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Optical (OGLE) light curves of FSRQ and BL Lac candidates behind
Magellanic Clouds:

Żywucka et al. (2018, 2020)
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Gamma-ray light curves of Fermi-LAT blazars:

Tarnopolski et al. (2020)
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Power spectral density (PSD)

1 power law (PL):
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Pnorm

fβ

2 PL plus Poisson noise (PLC):
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Power spectral density (PSD) — Fermi-LAT

Tarnopolski et al. (2020)
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Power spectral density (PSD) — OGLE

Żywucka et al. (2020)
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Quasiperiodic oscillations (QPOs) — Kepler

K.L. Smith et al. (2018)

mariusz.tarnopolski@umk.pl Variability statistics Heraeus 10.11, Kraków 7 / 30



Quasiperiodic oscillations (QPOs) — RXTE
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inspired by E. Smith et al. (2020)
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Quasiperiodic oscillations (QPOs) — RXTE
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Quasiperiodic oscillations (QPOs) via wavelets

A (mother) wavelet ψ(t) is a short, temporally and spectrally localized
oscillation.

Child wavelets form a basis (l—translation, s—scale):

ψs,l(t) =
1√
s
ψ

(
t− l

s

)

x(t) =
∑
s,l

W (s, l)ψs,l(t)

W (s, l) =

∫
t

x(t)ψ∗
s,l(t)dt

Pwav(s, l) = |W (s, l)|2
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Quasiperiodic oscillations (QPOs) — RXTE

Statistical significance via CARMA models
(cf. Sz. Kozłowski’s talk & Kelly et al. 2014)
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Quasiperiodic oscillations (QPOs) — Fermi-LAT

Tarnopolski et al. (2020)
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Quasiperiodic oscillations (QPOs) — Fermi-LAT

Tarnopolski et al. (2020)
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Quasiperiodic oscillations (QPOs) — Swift-BAT GRBs

Tarnopolski & Marchenko (2021)
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Quasiperiodic oscillations (QPOs) — Swift-BAT GRBs

Tarnopolski & Marchenko (2021)
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Caveat emptor

Significance levels:
per cent sigma

68% 1σ
90% 1.64σ
95% 1.96σ
99% 2.58σ

99.73% 3σ
99.9937% 4σ
99.9999% 5σ

Oops-Leon

6 GeV/c2 particle; significance 98%
(≡ 2.33σ); denoted Upsilon (Υ).
More data ⇒ spurious discovery.
A 9.5 GeV/c2 particle discovered
soon after at a 5σ level—reused
the name Upsilon.

Hom et al., PRL, 36, 1236 (1976); 39, 252 (1977)
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Black hole mass estimates

fbreak=1/Tbreak

β1

β2

C

SBPL

TB = 2π(r
3/2
ISCO + a⋆)(1 + z)

GMBH

c3

= 0.359m9(1 + z)f(a⋆) day

Tbreak ∼ tth ∼ α−1tK

TB ∼ tK ∼ αTbreak
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Black hole mass estimates

log
Tbreak
1 day

= A log
MBH

106M⊙
−B log

Lbol

1044 erg s−1
+ C McHardy et al. (2006)
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Viscosity estimates

α = 0.3

α = 0.1

α = 0.03

log MBH = 9.35 ± 0.25, ★ = 0.5 ± 0.15 ⇒ α = 0.05
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z = 1; Tbreak = 300 ± 100 d; r = rISCO; prograde rotation

Żywucka et al. (2020)
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OJ 287 — binary SMBH
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Binary SMBHs?

All that’s periodic is not a binary black hole
(Shakespeare, travestied, 1596)

It has been speculated that even 10% of
blazars can be a binary SMBH system
They would contribute to the nHz GW
background (cf. D. Champion’s talk)

Comparison with the pulsar timing array
implies that binary SMBHs can
constitute ≲ 0.1% blazars (Holgado et al. 2018)
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QPOs — what else can cause them?

Lense-Thirring eff. → disk precession — tLT = 8πGM
c3a⋆

(
r

RS

)3

∼ 0.1÷ 10 yrs

Warped accretion disks

Helical jet/magnetic fields; helical motion within the jet; twisting filaments
in the jet etc.

Perturbations in the accretion disk (matter or magnetic field densities, etc.)
in the vicinity of the SMBH can propagate into the jet — however, e.g.:

variations in ṁ propagate through the disk with a time scale
td ≃ 1

2πα

(
r
H

)2
tK ∼ 102÷3 yrs

but tth ≃ 1
2πα tK ∼ 0.1÷ 10 yrs (but a⋆ ̸= 0 in general)

Jet’s precession, even a slight one, changes the viewing angle — strong
dependence of the Doppler factor δ on the viewing angle → flux changes
Fν = δ3F ′

ν (also QPOs in polarization)

Gravitational lensing (cf. D. Król’s talk)

Multitude of other scenarios — possibly a combination of several of them
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Hurst exponents

x(t)
.
= λ−Hx(λt) ρk ∝ |k|−δ ≡ |k|−(2−2H)

fGn (stationary) fBm (non-stationary)

0 1/6 0.5 5/6 1

H

0 1/6 0.5 5/6 1

H

-1 0 1 2 3

βanti-persistent anti-persistentpersistent persistent

The properties of H:
1 0 < H < 1,
2 H = 1/2 for an uncorrelated process,
3 H > 1/2 for a persistent (long-term memory, correlated) process,
4 H < 1/2 for an anti-persistent (short-term memory, anti-correlated)

process.
Tarnopolski et al. (2020), Żywucka et al. (2020)
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Hurst exponents — OGLE
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Żywucka et al. (2020)
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Hurst exponents — OGLE

Black – SBPL; gray – PL.
r = −0.7

Żywucka et al. (2020)
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Hurst exponents — Fermi-LAT

Tarnopolski et al. (2020)
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A− T plane
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A− T plane — Fermi-LAT
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A− T plane — OGLE
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Summary

Wavelet scalograms, optimized for irregularly spaced data,
and with significance testing — crucial

Not every QPO indicates a binary SMBH

Long, dense, high quality data → more involved
phenomenological stochastic models — e.g., Hurst
exponents capture some fine details about the
autocorrelations

A− T plane — classification etc.

Connections with physical properties — important
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