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Blazar classification

Flat Spectrum Radio Quasar (FSRQ)

High Luminosity:

1046 - 1048 erg/s

Collimated jets

with hot spots
3C 47 3C 98

3C 296 3C 31

BL Lac object (BLL)

Low Luminosity:

1045 - 1046 erg/s

Widespread jets
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Blazar classification

Flat Spectrum Radio Quasar (FSRQ)

Flat spectrum and

emitting lines

BL Lac object (BLL)

No emitting lines
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Blazar variability

𝛿 = 1.35

Large variability at various wavelengths.

Red noise type power spectrum ∝ 1/𝑓𝛿. The parameter 𝛿 goes
from flicker noise (𝛿=1) to Brownian noise (𝛿=2).

3C 279
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https://doi.org/10.1038/nature08841
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Blazar periodicity

Long-term periodicity could be related to 
binary black holes [1]:

• Intensity modulation by Doppler factor.

• Precession, deflection or curvature of the jet 
changing the viewing angle.

4·14
From Tavani et al., 2018 [2]



Source selection

From the Light Curve Repository¹ 1525 𝛾-ray sources analyzed: 571 FSRQ, 476 BLL, 371 unkown types of 
blazars, 107 other sources.

Six light curves data types: Energy flux (free index), Photon Flux (fixed index), 30d, 7d and 3d sampling.

¹ https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/ 5·14



Weighted Wavelet Z-transform (WWZ)
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Time series projection onto a model function (Morlet) [3].

Detects transient periodicities, studies temporal evolution 
of data and signal parameters.



Lomb-Scargle Periodogram (LSP)

Square module of the Discrete Fourier transform. In addition to the changes by Scargle [4] we take into
account some consideration by Vanderplas [5].

Not precision but significance:

The number of points 𝑁 and the signal-to-noise ratio S/𝑁 do not affect the width of the peak but only its 
height.
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False Alarm Probability (FAP)

To compare peak height with background and spurious peaks.

Probability that a peak of a certain height 𝑍 will be found from a data set consisting of white noise.

❖ Naive

The cumulative probability of observing a value less than 𝑍 with white noise is 𝑃(𝑍) = 1 − 𝑒−𝑍 .

𝐹𝐴𝑃𝑁𝑎𝑖𝑣𝑒 (𝑍) = 1 − 𝑃 𝑍
𝑁𝑒𝑓𝑓

❖ Bootstrap

Randomization of the time series, high computational cost. Simulations required: 𝑁=10/𝑟.

❖ Baluev

Extreme value theory for random processes. Upperbound for the FAP.
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False Alarm Probability (FAP)
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From Vanderplas [5]

Naive method overestimates the significance, while Baluev method underestimates it.
From the FAP we extrapolate a fictitious number of 𝜎.



Time series and red noise simulations

10·14

𝑇/T0 ∼ 1
HWHM¹ ∼ 20%

¹ Half Width at Half Maximum



Analysis results
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Significant periodicities found in 23 blazars: 13 FSRQ and 10 BLL; many data types, > 3𝜎,
and Normalized Root Mean Square Deviation NRMSD < 3% ; boundary of 40% UL.



Analysis results
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Conclusions
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❖ Significant periodicities in
23 blazars. With a golden
sample of 6 sources.

❖ The analysis method was
validated through periodic
light curve simulations, and
with red noise simulations
the significance estimation.

❖ A suitable model has yet
to be found.
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Models

Instability in accretion flux. The magnetic field make the accretion flux asymmetric.



B2

Models

Strong and turbulent magnetic fields may cause precession, rotation or helical structure of
jets, or periodic changes of the Doppler factors.
Jet precession and rotation due to the presence of rigid and massive body in the accretion
disk.



B3

Considering the Morlet as mother function we define the model function for the

projection:

𝑦 𝑡 =෍
𝑎

𝑀

𝑦𝑎𝐹𝑎(𝑡)

𝑆𝑎𝑏 = 𝐹𝑎 𝐹𝑏 , in order to determine 𝑦𝑎 coefficients for the best-fit of the mother

function on the time series 𝑥:

𝑦𝑎 =෍
𝑏
𝑆𝑎𝑏
−1 𝐹𝑏 𝑥

Statistic weights 𝑤𝑖 to have a weighted projection:

𝐹 𝑥 =
σ𝛼𝑤𝛼𝐹(𝑡𝛼)𝑥(𝑡𝛼)

σ𝛽𝑤𝛽

We define WWZ as:

𝑍𝑊 =
𝑁𝑒𝑓𝑓 − 3 𝑉𝑦

2(𝑉𝑥 − 𝑉𝑦)
Where Neff = Τσ𝑤𝛼

2 σ𝑤𝛼
2 .

Weighted Wavelet Z-transform (WWZ)
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Weighted Wavelet Z-transform (WWZ)



Signal and noise: 𝑋𝑗 = 𝑋 𝑡𝑗 = 𝑋𝑆 𝑗 + 𝑅𝑗 , ( j = 1,… , 𝑁 ).

Classic periodogram: 𝑃𝑋 𝜔 =
1

𝑁
𝐷𝐹𝑇𝑋 𝜔 2 =

1

𝑁
σ𝑗=1
𝑁 𝑋 𝑡𝑗 𝑒−𝑖𝜔𝑡𝑗

2

Not useful in case of noisy data. Spectral Leakage.

Discrete Fourier Transform:

𝐷𝐹𝑇𝑋 𝜔 = 𝑁/2෍
𝑗=1

𝑁

𝑋(𝑡𝑗)(𝐴(𝜔) cos𝜔𝑡𝑗 + 𝑖𝐵(𝜔) sin𝜔𝑡𝑗)

If 𝐴 𝜔 = 𝐵(𝜔) = 2/𝑁 we obtaing the classic periodogram. Lomb-Scargle changes:

𝐴 𝜔 = ෍

𝑗

cos2𝜔𝑡𝑗

−1/2

; 𝐵 𝜔 = ෍

𝑗

sin2𝜔𝑡𝑗

−1/2

Modified periodogram:

𝑃𝑋 𝜔 =
1

2

σ𝑗 𝑋𝑗 cos 𝜔(𝑡𝑗−𝜏)
2

σ𝑗 𝑋𝑗 cos
2 𝜔(𝑡𝑗−𝜏)

+
σ𝑗 𝑋𝑗 sin 𝜔(𝑡𝑗−𝜏)

2

σ𝑗 𝑋𝑗 sin
2 𝜔(𝑡𝑗−𝜏)

with        tan 2𝜔𝜏 =
σ𝑗 sin 2𝜔𝑡𝑗

σ𝑗 cos 2𝜔𝑡𝑗

Lomb-Scargle Periodogram (LSP)
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Baluev FAP
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Two hypothesis: noise H and periodic signal K. FAP comes from the probability distribution of maxima in

periodograms under H hypothesis.

Least-squares periodogram:

𝑧 𝑓 =
𝜒𝐻
2 − 𝜒𝐾

2 𝑓

2

With the theory of random processes we estimate the FAP:

𝐹𝐴𝑃𝐵𝑎𝑙𝑢𝑒𝑣 𝑧, 𝑓𝑚𝑎𝑥 = 1 − exp(−𝑊𝑒−𝑧 𝑧 )

𝑊 = 𝑓𝑚𝑎𝑥𝑇𝑒𝑓𝑓 ;    𝑇𝑒𝑓𝑓 = 4𝜋𝐷𝑡 ;     𝐷𝑡 = ഥ𝑡2 − ҧ𝑡2



𝑋𝑠𝑖𝑚(𝑡) =
𝑔 𝑡 = 𝐴 sin(𝑡𝜔0 + 𝜙0) + ℎ + 𝑎0𝑒

−
𝑡−𝑏0
𝑐0

2

, 𝑔 𝑡 > 𝑤(𝑡)

𝑤 𝑡 , 𝑔 𝑡 < 𝑤(𝑡)

𝑢𝑝𝑝𝑒𝑟𝑙𝑖𝑚𝑖𝑡 , 𝑔 𝑡 , 𝑤 𝑡 < 𝑈𝐿0

With 𝑤 𝑡 white noise. Parameters with 0 wary for each simulation, while 𝐴 and ℎ vary randomly in short range

over the observation time.

Time series simulations
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Blazar when the viewing angle is 𝜃 ≤ 1/Γ , Doppler beaming with Lorentz factor Γ ≈ 10 – 20.

Kinematic Doppler factor:

𝛿 = 𝛾 1 − 𝛽 cos𝜃
−1

Flux transformation with Doppler factor:

𝐹𝜈 𝜈 = 𝛿3+𝛼𝐹′𝜈′(𝜈)
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Relativistic beaming effect
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More results
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More results


