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The light curves of blazars have been studied from radio wavelengths up to very high energy
gamma-rays, and their statistical properties seem to be often compatible with a red noise process,
where variability power decreases with increasing frequency. An increase of light curve variance
with energy has been reported by some authors. In order to reproduce the statistical properties
of a blazar light curve, and also the energy dependence of the normalised variance Fvar , we study
the injection of a time-dependent electron distribution in a spherical emission region. A simple
SSC model is then used to derive the time-dependent electromagnetic spectrum, which allows us
to derive the resulting energy-dependent variance in the range of a few eV up to X-rays. We show
that this model can reproduce the increase of the variance with energy by just taking emission
processes into account. We also make some predictions for the GLAST energy range based on
the results of a multiwavelength campaign on Mkn 421.
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Energy-dependent variability in blazars SSC simulations

1. Introduction

2. SSC model and red noise generation
In this section, we describe our SSC model and the method used to generate time series with a
red noise profile.
2.1 Description of the SSC model
The spectral energy distribution (SED) of blazars shows two broad peaks in νF( ν) representation. It is well established that the low energy peak is due to synchrotron emission of relativistic
electrons, and that inverse Compton (IC) emission of electrons in a soft photon field is probably the
cause of the high energy peak. The origin of the seed photons is unknown, but are usually considered as being either the synchrotron photons themselves (synchrotron self-Compton, SSC hereafter)
or photons external to the emission region (external Compton, EC). High-frequency peaked BL Lac
objects, such as Mkn 421, are usually modelled in the SSC scenario. We use a simple one-zone
SSC model, assuming an homogeneous sphere of radius R to be the emitting region in which the
magnetic field B is constant. Electrons are injected in the sphere and lose energy by synchrotron
and inverse Compton radiation.
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The innermost regions of active galactic nuclei, where the largest part of their luminosity is
emitted, can be probed through observations of their flux variability at different wavelengths. Physical processes in their central engines and jets are the main candidates for the origin of the observed
variability. Measurements of correlated variability, spectral variations and time lags across broadband observations allow modelling of particle distributions and radiative processes, and to probe
the acceleration mechanisms that are involved.
Variability can be characterized using a wide variety of estimators, depending mostly on the
quality of the observed time series. With well-sampled light curves it becomes possible to study the
variability through the power spectrum density (PSD), obtained by a direct Fourier transform of the
light curve. Generally, these PSDs exhibit a featureless continuum best described by a power law
with an index of ≈ 2 or less, indicating that power increases with decreasing frequency (see e.g.
[6] [7]). In this study we aim to understand the energy-dependent variability observed in Mkn421
[1] and PKS2155-304 [2] and notably the fact that normalized variances from the optical to the
X-rays appear to also increase as a power law of the observed energy (while the light curves are
not necessary correlated).
In order to reproduce such an chromatic effect we study the electromagnetic output of an electron distribution injected according to a red noise time profile, using a synchrotron-self Compton
(SSC) scenario. Section 2 describes the SSC model and the method to generate injections with a
red noise profile. In section 3 , we compare the results to the data obtained during a multiwavelength (MWL) campaign on Mkn 421 in 2001 [1] and give the result for a single injection. We then
discuss the energy dependence of the variance between a few eV and 104 eV, and make a prediction
for the GLAST telescope in a higher energy band than the observations considered here.
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The used SSC model is derived from [4]. The time-dependent electron distribution evolution
is given by the diffusion equation:
Ne (γ,t)
∂ Ne ∂
= [(γ̇s + γ̇c )Ne (γ,t)] + Q(γ,t) −
∂t
∂
tesc

(2.1)

and the injection term is a maxwellian distribution:
Q(t, γ) = Kγ 2 exp(−2γ/γb (t))

(2.2)

2.2 Red noise generation
The time-dependent electron injection will depend on the acceleration mechanism. Here we
want to test the chromatic effect of an injection with parameters varying according to a stochastic
process, generated from a red noise spectrum and independant of the emission process as described
by [5].
We generate a red noise time series f (t) with a power spectrum density ∝ w−β following the
method of Timmer and Koening (see [3]). The frequency w is in the range [9.8 × 10−9 , 1/∆tin j =
2.5 × 10−5 ] Hz and β = 2.
First, we calculate a PSD s(w) = w−β . In the Fourier space, we draw two gaussian distribued
random numbers such as x, y = N(1, 0); the Fourier transform of the time series is:
r
1
f˜(w) =
s(w)(x + iy)
(2.3)
2
The resulting periodogram is | f |2 ∝ s(w). The time series is obtained by an inverse Fourier
transform. In fact, we simulate a light curve with 5120 points and keep only the first 512 points.
This ensures that the Fourier modes with frequency w ≤ 1/∆tin j contribute to the time series in
the real space. The variance of the time series can be adjusted by adding a factor in equation 2.3.
Figure 2.2 shows a typical time series and its PSD. The latter is consistent with the theoretical curve
in red.
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where γb (t) is time-dependent (as in [1]). Equation 2.1 is a Fokker-Planck equation without diffusive term. We use a slightly modifed Chang and Cooper scheme to discretize 2.1 in time (with step
dt) and energy.
As in [1], we chose our physical parameters to be B = 0.2 G, R = 2 × 1015 cm and bulk Lorentz
factor Γ = 40.
First of all, we define the quiescent state to be the steady state with our set of parameters. In
addition of B,R and Γ, we take γb = 5.3 × 103 and K = 7.9 × 1018 cm−3 for the injection parameters
to describe the quiescent state and to be the minimal values during the simulation. Electrons are
continuously injected according to the maxwellian distribution with a constant value of γb until we
reach the steady state.
At this point, electrons begin to be injected following a time-dependent distribution with time
scale ∆tin j . γb is given by the simulated time series and K is kept constant. This time scale is
expected to be bigger than the light travel time through the sphere (R/c). We take ∆tin j = 3R/c and
dt = 0.2R/c. For a typical simulation, we made 512 time steps (∆tin j ), which corresponds to 1536
Γ−1 R/c = 29.6 days in the observer’s rest frame.
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3. Results
We define the normalized variance as :
r
Fvar =

S2
x̄2

(3.1)

where S2 is the variance of the time series and x̄ is its average. Figure 2 shows Fvar = F(E) for
one realisation. The IC emission dominates above a few MeV, decreasing the variability.

Figure 2: Left panel: Fvar versus energy between 1 eV and 1014 eV. The dashed line is the spectral energy
distribution at the beginning of the simulation. Right panel: zoom in the range 1 eV, 105 eV. The black line
is the result of a power law fit over the range, yielding an index of ≈ 0.19.

Figure 3 is the PSD of the resulting light curve. We summed the flux at all wavelengths and
made a direct Fourier transform. The PSD exhibits a featureless, decreasing profile, evidence of
the injected red noise process. Our simulations find ∝ E 0.19 in rather good agreement with the
energy-dependent variance ∝ E 0.25 found by [1] in the range 2 eV < E < 2 × 104 eV.
4
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Figure 1: Example of an injected time series computed with the method described in [3]. Left panel: power
spectrum density | f |2 as a function of the frequency (black), where the theoretical PSD is the red line. Right
panel: resulting time series.
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4. The Gamma-ray Large Area Space Telescope GLAST
Associated with atmospheric Čerenkov telescopes (IACT), GLAST will allow variability studies of AGNs between 30 MeV and 200 GeV. With its large area and good sensitivity, GLAST will
be able to see variability on time scales of the order of the day. In figure 4, we focus on the GLAST
and IACT energy range, where the IC emission dominate. We predict a lower variability in the
GLAST range (30 % on average) compared to the TeV energy range (65 %) for Mkn 421, because
cooling timescales are longer for electrons radiating at this energies.

5. Conclusion
With a simple SSC model and electron distributions injected according to a red noise process,
we were able to produce a power-law dependency of the normalized variance, with an exponent
slightly below those observed. We plan to study possible constraints of e.g. the magnetic field by
understanding the energy-dependent variability, as well as the link between the injection function
and the observed temporal properties.
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Figure 3: PSD of the light curve obtained by summing flux at all wavelengths.
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Figure 4: Fvar as a function of energy between 1 MeV and 10 TeV. The blue box is the GLAST energy range
and the red one is the IACT energy range.

