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Abstract. Relativistic jets are one of the most powerful manifestations of the release of energy produced around
supermassive black holes at the centre of active galactic nuclei (AGN). Their emission is observed across the
entire electromagnetic spectrum, from the radio band to gamma rays. Despite decades of efforts, many aspects
of the physics of relativistic jets remain elusive. In particular, the location and the mechanisms responsible for
the high-energy emission and the connection of the variability at different wavelengths are among the greatest
challenges in the study of AGN.
From the comparison of the radio and gamma-ray light curves of gamma-ray flaring objects, there is evidence
that some flares, either in radio or in gamma rays, have not an obvious connection at the other extreme of the
electromagnetic spectrum, like in the case of the Narrow-Line Seyfert 1 SBS 0846+513. An intriguing aspect
pointed out by high resolution radio observations is the change of the polarization properties close in time with
some high energy flares. In particular, in PKS 1510−089 and 3C 454.3 a rotation of almost 90 degrees has
been observed after strong gamma-ray flares. The swing of the polarization angle may be related either to the
propagation of a shock along the jet that orders the magnetic field, or a change of the opacity regime.

1 Introduction

The extragalactic gamma-ray sky is largely dominated
by radio-loud active galactic nuclei (AGN). In particular,
the population of blazars represents almost 97% of the
gamma-ray emitting AGN from the 2LAC catalogue [4].
The high energy emission is likely due to inverse Comp-
ton scattering off the low energy photons by the relativistic
electrons which are also responsible for the synchrotron
emission observed in the radio band. Although in blazars
all the ingredients needed for this scenario are present, a
clear connection between the emission at the edges of the
multiwavelength spectrum has not been unambiguously
established yet. In particular, the trigger of the high-energy
flares typically observed in blazars, and the location of the
gamma-ray emitting region are still uncertain.

Thanks to their luminosity variability observed
throughout the electromagnetic spectrum, we have a
chance to shed a light on this issue. The variability be-
haviour shown in the various energy bands (i.e. time-
delay, duration, intensity) provides us tight constraints
on the location and size of the gamma-ray emitting re-
gion. For example, intra-day variability is an indication
of a very compact region. Moreover, a time delay in the
emergence of the flare at progressively longer wavelengths
may locate the high-energy emitting region in the inner-
most part of the AGN where severe opacity effects play
a role [10]. On the other hand, the detection of gamma-
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ray and millimeter-wavelength flares occurring almost si-
multaneously may indicate that the high-energy photons
are produced much further out, downstream along the jet
[13, 16]. High-resolution observations performed with the
Very Long Baseline Array (VLBA) found that superlumi-
nal jet components are ejected close in time with strong
gamma-ray flares [11].

With the aim of understanding the origin of gamma-
ray emission, multiwavelength monitoring campaigns trig-
gered by strong high-energy flares are required. Thanks
to the high sensitivity and the gamma-ray all-sky moni-
toring, the Large Area Telescope (LAT) on board Fermi
has proved to be a superb hunter of gamma-ray flares.
However, despite the efforts a clear picture is far from be-
ing drawn. From the detailed study of the most variable
sources it seems that not all the flares have the same char-
acteristics, even if produced within the same source.

In this contribution we present results on the multi-
wavelength variability study for PKS 1510-089, 3C 454.3,
and SBS 0846+513. These objects underwent several
gamma-ray flaring episodes detected by LAT and were
subject of dedicated multiwavelength campaigns. In
particular these sources are part of the Monitoring Of
Jets in Active galactic nuclei with the VLBA Experiment
(VLBA) programme1, which provides multi-epoch polari-
metric observations at 15 GHz with a sub-milliarcsecond

1The MOJAVE data archive is maintained at
http://www.physics.purdue.edu/MOJAVE.
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Table 1. Kinematic properties of the superluminal jet
components in PKS 1510−089. Column 1: component; Col. 2:

number of observing epochs considered for the linear regression
fit; Cols. 3, 4: apparent angular velocity (mas/yr) and linear

velocity, respectively; Col. 5: ejection time estimated from the
regression fit.

Comp. Ep. µ β T0

A 10 1.06±0.06 23.6±1.3 13-09-2008
B 8 1.10±0.11 24.5±2.4 20-05-2009
C 26 1.56±0.03 34.7±0.7 14-03-2010
D 11 1.23±0.11 27.4±2.4 20-11-2011
E 5 1.28±0.40 28.5±8.9 24-03-2012

resolution [14].

Throughout this contribution, we assume H0 = 71 km
s−1 Mpc−1, ΩM = 0.27, ΩΛ = 0.73, in a flat Universe.

2 The flat spectrum quasar PKS 1510−089

2.1 Proper motion

PKS 1510−089, at redshift z = 0.361, is one of the
most active blazars observed by Fermi-LAT. Its parsec-
scale radio morphology has a core-jet structure (Fig. 1).
Since 2008 it underwent many gamma-ray flares [see e.g.
6, 16, 18, 19]. In particular, in October 2011 it reached
an apparent isotropic gamma-ray luminosity of 3.7×1048

erg/s, becoming the second brightest gamma-ray extra-
galactic object ever observed by Fermi [19]. Furthermore,
PKS 1510−089 is one of three flat spectrum radio quasars
detected above 100 GeV [2, 5].

We investigate possible variability in the radio band
by means of multi-epoch MOJAVE data spanning the pe-
riod 2008-2013. The high angular resolution allows us to
study changes in the radio structure, like the emergence
of a new superluminal component close in time with the
high-energy flare (see e.g. [19] for the description of the
data analysis).

During the time interval considered here (2008-2013)
we observed the emergence of 5 superluminal jet compo-
nents (Fig. 2). To determine the apparent velocity and the
time of ejection we performed a regression linear fit mini-
mizing the chi-square error statistics. Results are reported
in Table 1 and are in good agreement with what was de-
rived in other works [16, 18, 19].

The ejection of the new superluminal components
occurs close in time with a gamma-ray flare. However,
this correlation does not seem biunique. A remarkable
case is the strong gamma-ray flare observed in July 2011
which does not seem associated with the appearance of
any new superluminal component, suggesting possible
intrinsic differences in the physics/origin of the different
high-energy flares.

Peak = 2510.0;  f.c. = 0.5 (mJy/beam)
Pol line 1 milli arcsec =  7.1 mJy/beam
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Figure 1. VLBA image at 15 GHz of the parsec-scale structure
of PKS 1510−089.

Figure 2. Changes in separation with time between the core
component, considered stationary, and the new knots ejected
since 2008 for PKS 1510−089. The solid line represents the re-
gression fit to the 15-GHz VLBA data, while the dashed lines
represent the uncertainties from the fit parameters. Dashed verti-
cal lines indicate the time of the gamma-ray flares.

2.2 Flux density variability

The high angular resolution of MOJAVE observations al-
lows us to separate the emission of the core region from the
contribution of the jet. Disentangling these components is
crucial for locating the region where the high energy emis-
sion originates. In Fig. 3 we show the 15-GHz light curves
for the core component and the jet knots, together with
their fractional polarization and the electric vector position
angle (EVPA).

If we consider the properties of the radio core be-
haviour, no trivial correlation between radio and gamma-
ray flares is unambiguously determined for all the episodes
(three upper panels in Fig. 3). Some high-energy flares
seem to precede the increase of the radio flux density, like
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those observed in April 2009 and February 2012, as a con-
sequence of opacity effects. Other flares, like in July 2011,
and those observed at the beginning of 2008, do not have
any obvious relation with changes in the radio emission,
suggesting that the production of high energy photons oc-
curs in the innermost part of the AGN, which is totally
opaque to the radio wavelengths.

In the case of the October 2011 flare, the high energy
outburst seems to take place almost simultaneously
to the millimeter flare. Such simultaneity may be an
indication that high-energy photons are produced in
a region which is already transparent to the radiation
at millimeter wavelength, implying a location that is
far away from the Broad Line Region (BLR), likely
parsec scale downstream along the jet [19]. At such
distances the high energy emission would be produced by
inverse Compton scattering off the infrared photons of the
dusty torus [20], or by synchrotron-self Compton [e.g. 16].

2.3 Polarization properties

2.3.1 The unresolved core component

No clear trend is found between the gamma-ray flares and
the polarization properties. The polarization percentage
in the core never exceeds 5%, while in the jet knots may
reach 10%. An interesting aspect is shown by the electric
vector position angle (EVPA), both in optical and radio
band (Table 2). It has been noted that before some gamma-
ray flares, the optical EVPA is subjected to a huge rotation
(from 330◦ to 720◦, tracked by daily measurements) which
lasts a few days and culminates when the gamma-ray flare
takes place. On the other hand, the radio EVPA behaves
differently during different flares. For example, although
the optical EVPA rotates of about 380◦ in the July 2011
flaring episode, no significant change in the radio EVPA
has been observed. A similar behaviour was found in BL
Lacertae and it was interpreted in terms of a shock, pro-
duced in the very initial part of the jet totally opaque to the
radio wavelengths, which follows a spiral path as it moves
through a toroidal magnetic field [15].

Interestingly, after the February 2012 flare, which was
detected up to very-high-energy (VHE) by MAGIC [5] the
radio EVPA showed a smooth rotation of about 80◦ in 2
months, rather than an abrupt flip, as the one detected after
the other VHE flare that occurred in March and April 2009
and detected by HESS [2], when the radio EVPA rotated
of about 70◦ [18].

2.3.2 The jet knots

The high spatial resolution allows us to follow and study
the properties of the various ejected knots as they move
along the jet. No correlation is found between the jet prop-
erties and the gamma-ray flares, indicating that the high-
energy emission does not arise from the knot itself, but it
is likely located in the unresolved core component.

From Fig. 3 it is possible to identify three knots
and follow how their emission evolves as they propagate
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Figure 3. Total intensity flux density, fractional polarization, and
polarization angle for the core component (upper panels) and the
ejected knots (lower panels) in PKS 1510−089. Vertical dashed
lines and dotted lines represent gamma-ray flares with or without
the emergence of a new jet component, respectively.

Figure 4. Optical EVPA (top) and radio EVPA (bottom) in
PKS 1510−089. Multiples of 180◦ are added to EVPA as needed
to minimize the jumps in consecutive values. The area between
the vertical lines represents the period of the VHE detection by
MAGIC [5]. Optical data are from the Steward Observatory
blazar monitoring programme of the University of Arizona. A
description of this monitoring project, the calibration and the data
products can be found in [21].

along jet. The flux density decreases as expected for
adiabatic losses, and the polarization percentage increases
reaching values up to 10%, much larger than what is
found in the core component. Remarkably, all the knots
are characterized by the same EVPA ∼80◦, with some
exceptions likely due the contamination from another
blended component (Orienti et al., in preparation).
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Table 2. Summary of the gamma-ray flares observed in PKS 1510−089. Column 1: flare number; Cols. 2 and 3: date of the
gamma-ray flare and the Astronomer’s Telegram reporting the detection; Col. 4: change in the radio EVPA, from MOJAVE data; Col.
5: change in the optical EVPA with the reference: a=[16]; b=[19]; c=this contribution (Orienti et al., in prep.); Col. 6: ejection of a

superluminal knot close in time; Col. 7: VHE detection and reference: d=[2]; e=[5].

Flare Date ATel ∆ EVPA ∆ EVPA knot VHE
N. radio optical

1 13/09/2008 #1743 <15◦ - Yes -
2 09/03/2009 #1957 <10◦ - No Yes, d
3 25/04/2009 #2033 ∼70◦ 720◦, a Yes Yes, d
4 11/01/2010 #2385 <10◦ - Yes -
5 04/07/2011 #3473 <10◦ 380◦, b No -
6 19/10/2011 #3694 <15◦ - Yes -
7 28/01/2012 #3907 ∼80◦ 330◦, c Yes Yes, e

Peak = 6020.7;  f.c. = 1.0  (mJy/beam)

Pol line 1 milli arcsec =  71.4 mJy/beam
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Figure 5. VLBA image at 15 GHz of the parsec-scale structure
of 3C 454.3.

3 The flat spectrum quasar 3C 454.3

This source, at redshift z = 0.859, was the most active
blazar in gamma rays during the first three years of Fermi
observations. On the parsec scale its radio emission has
a core-jet structure (Fig. 5). Since 2008, it has under-
gone three main gamma-ray outbursts [1, 3]. In particu-
lar, in November 2010 it underwent an extraordinary 5-
day gamma-ray flare and became the brightest object in
the gamma ray sky, 5 times brighter than the Vela pulsar
[1]. After this major outburst the source entered in a quiet
activity state at high energy, providing us with a unique op-
portunity for investigating a correlated variability between
radio and gamma rays.

3.1 The flux density variability

To investigate the radio properties of the central region of
3C 454.3, we analysed MOJAVE data obtained between
June 2009 and July 2013.
The analysis of the radio emission shows that the flux den-
sity was in a local minimum (S15GHz ∼ 6.4 Jy) before the

first gamma-ray flare detected in December 2009, and then
it started to increase and reached its maximum (S15GHz ∼

27.6 Jy on mas-scale) in August 2010, about four months
after a second strong gamma-ray flare that took place in
April 2010 (Fig. 6). Unfortunately the time sampling of
the observations is not adequate to investigate the flux den-
sity behaviour after the huge gamma-ray flare in Novem-
ber 2010. However, VLBI observations at higher frequen-
cies pointed out an additional rising of the radio flux den-
sity after the November 2010 flare with the 43 GHz in-
crease leading on the 22 GHz, as expected in presence of
opacity effects [e.g. 17, 22].

The analysis of multi-epoch 43-GHz VLBA observa-
tions could reveal the ejection of two superluminal jet
components: one close in time with the December 2009
flare, and the other likely associated with the November
2010 [12]. No new superluminal component was observed
associated with the April 2010 flare.

Since 2011 the source has been in a quiet activity state
in gamma rays without any further flare episode. The same
behaviour is observed in the 15-GHz light curve, where
the flux density has decreased to about 4 Jy. This result
suggests that the variability at the two edges of the electro-
magnetic spectrum is tightly related, at least in this source.
A different behaviour is observed, for example, in the
radio-loud Narrow Line Seyfert 1 SBS 0846+513 where
outbursts in the radio band are observed during quiet ac-
tivity state in gamma rays (see Section 4) [7].

Thanks to the high resolution of the VLBA data, we
could separate the core emission from that arising from
the compact jet component that was ejected at the end of
2009, close in time with the gamma-ray flare detected in
December 2009. The analysis of the light curves of the
core and the jet component shows that the flux density in-
crease may be assigned to the knot component, which be-
comes even brighter than the unresolved core region (Fig.
7). This result is in agreement with the 43-GHz VLBA
data presented in [12].

3.2 The polarized emission

An interesting behaviour is shown by the polarized emis-
sion. The polarized flux density reached its maximum
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The Innermost Regions of Relativistic Jets and Their Magnetic Fields

Figure 6. From top to bottom: total intensity flux density, po-
larization flux density, fractional polarization, and polarization
angle for 3C 454.3, as derived from 15-GHz MOJAVE data. Ver-
tical lines indicate the time of the gamma-ray flares.

when the total emission is already decreasing. Further-
more, after the November 2010 flare, the radio EVPA
had an abrupt flip of almost 90◦, switching from ∼5◦ to
∼95◦. This rotation may be due to the transition between
the optically thick and thin regime. This interpretation is
supported by observations at 43 GHz, where the 90◦ flip
of the EVPA was already observed in November 2009,
when at 15 GHz the EVPA was still ∼5◦ [22] (Faraday
rotation effects are negligible at these frequencies). From
the analysis of the EVPA we find that the magnetic field is
perpendicular to the jet axis. This is in agreement with the
presence of a shock that is propagating along the jet and
is ordering the component of the magnetic field which is
perpendicular to the shock propagation. This may also
explain the increase of the polarized emission, since the
degree of polarization is related to the ordered component
of the magnetic field which is enhanced by the passage of
the shock.

4 The NLSy1 SBS 0846+513

The radio source SBS 0846+513 is associated with a Nar-
row Line Seyfert 1 galaxy at redshift z = 0.5835. This is
one of the five NLSy1s detected by Fermi-LAT. Its radio
emission has a core-jet structure (Fig. 8). The source un-
derwent three strong gamma-ray flares: one in June 2011,
when the source was detected for the first time at high en-
ergies [7], and the other two in May and August 2012 [8].

The detection of gamma rays from this class of sources
was unexpected, opening new questions on the physics in
these objects [9].

To investigate the nature of this object we compare
the gamma-ray light curve with the data at 15 GHz from
the Owens Valley Radio Observatory (OVRO). From this
comparison we could not find any clear correlation be-
tween the variability in the two energy bands. Gamma-ray

Figure 7. Peak flux density of the core component (filled circles),
and of the jet knot (crosses) for 3C 454.3.

flares are not reliably associated with radio outbursts: only
a slight increase of the flux density at 15 GHz is observed a
few months after the gamma ray flare. On the other hand, a
large radio outburst occurred in December 2009, when the
source was not detected in gamma rays. Interestingly, the
analysis of the multi-epoch VLBA data from the MOJAVE
programme pointed out that a superluminal jet component
was ejected close in time with the radio outburst, repre-
senting an example of knot emission not connected to any
gamma ray flaring activity [8].

A complicated behaviour is observed in 2012. Three
radio outbursts occurring in May, October, and Decem-
ber 2012 were detected at 15 GHz by OVRO, while only
two gamma-ray flares, one in May and the other in August
2012, were observed. The most likely scenario suggests
that the radio outbursts detected in October and Decem-
ber 2012 are likely the delayed counterparts of the two
gamma-ray flaring episodes, while the radio flare observed
in May has no clear counterpart at high energy [8].

5 Concluding remarks

Multiwavelength monitoring campaigns suggest a relation
between gamma-ray flares and the radio variability, ex-
plained in terms of a shock moving along the jet, whose
manifestation is a superluminal knot observable with high-
frequency VLBI observations. However, the variability
observed in gamma rays does not always show the same
properties in the other energy bands, even if we consider
the same source.

So far only a handful of the most powerful objects have
been studied, and no statistically complete conclusions can
be drawn. To better understand the physics at work in
these objects, larger samples of objects spanning a wider
luminosity range is needed.

With the jump in sensitivity provided by ALMA (more
than an order of magnitude with respect to current interfer-
ometers working at same wavelengths) we will be able to
study a large number of faint objects, both in total intensity
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Peak = 220.8;  f.c. = 2.2 (mJy/beam)
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Figure 8. VLBA image at 15 GHz of the NLSy1 SBS 0846+513.

and polarization, which is fundamental for understanding
the physics of high energy emitting radio sources.
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