
F-GAMMA program 
multi-frequency radio monitoring of Fermi blazars

Emmanouil Angelakis 
Max-Planck-Institut für Radioastronomie, Auf dem Huegel 69, Bonn 53121, Germany



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

➡ understand the broad-band variability (emission and 

variability mechanisms)

➡ localise the gamma-ray emission site

➡ conduct population studies of HE emitters

➡ investigate what drives the HE emission

➡ physics of the emitting elements

Fuhrmann, Angelakis et al. A&A, accepted, 2016arXiv160802580F  
Angelakis et al. 2010, astro-ph.CO/1006.5610  
Fuhrmann et al. 2007, AIP Conf. Series, Vol. 921, 249–251



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

➡ ~90 mostly Fermi-detected and candidate sources

➡ Effelsberg: 2.6, 4.9, 8.4, 10.5, 14.6, 23, 32, 43 


- linear polarisation: 2.6, 4.9, 8.4, 10.5 and 14.6 

- circular polarisation: at 2.6, 4.9, 8.4, 10.5, 14.6, 23


➡ 30-m IRAM: 86.24, 142.3, 228.9, 

➡ APEX 12 m: 345 GHz 

Fuhrmann, Angelakis et al. A&A, accepted, 2016arXiv160802580F  
Nestoras et al. submitted 



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

➡ Effelsberg:


- cadence: 1-1.3 months 

- fractional uncertainty: <5%


➡ 30-m IRAM:

- cadence: 1-1.7 months

- fractional uncertainty: : <11%


➡ APEX 12 m: 345 GHz 
Fuhrmann, Angelakis et al. A&A, accepted, 2016arXiv160802580F  
Nestoras et al. submitted 



➡ OVRO monitoring (Richards et al., 2011, ApJS, 194, 29):

- 15 GHz

- 1800 sources

- cadence: ~2 days 


➡ KVN (Fuhrmann, Angelakis et al. A&A, accepted, 2016arXiv160802580F):

- cadence: ~1 month

- ~90 sources at 13 , 7 mm


➡ RoboPol (polarisation) (Angelakis et al., 2016, MNRAS, 463, 3365):

- 60 GL and 15 GQ sources

- 1-3 days in R-band
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Fig. 3. 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
frequency is marked always by the same color. The polts are marked with the F-GAMMA source name and the survey name whenever available.
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Fig. 5. 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
frequency is marked always by the same color. The polts are marked with the F-GAMMA source name and the survey name whenever available.
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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
frequency is marked always by the same color. The polts are marked with the F-GAMMA source name and the survey name whenever available.
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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

Article number, page 13 of 18

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., 2016, in press A&A, arXiv:1608.02580  
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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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testing the predictions of the shock-in-
jet (Marscher & Gear 2985)


A Likelihood Analysis obtains the 
Intrinsic Modulation Index, we assume:

➡ normally distributed “true” flux 

densities (S0 , σ0 ) 

➡ intrinsic modulation index  m=σ0/S0

➡ For N measurements of the flux 

density (Sj, σj)

➡ the most likely value of m and the 

associated uncertainties obtain the 
marginalised likelihood as a function 
of only m:

Richards et al. 2011ApJS..194...29R
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Figure 8. 1σ , 2σ , and 3σ contours of the joint likelihood L(S0, m) for blazar
J1243−0218.

Therefore, the likelihood of observing one flux density Sj with
uncertainty σj from the particular source is

ℓj =
∫

all St

dSt

exp
[
− (St−Sj )2

2σ 2
j

]

σj

√
2π

exp
[
− (St−S0)2

2σ 2
0

]

σo

√
2π

, (18)

which amounts to calculating the probability to observe Sj
through any possible true flux density value St. If the limits
of integration above are taken to be from St = −∞ to St = ∞
then the integral has an analytic solution (see, e.g., Venters &
Pavlidou 2007):

ℓj = 1
√

2π
(
σ 2

0 + σ 2
j

) exp

[

− (Sj − S0)2

2
(
σ 2

j + σ 2
0

)
]

. (19)

The likelihood for N observations (Sj , σj ) for j = 1, ..., N is

L(S0, σ0) =
N∏

j=1

ℓj =

⎛

⎝
N∏

j=1

1
√

2π
(
σ 2

0 + σ 2
j

)

⎞

⎠

× exp

⎡

⎣−1
2

N∑

j=1

(Sj − S0)2

σ 2
j + σ 2

0

⎤

⎦ . (20)

The intrinsic standard deviation σ0 can be eliminated in favor of
the intrinsic modulation index,

σ0 = mS0, (21)

so that

L(S0,m) = S0

⎛

⎝
N∏

j=1

1
√

2π
(
m2S2

0 + σ 2
j

)

⎞

⎠

× exp

⎡

⎣−1
2

N∑

j=1

(Sj − S0)2

σ 2
j + m2S2

0

⎤

⎦ . (22)
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Figure 9. Maximum-likelihood Gaussian model for the flux density distribution
(dashed line), plotted over the histogram of measured flux densities (solid line)
for blazar J1243−0218. The arrow indicates the size of the typical measurement
uncertainty.

This likelihood is symmetric about m = 0, as m only enters
through its square. For this reason, this formalism can guaran-
tee non-negative intrinsic modulation indices without loss of
information.

Maximizing the joint likelihood L(S0,m), we can derive
maximum-likelihood estimates of S0 and m. Isolikelihood con-
tours containing 68.26%, 95.45%, and 99.73% of the total vol-
ume under the joint likelihood surface define the 1σ , 2σ , and
3σ contours, respectively (see Figure 8 for an example in the
case of J1243−0218, whose light curve is shown in Figure 7).
The maximum-likelihood Gaussian for the distribution of flux
densities for the same object is compared to the histogram of
measurements in Figure 9. Note that the maximum-likelihood
Gaussian is narrower than the histogram; this behavior is ex-
pected, as the histogram is a representation of measurements
sampling the underlying distribution with finite error. The typ-
ical magnitude of the latter for the particular source is shown
in Figure 9 with the blue arrows, and it is indeed comparable
with the difference in width between the maximum-likelihood
Gaussian and the histogram.

To derive the most likely value of m and the associated
uncertainties regardless of the true value of S0, we integrate
S0 out of L(S0,m), and obtain the marginalized likelihood as a
function of only m:

L(m) =
∫

all S0

dS0S0

⎧
⎨

⎩

⎛

⎝
N∏

j=1

1
√

2π
(
m2S2

0 + σ 2
j

)

⎞

⎠

× exp

⎡

⎣−1
2

N∑

j=1

(Sj − S0)2

σ 2
j + m2S2

0

⎤

⎦

⎫
⎬

⎭ . (23)

Then, the value of m that maximizes the marginalized likelihood
is our best estimate of it, and the 1σ uncertainty on the
modulation index can be found by locating the isolikelihood
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the observing frequency with three differemt indices. Assuming
internal shocks to be the most likely variability mechanism, this
predicition already provides an ecdellent tool for investigating
the correctness of this assumption. The F-GAMMA data are
unique in this sense for a number iof reasons:

– Frequency range: the observers-frame frequency range from
2.64 and 43 GHz is broad enough for tracing the the feect of
the frequency on the variability amplitutde.

– Number of frequency steps: the coverage of the above-
mentioned range in 8 frequency steps allows a statistically
signifficant determination of the parameters that describe the
functional dependence between the two variables.

– Data quality: The relatively small uncertainties allows thep-
recise quantification of teh aunderlaine relation.

In Furhmann et al. (+++ paper 1, for the first 2.5 years of
Effelsberg and IRAM data) and Nesotars et al. (+++ paper 3,
for 5 years iof IRAM data) the variability amplitude is quan-
tified through the “Intrinsic standard daviation” forllwoing the
approach introduced by Richards et al. (2011b). The method dis-
cussed there assumes the flux densiotoes obey a Gaussian (??? to
Vaso: is assumption of gaussiantity is correct? we know sources
have 2 states and hence cannot be gausian) distribution and uti-
lizes a likelihood analysis in order to compute an assumed im-
plicit intrinsic the standard deviation of the dataset and its associ-
ated uncertainty estimate from the actual measuremnts and their
associated uncertainties. The physical meaning of this approach
is that the uncertainty of each measument is accounted for when
attempting the quantification of the variability amplitude from
the standard deviation of the measuremnts in the observed light
curve.

Figure 8 shows the intrinsic standard deviation, σ as a func-
tion of rest-frame frequency νrest, for sources that are taged with
“FSRQ” or “BL Lac” or “Blazar” in table 1. More specifically,
given that teh diagnostic in the current study is the functional
relation between σ and rest-frame frequecy, only sources taht
show:

– a monotonous such relation (i.e. a constant slope can be com-
piuted either negatove or positive), or

– a convex patter (i.e. one global maximum )

The frequncy range covered there is representative of the red-
shift scatter in the uswd sample. For the majority of the sources
σ is an increasing function of νrest while in many cases a pla-
teua is aslo seen. Interestingly, no apparent seperation between
the FSRQs and BL Lacs is present (+++ discuss Joeys findings
that he sees a seperation. It may be the effect of the dividngon
with mean S). Both classes cover roughy two orers of magnitude
in the σ axis withno apparent dendency of either to concentrate
towrads extreme variability amplitude values. It must be noted
however that the sample shown does comprise a statistically rep-
resentative of the underline parent populations and hence does
not allow generalizations. It is noteworthy however the qualita-
tive patterns seen here: in Nestoras et all (+++ paper 3) sghowed
that at mm wavelngths the devaying part of the aarianility events
is seen. Wit th ecurre analysis the picture completes showing that
indeed the path: increase-plateua-deay is thegeneral norm. The
big vaveat of these analyses howerev (cehck possibly Valtaoja’s)
is the fact that here all events that occured in th esoiurce over
the obseraving period (maximum 5 years) have contributed to
the relation introducing noise. These results would be free of
such contaminations if either each source showed always event
of simialr characteristics ior each ones is diominated by a single
event.
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Fig. 8. The intrinsic standard deviation, σ seperarately for BL Lacs,
FSRQs and unclassified blaqzars as a function of the rest-frame fre-
quency, νrest. All the sources displaying either a monotonous or convex
bahaviour of σ as function of νrest, are included.
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The quantification of the exact relation between the σ and
νrest has been done, assuming (+++ cite valtaoja):

σ ∝ νkrest (8)

Figure 9 compirses the distribution of index k in equation8. The
divergensce between the mean and teh median is insignifficant
with ⟨k⟩ = 0.6 (+++ compare with other authors). For th efew
cases that a relibale frequency peak could be computed, the dis-
tribution is shown in Fig. 10. Themean νrest at whioch the plateua
is found is around 33 GHz and the median at around 26.5 GHz
(+++ what do we exoect from modls? ).

6. Flux - Flux corelations

7. Broadband radio SEDs and spectral indices

The rough approximation to blazar phenomenology as that of
“flat radio spectrum” (i.e. α ≈ 0.0 with S ∼ να) has predomi-
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Table 11. Results of the �2-test at 86 and 142 GHz for the 59 sources of
the current sample.

86 GHz 142 GHz

Variable 53 (89.8%) 55 (93.2%)
non-variable 6 (10.2%) 4 (6.8%)

6.3.1. Variability test

The presence of significant variability in the mm light curves of
a certain source has been evaluated through a �2-test. A source is
considered to be variable only if the probability of constant flux
density is  0.1 % (99.9 % significance level for variability). As
expected, the �2-test results reveal that the secondary calibrators
are non–variable, whereas the residual scatter seen in the sec-
ondary calibrator light curves is about 3–4 % (as discussed in
Sect. 5.3 and shown in Table 7)

The results of the �2-test are summarized in Table 11: about
90 % of the 59 sources show significant variability at both, 86
and 142 GHz. Table 12 provides the statistics of variable sources
according to their optical classification. In the following analysis
we consider only those light curves which showed significant
variability according to the �2–test results. Table 11 shows that
the number of variable sources is consistently high at 86 and
142 GHz.

6.3.2. Variability amplitudes

Many di↵erent approaches can be followed to quantify the vari-
ability amplitude e.g. Ciaramella et al. (2004) makes a probabil-
ity distribution of log(S/S̄ ) (where S is the instantaneous flux
density at a specific frequency and S̄ is its average). To study the
variability amplitude and its “intrinsic” frequency dependence,
possible biases have to be taken into account, such as redshift
e↵ects, the frequency dependence of the mean flux density and
the measurement uncertainties (see also Paper I). Consequently,
we use rest-frame frequencies and the flux standard deviation
of each light curve as a measure of the variability amplitude.
The possible influence of measurement noise (finite and di↵er-
ent sampling, individual flux density uncertainties) is removed
by computing intrinsic values for the standard deviation of the
fluxes for each light curve using a maximum likelihood analysis.
For this computation we take into account the di↵erent measure-
ment uncertainties � j at each flux density measurement S j and
the di↵erent number of flux density measurements for di↵erent
light curves, making this way of quantifying the variability am-
plitudes more robust.

Assuming that the distribution of fluxes in each light curve
is Gaussian, the joint likelihood of all the observations as a func-
tion of the intrinsic mean flux density S 0 and the intrinsic stan-
dard deviation �0 is computed. The joint likelihood for N obser-
vations is (see Eq. 20 and its derivation in Richards et al. (2011))
:

Table 12. Number of variable sources at 86 and 142 GHz for the di↵er-
ent source classes of the current sample.

86 GHz 142 GHz

FSRQs 30 (56.6%) 31 (56.4%)
BL Lacs 13 (24.5%) 14 (25.4%)
Blazar 6 (11.4%) 6 (10.9%)
Other 4 (7.5%) 4 (7.3%)
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Fig. 6. Intrinsic standard deviation versus rest frequency. Each line rep-
resents one source, black lines are for FSRQs, red lines for BL Lac ob-
jects and green lines for sources with other classifications.

L(S 0,�0) =

0
BBBBBBBBBB@

NY

j=1

1
q

2⇡(�2
0 + �

2
j )

1
CCCCCCCCCCA
⇥

exp

2
6666664�

1
2

NX

j=1

(S j � S 0)2

�2
j + �

2
0
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7777775 . (14)

Marginalizing out the intrinsic mean, S 0, we can obtain
maximum–likelihood values for �0, as well as uncertainties on
this estimate. We consider a source to be variable at a given fre-
quency when �0 at that frequency is more than 3� away from 0.
The computed intrinsic standard deviations of each source ver-
sus rest-frequency are shown in Fig. 6 demonstrating that for
most of the sources the intrinsic standard deviation is either flat
or decreases with frequency. To further quantify this behaviour,
a power law �0 ⇠ ⌫krest has been fitted for each source (at rest-
frame) with k being the slope in Fig. 6. The distribution of the
fitted k–indices is shown in Fig. 7. The mean and the median
values of the computed k-indices are �0.43 and �0.44, respec-
tively. FSRQs show a mean value of �0.39 and BL Lacs a value
of �0.49 indicating a slightly steeper behaviour of the BL Lacs
in our sample.

6.3.3. Variability time scales

Observed variability time scales have been estimated by means
of two independent methods of time series analysis, a first-order
structure function (Simonetti et al. 1985) and a wavelet analysis,
based on the Ricker (‘Mexican hat’) mother wavelet (Marchili et
al., in prep.). It is not uncommon that more than one time scale
is detected in a dataset.

The wavelet method associates to each time scale a variabil-
ity amplitude, allowing us to unambiguously select the domi-
nant, and to fully automate the estimation. The structure function
results, instead, are generally subject to some degree of arbitrari-
ness. To understand the reason, it may be useful to consider how
the structure function SF, is calculated for a time series { fi}i :

S F (⌧) =
1
N

X

i j

h
f (ti) � f

⇣
t j
⌘i2

(15)
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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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6. Modelling the broad band radio spectra

Following the hypothesis that all the spectra are a reflection
of the same process, namely shocks evolving in jets, seen
with different frequency band-passes at different evolutionary
stages, we have tried to reproduce their temporal evolution us-
ing the shock-in-jet model (Marscher & Gear, 1985; Türler et al.,
2000). Specifically, we have followed the approach presented by
Fromm et al. (2011), which relies on the information extracted
from the quiescent spectrum and the flaring event to connect the
different radiative evolutionary stages of the shock (Compton,
Synchrotron and Adiabatic stage). In the current work, the red-
shift dependence is also taken into account.

The spectral evolution is modelled by a spectral component
over-imposed on a quiescent spectrum, as shown in Fig. 3 where
the actual bandpass is marked by the grey shaded area expanding
from 2 to 140 GHz. The quiescent spectrum is assumed to be
produced by a homogeneous, steady jet, with a given turnover
frequency νm,q and turnover flux density S m,q. Its optically thick
and optically thin spectral indices, are assumed to be αt,q = 5/2
and α0,q = (1− s)/2, respectively. The flaring event spectrum on
the other hand, is characterised by a turnover frequency νm, f and
turnover flux density S m, f . The vertical and horizontal arrows
in Fig. 3 indicate possible variations of the peak values from
source to source, and the rotated arrows show the evolution of the
peak position with redshift, for sources with the same intrinsic
properties.

Fig. 3. Spectrum and observational frequency range (for details see
text).

The distribution of the quiescent spectrum parameters de-
pends on the intrinsic source properties such as the magnetic
field, B, in the jet, the Doppler factor, D, and the normalisa-
tion coefficient of the spectrum, K. The spectral behaviour of the
ejected component (which is not steady) on the other hand, de-
pends on the evolution of the physical parameters of the shock.
This is formulated in terms of the exponents in the relations giv-
ing B, K and D as functions of the distance along the jet (L ∝ Rr),

B ∝ L−r×b (1)

K ∝ L−r×k (2)

D ∝ L−r×d (3)

where r is the opening rate of the jet. Furthermore, the evolution
of the flare depends on the spectral slope s of the injected parti-
cles. In the case of conical jets, (r = 1), the equations above can
be written in terms of the jet radius, e.g., B ∝ R−b (see Marscher
& Gear, 1985; Türler et al., 2000).

In the current work it is assumed that the Synchrotron stage
is very short compared to the other two stages, following Fromm
et al. (2011). Under this assumption, during the evolution of a
flare the maximum flux density is reached at the transition be-
tween the Compton and the Adiabatic loss stages (Marscher &
Gear, 1985; Türler et al., 2000). This point is characterised by
the transition peak frequency, ν1,3, peak flux density, S 1,3, and
time since the onset of the Compton stage, t1,3 (hereafter, the
numerical subscripts denote the 1st i.e. Compton, and 3rd i.e.
Adiabatic stages). These parameters depend on (a) the proper-
ties of the flaring event (Türler et al., 2000), (b) the source it-
self and (c) its redshift. Consequently, the duration of a flare
and its spectral evolution pattern will depend on the source it-
self. Björnsson & Aslaksen (2000) demonstrated that the steep
rise of the turnover flux density, S m, with turnover frequency, νm
during the first stage of the evolution of a radio flare could not
be explained by Compton scattering. However, observations of
flares in AGN show an abrupt rise of the flux in the so-called
Compton stage. Therefore, the first stage in shock-in-jet models
should be carefully reviewed.

6.1. The prototype sources

In order to investigate whether the shock-in-jet model can ex-
plain the observed phenomenology, three models have been set
to represent three typical sources in terms of their power.

1. weak source with a low quiescent spectrum,
2. medium source with a regular quiescent spectrum, and
3. powerful source with a high quiescent spectrum.

Figure 4 shows the three different prototype sources at redshift
z = 0 and table 3 lists the parameters used to produce the quies-
cent and component spectra.

Fig. 4. The relative spectra of the three prototypes at redshift z = 0. The
grey shaded area denotes the observing band-pass for the data discussed
here.

For all three models evolution of the flare is assumed to be
the same, implying to the same set of the exponents b, k, d, s, r
and onset time in Eq. 1, 2 and 3. The assumed values are shown
in table 4 and have been extracted from a detailed study of a
flaring event in the source CTA 102 (Fromm et al., 2011). It
must however be noted that not only the source parameters differ
from one another, but also those of different flares in the same
source, and henceforth the models should allow for dispersion
among them (for instance, different durations of the Compton
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the plurality seen in the radio SED 
variability patterns can be naturally 
reproduced by the mere 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. 
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the radio jet emission of Narrow line 
Seyfert 1 galaxies:

➡ light curves phenomenology typical 

of blazars (lower flux densities),

➡ “flare decomposition” method 

showed moderate brightness 
temperatures implying: 


- Doppler factors that do not 
exceed about 10


- moderately relativistic jets 

➡ jet power similar to the least 

energetic blazars (BL Lac objects),

➡ spectral evolution occurs at a faster 

pace, involving shorter timescales: 

- probably related to the smaller 

black-hole masses or higher 
accretion rates  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Fig. 4. Radio SEDs of the four monitored NLSy1 galaxies. The data
points are connected with straight segments to guide the eye. The legend
denotes the fractional year for each SED.

the variability brightness temperature Tvar associated with the
event, on the basis of causality arguments. The variability bright-
ness temperature can only provide a lower limit of the intrinsic
brightness temperature TB. Values of Tvar in excess of indepen-
dently calculated limiting values of the brightness temperature
are generally attributed to Doppler boosting, which provides a
handle for the computing limiting Doppler factors, D. Assuming
an equipartition brightness temperature upper limit of 5×1010 K
(Readhead 1994), one can estimate the Doppler factors required
to explain the observed excess.

The combination of variability Doppler factors with Very
Long Baseline Interferometry (VLBI) measurements of the ap-
parent speeds allows computing the plasmoid bulk velocity and
jet viewing angle (e.g. Lähteenmäki & Valtaoja 1999). Here,
we are equally interested in all these properties for our four
RL NLSy1s, and most importantly, in investigating the possible
differences in the characteristics of different flares in the same
light curve, rather than retrieving the characteristics of an aver-
age behaviour.

A practice commonly followed in variability studies is the
implementation of time-series analysis methods that are de-
signed to reveal such quantities; for example the structure func-
tion analysis (Simonetti et al. 1985) and the discrete correlation
function (Edelson & Krolik 1988). One of the most important
caveats of such methods, however, is that they are extremely sen-
sitive to parameters that are difficult to determine in moderately
sampled light curves such as the onset of a flaring episode or the
shape of the temporal behaviour of the measured flux density. In
fact, even minor changes in such parameters can result in differ-
ences in the estimation of the variability brightness temperature
beyond an order of magnitude. Furthermore, in most cases, these
tools are designed to detect a dominant behaviour that smears
out possible significant differences in the characteristics of indi-
vidual flares of the same source and even at different observing
frequencies.

To overcome such complications, we introduce a novel
method for:

a. first creating “cumulative” light curves by conveniently shift-
ing and re-normalising the observed light curves. This oper-
ation is meant to highlight the flares that are detectable at a
wide range of frequencies;

b. and subsequently subjecting those light curves to all neces-
sary operations to extract the desired parameters (i.e. flare
onset, duration, amplitude, etc.).

The guiding principles while developing this approach were to:

1. avoid complications introduced by the superposition of si-
multaneously acting processes. For example, time-series
analysis methods often return unrealistically long timescales
only as the result of having – for example – a long-term
almost-linear trend underlying much faster events.

2. To accommodate a generic approach in the treatment of ev-
ery flare. That is, to parametrise each event independently
(for each source and frequency) and investigate the possibil-
ity of different behaviours (and possibly variability mech-
anisms) acting in the same source at different times. For
J0324+3410, for example, the most prominent event seems
to demand such an approach because its phenomenology is
very different from the rest (Fig. B.1).

All the details of the method are discussed in Appendix A.

A55, page 11 of 22

A&A 575, A55 (2015)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 55400.0  55600.0  55800.0  56000.0  56200.0  56400.0  56600.0  56800.0

2010.5 2011.0 2011.5 2012.0 2012.5 2013.0 2013.5 2014.0 2014.5

F
lu

x 
D

en
si

ty
 (

Jy
)

MJD

J0324+3410, 1H0323+342  32.00 GHz
 43.00 GHz
 86.24 GHz

142.33 GHz

 0

 0.2

 0.4

 0.6

 0.8

 1

 55400.0  55600.0  55800.0  56000.0  56200.0  56400.0  56600.0  56800.0

2010.5 2011.0 2011.5 2012.0 2012.5 2013.0 2013.5 2014.0 2014.5

F
lu

x 
D

en
si

ty
 (

Jy
)

MJD

J0849+5108, SBS0846+513  32.00 GHz
 43.00 GHz

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 55400.0  55600.0  55800.0  56000.0  56200.0  56400.0  56600.0  56800.0

2010.5 2011.0 2011.5 2012.0 2012.5 2013.0 2013.5 2014.0 2014.5

F
lu

x 
D

en
si

ty
 (

Jy
)

MJD

J0324+3410, 1H0323+342  10.45 GHz
 14.60 GHz
 23.05 GHz

 0

 0.2

 0.4

 0.6

 0.8

 1

 55400.0  55600.0  55800.0  56000.0  56200.0  56400.0  56600.0  56800.0

2010.5 2011.0 2011.5 2012.0 2012.5 2013.0 2013.5 2014.0 2014.5

F
lu

x 
D

en
si

ty
 (

Jy
)

MJD

J0849+5108, SBS0846+513  10.45 GHz
 14.60 GHz
 23.05 GHz

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 55400.0  55600.0  55800.0  56000.0  56200.0  56400.0  56600.0  56800.0

2010.5 2011.0 2011.5 2012.0 2012.5 2013.0 2013.5 2014.0 2014.5

F
lu

x 
D

en
si

ty
 (

Jy
)

MJD

J0324+3410, 1H0323+342   2.64 GHz
  4.85 GHz
  8.35 GHz

 0

 0.2

 0.4

 0.6

 0.8

 1

 55400.0  55600.0  55800.0  56000.0  56200.0  56400.0  56600.0  56800.0

2010.5 2011.0 2011.5 2012.0 2012.5 2013.0 2013.5 2014.0 2014.5

F
lu

x 
D

en
si

ty
 (

Jy
)

MJD

J0849+5108, SBS0846+513   2.64 GHz
  4.85 GHz
  8.35 GHz

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 55400.0  55600.0  55800.0  56000.0  56200.0  56400.0  56600.0  56800.0

2010.5 2011.0 2011.5 2012.0 2012.5 2013.0 2013.5 2014.0 2014.5

F
lu

x 
D

en
si

ty
 (

Jy
)

MJD

J0324+3410, 1H0323+342   2.64 GHz
  4.85 GHz
  8.35 GHz

 10.45 GHz
 14.60 GHz
 23.05 GHz
 32.00 GHz
 42.00 GHz
 86.24 GHz

142.33 GHz

 0

 0.2

 0.4

 0.6

 0.8

 1

 55400.0  55600.0  55800.0  56000.0  56200.0  56400.0  56600.0  56800.0

2010.5 2011.0 2011.5 2012.0 2012.5 2013.0 2013.5 2014.0 2014.5

F
lu

x 
D

en
si

ty
 (

Jy
)

MJD

J0849+5108, SBS0846+513   2.64 GHz
  4.85 GHz
  8.35 GHz

 10.45 GHz
 14.60 GHz
 23.05 GHz
 32.00 GHz
 42.00 GHz

Fig. 2. Radio light curves available for J0324+3410 (left column) and J0849+5108 (right column) at all available frequencies. From top to bottom
we present the light curves three different frequency bands: low: 2.64, 4.85 and 8.35 GHz, intermediate: 10.45, 14.60 and 23.05 GHz, and high: 32,
43.05, 86.24 (when available) and 142.33 GHz (when available). At the very bottom the datasets are shown over-plotted together for comparison.
For the same reason, for each source and axes the boundaries are kept identical. Lines connecting the data points have been used everywhere to
facilitate visual inspection. Each frequency is consistently represented by the same colour and symbol. Only data points with a S/N better than 3
have been used.
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Fig. 2. Radio light curves available for J0324+3410 (left column) and J0849+5108 (right column) at all available frequencies. From top to bottom
we present the light curves three different frequency bands: low: 2.64, 4.85 and 8.35 GHz, intermediate: 10.45, 14.60 and 23.05 GHz, and high: 32,
43.05, 86.24 (when available) and 142.33 GHz (when available). At the very bottom the datasets are shown over-plotted together for comparison.
For the same reason, for each source and axes the boundaries are kept identical. Lines connecting the data points have been used everywhere to
facilitate visual inspection. Each frequency is consistently represented by the same colour and symbol. Only data points with a S/N better than 3
have been used.
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Fig. 3. Radio light curves available for J0948+0022 (left column) and J1505+0326 (right column) at all available frequencies similar as is Fig. 2.
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Fig. 3. Radio light curves available for J0948+0022 (left column) and J1505+0326 (right column) at all available frequencies similar as is Fig. 2.
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gamma-ray emission site



➡ where in the jet are the gamma 
rays produced?:

- close to SMBH in the Broad 

Line Region

-  on down the jet at pc-scales 


(e.g. Blandford & Levinson 1995, 
Valtaoja et al. 1992, Jorstad et al. 2001, 
Agudo et al. 2011, Leon-Tavares et al. 
2011)

Fuhrmann et al MNRAS 441, 1899 

Dust torus 

Accretion disk 
~ 1 – 10 pc 

Broad Line Region (BLR) 

<~ 1 pc 

γ-ray emission region 

γ rays 

Relativistic jet 

Dust torus 

Accretion disk 
~ 1 – 10 pc 

Broad Line Region (BLR) 

<~ 1 pc 

γ-ray emission region 

Relativistic jet 



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

20

Locating the γ-ray emission site
using multi-band variabilityWhy 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 

EVN @ 5 GHz | 1997.85 

An et al. 2004 

200 days 

γ-rays  

Radio 
2–345 GHz  

x

Karamanavis et al 2016 A&A 590, 48 
Fuhrmann et al 2014 MNRAS 441, 1899 
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