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Abstract:



One of the remarkable features of blazars is violent variability over a wide wavelength range. The variation mechanism causing the observed complex behavior is still under debate. The variability timescales range from less than a day to decades. Variation on timescales less than a day is known as “microvariability.” Such short-term variations can provide insights regarding the origin of the variability after they are distinguished from longer-term variational components. We select about 195 microvariability events from the continuous light curve of blazar W2R 1926+42 with 1-min time resolution obtained by the Kepler spacecraft, and estimate the timescale and amplitude of each event. The rise and decay timescales of the events reveal random variations over short timescales less than a day, but they indicate systematic variations on timescales longer than several days. This result implies that the events are not independent, but rather mutually correlated.
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1. Introduction


Blazars have relativistic jets whose axes are nearly aligned to the line of sight [1,2]. In principle, timescales of brightness variations in blazars are related to sizes of emitting regions and the speeds of motions in relativistic jets. Variations, however, have a variety of timescales ranging from minutes to decades. The power spectrum density (PSD) of a blazar can be fited by a power law, which means that variations of blazars follow a noise-like behavior [3].



Brightness variations of blazars could be affected by a variety of physical conditions. For example, shorter-timescale variations can reflect physical processes in the inner emitting regions of a jet without any direct relation to the other, more slowly varying component(s). The study of short-timescale fluctuations is therefore important in order to understand the general origin of variations.



Variability with timescale of less than one day, termed “microvariability”. Such microvariability has been reported over wide ranges of wavelengths from radio [4] to optical [5,6], X-ray [3], GeV, and TeV bands [7]. The Fermi Gamma-ray Space Telescope scans the entire γ-ray sky every three hours, and has detected flares, large-amplitude variations, in a number of blazars [8]. Saito et al. [9] reported that a few flares in PKS 1510−089 exhibited asymmetric profiles. Nalewajko [10], however, reported that there was a great variety of flare shapes and durations among the 40 flares that they studied, so that the flares cannot be described by a simple rise and decay pattern. It is not easy to extract detailed features of flare-like variations in the γ-ray band, because the time required to measure the γ-ray flux with Fermi and AGILE is usually longer than 3 h, since the number of detected photons is limited. A statistical study of a sizeable sample of variation events with higher time resolution and with good photon statistics is needed to extract the general features of microvariability in an effort to understand the underlying physics of relativistic jets.



The blazar W2R 1926+42 has a synchrotron spectral energy distribution (SED) that peaks at a frequency below [image: there is no content] Hz. The object is classified as a low-frequency peaked BL Lac object at a redshift [image: there is no content] that is estimated from two absorption lines in the spectrum of its host galaxy [11]. Edelson et al. [12] also reported numerous flares on timescales as short as 1 day in the Kepler light curve with 30-min time sampling in Quarters 11 and 12 of the Kepler mission. Continuous optical monitoring of W2R 1926+42 with denser (1 min) time sampling by Kepler [13] in Quarter 14 detected considerable microvariability of the flux.




2. The Kepler Light Curve


Kepler monitored over 100,000 objects in the Cygnus region, obtaining continuous light curves with two timing settings, long (30-min) and short (1-min) integrations. W2R 1926+42 is listed in the Kepler target list. A continuous light curve with a long cadence has been obtained since Quarter 11. In Quarter 14, the object was monitored in the short cadence mode for 100 days. In the automated Kepler data processing pipeline, the flux of the object is calculated by simple aperture photometry (SAP) [14]. The center of its observing wavelength is λ = 6600 Å [15,16]. We used the calibrated “SAP_FLUX” light curve with 1-min time resolution.



The upper panel of Figure 1 shows the optical light curve of the object obtained by Kepler. The blazar displayed violent variability over various timescales ranging from several tens of minutes to over 10 days during this monitoring. The light curve is composed of not only large-amplitude, long-term variations such as that ranging from JD 2456150 to 2456160, but also numerous flare-like variations with timescales less than one day. These rapid variations exist throughout this entire monitoring period. These variations have a wide variety of profiles.


Figure 1. From top to bottom panels: Light curve and time series of the amplitude at the peak, and doubling times of the rise and decay phases of the rapid variation events. Epochs 1 to 6 are separated by dashed lines.
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3. Temporal Variation of Micro-Variation Profile


Blazar variability seems to consist of a number of components with various timescales that combine to form a continuous power-law PSD. We can extract the short-timescale variations from the rapid-cadence light curve over a short time range by approximating that the long-term component is constant over this time interval.



To study blazar microvariability, we parameterize the profile of the flux variations by the timescales during the rise and decay phases and the amplitudes of the micro-variation episodes. We define the procedure of parameter estimation as follows:

	
Select a candidate micro-variation event



	
Set a fitting time range to estimate the long-term component underlying the candidate event



	
Estimate the best-fit second or third-order polynomial function for the long-term component



	
Subtract this best-fit function over the fitting time range



	
Identify the point of maximum flux as the peak date



	
Estimate the amplitude at the peak (average 5 flux points around the peak to ignore the influence of fluctuations caused by statistical noise)



	
Doubling times of the rise and decay phases are defined as the rise and decay timescales.








Figure 1 shows the light curve, time series of the amplitude, and the doubling times of the rise and decay phases in the detected micro-variation events. Averages and standard deviations of peak amplitudes, doubling times of rise and decay are 90 and 55 counts·s−1, 0.043 and 0.036 days, and 0.042 and 0.032 days, respectively. Typical uncertainties of parameters of 8 counts·s−1, 0.008 and 0.008 days are estimated from the uncertainty of the polynomial function by using a parametric bootstrap approach. The parameters representing the variation profiles vary with time. The variations of the rise and decay timescales behave almost the same. The rise and decay timescales of the events change not only randomly but also systematically. This result indicates that the events are associated with, rather than independent of, each other. Figure 2 shows correlations between peak amplitudes and rise and decay times. There are no clear correlations between the amplitudes and timescales.


Figure 2. Correlations between peak amplitudes and rise and decay times of detected micro-variation events in left and right panels.
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4. Time Variation of Variability Timescales in Microvariations and Power Spectrum Density


Recent studies have reported that W2R 1926+42 has a characteristic timescale associated with a break frequency in the PSD of the object. The PSD, [image: there is no content], calculated from the Kepler light curve is represented by a power-law plus a squared Lorentzian function with a constant value for the white noise as:


Pmodel(f)=Af−α+B[1+(f/fbr)2]2+C,



(1)




where α is a spectral index and [image: there is no content] is a break frequency. The squared Lorentzian function corresponds to the exponential rise and decay pulse shape, because the pulse is Fourier-transformed to the squared Lorentzian function. Here, we assume that the shapes of microvariations with a characteristic timescale can be described as exponential pulses. We can estimate the e-folding time of such a pulse as the characteristic timescale corresponding to the break frequency of the squared Lorentzian function. The characteristic timescale estimated from the best-fit function of Equation (1) representing the PSD of the entire light curve is coincident with the e-folding time of the mean profile of 195 micro-variation events detected in the observed light curve (see [17] for more details). We study the time variation of the characteristic timescales estimated from the PSDs in each epoch of the light curve, and compare these characteristic timescales with the doubling times of the rise and decay phases in the micro-variation events.



We study the time evolution of the characteristic timescales that correspond to the break frequency of the PSD, and compare these timescales with the profile parameters of the micro-variation events. The PSDs are calculated from 6 epochs separating the observed light curve (from epoch 1 to 6; JD 2456107–2456123, 2456128–2456138, 2456139–2456150, 2456150–2456160, 2456160–2456184, 2456184–2456204). The best-fit values of the break frequency and corresponding timescale are estimated from the calculated PSDs.



The left panel of Figure 3 shows an example of the PSD calculated from epoch 1 and its best-fit function from Equation (1). There is a break at 10−4.5 Hz in the PSD calculated from the light curve of epoch 1. The break frequency [image: there is no content] corresponds to the characteristic e-folding timescale: [image: there is no content] [18]. The doubling timescale corresponds to (ln2)τbr. The break frequencies and corresponding characteristic timescales of the PSDs calculated from epoch 1 to 5 are estimated. The right panel of Figure 3 shows the time series of the characteristic timescales estimated from each PSD together with the doubling timescales during the rise and decay phases in the detected micro-variation events. The curvature is not seen in the PSD of epoch 6; we therefore cannot estimate its break frequency and characteristic timescale. There are differences between the estimated characteristic timescales at over 2σ confidence level, and, thus, the timescales vary over time. The estimated timescales tend to correlate with the doubling timescales of the detected micro-variation events. This indicates that the curvature of the PSD is caused by the rise and decay timescales of the microvariation.


Figure 3. Example of calculated power spectrum density (left panel) and time series of variation timescales (right panel). In the left panel, the epoch of the light curve used in calculating the power is from JD 2456107 to 2456122. Red line shows the best-fit function of Equation (1), and dotted lines are each term of the best-fit function. In the right panel, filled and open circles are shown as doubling timescales in rise and decay phases of micro-variation events. Red points correspond to timescales estimated from the best-fit break frequencies of the power spectrum densities (PSDs) calculated for each epoch of the light curve.
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5. Discussion


The doubling timescales of the detected microvariations change both randomly and systematically over time. If the flux variation is caused by changes in the high-energy particle acceleration of electrons or in the relativistic bulk motion, these accelerating events should be associated with each other, causing a systematic change of variation timescales. Several models have been proposed for the mechanisms of particle acceleration in blazar jets, for example, the shock-in-jet scenario [19] and magnetic reconnections [20]. Particle acceleration events are, however, expected to occur randomly in the basic versions of these proposed models. A particle acceleration event provided by a shock wave can arise from a supersonic collision of two plasmas. Similarly, particle acceleration via reconnection can occur in a plasma containing adjacent magnetic field lines of opposite polarity. These shocks or reconnection events are not associated with each other. Thus, flares caused by such unrelated particle acceleration events should, in general, arise independently.



The variation timescale of blazar variability [image: there is no content] is obtained by multiplying the rest-frame timescale [image: there is no content] by the Doppler factor [image: there is no content], [image: there is no content], where Γ is the bulk Lorentz factor and θ is the inclination angle between the jet axis and our line of sight. Here, particle acceleration events occur in the jet flow.



Recently, several papers suggest that the particle acceleration can occur in regions that are moving relative to the main jet flow of blazars: turbulence [21] or reconnection “mini-jets” [20,22]. Emission from the accelerated particles is Doppler boosted by a Doppler factor computed from the superposed velocities of the mini-jet or turbulent cell and systemic jet flows. If a flare arises in such a region arising particle acceleration, the velocity and Doppler factor should be constant during the event, although the velocity of each event would be different. The peculiar velocities of the region affects the random aspect of variation timescales, not the systematic behavior, because the speeds and angles of relative motion can be random in the jet rest frame. The local active region moves down the jet, which may be bent (e.g., by pressure gradients and/or precession or wobbling of the jet axis) and may accelerate or decelerate. The systematic behavior of the variation timescales of microvariations can be explained by such global changes encountered by all emission regions that propagate down the jet.




6. Conclusions


The blazar W2R 1926+42 exhibits violent variability with timescales less than one day, which is known as microvariability. We have detected 195 micro-variation events from a continuous optical light curve with 1-min time resolution obtained by the Kepler spacecraft. Estimated variation timescales of microvariability events varied both randomly and systematically with time. Furthermore, the variation timescales are associated with characteristic timescales estimated from break frequencies of power spectrum densities calculated from 6 epochs into which we divide the light curve that we have obtained. Such systematic changes of variation timescales imply that the particle acceleration events are mutually correlated by common physical influences such as bends in the jet flow. On the other hand, random behavior on intra-day timescales can be associated with variations caused by changes in the peculiar velocities (relative to the systemic flow) of local emission regions.
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