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ABSTRACT

We perform time-dependent, spatially-resolved simulettiof blazar emission to evaluate sev-
eral flaring scenarios related to magnetic-field amplifamatind enhanced particle accelera-
tion. The code explicitly accounts for light-travel-timigezts and is applied to flares observed
in the flat spectrum radio quasar (FSRQ) PKS 0208-512, witiotv®pticalf-ray correlation

at some times, but orphan optical flares at other times. Giwinghoth the magnetic field and
the particle acceleration efficiency are explored as cafdftares. Generally, external Comp-
ton emission appears to describe the available data bh#ara synchrotron self-Compton
scenario, and in particular orphan optical flares are diffimuproduce in the SSC frame-
work. X-ray soft-excesses;ray spectral hardening, and the detections at very highyerse
of certain FSRQs during flares find natural explanationsénBE scenario with particle ac-
celeration change. Likewise, optical flares with/withegutay counterparts can be explained
by different allocations of energy between the magnetizadind particle acceleration, which
may be related to the orientation of the magnetic field nedatid the jet flow. We also calcu-
late the degree of linear polarization and polarizationl@ag a function of time for a jet with
helical magnetic field. Tightening of the magnetic helix iearately downstream of the jet
perturbations, where flares occur, can be sufficient to @xptee increases in the degree of
polarization and a rotation by 180° of the observed polarization angle, if light-travel-time
effects are properly considered.

Key words: galaxies: active — galaxies: jets — radiation mechanismthermal

1 INTRODUCTION nism of emission. For one type of blazars, namely, FSRQsdhe
relation between optical emission and GeMays is particularly
interesting. These two energy bands represent the eneitlies at
or beyond the peaks of the two components of their spectesbgn
distributions (SEDs, Sambruna etlal. 1996). The photonsése
energies are probably emitted by the most energetic pestieind
hence exhibit most violent variations. Identification oésle corre-
lations became possible following the launchFefmiand the im-
plementation of its supporting optical monitoring progsrauch
as the Yale/SMARTS program.

As an extreme class of Active Galactic Nuclei (AGNSs), blazae
known to emit electromagnetic waves in almost all frequesthat
are currently being observed, extending from radigt@y. They
are also famous for being highly variable in an unpredietaban-
ner. An interesting question is whether blazar variatidriféerent
wavelengths are correlated, and if so, how. For examplethehe
there are any time lags, what the amplitude relations are.arh
swers to these questions can, e.g., identify the locatidmaecha-

In most cases the correlation between these two bands are
* chenxuhui.phys@gmail.com established (Bonning etlal. 2012; Chatterjee &t al.[2018)vd¥er,
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Figure 1. Fermi (upper panels) and SMARTS (lower panels) optical/neaanefl light curves in 10-day bins. From left to right, the fiegicover flares 1, 2
and 3 identified by Chatterjee et al. (2013a), starting froodMed Julian Date (MJD) 54680, 55110, and 55680. The flaakpare marked with dotted lines.

Chatterjee et all (2013a) identified at least one case ofcrchla-
tion breaking down (see also Fig. 2.of H.E.S.S. Collaboragipal.
2013). In contrast to the "orphany-ray flares occasionally found
in BL Lac objects |(Krawczynski et al. 2004), these FSRQs show
strong optical flares without-ray counterparts. The authors of
Chatterjee et al! (2013a) identified three major opticabfidrom
PKS 0208-512 over a period of 3 yeafsray activity in flares 1
and 3 is highly correlated with that at the optical band. Bufiare
2, thev-ray flux remains at a low level. The question arises why the
same source exhibits correlated optigalay flares sometimes, but
orphan optical flares at other times.

Since the optical emission is generally accepted to
be produced by synchrotron emission (Bregmanletal. 11981;
Urry & Mushotzky [1982; Impey & Neugebauer 1988; Marscher
1998), it is sensible to postulate that if the flare is causgd b
change of the magnetic field, it may not have a direct effect on
the~-ray emission, except the indirect effect through partidel-
ing and acceleration. It is known that magnetic field can be am
plified by astrophysical shocks beyond simple shock conspras
through a turbulent dynamo effect. This has been proved fwth
merically (Guo et al. 2012) and analytically (Fraschettl2)) and
has been applied to explain observations of supernova msina
(SNRs/ Parizot et al. 2006) andray bursts (GRBs, Mizuno et al.
2011). If this kind of amplification is also at work in relastic
jets which presumably harbor blazar flares, it can be expecte
explain the orphan optical flares.

source resembles those of FSRQs. So it is suggested thsbthise
should be re-classified as an FSRQ.

We obtained spectra of PKS 0208-512 at the MeV-GeV en-
ergy range by analyzing data froRermi/LAT. For this purpose,
we used the standarBermiLAT Science Tools software pack-
age (version v9r27pl). We analyzed a Region of Interest 6f 15
in radius, centered at the position of PKS 0208-512, usimg th
maximum likelihood algorithm implemented ot | i ke. We in-
cluded all sources within T50f PKS 0208-512, extracted from
the Fermi 2-yr catalog (2FGL), with their normalizations kept
free and spectral indices fixed to their catalog values. We us
the data selection P7SOURGE and its response functions, the
diffuse background modegjal _2year p7v6._v0. fits, and the
isotropic background modelso_p7v6sour ce. t xt . To calcu-
late the spectra, we divide the spectral range 0.1-24.3 G&\Mwo
spectral bins and model PKS 0208-512 with a simple power law
at each spectral bin with the spectral index and normatinatept
free. We obtained the-ray spectra at various 10-day intervals dur-
ing flares 1 and 3 (as definedlin_Chatterjee et al. 2013a) irr orde
to probe the spectral changes during the rise and decay sé tho
outbursts. Smaller time intervals can not always give twectal
points with enough statistical significance, while largeret inter-
vals can not resolve the profile of the flares.

Light curves in theB, V, R, J, and K band are from
the Yale/SMARTS optical-near IR blazar monitoring prodHam
(Bonning et al.| 2012;| Chatterjiee et al. 2012) which uses the

Chatterjee et al.| (2018b) studied these anomalous flares of ANDICAM instrument on the SMARTS 1.3m telescope located at

PKS 0208-512 with a time-independent model. However, since
blazar flares are naturally time-dependent phenomena, iih-is
portant to account for the timing information with time-@eglent
modeling. We will briefly describe the data reduction andlysia

CTIO, Chile. Details of observations and data reductiorcpdores

are described in Bonning etlal. (2012). We calculate the (HRS

and lightcurves by averaging the flux over 10-day intervals.
We obtained the X-ray data from ti®wiff XRT monitoring

in §[2. The comparison between time-dependent modeling and the program ofFermiLAT sources of intereSt We use theSwiftXRT

observation are presented§f, followed by discussion i[5

2 MULTIWAVELENGTH DATA OF PKS 0208-512
PKS 0208-512 is a high-power blazar with redshift of 1.0G3. |

has been classified as a BL Lac object based on its line proper-

ties (Healey et al. 2008). However, Ghisellini et al. (20hbted
that the broad-line emission from PKS 0208-512 is in facirsir
(Lmgnn ~ 10**ergs™'), on top of the fact that the SED of this

data products genera{ﬂn(Evans et all_2009), and fitted the data
with the X-ray spectral fitting package XSPEC. During thedim
interval of interest (MJD 55190-55200, high state of flareSyift
XRT only observed the source for one 1351-s period on MJD
55195.

The high- and low-state SEDs from flares 1 and 2 are shown
with the simulation results in Figl47. In Fig[d we show the light

L http://www.astro.yale.edu/smarts/fermi/
2 http://www.swift.psu.edu/monitoring/
3 http://www.swift.ac.uk/useobjects/docs.php
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Figure 2. Left: Sketch of the model geometry and its co-moving 2-D grid veiimuthal symmetry. The hatched layer represents a pattarbthat is
stationary in the black-hole frame and relativistically vimg upward in the blob rest frame. The yellow zones repregeiescent regions in which the
particles have reached equilibrium between acceleratishl@sses. We plot in red the zones in which the magnetic fietheacceleration efficiency have
changed to induce a flare. The orange zones represent tbasagiwhich the gain and loss rates are back to their badeliets, but particle spectra are still
elevatedRight: A sketch of the helical magnetic field usedd#.3. The red portion of the field line stands for the perturteggon, where an enhancement of
the azimuthal component of the field leads to the tightenirthehelix, and hence a change in the field direction.

curves of the three flares as identified by Chatterjeel et @132). N(~,t):

Note that flare 3 can also be viewed as an ensemble of two flares ON(v,1) P

peaking at MJD 55735 and 55815. The light curves of flare 1 and ——————~+ = —— {N(y,t)ﬁ(y,t)}

3 in optical andy-rays show striking similarity with no apparent ot Oy (1)
delay between the peaks at different energies. Flare 2 isiguif- L9 {D(7 0 3N(%t)] QM) — Nv.t)
icantly detected in-rays in 10-day bins. We show its optical light Oy ’ Oy ’ tesc

curves together with the simulation results. On the right hand side of eQl(1), the first term describesicootis

cooling and acceleration of the particles with rate
3 THE MODEL (7, t) = Feool (7, 1) + YD (7, 1) @)

. . . which includes stochastic particle acceleration with rate
We use the time-dependent multizone blazar model built by P

Chen et al. (20].1,.2012) to study the ml.JItlwaveIe.ngth.dalt.a)fse Ap(7,t) = 2D(v,t) = gl 7 3)
PKS 0208-512. This model employs a axisymmetric cylindigea v lace

ometry (see Fig.J2), divided into many zones in radial andjkorali- for which the acceleration time scale is defined:hy.

nal directions to account for inhomogeneity. This inhomegeis The second term describes the diffusion of the particle in mo

blob, whose emission is assumed to dominate over the coitino  mentum space with diffusion coefficient

jet stream because of higher density and/or stronger miagied, 5

travels relativistically in the AGN frame and encounterdatien- D(v,t) = b (4)
ary perturbation that, for simplicity, is treated as a flattége. In 2lace
the blob frame, it is the perturbation that travels througé iblob The acceleration process is similar to that described by

and causes a change in the plasma condition, hence irgtitite Katarzyhski et al.[(2006). It is a result of particle diffois in mo-
flare. The model is based on our 2-D Monte-Carlo/Fokkerdan  mentum space, which mainly represents the second-ordeni Fer
(MCFP) code. The Monte-Carlo technique is used for the tdia process. The acceleration time scale is assumed to be imdieqte
transfer, so that all light-travel-time effects (LTTEsgdaken into of particle energy here. One can also reasonably assuntb¢re-
account. celeration time scale changes with particle energy, eigcieases

The temporal evolution of the electron (and positron) popu- linearly with energy. The resulted particle spectrum walvhte
lation in each simulation zone is obtained by solving thekeok from a simple power-law. A detailed study of an energy depahd
Planck equation for the differential number density of &lats, acceleration will be the subject of a separate publication.

(© 0000 RAS, MNRASDOG, 000-000
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The third term of ed{1)Q (v, t), describes particle injection;
the fourth term accounts for particle escape through anstatjle
parametet.s. that is not changed throughout the simulation.

The quiescent state of the jet is established through quasi-
monoenergetic injection at Lorentz factofs,; which is tech-
nically realized with a narrow Gaussian. Such injectioncsee
may arise from sweep-up of ambient material by a fast plasma
cloud (Pohl & Schlickeiser 2000), in quasi-perpendicukdativis-
tic shocks, or through the pile-up effect caused by the loaldme-
tween Fermi acceleration and radiative cooling (Schle&iei984).

But here it is merely a parametrization of pre-acceleratiwaugh-
out the jet with steady-state rate

The pre-accelerated particles are then subjected to stctze-
celeration in the entire simulation box. The comparisorwken
tace and the cooling time scale, which is energy dependent, gives
the maximum energy of particles; the ratio betwegn andtesc
decides the spectral index of the particle power-law distion.
Particle acceleration, cooling, injection and escapehr@acequi-
librium, which forms the quiescent state of the system, witam-
eter values as listed in Talllé 1. The simulations need saneett

reach equilibrium, and so flares are launched only when ibguil
rium condition have been reached.

(v = Yinj)”
2 (f?y

Q) = Qo exp (— 5)
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Figure 3. The electron spectrum in the bottom-center cell (nr=1,ni=1
Fig.[2) in the pure Synchrotron Self-Compton (SSC) case wlitinge of
the magnetic field as the cause of the flare. The red line gomeks to the
time when the perturbation has reached the bottom zonelisgays flare

Flares are induced by changing one or more parameters of thespectras’ /T are shown for reference only. They do not correspond to any

system in a thin zone plotted red in Figlile 2, that is assurteed s
tionary in the host-galaxy frame and therefore propagatiesivis-
tically in the simulation frame. Such standing features asse
from external perturbations or through recollimation. Véendt in-
tend to specify the origin of the perturbation, but focustsreffect.
In this paper we specifically discuss changes in the magfietit
and in the acceleration time,... More details about the particle

processes in our model can be found_in Chen (2012). Example

electron distributions in individual zones are shown in.Bignd
the bottom panels of Figl[5-8.

We set the angle between the line of sight and the jet axis
asf = 1/I', and so the Doppler factadr is always equal to the
bulk Lorentz factorT". In the comoving frame of the jet, this is
equivalent to observing at 9@o the jet axis. Except ifl4.3, the
magnetic field is assumed to be fully disordered. The corwmers
between flux and apparent luminosity is done with the cosgiolo
cal parameter§),, = 0.28, Qx = 0.72, Ho = 70 km/s/Mpc. A
steady thermal component is added to the simulation durisg- p
processing, using an average thermal-emission componemt f
radio-loud quasars (Elvis etlal. 1994) scaled accordindh¢oath-
servedSwiffUVOT flux of PKS 0208-512. Note that this average
thermal component is directly deduced from observatiothauit
needing to specify whether it comes from the accretion Kskay
corona, or anything else. All the simulated SEDs aim to mteir
observational counterparts from flare 2, i.e. the fillednigias in
the plotted SEDs. Matching between the observational andlai
tion light curves is achieved through variation of the $tarpoints,

i.e. they can be shifted horizontally to match each otheFi¢/{4-
Fig.[8, the SED and light curve plots have the same obsenaitio
data. The pre-flare/flaring SED data are 10-day averagesreeint
on MJD 54725/54735 for flare 1, and MJD 55165/55195 for flare 2.
The historical data include (grey squar8s)ift Planckand ground
based radio data in November of 2009 reported by Giommilet al.
(2012), and (grey circles)VISE data taken in MJD 55367-55369
(around June 23, 2010).

specific observer’s timebecause of the LTTEs.

4 RESULTS
4.1 Pure SSC scenario
4.1.1 Brief change of magnetic-field strength

We begin the investigation with a pure SSC scenario. In thsec
five key parameters (magnetic fiel#] electron density.., volume
lengthZ (or radiusR), beaming Doppler facta¥, Lorentz factor of
the injected low energy partictg,,;) are constrained by 5 observ-
ables (synchrotron and IC peak frequendigg, vic, Synchrotron
and IC apparent luminosity,,, L;., and variability time scale
tvar). We note that the symmetry of most light curves in blazars
(similar rise and decay timg, Chatterjee et al. 2012) ind&a,

is directly linked to LTTEs. The parameters used are sunmadri

in Table[d.

The flare is assumed to be caused by an increase of magnetic-
field energy density (by a factor of 20) immediately dowrestneof
the stationary perturbation (FIg. 2 left, red cylinder) eTthickness
of the region with increased magnetic fieldljs10 of the length of
the emitting blob. The same thickness is used in subseqasasc

The resulting electron distributions are shown in Elg.
whereas the SEDs and the light curves are displayed ibJFRg#A.
turbations only in the magnetic field leave the electrorritiistion
virtually unchanged during the entire simulation. Variapiin the
radiation flux is therefore mostly caused by the modificatibthe
emissivities and geometric effects. The blazar flares bothe op-
tical and iny rays, and the-ray flares seem to be smoother, longer
lasting, and, most prominently, appear to be delayed cosapar
the optical flare. The delay is roughly 10 days, which is alidbipf
the entire flare duration. Both the delay and smoothing ofithay
light curve are caused by the internal LTTE of the SSC emissio
The inconsistency between this delay and the lack of timaydeh

3,

(© 0000 RAS, MNRASD00, 000—-000
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Figure 4. The SEDs (top) and light curves (bottom) in the pure Synchrot
Self-Compton (SSC) case with change of the magnetic fielth@sause
of the flare.Top: The colored triangles are simultaneous data points from
SMARTS, Swift and Fermi, with blue/red being the pre-flare/flaring states.
The grey squares and circles are historical data. The opefrét triangles
are part of flare 1 identified by Chatterjee €t al. (2013a),levtiie filled
blue/red triangles are for flare 2. Ti8wift bow-tie and the~ermi upper
limits are simultaneous with the filled red triangles. Theeéhhistograms
show the simulated SEDs before, during, and after the peélaref2, and
so they should match the filled triangles, while other daiatpare plotted
there for reference. The dotted magenta line is the steaayntid emission
component. The dashed orange red lines refer to the firshdarder SSC
emission during the peak of the fla@ottom: In the lower panel the open
circles show the 10-day-averaged optical light curves ibIBe) and J (red)
bands during flare 2. The histograms show two simulated sgtrcim light
curves at similar frequencies. In the upper panel there a@bservational
data points. Fermi-ray flux was always below detection in 10-day bins
during this time. Three simulated IC light curves are showith green,
orange, and black solid lines representing the energy bharXisay, Fermi
~-ray, and very high energy (VHE)-ray. The shaded grey areas mark the
phase when the simulation is still in setup phase. The \&rtiotted line
marks the peak of the synchrotron flare.
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observations such as those shown in [Hig. 1 indicates tha3 8@
scenario with magnetic-flux change does not explain theetaied
flares in FSRQs, unless the emission region is much smaber th
assumed here, and the light curves are symmetric for nomeggic
reasons. Neither does it explain the optical only flaresabse the
model predicts that the SSC flux will also increase and véolhe
Fermiupper limits in the SED.

Another interesting feature in F[g.4 is the presence of
second-order SSC emission above tens of GeV. Despite being
largely suppressed by Klein-Nishina (KN) effect, the seton
order SSC component is visible as an additional bump in the
SED. Since the SEDs of some high redshift blazars such as
3C 279 (MAGIC Collaboration et al. 2008) and PKS 1424+240
(Furniss et al. 2013) appear to have an up-curving shape & VH
after the correction of extragalactic background light (ERb-
sorption, it is tempting to explain those SEDs with the secon
order SSC emission. However, PKS 1424+240 is classified as an
intermediate-frequency peaked BL Lac (IBL) or high-freacye
peaked BL Lac (HBL). The higher peak energy of the synchrotro
component suggests that a significant second-order SSGiemis
is very unlikely on account of KN suppression. Since thefferdi
ent types of blazars show similar up-curving SED only aftBLE
de-absorption, it may be more natural to explain these suagea
result of the uncertainty in the EBL models used.

4.1.2 Brief change of acceleration efficiency

Current theories of magnetic-field amplification typicaihyolve
the generation of strong turbulence (Bell 2004; Mizuno £2@11),
which can be expected to cause strong stochastic particdesic
ation. If a flare is caused by a change in the particle disioby
e.g. originating from a change in the efficiency of particteealer-
ation, the SSC emission would show an immediate responsg, lo
before the effect of the increase in the synchrotron seetbpbde-
comes apparent. Then the delay between the SSC emissioprand s
chrotron emission may be less prominent, as shown in Chdn et a
(2011) for Mrk 421. We here investigate this scenario for PKS
0208-512 with time-dependent simulations, in whigh. is re-
duced by a factor of 200 in a thin layer without any change in B.
The results are shown in Fid. 5.

In the time-dependent SSC model, the model parameteres
are well constrained, and the resulting strength of magritid
is only 0.4mG in the quiescent state, making the cooling of the
electrons quite slow compared to the flare time scale. Ondtres
of this slow cooling is that any existing energized elec$roor
injected new high-energy particle population (Barkov eRl12;
Zacharias & Schlickeiser 2012), will survive for a while haiut
being able to cool down to the quiescent state soon. Thisampl
the electron distributions we see (Fiy). 5 bottom), whereelee-
trons are accelerated to higher energy because of the Ipatitur,
but take a long time to cool down afterwards. The resultiggtli
curves (except radio and X-ray) would show sharp rising tibug
much longer decay time (Figl. 5 middle). However, such phesram
are not seen in observations. Therefore, the SSC with eledis-
tribution change scenario, including the one in which thencfe is
caused by the increase of particle acceleration efficiedmys not
explain the flares in PKS 0208-512 neither.

4.2 Dusty torus EC scenarios

Having established the difficulty to explain optical orphitares
and a lack of time delays in a pure SSC scenario, we now



Table 1. The parameters used for the quiescent state. The obsereatite
is always1/I" so that the Doppler factos is equal to the bulk Lorentz
factor I'. The volume radiuR = 3Z/4 in all cases. The time scale for
acceleration and escape have the ratiQ /tesc = 6.5, except during the
flare caused by excess acceleration.

6 X.Chenetal.

48 T { T T { T

| t= 80-70 days

[ t= 90—100 days
Q0
<
2
=3
>
=]
i)

T r T T [ T T T T [ T T T T [ T T
I 0.3 keV — 10 keV T

0.1 TevV — 1 TeV

3

2 5 — B
oo _ 83 8]
o o g N
T SO W S R R
0 50 100 150
MJD-55100
T T T T
107 —
F PPy t’/I'=56 days -
N ,/ ‘\\\ t’/I'=60 days ]
L /ﬁl\ \\\ 4
- 1/ T N ]
) . AN
' \\\~ N b
— N N
@ N, AN
k100 N :
3] N\ \ ]
= \ \ ]
z \ ]
« \\ ]
o~ \ b
\ 4
\
\ 4
\
\
\
108 \‘ —
\ ]
\ ]
\ i
M| TR | TR CL IR K —
104 10% 1068
g

Figure 5. The SEDs (top), light curves (middle) and electron distitins
(bottom) of the SSC case with change of particle acceleratfticiency as
the cause of the flare. The color schemes are similar to thdzig {4, except
there is a 10-day shift of the observation with respect testimilation data
in order to make them more comparable.

Ssc EC
B(G) 3.8x107* 2
) 40 40
Yinj 2.4 x 103 20
Z(cm) 2.4 x 10 2.4 x 108
ne(cm™3) 0.35 2x 1074
tace(Z/c) 120 9.75 x 1075
ul . (erg/emd)  — 3.3

turn to external Compton (EC) processes as the main mech-
anism responsible fory-ray emission. We chose the dusty
torus as source of the soft photons. The torus is assumed to
emit black body radiation with a temperature of about 370 K
(Ghisellini & Tavecchio 2009). This external photon fieldcisn-
stant, if, as we do, one considers standing perturbatiorthen
jet (for more discussion of this issue séB.Z). The detection

of FSRQs by imaging atmospheric-Cherenkov telescopesT)AC
above 100 GeVL(MAGIC Collaboration etlal. 2008; Aleksit et a
2011;/H.E.S.S. Collaboration et al. 2013) places they emis-
sion site outside of the broad-line region (BLR), otherwike
~-rays would suffer catastrophic — v absorption with the BLR
photons|(Tavecchio & Ghisellini 2012). Compared to the [R8€
scenario, the EC scenario has one additional parameteglyémne
energy density of the external photons. We u$g to denote this
energy density in the jet frame. This parameter is conneictéioe
luminosity of the quasar thermal emission. However, thgdam-
certainty in the torus radius and covering factor meanspoisrly
constrained. So in the EC scenario, we fix the bulk Lorenttofac

T" (henced) to 40, which is the value used in the SSC scenarios and
is also close to the largest value determined in VLBI obdémaf
quasar jetd (Jorstad et al. 2005).

4.2.1 Brief change of magnetic-field strength

Fig.[d shows results for the EC case with a brief change of
magnetic-field strength as the cause of the flare. The magfieiti
energy density is increased by a factor of 27 in the pertigbat
layer.

Because stronger magnetic field imply stronger radiatieg-co
ing, the electrons change to a slightly lower energy statiehyh
however, has minimal effects on the final radiation. Theagbsyn-
chrotron emission becomes strongly variable, but the IGsgions
remain quiet. This case is a fair reproduction of the obsknre
phan optical flares. However, to spawn orphan optical flandgtze
opticalk-ray correlated flares in the same source, other processes
must account for correlated flares.

4.2.2 Brief change of acceleration efficiency

Under the EC framework, we also evaluate the effect of a dhgng
particle acceleration efficiency in a thin layer, in which. is re-
duced by a factor of 2.2 without changel The results are shown
in Fig.[d.

When the particle acceleration efficiency increases, the-el
tron distribution does not only become harder, but alsoheaa

(© 0000 RAS, MNRASD0Q, 000—-000
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Figure 6. The SEDs (top), light curves (middle) and electron distitins

(bottom) of the EC/dusty torus case with change of the magfield as the
cause of the flare. The color schemes are similar to thosegifflFéxcept
for the EC component as blue dashed line in the SED. We al$th@&SC
component, but its flux is below the flux scale shown here.
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higher cut-off energy, albeit only for a short period of tirffsz=e
Fig.[4 bottom), which leads to multiple observable effects.

As seen in Fid.]7, the optical andray activities are well cor-
related, with no noticeable delay. This demonstrates thraetated
opticalk-ray flares are possible in the EC framework. In order to
keep the consistency among different cases, we use the saese q
cent state parameters that are used for other cases, whichesa
the pre-flare SED with that of flare 2. We have also run simula-
tions with slightly different quiescent state parametennaitch the
SEDs of flare 1, which exhibits correlated optieatay flares. The
results do not show any qualitive difference compared t@tinent
case. Furthermore, the light curve of flare 1 is difficult tatcheac-
curately. It appears to be a flare complex with multiple cygrig
flaring elements, rather than a single isolated flare.

Another prominent feature of the results is the spectraldmar
ing during the flare, both in synchrotron and IC emission chiie-
flects the hardening of the electron spectrum. This behaiéab-
served iny-rays fromFermi monitored FSRQs (Abdo etlal. 2010).
In the narrow optical and infrared band, observations lguaeal
aredder-when-brighter trend (Bonning et al. 2012), méstyidue
to the contamination from the quasar thermal emission, /s
fluence is also seen in the simulated light curves in[Big. eBb
vations in a wider far-infrared band can better resolve trexsal
behavior of the synchrotron component (see Nalewajko| @042,
who with Herschelobserve a harder-when-brighter trend in PKS
1510-089).

The simulation indicates that the SED extends to higher
energy during the flare, causing a significant VHEay flare
on account of the higher maximum electron energy. For the
same reason, the synchrotron emission also extends torhighe
energy, causing an ultraviolet flare and a contribution afi-sy
chrotron emission to the soft X-ray band. The available §imu
taneous multi-wavelength data for PKS 0208-512 are inseific
to confirm the presence of these signals, but three other BSRQ
have indeed been detected by Cherenkov Telescopes duning fla
ing states|(MAGIC Collaboration etlal. 2008; Aleksic eti2011;
H.E.S.S. Collaboration et al. 2013).

A soft-X-ray excess was recently observed from one FSRQ
(PMN J2345-1555) during a major flare, accompanied by splectr
hardening in GeVy-rays (Ghisellini et al. 2013). Our simulation
suggests that X-ray softening, ultraviolet/VHEray flaring, and
far-infrared#-ray spectral hardening are typical features of corre-
lated opticalf-ray flares. We suggest that ultraviolet flares and a
strong spectral softening in the X-ray band can be usedggens
for IACT observations in search of VHE emission from FSRQs.
However, we note that even during strong flares of bright FSRQ
the predicted VHE flux is relatively low and persists only &short
period of time. This flux is likely to be even lower if EBL abger
tion is taken into consideration. So the observation of FSR{h
existing IACTs may remain challenging.

4.2.3 Brief change of magnetic field and acceleration

We have also explored the scenario that magnetic field stremgl
particle acceleration are changed simultaneously. Thitreslects
a mixture of the individual effects described §d.2.1 and§4.2.2.
This mixture results in correlated opticglfay flares, with the op-
tical flare being stronger. The exact ratio of the flare amgés de-
pends on the relative amplitude of the magnetic field/acattm
change. Both the synchrotron and IC spectra harden andcetden
higher energy, but not as strongly as without magnetic-ehgbli-
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Figure 7. The SEDs (top), light curves (middle) and electron distidms
(bottom) of the EC/dusty torus case with change of partcieeleration
efficiency as cause of the flare. The color scheme is simildraioin Fig[4,
except the blue dashed line in the SED shows the EC component.

fication §4.2.2), if the amplitude of the optical flare is still tuned to
match the observation.

4.3 Brief change of magnetic field orientation

All results described above are based on the simplificatiat t
the magnetic fields are fully disordered. These results ldhou
not change significantly, if the magnetic field is ordered and
the field direction is constant in time. However, there is- evi
dence that the polarization angles of blazars change dfiengs
(e.g.lLarionov et al. 2008; Marscher etlal. 2010), which sstg
changes in the intrinsic magnetic-field direction, which paten-
tially lead to blazar flares as well.

To study such scenarios, we first modified the MCFP code
so that it can handle anisotropic synchrotron emission foym
dered magnetic fields. We assume the magnetic fields to have he
lical structure, which is supported by VLBI observation af r
dio jets (O’Sullivan & Gabuzda 2009). The angle dependent sy
chrotron emissivity is calculated in a way similar to those i
Jamil & Bottcher [(2012). For a helical magnetic field whicash
no radial component, the poloidal magnetic flux must remaim c
stant along the jet, to ensure flux conservation. In our cardigpn
this means any change of the magnetic-field direction sHmeikat-
companied by a change of magnetic-field strength in the ahiahu
direction (see Fid.]2 right). An increase in the azimuthatifem-
ponent may arise when the plasma passes through a compressio
after which magnetic tension, reconnection, and other MH® p
cesses relax the magnetic field to its original state. A $ijgation
of the details of this process is beyond the scope of the murre
paper, and we will only impose a localized enhancement in the
toroidal field component and investigate its effect on thiaiza-
tion of optical emission.

We calculate the time-dependent degree and angle of linear
polarization of the synchrotron emission with the 3-D matihe
synchrotron-polarization code 3DPol developed | by Zharadlet
(2014). To account for LTTES, each axisymmetric zone is otd i
120 slices in azimuth, for each of which the 3DPol code caled
the Stokes parameters with proper transformation anddatian
to observer time.

We model flares linked to a change in magnetic-field orien-
tation in the dusty torus EC framework. The initial magndiatd
direction is at 48 to the jet axis (the poloidal and azimuthal compo-
nents of the fieldB. and By, have equal strength), while the angle
is 84.5 in a thin layer that relativistically propagates througk th
simulation volume. This is realized by temporarily inciegsB,,,
while keepingB. and the acceleration unchanged. Other parame-
ters are identical to the other EC cdbes

The results are shown in FId. 8[& 9. Hig. 8 appears similar to
Fig.[d at first glace, i.e., the case with change of the B-fiekhgjth,
as both of them predict flares in the optical witheutay coun-
terpart. The shape of the synchrotron flares is notably reiffe
though. A variation in the magnetic-field direction yieldmger-
lasting high states, along with faster flux increase andydeca

The difference in apparent flare shape arises from LTTEs: The
emission from the lower near part of the cylinder will arriest,
and By fully contributes to the observed synchrotron emission, be
cause it is locally oriented perpendicular to the line ohsid\s the
perturbation moves along, we observe enhanced emissiontfre

4 This case is similar to the scenario 1| of Zhang etlal. (2014egt for
the choice of parameters.
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Figure 8. The SEDs (top), light curves (middle) and electron distidns
(bottom) of the EC/dusty torus case with change of magrigtid-orienta-
tion as cause of the flare. The color schemes are similar setimoFig[4,
except the blue dashed line in the SED shows the EC component.
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near part of the cylinder coincidentally with that from thentral
parts of the cylinder (see illustration in Fig. 8lof Chen eal11),
where the increaseB, does not contribute to the observed emis-
sion, because in a helical field configuratiBg is aligned with the
line of sight, when the observer is located® 96m the axis. Later,
when we observe enhanced synchrotron emission from the uppe
rear part, the enhancementity, is again reflected in the emissiv-
ity. This explains why the flare changes rapidly at the begjrsind
end of the flare, while remains relatively stable around ekp

Fig.[8 shows polarization results consistent with those pre
sented in_Zhang et al. (2014) for PKS 1510-089. The poladzat
degree shows a substantial increase during the flare, eatém
beginning and end of the flare, when temporary decreaseseame s
This can be understood by noticing that at the beginning add e
B, dominates the polarization because it is always perpeladicu
to the line of sight, but around the peak of the flatg dominates.
The higher frequency band shows a smaller polarizationedeige-
cause of contamination with thermal emission (the big blurmafh).
We also notice small dips in the polarization degree neapéa
of the flare that arise from beam and line-of-sight depoddian of
emission from the central region of the simulation volume.

Similar geometric effects cause the relevant PA changes
shown in the right panel of Fig] 9. During the first half of tharé,
the emission from the near side dominates, and so the palliariz
angle is close to 55(for a right-handed helix). In the second half
of the flare, the polarization angle is close to 174.Before and
after the flare, the emission from. is stronger than that fro8,,
and so the PA is 90

The lower panel of Fid]9 right shows that, if we ‘correct’ the
PA by forcing it to always change by less thart 9@hich is a com-
mon practice in the analysis of observations (e.g. Marsehal:
2010), a single flare can be interpreted as going through aoPA r
tation by 180. If the process repeats, causing multiple flares, the
total PA rotation can reach values much larger than®180the
magnetic helix is left-handed, the rotation will progressan op-
posite direction.

5 DISCUSSION

With our time dependent inhomogeneous blazar model, weéestud
in both the SSC and the EC framework FSRQ flares that are caused
by changes in magnetic field and particle-accelerationieffay.

SSC models with magnetic-field change predict correlated
opticalk-ray flares, with a slight delay of theray emission. This
delay is caused by the extra propagation time of synchrqitan
ton before the self-Compton scattering (Sokolov €t al. 2084ch
delays in FSRQs have not been confirmed by observations. SSC
models with localized enhancement in the accelerationierfioy
do not reproduce the observations either, because theyaligne
predict flux increases without decay on the same time saafear
ticular, the orphan optical flare observed in PKS 0208-5¥5dmt
find a natural explanation in the SSC framework. All in alg 8SC
scenario appears to be less favorable for FSRQs.

Using the EC framework, we reproduced both orphan opti-

cal and opticalf-ray correlated flares with the same quiescent-state
setup. In the simulation the difference lies in the causéeftares,
i.e. whether the magnetic field or particle-acceleratidiciency is
changed. From an astrophysical point of view, this diffeeenan
be tied to the allocation of free energy between magnetiaatind
turbulence. Interestingly, this may depend on the initié@mtation
of the magnetic field.
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MHD  simulations of magnetic-field amplification

(Mizuno et al.| 2011, 2014) show that when the magnetic field is

perpendicular to the plasma flow, compression increaseshiue
of energy that is transferred to the large-scale magnetid. fie

the magnetic field is parallel to the plasma flow, more energy

is channelled into turbulent magnetic field and possiblytigiar
acceleration. We speculate that the former case corresptnd
the orphan optical flares, and the latter case correspondseto
optically-ray correlated flares.

5.1 Ordered Magnetic Field and Polarization

Using a simple helical magnetic field, we studied the effeftsn
ordered magnetic field on the multiwaveband variability aimel
optical polarization. The most interesting finding is thastsim-
ple scenario produces not only an orphan-optical flare, Isotan
increase in polarization degree and a perceived ‘rotatbpolar-
ization angle (PA). This ‘rotation’ is in parts caused by [HSand
hence does not constitute evidence of plasma moving in adheli
trajectory along the magnetic field lines of the Jet (Marsaiteal.

At the same time, the compression of perpendicular magnetic 2010). If there are multiple plasma perturbations, or trespla

field should lead to a stronger optical polarization. In timier-
pretation, an increase in polarization degree will coiaaidth an
increase in optical flux while its correlation witfray flux will be
weak. Whether such a correlation between the degree ofipmlar
tion and the optical/-ray flux ratio exists is yet to be observation-
ally tested.

An enhancement in particle-acceleration efficiency (possi
bly associated with parallel magnetic field and strongebuient
magnetic-field amplification) in the EC framework does nolyon
explain the opticalf-ray correlated flares, but also produces in-
teresting features that resemble those observed from maRQF
flares. These include a spectral hardening of infrared ~gnay
emission, a soft-X-ray excess, and the rare detections d& YH
rays. All the above arise because the enhanced particléesace
tion will harden the electron spectrum and extend the maximu

Lorentz factory,,.. at the same time. Synchrotron and IC emission

will simply reflect the shape of the electron spectrum: Itslba-
ing manifests itself as spectral hardening in both the syioin
(infrared) and the ICH-ray) emission, while the larger maximum
Lorentz factor leads to higher cut-off energies of the twassion
components. Our results also suggest that activity in ttiewiblet

band and the softness of the X-ray spectrum can be important d

agnostics of VHE flaring states, although VHE detection pridb-
ably remain difficult on account of the low flux even during éar
and the short duration of these flares.

crosses multiple external perturbations, causing melfipkes, the
measured PA rotation can be much larger tharf 18@erestingly,
S5 0716+714 has been observed to show a step-like rotatieA of
(Ikejiri et all|2011), which seems to be compatible with thie-
nario.

Our treatment of the compression of the magnetic helix and
its later relaxation are highly simplified. Detailed stuglgad MHD
simulations are needed to elucidate the details of the sceivde
also note that a combination of ordered and disordered ntiagne
field must be expected and indeed appears required to praduce
correlation between polarization and optigatay flux ratio, as we
qualitively discussed earlier.

5.2 External Radiation Field

Whereas this study only considers the dusty torus as sodrce o
external radiation, its results are qualitatively appdiieato most
other kinds of external photon sources. The size of the éoniss
blob used in this study is comparable to the size of the dustist
(Rir = 5 x 10'® cm). If we did not consider a perturbation of
the jet that is stationary in the host-galaxy frame, thisyrba-
tion would travel a significant distance during a single flamed
consequently would experience a considerable variatiagheo&x-
ternal photon density. We can expect that perturbationelirey
down the jet can cause a decrease imtitay emission, on account

(© 0000 RAS, MNRASD00, 000—-000



of the changes in the external radiation field (Dermer et292]
Dermer & Schlickeiséer 2002), while the optical emission agms
steady.

5.3 Particle Escape

The rate of particle escape required for PKS 0208-512 in fBe E
scenario is very high. The very efficient radiative coolingndates
that the acceleration time bg.. ~ 10*4R/c, otherwise particles
cannot be accelerated{o~ 1000. The spectral index of the parti-
cle distribution on the other hand requires the raiQ /t.s. to be
about 6.5. Therefore.,. needs to be as short a5 x 107°R/c.
This particle escape is too fast to be explained by parttobaming
out of the emission region.

One possible explanation is that the particles are acdeteia
much smaller turbulent cells (see Marscher 2013, for dsionsof
the idea of turbulent cells). So the ‘escape’ used in our rindoles
not represent escape from the emission region, but ratlcapes
from the accelerators. For example, if the size of the tutells
iS Reet = 107°R/c, theNtese = 1.5R.cu1/c. An ensemble of
such small acceleration zones might exist in the jet, whasge}
scale distribution may be planar as assumed in this worklmwio
a different geometry. In this interpretation, the escapadiges
are no longer being accelerated, but still contained in ¢heajnd
would thus still contribute to both synchrotron and IC eriaiss
Our treatment of particle and radiation spectra does nqigsty
account for this possibility. Instead, we ignore the esdqzeticles
and effectively model the emission behavior of the parsidgtethe
accelerators.

In fact, particle escape from jet emission zones is a widespr
but questionable concept, because at least IC scatterimgloient
radiation is unavoidable and the emission from the escapetit p
cles may well dominate over those residing in the accelerato
gion. In this work we do not directly model the escaped platic
population, because simplifications such as the energypéarde
dence of the acceleration time scale or the constant Lofaatar
of the jets (i.e., the absence of internal shocks in the maday be
as influental in driving the parameters.

Here, our emphasis was on exploring the impact of LTTEs. A
forthcoming paper shall investigate small-scale acctét®raones
embedded in a larger jet. For that purpose we shall add diffu-
sive transport to the code to self-consistently model threeth
dimensional expansion of a cloud of flare electrons that ave p
duced in a small volume. As the geometry of the emission regio
a critical parameter in modeling blazar flares (Sokolov £2@04;
Sokolov & Marscher 2005), we may find that a different paeticl
escape rate is needed to maintain the same characteristics o
SED. As this time, all parameters should be takem grano salis

6 CONCLUSIONS

Using our 2-D Monte-Carlo/Fokker-Planck code, we have mod-
eled FSRQ flares with several scenarios related to magfielic-
amplifications. Changes in the magnetic-field strengthprienta-
tion, and the particle-acceleration efficiency have begroezd as
causes of flares, with either the SSC or the EC mechanism produ
ing thev-ray emission.

We conclude this paper with the following findings regarding
FSRQs:

(i) SSC scenarios are disfavored because they do not Hgtural
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produce orphan-optical flares, and even for optica#y correlated
flares, the model either predicts a delayyefay flare, or the flux
would not subside after the flare.

(i) The difference between orphan optical and optigally
correlated flares can be understood as being caused byediffai-
tial orientation of the magnetic field in the plasma and sgbeat
effects on magnetic-field amplification.

(i) Changes in the particle-acceleration efficiency in BE&
model can explain several features observed during flarekd-

ing:

e spectral hardening of infrared anerays;
e X-ray soft-excess;
e rare detections of VHE-rays.

(iv) A correlation may exist between optical polarizaticegdee
and opticaky-ray flux ratio.

(v) The polarization degree change and polarization aruke r
tion of > 180° can be explained by compression and subsequent re-
laxation of helical magnetic fields in combination with ligtnavel-
time effects.
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