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F-GAMMA & Fermi synergy  
main scientific question 


Where in AGN jets are the gamma-rays produced ? 
               close to the SMBH inside the Broad Line Region or further       
                  down the jet on pc-scales ?




    F-GAMMA program:"
monthly light curves at 11 radio bands 
between 2.6 and 345 GHz (11 cm – 0.8 mm)









        Fermi/LAT:

monthly light curves at 0.1 – 300 GeV 
energy range
specific time boundaries to best match the 
radio light curves

  



sample: 

54 AGN/blazars (1FGL)
time period:

~ 3.5 years: Aug. 15, 2008 to Jan. 26, 2012
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Figure 1. The γ-ray (top) and radio (bottom) light curves (flux vs. modified julian date, MJD) for four selected, bright γ-ray sources of
the studied sample: J1504+1029 (PKS 1502+106, top left; redshift: 1.84), J2253+1608 (3C 454.3, top right; redshift: 0.86), J1159+2914
(4C 29.45, bottom left; redshift: 0.73) and J0222+4302 (3C 66A, bottom right; redshift: 0.44). The top two and bottom left sources
demonstrate cases of possible correlations between both bands, whereas no correlated variability is evident for J0222+4302 (bottom
right).

30-m (at Pico Veleta, PV) and APEX (Atacama Pathfinder
EXperiment) 12-m telescopes at a total of 11 bands (see
Table 1). The monthly observations at EB and PV are per-
formed quasi-simultaneously (typically within days) and in
a highly synchronised manner together with the more gen-
eral flux monitoring conducted at the IRAM 30-m tele-
scope. APEX sub-mm observations are performed for 25
F-GAMMA sources in addition to a sample of interesting
southern hemisphere Fermi-detected AGN not observable
from the EB and PV sites.

The Effelsberg measurements were conducted with
cross-scans using the secondary focus heterodyne receivers
at 8 wavebands between 110 and 7mm wavelength (2.64
to 43.00GHz, see Table 1). The IRAM 30-m observa-
tions were carried out with calibrated cross-scans using the
“B” and “C” SIS (until March 2009) and EMIR (Eight
Mixer Receiver) heterodyne receivers operating at 3 and
2mm wavelength (86.2 and 142.3 GHz). Finally, the Large

Apex Bolometer Camera (LABOCA) array was used at
APEX operating at a wavelength of 0.87mm (345GHz).
In the data reduction process for each station, pointing
offset, gain-elevation, atmospheric opacity and sensitivity
corrections have been applied to the data. The details
of the program, observations and data reduction are de-
scribed in Fuhrmann et al. (2014), Nestoras et al. (2014)
and Larsson et al. (2012) (see also Fuhrmann et al. 2008;
Angelakis et al. 2010, Angelakis et al. in prep.). Exam-
ple light curves of four selected sources (J0222+4302,
J1159+2914, J1504+1029 and J2253+1608) including all ra-
dio bands are shown in Fig. 1. The data of J0222+4302
(3C66A) at 110mm wavelength are affected by the close-by
radio galaxy 3C 66B and thus have been omitted.
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relative timing of flares
Correlating gamma-ray and radio light curves"




Correlating gamma-ray and radio light curves"



statistical Discrete 
Cross-Correlation 
Function analysis



 
Ø  Use the DCCF to search for significant radio/γ-ray correlations in the ~ 3.5 

year light curves of 54 Fermi AGN/blazars
Ø  Test of statistical significance via “mixed source correlations” 

Ø  Single sources: 9 cases significant where 1 expected by chance 

(prob 4 x 10-6) 


The method in brief:


DCCF

3 mm /γ-ray
single source’ DCCFs:





90 and 99% significance
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Table 2. List of selected sources included in the current analysis
(see text for details).

Source 2FGL name other name type

J0050−0929 J0050.6−0929 PKS0048−097 BLLac
J0102+5824 J0102.7+5827 TXS0059+581 FSRQ
J0136+4751 J0136.9+4751 OC457 FSRQ
J0217+0144 J0217.9+0143 PKS0215+015 FSRQ
J0222+4302 J0222.6+4302 3C 66A BLLac
J0237+2848 J0237.8+2846 4C+28.07 FSRQ
J0238+1636 J0238.7+1637 AO0235+164 BLLac
...

Note: this table is available in its entirety as online material.

2.2 The source sample

The present study is focusing on the sources observed at ra-
dio bands by the F-GAMMA monitoring program. With a
total of about 90 AGN/blazars ever observed since January
2007, these sources constitute a sample of well known, fre-
quently active and bright blazars (δ > −30◦) for detailed
studies of the most prominent behavior of the brightest γ-
ray–loud blazars.

For the particular analysis presented here we selected
a sub-sample from the above F-GAMMA sources according
to the following criteria: (i) Fermi-detection: presence in the
1FGL catalog, (ii) “best suitable” radio light curves: sources
with the best frequency and time coverage that are well
sampled over the considered Fermi time period of about
3.5 years, (iii) presence of radio variability: sources showing
significant variability on the basis of a χ2-test.

This selection results in a sub-sample of 54 sources com-
prised of 35 Flat-Spectrum Radio Quasars (FSRQs), 18 BL
Lacertae objects (BLLacs) and one Narrow-Line Seyfert 1
galaxy. Table 2 presents the complete list of selected sources.
At the sub-mm band the selected sub-sample is slightly dif-
ferent due to the different source sample observed at the
APEX telescope. In this case, a total of 38 sources have been
selected, including (i) 23 sources of the above sub-sample
of 54 sources and (ii) 15 additional, southern hemisphere
Fermi-detected AGN also satisfying the above criteria. The
latter are given at the bottom of Table 2.

Given our source selection and the resulting statistical
incompleteness of the studied sample, we note that the re-
sults presented in the following may not be representative
of the AGN/blazar population in its entirety.

2.3 Fermi γ-ray light curves

The Fermi γ-ray light curves for the studied sample have
been produced in a pipeline fashion using time boundaries to
best match the radio light curves: a 28-day binning starting
on August 15, 2008 and ending on January 26, 2012 was
used. The choice of 28-day binning was primarily driven by
the predetermined cadence of the F-GAMMA radio light
curves (about one month). Furthermore, this choice is also
a trade-off between time resolution and good signal-to-noise
ratio in each time bin for low γ-ray flux states and/or weaker
sources in the sample.

The source model for each region-of-interest (ROI) con-
taining the target sources included nearby point sources,
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Figure 2. 3mm/γ-ray DCCFs (observers frame) of the sin-
gle sources also shown in Fig. 1, namely J1504+1029 (top,
left), J2258+1608 (top, right), J1159+2914 (bottom, left) and
J0222+4302 (bottom, right), with 99% (dotted lines) and 90%
(dashed lines) significance levels superimposed. Only the top two
cases show significant correlations above 99% significance.

determined from the Second Fermi/LAT catalog (2FGL,
Nolan et al. 2012), and the standard Galactic and isotropic
diffuse emission models (two year P7V6 models1). The
latter component includes contributions from unresolved
extragalactic emission and any residual charged particle
backgrounds. A maximum likelihood analysis of each ROI
was performed with ScienceTools version 09-26-00, and the
P7SOURCE V6 instrument response functions (IRFs). The
fluxes and photon spectral indices were fit for each target
source assuming a single power-law over the energy range
0.1–300GeV. Examples of the γ-ray light curves are shown
in Fig. 1. We note that due to the 28-day binning inter-
val, more rapid γ-ray flares and variability on time scales of
hours/days to a few weeks is smoothed out and not resolved
with our data sets.

In total, Fermi γ-ray light curves were produced for
131 sources. In addition to our studied sample of 54 sources,
we included 77 reference blazars with good quality Fermi

light curves that were used for estimating correlation sig-
nificances, as described in Sect. 3. The reference sources
were chosen among the brightest blazars in the Second
Fermi/LAT AGN catalog (2LAC, Ackermann et al. 2011),
including sources of each blazar type (FSRQs; low, inter-
mediate and high synchrotron peaked BLLacs). Their γ-ray
light curves were produced in the same way as the light
curves for our sample of 54 target sources.

3 CROSS-CORRELATION ANALYSIS

3.1 The DCCF method

In order to search for possible correlations between the γ-ray
and radio light curves, we use a cross-correlation analysis.
For two discrete, evenly sampled light curves, x(ti) and y(ti),

1 see also: http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.h

c© 2013 RAS, MNRAS 000, 1–12
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Figure 1. The γ-ray (top) and radio (bottom) light curves (flux vs. modified julian date, MJD) for four selected, bright γ-ray sources of
the studied sample: J1504+1029 (PKS 1502+106, top left; redshift: 1.84), J2253+1608 (3C 454.3, top right; redshift: 0.86), J1159+2914
(4C 29.45, bottom left; redshift: 0.73) and J0222+4302 (3C 66A, bottom right; redshift: 0.44). The top two and bottom left sources
demonstrate cases of possible correlations between both bands, whereas no correlated variability is evident for J0222+4302 (bottom
right).

30-m (at Pico Veleta, PV) and APEX (Atacama Pathfinder
EXperiment) 12-m telescopes at a total of 11 bands (see
Table 1). The monthly observations at EB and PV are per-
formed quasi-simultaneously (typically within days) and in
a highly synchronised manner together with the more gen-
eral flux monitoring conducted at the IRAM 30-m tele-
scope. APEX sub-mm observations are performed for 25
F-GAMMA sources in addition to a sample of interesting
southern hemisphere Fermi-detected AGN not observable
from the EB and PV sites.

The Effelsberg measurements were conducted with
cross-scans using the secondary focus heterodyne receivers
at 8 wavebands between 110 and 7mm wavelength (2.64
to 43.00GHz, see Table 1). The IRAM 30-m observa-
tions were carried out with calibrated cross-scans using the
“B” and “C” SIS (until March 2009) and EMIR (Eight
Mixer Receiver) heterodyne receivers operating at 3 and
2mm wavelength (86.2 and 142.3 GHz). Finally, the Large

Apex Bolometer Camera (LABOCA) array was used at
APEX operating at a wavelength of 0.87mm (345GHz).
In the data reduction process for each station, pointing
offset, gain-elevation, atmospheric opacity and sensitivity
corrections have been applied to the data. The details
of the program, observations and data reduction are de-
scribed in Fuhrmann et al. (2014), Nestoras et al. (2014)
and Larsson et al. (2012) (see also Fuhrmann et al. 2008;
Angelakis et al. 2010, Angelakis et al. in prep.). Exam-
ple light curves of four selected sources (J0222+4302,
J1159+2914, J1504+1029 and J2253+1608) including all ra-
dio bands are shown in Fig. 1. The data of J0222+4302
(3C66A) at 110mm wavelength are affected by the close-by
radio galaxy 3C 66B and thus have been omitted.

c© 2013 RAS, MNRAS 000, 1–12
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DCCF stacking analysis (averaging over the whole sample)


All stacked radio (11 cm to 0.8 mm) / 
γ-ray combinations





              Averaged over whole sample: we 
              obtain highly significant correlations !
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In the last part of the analysis we quantify how the
correlation depends on radio wavelength. Here, we also take
into account the cosmological time stretch by scaling time
values with a factor of 1/(1+z), such that the computed time
lags refer to source rest frame. We note that in the current
work we do not take into account that time values (time
scales and time lags) are additionally modified (shortened)
by relativistic boosting effects (“jet rest frame”). This aspect
will be addressed in a subsequent analysis (Larsson et al. in
prep.).

The same 54 sources (mean redshift: 0.9) were used for
each one of the 2–110mm/γ-ray band combination, except
for one source (J1626-2948) which was excluded from the 7–
110mm band DCCFs due to poor sampling. For the 0.8mm
DCCF, 38 APEX light curves were used, out of which 23
sources were also in the F-GAMMA sample used for the
longer wavelengths.

4 RESULTS

Since the different radio bands are usually correlated (both
in sampling and variability) and radio/γ-ray correlations
are expected to be more pronounced towards shorter wave-
lengths (e.g. Fuhrmann et al. 2014), we only consider one
radio band (3mm) in order to establish the correlation sig-
nificance. We choose the 3mm band as being our best data
set at short wavelengths in terms of sampling and measure-
ment noise. We first present the results of the stacking anal-
ysis in Sect. 4.1, whereas the most significant single-source
correlations of our analysis are reported in Sect. 4.2. In Sect.
4.3 we investigate how the average correlation depends on
radio wavelength using the stacked DCCFs.

4.1 Correlation significance in stacking analysis

A 3mm/γ-ray source averaged DCCF was calculated with
each one of the two stacking methods described in Section
3.3. Both methods give a highly significant detection of cor-
related variability as can be seen in the top panel of Fig. 3,
where the two DCCFs are shown together with 90 and 99%
significance levels as estimated from the mixed source cor-
relations. The second stacking method (building the DCCF
by adding data point pairs) results in a correlation peak
DCCFmax of 0.38 compared to 0.31 for the direct averaging
of the individual source DCCFs. In both cases the DCCF
peak (average for lag −100 to +100 days) is more than 8
times higher than the strongest of the mixed source DCCF
used for comparison. We note that even after removing the
12 sources with the strongest correlations from the analysis,
the DCCF correlation is still highly significant. In this case
the average for the lag range −100 to +100 days still exceeds
the strongest corresponding mixed source DCCF by a factor
of 4. This demonstrates that the overall correlation is not
restricted to or dominated by just a small fraction of the
sources.

The correlation peak in the stacked DCCF of Fig. 3
(top) is broad and extends over a positive and negative lag
range of several hundred days. This width is partly the result
of the distribution of correlation lags among our sources,
including the redshift effect (see the bottom panel of Fig.
3) and the possible presence of multiple lags in individual

Stacked DCCF
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Figure 3.Averaged 3mm/γ-ray DCCFs obtained from the stack-
ing analysis. Top: DCCFs (observers frame) of both averaging
methods are shown (bold line: direct averaging of DCCFs, see
text). 99 (dotted line) and 90% (dashed line) significance levels
for the direct averaging method are superimposed demonstrating
the detection of highly significant correlations. Bottom: compar-
ison of the stacked DCCFs obtained with (source frame, dashed
line) and without (observers frame, solid line) redshift correction.

sources, but mostly it is an effect of the variability time scale
(see also Sect. 4.3). If the length of a γ-ray flaring period is
longer than the time delay of the radio flare onset, the later
part of the γ-ray flare will correlate with the beginning of
the radio flare at a negative time lag. This is the main reason
why the DCCF peak extends to negative lags – consistent
with our findings of single sources not showing significant
negative time lags (see Sect. 4.2).

4.2 Single sources: light curves and 3mm/γ-ray
DCCFs

The example light curves presented in Fig. 1 demonstrate
the typical behavior seen in the studied sample of 54 sources.
A visual inspection of all light curves shows that (i) strong
flux density outbursts (time scales of months) and extended
periods of activity (months to 1–2 years) occur at both radio
and γ rays, although single γ-ray events usually appear to
be more rapid, (ii) the flaring activity is often characterised
by significant sub-structure with faster sub-flares superim-
posed, in particular at γ-rays, (iii) the flaring activity often
seems to happen quasi-simultaneously at both bands, i.e.
during periods of γ-ray activity the radio bands are cor-

c© 2013 RAS, MNRAS 000, 1–12
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Radio lagging: lags close to 0 at 
mm/sub-mm bands & increasing 
towards lower frequencies   
     
1) Pos. delay: gamma-rays from 
    inside / upstream of “mm-core”

2) Delay origin: opacity/synchrotron self- 
    absorption

3) De-projected distance between “gamma-    
    origin” and radio τ=1 surface:





 jet speed βappfrom VLBI                  
 plus viewing angle θ
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     <τ>(sub-)mm: ~ 24 to 7 days
     <τ>cm           : up to ~ 80 days    


 
42 sources: 
<Δrrγ>(sub-)mm : ~ 3 to 0.9 pc 
<Δrrγ>cm        : up to 10 pc 
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Locating the γ-ray emission 


 
-  radio/radio lags: “time delay core 

shifts” and VLBI proper motion

-  “Königl type”, continuous jet
-  absolute distance of gamma-ray 

emission region to the jet base: 


3C 454.3 @ 3 mm:

 

 







= 1.0 +/- 0.5 pc 
 
~ 1.8 to 2.6 pc  
 
~ 0.8 – 1.6 pc 
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ν4      ν3           ν2                     ν1


    

“tau = 1 surface”,ν4>ν3 >ν2>ν1


    

       jet base
       γ-ray emission       BH

at the outer edge or outside the BLR ! 
Dust torus 

Accretion disk 
~ 1 – 10 pc 

Broad Line Region (BLR) 

  ~ 1 pc 

γ-ray emission region 
Relativistic jet 
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Summary – Conclusions


 
-  Highly significant averaged gamma – radio correlation 


-  Frequency dependent time lag. 

Consistent with opacity/synchrotron self-absorption

-  Gamma-ray origin within or upstream of the mm-core. 


-  3C454.3: Gamma-rays ~1-2 pc from the SMBH

5th Fermi Symposium– Nagoya, Japan – 20−24 October 2014 
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CCF caveats



-  The CCF is a useful tool but some information is lost.  

E.g. flare onset (see León-Tavares et al. 2011) 


-  Correlation significance as a function of data length for red 
noise 




Whats next? 

5th Fermi Symposium– Nagoya, Japan – 20−24 October 2014 

For Fgamma

-  Longer LC (5.2 years) and more sources (+10) 

Frequency dependent lag for more individual sources
-  Dependence on source type & characteristics (e.g. FSRQs/BL Lacs)
-  Flare onset (direct LC comparison)

In general

-  Gamma - optical – radio correlation
-  Systematic correlations with polarization in optical and radio 

(see poster by Hovatta et al, 8.13) 



