jet (emitting shell)

and t′ is time measured in jet rest frame. The second therm in above equation represents

the adiabatic losses due to two-dimensional conical expansion of the shell.

7.3.2 Physical Processes

Synchrotron radiation and inverse Compton scattering, which are the major radiative

processes contrubuting to blazar emission, are implemented in the code. Also gamma-

ray absorption in the broad line region and hot dusty torus, which become significant

for observed sub-TeV spectrum is implemeted in the code. This code offers correct

treatment for cross section of inverse Compton scattering in Klein-Nishina regime which

become significant in the high energy gamma-ray emission in blazars (See chapter 2 for

the process).
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electron
injection

synchrotron /inverse Compton(KN) /adiabatic cooling

e distribution:                                                        (p=1.2, q=3.4, γb=900, γmin=1, γmax=105) 
BLR(0.12e18 cm, 0.055 erg/cm3, 10 eV), HDT(1.9e18 cm, 5e-3 erg/cm3, 0.15 eV) 
Γ = 22 
θjet = θobs = 0.3°

2 Saito et al.

challenges such “near-dissipation scenario”. Gamma-
rays above ∼ 100 GeV would interact with BLR UV pho-
tons with gamma-gamma annihilation, thus could not es-
cape from BLR. The detection of VHE photons requires
the emission region to be located at larger distance as-
suming co-spatiality of emission region of HE and VHE
photons. Such observational results challenge a simple
model assuming a single spherical emitting blob expand-
ing along the standard conical jet.
An important issue which is currently overlooked in the

broadband SED modeling is a rapid spectral change dur-
ing flares. Fermi-LAT observations of FSRQs revealed
that a spectral break appears around several GeV dur-
ing flares (Abdo et al. 2009; Rani et al. 2013; Tanaka et
al. 2011), and the gamma-ray spectral shapes were found
to change with a timescale of less than a day through the
LAT observations of brightest FSRQ flares (Abdo et al.
2011). This suggests that data set integrated for several
days or more, which is currently utilized for broadband
modeling, would be superposition of different phase of
jet emission, that prevents appropriate modeling.
Such situations motivated us to propagate and model

gamma-ray variability during FSRQ flares as short as
possible for constraining blazar emission mechanism. In
this paper, we simulated expected light curves during
flares and compared them with the observed ones in or-
der to extract physical conditions of jet including the
location of emission zone. Our approach utilizing vari-
ability time profile during flares would offer a more rigor-
ous way for constraining physical state of jet than using
only characteristic timescale of flares.
We modeled extremely bright gamma-ray flares in

PKS1510–089 which were occurred in 2011 and stud-
ied with good time resolution down to 3-hour bin (Saito
et al. 2013). Flaring profiles with such good time reso-
lution would reflect single component of flaring emission
and suitable for the modeling.

2. TIME DEPENDENT SIMULATION OF EMISSION FROM
JETS

We simulated time evolution of observed spectra from
a relativistic jet based on the internal shock scenario.
A uniform and expanding shell moving along the jet is
assumed as the emitting zone in this scenario. For prop-
agating time evolution of the jet emission during flares,
BLAZAR code developed in Moderski et al. (2003) and
Moderski et al. (2005) was adopted in this work.
In the BLAZAR code, electron injection at constant rate

is taken place while the shell moves from Rstart to Rstop,
which are distances from the central supermassive black-
hole. Time evolution of electron energy distribution is
calculated following an equation shown below.

∂Nγ

∂t′
= − ∂

∂γ

(
Nγ

dγ

dt′

)
+Q(γ) (1)

Q is the electron injection function, Nγ is number den-
sity of electrons which have Lorentz factor γ, Γ and cβ
are bulk Lorentz factor and velocity of the emitting shell
and t′ is time measured in the jet rest frame. Radia-
tive energy loss due to synchrotron emission and inverse
Compton emission, and adiabatic loss due to expansion
of the emitting shell are taken into account. Radial pro-
file of magnetic field is assumed as B(R) = B0R0/R and
the comoving energy density of the external radiation

field (BLR and HDT) are assumed as,

uext(R) =
Γ2Lext

πcR2
ext

1

1 + (R/Rext)2

where Rext is the typical size and Lext represents the
luminosity of the external photon field.
We assumed the electron injection function as broken

power-law which is written as follows.

Q(γ) = Keγ
−p

(
1 + (γ/γb)

4
)(p−q)/4

(2)

Ke is the normalization of the injection function, p and
q are spectral indices for injecting electrons, and γb is an
electron Lorentz factor for break energy. The electron
injection of Q(γ) is defined in the range of γmin < γ <
γmax where γmin, γmax are electron Lorentz factors for
minimum, and maximum energy.
After calculating the evolution of electron energy dis-

tribution while the shell propagates along the jet based
on the equation of balance, observed SED at given time
is calculated by integrating over viewing angle (θ) con-
tributions from cells located at different radial distances.
Finally expected gamma-ray light curve is obtained by
extracting gamma-ray flux from the obtained SEDs at
each moment.
The code offers correct treatments in Klein-Nishina

regime when calculating inverse Compton spectrum . See
Moderski et al. (2003) and Moderski et al. (2005) for the
full description of the code.

3. SELECTION OF FERMI-LAT DATA OF FSRQ FLARES
FOR THE MODELING

Fermi-LAT covers energy range where FSRQs emit
most of their radiative energy, that makes it important
to monitor time variability of Fermi-LAT data in order
to investigate jet energetics during flares. Monitoring
gamma-ray variability with as good time resolution as
possible is of a great importance for probing time evolu-
tion of physical conditions during flares, considering re-
cent Fermi-LAT observations found hour-scale variability
in FSRQs.
A selection of Fermi-LAT data to be modeled in this

work inevitably focused on extraordinary bright flares,
for which we could monitor time variability down to an
hour resolution. Here well-resolved two gamma-ray flar-
ing epochs of PKS 1510–089 presented in Saito et al.
(2013) were referred as data for the modeling in this
work. A detail of these epochs are shown in Table 1.

TABLE 1
Gamma-ray flaring epochs of PKS 1510–089 modeled in
this work. Values were taken from Saito et al. (2013).

Name MJD F>100MeV Γγ

(1) (2) (3)
Flare1 55853.5–55854.5 14.86± 0.89 1.97± 0.04
Flare2 55872–55874 8.39± 0.44 2.19± 0.04

(1) Dates of the gamma-ray flux maxima in the daily-binned light
curve; (2) photon fluxes measured at the flux maxima in the units
of [10−6 ph cm−2 s−1], averaged over the specified time intervals;
(3) the corresponding photon indices.

These epochs show apparently coherent flux profile
(rising phase and decaying phase are well defined and

Model parameters (PKS1510-089) (Barnacka+15, Nalewajko+12)
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Fig. 1.— Simulated profiles of the analyzed Flare 1 and Flare 2 in PKS1510–089 within the 0.1–300GeV range (left and right panels,
respectively), superposed on the 3-hour binned LAT light curve of the source taken from Saito et al. (2013). Simulations denoted in the
figure by various color curves were performed for different locations of the emitting region along the free-expanding outflow, as explained
in the text (see § 4.1). The χ2 values for the corresponding model fits to the decaying phases of the flares are inserted as small figures in
the panels. The resulting best-fit parameters are given in Table 2. The broad-band emission spectra presented in Figure 3 below coincide
with the instants marked as “1”, “2”, and “3” in the panels.

broken power-law

Qγ = Ke γ
−p

[
1 +

(
γ

γbr

)4
] 1

4 (p−q)

, (3)

where Ke is the normalization parameter, p and q are the
low- and high-energy injection indices, respectively, and
γbr is the criticial/break electron Lorentz factor. The
injection function is defined within the range of γmin ≤
γ ≤ γmax.
After simulating the evolution of the electron energy

distribution while the shell propagates along the jet
based on the equation of balance (1), the observed SED
at a given instance of time is calculated by integrating ra-
diative contributions from all the cells located at different
radial distances within the shell over the viewing angle
θobs. The corresponding γ-ray light curve is obtained by
extracting the γ-ray flux at each step of the simulation
(see Moderski et al. 2003, for the full description).

4. TIME-DEPENDENT MODELING

Several input parameters for the time-dependent sim-
ulations of the analyzed flares were selected based on
the recent broad-band fitting of the PKS1510–089 spec-
trum during the 2009 flaring state by Barnacka et al.
(2014). The main characteristics of the external photon
fields (BLR and HDT, in particular) were fixed follow-
ing the detailed studies of the accretion disk emission in
the source by Nalewajko et al. (2012). All of these are
are summarized in Table 2. The jet opening and viewing
angles were at first assumed as θjet = θobs = 1/Γ, where
Γ is the bulk Lorentz factor of a moving shell (§ 4.1); in
the following steps of the modeling we also considered

smaller values of θjet (see § 4.2), in accord with the most
recent results of the high-resolution radio observations of
blazar jets.

4.1. “Free-Expanding Jet” Model

The critical distances along the outflow marking the
onset and the termination of the electron injection, Rstart
and Rstop, respectively, i.e. the two crucial free pa-
rameters of our modeling, were constrained under the
condition of a free-expanding outflow θjet = θobs =
1/Γ = 2.6 deg in the following way. First, the inter-
val ∆R = Rstop − Rstart was determined from the ob-
served rising time of the flare τfl using the general rela-
tion ∆R = cΓδ τfl/(1+z). Next, for a given fixed ∆R we
varied Rstart and Rstop together with the normalization
of the injection function Ke, evaluated the resulting γ-
ray fluxes within the 0.1− 300GeV range for each set of
the model parameters (up to the distance Rend > Rstop),
and fitted the observed Fermi-LAT light curves with the
simulated profiles. The final values of the free parame-
ters were then chosen based on the χ2 of the model fits
to the decaying phases of the flares. The results of the
simulations are presented in Figure 1.
In the case of the Flare 1, the best model fit to the data

returns Rstart = 0.7×1018 cm and Rstop = 0.9×1018 cm,
with the γ-ray emission settling down around Rend =
2.3×1018 cm with the uncertainty of 0.1×1018 cm. Sim-
ilarly, for the Flare 2 we obtain Rstart = 2.3 × 1018 cm,
Rstop = 3.4 × 1018 cm, and Rend = 6.9 × 1018 cm, with
the uncertainty of 0.3 × 1018 cm. Overall, the studied
γ-ray flare light curves can be fitted reasonably well un-
der all the model assumptions specified above, although
the well-resolved rising profiles of the flares (especially

PKS1510-089 γ-ray flare
(θobs=θjet = 2.6°)

Rs = 0.1x1018 cm

Rs = 1.5x1018 cm

Rs = 0.7x1018 cm

Constraints on the Location of Emission Zone
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Fig. 3.— The simulated time evolution of the broad-band SEDs of PKS 1510–089 during the analyzed Flare 1 and Flare 2 (left and right
panels, respectively). The spectra were extracted at the instants marked as “1”, “2”, and “3” in Figure 1 (black, red, and green curves,
respectively). Vertical dashed lines indicate the energy range of 100MeV – 300GeV. For a reference, in the plots we include also the
archival spectral datapoints corresponding to the March 2009 flare of the source from Barnacka et al. (2014).

across the emitting shell becomes smaller, and as a result
the flare’s asymmetry decreases. Only for the dramati-
cally small θjet = θobs = 0.3 deg the simulated decaying
timescale becomes comparable to the radiative cooling
timescale of the γ-ray emitting electrons.

4.2. “Collimated Jet” Model

Due to the causality requirement, for a free-expanding
jet one has Γ θjet ≃ 1 at most, the condition which is of-
ten anticipated in blazar modeling. However, several re-
cent radio studies of relativistic jets in blazar sources im-
ply highly collimated outflows on milli-arcsec scales, with
small opening angles Γ θjet ≃ 0.1 (e.g., Clausen-Brown et
al. 2013; Jorstad et al. 2005). In order to investigate such
a possibility in more detail, we repeated simulations of
the selected flares in the source assuming different values
of 0.1 ≤ Γ θjet ≤ 1 (for the fixed Γ = 22). We again
imposed the condition θobs = θjet, so that the relativis-
tic beaming is maximized; this requirement is necessary,
since in the case of a misaligned PKS1510–089 jet (i.e.,
for θobs > θjet), unrealistically large electron injection is
needed in order to produce the observed γ-ray flux en-
hancements.
The resulting best-fit positions of the onset of the γ-

ray emitting regions for different values of θjet, and the
corresponding normalizations of the electron injection,
are presented in Figure 5. For both flares considered, the
location of the emission zone increases further away from
the SMBH as the jet opening angle decreases. This de-
pendance may be understood by considering the effect
of the Doppler factor gradient discussed in the previ-
ous section. In particular, for smaller and smaller θjet,
the Doppler factor variance across the emitting shell de-
creases; as a result, the emission region have to be placed
further and further away from the jet base so that the
increased electron cooling timescales can support the ex-
tended decay phases of the flares (note that at larger
distances from the core the energy densities of the BLR
and HDT photon fields decrease, and hence the corre-

sponding radiative cooling timescales increase).
In the case of the highly collimated jet with particu-

larly small θjet ≃ 0.26 deg, the best-fit position of the
emission zone turns out as Rstart ≃ 4.3× 1018 cm for the
Flare 1, and Rstart ≃ 8.1 × 1018 cm for the Flare 2. To-
gether with the simulation results presented in the pre-
vious section, this indicates therefore a relatively nar-
row range allowed for the production of the observed
γ-ray flares in PKS 1510–089, namely 1019 cm≥ Rstart ≥
1018 cm for the jet opening angle 0.1 ≤ Γ θjet ≤ 1. At the
same time, the required amount of the electron injection
for producing the observed γ-ray luminosity may be sub-
stantially smaller for a well-collimated outflow (see the
lower panels in Figure 5). This means that in the case of
a jet with Γ θjet < 1 it is “easier” to produce huge γ-ray
outbursts with the total released radiative power of the
order of the accretion disk luminosity, while somewhat
extreme conditions are needed for such a maximum effi-
ciency in the case of a standard, free-expanding jet with
Γ θjet ≃ 1 (see the discussion in the following section).

5. DISCUSSION

In the framework of the internal shock scenario, a col-
lision of two plasma blobs characterized by different bulk
Lorentz factors Γ1 ≡ (1−β2

1)
−1/2 and Γ2 ≡ (1−β2

2)
−1/2

produces the double-shock shock structure propagating
within the merged portion of the jet matter. It is as-
sumed that the electrons are accelerated at the shock
fronts, and are injected with a given energy spectrum
into the downstream region where they cool radiatively
and adiabatically. The resulting shock velocity can be
found under the specific assumptions on the dynamics
of the colliding plasmoids. In particular, if the collid-
ing portions of the jet flow differ only in bulk velocities,
and the jet magnetic field is negligible dynamically, the
downstream (emitting) plasma is characterized by the
bulk Lorentz factor Γ ≡ (1 − β2)−1/2 ∼

√
Γ1 Γ2 as long

as Γ2 > Γ1 ≫ 1 (e.g., Stawarz et al. 2004; Moderski et al.
2004). In the upstream region rest frame (denoted below

• Length of section with electron injection (Re-Rs) was estimated to be 0.2x1018 cm.
• Simulations were performed for various locations of emission zone.
   → Location of gamma-ray emission zone was estimated to be (0.7 ± 0.2)x1018 cm from the 
SMBH.



Constraints on the Location of Emission Zone

• Light curve modeling of another flare in PKS 1510-089 also suggests emission 
zone locating around ~1018 cm from the SMBH.
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Fig. 1.— Simulated profiles of the analyzed Flare 1 and Flare 2 in PKS1510–089 within the 0.1–300GeV range (left and right panels,
respectively), superposed on the 3-hour binned LAT light curve of the source taken from Saito et al. (2013). Simulations denoted in the
figure by various color curves were performed for different locations of the emitting region along the free-expanding outflow, as explained
in the text (see § 4.1). The χ2 values for the corresponding model fits to the decaying phases of the flares are inserted as small figures in
the panels. The resulting best-fit parameters are given in Table 2. The broad-band emission spectra presented in Figure 3 below coincide
with the instants marked as “1”, “2”, and “3” in the panels.

broken power-law

Qγ = Ke γ
−p

[
1 +

(
γ

γbr

)4
] 1

4 (p−q)

, (3)

where Ke is the normalization parameter, p and q are the
low- and high-energy injection indices, respectively, and
γbr is the criticial/break electron Lorentz factor. The
injection function is defined within the range of γmin ≤
γ ≤ γmax.
After simulating the evolution of the electron energy

distribution while the shell propagates along the jet
based on the equation of balance (1), the observed SED
at a given instance of time is calculated by integrating ra-
diative contributions from all the cells located at different
radial distances within the shell over the viewing angle
θobs. The corresponding γ-ray light curve is obtained by
extracting the γ-ray flux at each step of the simulation
(see Moderski et al. 2003, for the full description).

4. TIME-DEPENDENT MODELING

Several input parameters for the time-dependent sim-
ulations of the analyzed flares were selected based on
the recent broad-band fitting of the PKS1510–089 spec-
trum during the 2009 flaring state by Barnacka et al.
(2014). The main characteristics of the external photon
fields (BLR and HDT, in particular) were fixed follow-
ing the detailed studies of the accretion disk emission in
the source by Nalewajko et al. (2012a). All of these are
are summarized in Table 2. The jet opening and viewing
angles were at first assumed as θjet = θobs = 1/Γ, where
Γ is the bulk Lorentz factor of a moving shell (§ 4.1); in
the following steps of the modeling we also considered

smaller values of θjet (see § 4.2), in accord with the most
recent results of the high-resolution radio observations of
blazar jets.

4.1. “Free-Expanding Jet” Model

The critical distances along the outflow marking the
onset and the termination of the electron injection, Rstart
and Rstop, respectively, i.e. the two crucial free pa-
rameters of our modeling, were constrained under the
condition of a free-expanding outflow θjet = θobs =
1/Γ = 2.6 deg in the following way. First, the inter-
val ∆R = Rstop − Rstart was determined from the ob-
served rising time of the flare τfl using the general rela-
tion ∆R = cΓδ τfl/(1+z). Next, for a given fixed ∆R we
varied Rstart and Rstop together with the normalization
of the injection function Ke, evaluated the resulting γ-
ray fluxes within the 0.1− 300GeV range for each set of
the model parameters (up to the distance Rend > Rstop),
and fitted the observed Fermi-LAT light curves with the
simulated profiles. The final values of the free parame-
ters were then chosen based on the χ2 of the model fits
to the decaying phases of the flares. The results of the
simulations are presented in Figure 1.
In the case of the Flare 1, the best model fit to the data

returns Rstart = 0.7×1018 cm and Rstop = 0.9×1018 cm,
with the γ-ray emission settling down around Rend =
2.3×1018 cm with the uncertainty of 0.1×1018 cm. Sim-
ilarly, for the Flare 2 we obtain Rstart = 2.3 × 1018 cm,
Rstop = 3.4 × 1018 cm, and Rend = 6.9 × 1018 cm, with
the uncertainty of 0.3 × 1018 cm. Overall, the studied
γ-ray flare light curves can be fitted reasonably well un-
der all the model assumptions specified above, although
the well-resolved rising profiles of the flares (especially
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Fig. 3.— The simulated time evolution of the broad-band SEDs of PKS 1510–089 during the analyzed Flare 1 and Flare 2 (left and right
panels, respectively). The spectra were extracted at the instants marked as “1”, “2”, and “3” in Figure 1 (black, red, and green curves,
respectively). Vertical dashed lines indicate the energy range of 100MeV – 300GeV. For a reference, in the plots we include also the
archival spectral datapoints corresponding to the March 2009 flare of the source from Barnacka et al. (2014).

across the emitting shell becomes smaller, and as a result
the flare’s asymmetry decreases. Only for the dramati-
cally small θjet = θobs = 0.3 deg the simulated decaying
timescale becomes comparable to the radiative cooling
timescale of the γ-ray emitting electrons.

4.2. “Collimated Jet” Model

Due to the causality requirement, for a free-expanding
jet one has Γ θjet ≃ 1 at most, the condition which is of-
ten anticipated in blazar modeling. However, several re-
cent radio studies of relativistic jets in blazar sources im-
ply highly collimated outflows on milli-arcsec scales, with
small opening angles Γ θjet ≃ 0.1 (e.g., Clausen-Brown et
al. 2013; Jorstad et al. 2005). In order to investigate such
a possibility in more detail, we repeated simulations of
the selected flares in the source assuming different values
of 0.1 ≤ Γ θjet ≤ 1 (for the fixed Γ = 22). We again
imposed the condition θobs = θjet, so that the relativis-
tic beaming is maximized; this requirement is necessary,
since in the case of a misaligned PKS1510–089 jet (i.e.,
for θobs > θjet), unrealistically large electron injection is
needed in order to produce the observed γ-ray flux en-
hancements.
The resulting best-fit positions of the onset of the γ-

ray emitting regions for different values of θjet, and the
corresponding normalizations of the electron injection,
are presented in Figure 5. For both flares considered, the
location of the emission zone increases further away from
the SMBH as the jet opening angle decreases. This de-
pendance may be understood by considering the effect
of the Doppler factor gradient discussed in the previ-
ous section. In particular, for smaller and smaller θjet,
the Doppler factor variance across the emitting shell de-
creases; as a result, the emission region have to be placed
further and further away from the jet base so that the
increased electron cooling timescales can support the ex-
tended decay phases of the flares (note that at larger
distances from the core the energy densities of the BLR
and HDT photon fields decrease, and hence the corre-

sponding radiative cooling timescales increase).
In the case of the highly collimated jet with particu-

larly small θjet ≃ 0.26 deg, the best-fit position of the
emission zone turns out as Rstart ≃ 4.3× 1018 cm for the
Flare 1, and Rstart ≃ 8.1 × 1018 cm for the Flare 2. To-
gether with the simulation results presented in the pre-
vious section, this indicates therefore a relatively nar-
row range allowed for the production of the observed
γ-ray flares in PKS 1510–089, namely 1019 cm≥ Rstart ≥
1018 cm for the jet opening angle 0.1 ≤ Γ θjet ≤ 1. At the
same time, the required amount of the electron injection
for producing the observed γ-ray luminosity may be sub-
stantially smaller for a well-collimated outflow (see the
lower panels in Figure 5). This means that in the case of
a jet with Γ θjet < 1 it is “easier” to produce huge γ-ray
outbursts with the total released radiative power of the
order of the accretion disk luminosity, while somewhat
extreme conditions are needed for such a maximum effi-
ciency in the case of a standard, free-expanding jet with
Γ θjet ≃ 1 (see the discussion in the following section).

5. DISCUSSION

In the framework of the internal shock scenario, a col-
lision of two plasma blobs characterized by different bulk
Lorentz factors Γ1 ≡ (1−β2

1)
−1/2 and Γ2 ≡ (1−β2

2)
−1/2

produces the double-shock shock structure propagating
within the merged portion of the jet matter. It is as-
sumed that the electrons are accelerated at the shock
fronts, and are injected with a given energy spectrum
into the downstream region where they cool radiatively
and adiabatically. The resulting shock velocity can be
found under the specific assumptions on the dynamics
of the colliding plasmoids. In particular, if the collid-
ing portions of the jet flow differ only in bulk velocities,
and the jet magnetic field is negligible dynamically, the
downstream (emitting) plasma is characterized by the
bulk Lorentz factor Γ ≡ (1 − β2)−1/2 ∼

√
Γ1 Γ2 as long

as Γ2 > Γ1 ≫ 1 (e.g., Stawarz et al. 2004; Moderski et al.
2004). In the upstream region rest frame (denoted below

Rs = 2.3x1018 cm

PKS1510-089 
(θjet = θobs = 2.6°)
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Fig. 5.— The best-fit location of the onset of the flaring zone
(upper panels) and the corresponding normalization of the electron
injection function (lower panels) for the Flare 1 and Flare 2 (left and
right panels, respectively), as functions of the jet opening angle
θjet = θobs (see § 4.2 for the discussion).

Quantifying next the energy dissipated per proton in the
mpc2 units as

κ ≡ E′
diss

Np mpc2
, (14)

and keeping in mind that E1 = 1
2Γ1 Npmpc2, E2 =

1
2Γ2 Npmpc2, and E′

diss = Ediss/Γ, one can find

κ ≃ 1

2

(Γ2/Γ − 1)2

Γ2/Γ
. (15)

And since ⟨γinj⟩Ne mec2 = ηe E′
diss, where ηe is the effi-

ciency of the energy transfer to relativistic electrons at
the shock front, the composition of the jet can be finally
estimated as

Ne

Np
≃ ηe κ

mp/me

⟨γinj⟩
(16)

(see, e.g., Moderski et al. 2004). The typically consid-
ered value of ηe ≃ 0.5 and a pure electron-proton jet
composition Ne/Np ≃ 1 imply therefore Γ2 ≃ 35 with
the corresponding ηdiss ≃ 0.1. Any larger amount of
electron-positron pairs in the jet would increase both the
bulk Lorentz factor of the faster shell (for the given Γ),
and the overall energy dissipation efficiency; for example,
Ne/Np ≃ 3 (meaning the pair content Ne+/Ne− ≃ 0.5)
would require a still reasonable value of Γ2 ≃ 50, with
the corresponding ηdiss ≃ 0.25. Note in this context that
the outflows remains dominated dynamically by protons,

Lp

Le
=

1

Ne/Np

mp/me

⟨γinj⟩
> 1 (17)

as long as Ne/Np < 10. In particular, with Ne/Np ≃
1− 3 adopted hereafter, one has Lp/Le ∼ 10.
The total luminosity of the accretion disk in PKS 1510–

089 was estimated by Nalewajko et al. (2012a) as Ldisk ≃

5× 1045 erg s−1, meaning the accretion power in the sys-
tem of the order of Lacc ∼ 1047 erg s−1 (for the assumed
the standard, 10% radiative efficiency factor). The model
parameters evaluated above under the Γ θjet ≃ 1 con-
dition, imply therefore an extreme efficiency of the jet
production, with the total jet kinetic power Lj ≃ Lp ∼
10Lacc. In the case of a highly collimated jet, this ef-
ficiency may be decreased quite significantly (see Fig-
ure 5). On the other hand, the jet magnetic field within
the blazar emission zone, which is rather weak already
in the free-expanding jet case, becomes even less rele-
vant dynamically with the decreasing product Γ θjet. In
particular, with θjet ≃ 2.6 deg, the ratio of the electron
kinetic energy and Poynting fluxes,

Le

LB
=

2mec2

cβ′
sh

×
∫
dγ γQγ

[R θjet B′(R)]2
, (18)

reads as Le/LB ∼ 60 and ∼ 20 for the Flare 1 and the
Flare 2, respectively. Assuming instead θjet ≃ 0.26 deg,
but keeping a comparably large Compton dominance in
the source (i.e., the ratio of the high-energy and syn-
chrotron peak luminosities ∼ 10 − 100), we obtain wor-
risomely small jet magnetization of Le/LB ! 100.
It is interesting to note in this context that the

model fit to the average/quiescence broad-band spec-
trum of PKS1510–089 using the BLAZAR code, presented
in Kataoka et al. (2008), indicates Lp ≃ 2× 1046 erg s−1

and Le ≃ LB ≃ 0.6 × 1046 erg s−1. This, together with
the results of our simulations, may suggest that while
during the extended source quiescence the outflow is in
equipartition between the relativistic electron and mag-
netic field energy fluxes, with the total jet kinetic lu-
minosity dominated only slightly by cold protons and
constituting only some smaller fraction of the available
accretion power (Lacc ∼ 10Lp with Le ∼ LB ∼ 0.3Lp),
dramatic though relatively rare flaring events consist of
an excess energy flux carried out predominantly by the
jet particles, and exceeding the mean accretion power in
the source (Lp ∼ 10Lacc and Lp ∼ 10Le ≫ LB).
The above considerations should be taken with ex-

treme caution, however, since in the modeling presented
here no synchrotron data concurrent with the analyzed
γ-ray flares could be utilized. Any robust estimation of
the magnetic field within the emitting region would, in
fact, require exactly simultaneous infrared and GeV flux
measurements. At the same time, we note that small jet
opening angle Γ θjet < 1 implies higher number density
of the radiating electrons when compared with the case
of a free-expanding jet, regardless on the jet magneti-
zation, and therefore an elevated SSC spectral compo-
nent (which may dominate the entire X-ray domain, up
to even the soft γ-ray regime). Hence, high-quality X-
ray data simultaneous with the GeV flaring events, when
modeled as presented in this paper, could, in principle,
constrain robustly the jet opening angle in the source.

6. CONCLUSIONS

In this paper we presented a new approach for con-
straining luminous blazars, incorporating fully time-
dependent and self-consistent modeling of particularly
bright and well-resolved γ-ray flares of PKS 1510-089 de-
tected with Fermi -LAT. The two flares selected for the
analysis, studied before by Saito et al. (2013), consti-

Emission zone for a highly collimated jet
• Gamma-ray flaring light curves were simulated for a well-collimated jet (smaller 

jet opening angle of down to 0.3°: Γθjet ≒ 0.1), which is suggested by radio 
studies (e.g. Jorstad+05, Clausen-Brown+13).
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6. CONCLUSIONS

In this paper, we presented a new approach for constraining
luminous blazars, incorporating fully time-dependent and self-
consistent modeling of particularly bright and well-resolved γ-
ray flares of PKS 1510–089 detected with Fermi-LAT. The two
flares selected for the analysis, studied before by Saito et al.
(2013), constitute the best known examples of prominent,
isolated, and coherent events (with well-defined flux rising and
decay phases on hourly timescales), unlike the majority of
the observed blazar flux enhancements which seem rather like
a superposition of distinct (though possibly related) but
just unresolved sub-flaring/flickering. Unfortunately, no

simultaneous data at lower (radio-to-X-ray) frequencies are
available for the analyzed flares.
The results of our modeling, performed with the BLAZAR

code developed by Moderski et al. (2003) in the framework of
the internal shock scenario, are largely in agreement with the
recent broadband observations of FSRQs in general, and with
the detection of TeV γ-ray photons correlated with the GeV
flares in particular. Such a correlation, along with the apparent
smoothness of the observed γ-ray spectra from 100MeV up to
the TeV range, strongly suggests a co-spatiality of the GeV and
TeV emitting regions, which have to be in addition located
outside the BLR in order to avoid a significant attenuation of
the γ-ray fluxes due to the efficient photon–photon annihilation
(see Barnacka et al. 2014). Furthermore, the best-fit location of
the γ-ray flaring region estimated here for PKS 1510–089
indeed turns out as R 0.3� pc for a free-expanding jet with the
opening angle 1 2. 6jetq G n� � , up to R 3� pc for a
collimated outflow with 0.1 0. 26jetq G n� � (as advocated
by Jorstad et al. 2005; Clausen-Brown et al. 2013; Zdziarski
et al. 2015). This is safely beyond the characteristic scale of the
BLR in the source (∼0.03 pc).

Figure 6. Simulated light curves corresponding to Flare 1 in optical, X-rays,
HE γ-rays, and VHE γ-rays (top to bottom, respectively), for the cases of a free
expanding conical jet ( 1jet obsq q= = G, left panels), and a collimated jet (with

0.1jet obsq q= = G, right panels). The location of the emission zone and the
normalization of the electron injection are fixed at the best-fit values for the HE
γ-ray flares (see Figure 4). Various emission components are denoted by
different styles of the curves (dashed, dotted–dashed, dotted–dotted–dashed,
and dotted for the synchrotron, SSC, EC/BLR, and EC/HDT, respectively),
with the solid curves corresponding to the sum of all the emission components
in each panel.

Figure 7. Same as Figure 6, but for Flare 2.
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• Different geometries give different 
timescales and flux levels of the flare in 
other wavelengths.

• VHE flux will be enhanced for the 
collimated jet due to pronounced 
emission from HDT.

• Monitoring flux change with timescale 
down to hours will resolve the model 
degeneracy.
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Summary

• We collected the brightest samples of gamma-ray flares, and performed time-
dependent modeling of gamma-ray flares in FSRQs with time resolution as good 
as three hours.

• The estimated location of emission zone during gamma-ray flares in PKS 
1510-089 is around  ~1018 cm from the central SMBH, which is reconciled with 
detection of VHE photons reported during GeV flares.

• Observed time profile a flare was found to be characterised not only by electron 
cooling timescale, but also geometrical effect. 

• Exactly simultaneous observation of flares with time resolution down to hours will 
remove the degeneracy of model parameters.


