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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 Program: 

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

3 times higher resolution !

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



Goals and Requirements
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At 3mm: HIGHER resolution + LOWER opacity 

At 7mm: HIGH cadence + more extended structure

GOALS: Magnetic Field structure and morphology in the very inner regions of AGN jets 
and with unprecedented resolution   

BASIC REQUIREMENTS: reliable Total and Linearly Polarized Intensity images

Different methods for the calibration of instrumental 
polarization have been tested



GMVA observations
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D-terms Comparison
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1σ ~3% 



Testing different D-terms
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Findings:

We applied, on a bunch of sources, either their own D-terms and the Average values 

 When the source is bright in total intensity but weak in linearly polarized 
intensity, and the PA coverage is bad, the average d-terms give better results;

own D-terms Ave D-terms

We applied the set of Average D-terms to all sources
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CTA102 gamma-ray, optical
and X-ray  flare 

( Raiteri et al. 2017,nature24623 )

σp ~ 4.2 mJy/beam σp ~ 5.2 mJy/beam σp ~ 4.3 mJy/beam
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1510-089

σp ~ 3.5 mJy/beam σp ~ 9.8 mJy/beam σp ~ 3.4 mJy/beam
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1510-089

VHE flare 

( Zacharias et al. 2017)

σp ~ 3.5 mJy/beam σp ~ 9.8 mJy/beam σp ~ 3.4 mJy/beam

43 GHZ
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BL LAC

σp ~ 1.6 mJy/beam σp ~ 1.7 mJy/beam σp ~ 1.4 mJy/beam
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BL LAC

VHE flare 

43 GHZ

( Abeysekara et al. 2018)

σp ~ 1.6 mJy/beam σp ~ 1.7 mJy/beam σp ~ 1.4 mJy/beam



CTA102 Rotation Measure analysis
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Stacked maps

43 GHz 86 GHz

Spectral Index

Rotation Measure

Stacked map at 43 GHz : June 2016 - April 2017 
Stacked at 86 GHz : May, Sept 2016 and March 2017 

~ 10^4 rad/m^2
In agreement with 
Park et al., 2018

Casadio et al., in prep.



CTA102 Rotation Measure analysis
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Stacked maps

43 GHz 86 GHz

Spectral Index

Rotation Measure

Stacked map at 43 GHz : June 2016 - April 2017 
Stacked at 86 GHz : May, Sept 2016 and March 2017 

~ 10^4 rad/m^2
In agreement with 
Park et al., 2018

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 

BL Lac 15, 22, 43 GHz

Casadio et al., in prep.

Large-scale helical magnetic field also 
supported by RMHD simulations 

(Broderick & McKinney 2010; Porth et al. 2011)  



The multi-wavelength bright flare in December 2016 - January 2017
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Multi-Wavelength Analysis of the Quasar CTA102 during a 
Dramatic Outburst in 2016 December

S. Jorstad1,2, A. Marscher1, K. Williamson1, V. Larionov2, 
P. Smith3, M. Gurwell4, and A. Lähteenmäki5

1Boston Univ. MA; 2St. Petersburg State Univ., Russian Federation; 3Steward Obs. AZ; 
4CfA Boston, MA; 5Aalto Univ., Finland      

Abstract: The quasar CTA102 underwent a dramatic outburst from !-ray to radio wavelengths in late 2016. The !-ray emission at 0.1-200 GeV rose up to (20.1�0.6)x10-6 ph s-1cm-2,
with a significant flattening of the spectrum. The blazar reached an optical brightness level never observed previously, < 11 mag in R band, and an increase of the flux density at
millimeter wavelengths with an inverted radio spectrum. We analyze multi-wavelength (MW) data during the event obtained at !-rays with the Fermi Large Area telescope, at X-rays
provided NuSTAR and the Swift XRT, and in UV bands measured with the Swift UVOT. We present optical spectra of the quasar obtained at the Discovery Channel Telescope during the
outburst and discuss the emission line behavior as well as optical polarization variability. We study changes in the parsec-scale jet of CTA102 using VLBA images at 43 GHz and
variability in mm-wave light curves obtained at Metsähovi Radio Observatory and the Sub-Millimeter Array. We find that the most dramatic MW activity of the quasar started ~100 days
after a superluminal knot passes through the VLBI core. We associate this activity with acceleration of the knot after it leaves the core, interpreting the latter as a recollimation shock.

← Fig.6. Total (contours) and 
polarized (color scale) intensity 
images of CTA102; white line 
segments show direction of 
polarization; beam =0.35�0.15 
mas2 (ellipse in the bottom left 
corner);  Speak=2.72 Jy beam-1, 
Spol=55 mJy beam-1; contours are 
0.2,0.4, … 51.2, and 99.5% of 
Speak; the red and green lines show 
position of the core and K16, 
respectively.

This research is funded in part by 
NASA through Fermi Guest 
Investigator grant NNX14AQ58G and 
by the National Science Foundation 
through grant AST-1615796.

Multi-Wavelength Light Curves MW LCs in 2016-2017

Parsec-Scale Jet Behavior during 2016-2017

Fig. 2. MW Light Curves of CTA102 from 2016 July to 2017 
July, the same as in Fig. 1; bottom panel: blue filled circles 
are flux densities of the VLBI core at 43 GHz. The vertical 
red dotted line is the epoch of ejection of knot K16, the red 
arrow in the upper panel is the epoch when K16 exited 
from the core (see Figs. 6 & 7, + the VLBI discussion). 

→ Fig.7. Position of jet features in 
the parsec-scale jet of CTA102 
within 0.5 mas from the core, 
which is a stationary feature of the 
jet. Red circles designate knot 
identified as K16, the red line 
approximates the motion of K16.  

VLBI Discussion: Knot K16 has a proper motion "=0.209�0.017mas yr-1, which 
yields an ejection time To=57587�26 MJD (18 July 2016). The ejection time is the 
extrapolated time of coincidence of the centroid of K16 and that of the core. K16 
and the core have an average angular size a=0.08�0.01 mas and a0=0.025 �
0.005 mas, respectively. The time needed for K16 to exit the core is (a/2+a0)/"
=114 d wrt To (Text = 57701�15 MJD, the red arrow in the upper panel of Fig. 2). 
This coincides with a decrease of the flux density of the core, which was enhanced 
during the ejection and for ~100 days after the ejection (Fig. 2, the bottom panel).   
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MW Spectral Behavior,  S#�#-$
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Fig. 5. Distributions of spectral indices for the period of observations shown in Fig. 1, S#�#-$: a) g-ray spectral
indices, red dotted line shows $gflare =0.93�0.02 at the maximum of the g-ray outburst, Sg

max=(20.1�0.6)x10-6

ph s-1cm-2; b) X-ray spectral indices, $X
flare =0.29�0.05 at the maximum of the X-ray outburst, Sx

max =
(6.3�0.5)x10-11 erg s-1cm-2, the magenta line shows the spectral index at 3-70 keV, $3-70 =0.326�0.008; c) the
X-ray spectrum of CTA102 at 3-70 keV obtained on 30 December, 2016 with NuSTAR and modelled by a single
power law (solid line) with a photon index %=0.326�0.008 and fixed NH =5.3x1020 cm-2 with a high significance
level of 0.005; d) UV spectral indices (over U, UVW1, UVM2, and UVW2 bands), $UV

flare =1.35�0.14, SUVW2
max =

29.75�0.61 mJy; e) Optical spectral indices (over B, V, and R bands), $opt
flare =2.08�0.07, SR

max = 122.63�0.11
mJy; f) Radio spectral indices (37—230GHz), $rad

flare =-0.37�0.05, S1mm
max = 8.26�0.42 Jy.

Fig. 1. MW Light Curves of CTA102 from 2008 August to
2017 July: from top – 1) g-ray flux at 0.1-200 GeV; 2) X-
ray flux at 0.3-10keV; 3) UV flux density at &eff =2031Å;
4) Optical flux density in R band at &eff =6580Å; 5) Radio
flux densities at 230 GHz (red) and 37 GHz (black).

Optical Emission Lines

Optical Polarization Properties

Fig. 3. Data from 2016 November to 2017 February, from 
the top: 1) g–ray and 2) optical R-band light curves of 
CTA102; 3) degree of optical polarization vs. MJD, the red 
arrow is the epoch of K16’s exit from the core; and 4) 
position angle of optical polarization vs. MJD, the red 
dotted line shows the parsec-scale jet direction.  
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Fig. 4. Distributions of degree of optical polarization (a)  
from 2008 August to 2017 July and (c) during the flare 
(Fig. 3).  Distributions of optical position angle of 
polarization (EVPA) during monitoring (b) since 2008 
August and (d) during the flare; red dotted lines indicate 
the parsec-scale jet direction.

← Fig.8. Optical spectra of CTA102 obtained at 
the DCT with the DeVeny spectrograph during 
the flare at different levels of optical flux. Two 
emission spectral features, MgII and CIII], are 
seen in all spectra, although the lines are less 
prominent as the continuum brightens. The 
continuum steepens with the flux increase and 
the emission complex of high-ionization FeIII 
lines (Vestergaard & Wilkes 2001, ApJ, 134, 1) 
- shown by the blue rectangle on the spectrum 
of December 18, 2016 – becomes more 
prominent as the flux increases, indicating line 
variability on timescales of weeks. 

Summary. The dramatic MW outburst of the quasar CTA102 in the end of 2016 was a culmination of !-ray  
activity of the source that began a year earlier, also apparent at mm wavelengths. The outburst possesses a 
number of important characteristics:
I. The structure of the main part of the outburst (Fig. 2) is similar at !-ray, X-ray, UV, and optical wavelengths

with peaks at different wavelengths occurred simultaneously within uncertainties of sampling (there is a               
highly significant correlation between the !-ray and R band optical light curves with zero delay). 

II. The !-ray and X-ray spectra are significantly flatter than during quiescent states, with the soft (0.3-10keV) 
and hard (3-70 keV) spectra having the same flat spectral index, ax~0.3.  

III. The optical continuum is extremely steep during the maximum of the outburst, $opt
flare ~2. The optically 

emitting electrons are therefore not responsible for creating ! rays via inverse Compton scattering. Either 
IR or UV-emitting electrons could do so, since the synchrotron spectrum at these wavelengths is flatter. 

VI. The flux of high-ionization FIII lines increases with the continuum on a days-weeks timescale, implying jet   
involvement in the line ionization, as suggested for 3C454.3 (León-Tavares et al. 2013, ApJL, 763, L36).

V. A superluminal knot was ejected ~0.5 yr before the maximum of the outburst; however, its exit from the core 
can be associated with the start of most violent part of the outburst, while the core remained optically thick 
according to flux densities of the core at 43 GHz, and the whole source at 37 and 230 GHz (Fig. 2). This 
suggests that a new bright knot should appear in the jet this year.

VI. The magnetic field became more uniform during the flare, with direction either perpendicular or parallel to 
jet, with the latter prevailing (Fig. 4), although during the time associated with the K16 exit from the core     
the optical EVPA is directly along the jet (Fig. 3), implying toroidal magnetic field configuration - favorable 
for particle acceleration (Vlahakis & Königl, 2004, ApJ, 605, 656). 

Multi-wavelength flare in 
December 2016 - January 2017

Multi-Wavelength Analysis of the Quasar CTA102 during a 
Dramatic Outburst in 2016 December

S. Jorstad1,2, A. Marscher1, K. Williamson1, V. Larionov2, 
P. Smith3, M. Gurwell4, and A. Lähteenmäki5

1Boston Univ. MA; 2St. Petersburg State Univ., Russian Federation; 3Steward Obs. AZ; 
4CfA Boston, MA; 5Aalto Univ., Finland      

Abstract: The quasar CTA102 underwent a dramatic outburst from !-ray to radio wavelengths in late 2016. The !-ray emission at 0.1-200 GeV rose up to (20.1�0.6)x10-6 ph s-1cm-2,
with a significant flattening of the spectrum. The blazar reached an optical brightness level never observed previously, < 11 mag in R band, and an increase of the flux density at
millimeter wavelengths with an inverted radio spectrum. We analyze multi-wavelength (MW) data during the event obtained at !-rays with the Fermi Large Area telescope, at X-rays
provided NuSTAR and the Swift XRT, and in UV bands measured with the Swift UVOT. We present optical spectra of the quasar obtained at the Discovery Channel Telescope during the
outburst and discuss the emission line behavior as well as optical polarization variability. We study changes in the parsec-scale jet of CTA102 using VLBA images at 43 GHz and
variability in mm-wave light curves obtained at Metsähovi Radio Observatory and the Sub-Millimeter Array. We find that the most dramatic MW activity of the quasar started ~100 days
after a superluminal knot passes through the VLBI core. We associate this activity with acceleration of the knot after it leaves the core, interpreting the latter as a recollimation shock.

← Fig.6. Total (contours) and 
polarized (color scale) intensity 
images of CTA102; white line 
segments show direction of 
polarization; beam =0.35�0.15 
mas2 (ellipse in the bottom left 
corner);  Speak=2.72 Jy beam-1, 
Spol=55 mJy beam-1; contours are 
0.2,0.4, … 51.2, and 99.5% of 
Speak; the red and green lines show 
position of the core and K16, 
respectively.

This research is funded in part by 
NASA through Fermi Guest 
Investigator grant NNX14AQ58G and 
by the National Science Foundation 
through grant AST-1615796.

Multi-Wavelength Light Curves MW LCs in 2016-2017

Parsec-Scale Jet Behavior during 2016-2017

Fig. 2. MW Light Curves of CTA102 from 2016 July to 2017 
July, the same as in Fig. 1; bottom panel: blue filled circles 
are flux densities of the VLBI core at 43 GHz. The vertical 
red dotted line is the epoch of ejection of knot K16, the red 
arrow in the upper panel is the epoch when K16 exited 
from the core (see Figs. 6 & 7, + the VLBI discussion). 

→ Fig.7. Position of jet features in 
the parsec-scale jet of CTA102 
within 0.5 mas from the core, 
which is a stationary feature of the 
jet. Red circles designate knot 
identified as K16, the red line 
approximates the motion of K16.  

VLBI Discussion: Knot K16 has a proper motion "=0.209�0.017mas yr-1, which 
yields an ejection time To=57587�26 MJD (18 July 2016). The ejection time is the 
extrapolated time of coincidence of the centroid of K16 and that of the core. K16 
and the core have an average angular size a=0.08�0.01 mas and a0=0.025 �
0.005 mas, respectively. The time needed for K16 to exit the core is (a/2+a0)/"
=114 d wrt To (Text = 57701�15 MJD, the red arrow in the upper panel of Fig. 2). 
This coincides with a decrease of the flux density of the core, which was enhanced 
during the ejection and for ~100 days after the ejection (Fig. 2, the bottom panel).   
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Fig. 5. Distributions of spectral indices for the period of observations shown in Fig. 1, S#�#-$: a) g-ray spectral
indices, red dotted line shows $gflare =0.93�0.02 at the maximum of the g-ray outburst, Sg

max=(20.1�0.6)x10-6

ph s-1cm-2; b) X-ray spectral indices, $X
flare =0.29�0.05 at the maximum of the X-ray outburst, Sx

max =
(6.3�0.5)x10-11 erg s-1cm-2, the magenta line shows the spectral index at 3-70 keV, $3-70 =0.326�0.008; c) the
X-ray spectrum of CTA102 at 3-70 keV obtained on 30 December, 2016 with NuSTAR and modelled by a single
power law (solid line) with a photon index %=0.326�0.008 and fixed NH =5.3x1020 cm-2 with a high significance
level of 0.005; d) UV spectral indices (over U, UVW1, UVM2, and UVW2 bands), $UV

flare =1.35�0.14, SUVW2
max =

29.75�0.61 mJy; e) Optical spectral indices (over B, V, and R bands), $opt
flare =2.08�0.07, SR

max = 122.63�0.11
mJy; f) Radio spectral indices (37—230GHz), $rad

flare =-0.37�0.05, S1mm
max = 8.26�0.42 Jy.

Fig. 1. MW Light Curves of CTA102 from 2008 August to
2017 July: from top – 1) g-ray flux at 0.1-200 GeV; 2) X-
ray flux at 0.3-10keV; 3) UV flux density at &eff =2031Å;
4) Optical flux density in R band at &eff =6580Å; 5) Radio
flux densities at 230 GHz (red) and 37 GHz (black).

Optical Emission Lines

Optical Polarization Properties

Fig. 3. Data from 2016 November to 2017 February, from 
the top: 1) g–ray and 2) optical R-band light curves of 
CTA102; 3) degree of optical polarization vs. MJD, the red 
arrow is the epoch of K16’s exit from the core; and 4) 
position angle of optical polarization vs. MJD, the red 
dotted line shows the parsec-scale jet direction.  
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Fig. 4. Distributions of degree of optical polarization (a)  
from 2008 August to 2017 July and (c) during the flare 
(Fig. 3).  Distributions of optical position angle of 
polarization (EVPA) during monitoring (b) since 2008 
August and (d) during the flare; red dotted lines indicate 
the parsec-scale jet direction.

← Fig.8. Optical spectra of CTA102 obtained at 
the DCT with the DeVeny spectrograph during 
the flare at different levels of optical flux. Two 
emission spectral features, MgII and CIII], are 
seen in all spectra, although the lines are less 
prominent as the continuum brightens. The 
continuum steepens with the flux increase and 
the emission complex of high-ionization FeIII 
lines (Vestergaard & Wilkes 2001, ApJ, 134, 1) 
- shown by the blue rectangle on the spectrum 
of December 18, 2016 – becomes more 
prominent as the flux increases, indicating line 
variability on timescales of weeks. 

Summary. The dramatic MW outburst of the quasar CTA102 in the end of 2016 was a culmination of !-ray  
activity of the source that began a year earlier, also apparent at mm wavelengths. The outburst possesses a 
number of important characteristics:
I. The structure of the main part of the outburst (Fig. 2) is similar at !-ray, X-ray, UV, and optical wavelengths

with peaks at different wavelengths occurred simultaneously within uncertainties of sampling (there is a               
highly significant correlation between the !-ray and R band optical light curves with zero delay). 

II. The !-ray and X-ray spectra are significantly flatter than during quiescent states, with the soft (0.3-10keV) 
and hard (3-70 keV) spectra having the same flat spectral index, ax~0.3.  

III. The optical continuum is extremely steep during the maximum of the outburst, $opt
flare ~2. The optically 

emitting electrons are therefore not responsible for creating ! rays via inverse Compton scattering. Either 
IR or UV-emitting electrons could do so, since the synchrotron spectrum at these wavelengths is flatter. 

VI. The flux of high-ionization FIII lines increases with the continuum on a days-weeks timescale, implying jet   
involvement in the line ionization, as suggested for 3C454.3 (León-Tavares et al. 2013, ApJL, 763, L36).

V. A superluminal knot was ejected ~0.5 yr before the maximum of the outburst; however, its exit from the core 
can be associated with the start of most violent part of the outburst, while the core remained optically thick 
according to flux densities of the core at 43 GHz, and the whole source at 37 and 230 GHz (Fig. 2). This 
suggests that a new bright knot should appear in the jet this year.

VI. The magnetic field became more uniform during the flare, with direction either perpendicular or parallel to 
jet, with the latter prevailing (Fig. 4), although during the time associated with the K16 exit from the core     
the optical EVPA is directly along the jet (Fig. 3), implying toroidal magnetic field configuration - favorable 
for particle acceleration (Vlahakis & Königl, 2004, ApJ, 605, 656). 

A new component (K16) has been ejected in July 2016 
and it takes till November 2016 to exit from the core 

credit: S. Jorstad

credit: S. Jorstad

Dec 16Jul16
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Multi-Wavelength Analysis of the Quasar CTA102 during a 
Dramatic Outburst in 2016 December
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P. Smith3, M. Gurwell4, and A. Lähteenmäki5

1Boston Univ. MA; 2St. Petersburg State Univ., Russian Federation; 3Steward Obs. AZ; 
4CfA Boston, MA; 5Aalto Univ., Finland      

Abstract: The quasar CTA102 underwent a dramatic outburst from !-ray to radio wavelengths in late 2016. The !-ray emission at 0.1-200 GeV rose up to (20.1�0.6)x10-6 ph s-1cm-2,
with a significant flattening of the spectrum. The blazar reached an optical brightness level never observed previously, < 11 mag in R band, and an increase of the flux density at
millimeter wavelengths with an inverted radio spectrum. We analyze multi-wavelength (MW) data during the event obtained at !-rays with the Fermi Large Area telescope, at X-rays
provided NuSTAR and the Swift XRT, and in UV bands measured with the Swift UVOT. We present optical spectra of the quasar obtained at the Discovery Channel Telescope during the
outburst and discuss the emission line behavior as well as optical polarization variability. We study changes in the parsec-scale jet of CTA102 using VLBA images at 43 GHz and
variability in mm-wave light curves obtained at Metsähovi Radio Observatory and the Sub-Millimeter Array. We find that the most dramatic MW activity of the quasar started ~100 days
after a superluminal knot passes through the VLBI core. We associate this activity with acceleration of the knot after it leaves the core, interpreting the latter as a recollimation shock.

← Fig.6. Total (contours) and 
polarized (color scale) intensity 
images of CTA102; white line 
segments show direction of 
polarization; beam =0.35�0.15 
mas2 (ellipse in the bottom left 
corner);  Speak=2.72 Jy beam-1, 
Spol=55 mJy beam-1; contours are 
0.2,0.4, … 51.2, and 99.5% of 
Speak; the red and green lines show 
position of the core and K16, 
respectively.

This research is funded in part by 
NASA through Fermi Guest 
Investigator grant NNX14AQ58G and 
by the National Science Foundation 
through grant AST-1615796.

Multi-Wavelength Light Curves MW LCs in 2016-2017

Parsec-Scale Jet Behavior during 2016-2017

Fig. 2. MW Light Curves of CTA102 from 2016 July to 2017 
July, the same as in Fig. 1; bottom panel: blue filled circles 
are flux densities of the VLBI core at 43 GHz. The vertical 
red dotted line is the epoch of ejection of knot K16, the red 
arrow in the upper panel is the epoch when K16 exited 
from the core (see Figs. 6 & 7, + the VLBI discussion). 

→ Fig.7. Position of jet features in 
the parsec-scale jet of CTA102 
within 0.5 mas from the core, 
which is a stationary feature of the 
jet. Red circles designate knot 
identified as K16, the red line 
approximates the motion of K16.  

VLBI Discussion: Knot K16 has a proper motion "=0.209�0.017mas yr-1, which 
yields an ejection time To=57587�26 MJD (18 July 2016). The ejection time is the 
extrapolated time of coincidence of the centroid of K16 and that of the core. K16 
and the core have an average angular size a=0.08�0.01 mas and a0=0.025 �
0.005 mas, respectively. The time needed for K16 to exit the core is (a/2+a0)/"
=114 d wrt To (Text = 57701�15 MJD, the red arrow in the upper panel of Fig. 2). 
This coincides with a decrease of the flux density of the core, which was enhanced 
during the ejection and for ~100 days after the ejection (Fig. 2, the bottom panel).   
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Fig. 5. Distributions of spectral indices for the period of observations shown in Fig. 1, S#�#-$: a) g-ray spectral
indices, red dotted line shows $gflare =0.93�0.02 at the maximum of the g-ray outburst, Sg

max=(20.1�0.6)x10-6

ph s-1cm-2; b) X-ray spectral indices, $X
flare =0.29�0.05 at the maximum of the X-ray outburst, Sx

max =
(6.3�0.5)x10-11 erg s-1cm-2, the magenta line shows the spectral index at 3-70 keV, $3-70 =0.326�0.008; c) the
X-ray spectrum of CTA102 at 3-70 keV obtained on 30 December, 2016 with NuSTAR and modelled by a single
power law (solid line) with a photon index %=0.326�0.008 and fixed NH =5.3x1020 cm-2 with a high significance
level of 0.005; d) UV spectral indices (over U, UVW1, UVM2, and UVW2 bands), $UV

flare =1.35�0.14, SUVW2
max =

29.75�0.61 mJy; e) Optical spectral indices (over B, V, and R bands), $opt
flare =2.08�0.07, SR

max = 122.63�0.11
mJy; f) Radio spectral indices (37—230GHz), $rad

flare =-0.37�0.05, S1mm
max = 8.26�0.42 Jy.

Fig. 1. MW Light Curves of CTA102 from 2008 August to
2017 July: from top – 1) g-ray flux at 0.1-200 GeV; 2) X-
ray flux at 0.3-10keV; 3) UV flux density at &eff =2031Å;
4) Optical flux density in R band at &eff =6580Å; 5) Radio
flux densities at 230 GHz (red) and 37 GHz (black).

Optical Emission Lines

Optical Polarization Properties

Fig. 3. Data from 2016 November to 2017 February, from 
the top: 1) g–ray and 2) optical R-band light curves of 
CTA102; 3) degree of optical polarization vs. MJD, the red 
arrow is the epoch of K16’s exit from the core; and 4) 
position angle of optical polarization vs. MJD, the red 
dotted line shows the parsec-scale jet direction.  
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Fig. 4. Distributions of degree of optical polarization (a)  
from 2008 August to 2017 July and (c) during the flare 
(Fig. 3).  Distributions of optical position angle of 
polarization (EVPA) during monitoring (b) since 2008 
August and (d) during the flare; red dotted lines indicate 
the parsec-scale jet direction.

← Fig.8. Optical spectra of CTA102 obtained at 
the DCT with the DeVeny spectrograph during 
the flare at different levels of optical flux. Two 
emission spectral features, MgII and CIII], are 
seen in all spectra, although the lines are less 
prominent as the continuum brightens. The 
continuum steepens with the flux increase and 
the emission complex of high-ionization FeIII 
lines (Vestergaard & Wilkes 2001, ApJ, 134, 1) 
- shown by the blue rectangle on the spectrum 
of December 18, 2016 – becomes more 
prominent as the flux increases, indicating line 
variability on timescales of weeks. 

Summary. The dramatic MW outburst of the quasar CTA102 in the end of 2016 was a culmination of !-ray  
activity of the source that began a year earlier, also apparent at mm wavelengths. The outburst possesses a 
number of important characteristics:
I. The structure of the main part of the outburst (Fig. 2) is similar at !-ray, X-ray, UV, and optical wavelengths

with peaks at different wavelengths occurred simultaneously within uncertainties of sampling (there is a               
highly significant correlation between the !-ray and R band optical light curves with zero delay). 

II. The !-ray and X-ray spectra are significantly flatter than during quiescent states, with the soft (0.3-10keV) 
and hard (3-70 keV) spectra having the same flat spectral index, ax~0.3.  

III. The optical continuum is extremely steep during the maximum of the outburst, $opt
flare ~2. The optically 

emitting electrons are therefore not responsible for creating ! rays via inverse Compton scattering. Either 
IR or UV-emitting electrons could do so, since the synchrotron spectrum at these wavelengths is flatter. 

VI. The flux of high-ionization FIII lines increases with the continuum on a days-weeks timescale, implying jet   
involvement in the line ionization, as suggested for 3C454.3 (León-Tavares et al. 2013, ApJL, 763, L36).

V. A superluminal knot was ejected ~0.5 yr before the maximum of the outburst; however, its exit from the core 
can be associated with the start of most violent part of the outburst, while the core remained optically thick 
according to flux densities of the core at 43 GHz, and the whole source at 37 and 230 GHz (Fig. 2). This 
suggests that a new bright knot should appear in the jet this year.

VI. The magnetic field became more uniform during the flare, with direction either perpendicular or parallel to 
jet, with the latter prevailing (Fig. 4), although during the time associated with the K16 exit from the core     
the optical EVPA is directly along the jet (Fig. 3), implying toroidal magnetic field configuration - favorable 
for particle acceleration (Vlahakis & Königl, 2004, ApJ, 605, 656). 

credit: S. Jorstad

A 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 (K16) has been ejected in July 2016 
and it takes till November 2016 to exit from the core 

Small increase in flux when K16 
crosses the component at 0.1 was
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Evolution of Polarized emission at 43 GHz data Casadio et al., in prep.
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Evolution of Polarized emission at 43 GHz data Casadio et al., in prep.

EVPAs orientation and polarised 
structure similar to RM map 
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Evolution of Polarized emission at 43 GHz data Casadio et al., in prep.
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Evolution of Polarized emission at 43 GHz data Casadio et al., in prep.
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We have analysed polarimetric 86 GHz GMVA data of a sample of ~ 12 bright gamma-ray blazars 
and radio galaxies in 3 observing epochs (May 2016, September 2016 and March 2017) 

Casadio et al., in prep.

We have been testing two different methods for the calibration of instrumental 
polarization and we finally decide to apply the set of Average D-terms to all the 
sources More stable polarimetric images to study the evolution of polarised emission 

We produced polarimetric images (θ ~ 0.05 mas) that allow us to distinguish more 
substructures than in 43 GHz images, also in coincidence with High Energy Flares, 
and in general we found higher degree of polarization than at 43 GHz

We have obtained the Spectral Index and Rotation Measure maps between 43 and 
86 GHz for CTA102  The core at 43 GHz is optically thick 

The RM at 86 GHz is few 10^4 rad/m^2 and it shows a 
gradient in the core region as well as a change of sign
The EVPAs corrected for Faraday rotation displays a peculiar 
rotation in the core region (similar orientation in 43 GHz maps 
when a new knot is crossing the core) 

CTA102: we think that the passage of a new component through the core and 
another recollimation shock at 0.1 mas highlights the local magnetic field there, 
(visible at 43 GHz in different epochs) and that the bright multi-wavelength flare in 
Dec 2016 - Jan 2017 is triggered by the passage of the component through the 
recollimation shock at 0.1 mas
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