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Abstract: Multiwavelength blazar variability is produced by noise-like processes with the power-law
form of power spectral density (PSD). We present the results of our detailed investigation of
multiwavelength (y-ray and optical) light curves covering decades to minutes timescales, of two BL
Lac objects namely, PKS 0735+178 and OJ 287. The PSDs are derived using discrete Fourier transform
(DFT) method. Our systematic approach reveals that OJ 287 is, on average, more variable than
PKS 07354-178 at both optical and y-ray energies on the corresponding time scales. On timescales
shorter than ~10 days, due to continuous and dense monitoring by the Kepler satellite, a steepening
of power spectrum is observed for OJ 287. This indicates the necessity of an intermittent process
generating variability on intra-night timescales for OJ 287.

Keywords: galaxies: active; BL Lacertae objects: individual (PKS 07354-178, OJ 287); variability

1. Introduction

Blazars are relatively a rare class of active galactic nuclei (AGN) whose total radiative energy
output is dominated by the Doppler-boosted, broad-band and non-thermal processes; synchrotron
(radio—to-optical) and inverse-Compton (IC; ~X-ray-to—y-ray) occurring in relativistic jets [1]. Besides
04748 ergs s~ 1 [2], blazars are also extremely variable on
timescales ranging from decades to hours and even down to minutes with intensity changes of a factor

showing extreme luminosities up to ~1

of few, especially prominent at X-ray and y-ray energies [3,4]. The origin of such dramatic flux changes,
in particular their relation to larger amplitude variability, typically 1-2 orders of magnitude, but on
longer timescales is still widely debated [5]. The variations on short-timescales provide an additional
challenge at higher energies, as large jet bulk Lorentz factors (I') > 30 are needed to overcome the
photon opacity arguments [6] which are rather too extreme to be reconciled with the currently favored
models for the jet formation in AGN [7]. The statistical properties of multiwavelength (radio-to-y-ray)
blazar light curves, in particular, the simple power-law shape of power spectral densities (PSDs;
defined as P(vy) « v, P where vk is the temporal frequency and f is the slope), indicate that the
variability is generated by correlated noise-like processes on timescales ranging from decades to
minutes [8]. Here, we present a comparative study of the synchrotron and the IC variability of two BL
Lac objects, namely, PKS 0735+178 and O] 287 using decade-long optical and <y-ray light curves.

2. Methodology: Light Curve Generation and PSD Analysis

Optical and <y-ray light curves of the blazars PKS 0735+178 and OJ 287 are presented in [9,10],
respectively. The Fermi-LAT light curves were generated following the standard unbinned likelihood
analysis!. The daily averaged R-band photometric light curves for the sources are collected from
various observational programmes [9,10]. In case of OJ287, the 117-year-long optical light curve

1 http:/ /fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/
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could be generated by combining the historical light curve [11] and our own monitoring programmes.
In addition, several nights of intra-night data at R-band are also available for these blazars [12,13].
The R-band magnitudes were calibrated using the standard stars [14] with an accuracy of <2-5 percent
and converted to fluxes using zero point magnitude flux of 3064 Jy. For these light curves, the PSDs
were generated using DFT method (Section 3).

3. PSD Construction: DFT

Following [9,15], the PSD of an evenly sampled light curve f(t;) of length N points is given by the
periodogram which is defined as the squared modulus of the discrete Fourier transform (DFT):

2

N N 2
[F(ve)|> = [Zf(ti)cos(zrwkti) + Zf(ti)Si”(ZTkati)] 1
i= i=1

Here the flux values are mean corrected (i.e., mean y is subtracted from the flux values) to remove
the zero frequency power and the DFT is computed for freuencies between vy, to Vyax, i-€., vy = k/T
fork = 1..N/2 for N even, vNy; = N/2T and T = N(t; — t1)/(N — 1). The normalized power P(vy)
is obtained

2
P(v) = W'F(Ukﬂz (2)

The normalized periodogram as defined in Equation (2) yields the total excess variance when
integrated over positive frequencies. Meanwhile, the noise floor levels corresponding to the variability
power due solely to statistical fluctuations are estimated, e.g., as in [16]

2T

PSt[lt = ]/lziN Ustat 7 (3)

Sat = 2;2\] Af (t]-)2 /N is the mean variance of the measurement uncertainties on the flux
values. The evenly spaced time-series is obtained by linear-interpolation between the observed data
points [15]. The periodogram obtained using Equation (2), is known as the ‘raw’ periodogram. Since it
consist of independently distributed x? variables with two degrees of freedom, each estimate has a
standard deviation around the true value equal the true value itself, providing a noisy estimate
of the spectral power [17]. Therefore, in order to obtain a reliable estimate of spectral power,
‘raw’ periodograms are averaged in frequency space (‘binned’ periodograms, shown by filled circles
in Figures 1 and 2) by a factor of 1.6 with frequency taken as a geometric mean of that frequency bin.
Finally, a factor of —0.25068 is added in the logarithmic ‘binned” periodograms estimates to remove the
bias because of the shape of x? distribution due to the transformation of the linear to log space [17].
For the analysis, the logarithmic ‘binned’” PSDs are fitted with a single power law above the noise floor
P where B is the slope
and the reported error corresponds to rms residual between the model and the data.

where, 02

level due to measurement uncertainties using a linear fit defined as P(vy) o v,
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Figure 1. Power spectral densities (PSDs) corresponding to multiwavelength light curves for the
blazar PKS 0735+178. The dashed gray line and solid circles denote the raw and binned periodogram
estimates, respectively, while the dashed horizontal line indicates the noise floor level due to the
measurement errors. (a) High energy <-ray light curve using the Fermi-LAT data at photon energies
0.1-200 GeV (2008-2015) [9]. (b) Daily averaged R-band light curve (1993-2015) [9]. (c) Intra-night
R-band light curve obtained on 15 December 2007 [12].
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Figure 2. Cont.
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Figure 2. PSDs corresponding to multiwavelength light curves for the blazar OJ 287. The dashed gray
line and solid circles denote the raw and binned periodogram estimates, respectively, while the dashed
horizontal line indicates the noise floor level due to the measurement errors. (a) High energy «y-ray light
curve using the Fermi-LAT data at photon energies 0.1-300 GeV (2008-2016) [10]. (b) Daily averaged
historical R-band light curve (1990-2017) [10]. (c) Kepler satellite light curve [10]. (d) Intra-night R-band
light curve obtained on 12 April 2005 [12].

4. Result and Discussion

1.

The PSD slopes obtained from our analysis for the long-term y-ray and optical light curves of the
BL Lac objects and on timescales ranging from many years to weeks indicate that the statistical
character of y-ray flux changes (B ~ 1; flickering/pink noise) is different than that for optical flux
changes (B ~ 1.5-2.9; red noise) (Figures 1 and 2).

An explicit comparison of the PSDs derived at y-ray shows a clear indication of more variability
power on timescales <1000 days for O] 287 as compared to PKS 0735+178 (Figure 3). On the
other hand, the optical PSDs, show stronger variability on timescales longer than ~100 days
(Figure 4). Again, on the intra-night timescales, we see larger amplitude variability for O] 287.
However, inclusion of the Kepler spectrum shows a steepening on timescales below ~10 days,
indicating a possible intermittency of the process generating intra-night variability. We note that
such intermittency is observed for PKS 0735+178 and in other blazars as well [9].
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Figure 3. Composite Fermi-LAT PSDs using the ‘binned” periodogram estimates for the studied blazars
covering ~3 dex in temporal frequency.
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Figure 4. Composite PSDs in the optical band using the ‘binned’ periodogram estimates for the studied
blazars covering ~6 dex in temporal frequency.

3. (] 287 is a well-known binary black-hole system with roughly ~12 year quasi-periodic oscillation
(QPO) seen in optical and radio light curves [18,19]. Our analysis using the DFT method does
not reveal a clear peak in the PSD corresponding to historical optical light curve (Figure 4). This
could be due to extremely sparse sampling of the light curve before the year 1970 or due to the
transitory nature of the QPO behaviour [20].

We interpreted based on PSD analyses [9,10,21] using multiwavelength (GHz band radio, R-band,
X-rays and Fermi-LAT) light curves, the entire broad band emission is generated in an extended yet
highly turbulent jet. The statistically different characters of multiwavelength variability was explained
by hypothesizing that the synchrotron variability is driven by single stochastic process operating
on years to minutes timescales, while the IC variability is shaped by a linear superposition of two
stochastic processes with relaxation timescales ~1000-10,000 and ~1 day. We further speculated
that the driver behind the former process could be related to the dissipation of the turbulent jet
magnetic field supplied by an accretion flow [22]; such dissipation is expected to be shaped by a
combination of (global) MHD-timescales in jet, possibly modified by the magnetic reconnection on
intranight timescales. The additional process operating at y-ray frequencies, on the other hand,
could be related to inhomogeneities in the local populations of soft photons available for the
inverse-Compton upscattering, leading to the “light-crossing timescale” relaxation of about ~one
day (for a jet with Doppler boosting factor § ~ 30). The results reported here allowed us to extend
the optical PSD of OJ 287 down to minutes timescales with the usage of the intra-night light curve,
which were not covered earlier due to high instrumental noise floor (white noise;  ~ 0) of the Kepler
measurements [23]. We note that the quoted measurement errors for Kepler data used in the present
study are underestimated by ~1-2 orders of magnitude. An explicit comparison of synchrotron
and IC variability in ;P (vy) vs. v plot (akin to squared fractional variability, by definition [16])
reveals that OJ 287 is, on average more variable than PKS 0735+178 on timescales of <1000 (y-ray)
and <100 days (optical).

5. Conclusions

Our present results for the blazars are based on good-quality, densely sampled, decade-
long multiwavelength light curves on timescales ranging from decade-to-weeks at y-ray frequencies
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and down to intra-night timescales at optical frequencies. Different statistical characters of synchrotron
(B ~ 2; red /brownian-noise) and IC (8 ~ 1; pink/flicker—noise) variability as reported here are difficult
to account for within the framework of single zone synchrotron self-Compton (SSC) origin of the
broad-band blazar emission as the particle energies contributing to synchrotron and IC luminosities
are the same. The Presented results indicates the necessity of detailed investigation of multiwavelength
PSDs using larger blazar samples to understand the complexities of energy generation processes
in blazars.
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The following abbreviations are used in this manuscript:

DFT Discrete Fourier transform
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