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Intermittent Jet Activity
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Blazar Variability: Radio

MOJAVE 3C 279
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Blazar Variability: Optical

Kastendieck et al. 2011: PKS 2155-304

Year

1935 1940 1980 1985 1990 1895 2000 2005 2010
L e R i — T *+ 1 T T T T T T T I T T T T T T T T T T T T T
= -y =
o 2. —=
- ~ ' - i f b o =
g + 5 5 +++ 1IF.|. ¢ J‘I + . g g
- ++ ! L ' #E } : :; - =
R ¢ : S R § ‘ =
— +i by : : e PR, ! : ' =
LI AL B T - -
E | 1 L L | i _______ E | L 1 L 1 1 L L | L L L | L L 1 | L L 1 | L E

28000 30000 44000 46000 48000 50000 52000 54000

MJD

optical flux changes in blazar jets:
hours — decades



I'(2 - 10 keV)

Blazar Variability: X-rays

Soldi et al. 2008: 3C 273

blue: WT —red: PC

Swift-XRT: Mrk 421
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Blazar Varlablllty

Hayashida et al. 2015
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Minimum variability timescale?

SMBH event horizon sets a lower limit on the spatial scale of the jet
disturbances: OM
Ry 21y = >

~YJ

flow disturbances created at the distance ry release radiatively their
dissipated kinetic energy around

r~T2r

e emission region is casually connected during the observed flaring event
with the comoving duration 7/

R ,Sc'r’

for a relativistic free-expanding jet

R~0;r~

M=

\4
observer



Minimum variability timescale?

\4
observer

Time dilation 7/ = 7/T" combined with the contraction of the arrival time
interval for photons emitted by a moving source during the flaring event,
Tobs = T (1 — B cosB), gives therefore

R < cd1yps and 17 < el 1hps

where R = R’; hence, noting that ry ~ Ry ~ r,, and taking the flux
doubling timescale as the shortest relevant time interval for the observed
flux changes, 7,5 ~ t4, one can easy find out that the shortest observed
variability timescale corresponds to the light-crossing time of the SMBH
event horizon,

o= — I for small 6
I'(1 — fcosB)

!
Tops = T 10

ry ~ 10 Mg [cm]
tg ~ 103 Mg [s]
where Mg = M/10°Mg




‘Standard” one-zone modeling

Let's assume a single homogeneous spherical blob of magnetised plasma
moving with a constant bulk velocity along a conical free-expanding jet.

Model free parameters: linear size R, bulk Lorentz factor I', magnetic field
intensity B, equipartition ratio U’¢/U’s, and the electron energy distribution, e.g.,

,Y—Slow for Ymin < 7Y S “Ybr
Ne(f)/) X { fy_Shigh for Yor < Y < Vmax

Some parameters may be constrained a priori:

R from the observed variability timescale

I from the observed superluminal radio features
Siow~2 and ¥min ~1 from “common expectations”...

For a given distance from the jet base (r=IR), estimate photon energy densities
(including jet synchrotron, accretion disk, broad-line region, hot dusty torus, starlight).

For the above, calculate synchrotron and inverse-Compton emission components,
including all the absorption effects in the gamma-ray range, etc., adjusting model
free parameters untill a satisfactory match to the spectral datapoints is obtained.



‘Standard” one-zone modeling
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dominated by a single “flare” during
the 3-month-long campaign

Magnetic field B =0.015G B =10.03G
Emission region size R=13x10"cm R=02x10"cm
Jet Doppler and bulk Lorentz factors '=6=12 '=6=22
Equipartition parameter ne = UL/Up =56 ne =U,/Up =130
Minimum electron energy —> Ymin = 600 Ymin = 300
Intrinsic electron break energy

Cooling electron break energy
Maximum electron energy

Low-energy electron index
High-energy electron index

Electron index above the cooling break
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s1 = 2.2

S0 = 2.7

s3 = 3.65

Yor,1 =3 x 10*
Yor,2 =5 X 105
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s1 =2.2

so = 2.7

s3 =3.5




‘Standard” one-zone modeling

Blazar SEDs in many cases can be matched reasonably well with this “minimum-assumption” model,
returning typically U’e/U’s >> 1 (worrisome?), and often Siow <2 Or ymin >> 1 (interesting!)

Some sources/SEDs could not be matched easily with this model
-> should we consider multi-zone/multi-component versions of the model?
or an additional hadronic emission component?

In this way one however
doubles the number of model
free parameters...

More flexibility in matching
the data, but the physical
setup often more arbitrary/
speculative, and the model
limitations remain...

etlc.




‘Standard” one-zone modeling

Steady-state emission spectra calculated for the assumed
form of the electron energy distribution.

A clear oversimplification of the geometry and internal
structure of the emission zone.
Good point: a “minimum-assumption” model.
But are these assumption even realistic at all?

Assumes that a single zone dominates the observed radiative
output of the entire jet at a given time (at least in some
selected photon energy ranges of interest, in particular

ignoring the radio frequency domain!).

One should be using simultaneous data (in those selected
photon energy ranges) for that given time.



Non-simultanous SEDs
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Broad-band SEDs rarely/never constructed from truly simultaneous data... typically averaged over some
longer periods, typically with uneven sampling, different for different photon energy ranges...

When “no strong variability observed”, one could argue that the average is representative for the “source
quiescence” (where the “source” is some extended portion of an outflow).

S0 maybe instead of a single moving blob, one should try to calculate some integrated radiative output
of a (possibly) stratified outflow, not ignoring any frequency domain?



Steady stratified ouflows

Models for the underlying steady jet component:

a) constant bulk velocity, free-expanding, particle-dominated jet, with the electron distribution

maintained (by some unspecified dissipation process) along the outflow, and the magnetic field
scaling according to the conservation of magnetic energy (Blandford & Konigl 1979)
b) as above, but with the evolving electron energy distribution calculated self-consistently (radiative
and adiabatic losses) for a given (assumed) injection function

c) slowly collimating and accelerating MHD outflow (Komissarov et al., Lyubarsky, etc.) with the

evolving electron energy distribution calculated self-consistently (radiative and adiabatic losses)
for a given (assumed) injection function

Al

model parameters:
profiles R=R(r), F=I(R,r), B=B(r,R), o=0(R,t), Q=Q(y,R,r)

ONe (’Ya t) _ 887 {17 Ne(7,0)} + Q(, 1)




Steady stratified outlows
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And how about those rapid flares?

Flux(E > 100 MeV)[107° ph em™2s™!]
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Clearly, a fully time-dependent and
self-consistent modelling is needed
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Evolving Internal shocks

Internal shock developing in a conical jet
with a given opening angle
(not necessarily 1/I")

Assume basic parameters of colliding
shells (total kinetic energies, bulk
velocities), and follow the kinematics of the
evolving double-shock structure along with
the energy evolution of radiating electrons
injected at the shock front with a given
(assumed) injection function Q(y)
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Evolving Internal shocks
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The modelling gives rather strong constraints on the model
parameters, and clear predictions for the expected MWL
flaring behaviour.

In particular, points out to proton-mediated shocks with
dynamically negligible magnetic field.

Crucial assumption, again: electron injected at the shock front
with a given injection function.

Needs extremely good quality and truly simultaneous
MWL data for well-defined flaring events.

But typically we do not have such MWL datasets available!

Also, high-amplitude short gamma-ray flares are rather rare...
In the case of longer flux enhancements: how sure that these
constitute isolated and coherent events? Maybe instead a

superposition of distinct but just unresolved mini-flares?
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Electron Spectra

Electron spectra emerging from such

modelling is nothing like expected in the
“standard” DSA model!

MeV

GeV

TeV



Relativistic shocks
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Steep particle spectra (s>2) with very limited maximum energies and spectral indices
depending on the magnetic field configuration and turbulence spectrum
(Niemiec & Ostrowski, Spitkovsky et al.).

Not good news for hadronic emission models and the UHECR/neutrino production...



Relativistic reconnection

600 .

400
200

yo [e/w,)]

-200
-400
=600

1000 2000 : 3000 4000 5000 6000

0 500 1000 1500 2000 2500
X, [e/w,)

10°
107!

Density

Densitv

y dN/dy

10" ¢

10°
107!

I
10° 7
107!
107

T T T T T T T

)

500 1000 1500

b ]

1072

10745

107

Efficient leptonic acceleration up to very high energies; power-law spectra with spectral
indices depending on the plasma magnetisation —
flat spectra (s<2) for highly magnetised plasma, steep spectra (s>2) for low magnetisation
(Guo et al., Sironi & Spitkovsky).



Broad-band SED modeling

1)  moving single blobs: could be ~OK
for a well-defined “blazar emission
zone”, with a given characteristic tyar
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considered for single coherent and
well-resolved flares seen across
various wavelengths



Broad-band SED modeling

1) moving single blobs: could be ~OK -> put is there any well defined
for a well-defined “blazar emission distinct blazar emission zone, with
zone”, with a given characteristic tyar particular characteristic tvar?

2) steady stratified outflows: should be
OK if blazars undergo quiescence -> but are there really quiescence
periods when the jet emission is states with no flux variability”?
Indeed ~steady

3) evolving internal-shocks: might be -> pbut are the flux changes
considered for single coherent and observed at various wavelengths
well-resolved flares seen across iIndeed intrinsically correlated,

various wavelengths and flares robustly resolved?
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(a) TeV~y-ray/radio

A VERITAS (>400 GeV)
®  Fermi- LAT (0.1-300 GeV)
® RXTE-PCA (3-20 keV)

*  Swift- XRT (0.3-10 keV)
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Log (rms?/(mean? frequency unit))

PKS 1510 & 3C 279

Ahnen et al. 2017
PKS 1510 days to years
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Power density spectrum of PKS 1510 for the
mission-long Fermi-LAT light curve (black) and
for the 2015 flare epoch (magenta).
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Ackermann et al. 2016
3C 279 days to years
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Power density spectrum of 3C 279 derived from three different
time-binned LAT light curves: 3 days (red and magenta),
orbital period (blue), and 3 minutes (green); the PDSs marked
in red and magenta were derived using the first and second
halves of the first 7 year Fermi-LAT observation, respectively.
The second half of the interval contains the giant outburst
phase in 2015 June.



Stochastic variability

but is there any well defined -> no single well defined characteristic
distinct blazar emission zone, with variability timescale (achromatic noise!)

particular characteristic tvar?

-> N0 “quiescence vs. flaring states”:
but are there really quiescence variability seen at all the timescales from
states with no flux variability? decades to hours, just with the variability
amplitudes decreasing for shorter and
shorter timescales

but are the flux changes |
observed at various wavelengths ~ -> stochastic character of gamma-ray and

indeed physically related, and synchrotron (optical and radio) variability
flares robustly resolved? seems rather different (red vs pink noise)



Stochastic variability

Instead of standard Fourier decomposition methods, one can use a certain statistical model to
fit the light curve in the time domain, and thus to derive the source power spectrum.

First-order Continuous-time Auto-Regressive (CAR(1)) model (also known as an Ornstein-
Uhlenbeck process): the source variability is essentially described as a damped random walk,
l.e. a stochastic process defined by the amplitude and the characteristic (relaxation) timescale

(e.qg., Kelly et al. 2009, 2011)

amplitude of the driving
Brownian motion W(t)

relaxation frequency

dX(t) = —wo(X(t) — w)dt + cdW(2), @, ¢ > 0.

T Soboleska et al. (2014): modelling of gamma-ray (LAT) light
mean of the process X(t) curves of blazar sources, on the timescales from years to
hours, in terms of a linear superposition of CAR(1) processes
12 — ' l :
All
- 10 -
o 8 -
)
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g 4 ~
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CARMA Modeling

Continuous-time Auto-Regressive Moving Average (CARMA) mode, which is a
generalized version of the first-order CAR(1).

In the CARMA model, the measured time series y(t) is approximated as a process defined
to be the solution to the stochastic differential equation

CARMA(p, q)

Continuous time autoregressive moving average process (Kelly+2014).

autoregressive coefficients

AR white noise process
Pylt) AP y(t)
T T Qp_1 i1 + ...+ agy(t) =
Cdle(t) d9Le(t)

MA

The PSD of a CARMA process
is a sum of Lorentzian functions.

moving average coefficients . . s
g g Centroids, widths and normalizations are

the free parameters.
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J 287

0J287 — Fermi-LAT (Goyal, LS, et al. 2018)
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0J287 (Goyal, LS, et al. 2018)
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log Power [rms? day]

Od 287

0J287 (Goyal, LS, et al. 2018)
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Analysis methods

Lomb-Scargle Periodogram (LSP; plus power-response method Uttley et al.
2002), discrete Fourier transform (DFT, with linear interpolation of unevenly
spaced data; see Goyal et al. 2017), first-order Structure Function (SF; but see
Emmanoulopoulos et al. 2010), Multiple Fragments Variance Function (MFVF;
Kastendieck et al. 2011), Continuous-time Auto-Regressive Moving Average
(CARMA; see Kelly et al. 2009-14)

Colored-noise + uneven sampling + Optical(all) o pAnMA
finite duration of the light curves = [ '
challenges for the statistical 4l %
analysis. i iy

On the other hand, different analysis
tools and methods applied, some
more well established some less,

seem to give similar results i

log(Power [(rms) 2 day])

-5 45 -4 -3.5 -3 25 -2 -15 -1

log( Frequency [day . D



Magnetically Arrested Disks

O’Riordan

Variability power spectra produced by turbulence in relativistic jets launched
by magnetically arrested accretion flows (MADs) are of a power-law form,

et al. 2017:

and extend down to very short variability timescales (in the relativistic
turbulence model by Narayan & Piran 2012, magnetohydrodynamic
turbulence in the jet produces compact blobs on scales smaller than the

horizon radius,
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Quasi-)periodic oscillations?

marginal significance, timescales of a few years, seem to be related to accretion disks rather than binary SMBHs
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Chocking Magnetized Disks

A. Tchekhovskoy, R. Narayan and J. C. McKinney
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In the case of magnetically arrested disks, the characteristic timescale of quasi-periodic oscillation in the jet production
efficiency set by the rotating and unstable (“chocking”) magnetic field accumulated at the saturation level around the
horizon of a spinning black hole, corresponds to tens/hundreds of the gravitational radius light-crossing times
(Tchekhovskoy et al. 2011; McKinney et al. 2012).



Concluding remarks

1) Various approaches for modelling the blazar SEDs; the most commonly invoked
one-zone models, including time-dependent analysis in the framework of the
internal shock scenario, imply typically U’s/U’s >> 1 and broken EED with Siow <2
below ybr ~ 100-1000 and Shigh > 2 above yor.

2) The most recent simulations (PIC) of the relativistic magnetic reconnection,
reveal efficient electron acceleration leading to formation of flat s<2 electron
spectra for high plasma magnetisation U’s/U’s << 1; on the other hand,
simulations of relativistic shocks reveal rather steep s>2 electron spectra, in
addition strongly depending on the magnetic field configuration.

3) Various approaches for constraining the blazar PSDs, revealing however in
accord a general colored-noise-type variability, extending from the variability
timescales of decades down to hours, in addition with an excess variability power
at gamma-rays (when compared to the optical or radio domain) on the variability
timescales shorter than a year (pink vs. red noise); could possibly be understood
as driven by relativistic turbulence.



