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Fermi-LAT	and	blazar	variability

✦ How do we characterize blazar variability? 
Duty cycle, time asymmetry, power spectrum etc 
 
 

✦ How are gamma-ray and radio/optical/X-ray  
emission related? 

✦ Where in the jet are the gamma-rays produced? 

MW	Correla/ons
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Fermi-LAT	and	blazar	variability

No persistent breaks found in 
PDS of individual sources 

Power Density Spectra  
in radio, optical, X-ray typically 
power-laws with index 1 to 2 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Fermi-LAT	and	blazar	variability

Gamma-ray variability:  
    1. Spectral: Harder-when-brighter (FSRQs) mixed (BL Lacs) 
    2. Time asymmetry:    No  
    3. PDS:  Power law index ~ 0.8 - 1.3  
                  No persistent break (= characteristic time scale)  

Next question: Stationary/Non-stationary? 
                        Linear/Non-linear?    
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RMS	-	Flux	rela9on
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Explaining X-ray blazar variability

2. What we can learn from Galactic X-ray Binary Sources and Seyfert Galaxies

Over the last decade there have been many observations of the X-ray variability of Seyfert
galaxies and GBHs with RXTE and considerable effort has been put into modelling these observa-
tions. It is now clear that X-ray variability is a red-noise process, with coupling between variations
on long and short timescales. We understand how variability timescales scale with mass and ac-
cretion rate and we have a model which can explain the origin of the variations. In the following
sections I will discuss the main diagnostic observations which have lead us to our present under-
standing of GBH and Seyfert galaxy variability and I will test the observations of blazars against
those diagnostics. In particular I will discuss the rms-flux relationship and the scaling of charac-
teristic timescales. I will also briefly mention the measurement of the lag between the hard and
soft X-ray bands as a function of Fourier frequency, although its interpretation is somewhat more
complex in the case of blazars. I will concentrate here on the two best observed blazars, ie 3C273
and 3C279.

3. The rms-flux relationship

3.1 Non-beamed black hole systems

Following discussions regarding the relative merits of measuring powerspectra in terms of
absolute power or rms power, it was found that the rms variability of GBH lightcurves (ie the
integral of the PSD over the observable frequency range) varies linearly with flux (Fig.2, left panel,
from [22]). It was also found that a linear rms-flux relationship applies to Seyfert galaxies (eg
Fig.2, right panel, and [17, 15]).

Fig.2. Left Panel rms-flux relationship for Cyg X-1 [22]. Right Panel rms-flux relationship for NGC4051 [17]

The fact that short timescale variations (ie those that determine the rms) decrease in amplitude
when the long timescale variations (ie those that determine the mean flux level) decrease means
that there must be a link between variations on different timescales. Thus the overall flux variations
must be the result of a multiplicative, rather than additive, process. A model which can produce
such variations was proposed by Lyubarskii [7]. In this model variations are produced in annuli in
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Explaining X-ray blazar variability

X-ray jet in 3C273 [4].
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Fig.5. Left Panel rms-flux relationship for 3C273 derived from the X-ray lightcurve shown in Fig.4.
Right Panel rms-flux relationship for 3C279 derived from the lightcurve shown in Fig.1

4. Powerspectra and Scaling of Characteristic Timescales

The X-ray powerspectral densities (PSDs) of GBHs and Seyfert galaxies can be described
very well as red-noise processes, such as would be produced by the variability process described
above. Seyfert galaxies, in particular, have PSDs which, at low frequencies are described by simple
powerlaws, ie P(ν) ∝ ν−α with α ∼ 1. Above a particular frequency, νB, or timescale TB = 1/νB,
the PSD steepens to α ≥ 2. This timescale may correspond to the viscous timescale associated
with the inner edge of the accretion disc and the overall PSD shape is quite consistent with the
Lyubarskii/Kotov/Churazov emission model.

Figure 6: PSD of 3C273, derived from observations by RXTE EXOSAT, and many previous observatories,
unfolded from the observational sampling pattern.
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3C 273 3C 279

McHardy (2008)
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Explaining X-ray blazar variability

6. A Possible Scenario for Blazar X-ray Variability

I have shown that there are a number of similarities between the X-ray variability properties
of beamed and non-beamed black hole systems. These similarities suggest that the same process
is driving the variability in all systems. This process could be fluctuations in the accretion flow
through the disc. These fluctuations could modulate any X-ray emission region above the disc,
or around the central black hole. The fluctuating accretion flow could then propagate out into
the jet where it could produce variable X-ray emission, either by modulating the emission from
the ‘quiescent’ jet or perhaps by generating the emission via shocks (eg [10]). The exact process
by which the X-rays might be produced in the jet is still unclear and so it is represented, in the
schematic Fig 10 simply by the box labelled ‘jet physics; non-linear response’.

I conclude by encourage observers to test the diagnostics which I have described above, and
which were derived from observations of non-beamed systems, to blazars, to determine whether
the underlying emission process is the same in all accreting objects.

Figure 9: A possible geometric scenario to explain blazar variability. Variations are generated within the
accretion disc and propagate inwards to modulate inner X-ray emitting regions and also the X-ray emitting
region in the jet.

Figure 10: The X-ray emission scenario shown in Fig.9. explained in words.
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Illustration from McHardy (2008):
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Fermi-LAT	and	blazar	variability

The Astrophysical Journal, 780:87 (10pp), 2014 January 1 Marscher

Figure 1. Sketch of the geometry employed to carry out calculations within
the TEMZ code. The number of fixed computational cells across the jet cross-
section (view down axis, in which × marks the Mach disk) can be as high
as 1140, not including the Mach disk. A turbulent cell of plasma, moving at
laminar velocity βu upstream of the shock and at laminar velocity βd after it
passes the shock, crosses one computational cell during each time step. The
emission occurs between the conical standing shock and the rarefaction. The
entire region sketched lies !1 pc from the central engine.

the variability patterns that the model generates, while Section 5
presents the conclusions of this work. A future study will include
a more complete exploration of parameter space.

2. DESCRIPTION OF THE TEMZ MODEL
AND NUMERICAL CODE

The author has developed a numerical code designed to
simulate the time-dependent SED from a relativistic jet in which
turbulent plasma crosses a standing conical shock plus MD. (The
code, originally written in the Fortran-77 computer language,
has also been translated to the C++ language by M. Valdez.) The
run time on a common desktop or laptop computer with a Linux
operating system is hours or days, depending on the number
of emission zones (“cells”), values selected for the physical
parameters, and the number of simulated time steps involved
(hundreds to thousands). The program calculates the SED from
1 × 1010 to 5.6 × 1026 Hz, with four frequencies per decade, as
well as the degree and position angle of linear polarization (for
synchrotron radiation only) at each time step.

As depicted in Figure 1, the TEMZ geometry consists of
many cylindrical computational cells, fixed in space, through
each of which a single turbulent cell of plasma passes during one
time step. The plasma contains magnetic field and relativistic
electrons (and positrons, if any), as well as protons that are
presumed not to contribute a significant amount of radiation.
The field is uniform within any given turbulent cell. The plasma
flows downstream, i.e., radially away from the central engine,
through the computational cells at a laminar relativistic velocity
βdc, where c is the speed of light and the subscript “d” refers
to the region downstream of the shock. The corresponding bulk
Lorentz factor is defined as Γd ≡ (1 − β2

d )−1/2. The plasma
within each turbulent cell has a turbulent component βtc of the
bulk velocity, with a randomly selected direction relative to the

systematic flow. For simplicity, and because of the high Lorentz
factor at which the fluid is advected downstream, the turbulent
component of the bulk velocity is subsequently held constant.
Also for simplicity, the model approximates that there is no
physical interaction between adjacent cells.

The radiating electrons (as well as any positrons) are accel-
erated to relativistic energies as the plasma crosses a conical
“recollimation” shock, oriented such that it narrows with dis-
tance from the central engine. An MD can be present at the apex
of the conical shock. Beyond the apex, the flow crosses a conical
rarefaction that causes the flow to expand and accelerate. The
current version of the code assumes that the emission turns off
after the plasma crosses the rarefaction. While this may not be
the case at lower frequencies given the long timescales for en-
ergy losses by the radiating electrons, the assumption lowers the
computing time considerably. Hence, the accuracy of the results
presented here may decrease toward centimeter wavelengths,
where the flux density is generally higher than that calculated in
the TEMZ code. In many blazars, the flux at such wavelengths is
dominated by features well downstream of the “core” structure
treated by the TEMZ model.

Figure 1 sketches the geometry, as viewed both down the
axis and from the side, of the section of the jet over which
the calculations are performed. (Note that the geometry of the
computational cell structure is approximated to be cylindrical.
This ignores the slight spreading of the jet expected from the
small transverse components of both the laminar and turbulent
velocities. These components are included in the calculation of
Doppler factors described below, however.) The time step, in the
observer’s frame, is selected as the time required for a turbulent
cell of plasma to move downstream by one computational cell
length ℓ = 0.2Rcell/ tan ζ , where the cell cross-sectional radius
Rcell is selected by the user and ζ , also a free parameter (although
subject to constraints; see below), is the angle between the
conical shock front and the jet axis. The factor of 0.2 corresponds
to 2 divided by the number of cells (10) in an outer column
(where the “columns” are parallel to the jet axis) between the
start of that column and the start of the neighboring column (see
Figure 1).

The energy density of relativistic electrons ue in the upstream,
unshocked plasma fluctuates about a nominal value u∗

e set by the
user, modulated randomly with time within a distribution that
reproduces a power spectral density (PSD) of flux variations
with a power-law shape. A subroutine supplied by R. Chatterjee
(see Chatterjee et al. 2008), based on the algorithm of Timmer
& König (1995), produces 2n random values between −1 and
1 that correspond to a power-law PSD with a slope provided
by the user, where n is an integer. Following a suggestion by
Uttley et al. (2005), the TEMZ code exponentiates each number
produced by the subroutine in order to derive the multiplicative
factor that is applied to the input value of the energy density. (A
new, improved prescription by Emmanoulopoulos et al. 2013,
for producing the fluctuations will be incorporated in the future.)
This is done for 217 = 131, 072 times, which is sufficient
to allow calculations over the desired number of time steps
included in the light curves while taking into account light-
travel delays across the grid of cells. The code averages the
fluctuations that are thereby produced over 10 time steps, an
action that is necessary because of the discreteness of the cell
arrangement (see the previous paragraph). (The current version
of the code includes gradients in unshocked energy density only
in the longitudinal direction (through the time dependence), not
in the transverse direction.) For the same reason, the orientation

2

Marscher (2014)

In addition to power spectra, the 
RMS-Flux relation is should also be 
used as a test of models
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The	RMS-Flux	rela9on	at	gamma-ray	energies

Analysis: RMS vs Flux (and RMS/Flux vs Flux)

Questions: Is the RMS-Flux relation linear?

Is it the same over time?

Implications for variability models?

Method: Compute RMS directly from light curve 
              using 20 or 72 day segments

(sampling time scales:  2-20 days and 
12-72 days respectively)

Full sample:   127 high significance AGN (3FGL) 

This analysis: 16 FSRQs, 6 year light curves (6 day binning)  
                       for 2 (3C 279 and PKS 1510-089) also  
                       7 year, 1 day binned light curves.



Malaga 2016 Stefan Larsson

3FGL J1048.4+7144

3FGL J0725.2+1425 3FGL J0841.4+7053

3FGL J1208.7+5442

Prelim
inary

Prelim
inary

Prelim
inary

Prelim
inary

RMS-Flux for 6 year LAT light curves (with 6-day binning) 
Points are for individual segments (error bars include measurement noise but not red noise) 
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The	RMS-Flux	rela9on	at	gamma-ray	energies
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The	RMS-Flux	rela9on	at	gamma-ray	energies

3FGL J1224.9+2122 3FGL J1229.1+0202

3FGL J1256.1-0547  3C 2793FGL J1239.5+0443

Prelim
inary

Prelim
inary

Prelim
inary

Prelim
inary
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The	RMS-Flux	rela9on	at	gamma-ray	energies

3FGL J1635.2+3809 3FGL J1637.7+4715

J2147.3-7536 3FGL J2254.0+1608

Prelim
inary

Prelim
inary

Prelim
inary

Prelim
inary

No evidence for a non-variable component
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The	RMS-Flux	rela9on	at	gamma-ray	energies

                                                            

0 5.0×10-7 1.0×10-6 1.5×10-6 2.0×10-6 2.5×10-6

                           FLUX                             

0

5.0×10-7

1.0×10-6

1.5×10-6

2.0×10-6

2.5×10-6

   
   

   
   

   
   

   
   

   
 R

M
S 

   
   

   
   

   
   

   
   

   
 

3C 279 RMS-Flux based on 1 day binned Fermi LAT light curve (7 years of data) 

A second order polynomial provides a better fit than a linear relation when all data is used

Prelim
inary
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The	RMS-Flux	rela9on	at	gamma-ray	energiesPerspective: history of γ-ray flux from 3C 279 

2008 Aug-2010 Aug 
 (Hayashida+12, ApJ) 

2013 Nov – 2014 Apr 
 (Hayashida+15, ApJ) 

7 year Fermi light curve (2008 Aug. – 2015 Aug.) 
2015 June 

Fermi-LAT: > 100 MeV  
(1 day bin) 

preliminary 

1-day average fluxes during 3 large outbursts (at E >100 MeV) 
 

1. 2013 December 20      :   6.0 x 10-6 ph cm-2 s-1 
2. 2014 April 03    :   6.4 x 10-6 ph cm-2 s-1 
3. 2015 June 16     : 24.3 x 10-6 ph cm-2 s-1 

1 2 3 

3 Greg Madejski, KIPAC/Stanford 
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The	RMS-Flux	rela9on	at	gamma-ray	energies
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3C 279 RMS-Flux for the first (+) and second (diamonds) 3.5 years of 
Fermi-LAT observations (flux binned)

Prelim
inary

Non/slow-variable component?
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3C	279	Power	Density	Spectrum

MINUTE-TIMESCALE �-RAY VARIABILITY OF QUASAR 3C 279 IN 2015 JUNE 7

Figure 2. Light curves of 3C 279 above 100 MeV with minute-timescale intervals. (a): Intervals of 5 min (red) and 3 min (green) during the outburst phase
from Orbits B–J. (b): Enlarged view during Orbits C and D. Each range is indicated with dotted vertical lines in (a). The points denote the fluxes (left axis), and
the gray shaded histograms represent numbers of events (right axis) detected within 8� radius centered at 3C 279 for each bin. Contamination from both diffuse
components were estimated as ⇠ 1 photon for each 3-min bin.

Figure 3. Power Density Spectrum (PDS) of the �-ray flux of 3C 279. (left) PDS derived from three different time-binned light curves: 3 days (red and
magenta), orbital period (blue) and 3 min (green). The PDS’s 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. (right) Enlarged view of the high-frequency
part of the PDS, based on 3-min binned light curves, plotted using a linear scale and including also the highest frequencies. The white noise level has been
subtracted.

Also the Power Density Spectrum differ between the two epochs  
(from Ackermann et al 2016, http://arxiv.org/abs/1605.05324)

3C 279

Second 3.5 year epoch

2015 outburst (~2 weeks)

First 3.5 year epoch

Overlapping PDS is consistent with constant RMS/Flux  

(but for a linear RMS-Flux relation, RMS/Flux will be constant only if 
the RMS-Flux line goes thorough origo)

Talk by Masaaki Hayashida yesterday
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Summary

• We have investigated the RMS-Flux relation at gamma-ray 
energies for 16 FSRQs  

• The preliminary analysis suggests that the relation is 
typically linear but with a slope that may change with time  

• A more weakly variable components might be present in 
som sources but their contribution is typically small.  

• The RMS-Flux  should be considered in models of blazar 
variability.


