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ABSTRACT

Context. To fully exploit the scientific potential of the Fermi mission for the physics of active galactic nuclei (AGN), we initiated
the F-GAMMA programme. Between 2007 and 2015 the F-GAMMA was the prime provider of complementary multi-frequency
monitoring in the radio regime.
Aims. We quantify the radio variability of �-ray blazars. We investigate its dependence on source class and examine whether the radio
variability is related to the �-ray loudness. Finally, we assess the validity of a putative correlation between the two bands.
Methods. The F-GAMMA performed monthly monitoring of a sample of about 60 sources at up to twelve radio frequencies between
2.64 and 228.39 GHz. We perform a time series analysis on the first 2.5-yr data set to obtain variability parameters. A maximum
likelihood analysis is used to assess the significance of a correlation between radio and �-ray fluxes.
Results. We present light curves and spectra (coherent within ten days) obtained with the E↵elsberg 100 m and IRAM 30 m tele-
scopes. All sources are variable across all frequency bands with amplitudes increasing with frequency up to rest frame frequencies
of around 60–80 GHz as expected by shock-in-jet models. Compared to flat-spectrum radio quasars (FSRQs), BL Lacertae objects
(BL Lacs) show systematically lower variability amplitudes, brightness temperatures, and Doppler factors at lower frequencies, while
the di↵erence vanishes towards higher ones. The time scales appear similar for the two classes. The distribution of spectral indices
appears flatter or more inverted at higher frequencies for BL Lacs. Evolving synchrotron self-absorbed components can naturally
account for the observed spectral variability. We find that the Fermi-detected sources show larger variability amplitudes, brightness
temperatures, and Doppler factors than non-detected ones. Flux densities at 86.2 and 142.3 GHz correlate with 1 GeV fluxes at a
significance level better than 3�, implying that � rays are produced very close to the mm-band emission region.

Key words. galaxies: active – BL Lacertae objects: general – quasars: general – galaxies: jets – gamma rays: galaxies –
radiation mechanisms: non-thermal

1. Introduction

Powerful jets, sometimes extending outwards to several Mpc
from a bright nucleus, are the most striking feature of radio-loud
active galactic nuclei (AGN). It is theorised that the power sus-
taining these systems is extracted through the infall of galactic
material onto a supermassive black hole via an accretion flow.
Material is then channeled to jets which transport angular mo-
mentum and energy away from the active nucleus in the inter-
galactic space (Blandford & Rees 1974; Hargrave & Ryle 1974).

? Tables of the measured fluxes are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/596/A45

Unification theories attribute the phenomenological variety of
AGN types to the combination of their intrinsic energy output
and orientation of their jets relative to our line of sight (Readhead
et al. 1978; Blandford & Königl 1979; Readhead 1980; Urry &
Padovani 1995).

Blazars, viewed at angles not larger than 10� to 20�, form
the sub-class of radio-loud AGN showing the most extreme phe-
nomenology. This typically involves strong broadband variabil-
ity, a high degree of optical polarisation, apparent superluminal
motions (e.g. Dent 1966; Cohen et al. 1971; Sha↵er et al. 1972),
and a unique broadband double-humped spectral energy distri-
bution (SED; Urry 1999). Moreover, blazars have long been es-
tablished as a group of bright and highly variable �-ray sources
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(e.g. Hartman et al. 1992). While di↵erent processes may occur
in di↵erent objects, the high-energy blazar emission is believed
to be produced by the inverse Compton (IC) mechanism acting
on seed photons inside the jet (synchrotron self-Compton, SSC)
or external Compton (EC) acting on photons from the broad-line
region (BLR) or the accretion disk (leptonic models, e.g. Dermer
et al. 1992; Böttcher 2007). Alternatively, proton induced cas-
cades and their products have been invoked to account for this
emission in the case of hadronic jets (e.g. Mannheim 1993).

Despite all e↵orts, several key questions still remain unan-
swered, for example: (i) what are the dominant, broadband
emission processes; (ii) which mechanisms drive the violent,
broadband variability of blazars; and (iii) what is the typical duty
cycle of their activity? A number of competing models attempt
to explain their observed properties in terms of e.g. relativistic
shock-in-jet models (e.g. Marscher & Gear 1985; Valtaoja et al.
1992; Türler 2011) or colliding relativistic plasma shells (e.g.
Spada et al. 2001; Guetta et al. 2004). Quasi-periodicities seen
in the long-term variability curves on time scales of months to
years may indicate systematic changes in the beam orientation
(lighthouse e↵ect: Camenzind & Krockenberger 1992), possibly
related to binary black hole systems, MHD instabilities in the ac-
cretion disks, and/or helical/precessing jets (e.g. Begelman et al.
1980; Carrara et al. 1993; Villata & Raiteri 1999). Finally, the lo-
cation of �-ray emission is still intensely debated (cf. Blandford
& Levinson 1995; Valtaoja & Teräsranta 1995; Jorstad et al.
2001; Marscher 2014).

Analysis and theoretical modelling of quasi-simultaneous
spectral variability over spectral ranges that are as broad as pos-
sible (radio to GeV/TeV energies) allows the detailed study of
di↵erent emission mechanisms and comparison with di↵erent
competing theories. Hence, variability studies furnish important
clues about the size, structure, physics, and dynamics of the
emitting region making AGN/blazar monitoring programmes ex-
tremely important in providing the necessary constraints for un-
derstanding the origin of energy production.

Examples of past and ongoing long-term radio monitor-
ing programmes with variability studies are the University
of Michigan Radio Observatory (UMRAO) Program (4.8–
14.5 GHz; e.g. Aller 1970; Aller et al. 1985), the monitoring at
the Medicina/Noto 32 m telescopes (5, 8, 22 GHz; Bach et al.
2007), and the RATAN-600 monitoring (1–22 GHz; Kovalev
et al. 2002), all at lower radio frequencies. At intermediate fre-
quencies, the Metsähovi Radio Observatory programme (22 and
37 GHz; e.g. Salonen et al. 1987; Valtaoja et al. 1988) is one
example, while at high frequencies the IRAM 30 m monitoring
programme (90, 150, 230 GHz; e.g. Steppe et al. 1988, 1992;
Ungerechts et al. 1998) is another. Nevertheless, the lack of con-
tinuous observations at all wave bands and the historical lack
of su�cient �-ray data prevented past e↵orts from studying the
broadband jet emission in detail.

The launch of the Fermi Gamma-ray Space Telescope
(Fermi) in June 2008, with its high cadence “all-sky monitor”
capabilities, has introduced a new era in the field of AGN as-
trophysics providing a remarkable opportunity for attacking the
crucial questions outlined above. The Large Area Telescope
(LAT; Atwood et al. 2009) on board Fermi constitutes a large
leap compared to its predecessor, the Energetic Gamma-ray
Experiment Telescope (EGRET). Since 2008, Fermi has gath-
ered spectacular �-ray spectra and light curves resolved at a va-
riety of time scales for about 1500 AGN (e.g. Abdo et al. 2010d;
Ackermann et al. 2011b, 2015).

The Fermi-GST AGN Multi-frequency Monitoring Alliance
(F-GAMMA) represents an e↵ort, highly coordinated with

Fermi and other observatories, for the monitoring of selected
AGN. Here, we present F-GAMMA and report on the results
obtained for the initial sample, during the first 2.5 yr of obser-
vations (January 2007 to June 2009). The paper is structured
as follows. In Sect. 2 we introduce the programme, discuss the
sample selection, describe the participating observatories, and
outline the data reduction. Sections 3–5 present the variabil-
ity analysis, the connection between radio variability and �-ray
loudness, and the radio and �-ray flux-flux correlation, respec-
tively. We summarise our results and conclude in Sect. 6.

2. The F-GAMMA programme

The F-GAMMA programme (Fuhrmann et al. 2007; Angelakis
et al. 2010; Fuhrmann et al. 2014; Angelakis et al. 2015) aimed at
providing a systematic monthly monitoring of the radio emission
of about 60 �-ray blazars over the frequency range from 2.64
to 345 GHz. The motivation was the acquisition of uniformly
sampled light curves meant to

– complement the Fermi light curves and other, ideally simul-
taneous, data sets for the construction of coherent SEDs (e.g.
Giommi et al. 2012);

– be used for studying the evolutionary tracks of spectral com-
ponents as well as variability studies (e.g. shock models
Valtaoja et al. 1992, Fromm et al. 2015);

– be used for cross-band correlations and time series analyses
(e.g. Fuhrmann et al. 2014; Karamanavis et al. 2016a);

– correlations with source structural evolution studies
(Karamanavis et al. 2016b).

Below we explain the sample selection and then the observations
and the data reduction for each facility separately.

2.1. Sample selection

The selection of the F-GAMMA source sample was determined
by our goal to understand the physical processes in �-ray-loud
blazars; in particular their broadband variability and spectral
evolution during periods of energetically violent outbursts. By
definition, the programme was designed to take advantage of
the continuous Fermi monitoring of the entire sky. Since the
F-GAMMA observations started more than a year before the
Fermi launch, the monitored sample was subjected to a major
update (in mid-2009) once the first Fermi lists were released to
include only sources monitored by the satellite.

Initially, the F-GAMMA sample included 62 sources se-
lected to satisfy several criteria. The most important of which
were the following:

1. The sources should be previously detected in � rays by
EGRET and be included in the “high-priority AGN/blazar
list” released by the Fermi/LAT AGN working group, which
would tag them as potential Fermi �-ray candidates.

2. They should display flat radio spectra, an identifying charac-
teristic of blazar behaviour.

3. They should comply with certain observational constraints,
i.e. they should be at relatively high declination (� � �30�)
and give high average brightness to allow uninterruptedly re-
liable and high-quality data flow.

4. They should show frequent activity – in as many energy
bands as possible – to allow cross-band and variability
studies.

In Table 1, we list the sources in the initial sample that were
observed with the E↵elsberg and IRAM telescopes between
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Table 1. Initial F-GAMMA sample monitored at EB and PV between January 2007 and June 2009.

ID Catalogue Classa RA Dec Other programmesb ID Catalogue Classa RA Dec Other programmesb

name (J2000) (J2000) name (J2000) (J2000)

J0006�0623 FSRQ 00:06:13.9 �06:23:35 C M Pl W Po J1159+2914 FSRQ 11:59:31.8 +29:14:44 B C F M Pl W Po F1 F2
J0102+5824 FSRQ 01:02:45.8 +58:24:11 M Po F2 J1221+2813 WCom ON231 BL Lac 12:21:31.7 +28:13:59 B C E F M Pl Po F1 F2
J0217+0144 PKS0215+015 FSRQ 02:17:49.0 +01:44:50 C E F M Pl Po F1 F2 J1224+2122 4C21.35 FSRQ 12:24:54.5 +21:22:46 B E M Po F2
J0222+4302 3C66A BL Lac 02:22:39.6 +43:02:08 B F M Pl W Po F1 F2 J1229+0203 3C273 FSRQ 12:29:06.7 +02:03:09 B C E F G M Pl W Po F1 F2
J0237+2848 4C28.07 FSRQ 02:37:52.4 +28:48:09 C E F M Pl W Po F1 F2 J1230+1223 M87 RG 12:30:49.4 +12:23:28 M W Po F2
J0238+1636 AO0235+16 BL Lac 02:38:38.9 +16:36:59 B C E F G M Pl W Po F1 F2 J1256�0547 3C279 FSRQ 12:56:11.2 �05:47:22 B C E F G M Pl W Po F1 F2
J0241�0815 NGC1052 Sy 2 02:41:04.8 �08:15:21 C M Pl Po J1310+3220 OP313 blazar 13:10:28.7 +32:20:44 B C F M Pl W Po F1 F2
J0303+4716 4C47.08 BL Lac 03:03:35.2 +47:16:16 M Po F2 J1408�0752 PKS1406�076 FSRQ 14:08:56.5 �07:52:27 B E M Pl W Po F2
J0319+4130 3C84 blazar 03:19:48.2 +41:30:42 C F M W Po F1 F2 J1428+4240 H1426+428 BL Lac 14:28:32.7 +42:40:21 Po F2
J0319+1845 1E0317.0+1835 BL Lac 03:19:51.8 +18:45:34 C Po F2 J1504+1029 PKS1502+106 FSRQ 15:04:25.0 +10:29:39 C F M Pl W F1 F2
J0336+3218 OE355 FSRQ 03:36:30.1 +32:18:29 E M Pl Po F2 J1512�0905 PKS1510�08 FSRQ 15:12:50.5 �09:05:60 B E F G M Pl W Po F1 F2
J0339�0146 PKS0336�01 FSRQ 03:39:30.9 �01:46:36 B C M Pl W Po F2 J1522+3144 FSRQ 15:22:10.0 +31:44:14 C F M F1 F2
J0359+5057 NRAO150 FSRQ 03:59:29.7 +50:57:50 M Po J1540+8155 1ES1544+820 BL Lac 15:40:16.0 +81:55:06 Po
J0418+3801 3C111 Sy 1 04:18:21.3 +38:01:36 B E G M Po F2 J1613+3412 OS319 FSRQ 16:13:41.1 +34:12:48 B C E M Pl W Po F2
J0423�0120 PKS0420�01 FSRQ 04:23:15.8 �01:20:33 B C G M Pl W Po F2 J1635+3808 4C38.41 FSRQ 16:35:15.5 +38:08:05 B C E F G M Pl W Po F1 F2
J0433+0521 3C120 blazar 04:33:11.1 +05:21:16 C E M Pl W Po J1642+3948 3C345 FSRQ 16:42:58.8 +39:48:37 B C G M Pl W Po F2
J0507+6737 1ES0502+675 BL Lac 05:07:56.3 +67:37:24 F Po F1 F2 J1653+3945 Mkn501 BL Lac 16:53:52.2 +39:45:37 C F M Pl W Po F1 F2
J0530+1331 PKS0528+134 FSRQ 05:30:56.4 +13:31:55 B C E F G M Pl Po F1 F2 J1733�1304 NRAO530 FSRQ 17:33:02.7 �13:04:50 B C E M Pl Po F2
J0721+7120 S50716+71 BL Lac 07:21:53.4 +71:20:36 B C E F G M Pl W Po F1 F2 J1800+7828 S51803+78 BL Lac 18:00:45.7 +78:28:04 C F M Pl W Po F1 F2
J0738+1742 PKS0735+17 BL Lac 07:38:07.4 +17:42:19 B C E F M Pl W Po F1 F2 J1806+6949 3C371 BL Lac 18:06:50.7 +69:49:28 C M Pl W Po F2
J0750+1231 FSRQ 07:50:52.0 +12:31:05 C M Pl W Po F2 J1824+5651 4C56.27 BL Lac 18:24:07.1 +56:51:01 C M Pl W Po F2
J0818+4222 TXS0814+425 BL Lac 08:18:16.0 +42:22:45 C F M Pl Po F1 F2 J1959+6508 1ES1959+650 BL Lac 19:59:59.9 +65:08:55 C F M Po F1 F2
J0830+2410 OJ248 FSRQ 08:30:52.1 +24:10:60 B C E G M Pl W Po F2 J2158�1501 PKS2155�152 FSRQ 21:58:06.3 �15:01:09 C M Pl W Po F2
J0841+7053 S50836+71 FSRQ 08:41:24.4 +70:53:42 B G M W Po F2 J2158�3013 PKS2155�304 BL Lac 21:58:52.0 �30:13:32 C F Pl Po F1 F2
J0854+2006 OJ287 BL Lac 08:54:48.9 +20:06:31 B C E F G M Pl W Po F1 F2 J2202+4216 BLLac BL Lac 22:02:43.3 +42:16:40 B E F G M Pl W Po F1 F2
J0958+6533 S40954+65 BL Lac 09:58:47.2 +65:33:55 B C E M Pl Po F2 J2203+3145 4C31.63 FSRQ 22:03:15.0 +31:45:38 C M Pl W Po
J1041+0610 PKS1038+064 FSRQ 10:41:17.2 +06:10:17 C M Pl W Po J2225�0457 3C446 FSRQ 22:25:47.3 �04:57:01 B G M Pl W Po F2
J1104+3812 Mkn421 BL Lac 11:04:27.3 +38:12:32 C E F M Pl Po F1 F2 J2232+1143 OY150 CTA102 FSRQ 22:32:36.4 +11:43:51 B E F G M Pl W Po F1 F2
J1130�1449 PKS1127�14 FSRQ 11:30:07.1 �14:49:27 B F M Pl W Po F1 F2 J2253+1608 3C454.3 FSRQ 22:53:57.7 +16:08:54 B C E F G M Pl W Po F1 F2
J1128+5925 FSRQ 11:28:13.0 +59:25:15 C J2347+5142 1ES2344+514 BL Lac 23:47:04.8 +51:42:18 M Po
J1136+7009 Mkn180 BL Lac 11:36:26.4 +70:09:27 C Pl Po F2 J2348�1631 PKS2345�16 FSRQ 23:48:02.6 �16:31:12 C M Pl W Po

Notes. The last column indicates whether a source is included other programmes. (a) Source class: FSRQs = flat-spectrum radio quasar, BL Lac =
BL Lac object, Sy1/2 = Seyfert type 1/2, RG = radio galaxy, blazar = unidentified blazar type. (b) B = Boston 43 GHz VLBI programme; C =
CGRABS sample; E = EGRET detected (3EG Catalog); G = GMVA 86 GHz VLBI programme; M =MOJAVE programme; Pl = Planck detected;
W =WMAP detected; F1 = Fermi-detected (LBAS); F2 = Fermi-detected (1LAC); Po = POLAMI monitoring programme.

January 2007 and June 2009, which is the period covered by the
present work. The E↵elsberg and IRAM observations were done
monthly and in a highly synchronised manner. A sub-set of 24
of these sources and an additional sample of about 20 southern
�-ray AGN were observed also with the APEX telescope (see
Larsson et al. 2012).

An important consideration during the sample selection was
the overlap with other campaigns and particularly VLBI moni-
toring programme. Most of the 62 sources in our sample (95%)
are included in the IRAM polarisation monitoring (POLAMI;
e.g. Agudo et al. 2014). A major fraction (89%) were observed
by MOJAVE (Lister et al. 2009), and almost half (47%) are in
the Boston 43 GHz Program (Jorstad et al. 2005). One-third
of our sources (27%) are in the GMVA monitoring and one
source (namely PKS 2155-304) is part of the southern TANAMI
VLBI Program (Ojha et al. 2010). The Third EGRET Catalog
(Hartman et al. 1999) includes 40% of the initial sample sources
while the majority of sources (69%) are in CGRaBS. WMAP
Point Source Catalog (Bennett et al. 2003) includes 61% of
our sample and 74% are in the Planck Early Release Compact
Source Catalogue (ERCSC, Planck Collaboration et al. 2011).
The last column of Table 1 summarises the overlap with all these
programmes.

On the basis of the classical AGN classification scheme –
flat-spectrum radio quasars (FSRQs), BL Lacertae objects
(BL Lacs), and radio galaxies (e.g. Urry & Padovani 1995) –
the initial F-GAMMA sample consists of 32 FSRQs (52%),
23 BL Lacs (37%), 3 radio galaxies (5%), and 3 unclassified
blazars (5%).

In June 2009, soon after the release of the first Fermi
source lists (LBAS and 1LAC; Abdo et al. 2009b, 2010c), the

F-GAMMA sample was partially revised to include exclusively
Fermi monitored sources. The revised list will be presented in
Nestoras et al. (2016) and Angelakis et al. (in prep.).

2.2. Observations and data reduction

The main facilities employed for the F-GAMMA programme
were the E↵elsberg 100 m (hereafter EB), IRAM 30 m (PV),
and APEX 12 m telescopes. The observations were highly coor-
dinated between the EB and PV. In addition, as has already been
discussed, several other facilties and teams have occasionally
participated in campaigns in collaboration with the F-GAMMA
programme or have provided complementary studies. Here we
summarise the involved facilites, the associated data acquisition,
and reduction.

2.2.1. The Effelsberg 100 m telescope

The most important facility for the F-GAMMA programme has
been the E↵elsberg 100 m telescope owing to the broad fre-
quency coverage, the large number of available receivers in that
range, and the high measurement precision.

The observations started in January 2007 and stopped in
January 2015. Here, however, we focus only on the first 2.5 yr
over which the initial F-GAMMA sample was monitored. The
programme was scheduled monthly in 30- to 40-h sessions. The
observations were conducted with the eight secondary focus re-
ceivers listed in Table 2 covering the range from 2.64 to 43 GHz
in total power and polarisation (whenever available). Their de-
tailed characteristics are listed in Table 4 of Angelakis et al.
(2015).
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Table 2. Top: participating facilities of the F-GAMMA programme. Bottom: telescopes of the main collaborations and complementary projects.

Facility Location Band Diameter Frequency Notes
(m) (GHz)

E↵elsberg 100 m E↵elsberg, DE 110–7 mm 100 2.64, 4.85, 8.35, 10.45, 14.6 intensity and polarisation
23.05, 32, 43 intensity

IRAM 30 m Sierra Nevada, ES 3–1 mm 30 86.2, 142.3, 228.9 intensity
APEX 12 m Atacama Plateau, CL 0.85 mm 12 345 quasi-regular since 2007

OVRO 40 m Owens Valley, CA 20 mm 40 15.0 2–3 times per week
KVN Korea 13, 7 mm 21 21.7, 42.4 monthly since 2010
IRAM 30 m Sierra Nevada, ES 3, 1 mm 30 86.2, 228.9 monthly, polarisation
ROBOPOL Crete, GR optical 1.3 R-band intensity and polarisation

The measurements were done with “cross-scans” i.e. by
measuring the telescope response as it progressively slews over
the source position in azimuth and elevation direction. This tech-
nique allows the correction of small pointing o↵sets, the detec-
tion of possible spatial extension of a source, or cases of confu-
sion from field sources. The systems at 4.85, 10.45, and 32 GHz
are equipped with multiple feeds which were used for subtract-
ing tropospheric e↵ects (“beam switch”). The time needed to
obtain a whole spectrum was of the order of 35–40 min, guar-
anteeing measurements free of source variability.

The data reduction and the post-measurement data process-
ing is described in Sect. 3 of Angelakis et al. (2015). For the ab-
solute calibration we used the reference sources 3C 48, 3C 161,
3C 286, 3C 295, and NGC 7027 (Baars et al. 1977; Ott et al.
1994; Zijlstra et al. 2008). The assumed flux density values for
each frequency are listed in Table 3 of Angelakis et al. (2015).
The overall measurement uncertainties are of the order of 1%
and 5% at lower and higher frequencies, respectively.

2.2.2. The IRAM 30 m telescope

The IRAM 30 m telescope at Pico Veleta covered the impor-
tant short-mm bands. The observations started in June 2007 and
stopped in May 2014 using the “B” and “C” SIS heterodyne re-
ceivers at 86.2 (500 MHz bandwidth), 142.3, and 228.9 GHz
both with 1 GHz bandwidth (Table 2). The receivers were oper-
ated in a single linear polarisation mode, but simultaneously at
the three observing frequencies.

To minimise the influence of blazar variability in the com-
bined spectra, the EB and PV observations were synchro-
nised typically within a few days up to about one week. The
F-GAMMA observations were combined with the general flux
monitoring conducted by IRAM (e.g. Ungerechts et al. 1998).
The data presented here come from both programmes.

Observations were performed with calibrated cross-scans in
the azimuth and elevation directions. For each target the cross-
scans were preceded by a calibration scan to obtain instanta-
neous opacity information and convert the counts to the antenna
temperature scale T ⇤A corrected for atmospheric attenuation as
described by Mauersberger et al. (1989). After a necessary qual-
ity flagging, the sub-scans in each scanning direction were av-
eraged and fitted with Gaussian curves. Each fitted amplitude
was then corrected for pointing o↵sets and elevation-dependent
losses. The absolute calibration was done with reference to fre-
quently observed primary (Mars, Uranus) and secondary calibra-
tors (W3(OH), K3-50A, NGC 7027). The overall measurement
uncertainties are 5–10%.

2.3. Other facilities

In order to accommodate the needs for broader frequency
coverage, dense monitoring of large unbiased samples and
synchronous monitoring of structural evolution a number of col-
laborating facilities were coordinated with the F-GAMMA pro-
gramme. For completeness they are briefly described below.

The APEX sub-mm telescope: in 2008, we started using the Large
Apex Bolometer Camera (LABOCA; Siringo et al. 2008) of the
Atacama Pathfinder EXperiment (APEX) 12 m telescope to ob-
tain light curves at 345 GHz for a sub-set of 25 F-GAMMA
sources and 14 southern hemisphere �-ray AGN. In the current
paper we do not present APEX data. The first results, however,
are discussed in Larsson et al. (2012).
The OVRO 40-m programme: in mid-2007 a programme comple-
mentary to F-GAMMA was commenced at the OVRO 40 m tele-
scope. It is dedicated to the dense monitoring of a large sample
of blazars at 15 GHz. The initial sample included 1158 CGRaBS
sources (Healey et al. 2008) with declination � �20�. The sam-
ple was later enriched with Fermi-detected sources data to reach
a size of around 1800. The cadence is around a few days. The
details of the OVRO programme are discussed by Richards et al.
(2011, 2014).
Korean VLBI Network programme: the AGN group of the
Korean VLBI Network (KVN) has been using the KVN anten-
nas since 2010 for the monthly monitoring of �-ray blazars si-
multaneously at 22 and 42 GHz (Lee et al. 2011). Details of the
observing method can be found in Park et al. (2013).
Optical monitoring: in collaboration with the California Institute
of Technology (Caltech), the University of Crete, the Inter-
University Centre for Astronomy and Astrophysics (IUCAA),
and the Torun Center for Astronomy at the Nicolaus Copernicus
University, we initiated, funded, and constructed the RoboPol
optical polarimeter (King et al. 2014) mounted on the 1.3 m
Skinakas optical telescope (Greece). Since 2013 RoboPol has
been monitoring the optical linear polarisation of a sample of
60 blazars including 47 F-GAMMA sources. The first polarisa-
tion results of RoboPol are presented in Pavlidou et al. (2014),
Blinov et al. (2015, 2016) and Angelakis et al. (2016).

3. Variability analysis

Here we study the initial F-GAMMA sample. We focus on the
first 2.5 yr of EB observations (31 sessions from January 2007 to
June 2009) and the first 2 yr of monitoring with PV (21 sessions
from June 2007 to June 2009).
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Fig. 1. Combined EB and PV light curves for selected, particularly active Fermi sources of the F-GAMMA sample. Data obtained within the
OVRO 40 m programme at 15 GHz are also shown. Left: low frequencies (2.64, 4.85, 8.35 GHz). Middle: intermediate frequencies (10.45,
14.60/15.00, 23.05 GHz). Right: high frequencies (32.0, 42.0, 86.2, 142.3, 228.9 GHz). From top to bottom: J0238+1636 (AO 0235+16),
J0359+5057 (NRAO 150), J0721+7120 (S5 0716+714), and J0958+6533 (S4 0954+65).

3.1. Light curves and variability characteristics

Examples of combined EB/PV (2.6 to 228 GHz) light curves
of active Fermi �-ray sources are shown in Figs. 1 and 2;
they show the variety of cm to short-mm band variability be-
haviours. Strong, correlated outbursts across the observing pe-
riod are visible. These typically last from months to about one
year and are seen in nearly all bands, often delayed and with
lower variability amplitudes towards lower frequencies, e.g. in
J0238+1636 (AO 0235+164) or J2253+1608 (3C 454.3). Often
more fine structure, i.e. faster variability, is seen towards shorter
wavelengths. In several cases, such as J1256-0547 (3C 279) and
J2253+1608 (3C 454.3), there is very little or no variability in
the lowest frequency bands (4.85 and 2.64 GHz). The case of
J0359+5057 (NRAO 150) also demonstrates the presence of dif-
ferent variability properties with a nearly simultaneous, mono-
tonic total flux density increase at all frequencies on much

larger time scales (years). Interestingly, the latter happens with-
out strong spectral changes (see also Sect. 3.7).

Figures 1 and 2 also include the denser sampled light curves
obtained by the OVRO programme at 15 GHz. Even visual com-
parison shows the good agreement between the programmes.
The EB data closely resemble the variability behaviour seen
at higher time resolution with the OVRO 40 m data. To evalu-
ate the agreement of the cross-station calibration we compared
the EB and OVRO data sets at the nearby frequencies of 15
and 14.6 GHz. For the calibrators (non-variable steep spectrum
sources) the di↵erence is about 1.2% and can be accounted for by
the source spectrum, given the slightly di↵erent central frequen-
cies at EB and OVRO. Occasional divergence from this minor
e↵ect can be explained by pointing o↵sets and source spectral
variability. Generally, the two stations agree within <3–4%.

To study the flare characteristics, a detailed light curve anal-
ysis was performed. For consistency we used the two-year data
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Fig. 2. Columns as in Fig. 1 for four additional sources, namely J1256-0547 (3C 279), J1504+1029 (PKS 1502+106), J1512-0905 (PKS 1510-
089), and J2253+1608 (3C 454.3).

set, from June 2007 to June 2009, where quasi-simultaneous data
from both EB and PV are available. The analysis included (i) a
�2-test for assessing the significance of the source variability;
(ii) determination of the variability amplitude and its frequency
dependence; and (iii) estimation of the observed flare time scales
over the considered time period. Subsequently, multi-frequency
variability brightness temperatures and Doppler factors are cal-
culated. The analysis and results are discussed in the following
sections.

3.2. Assessing the significance of variability
For each source and frequency, the presence of significant vari-
ability was examined under the hypothesis of a constant function
and a corresponding �2 test. A light curve is considered variable
if the �2 test gives a probability of 0.1% for the observed data
under the assumption of constant flux density (99.9% signifi-
cance level for variability).

The �2 test results reveal that all primary (EB) and secondary
(PV) calibrators are non-variable, as expected. The overall good

calibration/gain stability is demonstrated by the small residual
(mean) scatter (�S /hS i) in the calibrator light curves of 0.6 to
2.7% between 2.6 and 86.2 GHz, respectively. At 142.3 and
228.9 GHz, however, these values increase by a factor of up to
2–3. Almost all target sources of the F-GAMMA sample (for
which the available data sets at the given frequency were su�-
ciently large) are variable across all bands. Taking all frequen-
cies into account, we obtain a mean of 91% of target sources
to be significantly variable at a 99.9% significance level. We
note a trend of lower percentage of significantly variable sources
(between 78 and 87%) at 43, 142.3, and 228.9 GHz. At these
bands the measurement uncertainties are significantly higher ow-
ing to lower system performance and increasing influence of
the atmosphere. Consequently, the larger measurement uncer-
tainties at these bands reduce our sensitivity in detecting signifi-
cant variability, particularly in the case of small amplitude vari-
ations and weaker sources. For subsequent analysis, only light
curves exhibiting significant variability according to the �2 test
are considered.
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3.3. Dependence of variability amplitudes on frequency

To quantify the strength of the observed flares in our light curves,
we calculated the modulation index m⌫ = 100⇥�⌫/ hS ⌫i , where
hS ⌫i is the mean flux density of the light curve at the given fre-
quency and �⌫ its standard deviation. The calculated modula-
tion indices for each source and frequency show a clear trend.
The sample’s averaged variability amplitude hm⌫i steadily in-
creases towards higher frequencies from 9.5% at 2.6 GHz to
30.0% at 228.9 GHz. A similar behaviour is found in previ-
ous studies (e.g. Valtaoja et al. 1992; Ciaramella et al. 2004)
though for smaller source samples, lower frequency coverage
(typically up to 37 GHz), and di↵erent definitions of the vari-
ability amplitudes.

In order to establish this trend as an “intrinsic property”, pos-
sible biases in the calculated variability amplitudes have been
taken into account as follows. First, owing to the dependence
of the mean flux density hS ⌫i on frequency, we only consider
the standard deviation of the flux density of each light curve as
a measure of the mean variability/flare strength at a given fre-
quency. Second, redshift e↵ects are removed by converting to
rest-frame frequencies. Finally, we remove the possible influ-
ence of measurement uncertainties (finite and di↵erent sampling,
single-flux-density uncertainties) by computing intrinsic values
for the flux density standard deviation of each light curve using a
likelihood analysis. That is, assuming a Gaussian distribution of
fluxes in each light curve, we compute the joint likelihood of all
observations as a function of both the intrinsic mean flux density
S 0 and intrinsic standard deviation �0, accounting for the di↵er-
ent measurement uncertainties � j at each flux density measure-
ment S j, and the di↵erent number of flux density measurements
for di↵erent light curves. The joint likelihood for N observations
is (Richards et al. 2011, Eq. (20) with derivation therein)

L(S 0,�0) =

0
BBBBBBBBBB@

NY

j=1

1
q

2⇡(�2
0 + �

2
j )

1
CCCCCCCCCCA
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2
6666664�

1
2

NX

j=1

(S j � S 0)2

�2
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2
0

3
7777775 · (1)

Marginalising out the intrinsic mean S 0, we can obtain the maxi-
mum likelihood values for �0, as well as uncertainties on this es-
timate. We consider a source to be variable at a given frequency
if �0 at that frequency is more than three sigma away from 0.

The results are summarised in Fig. 3, which shows the loga-
rithmic flux standard deviations versus rest-frame frequency for
each source, as well as the logarithmic sample averages per fre-
quency bin. A clear and significant overall increase of the vari-
ability amplitude with increasing frequency is observed for the
F-GAMMA sample, with a maximum reached at rest-frame fre-
quencies ⇠60–80 GHz; i.e. the mm bands. At higher frequen-
cies a plateau or a decreasing trend appears to be present, but
cannot be clearly established owing to the small number of data
points. Looking into individual source patterns, however, reveals
three di↵erent behaviours: (i) sources showing only a rising trend
towards higher frequencies; (ii) sources showing a clear peak
at rest-frame frequencies between ⇠40–100 GHz with a subse-
quent decrease; and (iii) a few sources showing only a nearly
flat trend across our bandpass. Typical examples are shown in
the bottom panel of Fig. 3. Consequently, the high-frequency
plateau in Fig. 3 (top) is the result of averaging over these di↵er-
ent behaviours.
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Fig. 3. Strength of variability (flux standard deviation) with respect
to rest-frame frequency as observed with EB and PV. Top: Scatter
plot (black, all sources) showing increasing variations with frequency.
Superimposed are shown the logarithmic sample averages of the stan-
dard deviation after binning in frequency space. Middle: logarithmic
averages of the standard deviation obtained for the FSRQs (red) and
BL Lacs (green) in the sample. Bottom: three examples of individual
sources showing (i) a rising trend (blue); (ii) a clear peak (black); and
(iii) a nearly flat trend of variability amplitude across our bandpass
(red).

Detailed studies of single sources and isolated flares (e.g.
Hovatta et al. 2008; Karamanavis et al. 2016a) at their di↵er-
ent stages (maxima, slopes of the rising and decaying regimes;
see Fig. 3) are required for detailed comparisons with model pre-
dictions (e.g. Fromm et al. 2015). However, the above findings
(rising and peaking sources) are qualitatively in good agreement
with predictions of shock-in-jet models (e.g. Marscher & Gear
1985; Valtaoja et al. 1992; Türler et al. 2000; Fromm et al. 2011,
2015) where the amplitude of flux variations is expected to fol-
low three di↵erent regimes (growth at high frequencies, plateau,
decay towards lower frequencies; see e.g. Valtaoja et al. 1992)
according to the three stages of shock evolution (Compton, syn-
chrotron, adiabatic loss phases; Marscher & Gear 1985). With
good frequency coverage up to 375 GHz, Stevens et al. (1994)
interpreted the overall flaring behaviour of their 17 sources, also
in good agreement with the shock scenario with peaking vari-
ability amplitudes at 90 GHz, similar to our findings. Similar
results have also been reported by Hovatta et al. (2008) using
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a large number of individual flares, and by Karamanavis et al.
(2016a) for the broadband flare of PKS 1502+106.

In this framework, Fig. 3 demonstrates that the F-GAMMA
frequency bands largely cover the decay stage of shocks, but
also provide the necessary coverage towards higher frequencies
to study the growth and plateau stages (peaking sources) and
thus, test shock-in-jet models in detail (Angelakis et al. 2012;
Fromm et al. 2015). Here, our APEX monitoring at 345 GHz will
add important information to the initial shock formation/growth
phase for a large number of sources. The origin of the nearly flat
trend seen for some sources, however, needs particular investiga-
tion. Such behaviour is not easily understood within the standard
shock scenario. The majority of these sources are also found to
exhibit a di↵erent spectral behaviour (see Sect. 3.7).

Figure 3 (middle) shows the behaviour of the logarithmic av-
erage of the standard deviations with rest-frame frequency, for
the FSRQs (red) and BL Lacs (green) in our sample. It is in-
teresting to note that the FSRQs exhibit systematically higher
variability amplitudes at lower frequencies (in contrast to e.g.
the OVRO 15 GHz results; see below). However, this di↵erence
decreases at rest-frame frequencies &15 GHz and finally disap-
pears at higher frequencies (&20–30 GHz). This behaviour can
be understood for BL Lacs showing stronger self-absorption and
exhibiting flares largely decaying before reaching the lowest fre-
quencies, which is in agreement with our spectral analysis (see
Sect. 3.7).

We stress that previous studies found the opposite behaviour,
i.e. BL Lacs exhibiting larger variability amplitudes than FSRQs
at comparable frequencies (e.g. Ciaramella et al. 2004; Richards
et al. 2011). In contrast to our measure of the variability am-
plitude (light curve standard deviations), these studies used the
modulation index with the mean flux density as a normalisation
factor. Although useful quantities for various studies, the nor-
malisation leads only to apparently higher variability amplitudes
for BL Lacs owing to the frequency-dependent, and on average
lower, flux density of BL Lacs compared to FSRQs (in our sam-
ple by a factor 3–4).

3.4. Flare time scales

Under the assumption that the emission during outbursts arises
from causally connected regions, the average rise and decay time
of flares (i.e. their time scales, ⌧var) can constrain the size of the
emitting region. Combined with the flare amplitude (Sect. 3.3),
this information can yield physical parameters such as the bright-
ness temperature and Doppler factor. To obtain ⌧var, and given
the large number of data sets and flares to be analysed, we do
not attempt to study individual flares, but instead use a structure
function analysis (Simonetti et al. 1985). In particular, two dif-
ferent algorithms have been developed aiming at an automated
estimation of flare time scales (see also Marchili et al. 2012).

The first applies a least-squares regression, of the form
SF(⌧) = const. · ⌧↵, to the structure function values at time lag ⌧.
The regression is calculated over time lag windows of di↵erent
size, providing a correlation coe�cient for each. This method
exploits the fact that, for time lags higher than the structure func-
tion plateau level, the correlation coe�cient should undergo a
monotonic decrease. Therefore, the observed time scale could
be defined as the time lag ⌧reg for which the coe�cient regres-
sion is maximum. However, a change in the SF(⌧) slope may
cause a decrease in the regression coe�cient before the plateau
level is reached. Given the limited number of data points per light
curve, such changes of slope often do not reflect a significant
variability characteristic of the light curve. In order to overcome

this problem, the time scale ⌧c1 was defined as the first structure
function maximum at time lags higher than ⌧reg.

The structure function of a time series whose variability is
characterised by a broken power-law spectrum shows a plateau
after which it becomes almost flat. This is exploited by the sec-
ond algorithm for the estimation of the time scale. Defining
SFplateau as the structure function value at the plateau, we cal-
culated ⌧c2 as the lower time lag for which SF(⌧) > SFplateau.

The use of automated procedures for the estimation of time
scales considerably speeds it up and provides a fully objective
and reproducible method. We compared the time scales obtained
automatically with the ones resulting from visual inspection of
the structure function as well as light curve plots for a sample of
sources. The agreement between the results is satisfactory. If the
di↵erence |⌧c1 � ⌧c2| is equal to or smaller than the average sam-
pling of the investigated light curve, we considered the two val-
ues to be related to the same time scale, which is then defined as
their average. Large discrepancies between the results of the two
methods have been considered strong evidence of multiple time
scales in the light curves. In this case, the two values have been
considered separately. Occasionally, the estimated time scale co-
incides with the maximum time lag investigated by means of
structure function. This occurs in cases where a (long-term) flare
is just observed as a monotonic trend not changing throughout
the whole time span of the observations. In these cases, the esti-
mated time scale must be considered as a lower limit to the true
flare time scale.

The values returned by the structure function have been
cross-checked by means of a wavelet-based algorithm for the
estimation of time scales, based on the Ricker mother wavelet
(a detailed discussion of this time analysis method can be found
in Marchili et al. 2012). Given the fundamental di↵erences be-
tween the structure function and wavelet algorithms for the es-
timation of time scales, the combined use of these two analysis
tools is very e↵ective for testing the reliability of the results. The
substantial agreement between the two methods is demonstrated
by a linear regression between their time scale estimates, which
returns a correlation coe�cient of ⇠0.8.

We note that our almost monthly cadence hampers the de-
tection and investigation of more rapid flares (.days to weeks),
while the limited 2.5 yr time span of the current light curves sets
an obvious limit to the maximum time scales that can be studied.
Furthermore, the estimation of meaningful flare time scales at
228.9 GHz is strongly limited by the often much lower number
of data points (see Figs. 1 and 2), large measurement uncertain-
ties, and the reduced number of significantly variable sources
(see Sect. 3.2). Consequently, we exclude the 228.9 GHz light
curves from the current analysis.

The estimated time scales of the flares typically range be-
tween 80 and 500 days. The sample mean and median values
obtained at each frequency are given in Table 3. A clear trend
of faster variability towards higher frequencies is found with
mean values of 348 days (median: 350 days), 294 days (median:
270 days), and 273 days (median: 240 days) at 2.6, 14.6, and
86.2 GHz, respectively. According to statistical tests (K-S test),
no significant di↵erence between FSRQs and BL Lacs is seen.

3.5. Variability brightness temperatures

Based on the variability parameters discussed above we ob-
tain estimates of the emitting source sizes (via the light travel-
time argument) and the variability brightness temperatures.
Assuming a single emitting component with Gaussian brightness
distribution, and given the redshift z, luminosity distance Dl, the
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Table 3. Mean and median variability parameters for di↵erent frequen-
cies and source class.

⌫ Classa ⌧var
b Log(TB)c �var,eq

d

(GHz) (d) (K)
2.64 ALL 348 350 13.60 13.11 8.8 8.2

FSRQs 333 345 13.77 13.58 12.7 11.5
BL Lacs 339 335 13.32 12.24 4.7 2.9

4.85 ALL 342 336 13.33 12.90 7.6 7.5
FSRQs 355 338 13.27 13.05 9.3 9.0
BL Lacs 325 301 13.25 12.09 4.4 3.4

8.35 ALL 336 345 12.91 12.44 5.9 5.8
FSRQs 331 360 12.93 12.72 7.6 7.7
BL Lacs 343 345 12.77 11.57 3.1 2.4

10.45 ALL 327 315 12.73 12.34 5.3 5.2
FSRQs 307 278 12.80 12.64 7.0 6.8
BL Lacs 368 353 12.45 11.41 2.7 2.2

14.60 ALL 294 270 12.57 12.20 4.8 4.5
FSRQs 284 263 12.67 12.44 6.4 6.5
BL Lacs 300 270 12.38 11.57 2.8 2.5

23.02 ALL 301 270 12.37 11.93 4.3 4.0
FSRQs 277 260 12.51 12.25 5.6 5.5
BL Lacs 298 293 12.11 11.67 2.8 2.6

32.00 ALL 282 280 12.38 11.86 4.4 4.0
FSRQs 269 270 12.52 12.30 5.6 5.7
BL Lacs 284 284 11.79 11.41 2.3 2.3

43.00 ALL 309 300 12.12 11.64 3.6 3.2
FSRQs 303 308 12.24 11.65 4.2 3.7
BL Lacs 294 280 11.79 11.39 2.0 2.6

86.20 ALL 273 240 11.45 11.00 2.3 2.2
FSRQs 261 240 11.61 11.09 2.9 2.5
BL Lacs 276 240 11.02 10.75 1.4 1.4

142.30 ALL 328 308 11.29 10.62 1.9 1.5
FSRQs 296 300 11.50 10.73 2.4 1.7
BL Lacs 330 308 10.66 10.71 1.3 1.3

Notes.

(a) Source class: FSRQs = flat-spectrum radio quasar, BL Lac =
BL Lac object, ALL = all sources including unclassified blazars and
radio galaxies; (b) variability time scale; (c) logarithm of the variability
brutishness temperature; (d) variability Doppler factor.

estimated time scale ⌧var, and amplitude �S (⇠
p

0.5 · SF [⌧] ) of
variation, the apparent brightness temperature at frequency ⌫ can
be estimated as (e.g. Angelakis et al. 2015)

Tb,var[K] = 1.47 ⇥ 1013�S [Jy]
"

Dl [Mpc]
⌫ [GHz] ⌧var [days] (1 + z)2

#2
·

(2)

The calculated values typically range between 109 and 1014 K.
The distribution of Tb,var at di↵erent frequencies allows, for the
first time, a detailed study of the frequency dependence of Tb,var
across such a wide frequency range. Examples of variability
brightness temperature distributions for selected frequencies are
shown in Fig. 4, whereas the sample averaged, multi-frequency
results are summarised in Table 3. We notice two main features:

(i) a systematic trend of decreasing Tb,var towards higher fre-
quencies, by two orders of magnitude, with mean values of
4.0 ⇥ 1013 K (median: 1.3 ⇥ 1013 K), 3.7 ⇥ 1012 K (median:
1.6⇥1012 K), and 2.8⇥1011 K (median: 1.0⇥1011 K) at 2.6,
14.6, and 86.2 GHz, respectively;

(ii) a di↵erence between FSRQs and BL Lacs in our sample
with a trend of higher brightness temperatures for FSRQs
as compared to those of BL Lacs (see Table 3 and Fig. 4).
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Fig. 4. Distributions of apparent variability brightness temperatures at
selected frequencies: 2.64, 4.85, 14.6, 32, and 86 GHz from top to bot-
tom. All sources (grey) are shown with FSRQs (black) and BL Lacs
(green) superimposed. We note the systematic decrease of Tb,var to-
wards higher frequencies as well as the di↵erence in the sample between
FSRQs and BL Lacs (see text).
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A significant di↵erence between the two classes in the sam-
ple is statistically confirmed at frequencies between 2.6 and
22 GHz by Kolmogorov-Smirnov (K-S) tests and Student’s
t-tests, rejecting the null hypothesis of no di↵erence between
the two data sets (P < 0.001). Towards mm bands, however,
this di↵erence becomes less significant and vanishes at e.g.
86 GHz (see also Fig. 4).

3.6. Variability Doppler factors

Under equipartition between particle energy density and mag-
netic field energy density, a limiting brightness temperature
T eq

b,int, of 5 ⇥ 1010 K is assumed (Scott & Readhead 1977;
Readhead 1994; Lahteenmaki et al. 1999). We estimate the
Doppler boosting factors by attributing the excess brightness
temperature to relativistic boosting of radiation. The Doppler
factor is then given by �var,eq = (1 + z) 3�↵pTb/5 ⇥ 1010 (with
↵ = �0.7; S ⇠ ⌫↵). The sample averaged Doppler factors at
each frequency are summarised in Table 3. Doppler factor dis-
tributions at di↵erent frequencies are shown in Fig. 5. Two main
points can be made:

(i) a systematic trend of decreasing �var,eq towards higher fre-
quencies by more than a factor of 4 with mean values of 8.8
(median: 8.2), 4.8 (median: 4.5), and 2.3 (median: 2.2) at 2.6,
14.6, and 86.2 GHz, respectively;

(ii) a di↵erence between FSRQs and BL Lacs in our sample with
a trend of higher Doppler factors for FSRQs, as compared to
those of BL Lacs, by a factor of 2–3 (see Table 3 and Fig. 5).
Again, a significant di↵erence between the two classes in
the sample is statistically confirmed at frequencies between
2.6 and 22 GHz by K-S and Student’s t-tests rejecting the
null hypothesis of no di↵erence between the two data sets
(P < 0.001). As seen from Fig. 5, the separation of the two
sub-samples again vanishes towards the highest frequencies
confirmed by accordingly higher K-S test values.

A trend of decreasing Tb,var and �var,eq towards higher frequen-
cies has already been reported (e.g. Fuhrmann et al. 2008;
Karamanavis et al. 2016b; Lee et al. 2016). As pointed out by
Lahteenmaki & Valtaoja (1999), maximum (intrinsic) brightness
temperatures are expected to occur during the maximum devel-
opment phase of shocks, i.e. at rest-frame frequencies of ⇠60–
80 GHz (Sect. 3.3).

Our findings indicate that Tb,var is a decreasing function of
frequency, as is also expected from the following considerations.
Starting from Eq. (2) it is possible to write

Tb,var / �S · ⌫�2 · �t�2. (3)

Assuming that the variability is caused by shocks travelling
downstream, �S is expected to follow an increasing trend with
⌫ within our bandpass (Valtaoja et al. 1992). From our data set
(Fig. 3) we find that

�S / ⌫+0.6. (4)

On the other hand, �t is the time needed by the variability event
to build the amplitude �S . This is related to the pace of evolution
of the event. Using the mean time scales at each frequency for
all sources, we find that

�t / ⌫�0.1 ) �t�2 / ⌫+0.2. (5)

If we then substitute �t and �S in Eq. (3) we find that

Tb / ⌫+0.6 · ⌫�2 · ⌫+0.2 = ⌫�1.2. (6)
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Fig. 5. Distributions of variability Doppler factors �var,eq at selected fre-
quencies: 2.64, 4.85, 14.6, 32, and 86 GHz from top to bottom. All
sources (grey) are shown with FSRQs (black) and BL Lacs (green) su-
perimposed. We note the systematic decrease of �var,eq towards higher
frequencies as well as the di↵erence in the sample between FSRQs and
BL Lacs (see text).
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Any divergence from this relation would require an alternative
interpretation. The logarithm of the median brightness temper-
atures – for FSRQs – shown in Table 3, indeed follows an ex-
ponential drop with index �1.17 ± 0.15, remarkably close to
the expected value. The observed trend may suggest that the
Doppler factors of blazars at cm and mm wavelengths are gen-
erally di↵erent – a scenario not unlikely for stratified and opti-
cally thick, self-absorbed, bent blazar jets. While probing a dif-
ferent jet region at each wavelength, each region may exhibit
di↵erent Doppler factors depending on jet speed and/or viewing
angle. Looking deeper into the jet towards higher frequencies,
decreasing Doppler boosting would then indicate either increas-
ing Lorentz factors along the jet or jet bending towards the ob-
server for outward motion (with physical jet acceleration being
statistically more likely). This interpretation is supported by the
increasing evidence that individual VLBI components of blazar
jets often show changes in apparent jet speed (e.g. Jorstad et al.
2005) with a significant fraction of these changes being due to
changes in intrinsic speed (Homan et al. 2009). In the following,
we briefly explore and discuss a few alternative explanations.
For instance, another possibility to explain the observed Tb,var
trend is an equipartition brightness temperature limit changing
along the jet: T eq

b,int might be di↵erent at di↵erent frequencies.
In order to maintain constant Doppler boosting along the jet,
for instance, T eq

b,int should decrease towards higher frequencies.
It must be noted that the relatively lower time sampling at higher
frequencies could underestimate the variability time scales.

The observed trend of higher Tb,var and stronger Doppler
boosting in FSRQs, as compared to BL Lacs, confirms earlier
results (e.g. Lahteenmaki & Valtaoja 1999; Hovatta et al. 2008);
however, here we demonstrate this e↵ect at a much broader fre-
quency range. Furthermore, this trend is in line with previous
VLBI findings of BL Lacs exhibiting much slower apparent jet
speeds and Lorentz factors as compared to those of FSRQs (e.g.
Piner et al. 2010). The decreasing di↵erence between FSRQs and
BL Lacs (Tb,var and �var,eq) towards higher frequencies, however,
is in good agreement with the findings of Sects. 3.3 and 3.4;
the higher variability amplitudes of FSRQs at lower frequen-
cies result in correspondingly higher brightness temperatures
and Doppler factors towards lower frequencies.

3.7. Spectral variability

The data obtained at EB and PV are combined to produce
approximately monthly-sampled broadband spectra for each
source. The maximum separation of measurements in a single
spectrum is kept below 10 days. This span was chosen as a
compromise between good simultaneity and the maximum num-
ber of combined EB/PV spectra. Specific sources may show de-
tectable evolution already beyond 10 days.

In general, the sources show a variety of behaviours. The
spectra of the example sources shown in Figs. 1 and 2 are
presented in Fig. 6, giving a flavour of the di↵erent spec-
tral behaviours observed. Often the flares seen in the light
curves are accompanied by clear spectral evolution. Their spec-
tral peaks ⌫peak occur first at the highest frequencies and suc-
cessively evolve towards lower frequencies and lower flux
densities. Typically, an evolving synchrotron self-absorbed com-
ponent populating a low-frequency steep-spectrum compo-
nent and unchanged component (quiescent, large-scale jet) is
seen. However, the dominance and broadness of the steep-
spectrum component, the lowest frequency reached by the flare

component, and the relative strength of the two components dif-
fer from source to source.

The evolution of the flare components appears consistent
with the predictions of the shock-in-jet model, that is, following
the three-stage evolutionary path with Compton, synchrotron,
and adiabatic loss phases in the “S ⌫peak –⌫peak” plane. Angelakis
et al. (2012) showed that the plurality of the observed phe-
nomenologies can be classified into only five variability classes.
Except for the last type all other observed behaviours can be
naturally explained with a simple two-component system com-
posed of a steep quiescent spectral component from a large-scale
jet and a time evolving flare component following the “shock-in-
jet” evolutionary path like the one described before.

Several cases imply a di↵erent variability mechanism with
only minor – if any – spectral evolution that does not seem to
be described by the standard three-stage scenario. J0359+5057
(NRAO 150) in Fig. 6 is a typical example where almost no
broadband spectral changes are observed during flux changes.
In these cases, modifications of the shock-in-jet model or al-
ternative variability models are required. Geometrical e↵ects in
helical, bent, or swinging jets (e.g. Villata & Raiteri 1999) can
possibly be involved in the observed variability (see also e.g.
Chen et al. 2013). Particularly in the case of NRAO 150, high-
frequency VLBI observations indeed show the presence of a
wobbling jet (Agudo et al. 2007).

3.8. Spectral index distribution

Here we examine the distribution of the multi-frequency spectral
indices. We define the spectral index ↵ as S ⇠ ⌫↵ with S the flux
density measured at frequency ⌫. For each source we compute
mean spectral indices by performing power law fits to averaged
spectra. Three-point spectral indices have been obtained sepa-
rately for the low sub-band at 4.85, 10.45, and 14.6 GHz and
for the high sub-band at 32, 86.2, and 142.3 GHz. The distri-
butions for the two sub-bands and FSRQ and BL Lacs sources
separately, are shown in Fig. 7. The following can be seen there:

(i) The low-frequency spectral index distribution is shown in
the upper panel of Fig. 7. The mean over the whole sample,
independent of source class (grey area), is �0.03 with a me-
dian of �0.05. The FSRQs (black line) show a mean of 0.02,
but their distribution appears broadened with a tail towards
more inverted spectra (median of �0.03). The BL Lacs on
the other hand (green line), give a mean of �0.08 (median:
�0.1). Although their distribution appears shifted slightly
towards steeper spectra than the FSRQs, a K-S test has not
yielded any significant di↵erence.

(ii) The distribution of the upper sub-band spectral index (32,
86.2, and 142.3 GHz) is shown in the lower panel of Fig. 6.
The mean over the entire sample is still �0.03 (median:
�0.13), though the overall distribution now appears nar-
rower. We note, however, a few sources contributing values
> 0.7, i.e. showing, on average, remarkably inverted spectra.
The FSRQs in the sample now show a much narrower dis-
tribution which is interestingly skewed towards negative val-
ues with its mean at �0.23 (median: �0.25). The BL Lacs,
however, concentrate around flatter or more inverted spec-
tral indices (mean: 0.35). A K-S test indicates a significant
di↵erence between the two distributions (P < 0.001).

It must be emphasised that the overall flatness of the broadband
radio spectra – expected for blazars and discussed above – is
the result of averaging over a “evolving spectral components”
through the observing bandpass.
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Fig. 6. Broadband radio spectra and spectral evolution of the sources shown in Figs. 1 and 2 combining the quasi-simultaneous multi-frequency
data obtained at EB and PV. Angelakis et al. (2011, 2012) suggests a unification scheme for the variability patterns and a simple model that can
reproduce all observed phenomenologies.

The rather blurred picture seen in the low sub-band spec-
tral index becomes slightly clearer at higher frequencies. The
FSRQs clearly tend to concentrate around negative values con-
trary to the BL Lacs that concentrate around flat or inverted val-
ues. The broader scatter of the low-frequency spectral index is
expected since at this regime where the observed emission is
the superposition of slowly evolving past events. At higher fre-
quencies where the evolution is faster, this degeneracy is lim-
ited. The divergence of the FSRQs and BL Lacs distributions
can be understood by assuming that the latter show turnover fre-
quencies at systematically higher frequencies or that their flares

systematically do not reach the lowest frequencies in contrast to
FSRQs. This may indicate di↵erent physical conditions in the
two classes. However, this interpretation would also give a natu-
ral explanation for the trend of BL Lacs to show lower variability
amplitudes (Sect. 3.3) towards lower frequencies.

4. Radio variability and �-ray loudness

The comparison of the F-GAMMA sample with the early
Fermi AGN source list LBAS (Abdo et al. 2009c), showed
that 29 of our 62 sources were detected in the first three
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Fig. 7. Distributions of the mean spectral index over 2.5 yr 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. After
11 months (Fermi 1LAC Catalog Abdo et al. 2010b) 54 of the
62 sources (i.e. 87%) were detected. As a result, the F-GAMMA
programme participated in several multi-wavelength cam-
paigns initiated by the Fermi team (e.g. 3C 454.3, 3C 279,
PKS 1502+106, Mrk 421, Mrk 501, 3C 66A, AO 0235+164;
Abdo et al. 2009a, 2010f,e, 2011a,b,c; Ackermann et al. 2012)
and in broadband studies of larger samples (Abdo et al. 2010a;
Giommi et al. 2012). See Fuhrmann (2010) for an overview of
the early campaigns.

In the following we examine whether the radio variability
triggers the source �-ray activity and subsequently their Fermi
detectability.

4.1. Radio variability amplitude and Fermi detectability

In this section we examine whether radio variability – expressed
by the standard deviation of the flux density – is correlated with
�-ray loudness of the sources. In this context the proxy for the
�-ray loudness is the source Fermi early detectability.

Such a correlation would agree with findings that indicate
that �-ray flares often occur during high-flux radio states (e.g.
Kovalev et al. 2009; León-Tavares et al. 2011; Fuhrmann et al.
2014). A connection between the variability amplitude in the ra-
dio (quantified by the intrinsic modulation index) and the �-ray
loudness inferred from the source presence in the 1LAC Catalog,
has been confirmed with high significance by Richards et al.
(2011) using 15 GHz OVRO data. Here, we examine whether
such a connection persists in the F-GAMMA data, and how
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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
index we use the flux density standard deviation.

Figure 8 shows the dependence of the logarithmic average of
the flux density standard deviation on the rest-frame frequency.
Sources included in one of the first Fermi catalogues are plot-
ted separately from those not included. The upper panel refers
to the LBAS and the lower panel to the 1LAC Catalog. In the
first case, the two curves appear clearly separated. The �-ray
detected sources display larger variability amplitudes confirm-
ing our expectations. On average they are more than a factor
of 3 more variable at the highest frequencies where the largest
separation is seen. The same conclusion is reached when the
1LAC is used as a reference. In this case the statistics are not
as good (fewer F-GAMMA sources are absent from the 1LAC)
as it is imprinted in the larger error bars in the logarithmic mean.
Finally, it is worth noting a clear increase in the separation be-
tween the two curves towards higher frequencies. This further
supports our findings that the radio/�-ray correlation becomes
stronger towards higher frequencies both at the level of aver-
age fluxes (see Sect. 5) and at the level of light curve cross-
correlations for which smaller time lags are found (Fuhrmann
et al. 2014).

4.2. Brightness temperatures and Doppler factors versus
Fermi detectability

We also investigate possible di↵erences between the observed
variability time scales, variability brightness temperatures, and
Doppler factors of Fermi-detected and non-detected sources in
our sample.
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Although no real di↵erences were in the variability time
scale, there is a clear trend of the Fermi-detected sources (LBAS
and 1LAC) to show variability brightness temperatures that are
higher by a factor of ⇠2–3. The e↵ect is noticeable is all our ra-
dio bands. At 86.2 GHz for example, the LBAS sources show
a mean TB,var of 4.0 ⇥ 1011 K (median: 9.9 ⇥ 1010 K), whereas
the non-LBAS sources exhibit a mean of 1.6 ⇥ 1011 K (me-
dian: 9.6 ⇥ 1010 K). Given our previous discussion that Fermi-
detected sources show larger variability amplitudes (Sect. 4.1),
such a trend is expected owing to the dependence of the
variability brightness temperature to the variability amplitude
(Eq. (2)).

We also note a trend of slightly higher variability Doppler
factors �var,eq for the Fermi-detected sources across all radio
bands. This is in agreement with previous findings of Savolainen
et al. (2010) reporting larger variability Doppler factors of
Fermi-detected sources based on Metsähovi long-term light
curves.

In contrast to Savolainen et al. (2010), however, the above-
mentioned di↵erence between Fermi-detected and non-detected
sources in terms of TB,var and �var,eq cannot be established with
a high statistical significance. It is likely that this is an e↵ect of
the limited data set discussed here and of the method used for
the estimation of �var,eq, which relies on average time scales as
opposed to time scales of the sharpest, fastest flares in the light
curves.

5. Radio and �-ray flux correlation

In this section we examine whether an intrinsic correlation be-
tween the radio and the �-ray fluxes of sources in our sample
exists. This would imply the physical connection between the
emission region and emission processes in the two bands.

Strong correlations were previously claimed on the basis of
EGRET data (e.g. Stecker et al. 1993; Padovani et al. 1993;
Stecker & Salamon 1996), and were re-examined with more de-
tailed statistical analyses (e.g. Muecke et al. 1997; Chiang &
Mukherjee 1998). However, a number of e↵ects make such cor-
relations uncertain, and very careful treatment is necessary:

1. in small samples with limited luminosity dynamic ranges, ar-
tificial flux-flux correlations may be induced by the common
distance e↵ect;

2. artificial luminosity-luminosity correlations can emerge
when considering objects in flux-limited surveys. In such
cases most objects are close to the survey sensitivity limit
and by applying a common redshift to transfer to the lumi-
nosity space, artificial correlations appear;

3. the data used to obtain the claimed correlations are not
synchronous.

With the large number of Fermi-detected sources the correla-
tions between radio and � rays have been revisited over a broad
range of radio data (e.g. Kovalev et al. 2009; Ghirlanda et al.
2010, 2011; Mahony et al. 2010). Ackermann et al. (2011a) used
8 GHz archival data for the largest sample ever used in such
studies with 599 sources, and also used a smaller sample of con-
current 15 GHz measurements from the OVRO monitoring pro-
gramme. They assessed the intrinsic significance of the observed
correlations using the data randomisation technique of Pavlidou
et al. (2012). They confirm a highly significant correlation be-
tween radio and �-ray fluxes which becomes more significant
when concurrent rather than archival radio data are used.

The F-GAMMA data set can provide new insight into the
problem by taking the following into consideration:

– the broad frequency range allows us to examine whether the
significance and the parameters of the correlation show any
frequency dependence (see Ackermann et al. 2011a, for a
study of this dependence on �-ray photon energy);

– our data are perfectly concurrent with measurements of
�-ray fluxes eliminating biases emerging from the non-
simultaneity of observations;

– the F-GAMMA data provide concurrent information of the
radio spectral index, which is an essential input for the as-
sessment of the significance of the correlations (Pavlidou
et al. 2012).

On the other hand, there are certain features of our data sets
that require a particularly careful treatment. First, the sources
do not constitute a flux-limited sample. Although this makes
them less sensitive to artificially induced luminosity-luminosity
correlations (Malmquist bias), it also means that statistical tests
usually employed to assess correlation significance cannot be
benchmarked in a straightforward way by sampling the luminos-
ity function (e.g. Bloom 2008). As a result, we need a specialised
treatment to estimate how likely it is that a simple calculation of
the correlation coe�cient will overestimate the significance of
an intrinsic correlation between radio and �-ray fluxes owing to
common-distance biases, and to calculate the intrinsic correla-
tion significance.

5.1. Common-distance bias introduced by the limited
dynamic range

As is shown in Pavlidou et al. (2012), there is a quantitative
criterion that can be applied to determine the extent to which
common-distance bias a↵ects the correlation significance esti-
mated for a specific data set using only the value for the correla-
tion coe�cient.

The bias is larger for samples with a small luminosity dy-
namic range, and a large redshift range. Conversely, samples
with a large luminosity dynamic range compared to their redshift
dynamical range are relatively robust against common-distance
biases. This can be immediately understood in the limit where
all the sources are at the same redshift, in which case there is no
common-distance bias.

The quantity summarising the relative extent of the luminos-
ity and redshift dynamic ranges of a sample is the ratio of the
variation coe�cient c of the luminosity and redshift distribu-
tions. This is defined as the standard deviation in units of the
mean. Pavlidou et al. (2012) found that values of cL/cz smaller
than 5 indicate that common-distance biases are important and
can lead to a significant overestimation of the significance of a
correlation between fluxes in two bands if only the correlation
coe�cient is used without appropriate Monte Carlo testing.

Table 4 shows the correlation coe�cient for the logarithm of
radio and �-ray fluxes for each of our samples (corresponding to
a specific radio frequency). As an illustration, the radio and �-ray
fluxes are plotted against each other in logarithmic axes for the
cases of the 228.9, 86.2, and 10.45 GHz samples in Fig. 9.

As we can see in Table 4, there is a general trend for the cor-
relation coe�cient r to be high at high frequencies (r ⇠ 0.5 for
228.9 to 86.2 GHz), and significantly lower at lower frequencies
(r < 0.4 at ⌫  43 GHz). However, these results cannot be taken
at face value without appropriate statistical assessment, because
cL/cz is smaller than 5 for both �-ray and radio frequencies for
all of our samples.
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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 range

To address the peculiarities discussed above Pavlidou et al.
(2012) developed a data randomisation method which is based
only on permutations of the observed data. The method pre-
serves the observed luminosity and flux density dynamic ranges
and, provided the sample is large enough, also the observed lu-
minosity, flux density, and redshift distributions. The technique
has been designed to perform well even for samples selected in
a subjective fashion, and it has been demonstrated that it never
overestimates the correlation significance, while at the same time
retaining the power of traditionally employed methods to estab-
lish a correlation when one indeed exists.

In brief, the method was applied as follows (see Pavlidou
et al. 2012, for details):
1. moving to luminosity space using the known redshifts and

the relation between monochromatic flux density S ⌫ and
luminosity L⌫. The simultaneously measured radio spec-
tral indices (Sect. 3.7) allow us to concurrently perform a
K-correction and calculate L⌫ at rest-frame frequency ⌫0
according to
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

�-ray observations the actual observed quantity is F, the
photon flux integrated over energy from E0 = 1 GeV to
1. This is related to monochromatic energy flux through
S � = (↵ � 1) F, where ↵ is the absolute value of the pho-
ton spectral index. The obtained sets of radio and �-ray lu-
minosities fix our luminosity dynamical range;

2. constructing simulated fluxes in radio and �-ray by combin-
ing each luminosity with one of the redshifts. Fluxes outside
the original flux range are rejected as a single very high flux
or very low flux and a cluster of points of similar fluxes can
produce an artificially high correlation index, which would
not occur given the original flux dynamical range;

3. pairing up the accepted simulated fluxes in all possible com-
binations excluding the “true” flux pairs;

4. selecting a large number (⇠107) of N pair combinations,
where N is equal to the number of the original observations.
Each set of N pairs is a set of uncorrelated simulated flux
observations;

5. computing the Pearson product-moment correlation coe�-
cient r for each simulated data set;

6. performing steps 2 to 5 – provided the sample size is large
enough – in redshift bins to limit the rejection of flux values
and to maintain the luminosity and redshift distributions of
the original sample (the sample size requirement is to have
&10 sources in each bin).
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5.3. Results of our analysis

The results of the previous analysis are shown in Table 4. The
probability distributions of the Pearson product-moment corre-
lation coe�cient r for the simulated samples with intrinsically
uncorrelated luminosities are given in Fig. 9. Arrows indicate
the r-values obtained for the actual data as given in Table 4.

Radio frequencies at 43 GHz and above have a significant
correlation with � rays; better than 2� and, in the case of 142.3
and 86.2 GHz, better than 3�. Lower frequencies on the other
hand never exceeded 2� significance level. These suggest:

1. A physical connection between the radio and high-energy
emission. In the presence of a low-energy synchrotron pho-
ton field, relativistic electrons and Doppler boosting, such a
correlation is expected in a scenario, where the high-energy
emission is produced by inverse-Compton (IC) up-scattering
o↵ of low-energy synchrotron photons.

2. The closer connection of the high radio frequency and IC
�-ray emitting regions. This is expected owing to lower in-
trinsic opacity at mm bands (e.g. Fuhrmann et al. 2014).

The applicability of this result must be appropriately qualified in
the light of two specific concerns. First, because our sample is
selected with subjective criteria, the result cannot be generalised
to the blazar population. Instead it is only valid for the specific
sources in our sample.

Second, lack of evidence for a significant correlation be-
tween low radio (<43 GHz) and �-ray fluxes is not equivalent
with evidence for lack of a positive correlation. A characteris-
tic counter-example is our findings at 14.6 GHz. Although no
significant correlation was found with our data, a positive corre-
lation has been established at the same frequency for the Fermi-
detected sub-set of CGRaBS (Ackermann et al. 2011a; Pavlidou
et al. 2012) using OVRO 15 GHz data. The reason for this dis-
crepancy is not the size of the sample, but rather the di↵erent
makeup of the two samples. There are only 15 sources that are
common to the two samples. Most of the additional sources in
our sample are BL Lacs, while the OVRO sample is generally
dominated by FSRQs. Ackermann et al. (2011a) treated BL Lacs
and FSRQs separately and found that the correlation between
Fermi and OVRO fluxes for BL Lacs was weak. It is only natural
then that the F-GAMMA sample at 14.6 GHz showed a weak
correlation owing to the dominance of BL Lacs.

The last two columns of Table 4 show the significances cal-
culated using the high (�high) and low (�low) spectral index dis-
cussed in Sect. 3.8. The radio spectral index has a mild e↵ect
on the calculation of the significance. We conclude then that the
statistical method applied is robust even against small changes
of the radio spectral index.

Finally, we have tested whether the time duration of integra-
tion a↵ects the strength and the significance of the correlation
between radio and �-ray fluxes. For the 28 sources common in
our 86.2 GHz sample, the LBAS and 1FGL, we have calculated
the correlation coe�cient r and the significance of the correla-
tion between 86.2 GHz and 1 GeV flux densities averaged over
three months and one year, the time spans relevant for LBAS
and 1FGL, respectively. In the first case (LBAS) we found that
r = 0.5 and p-value of 5.9 ⇥ 10�3. In the second case (1LAC),
we found that r = 0.44 with a significance of 4.3%. We conclude
that the correlation weakens when the averaging is extended over
significantly longer time periods (⇠a year). Since the typical flar-
ing event duration in radio is a few months, and assuming that
over short �-ray integrations it is typically the flaring sources
that are detected, this e↵ect may be an indication that there is

a common origin between GeV flares and flares at high radio
frequencies.

6. Summary and conclusions

We have presented the Fermi dedicated blazar radio
multi-frequency monitoring programme, F-GAMMA. The
F-GAMMA programme conducted a monthly monitoring of
the radio variability and spectral evolution of ⇠60 �-ray blazars
at 12 frequencies between 2.6 and 345 GHz. The observations
were carried with the E↵elsberg 100 m, IRAM 30 m and APEX
12 m telescopes including polarisation at several bands. The
initial sample presented here has been selected from the most
prominent, frequently active, and bright blazars at � � �30�.
The conclusions of the first 2.5 yr of analysis can be summarised
as follows:

– Our analysis shows that almost all sources are variable across
all frequency bands. On the basis of a maximum likelihood
analysis that accounts for possible biases, we have demon-
strated that the variability amplitude increases with increas-
ing frequency up to rest-frame frequencies of ⇠60–80 GHz;
above this level the variability decreases or remains con-
stant. The variability of individual sources, however, can rise
continuously across or peak within our band. These find-
ings agree with predictions of shock-in-jet models where the
maximum amplitude of flux variations is expected to follow
the standard growth, plateau, and decay phase.

– At lower frequencies the FSRQs in our sample show larger
variability amplitudes than BL Lacs – in terms of flux density
variance – in contrast to previous findings that used variance
in units of mean flux density. The discrepancy arises from the
frequency dependence of the flux density, which for BL Lacs
is on average significantly lower. This leads to apparently
larger variability amplitudes for BL Lacs when the mean flux
density is used for the normalisation of the variance.

– The variability time scales range from 80 and 500 days de-
pending on source and frequency. A clear trend of faster vari-
ability towards higher frequencies is observed. As an exam-
ple, mean values of 348, 294, and 273 days at 2.64, 14.6, and
86.2 GHz, respectively, have been measured.

– The calculated Tb,var values depend on frequency. They typ-
ically range from 109 to 1014 K. A systematic trend of de-
creasing Tb,var (by two orders of magnitudes) and �var,eq (by
more than a factor of 4) towards higher frequencies is ob-
served with mean values for �var,eq of e.g. 8.8, 4.8, and 2.3 at
2.64, 14.6, and 86.2 GHz, respectively.

– The combination of EB and PV data sets provide a large data
base of monthly sampled broadband spectra. Their time co-
herence is kept at 10 days and below. Typically, an evolving
synchrotron self-absorbed component over a low-frequency
steep-spectrum component (quiescent jet) is observed. Often
the spectra follow the standard three-stage evolutionary path
of shock. A physically di↵erent mechanism appears likely
for several sources that display a nearly achromatic variabil-
ity. The spectral evolution can also explain naturally the gen-
eral flatness of the spectra (mean spectral index �0.03 at low
and high frequencies). The spectral flatness results naturally
from averaging over di↵erent spectral components and their
evolution across the spectrum over the 2.5-yr period.

– We find significant di↵erences between the FSRQs and
BL Lacs in our sample. The BL Lacs show systematically
smaller variability amplitudes at lower frequencies. The
di↵erence vanishes at higher frequencies. Although the
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variability time scales appear similar, the variability bright-
ness temperatures and Doppler factors are also lower at lower
frequencies for BL Lacs. The di↵erence again decreases to-
wards higher frequencies. This behaviour can be understood
in the light of our spectral findings. For BL Lacs the high-
frequency spectral indices are flatter or more inverted. This
implies that flares appearing in BL Lacs show higher turn-
over frequencies and that they systematically do not reach
the lowest bands. Subsequently, they invoke lower variabil-
ity amplitudes, lower Tb,var and lower �var,eq values at these
bands.

– We searched for possible correlations of radio characteris-
tics with �-ray loudness. As a proxy we used the presence
of the sources the LBAS and 1LAC catalogues. We find
that the Fermi-detected sources show larger variability am-
plitudes than non-detected ones. The clear increase in the
separation between flux standard deviation averages with in-
creasing frequency supports an arguably tighter correlation
between � rays and higher radio bands. We also find a trend
of higher Tb,var and �var,eq in Fermi-detected sources.

– We searched for correlations between F-GAMMA flux den-
sities and concurrent Fermi/LAT 1 GeV fluxes for frequen-
cies even up to 228.9 GHz. After a careful treatment of the
limited dynamic ranges of our sample, we find that flux den-
sities at ⌫ � 43 GHz correlate with 1 GeV fluxes at a signif-
icance level of better than 2�; at 142.3 and 86.2 GHz the
significance is better than 3�. This implies that the �-ray
emission is produced very close to the mm-band emission re-
gion. This view is also supported by the fact that at 86.2 GHz
flux densities averaged over a few months (comparable to the
duration of a single flare) correlate at higher significance than
flux densities averaged over longer time scales (a year, as in
the 1LAC Catalog).

A five-year data analysis based on the revised F-GAMMA sam-
ple will be presented in a subsequent publication. Nestoras et al.
(2016) discuss the first five years of PV data. Angelakis et al.
(2012) studied the variability of the radio broadband spectra.
They proposed that the variability patterns can be classified
in only two categories, those showing intense spectral evolu-
tion and those that vary achromatically. They show that the
former can be easily reproduced with simply the superposi-
tion of a steep-spectrum steady state component and a high-
frequency component that evolves in time and frequency. For
the �-ray emission site, Fuhrmann et al. (2014) conducted a
cross-correlation analysis between mm-radio and � rays. They
found that the �-ray emission for 3C 454.3 originates at a dis-
tance of at least 0.8–1.6 pc from the supermassive black hole.
Karamanavis et al. (2016b) examined the structural evolution of
PKS 1502+106 during a �-ray outburst with mm-VLBI. Using
F-GAMMA data they estimated that the �-ray emission site must
be no farther than ⇠6 pc from the jet base. Later Karamanavis
et al. (2016a) localised the emission site at 1.9 ± 1.1 pc from the
jet base. Myserlis et al. (2014) looked at the multi-frequency lin-
ear and circular polarisation data to interpret rotations of the po-
larisation angle in terms of an opacity evolution e↵ect. Liodakis
et al. (2016) study the variability Doppler factors for EB and PV
data and compare them with the predictions of blazar population
models.
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