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Figure 4. Flux-ßux relations between the near-infraredJ band and theH
(black circles) andK (red circles) bands over the time interval 2008Ð2012.
Lines are second order polynomial Þts.

One may note that there are secondary ÔhumpsÕ at! 4.5 days and
! 9 days. We surmise that these are caused by recurring optical
and! -ray sub-ßares during the 2012 outburst (see¤4.1and Fig.14
below).

This lack of delay allows us to compare directly the optical
and ! -ray ßux densities. To do this, we (1) bin theR-band opti-
cal data so that the mid-point and size of each optical bin corre-
sponds to the mid-point and size of the respective! -ray bin, and
(2) subtract from the binned optical data a tentative value of the
ßux of (quasi-)permanent emission components (BBB + QSO-like
emission with a prominent MgII line). Combined, this amounts to
log(" F! ) = " 11.5 in R band, which is similar to the value ob-
tained for CTA 102 inRaiteri et al.(2014), corresponding to as
much as 50 percent of the total quiescent ßux. Figure8 demon-
strates clear differences during the various stages of CTA 102 ac-
tivity. The onset of! -ray activity (TJD 5700Ð5943, blue circles
in Fig. 8) corresponds to a rather stable optical level. During the
outburst stage (TJD 6069Ð6678, red circles), we see a relation be-
tween ! -ray and optical ßuxes of the formF" # F 1.12± 0.04

opt ,
while in the post-outburst stage, TJD 6776Ð7231 (green circles),
F" # F 2.21± 0.32

opt .
We assume that the variable optical emission is mostly syn-

chrotron radiation from the jet, while the! -ray emission is from
inverse Compton scattering (IC) of optical/IR photons by the jetÕs
relativistic electrons. The origin of the seed photons may be ex-
ternal to the jet, e.g., hot dust continuum or broad line emission
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Figure 5. Relative continuum spectra of thevariable component in
CTA 102 during quiescence (blue) and the 2012 ßare (red) fromNIR to
UV.
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Figure 6. (Quasi)simultaneous SEDs of CTA 102 from NIR to! -ray bands.

(external Compton, or EC model), or synchrotron photons from the
jet (synchrotron self-Compton, or SSC model). In the EC model
we expect the respective ßuxes to vary asFC # Fsync , since only
the relativistic electron population is in common, while inthe SSC
modelFC # F 2

sync , since both the relativistic electrons and emis-
sion radiated by them are involved in the high-energy photonpro-
duction. Here,Fsync is the ßux of the synchrotron radiation and
FC is that of the IC emission. These dependences will be altered
slightly by the different optical and! -ray K corrections at times
when the optical and! -ray spectral indices are not the same.

A competing explanation of the near-unity slope between op-
tical and ! -ray ßuxes, besides the EC model, is that their vari-
ability is mostly caused by variations of Doppler factor resulting
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観測結果
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Table 6
Time, Total Energy Output (Area), and Temporal Width of! -Ray/Optical

Flare Pairs IdentiÞed in the Light Curves of the Blazar 3C 454.3 during 2009
AugustÐDecember

Flair Pair ! -Ray Optical " d

ID Datea Areab Widthc Datea Areab Widthc

1 5071 180 6.5 5068 5.6 10.5 32
2 5090 356 7.5 5089 2.1 7.0 170
3 5112 164 11.0 5109 4.7 12.8 35
4 5127 380 11.5 5125 1.0 7.0 380
5 5148 13 1.8 5147 0.2 1.5 65
6 5169 1084 10.5 5168 6.5 18.3 167

Notes.
a Date of peak in units of MJD-50000.
b Units: 10! 5 erg cm! 2.
c Mean of rise and decay timescale in units of days.
d Ratio of! -ray to optical energy output integrated over ßare.

signiÞcantly from one event to the other. Figure11 shows the
! -ray ßux versus optical ßux plot for each of the identiÞed ßare
pairs. The lines denote three forms of the numerical relation
between the ßuxes in those two bands, e.g.,F! " F x

op, where
x = 1, 1.5, and 2.

Exact location of the! -ray production region in blazars is not
well determined. OpticalÐUV photons coming from the BLR
may be IC scattered by the electrons in the jet, in which case the
bulk of the observed luminosity appears in the! -ray band (e.g.,
Ghisellini et al.2010). But previous time variability studies from
the EGRET era have indicated that the! -rays are produced
downstream of the very long baseline interferometry (VLBI)
core (which lies! 1 pc from the supermassive black hole; Jorstad
et al.2001; L¬ahteenm¬aki & Valtaoja2003). ! ! ! absorption of
very high energy! -ray photons by the radiation Þeld of the BLR
may present another problem for a model of very high energy
! -ray emission inside the BLR of luminous quasars (e.g., Donea
& Protheroe2003; Reimer2007). On the other hand, the external
photon density at! 1 pc from the base of the jet is theoretically
not large enough to generate the amount of! -rays observed
from many blazars (e.g., Ghisellini & Tavecchio2009; Sikora
et al.2009).

Recently, Agudo et al. (2011) have shown that bright! -ray
ßares in the jet of the blazar OJ 287 occur> 14 pc from the
central engine. They Þnd this by analyzing a combination of
time-dependent multi-wave band ßux and linear polarization
observations, and submilliarcsecond-scale polarimetric VLBI
images at 7 mm. Similar location (! few pc from the black
hole) of the production of! -ray emission has been inferred by
Marscher et al. (2008, 2010) as well for the blazars BL Lac
and PKS 1510! 089, respectively. They argue that large multi-
wave band outbursts are triggered by the interaction of moving
plasma blobs with a standing shock present in the jet seen as the
ÒcoreÓ in the pc-scale jet in Very Long Baseline Array (VLBA)
images. In all these cases, the large multi-frequency ßares were
preceded by smaller ßares caused by the movement of those
plasma blobs along the jet axis. The blobs follow a helical path
at the accelerationÐcollimation zone of the jet due to the nature
of the magnetic Þeld present there. That causes the movement of
the blobs to align with our line of sight and hence their emission
to be Doppler boosted during some intervals.

To understand the location and mechanism of the! -ray and
optical emission in this blazar we discuss the dependence of the
observed synchrotron (Fsynch), SSC (FSSC), and EC (FEC) ßux
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Figure 11. Data points show the! -ray vs. optical ßuxes for each of the ßares
identiÞed in Table6 with each symbol denoting a different ßare number in
Figure10: magenta asterisksÑ1; green Þlled circlesÑ2; blue open trianglesÑ3;
blue Þlled squaresÑ4; black open squaresÑ5; and red open circlesÑ6. The
lines denote three forms of the numerical relation between the ßuxes in those
two bands, e.g.,F! " F x

op, wherex = 1 (magenta dotted), 1.5 (blue dashed),
and 2 (red solid).
(A color version of this Þgure is available in the online journal.)

on three relevant parameters, namely, total number of emitting
electrons (Ne), magnetic Þeld (B), and Doppler factor (#). We
choose these parameters because these are independent of each
other in the following functions:

Fsynch " NeB1+$O #3+$O (3)

FEC " Ne#4+2$gU#
ext (4)

FSSC " Ne#3+$gU#
synch, (5)

where$O and $g are the spectral indices of the synchrotron
and IC emission, respectively,U#

ext is the external seed photon
Þeld, andU#

synch is the same due to synchrotron emission in
the jet itself. The observed synchrotron emission from moving
plasma in a relativistic jet is ampliÞed by a factor of#3+$ (Urry
& Padovani1995). In the case of EC emission the ampliÞcation
factor is #4+2$ due to the additional Lorentz transformation
between the seed photon and jet rest frame (Dermer1995). There
is no additional factor of# in FSSC in Equation (5) because the
synchrotron seed photons are also from the jet rest frame where
the emitting particles reside. We note that

1. Ne is the number of electrons contributing to the observed
ßux and is related to the normalization (N0) of the electron
spectrum. The actual dependence of ßux is onN0. If the
minimum energy of the electron distribution (! min) remains
unchangedNe is proportional toN0.

2. Above-mentioned ßuxes are at Þxed observed energy bands
as shown in Figure11. There are other relevant quantities
such as the size of the emitting region but we assume
that it remains constant in order to determine the effect
of the above parameters on the observed ßux. A detailed
numerical calculation is required to accurately model the
effect of various quantities on the observed ßuxes but such a
calculation is beyond the scope of the paper (see Tramacere
et al. 2009; Dermer 1995 for details). Our goal here is
to compare the observed data to approximate theoretical
scenarios.
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From Equations (3) and (5), we get

FSSC ! N 2
eB1+! O " 3+! g . (6)

Therefore, (1) if the variation is due to a change inB, FEC
will not vary while Fsynch ! B1+! O , i.e., the#-ray and the
optical variation will not be correlated. On the other hand,
FSSC! Fsynch (2) if it is due to a variation inNe, FEC ! Fsynch
andFSSC ! F 2

synch and (3) if the variation is due to a change in

" , FEC ! F (4+2! g)/ (3+! O )
synch andFSSC ! F (3+! g)/ (3+! O )

synch . During the
interval of these ßares, i.e., MJD 55060Ð55160, OIR spectral
index from SMARTS light curves is 1.55± 0.05. The#-ray
spectral index during the same interval is 1.5± 0.1 (Ackermann
et al. 2010). For ! O = 1.55 and! g = 1.5, FEC ! F 1.5

synch and
FSSC ! F 1.0

synch. Therefore, from Figure11we can conÞrm that if
the#-rays are EC in nature, the variation is not due to a change
in B. No other possibilities can be ruled out. Other relations
between the#-ray and optical ßux variation are possible if the
variation is due to a combination of two or more of the above
scenarios.

It is possible that the large multi-frequency ßare of 3C 454.3
during 2009 December is another case where a large outburst
is generated due to the interaction of a moving plasma knot
with a standing shock present in the jet. This can be tested by
following the variation in the structure of the pc-scale jet with
VLBA imaging for a sufÞcient duration. Such a study6 indeed
shows that a new knot (moving plasma blob) was coincident with
the core (standing shock) on 2009 November 27 (± 15 days; A.
Marscher 2011, private communication). This implies that the
large #-ray and optical outbursts might take place in the jet
near the VLBA core located at! 18 pc from the central engine
(Jorstad et al.2010).

In that case, the smaller ßares preceding the large out-
burst may be due to Doppler boosting of the emission
from the same knot when it is propagating through the
accelerationÐcollimation zone of the jet and getting in and out of
our line of sight. This is consistent with the following properties
of these ßares.

1. We can see in Figure11 that the#-ray versus optical ßux
data points for four out of Þve smaller ßares (yellow, green,
cyan, and magenta) are roughly consistent withF# ! F 1.5

op

or F# ! F 1.0
op , as expected if the variation is due to changes

in the Doppler factor.
2. The range ofF# values on Figure11 corresponding to the

Þve ßares preceding the large ßare around MJD 55169
denoted by ßare number 6 in Figure10 correspond to a
change by a factor of! 3.7 while that forFop is ! 2.8. The
fractional change required in" to account for these changes
is 20%Ð25%, which is deÞnitely plausible (Jorstad et al.
2005).

3. These ßares were nearly simultaneous at all wave bands
and the recurrence time of the peaks were similar. The
Þrst peak is on MJD 55071 and after that each ßare is
! 20 days after the previous ßare within± 3 days. This can
be explained by the movement of the plasma blob through
a helical path while its emission is affected by Doppler
boosting at regular intervals (Camenzind & Krockenberger
1992; Marscher et al.2008, 2010; Agudo et al.2011).

The scenario described above is not the only possible process
to explain the above observations. As described above, the

6 http://www.bu.edu/blazars/VLBAproject.html

variation could be due to changes inNe, " or a combination
of one or both of them with changes inB. The physical
reason for a change inNe or B is not clear from the data. For
example, the acceleration of electrons due to the presence of
instability in the jet could increaseNe. Alternatively, stochastic
injection of energy in the jet plasma from the central engine
and its dissipation at different distances from the base of the
jet (Bonnoli et al.2011) could explain the observations as
well.

If the Doppler beaming explanation is true, this adds to the
increasing evidence that at least in some blazars, copious#-ray
emission is produced farther down the jet and in those cases
the BLR cannot be a signiÞcant source of seed photons which
are IC scattered to#-ray energies by the energetic electrons in
the jet. Tavecchio et al. (2010) showed that during this high state
in 2009 December, the#-ray ßux from 3C 454.3 changed by a
factor of ! 5 on a 6Ð12 hr timescale. This implies that the size
scale of emission region, obtained from the variability timescale
(! 0.01 pc) is smaller than the approximate cross section of the
jet of 3C 454.3 at 18 pc (! 0.05 pc, assuming$jet ! 0." 2 from
Jorstad et al.2005). This may imply that the size scale of the
#-ray emission regions is smaller than the diameter of the local
cross section of the jet. Both of these provide strong constraints
to the theoretical models of#-ray production in the jets of
blazars.

Stronger constraints on the location and mechanism of
emission will come from a detailed SED modeling of the
SMARTS,Fermi, and other multi-wave band data of the above
individual successive ßares, to be addressed in a future paper.

8. SUMMARY AND CONCLUSIONS

This paper presents the time variability properties of a sample
of six #-ray-bright blazars at opticalÐIR frequencies as well as
#-ray energies: AO 0235+164, 3C 273, 3C 279, PKS 1510# 089,
PKS 2155# 304, and 3C 454.3. The light curves were obtained
as part of the Yale/ SMARTS program in 2008Ð2010 to monitor
all bright southernFermi-LAT-monitored blazars on a regular
cadence, at optical and near-infrared (BVRJK) wave bands. Our
main conclusions are as follows.

1. We Þnd the opticalÐIR variability properties to be remark-
ably similar to those at#-ray energies. This is consistent
with the general picture of the leptonic model where the
lower (opticalÐIR) and higher (#-ray) energy emission is
generated by the same population of electrons through syn-
chrotron and IC processes, respectively. However, more
rapid variations indicate that the electrons producing#-ray
emission in the blazar 3C 279 may have slightly larger
energy than those generating opticalÐIR radiation in this
source. We note that some hadronic models are also able to
reproduce the similarity of the opticalÐIR variability prop-
erties of blazars with those at the#-ray bands and hence
we cannot rule out those models on this basis.

2. The DACF of the variability of these six blazars at
opticalÐIR and#-ray wave bands do not show any peri-
odicity or characteristic timescale. The shape and width of
the ACFs are very similar in all bands in the three sources
where the temporal sampling at both energies are identical.
This indicates that the emission regions are of similar sizes
with light-crossing time being the dominant timescale.

3. The PSD functions of theR-band light curves of all
six blazars are Þt well by simple power-law functions
with negative slopes, implying there is higher amplitude
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Figure 9.Averaged spectra of CTA 102 during the 2012 and 2015 observing
seasons. Absorption features longward of! 6800ûA are of telluric origin.
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Figure 10.Equivalent width of MgII line vs. continuum ßux over the time
interval 2009Ð2015. The red curve corresponds to the expected EW if the
line ßux remains constant.

the superluminal apparent motion of knots in VLBA images. How-
ever, if we consider the range of values of viewing angles found in
that paper (from3.9! before the 2012 outburst to1.2! after it) and
compare the values of PD expected within the moving shock model
for polarization variations (see, e.g., Fig.12and alsoLarionov et al.
(2013b); Raiteri et al.(2013)), we Þnd that we would expect to see
the opposite: a decrease in PD during the outburst. A positive cor-
relation between the photometric ßux and PD may be obtained if
the bulk Lorentz factor of the emitting plasma is much higher, e.g.,
! ! 30 (dashed line in Fig.12). In this case, a decrease in view-
ing angle would increase PD (see also Eq. (1)-(3) inLarionov et al.
2013b). However, such a high value is difÞcult to reconcile with
that found byCasadio et al.(2015), ! = 17 .3.

Yet another possible reason for this apparent contradiction
could be the difference in sizes between the parts of jet respon-
sible for the ßaring optical radiation and the centroid of the radio
ÔcoreÕ. In this case, the source of the polarized optical ßuxcould
have a mean velocity vector that is less well aligned with theline
of sight than that of the radio emission region. This explanation is
supported by very different time scales of variability in optical (few
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Figure 11. Histograms of fractional polarization before (black shaded),
during (red), and after (blue) the 2012 outburst.
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Figure 12. Behaviour of fractional polarization vs. viewing angle for
plasma compression ratio" = 1 .5, Lorentz-factor! = 17 .3 (solid line),
and! = 30 (dashed line), in the moving shock model.

days) and radio (months) wavelengths and, correspondingly, differ-
ent sizes of the emission regions (see alsoCasadio et al. 2015).

Figure13shows the distribution of the absolute Stokes param-
eters of CTA 102 during both quiescence and different stagesof the
2012 activity. We notice that the cluster of(Q, U) points obtained
before and after the outburst (more than 300 data points, marked
as black circles) is located near the origin of the coordinates. All
of the data points are tightly packed around this location, which
corresponds to a very low level of polarized ßux during quiescence
(see also Figs.2 and 11). The onset of the outburst was accom-
panied by a deÞnite loop-like rotation in the plane of the Stokes
parameters, while the fading stage of the outburst includedless or-
dered drifts, misplaced relative to the pre-outburst position. This
latter feature may reßect the change in orientation of the jet itself,
while the clockwise rotation could arise from spiral movement of
the radiating blob through the jet.

As in the case of S5 0716+71 (Larionov et al. 2013b), we pro-
pose a model of a relativistic shock moving down a helical jet, or
along helical magnetic Þeld lines, to explain these rotations. The
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Figure 9.Averaged spectra of CTA 102 during the 2012 and 2015 observing
seasons. Absorption features longward of! 6800ûA are of telluric origin.
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Figure 10.Equivalent width of MgII line vs. continuum ßux over the time
interval 2009Ð2015. The red curve corresponds to the expected EW if the
line ßux remains constant.

the superluminal apparent motion of knots in VLBA images. How-
ever, if we consider the range of values of viewing angles found in
that paper (from3.9! before the 2012 outburst to1.2! after it) and
compare the values of PD expected within the moving shock model
for polarization variations (see, e.g., Fig.12and alsoLarionov et al.
(2013b); Raiteri et al.(2013)), we Þnd that we would expect to see
the opposite: a decrease in PD during the outburst. A positive cor-
relation between the photometric ßux and PD may be obtained if
the bulk Lorentz factor of the emitting plasma is much higher, e.g.,
! ! 30 (dashed line in Fig.12). In this case, a decrease in view-
ing angle would increase PD (see also Eq. (1)-(3) inLarionov et al.
2013b). However, such a high value is difÞcult to reconcile with
that found byCasadio et al.(2015), ! = 17 .3.

Yet another possible reason for this apparent contradiction
could be the difference in sizes between the parts of jet respon-
sible for the ßaring optical radiation and the centroid of the radio
ÔcoreÕ. In this case, the source of the polarized optical ßuxcould
have a mean velocity vector that is less well aligned with theline
of sight than that of the radio emission region. This explanation is
supported by very different time scales of variability in optical (few
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Figure 11. Histograms of fractional polarization before (black shaded),
during (red), and after (blue) the 2012 outburst.
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Figure 12. Behaviour of fractional polarization vs. viewing angle for
plasma compression ratio" = 1 .5, Lorentz-factor! = 17 .3 (solid line),
and! = 30 (dashed line), in the moving shock model.

days) and radio (months) wavelengths and, correspondingly, differ-
ent sizes of the emission regions (see alsoCasadio et al. 2015).

Figure13shows the distribution of the absolute Stokes param-
eters of CTA 102 during both quiescence and different stagesof the
2012 activity. We notice that the cluster of(Q, U) points obtained
before and after the outburst (more than 300 data points, marked
as black circles) is located near the origin of the coordinates. All
of the data points are tightly packed around this location, which
corresponds to a very low level of polarized ßux during quiescence
(see also Figs.2 and 11). The onset of the outburst was accom-
panied by a deÞnite loop-like rotation in the plane of the Stokes
parameters, while the fading stage of the outburst includedless or-
dered drifts, misplaced relative to the pre-outburst position. This
latter feature may reßect the change in orientation of the jet itself,
while the clockwise rotation could arise from spiral movement of
the radiating blob through the jet.

As in the case of S5 0716+71 (Larionov et al. 2013b), we pro-
pose a model of a relativistic shock moving down a helical jet, or
along helical magnetic Þeld lines, to explain these rotations. The
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Figure 9.Averaged spectra of CTA 102 during the 2012 and 2015 observing
seasons. Absorption features longward of! 6800ûA are of telluric origin.
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Figure 10.Equivalent width of MgII line vs. continuum ßux over the time
interval 2009Ð2015. The red curve corresponds to the expected EW if the
line ßux remains constant.

the superluminal apparent motion of knots in VLBA images. How-
ever, if we consider the range of values of viewing angles found in
that paper (from3.9! before the 2012 outburst to1.2! after it) and
compare the values of PD expected within the moving shock model
for polarization variations (see, e.g., Fig.12and alsoLarionov et al.
(2013b); Raiteri et al.(2013)), we Þnd that we would expect to see
the opposite: a decrease in PD during the outburst. A positive cor-
relation between the photometric ßux and PD may be obtained if
the bulk Lorentz factor of the emitting plasma is much higher, e.g.,
! ! 30 (dashed line in Fig.12). In this case, a decrease in view-
ing angle would increase PD (see also Eq. (1)-(3) inLarionov et al.
2013b). However, such a high value is difÞcult to reconcile with
that found byCasadio et al.(2015), ! = 17 .3.

Yet another possible reason for this apparent contradiction
could be the difference in sizes between the parts of jet respon-
sible for the ßaring optical radiation and the centroid of the radio
ÔcoreÕ. In this case, the source of the polarized optical ßuxcould
have a mean velocity vector that is less well aligned with theline
of sight than that of the radio emission region. This explanation is
supported by very different time scales of variability in optical (few
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Figure 11. Histograms of fractional polarization before (black shaded),
during (red), and after (blue) the 2012 outburst.
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Figure 12. Behaviour of fractional polarization vs. viewing angle for
plasma compression ratio" = 1 .5, Lorentz-factor! = 17 .3 (solid line),
and! = 30 (dashed line), in the moving shock model.

days) and radio (months) wavelengths and, correspondingly, differ-
ent sizes of the emission regions (see alsoCasadio et al. 2015).

Figure13shows the distribution of the absolute Stokes param-
eters of CTA 102 during both quiescence and different stagesof the
2012 activity. We notice that the cluster of(Q, U) points obtained
before and after the outburst (more than 300 data points, marked
as black circles) is located near the origin of the coordinates. All
of the data points are tightly packed around this location, which
corresponds to a very low level of polarized ßux during quiescence
(see also Figs.2 and 11). The onset of the outburst was accom-
panied by a deÞnite loop-like rotation in the plane of the Stokes
parameters, while the fading stage of the outburst includedless or-
dered drifts, misplaced relative to the pre-outburst position. This
latter feature may reßect the change in orientation of the jet itself,
while the clockwise rotation could arise from spiral movement of
the radiating blob through the jet.

As in the case of S5 0716+71 (Larionov et al. 2013b), we pro-
pose a model of a relativistic shock moving down a helical jet, or
along helical magnetic Þeld lines, to explain these rotations. The
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Figure 1. Geometric mean power spectrum (solid noisy line) for theR-band
light curves of theMACHOquasars, along with 90% conÞdence region (shaded
region). The thick solid line is a power spectrum of the formP(f ) ! 1/f 2

with an additive measurement error contribution. The optical light curves for
theMACHOquasars are well described by a 1/f 2 power spectrum, consistent
with other samples of quasars. Power spectra of the form 1/f 2 are suggestive
of random walk and related stochastic processes.

of the formP(f ) ! 1/f 2 are consistent with a Þrst-order au-
toregressive (AR(1)) process. We model this stochastic process
in continuous time, both because the actual physical processes
in the accretion disk are continuous, and because doing so al-
lows a natural way of handling the irregular sampling of our
light curves. Moreover, this process is well studied, only has
three parameters, and provides a natural and consistent way of
estimating a characteristic timescale and variance of quasar light
curves.

The CAR(1) process is described by the following stochastic
differential equation6 (e.g., Brockwell & Davis2002):

dX(t) = "
1
!

X(t)dt + "
#

dt#(t) + b dt, ! , " , t > 0. (1)

Here,! is called the Òrelaxation timeÓ of the processX(t), and
#(t) is a white noise process with zero mean and variance equal
to 1. Within the context of this work,X(t) is the quasar ßux. We
assume that the white noise process is also Gaussian. The mean
value ofX(t) is b! and the variance is! " 2/ 2. Further details on
the CAR(1) process are described in theAppendix.

The relaxation time,! , can be interpreted as the time required
for the time series to become roughly uncorrelated, and" can
be interpreted as describing the variability of the time series
on timescales short compared to! . Within the context of this
work, X(t) is the quasar light curve. It is tempting to associate
! with a characteristic timescale, such as the time required
for diffusion to smooth out local accretion rate perturbations,
and" to represent the variability resulting from local random
deviations in the accretion disk structure, such as caused by
turbulence and other random MHD effects.

The power spectrum of a CAR(1) process is

PX (f ) =
2" 2! 2

1 + (2$! f )2
. (2)

6 Strictly speaking, the stochastic differential equation is complicated by the
fact that white noise does not exist as a derivative in the usual sense. However,
we ignore the mathematical technicalities for ease of interpretation of
Equation (1).

From Equation (2), we infer that there are two important
regimes forPX (f ): PX (f ) ! 1/f 2 for f ! (2$! )" 1 and
PX (f ) ! constant forf " (2$! )" 1. Therefore, the CAR(1)
process has a power spectrum that falls off as 1/f 2 at timescales
short compared to the relaxation time, and ßattens to white noise
at timescales long compared to the relaxation time. Because
ÒcharacteristicÓ timescales of quasar light curves are often
deÞned by a break in the power spectrum, this is an additional
justiÞcation of associating! with a characteristic timescale. In
addition, because the power spectra of quasar optical light curves
are well described byPX (f ) ! 1/f 2, it suggests that a CAR(1)
process should provide a good description of the light curves,
with ! being on the order of the length of the light curves or
longer.

To illustrate the CAR(1) process, we simulate four CAR(1)
light curves. The light curves were simulated by Þrst simulating
a random variable from a normal distribution with mean! b
and variance! " 2/ 2; note that this is the mean and variance
of the CAR(1) process. Then, from this random initial value,
we simulated the rest of the light curve using Equations (A4)
and (A5) in theAppendix. These simulated light curves span a
length of 7 yr and are sampled every 5 days. The simulated light
curves span a period in time similar to the quasar light curves
analyzed in this work, but are better sampled than most of the
quasar light curves. Three characteristic timescales of interest
for quasars are the light crossing time, the gas orbital timescale,
and the accretion disk thermal timescale. These timescales are

tlc = 1.1 $
!

MBH

108 M%

" !
R

100RS

"
days, (3)

torb = 104$
!

MBH

108 M%

" !
R

100RS

" 3/ 2

days, (4)

tth = 4.6 $
# %

0.01

$" 1
!

MBH

108 M%

" !
R

100RS

" 3/ 2

yr, (5)

whereMBH is the mass of the black hole,R is the emission
distance from the central black hole,RS = 2GMBH/c 2 is
the Schwarzschild radius, and%is the standard disk viscosity
parameter. For the simulated quasar light curves, we useMBH =
108 M%, %= 0.01, andR = 100RS, and set! equal to each of
these three timescales. In addition, we useb= 0 and" = 1. Note
that the assumed value of%only affects the thermal timescale,
and a higher value of%results in a shorter timescale.

The simulated light curves are shown in Figure2, and
their corresponding power spectra are shown in Figure3.
The increased amount of variation on long timescales with
increasing! is apparent. In addition, becausetlc is shorter
than the time sampling, the Þrst simulated light curve is only
sampling frequencies on the ßat part of the power spectrum,
giving it the appearance of white noise. In contrast, the two
simulated light curves with the longest timescales are sampled
on the 1/f 2 part of the power spectrum, giving them more of a
Òred noiseÓ appearance. In addition, Òred noiseÓ leak affects
the estimated power spectrum of the light curve with! =
4.6 yr, evidenced by the constant offset between the true power
spectrum and the estimated one. Red noise leak occurs when
power from timescales longer than the span of the time series
ÒleaksÓ into the shorter timescales, biasing the power spectrum
when estimated as the modulus of the discrete Fourier transform
(e.g., van der Klis1997).
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光度変動起源の解釈
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dm = [1 .086(3 + ! )" ! # sin$(1 + z)] ! d$ (1)

d$ = "
1
%

$dt + &
#

dt' (t) + bdt %, &, t > 0 (2)

dm = [1 .086(3 + ! )" ! # sin$(1 + z)] ! d$ (1)

d$ = "
1
%

$dt + &
#

dt' (t) + bdt %, &, t > 0 (2)
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Table 6
Time, Total Energy Output (Area), and Temporal Width of! -Ray/Optical

Flare Pairs IdentiÞed in the Light Curves of the Blazar 3C 454.3 during 2009
AugustÐDecember

Flair Pair ! -Ray Optical " d

ID Datea Areab Widthc Datea Areab Widthc

1 5071 180 6.5 5068 5.6 10.5 32
2 5090 356 7.5 5089 2.1 7.0 170
3 5112 164 11.0 5109 4.7 12.8 35
4 5127 380 11.5 5125 1.0 7.0 380
5 5148 13 1.8 5147 0.2 1.5 65
6 5169 1084 10.5 5168 6.5 18.3 167

Notes.
a Date of peak in units of MJD-50000.
b Units: 10! 5 erg cm! 2.
c Mean of rise and decay timescale in units of days.
d Ratio of! -ray to optical energy output integrated over ßare.

signiÞcantly from one event to the other. Figure11 shows the
! -ray ßux versus optical ßux plot for each of the identiÞed ßare
pairs. The lines denote three forms of the numerical relation
between the ßuxes in those two bands, e.g.,F! " F x

op, where
x = 1, 1.5, and 2.

Exact location of the! -ray production region in blazars is not
well determined. OpticalÐUV photons coming from the BLR
may be IC scattered by the electrons in the jet, in which case the
bulk of the observed luminosity appears in the! -ray band (e.g.,
Ghisellini et al.2010). But previous time variability studies from
the EGRET era have indicated that the! -rays are produced
downstream of the very long baseline interferometry (VLBI)
core (which lies! 1 pc from the supermassive black hole; Jorstad
et al.2001; L¬ahteenm¬aki & Valtaoja2003). ! ! ! absorption of
very high energy! -ray photons by the radiation Þeld of the BLR
may present another problem for a model of very high energy
! -ray emission inside the BLR of luminous quasars (e.g., Donea
& Protheroe2003; Reimer2007). On the other hand, the external
photon density at! 1 pc from the base of the jet is theoretically
not large enough to generate the amount of! -rays observed
from many blazars (e.g., Ghisellini & Tavecchio2009; Sikora
et al.2009).

Recently, Agudo et al. (2011) have shown that bright! -ray
ßares in the jet of the blazar OJ 287 occur> 14 pc from the
central engine. They Þnd this by analyzing a combination of
time-dependent multi-wave band ßux and linear polarization
observations, and submilliarcsecond-scale polarimetric VLBI
images at 7 mm. Similar location (! few pc from the black
hole) of the production of! -ray emission has been inferred by
Marscher et al. (2008, 2010) as well for the blazars BL Lac
and PKS 1510! 089, respectively. They argue that large multi-
wave band outbursts are triggered by the interaction of moving
plasma blobs with a standing shock present in the jet seen as the
ÒcoreÓ in the pc-scale jet in Very Long Baseline Array (VLBA)
images. In all these cases, the large multi-frequency ßares were
preceded by smaller ßares caused by the movement of those
plasma blobs along the jet axis. The blobs follow a helical path
at the accelerationÐcollimation zone of the jet due to the nature
of the magnetic Þeld present there. That causes the movement of
the blobs to align with our line of sight and hence their emission
to be Doppler boosted during some intervals.

To understand the location and mechanism of the! -ray and
optical emission in this blazar we discuss the dependence of the
observed synchrotron (Fsynch), SSC (FSSC), and EC (FEC) ßux

-6

-5.8

-5.6

-5.4

-5.2

-5

-4.8

-4.6

 0.4  0.5  0.6  0.7  0.8  0.9  1  1.1

lo
g 

[!
-r

ay
 F

lu
x 

(p
h 

cm
-2

s-1
)]

log [R-Band Flux (mJy)]
Figure 11. Data points show the! -ray vs. optical ßuxes for each of the ßares
identiÞed in Table6 with each symbol denoting a different ßare number in
Figure10: magenta asterisksÑ1; green Þlled circlesÑ2; blue open trianglesÑ3;
blue Þlled squaresÑ4; black open squaresÑ5; and red open circlesÑ6. The
lines denote three forms of the numerical relation between the ßuxes in those
two bands, e.g.,F! " F x

op, wherex = 1 (magenta dotted), 1.5 (blue dashed),
and 2 (red solid).
(A color version of this Þgure is available in the online journal.)

on three relevant parameters, namely, total number of emitting
electrons (Ne), magnetic Þeld (B), and Doppler factor (#). We
choose these parameters because these are independent of each
other in the following functions:

Fsynch " NeB1+$O #3+$O (3)

FEC " Ne#4+2$gU#
ext (4)

FSSC " Ne#3+$gU#
synch, (5)

where$O and $g are the spectral indices of the synchrotron
and IC emission, respectively,U#

ext is the external seed photon
Þeld, andU#

synch is the same due to synchrotron emission in
the jet itself. The observed synchrotron emission from moving
plasma in a relativistic jet is ampliÞed by a factor of#3+$ (Urry
& Padovani1995). In the case of EC emission the ampliÞcation
factor is #4+2$ due to the additional Lorentz transformation
between the seed photon and jet rest frame (Dermer1995). There
is no additional factor of# in FSSC in Equation (5) because the
synchrotron seed photons are also from the jet rest frame where
the emitting particles reside. We note that

1. Ne is the number of electrons contributing to the observed
ßux and is related to the normalization (N0) of the electron
spectrum. The actual dependence of ßux is onN0. If the
minimum energy of the electron distribution (! min) remains
unchangedNe is proportional toN0.

2. Above-mentioned ßuxes are at Þxed observed energy bands
as shown in Figure11. There are other relevant quantities
such as the size of the emitting region but we assume
that it remains constant in order to determine the effect
of the above parameters on the observed ßux. A detailed
numerical calculation is required to accurately model the
effect of various quantities on the observed ßuxes but such a
calculation is beyond the scope of the paper (see Tramacere
et al. 2009; Dermer 1995 for details). Our goal here is
to compare the observed data to approximate theoretical
scenarios.
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