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“blazars”: 

- jet aligned to the line of sight (≤ 

20−30o):

- relativistic flow & : 


- boosted emission:


- superluminal apparent speeds:


- compressed timescales:  

Lapp = Le ⇥ �b

credit: wikipedia
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the F-GAMMA program (Jan 2007 — Jan 2015):

- key science project of the VLBI group at MPIfR

- understand the broad-band variability

- localise the gamma-ray emission site

- estimate the properties of the emitting elements

Fuhrmann et al. 2016A&A...596A..45F 
Angelakis et al. 2010, astro-ph.CO/1006.5610 
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the F-GAMMA program (Jan 2007 — Jan 2015):

- almost 90 mostly Fermi sources

- 2.64 - 142, 345 GHz at 12 frequency steps 

- mean cadence 1.3 months 

- LP at 2.64, 4.85, 8.35, 10.45 and 14.6 GHz 

- CP at 2.64, 4.85, 8.35, 10.45, 14.6, 23.05 GHz

Fuhrmann et al. 2016A&A...596A..45F 
Angelakis et al. 2010, astro-ph.CO/1006.5610 
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Fig. 17. Flux density and three-point spectral index curves. In each plot the upper panel shows the flux density at all F-GAMMA frequencies, while
the lower one shows the low and intermediate-frequencies sepctral indices as functions of time (the spectral index α is defined as S ∝ να). Each
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Fig. 7. Distributions of the mean spectral index over 2.5 yrs of moni-
toring: top: low-frequency (4.85, 10.45, and 14.6 GHz) spectral index,
bottom: high-frequency (32, 86.2, and 142.3 GHz) spectral index (see
text).

months of operation confirming the initial source selection. After1

11 months (Fermi 1LAC Catalog Abdo et al. 2010b) 54 of the2

62 sources (i.e. 87%) were detected. As a result, the F-GAMMA3

programme participated in several multi-wavelength cam-4

paigns initiated by the Fermi team (e.g. 3C 454.3, 3C 279,5

PKS 1502+106, Mrk 421, Mrk 501, 3C 66A, AO 0235+164;6

Abdo et al. 2009a, 2010f,e, 2011a,b,c; Ackermann et al. 2012)7

and in broadband studies of larger samples (Abdo et al. 2010a;8

Giommi et al. 2012). See Fuhrmann (2010) for an overview of9

the early campaigns.10

In the following we examine whether the radio variability11

triggers the source �-ray activity and subsequently their Fermi12

detectability.13

4.1. Radio variability amplitude and Fermi detectability14

In this section we examine whether radio variability – expressed15

by the standard deviation of the flux density – is correlated with16

�-ray loudness of the sources. In this context the proxy for the17

�-ray loudness is the source Fermi early detectability.18

Such a correlation would agree with findings that indicate19

that �-ray flares often occur during high-flux radio states (e.g.20

Kovalev et al. 2009; León-Tavares et al. 2011; Fuhrmann et al.21

2014). A connection between the variability amplitude in the ra-22

dio (quantified by the intrinsic modulation index) and the �-ray23

loudness inferred from the source presence in the 1LAC Catalog,24

has been confirmed with high significance by Richards et al.25

(2011) using 15 GHz OVRO data. Here, we examine whether26

such a connection persists in the F-GAMMA data, and how27
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Fig. 8. Variability amplitude against rest-frame frequency for the
Fermi LBAS detected/non-detected sources (upper panel) and 1FGL
detected/non-detected sources (lower panel) of the F-GAMMA sample.
y-axis: logarithmic average of the light curve standard deviations

frequency a↵ects such a connection. Instead of the modulation 28

index we use the flux density standard deviation. 29

Figure 8 shows the dependence of the logarithmic average of 30

the flux density standard deviation on the rest-frame frequency. 31

Sources included in one of the first Fermi catalogues are plot- 32

ted separately from those not included. The upper panel refers 33

to the LBAS and the lower panel to the 1LAC Catalog. In the 34

first case, the two curves appear clearly separated. The �-ray 35

detected sources display larger variability amplitudes confirm- 36

ing our expectations. On average they are more than a factor 37

of 3 more variable at the highest frequencies where the largest 38

separation is seen. The same conclusion is reached when the 39

1LAC is used as a reference. In this case the statistics are not 40

as good (fewer F-GAMMA sources are absent from the 1LAC) 41

as it is imprinted in the larger error bars in the logarithmic mean. 42

Finally, it is worth noting a clear increase in the separation be- 43

tween the two curves towards higher frequencies. This further 44

supports our findings that the radio/�-ray correlation becomes 45

stronger towards higher frequencies both at the level of aver- 46

age fluxes (see Sect. 5) and at the level of light curve cross- 47

correlations for which smaller time lags are found (Fuhrmann 48

et al. 2014). 49

4.2. Brightness temperatures and Doppler factors versus 50

Fermi detectability 51

We also investigate possible di↵erences between the observed 52

variability time scales, variability brightness temperatures, and 53

Doppler factors of Fermi-detected and non-detected sources in 54

our sample. 55
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Radio variability amplitude and Fermi 
detectability:  

- γ-ray detected sources display 
larger variability amplitudes 

- more than a factor of 3 at the 

highest frequencies 

- clear increase in the separation 

towards higher frequencies

Fuhrmann et al. 2016A&A...596A..45F
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Fig. 9. Top: radio flux against Fermi �-ray flux at 10.45 GHz (left), 86.2 GHz (middle), and 228.9 GHz (right) for the sources in our sample
with known redshifts. Bottom: distribution of permutations-evaluated r-values (see text) for Fermi vs. 10.45 GHz (left), 86.2 GHz (middle), and
228.9 GHz (right) fluxes. Arrows indicate the r-values obtained for the actual data.

Table 4. Flux-flux correlation analysis: Monte Carlo results obtained
for the di↵erent frequencies.

⌫ N r cL�/cz cLr/cz n �high �low
(GHz) (%) (%)
228.90 41 0.47 3.95 1.57 4 0.0046 0.0049
142.30 51 0.51 4.38 1.76 5 0.0012 0.0011
86.20 52 0.48 4.33 1.76 5 0.0018 0.0018
43.00 43 0.37 4.38 1.96 4 1.9 1.6
32.00 47 0.19 4.37 1.95 4 24.4 23.9
23.02 44 0.29 4.60 1.90 4 6.6 6.1
14.60 51 0.22 4.13 1.94 5 28.1 29.3
10.45 53 0.38 4.10 1.93 5 8.8 8.0
8.35 54 0.39 4.14 1.94 5 5.7 5.3
4.85 54 0.36 4.14 1.91 5 9.8 9.3
2.64 53 0.31 4.18 1.92 5 17.2 16.9

Notes. N denotes the number of sources, n the number of redshift bins,
and �high and �low the chance probabilities calculated using the high and
low radio spectral index. See text for details.

5.2. Treating the limited dynamic range1

To address the peculiarities discussed above Pavlidou et al.2

(2012) developed a data randomisation method which is based3

only on permutations of the observed data. The method pre-4

serves the observed luminosity and flux density dynamic ranges5

and, provided the sample is large enough, also the observed lu-6

minosity, flux density, and redshift distributions. The technique7

has been designed to perform well even for samples selected in8

a subjective fashion, and it has been demonstrated that it never9

overestimates the correlation significance, while at the same time10

retaining the power of traditionally employed methods to estab-11

lish a correlation when one indeed exists.12

In brief, the method was applied as follows (see Pavlidou 13

et al. 2012, for details): 14

1. moving to luminosity space using the known redshifts and 15

the relation between monochromatic flux density S ⌫ and 16

luminosity L⌫. The simultaneously measured radio spec- 17

tral indices (Sect. 3.7) allow us to concurrently perform a 18

K-correction and calculate L⌫ at rest-frame frequency ⌫0 19

according to 20

L⌫(⌫0) = S ⌫(⌫) 4⇡d2(1 + z)1�↵, (7)

where d = (c/H0)
R z

0 dz/
p
⌦⇤ +⌦m(1 + z)3. In the case of 21

�-ray observations the actual observed quantity is F, the 22

photon flux integrated over energy from E0 = 1 GeV to 23

1. This is related to monochromatic energy flux through 24

S � = (↵ � 1) F, where ↵ is the absolute value of the pho- 25

ton spectral index. The obtained sets of radio and �-ray lu- 26

minosities fix our luminosity dynamical range; 27

2. constructing simulated fluxes in radio and �-ray by combin- 28

ing each luminosity with one of the redshifts. Fluxes outside 29

the original flux range are rejected as a single very high flux 30

or very low flux and a cluster of points of similar fluxes can 31

produce an artificially high correlation index, which would 32

not occur given the original flux dynamical range; 33

3. pairing up the accepted simulated fluxes in all possible com- 34

binations excluding the “true” flux pairs; 35

4. selecting a large number (⇠107) of N pair combinations, 36

where N is equal to the number of the original observations. 37

Each set of N pairs is a set of uncorrelated simulated flux 38

observations; 39

5. computing the Pearson product-moment correlation coe�- 40

cient r for each simulated data set; 41

6. performing steps 2 to 5 – provided the sample size is large 42

enough – in redshift bins to limit the rejection of flux values 43

and to maintain the luminosity and redshift distributions of 44

the original sample (the sample size requirement is to have 45

&10 sources in each bin). 46
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Correlation of concurrent broadband radio and γ-ray flux density measurements

Correlation significance 

- account for artificial flux-flux correlations caused by


- limited luminosity and redshift dynamic range (common distance effect)

- flux limited sample (Malmquist bias)


- above 43 GHz better than 2σ

- at 86 and 146 better than 3σ

- at low frequencies lower than 2σ



γ-ray emission site



PKS 1502+106

Delay origin: opacity of the synchrotron 
self-absorbed jet

Relative timing of flares (DCCF)

Knot kinematics (mm-VLBI)

- precise core-shifts

- γ-ray emission site

10

Karamanavis et al 2016 A&A 590, 48 
Fuhrmann et al 2014 MNRAS 441, 1899 
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Why PKS 1502+106? 

2 

• FSRQ with M• ≈ 109 M⊙ at z = 1.839 

 

• Motivation:  

In 2008 Fermi/LAT discovered a  
bright high-energy flare from         
PKS 1502+106 

 

• with delayed radio counterparts 
followed over the next years 

 

Opportunity: 

Jet physics of a distant blazar 
after a prominent                   

γ-ray flare 

Fuhrmann et al. 2014 
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unification scheme of broad-band spectral variability
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Fig. 5. Spectral evolution at different redshifts for a powerful source. Upper panel: Calculated spectral evolution. Lower panel: Expected spectral
evolution in the frequency range 2 - 140 GHz.

Fig. 6. Spectral evolution at different redshifts for a medium source. Upper panel: Calculated spectral evolution. Lower panel: Expected spectral
evolution in the frequency range 2 - 140 GHz.

words, the source evolution begins with a ner-changing quies-
cent spectrum and an event occurring at high frequencies and
follow the steps as discussed earlier. Hence, when a qualitative
comparison between the simulated spectra and the prototypes is
conducted, it must always be noted that the phase of the source
onset is totally arbitrary. This alone justifies the usage of a stack
of several spectra gathered over the longest time possible as the
characteristic variability pattern which characterises the source.

Interestingly, none of the sources used for this study has
shown any change of type. Admittedly the relatively short period
of time over which the observations have been made, allows a

rather limited number of activity cycles to be seen. Henceforth,
the sources either do not switch their behaviour in timescales
shorter than a few years or the variability pattern is a source
fingerprint. If the latter is the case then the lack of changes
in terms even of sub-classes implies that the mechanisms pro-
ducing variability are very persistent. Consequently the physical
conditions and processes associated with them do not vary sig-
nificantly. This can have serious implications in the physics at
play. Assuming for instance a flaring event to be associated to the
ejection of a freshly organised electron cloud then the properties
of different clouds seem to be similar. For such an assumption
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SED variability patterns can be 
reproduced by the combination of:  

- a power-law quiescent spectrum 

with S ~ να attributed to the optically 
thin emission of a large scale jet


- a convex synchrotron self-absorbed 
spectrum caused by recent 
outbursting superimposed on the 
quiescent part. 

Angelakis et al. 2012, arXiv:1205.1961 
Angelakis et al. in preparation
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linear and circular polarization variability modeling
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Constraining the jet physical conditions

by modeling the linear and circular polarization variability

Myserlis et al.,in prep. 
Myserlis et al., Galaxies, vol. 4, issue 4, p. 58 
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Shocked flow parameters

- Compression factor: k = 0.8

- Doppler factor: D ~ 30, 

consistent with Dvar at 37 GHz 
Hovatta et al. 2009, A&A, 494, 527


Unshocked flow parameters

- Density: n0 = 101–102 cm-3

- Magnetic field coherence length: 9 pc


- equal to the cell size

18

Constraining the jet physical conditions
by modeling the linear and circular polarization variability

Shocked
Unshocked

Myserlis et al.,in prep. 
Myserlis et al., Galaxies, vol. 4, issue 4, p. 58 



TeV sources



radio variability, spectra and polarization of TeV 
sources:

- 50 sources: 


- 5 control sources (lower fluxes in the 2FHL)

- 2.64 — 43 GHz (April 2014 - January 2015)


- the idea: 

- study their radio spectra 

- variability must increase with energy (low-end 

of the γ distribution hence new particle injection 
would leave low energies unaffected) 


- polarization 
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variability, spectra and polarisation of TeV 
sources:


- radio spectral indices 

- mostly flat (α ~ -0.2 with fv ~ να) 

Myserlis et al.,in prep.



variability, spectra and polarization of TeV 
sources:


- radio polarization linear

- ~3 %


- radio polarization circular

- ~0.9 % at 4.9 GHz and 

- ~0.5 % at 8.4 GHz


- possible serious B filed  amplification 
during outbursts 
(Sciama & Rees 1987)  

Myserlis et al.,in prep.



variability, spectra and polarization of TeV 
sources:


- variability must increase with energy: 

- low-end of the γ distribution hence 

new particle injection would leave 
low energies unaffected 

Myserlis et al.,in prep.
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