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ABSTRACT

Gamma-ray observations have revealed strong variability in blazar luminosities in the gamma-ray
band over time scales as short as minutes. We show, for the first time, that the correlation of the
spectrum with intensity is consistent with the behavior of the luminosity variation of blazar SEDs
along a blazar sequence for low synchrotron peak blazars. We show that the observational signatures
of variability with flux are consistent with wakefield acceleration of electrons initiated by instabilities
in the blazar accretion disk. This mechanism reproduces the observed time variations as short as
100 seconds. The wakefield mechanism also predicts a reduction of the electron spectral index with
increased gamma-ray luminosity, which could be detected in higher energy observations well above
the inverse Compton peak.

1. INTRODUCTION

Bright gamma-ray emitting blazars have been detected
to have variability in flux by a factor of two and more
on time scales from minutes to weeks (Albert et al.
2007; Aharonian 2007; Aleksic et al. 2011; Abdo et al.
2010b,a). This short-scale temporal variability has pre-
sented a strong challenge to jet emission models. The
spectral indices are often also time variable, around the
index of two or greater (Abdo et al. 2010b; Albert et al.
2007; Chen et al. 2013). Furthermore, an anti-correlation
of the spectral index and the gamma-ray flux is also re-
ported (Abdo et al. 2010b), which implies a connection
to the underlying emission mechanism. The High En-
ergy Stereoscopic System (HESS) telescope has observed
flares on time scales of ∼200 seconds in Very High Energy
(VHE) > 100 GeV gamma rays with peak fluxes at a fac-
tor of two above the average flux toward the blazar PKS
2155-304 (Aharonian 2007). The MAGIC telescope has
seen flux variability by an order of magnitude over several
minutes, with a hardening of the spectrum (correspond-
ing to lower spectral index) with increasing flux (Albert
et al. 2007). Similar variation is seen in PKS 1222+21 in
VHE observations by MAGIC, with a potential smooth
spectral connection to the GeV scale in observations by
the Large Area Telescope Fermi Gamma Ray Space Tele-
scope (Fermi-LAT) (Aleksic et al. 2011).

The lack of a strong spectral break in the VHE gamma
rays has indicated that the jet emission mechanism must
be outside of the broad-line emission region (BLR), i.e.,
away from the region’s very high photon densities. From
the temporal variability it can be inferred that the emis-
sion region must be very compact, of order ∼ 1014 cm
from causality. To avoid the optical depth within the
BLR region, it has been hypothesized that there are
small-scale regions embedded within a larger jet (e.g.,
Giannios et al. 2009). Accommodating these phenomena
in traditional jet emission models has proved so chal-
lenging, as to motivate new axion-like-particles to al-
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low for photon-axion mixing to potentially provide the
temporal variability and spectral features (e.g., Tavec-
chio et al. 2012). Alternatively, studies have tied the
timescales of episodic emission in the magnetic field of
the jet (Marscher et al. 2008) with optical variability
(Edelson et al. 2013, 2014).

Fermi-LAT observations have revealed GeV gamma-
ray signatures from the brightest blazars (Abdo et al.
2010b). Notably the gamma-ray observations from
Blazar AO 0235+164 and 3C 454.3 show similar prop-
erties such as:

1. The photon index is around 2 or slightly above 2
in their respective lowest value;

2. the photon index varies rapidly from its lowest
(around 2) to highest (around 2.8 or so) value over
a period of several weeks;

3. the luminosity (flux) of the gamma rays also varies
rapidly over the same time period of several weeks,
by as much as a factor of five;

4. and, most importantly, the luminosity peak and
the valley (hardening) of the photon index posi-
tively coincide. In other words, the time variations
of the photon index and luminosity faithfully anti-
correlate. This anti-correlation clearly persists re-
gardless of different periods from hundreds of sec-
onds to months, demonstrating a remarkable uni-
versality in the phenomenon.

We show in this paper, for the first time, that the
rapid variations of high-energy gamma emissions and the
strong anti-correlation between the luminosity and pho-
ton index is consistent with a blazar SED sequence shift.
We further show that the timing of the variations is con-
sistent with magneto-rotational episodic instabilities, re-
cently studied in Mizuta et al. (2017). We show that
the inherent acceleration mechanism may be probed by
further analysis of the highest energy blazar spectra and
their variability.

In Section 2, we review the theory of wakefield accelera-
tion, and in Section 3, we review the gamma-ray emission
processes relevant for the wakefield acceleration mecha-
nism in the context of blazars. In Section 4, we detail
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our gamma-ray analysis setup, and present our results in
Section 5. We conclude in Section 6.

2. MAGNETO-ROTATIONAL INSTABILITY AND
WAKEFIELD ACCELERATION

As a theory for the underlying electron energy injec-
tion, ponderomotive acceleration provides a theoretical
framework of the extremely relativistic collective accel-
eration mechanism in an idealized case (Ebisuzaki &
Tajima 2014a,b). In this mechanism, the wave front is
regarded as one-dimensional only depending on the co-
ordinate in the direction of the Alfven shock (and its
mode-converted electromagnetic (EM)) waves along the
jet propagation. In this one-dimensional model the co-
herence of high energy acceleration is guaranteed with
the asymptotically tending velocity of the EM group ve-
locity being the speed of light c (Tajima & Dawson 1979;
Ashour-Abdalla et al. 1981). This is best realized when
the pulse contains a single frequency carrier EM wave
(just as is the case of a laboratory laser experiment).
This may not be necessarily the case in our astrophysical
setting, in which we expect a multiple set of frequencies
of EM waves. However, we note that the group velocities
of various EM waves with different frequencies are nearly
equal to c in the one-dimensional case. Furthermore, as
explained in the theory of Ebisuzaki & Tajima (2014a),
the pulse is generated by the striking of an acceleration
of matter ejected by a major disruption of the AGN ac-
cretion disk. As such, an eruption could be represented
by one major bang (though could be a series of such)
which results in a predominance of a single pulse with a
typical length of the disk thickness. This results in the
following situation: while the accelerating field acquires
a complex phase structure, the phase velocity of each
portion of the wave substructure is again close to c, i.e.,

c
√

(1− ω2
p/ω(z)2), where ω(z) is the frequency of that

local, where z is along the jet propagation and substruc-
ture’s frequency and ωp is the plasma frequency where
the pulse propagates. This mechanism is one of the ori-
gins of relativistic coherence, as pointed out in Tajima
(2010).

While the relativistic coherence is preserved in the
one-dimensional situation, the de-trapping of particles
in this multi-frequency EM drive becomes much more
frequent than that of a single carrier case. This in-
cessant de-trapping (and subsequent re-trapping and its
repetition of these processes) gives rise to the emergence
of phase-induced stochasticity (Mima et al. 1991). Ac-
cording to this theory, the resultant energy spectrum in
one-dimension takes E−2, i.e., the energy spectral in-
dex of 2. That is, in the most ideal situation of purely
one-dimensional ponderomotive acceleration, the energy
spectrum takes index of 2. In less idealistic cases of
two-dimensions (or three-dimensions), the ponderomo-
tive acceleration incurred by waves that point to various
directions (albeit within a narrow cone around the jet
direction z) now makes the de-trapping more rapid so
that the accelerating length per one episode of the wave
trapping of particles becomes shortened and the energy
gain less. We call this as the shortening of the de-phasing
length as a function of the dimensions of the wave struc-
ture (Tajima & Dawson 1979). This leads to an energy
spectral index greater than 2, with more particles dom-

inating in lower energy bracket. If we compare the first
one-dimensional case with the two-dimensional (three-
dimensions) case, the amount of energy gain is higher in
one-dimension than in two-dimensions, as more coher-
ent energy gain is realized in the former. Thus it is this
intrinsic mechanism of the ponderomotive acceleration
that makes the lower index case acquire greater and more
coherent energy gain in one-dimension than the cases in
more spread wave propagation in two-dimensional (and
three-dimensional) cases. Therefore, in ponderomotive
acceleration, the energy spectral index naturally anti-
correlates with the particle energy gain (and therefore
the luminosity when converted into gamma rays).

On the other hand, the recent wakefield acceleration
mechanism (Ebisuzaki & Tajima 2014a) has been sug-
gested of the genesis of highest energy cosmic rays ac-
celerated via wakefields generated by the Alfven shock
emanated from the jet from an AGN accretion disk dis-
ruptions. It has an embedded feature of accelerating
both protons (ions) as well as electrons simultaneously.
Moreover, it has built-in characteristics of the following.
While the Fermi mechanism is fundamentally stochastic
(Fermi 1954), the current mechanism is based on the co-
herent baseline process with the relativistic coherence,
though there are elements that bring in stochastic pro-
cesses that overlay the coherent mechanism. High-energy
electrons accelerated by this mechanism in its purest
form (dominated by nearly one dimensional collimation
along the axis of the blazar) have the power-law spec-
trum of energy with photon index of 2. If there are less
ideal or less robust regime of its operation, the power in-
dex would rise above 2. When the wakefield generation
is most robust, naturally the luminosity is also highest.
The acceleration process has inherent rapid time scales.
The shortest time variation is about 100 seconds, reflect-
ing the Alfven wave structure, the next time hierarchy
has days-weeks associated with the occurrence of the ac-
cretion disruption interval, and the longest time scale
corresponds to the acceleration time of the highest en-
ergy cosmic rays (1 − 103 years). This last time scale is
primarily for protons. For electrons with much lighter
mass, the acceleration time scale may be in the range
from 100 seconds to weeks, in other words, the first and
second time scales, though the time structure depends
on the detailed acceleration configuration. Although the
gamma-ray luminosity integrated over 4π is on the order
of 1041 erg s−1 for a black hole of 108 M� and normal-
ized accretion rate of 0.1M�/yr, the boosted-apparent
luminosity reaches 1044−1045 erg s−1, depending on the
γ-factor of the jet. This is within a few orders of magni-
tude of the observed gamma-ray luminosities of blazars.
For example, blazar 3C 454.3 has a bolometric luminos-
ity from 0.1 to 100 GeV of 4.1×1048 erg s−1 (Nolan et al.
2012). The episodic dynamics of the magnetic eruption
of a black hole’s accretion disk, along with the associated
intense disruption of their jets was studied via three-
dimensional general-relativistic magnetohydrodynamics
in Mizuta et al. (2017).

3. SYNCHROTRON TO INVERSE COMPTON
ACCELERATION

In this section, we briefly review how accelerated elec-
trons lead to the observed gamma-ray spectrum. For
the majority of blazars the gamma-ray emission can
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Fig. 1.— Shown is a standard blazar sequence model for a typi-
cal blazar SED, based on Inoue & Totani (2009). The energy band
of our observations is indicated by the filled blue box. As can be
seen in this illustration, a higher luminosity (green curve) relative
to a lower luminosity (blue curve) would correspond to a photon
spectral index closer to Γ = 2. This is what we dub the “inter-
nal blazar sequence.” A spectral index of Γ = 2 is horizontal on
this plot. The orange curve represents the possibility of observing
the photon spectrum that is more closely-tied to the intrinsic elec-
tron spectrum at higher energies than the inverse Compton peak
intensity.

be well described by the process of synchrotron self-
Compton (Longair 2011). This is the process by which
synchrotron photons, produced in great abundance by
high-energy electrons in the magnetic field of the blazar
jet, are up-scattered by inverse-Compton collisions by
these same electrons. Photons emitted by the accre-
tion disk may also be up-scattered. The intensity spec-
trum has a characteristic double-humped feature where
the inverse-Compton high energy gamma-ray emission
is an inverse-Compton processed up-scattering reflection
of the lower-energy emission (Fossati et al. 1997, 1998;
Donato et al. 2001). A model spectrum of this variety
is shown in Fig. 1. Here we review the basic physics
of the synchrotron mechanism that feeds into the syn-
chrotron self-Compton process, based on Longair (2011).
The high-energy gamma-ray spectrum of blazars may
also have contributions from high energy hadronic cos-
mic rays (Takami et al. 2013), though synchrotron self-
Compton models in general do a superior job in explain-
ing the broad blazar SED.

The primary energy flux at a given frequency ν, J(ν),
peaks in synchrotron emission at a characteristic fre-
quency,

νc ≈ γ2νg =

(
E2

mec2

)2

νg , (1)

for an electron of energy E, where the gyrofrequency
is νg = eB/2πme. The energy radiated in frequency
interval (ν, ν + dν) is,

J(ν)dν =

(
−dE
dt

)
N(E) dE , (2)

where the electron population has a number distribution
as N(E)dE = κE−pdE. The energy loss rate for syn-

chrotron radiation is,

−
(
dE

dt

)
=

4

3
σT c

(
E

mec2

)2
B2

2µ0
, (3)

and the energy flux is,

J(ν) ∝ κB(p+1)/2ν−(p−1)/2 . (4)

So, the emitted synchrotron spectrum J(ν) ∝ ν−a is
related to the intrinsic electron energy spectrum p as
a = (p−1)/2. However, the synchrotron emission under-
goes self-absorption that alters the observed spectrum.
This is due to the limitation that no region can emit in-
coherent radiation at an intensity greater than that of a
black-body at its thermodynamic temperature. At low
enough frequencies, the “brightness temperature” of the
radiation approaches the “thermal” temperature of the
radiating electrons. The brightness temperature is de-
rived from that of a black-body, but is applicable to any
emission process, and is defined as Tb = (λ2/2k)(Sν/Ω),
where λ is the emission wavelength, Sν is the flux density,
and Ω is the solid angle the source subtends at the ob-
server. The effective temperature of the electrons must
match the brightness temperature, and therefore the ob-
served intensity must be (Longair 2011),

Sν ∝
ν5/2

B1/2
. (5)

Therefore, a pure synchrotron self-absorption spectrum
is a rising spectrum as I ∝ ν5/2 and then falls over
to the inherent synchrotron spectrum I ∝ ν−(p−1)/2.
The inverse Compton spectrum reflects that since in
that case the energy of the up-scattered photons are
~ν = (4/3)γ2~ν0, where ν0 is the originating photon’s
frequency.

There is one basic conclusion regarding the relation
of the observed photon spectrum in gamma rays or ra-
dio frequencies: the observed energy spectrum could re-
flect the originating spectrum well above the synchrotron
peak where Iν ∝ ν−(p−1)/2, but that is not necessarily
achieved in the given observational window, which could
lie below the synchrotron peak, near it, or above it, but
still in its spectrally curved region.

For an example blazar temporal sequence, we adopt
the SED spectral model first quantified in Inoue & Totani
(2009). However, any smoothly curved spectrum is likely
sufficient, and we make no effort to fit a model. We show
for first time that, for the case of low-synchrotron peak
blazars we observe, the temporal variation of flux is con-
sistent with a given blazar shifting in flux and bolomet-
ric luminosity along such a temporal blazar sequence.
Our results and others of observed gamma-ray spectra
appear to be near the intensity peak (overturn) of the
inverse Compton emission, where a = 2, and so are not
likely reflective of the source electron spectra. Higher
energy observations, such as with the High Altitude Wa-
ter Cherenkov (HAWC) gamma-ray observatory (Lauer
& Younk 2016), as well as temporal observations, may
say more about the intrinsic electron spectra.

4. METHOD

Throughout our analysis, we use Fermi Tools version
v9r33p0 to study Fermi LAT Pass 7 reprocessed data
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TABLE 1
List of blazars and their properties, sorted in order of

decreasing photon flux.

Blazar name Optical class SED class

3C 454.3 FSRQ LSP
PKS 1510-08 FSRQ LSP
PKS 1502+106 FSRQ LSP
PKS 0537-441 BL Lac LSP
4C +21.35 FSRQ LSP
PKS 0426-380 BL Lac LSP
Mkn 421 BL Lac HSP
3C 279 FSRQ LSP
3C 66A BL Lac ISP
PKS 2155-304 BL Lac HSP
PKS 0454-234 FSRQ –
PKS 0727-11 FSRQ –

taken from August 2008 to February 2015 (approxi-
mately 85 months of data), using both front and back-
converting, SOURCE-class photons. We select the twelve
blazars with the highest photon flux from the Fermi LAT
second AGN catalog (Ackermann et al. 2011). These
blazars are listed in Table 1, along with their optical and
SED class. For each blazar, gamma rays within a circular
region of interest (ROI), 7 degrees in radius and centered
on the blazar, are selected, as was done in Abdo et al.
(2010b). We use photons with energies between 100 MeV
and 300 GeV, and apply the standard cuts recommended
by the Fermi collaboration to ensure data quality (zenith
angle < 100 degrees, DATA_QUAL = 1, LAT_CONFIG = 1).

Our model for each of the twelve regions of interest
is composed of all of the sources identified in the LAT
4-year point source (3FGL) catalog, along with the rec-
ommended diffuse emission models associated with the
Galactic emission (gll_iem_v05_rev1) and the isotropic
background (iso_source_v05) which accounts for the
contributions from both the extragalactic background
and cosmic ray contamination. Despite the fact that
a number of blazars in this analysis display significant
curvature in their spectra over wide ranges in energy, we
employ a relatively narrow energy window. We adopt
simple power-law model consisting of two free parame-
ters, a normalization factor N0 and spectral index Γ, for
the spectrum of each blazar. The convention used in this
paper is that the spectral index Γ should be taken to be
positive, so that the photon flux is proportional to E−Γ,
where E is the energy. This is done to provide a con-
venient means of characterizing the relative hardness or
softness of the photon spectrum, which is the primary
goal of this analysis.

Once we construct a model for the ROI around a
particular blazar, we use standard maximum likelihood
methods to fit the free parameters of the various gamma-
ray sources in our model. To determine which parameters
to vary, we make use of the quantity TS, which is defined
as twice the difference in log-likelihood between a model
with and without a particular source, i.e. TS = 2∆ ln(L)
(TS = 25 corresponds to an approximate detection signif-
icance of about 5σ for point sources). We then determine
the variability of the photon flux and spectral index over
time for each of the twelve blazars by dividing up the
full time range into time bins and refitting the parame-
ters for the source of interest, leaving all other sources
in the ROI fixed to their best fit values found from the

full time range. This procedure, which makes use of the
LAT analysis scripts quickAnalysis, quickLike, and
quickCurve, are described in more detail below.

1. First, a binned likelihood analysis of the region is
performed using photons from the full time range.
This is referred to as the DC analysis (analogous
to “direct current”).

• The raw photons file is filtered and pro-
cessed according to the previously described
specifications for each blazar using the
quickAnalysis tool.

• The model file for the ROI is generated us-
ing the user contributed tool make3FGLxml.py
and then changing the spectral shape of the
source of interest to a power law.

• The parameters for sources with TS > 25 are
left free. Sources with 4 < TS < 25 have their
spectrum fixed to their 3FGL values but their
normalizations are left free. Finally, sources
with TS < 4 have all of their parameters fixed
to their 3FGL values.

• A standard binned maximum likelihood anal-
ysis is performed using the quickCurve tool
to find the best-fit values for all of the remain-
ing free parameters in the model. This model
is called the DC model.

2. Next, the full time range is divided up into time
bins and a separate unbinned likelihood analysis
is performed for each time bin. This is referred
to as the AC analysis (analogous to “alternating
current”).

• The entire time range is divided into equally
sized time bins of 7.9 days, resulting in a to-
tal of 300 time bins. Though there may be
temporal variation on time scales smaller than
this, our timing resolution is limited by the
detection significance of the source of inter-
est, and we are unable to reliably probe time
scales significantly shorter than about a week.

• All of the relevant analysis files to perform
an unbinned likelihood analysis for each time
bin are generated using the quickCurve tool,
using the same specifications as in step 1.

• The DC model from step 1 is copied, but all
of the sources except for the source of interest
are fixed to their best fit values from the DC
analysis. Only the normalization factor and
spectral index of the source of interest are left
free.

• An unbinned maximum likelihood analysis is
performed in order to determine the best-fit
values for the normalization and spectral in-
dex of the source of interest.

3. Step 2 is repeated once again, but using time bins
that are larger by a factor of six (about 47.5 days),
resulting in 50 time bins instead of 300. This has
the effect of increasing the detection significance of
the source of interest in each time bin at the cost
of losing sensitivity to short time-scale variations.
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Fig. 2.— Shown are the flux (blue circles, left axis) and spectral index (green squares, right axis) for 3C 454.3 in 300 time bins of 7.9
days duration. An anti-correlation can be seen: the peaks in flux correspond to dips in the spectral index and vice versa.

TABLE 2
List of blazars and the Pearson correlation coefficient between their photon flux and spectral index, along with the

corresponding approximate p-value for the 50 time bin analysis.

AGN name r p-value σ2
NXS,flux σ2

NXS,index × 10−2

3C 454.3 -0.416 2.7 × 10−3 2.44 ± 0.010 1.44 ± 0.14
PKS 1510-08 -0.441 1.3 × 10−3 0.99 ± 0.012 0.04 ± 0.03
PKS 1502+106 -0.681 5.1 × 10−8 1.306 ± 0.026 0.42 ± 0.40
PKS 0537-441 -0.379 6.7 × 10−3 0.381 ± 0.013 0.38 ± 0.09
4C +21.35 -0.491 3.0 × 10−4 1.28 ± 0.017 0.68 ± 0.12
PKS 0426-380 -0.254 7.5 × 10−2 0.34 ± 0.013 0.50 ± 0.10
Mkn 421 -0.065 6.5 × 10−1 0.165 ± 0.008 0.03 ± 0.03
3C 279 -0.265 6.3 × 10−2 0.82 ± 0.016 0.23 ± 0.07
3C 66A 0.104 4.7 × 10−1 0.21 ± 0.016 −1.49 ± 0.04
PKS 2155-304 0.680 5.6 × 10−8 0.40 ± 0.023 0.52 ± 0.12
PKS 0454-234 -0.587 7.4 × 10−6 0.34 ± 0.013 0.49 ± 0.12
PKS 0727-11 -0.145 3.1 × 10−1 0.31 ± 0.019 1.20 ± 0.28

5. RESULTS

We find that all blazars displayed significant temporal
variation in both their flux and spectral index. Fig. 2
shows the variation of the flux and spectral index for
blazar 3C 454.3 over the 300 time bins. For nine out of
the twelve blazars studied in this analysis, we observe a
weak to moderate anti-correlation between the flux of the
blazar and its spectral index. Six of these are statistically
significant (p-value ¡ 0.05). In other words, for most of
the blazars, we observe the same ”harder when brighter”
effect that has been noted in other analyses (Abdo et al.
2010b). This can be seen in Fig. 2, as the peaks in flux
correspond to dips in the spectral index and vice versa.

This anti-correlation can be seen more clearly in Fig. 3
which shows the spectral index vs. flux for nine of the
blazars in the 50 time bin analysis. The anti-correlation
is seen in both the 50 time bin analysis and the 300 time-
bin analysis. The Pearson correlation coefficients are
shown in Table 2 along with their corresponding approx-
imate p-values. Three blazars do not exhibit this anti-
correlation (Fig. 4). Two of the three, Mkn 421 and PKS

2155-304, are high synchrotron peak (HSP) BL Lacs, and
the third blazar, 3C 66A, is an intermediate synchrotron
peak (ISP) BL Lac. This same pattern of flat-spectrum
radio quasars (FSRQs) and low synchrotron peak (LSP)
BL Lacs displaying the anti-correlation and HSP BL Lacs
not exhibiting the effect was previously noted in Abdo
et al. (2010b), although they also note that ISP-BLLacs
tend to display it in some cases. Possible explanations
for this behavior will be elaborated on further in Section
6.

We estimate the intrinsic source variance by calculat-
ing the excess variance σ2

XS , as described in Vaughan
et al. (2003). The excess variance is the variance af-
ter subtracting the contribution from measurement er-
rors such as Poisson noise and is defined as,

σ2
XS = S2 − σ2

err , (6)

where S2 is the sample variance of N data points,

S2 =
1

N − 1

N∑
i=2

(xi − x)2 , (7)
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Fig. 3.— Shown here are the flux vs. index for the nine the blazars analyzed in the 50 time bin analysis that exhibit the flux-spectral
anti-correlation attributable to the inverse Compton up-scattering of synchrotron photons. The orange curve is the slope from the blazar
SED model shown in Fig. 1, which is not fit to the data, yet corresponds well with the observations. This is what we dub the “internal
blazar sequence.”

and σ2
err is the mean square error,

σ2
err =

1

N

N∑
i=1

σ2
err,i . (8)

The normalized excess variance is given by σ2
NXS =

σ2
XS/x

2, and the error on σ2
NXS was calculated according

to,

err(σ2
NXS) =

√√√√√(√ 2

N
· σ

2
err

x2

)2

+

√σ2
err

N
· 2Fvar

x

2

,

(9)
as given in Vaughan et al. (2003). Here, Fvar is the
fractional root mean square (rms) variability amplitude
and is simply the square root of the normalized excess
variance, i.e., Fvar =

√
σ2
NXS . The measured values for

normalized excess variance of the photon flux σ2
NXS,flux
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Fig. 4.— Shown here are the flux vs. index for three blazars not exhibiting the flux-spectral index anti-correlation. Unlike the LSPs in
Fig. 3, two of the three, Mkn 421 and PKS 2155-304, are HSP-BLLacs, and the third blazar, 3C 66A, is an ISP BL Lac. The pattern of
FSRQs and LSP BL Lacs displaying the anti-correlation and HSP BL Lacs not exhibiting the effect was previously noted in Abdo et al.
(2010b). ISP-BLLacs tend to display it in some cases. We discuss these differentiated cases in Section 6.

and for the spectral index σ2
NXS,index are also shown in

Table 2.

6. DISCUSSION

We have clearly established the anti-correlation be-
tween the luminosity of gamma rays from blazars and
their spectral index. The anti-correlation is clearly con-
sistent with a shift from off-peak to peak portions of the
blazar spectra, as shown in Figs. 1 and 3, for the case of
LSP BL-Lacertae blazars. This is the first time that a
temporal-sequence model has been applied to show the
origin of the spectral-flux anti-correlation.

We followed in this study the earlier observations by
Abdo et al. (2010b) and Abdo et al. (2010c). In our work,
we scan different blazars with different values of flux and
index, as in these prior analyses. When they surveyed
different blazars, they showed different rise times of the
brightening and the lowering of the spectral index as well
as the interval times between such bursts of luminosity
surge. The rise (and fall) times in most cases scale with
the interval times between the events, i.e., the longer the
rise time of the burst is, the longer the interval is.

Even though the time scale varies over orders of magni-
tude, this phenomenon is universal. In fact, Ebisuzaki &
Tajima (2014a) predicts that all these events are univer-
sally based on the wakefield excitation in the jets sharing
the common acceleration mechanism, which is the basis
for this universality.

We note that the observed phenomenon of the anti-
correlation between the luminosity and the spectral in-
dex remains manifest, regardless of the mentioned rise
time and interval time scales. According to the theory
of Ebisuzaki & Tajima (2014a), the periods of both the
rise time and the interval time scale are proportional to
the mass of the central AGN mass (Ebisuzaki & Tajima
2014a). In other words, though an AGN with different
mass may show a proportional time scale of variability,
these phenomena are common and the luminosity-index
anti-correlation is one of the strongest evidence for the
universal nature of acceleration mechanism. It should be
further noted that not only these universal phenomena
are expected and/or observed (by theory and observa-

tion) of blazars, but also these should be expected for
microquasars with much smaller masses, as predicted in
Ebisuzaki & Tajima (2014b). Therefore, it is encom-
passing several orders of a wide range of masses from
microquasars to most massive AGNs. From this discus-
sion, we now suggest the following prediction: from the
period time scale of the blazar gamma ray emissions, we
can surmise the mass of the central object of the par-
ticular blazar (and microquasar). Therefore, the intrin-
sic luminosity of blazars, though collective of apparent
luminosity depend on the observational conditions, can
also tell us about the mass of the central object, as they
also scale proportional to the mass (Ebisuzaki & Tajima
2014a,b).

Our own analysis (Fig. 2) and subsequent analyses also
underline the following picture: when the gamma-ray
emission from blazars increases, the gamma-ray spec-
trum tends to become harder. This observed tendency,
which is in agreement with previous observation (Abdo
et al. 2010b), is consistent with a temporal SED se-
quence, shifting emission from near peak to peak in-
verse Compton emission flux. Higher energy observa-
tions, such as with the HAWC observatory, may be able
to probe the intrinsic electron spectrum to test its con-
sistency with the wakefield acceleration in the jets. For
HSP and ISP blazars, we do not see the anti-correlation
as we had for LSP blazars with lower-energy synchrotron
peaks. This is is due to the fact that, for HSP and ISP,
the spectral peak is within the energy window, not ex-
hibiting the monotonic SED sequence anti-correlation.
In addition, several of our tested HSP and ISP blazars
exhibit no significant curvature in their spectra (Abdo
et al. 2010d).

The episodic disk instability launches the energetic
Alfven shocks, and their subsequent electromagnetic
pulsations, such as in the Ebisuzaki-Tajima mode
(Ebisuzaki & Tajima 2014a). This model naturally
points to a localized source (as observed in Abdo et al.
2010b; Albert et al. 2007). Such localized emission of
gamma-rays (arising from accelerated electrons) and ex-
pected localized acceleration of ions from such locations
are integral properties of the wakefield acceleration mech-
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anism. Furthermore, the wakefield acceleration of ultra-
high energy cosmic-ray ions has the unique property of
localized gamma-ray emission, while the Fermi acceler-
ation mechanism relies on a diffuse site and therein lies
the difficult issue of stochastic genesis. In addition to
the above issue of super-high energetic genesis of cos-
mic rays (and associated gamma-ray bursting emissions),
the wakefield acceleration mechanism should be a nat-
ural candidate for more compact gamma-ray emission
from, e.g., Crab Nebula (Buehler et al. 2012; Abdo et al.
2011), and the microquasar Cyg. X-1 (Nowak et al. 2012;

Ebisuzaki & Tajima 2014b). With continued observa-
tions of high-energy gamma-ray emission from blazars,
especially those at the highest energies, the underlying
emission processes and acceleration mechanisms may be
further revealed.
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