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GMVA observations of gamma-ray bright blazars and radio galaxies
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86 GHz GMVA polarimetric obs. 
(PI: Prof. Marscher)

• VLBA, Green Bank, Effelsberg, Onsala, Yebes, Metsahovi, Pico Veleta, Plateau de Bure, 
KVN stations

• started in 2008.78, ~ every 6 months

• max angular resolution ~ 0.05 mas 

THE SAMPLE

Half of the 37 gamma-ray bright and radio loud 
AGN from VLBA-BU-BLAZAR (43 GHz): 

15 FSRQ and BL Lacs 
2 radiogalaxies (3C 120, 3C 111) 

3 times higher resolution !

http://www.bu.edu/blazars/vlbi3mm/



Faraday Rotation analysis
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Fig. 1. 86 GHz GMVA polarimetric images of CTA 102. The restoring
beams are 0.21⇥0.06, 0.26⇥0.06 and 0.25⇥0.05 mas, respectively. Total
intensity peaks are 2.0, 2.37 and 3.79 Jy/beam and contours are drawn
at 0.5, 0.85, 1.53, 3.02, 5.96, 11.74, 23.15, 45.65, 90 % of 3.79 Jy/beam.

2.2. X-ray and Gamma-ray Data Analysis

For the acquisition of the �-ray photon fluxes of CTA 102 we
analyzed the publicly available Fermi Large Area Telescope
(LAT) data (Atwood et al. 2009). Using the unbinned likelihood
analysis of the Fermi analysis software package Science Tools
v10r0p5 we processed the data in the 100 MeV  E  100 GeV
energy range. Within the 15 deg region of interest centered on
the blazar we selected source class photons (evclass=128 and
evtype=3). Photons with high satellite zenith angle (� 90 deg)
were omitted in order to exclude the Earth limb background.
The spatial model gll_iem_v06 was used to account for the dif-
fuse emission from the Galaxy, while the isotropic spectral tem-
plate iso_source_v05 was included in the fit for modeling of the
extra-galactic di↵use and residual instrumental backgrounds. We
used P8R2_S OURCE_V6 as the instrument response function.
In the background model we included all sources from the 3FGL
(four year Fermi-LAT source catalog, Acero et al. 2015) located
within 15 deg of the blazar. Spectral shapes of all targets except
CTA 102 and photon fluxes of sources farther than 10 deg from
the blazar were fixed to their values listed in 3FGL. We used the
test statistic value TS = 10, as the detection limit. This approx-
imately corresponds to a 3� detection level (Nolan et al. 2012).
The photon flux was integrated within 6 h time bins in order to
maximize both resolution of the light curve and number of de-
tections in it.

We collected X-ray data within the time range of inter-
est from the Swift archive. The X-ray Telescope (XRT) (Bur-
rows et al. 2004) data in the energy range 0.3–10 keV were
reduced following the procedure described in Williamson et al.
(2014). We used the standard HEASOFT package version 6.11
and xrtpipeline to clean and calibrate the events. We adopted the
NH = 4.76 ⇥ 1020cm�2 value from The Leiden/Argentine/Bonn
(LAB) Survey of Galactic HI (Kalberla et al. 2005).

3. Polarization and Rotation Measure Analysis

In Fig. 1 we display the three GMVA polarimetric images cov-
ering the period from May 2016 to March 2017. The source
structure at 86 GHz in total intensity is rather compact, while in
linearly polarized intensity we can discern di↵erent features. In
particular, it is interesting to notice the polarized emission down-
stream the peak in total intensity, where EVPAs in May 2016 and
March 2017, when that region is visible, have the same orienta-
tion pointing toward the jet direction.

The maximum degree of polarization for the three epochs is
comparable, between 8 and 14%.

In order to recover more polarized emission and lower the
rms of the map, we also performed the stacking (average) of the
three images in both total and linearly polarized intensity. The
averaging in the image plane was performed after having aligned
the maps using the position of the peak in total intensity, being in
all epochs coincident with the core position. Another method for
the alignment of images makes use of the position of the VLBI
core, after having determine it through the modelfit procedure in
Difmap package (e.g. Pushkarev et al. 2017). However, we no-
tice that in case of 86 GHz data, having a high angular resolution,
the position of the core model-fit component can vary in a sub-
stantial way among epochs, giving an unexpected stacked map
if the VLBI core position is used for the alignment of images.

In order to study the intrinsic magnetic field orientation
we need to correct for the EVPA rotation introduced by the
Faraday e↵ect (i.e., when the electromagnetic wave crosses
a non-relativistic magnetized plasma, the polarization plane
rotates due to a di↵erent propagation velocity of the left and
right circularly polarized waves in which the linearly polarized
radiation can be decomposed). The polarization plane (EVPA0)
is rotated by a quantity, the rotation measure (RM), which
depends on the magnetic field along our line of sight and the
electron density of the crossed plasma:

EVPA = EVPA0 +
e3�2

8⇡2✏0m2c3

Z
neB · dl = EVPA0 + RM�2

(4)

where e is the electron charge, ✏0 the vacuum permittivity, m
the electron mass and c the speed of light. Given the linear de-
pendence between the observed EVPAs and wavelength squared
(�2) in Equation 4, the RM can be estimated from EVPAs mea-
surements at several frequencies.

We collected 43 GHz data from the VLBA-BU-BLAZAR
program from June 2016 to April 2017, covering a time range
similar to that covered by our GMVA epochs. The resulting po-
larimetric images were convoluted with the same restoring beam
(0.3⇥0.15 mas at 0�); the same we did for GMVA images. The 43
and 86 GHz images have been finally stacking using the method
described before. The two stacked images at 43 and 86 GHz,
displayed in Fig. 2, were used to obtained the RM image of
CTA 102 between these two frequencies.

The first step to obtain the RM image consists in the align-
ment of the two images. Being the source very compact at these
frequencies, it was impossible to identify common optically thin
regions, hence we aligned the two stacked maps using a cross-
correlation algorithm based on the correlation of total intensity
images (e.g. Hovatta et al. 2012; Gómez et al. 2016) We ob-
tained a shift to the south-west of 0.017 mas to align the 43 GHz
image with respect to the 86 GHz one (@JL:your script returns
"Maximum cross-correlation for pixel shifts of -3 -5 pixels" and
the image is 2048X0.003; does this correspond to 0.017 mas to
south-west as I calculated?).

The second step consists in computing the spectral index
map in order to check for optically thin/thick transitions in the
emitting region, where EVPAs are expected to rotate of ⇡/2 (Pa-
cholczyk 1970). Figure 3 shows the spectral index map between
86 GHz GMVA and 43 GHz VLBA stacked images. We notice
that most of the core region is optically thick, becoming optically
thin at ⇠0.15 mas downstream the core.

To obtain the rotation measure map we used the same ap-
proach as in Gómez et al. (2016). We made use of an IDL routine
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Fig. 1. 86 GHz GMVA polarimetric images of CTA 102. The restoring
beams are 0.21⇥0.06, 0.26⇥0.06 and 0.25⇥0.05 mas, respectively. Total
intensity peaks are 2.0, 2.37 and 3.79 Jy/beam and contours are drawn
at 0.5, 0.85, 1.53, 3.02, 5.96, 11.74, 23.15, 45.65, 90 % of 3.79 Jy/beam.

2.2. X-ray and Gamma-ray Data Analysis

For the acquisition of the �-ray photon fluxes of CTA 102 we
analyzed the publicly available Fermi Large Area Telescope
(LAT) data (Atwood et al. 2009). Using the unbinned likelihood
analysis of the Fermi analysis software package Science Tools
v10r0p5 we processed the data in the 100 MeV  E  100 GeV
energy range. Within the 15 deg region of interest centered on
the blazar we selected source class photons (evclass=128 and
evtype=3). Photons with high satellite zenith angle (� 90 deg)
were omitted in order to exclude the Earth limb background.
The spatial model gll_iem_v06 was used to account for the dif-
fuse emission from the Galaxy, while the isotropic spectral tem-
plate iso_source_v05 was included in the fit for modeling of the
extra-galactic di↵use and residual instrumental backgrounds. We
used P8R2_S OURCE_V6 as the instrument response function.
In the background model we included all sources from the 3FGL
(four year Fermi-LAT source catalog, Acero et al. 2015) located
within 15 deg of the blazar. Spectral shapes of all targets except
CTA 102 and photon fluxes of sources farther than 10 deg from
the blazar were fixed to their values listed in 3FGL. We used the
test statistic value TS = 10, as the detection limit. This approx-
imately corresponds to a 3� detection level (Nolan et al. 2012).
The photon flux was integrated within 6 h time bins in order to
maximize both resolution of the light curve and number of de-
tections in it.

We collected X-ray data within the time range of inter-
est from the Swift archive. The X-ray Telescope (XRT) (Bur-
rows et al. 2004) data in the energy range 0.3–10 keV were
reduced following the procedure described in Williamson et al.
(2014). We used the standard HEASOFT package version 6.11
and xrtpipeline to clean and calibrate the events. We adopted the
NH = 4.76 ⇥ 1020cm�2 value from The Leiden/Argentine/Bonn
(LAB) Survey of Galactic HI (Kalberla et al. 2005).

3. Polarization and Rotation Measure Analysis

In Fig. 1 we display the three GMVA polarimetric images cov-
ering the period from May 2016 to March 2017. The source
structure at 86 GHz in total intensity is rather compact, while in
linearly polarized intensity we can discern di↵erent features. In
particular, it is interesting to notice the polarized emission down-
stream the peak in total intensity, where EVPAs in May 2016 and
March 2017, when that region is visible, have the same orienta-
tion pointing toward the jet direction.

The maximum degree of polarization for the three epochs is
comparable, between 8 and 14%.

In order to recover more polarized emission and lower the
rms of the map, we also performed the stacking (average) of the
three images in both total and linearly polarized intensity. The
averaging in the image plane was performed after having aligned
the maps using the position of the peak in total intensity, being in
all epochs coincident with the core position. Another method for
the alignment of images makes use of the position of the VLBI
core, after having determine it through the modelfit procedure in
Difmap package (e.g. Pushkarev et al. 2017). However, we no-
tice that in case of 86 GHz data, having a high angular resolution,
the position of the core model-fit component can vary in a sub-
stantial way among epochs, giving an unexpected stacked map
if the VLBI core position is used for the alignment of images.

In order to study the intrinsic magnetic field orientation
we need to correct for the EVPA rotation introduced by the
Faraday e↵ect (i.e., when the electromagnetic wave crosses
a non-relativistic magnetized plasma, the polarization plane
rotates due to a di↵erent propagation velocity of the left and
right circularly polarized waves in which the linearly polarized
radiation can be decomposed). The polarization plane (EVPA0)
is rotated by a quantity, the rotation measure (RM), which
depends on the magnetic field along our line of sight and the
electron density of the crossed plasma:

EVPA = EVPA0 +
e3�2

8⇡2✏0m2c3

Z
neB · dl = EVPA0 + RM�2

(4)

where e is the electron charge, ✏0 the vacuum permittivity, m
the electron mass and c the speed of light. Given the linear de-
pendence between the observed EVPAs and wavelength squared
(�2) in Equation 4, the RM can be estimated from EVPAs mea-
surements at several frequencies.

We collected 43 GHz data from the VLBA-BU-BLAZAR
program from June 2016 to April 2017, covering a time range
similar to that covered by our GMVA epochs. The resulting po-
larimetric images were convoluted with the same restoring beam
(0.3⇥0.15 mas at 0�); the same we did for GMVA images. The 43
and 86 GHz images have been finally stacking using the method
described before. The two stacked images at 43 and 86 GHz,
displayed in Fig. 2, were used to obtained the RM image of
CTA 102 between these two frequencies.

The first step to obtain the RM image consists in the align-
ment of the two images. Being the source very compact at these
frequencies, it was impossible to identify common optically thin
regions, hence we aligned the two stacked maps using a cross-
correlation algorithm based on the correlation of total intensity
images (e.g. Hovatta et al. 2012; Gómez et al. 2016) We ob-
tained a shift to the south-west of 0.017 mas to align the 43 GHz
image with respect to the 86 GHz one (@JL:your script returns
"Maximum cross-correlation for pixel shifts of -3 -5 pixels" and
the image is 2048X0.003; does this correspond to 0.017 mas to
south-west as I calculated?).

The second step consists in computing the spectral index
map in order to check for optically thin/thick transitions in the
emitting region, where EVPAs are expected to rotate of ⇡/2 (Pa-
cholczyk 1970). Figure 3 shows the spectral index map between
86 GHz GMVA and 43 GHz VLBA stacked images. We notice
that most of the core region is optically thick, becoming optically
thin at ⇠0.15 mas downstream the core.

To obtain the rotation measure map we used the same ap-
proach as in Gómez et al. (2016). We made use of an IDL routine
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✓ Magnetic Field structure in the very inner regions, with unprecedented resolution 

✓ Variability and physical process occurring during high-energy flares 



GMVA observations

4

21 May 2016 30 Sept 2016 31 March 2017

Antennas Antennas Antennas

VLBA + EF + ON + 
YS  + KVN

VLBA (- MK) + EF + 
ON + YS  + MH + 

GBT + KVN

VLBA + EF + ON + 
YS  + MH + PV + 

GBT +
Sources Sources Sources

3C111 
3C120 
3C273 
3C345 

3C454.3 
0716+714 
0954+658 
1510-089 
1633+382 
BL LAC 
CTA102 
OJ287

3C345 
3C454.3 

0716+714 
0954+658 
1055+018 
1510-089 
1633+382 
1749+096 
BL LAC 
CTA102 
OJ287

3C120 
3C273  
3C279 
3C345 

3C454.3 
0716+714 
1510-089 
1633+382 
1749+096 
BL LAC 
CTA102 
OJ287



GMVA observations

5

21 May 2016 30 Sept 2016 31 March 2017

Antennas Antennas Antennas

VLBA + EF + ON + 
YS  + KVN

VLBA (- MK) + EF + 
ON + YS  + MH + 

GBT + KVN

VLBA + EF + ON + 
YS  + MH + PV + 

GBT +
Sources Sources Sources

3C111 
3C120 
3C273 
3C345 

3C454.3 
0716+714 
0954+658 
1510-089 
1633+382 
BL LAC 
CTA102 
OJ287

3C345 
3C454.3 

0716+714 
0954+658 
1055+018 
1510-089 
1633+382 
1749+096 
BL LAC 
CTA102 
OJ287

3C120 
3C273  
3C279 
3C345 

3C454.3 
0716+714 
1510-089 
1633+382 
1749+096 
BL LAC 
CTA102 
OJ287



The multi-wavelength bright flare in December 2016 - January 2017

6

Multi-wavelength flare in 
December 2016 - January 2017

Kaur et al., 2018

Dec 16

4 Navpreet Kaur and Kiran S. Baliyan: CTA 102: 2016-2017 Outburst
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Fig. 1. Multi-wavelength light curves for CTA 102 during
the 2016 Nov - 2017 Jan outburst. From top to bottom: 1d
binned Fermi-LAT �-ray flux (E >100 MeV) followed by
��ray photon index; X-ray (2.0-10.0 keV) flux (Swift-XRT)
; X-ray photon index (�; Swift-XRT); UV-band (W1, M2, W2)
magnitudes (Swift-UVOT); Swift-UVOT, MIRO and Steward
Observatory optical magnitudes; 15GHz OVRO flux; Degree
of Polarization (DP%) and position angle, PA, in degrees
(Steward Observatory).

than 300 times of that listed in 2FGL catalog, which is about
2.9±0.2 ⇥ 10�9 ph cm�2 s�1(Nolan et al. 2012). To estimate
the duration of outburst, we have to first define the outburst.
We call the source to be in outburst phase if the ��ray flux
calculated with 1 day binning within the ��ray energy range
0.1–300 Gev is larger than 2.0⇥10�6 ph cm�2 s�1. It leads to
the detection of a big flare at about MJD 57714, lasting just
three days with a peak flux of 2.5⇥10�6 ph cm�2 s�1 and the
main outburst which started at MJD 57735, with a peak flux
of 6⇥10�6 ph cm�2 s�1, which continued for about next thirty
days. The strongest flare during the outburst occurred on MJD=
57751, with a peak flux of 1.1⇥10�5 ph cm�2 s�1. Such strong
and prolong outburst in this source is unprecedented and con-
tributes enormous power to the overall energy flux of CTA 102.
There are a number of rapid but strong flares superimposed
on the already much enhanced base level flux. Interestingly,
CTA 102 was so active that during the period considered here,
the total flux of the source surpassed the already high average
��ray flux level (F�,avg = 2.39 ⇥ 10�6 ph cm�2 s�1) at least
nine times. In order to determine extent of the power content
in the prominent flares, we calculated the FWHM of each flare
profile and multiplied it by the duration of the flares. We found
the power contained in the flare peaking at MJD 57739 to be
approximately 2.25⇥10�5 ph cm�2; for the flare at MJD 57745
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Fig. 2. ��ray light curve of FSRQ CTA 102 showing flaring
activity during November 2016–January 2017. Time in MJD is
plotted along X-axis and flux along Y-axis. The grey dashed
line shows the average flux level.

about 1.40 ⇥ 10�5 ph cm�2. The power contained in the major
flare at MJD 57751, is 3.0⇥10�5 ph cm�2 while for another ma-
jor flare at MJD 57760, it is 2.25 ⇥ 10�5 ph cm�2. The source
has not experienced such strong flare with so much power in its
entire history.

3.1. Multiwavelength light curves

As clearly seen in Figure 1, the average fluxes of ��rays and
X-rays are already substantially elevated and any activity over
and above these levels represent a significant enhancement on
their past historical flux values. It is clearly noted that CTA 102
remained very active across all the energies considered here
and exhibited a zoo of almost symmetric ��ray flares, span-
ning from 3d to 8d, with significantly high flux levels. At lower
energies (UV and optical), an outburst (>1 month), superposed
by several flares of a few days duration, is noticed.

CTA 102 experienced a huge outburst of 70d duration, be-
ginning MJD 57694, across EMS after being in the quies-
cent state for a long time. The activity started with a short
��ray flare (3d long) on MJD 57701, followed by the next
flare on 2016 November 13 (MJD 57705) showing a five fold
enhancement in the flux in just 2d (F peak

� = (1.44 ± 0.25) ⇥
10�6 ph cm�2s�1).

The ��ray flare with double peaks (1d apart) peaking at
MJD 57715/16 (2016 November 23/24) surpassed the average
flux level. The corresponding activity at lower-energies, i.e.,
in optical, UV and X-ray, also started on MJD 57712, peak-
ing one day early (on MJD 57714), with a flux drop when
��ray flux was at the peak (on MJD 57716). The radio 15GHz
flux peaked couple of days before that in ��rays. Though the
decay was not captured by Swift in X-ray, UV and V band,
MIRO and Steward observations suggest a smooth decay mak-
ing it a symmetric flare. During the decay of multi-emission
flare, linear polarization increases from 5 - 10% while posi-
tion angle of polarization undergoes a rotation by 145�. A blob
passing through stationary core in jet could lead to such be-
haviour. Interestingly, the radio maps from the VLBI-GLAST
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(corrected for the redshift effect, but without a beaming correction). 
This represents the most luminous optical blazar state ever detected. 
The previous record was held by the FSRQ 3C 454.3, which reached 
log[νL ν (erg s−1)] = 47.54 during a big outburst18 observed in 2005.

Inspection of the light curves of CTA 102 reveals that the brightness 
variation amplitude is larger in the near-infrared than in the optical 
band. This is a consequence of the source emitting not only synchro-
tron radiation from the jet, but also thermal radiation from the accre-
tion disk19 that feeds the super-massive black hole of the active galactic 
nucleus (AGN). The more stable light from the disk makes a larger 
contribution to the overall source flux at optical wavelengths than in 
the near-infrared. Further evidence of thermal radiation from the disk 
comes from the analysis of colour indices and spectroscopic data (see 
Methods and Extended Data Figs 3 and 4).

To analyse the synchrotron emission from the jet, we first model the 
thermal component, usually referred to as the ‘big blue bump’ (BBB). 
Besides the disk radiation, the BBB includes the contribution of emis-
sion lines from the broad-line region of the AGN, in particular, Mg ii 
and Hα lines, redshifted to the optical V and near-infrared J bands, 
respectively. In the BBB model (details in Methods), we built the spec-
tral energy distribution (SED) of a hypothetical minimum-brightness 
synchrotron state and then subtracted it from the flux minima in all 
optical and near-infrared bands to get the BBB contribution. We also 
added a dust torus emission component in the mid- to far-infrared, 
as dust emission has been detected in CTA 102 with the IRAS20 and 
Spitzer21 satellites. The results are shown in Fig. 2.

Having modelled the thermal contribution to the source flux, 
we subtracted it from the near-infrared and optical flux densities 
to get the jet synchrotron flux. Figure 3 shows the optical R band,  
millimetre-wavelength (230 GHz) and radio (37 GHz) light curves in 
the period 2008–2017. The optical flux density of the jet ranges from 
0.047 mJy to 166 mJy, with a maximum flux ratio higher than 3,500. 
We note that both the 2012 flare and the 2016–2017 outburst were 
accompanied by radio activity, but the flux ratios at the peaks of the 
two events are very different in the various bands. Moreover, in 2012, 
peaks at lower frequencies followed those at higher frequencies, as is 
often observed in blazars14. By contrast, the latest optical outburst was 
preceded by activity at 37 GHz. Figure 3 also shows that the high flux 

densities registered at 37 GHz in 2008–2009 correspond to a ‘quiescent’ 
optical state. This complex optical–radio correlation suggests that the 
emission in these two bands is produced in different regions of the 
jet. Explaining the multiwavelength light curves in terms of intrinsic 
processes would require very different physical conditions along the 
jet at various epochs, with model parameters chosen ad hoc at any 
time to reproduce the observed flux levels. Therefore, we propose an 
alternative scenario, in which the observed source behaviour is ascribed 
to orientation changes in the jet.

In the light curves of Figs 1 and 3 and Extended Data Fig. 1, especially 
in the optical and near-infrared bands, we can distinguish fast flares 
superimposed on a long-term trend. We adopted cubic spline interpo-
lations through the binned data to represent the long-term behaviour 
of the well-sampled light curves in the R band, at 230 GHz and 37 GHz. 
For the radio and millimetre-wavelength light curves, which are charac-
terized by smooth variations, we used a fixed time bin of 30 days. In the 
optical band, the fast flares are more rapid and pronounced when the 
source is brighter. This is expected when the long-term trend is due to 
a variable Doppler factor δ, which affects both the amplitudes and the 
timescales of the flux variations. In Methods, we summarize the basic 
concepts of the relativistic beaming theory and verify the contraction of 
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Figure 1 | Observed optical light curve of CTA 102 in the last two 
observing seasons of the WEBT campaign. R-band magnitudes are 
shown as a function of the Julian date (JD). Different colours and symbols 
correspond to the various telescopes contributing to the WEBT campaign. 
Error bars represent 1 s.d. measurement errors. The peak of the 2016–2017 
outburst was observed on 28 December 2016 and indicates a brightness 
increase of about 6 mag with respect to the faintest state.
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Figure 2 | Spectral energy distributions of CTA 102 and orientation of 
the emitting regions of the jet. a, Small grey circles highlight the observed 
variability ranges. The black dashed line represents the minimum-
brightness synchrotron SED and the black squares (hexagons) the fitted 
(derived) minimum synchrotron flux densities. The black solid line and 
asterisks show the thermal emission model and its contributions to the 
near-infrared and optical bands. The red dot-dashed line represents the 
base-level synchrotron SED used for the geometric interpretation. Large 
coloured circles and coloured lines display observed data and spectra 
and model predictions, respectively, for selected epochs (expressed in 
JD − 2,450,000). Measurement errors (1 s.d.) are smaller than the symbol 
size. b, Viewing angles of the emitting region producing the (bulk of the) 
radiation at frequency ν at the epochs shown in a.
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10 Gómez et al.

Fig. 9.— Rotation measure map combining the ground-array im-
ages at 15 and 43 GHz with the RadioAstron image at 22 GHz.
Contours show the 15 GHz image, colors indicate the rotation mea-
sure, and bars plot the Faraday-corrected EVPAs. The light blue
ellipse delimits the core region within which the 2D histogram im-
ages (see Fig. 10) have been computed.

based on a �
2 criterion. Due to the n⇡ ambiguity in the

EVPAs, we have developed an IDL routine that searches
for possible n⇡ rotations, finding that no wraps higher
than ±⇡ were required to fit the data.
When performing the RM analysis of the core area,

it is also important to pay special attention to possible
⇡/2 rotations due to opacity (e.g., Gómez et al. 1994;
Gabuzda & Gómez 2001; Porth et al. 2011). We have
checked for these by first computing the spectral index
maps between each pair of frequencies. Figure 8 shows
the spectral index map between the 22 GHz RadioAstron
and 43 GHz VLBA images. This reveals an optically
thick region at 22 GHz (and therefore also at 15 GHz) at
the upstream end of the jet, near the core. This optically
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Fig. 10.— Probability density functions of the two-dimensional
histograms of the rotation measure (a, top) and Faraday corrected
EVPA (b, bottom) for the core area indicated by the blue ellipse
in Fig. 9.

thick region is accounted for when computing the RM
map by rotating the EVPAs at 22 and 15 GHz by ⇡/2.
The resulting rotation measure map is shown in Fig. 9.

4.1. Evidence for a helical magnetic field

The rotation measure and RM-corrected EVPAs (�0)
in the core area (delimited by the blue ellipse in Fig. 9)
exhibit a clear point symmetry around its centroid. To
better analyze this structure Fig. 10 displays the prob-
ability distribution function of the two-dimensional his-
togram for the RM and �0 as a function of the position
angle of the pixels with respect to the centroid of the
core, measured counterclockwise from north.
By inspecting Figs. 9 and 10a we note a gradient in

RM with position angle from the centroid of the core,
with positive RM values in the area upstream of the cen-
troid, and negative downstream, in the direction of the
jet. The largest RM values, of the order of 3000 rad m�2,
are found in the area northeast of the centroid (with a
position angle of ⇠ �45�); smaller values are obtained
as the position angle increases, reaching values of ⇠1000

Gomez et al., 2016 

Large-scale helical magnetic field also 
supported by RMHD simulations 

(Broderick & McKinney 2010; Porth et al. 2011)  
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Fig. 5. Photon flux curves during the flaring period in �-rays (top) and x-rays (bottom). The red triangles represent upper limits of the photon flux.

Table 3. Physical parameters used for deriving �min from equation (4)
in Mattox et al. (1993)

MJD ↵ h75 T5 FkeV E�
57754 0.17 0.9 0.58 3.22 100
57760 0.29 0.9 1.72 4.14 100

Notes. ↵ is the X-ray spectral index, h75 is derived from cosmological
parameters in Planck Collaboration et al. (2016), T5 is the variability
time scale in X-ray in unit of 105 sec, FkeV is the flux at 1 keV in unit of
µJy, and E� is the highest �-ray photon energy in GeV unit.

equation (4) in Mattox et al. (1993) and the parameters reported
in Table 3.

The variability timescales during the X-ray events in 57754
and 57760 MJD are ⇠16 and 48 hours, respectively, and these
are the fastest significant variations we can derive from the light
curve. Nevertheless these values could be underestimated, since
a better sampling could give faster variability. The highest pho-
ton energy detected at �-rays during the flaring period is 364
GeV but since this value comes from only one photon we opted
for a more conservative approach and used the value of 100 GeV,
which is in agreement with the ⇠98 GeV reported in Gasparyan
et al. (2018).

For the two high energy events we obtained �� & 17 during
the first outburst (57754 MJD) and �� & 15 during the second
one (57760 MJD). Given the similarity of the two events at both
X and �-rays, similar lower limits values for the Doppler factor
were expected.

4.2. The Kinematics at 43 GHz and the Variability Doppler

Factor

The model-fit analysis at 43 GHz allowed us to investigate the
kinematics and flux density variability of the radio jet during the
flaring period, see Figs. 6 and 7. We associated the core with the
brightest unresolved component in the northwestern (upstream)
end of the jet and we considered it stationary. Close to the core, at
⇠0.1 mas, we detected another stationary component, that we la-
beled C1, as we did in Casadio et al. (2015). Indeed, this station-

Fig. 6. Distance from the core vs. time of the 43 and 86 GHz model-
fit components. The red line is the linear fit of K1 positions and blue
vertical lines mark the time of the two high energy events considered
Sect. 4.

ary feature has been already observed in many previous studies
(e.g. Jorstad et al. 2005, 2017), and interpreted as a recollima-
tion shock, which can trigger both radio (Fromm et al. 2013a)
and �-ray outbursts (Casadio et al. 2015). Another component,
K0, is instead observed moving farther downstream the jet.

A new superluminal component, K1, is visible since Novem-
ber 2016 (see Fig. 6). From a linear fit of separation versus time
we extrapolate the ejection time of the component (i.e., time
of coincidence of the centroid of K1 with the centroid of the
core) and its velocity, which are respectively Te j = 2016.55±0.71
(18 July 2016) and �app = 10.2±0.8c (0.209±0.017 mas year�1).
Considering the average angular sizes of K1 and the core, which
are a = 0.08±0.01 mas and a0 = 0.025±0.005 mas, respectively,
the time K1 takes to exit the core is (a/2+a0)/�app = 114 days.
This means that K1 starts exiting from the core in 2016.85±0.04
(07 November 2016) and this coincides with a decrease in the
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Stationary component at ~ 0.1 mas reported in previous 
studies (Jorstad et al., 2001,2005) and interpreted as a 

recollimation shock (From et al., 2013; Casadio et al., 2015)

A new component (K1) has been ejected in July 2016 
and it takes till November 2016 to exit from the core 

Small increase in flux when K1 crosses 
the component at 0.1 mas

K1
C1

Core

βa p p =11.5 ± 0.9 c

δvar ~ 34 ±  4 

Using the method in Jorstad et al. 2005:

Θvar ~ 0.9 ±  0.2    Γvar ~ 20.9  ±  1.9  
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Stationary component at ~ 0.1 mas reported in previous 
studies (Jorstad et al., 2001,2005) and interpreted as a 

recollimation shock (From et al., 2013; Casadio et al., 2015)

A new component (K1) has been ejected in July 2016 
and it takes till November 2016 to exit from the core 

Small increase in flux when K1 crosses 
the component at 0.1 mas

βa p p =11.5 ± 0.9 c

δvar ~ 34 ±  4 

Using the method in Jorstad et al. 2005:

Θvar ~ 0.9 ±  0.2    Γvar ~ 20.9  ±  1.9  

δ ≳ 17 to explain the X- and 𝛾-ray emission 

δ ~ 30  to explain the optical flare  
                (Raiteri et al., 2017) 
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Ejection of K1 K1 exiting the core



Polarization variability from 43 GHz VLBA images

17

Ejection of K1 K1 exiting the core
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Ejection of K1 K1 exiting the core

EVPAs at 90◦
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Ejection of K1 K1 exiting the core

high-energy flares 
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Ejection of K1 K1 exiting the core

EVPAs at 0◦

high-energy flares 
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We present mm-VLBI polarimetric images of the FSRQ CTA 102 with the highest possible resolution currently 
achievable (50 μas), using 86 GHz GMVA data obtained in May 2016, September 2016, and March 2017.

Collecting 43 GHz VLBA data in the same time range we performed the Faraday rotation analysis between 
43 and 86 GHz:

RM gradient from ~ -4x10^4 to 6x10^4 rad/m^2 around the centroid of the core and 
a change of sign
The intrinsic EVPAs rotate around the centroid of the core 

the high-energy flares in Dec 2016 - Jan 2017 were triggered by the passage 
of a new superluminal component through the recollimation shock at 0.1 mas

Hints for large-scale helical magnetic field in the innermost regions

Comparing mm-VLBI data with X- and 𝛾-ray, we obtained:  

From the evolution of the 43 GHz polarised emission when the new component travels along the jet, we have:  
when the component travels across the core region the EVPA orientation resembles 
the intrinsic orientation as obtained in the RM map;

the EVPAs have a different orientation when the component exits the core (EVPAs ~ 90 ) 
and the recollimation shock (EVPAs ~ 0   ) 

◦ 
◦


