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Detections in the energy range 500 MeV-100 GeV 
with a bin size of 15 days

3C120 – Δt=3 months
100 MeV-100 GeV

3C120 – Δt=3 months
500 MeV-100 GeV

Prolonged γ-ray activity between 
December 2012 and September 2014 

We have analyzed Fermi-LAT data collected between 
August 2008 and August 2014.

Polarimetric studies (3C120, M87)

The connection between the radio jet and gamma-ray emission in 3C120

Radio galaxies detected at γ-ray are very few (~2%)

Fermi detected a bright γ-ray flare from the radio 
galaxy 3C120 on September 2014 (Tanaka et al. 2014)



56000 56200 56400 56600 56800
MJD

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Fl
ux

 (J
y)

2012 2013 2014
d11 d12/d12a

c0
s9b (triangle)
s9c
c2
d7
d8
d9

d10

d11
d11a (empty square)
d12
d12a (empty square)
j1

56000 56200 56400 56600 56800
MJD

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

D
is

ta
nc

e 
fro

m
 th

e 
co

re
 (m

as
)

2012 2013 2014
d11 d12/d12a

s9b (triangle)
s9c
d7
c2
d8
d9

d10
d11
d11a (empty square)
d12
d12a (empty square)
j1

2013.65

2013.88

2013.96

2014.05

2014.15

2014.15

j1
d11

c0 d9d10

c0
d10 d9

d12
j1

d11
d11a

d11b

d12
d12a

c0 d10

d11

d11a

c0
d10

d9
d12a

d12

d11
d11a

c0
d10d9

d12a
d12

d8

d11
d11a

c0
d10

d9
d8

d12a

d12b

d12

d11

2012.83

2012.97

2013.04

2013.15

2013.29

2013.41

2013.49

2013.57

2013.65

c0
d10

d8
d9

d7

c0
d10

d9

c2d8

c0 d10 d9

d8
c2

c0 d10
d9

c2d8

c0 d10
d9

d8

c0
d10

d9

c0 d10d9
d8

c0 d10
d9

d8

j1
c0 d9

d10

d11

d11

d11

d11

d11

d12

21 epochs between 
January 2012 and May 
2014.

VLBA-BU-BLAZAR

d11 d12

VLBA at 43 GHz

Casadio et al. (2015a)

The connection between the radio jet and gamma-ray emission in 3C120



2013.65

2013.88

2013.96

2014.05

2014.15

2014.15

j1
d11

c0 d9d10

c0
d10 d9

d12
j1

d11
d11a

d11b

d12
d12a

c0 d10

d11

d11a

c0
d10

d9
d12a

d12

d11
d11a

c0
d10d9

d12a
d12

d8

d11
d11a

c0
d10

d9
d8

d12a

d12b

d12

d11

2012.83

2012.97

2013.04

2013.15

2013.29

2013.41

2013.49

2013.57

2013.65

c0
d10

d8
d9

d7

c0
d10

d9

c2d8

c0 d10 d9

d8
c2

c0 d10
d9

c2d8

c0 d10
d9

d8

c0
d10

d9

c0 d10d9
d8

c0 d10
d9

d8

j1
c0 d9

d10

d11

d11

d11

d11

56000 56200 56400 56600 56800
MJD

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Fl
ux

 (J
y)

2012 2013 2014
d11 d12/d12a

c0
s9b (triangle)
s9c
c2
d7
d8
d9

d10

d11
d11a (empty square)
d12
d12a (empty square)
j1

56000 56200 56400 56600 56800
MJD

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

D
is

ta
nc

e 
fro

m
 th

e 
co

re
 (m

as
)

2012 2013 2014
d11 d12/d12a

s9b (triangle)
s9c
d7
c2
d8
d9

d10
d11
d11a (empty square)
d12
d12a (empty square)
j1

d11

d12

d11 d12

γ
3 months

VLBA-BU-BLAZAR

(43 GHz)

January 2012 - May 2014

The connection between the radio jet and gamma-ray emission in 3C120

Casadio et al. (2015a)



56000 56200 56400 56600 56800
MJD

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Fl
ux

 (J
y)

2012 2013 2014
d11 d12/d12a

c0
s9b (triangle)
s9c
c2
d7
d8
d9

d10

d11
d11a (empty square)
d12
d12a (empty square)
j1

56000 56200 56400 56600 56800
MJD

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

D
is

ta
nc

e 
fro

m
 th

e 
co

re
 (m

as
)

2012 2013 2014
d11 d12/d12a

s9b (triangle)
s9c
d7
c2
d8
d9

d10
d11
d11a (empty square)
d12
d12a (empty square)
j1

γ-ray detections 
a r e a l w a y s 
associated with the 
ejection of a new 
component.

d11 d12

γ
15 days

VLBA-BU-BLAZAR

(43 GHz)

January 2012 - May 2014

2013.65

2013.88

2013.96

2014.05

2014.15

2014.15

j1
d11

c0 d9d10

c0
d10 d9

d12
j1

d11
d11a

d11b

d12
d12a

c0 d10

d11

d11a

c0
d10

d9
d12a

d12

d11
d11a

c0
d10d9

d12a
d12

d8

d11
d11a

c0
d10

d9
d8

d12a

d12b

d12

d11

2012.83

2012.97

2013.04

2013.15

2013.29

2013.41

2013.49

2013.57

2013.65

c0
d10

d8
d9

d7

c0
d10

d9

c2d8

c0 d10 d9

d8
c2

c0 d10
d9

c2d8

c0 d10
d9

d8

c0
d10

d9

c0 d10d9
d8

c0 d10
d9

d8

j1
c0 d9

d10

d11

d11

d11

d11

d11

d12

The connection between the radio jet and gamma-ray emission in 3C120

Casadio et al. (2015a)



54500 55000 55500 56000 56500
MJD

0.0

0.5

1.0

1.5

2.0

Fl
ux

 (J
y)

2008 2009 2010 2011 2012 2013
E1 E4 E5 E6 E8 E9

C0
C1
C2
C0+C1
E0

E1
E1a (empty circle)
S2
S3
E4

E4a (empty circle)

E5
E6
S7
E8

E8a (empty circle)
S8
E9
S9

54500 55000 55500 56000 56500
MJD

0

5

10

15

D
is

ta
nc

e 
fro

m
 th

e 
co

re
 (m

as
)

2008 2009 2010 2011 2012 2013
E1 E4 E5 E6 E8 E9

C1
C2
E0
E1
E1a (empty circle)
S2
S3
E4
E4a (empty circle)
E5

E6
S7
E8
E8a (empty circle)

S8
E9
S9

C0
C1

S3 S2
E1

E0

F4

F3

F2

F1 F0

C0
C1 E4

S3
E1S2

E0

F4/F3

F2

F1 F0

C0
C1

E4 S3
S2

E1
E0

F1 F0

C0
C1

E4
E4a

S3
E1

E0

F2

F1 F0
C0

C1
E4a E4 S3

E1

E0

F2

F1 F0
C0

C1
E4a

E4
E1

E0

F2

F1 F0

C0
C1 C2

S9
E9

E8
E6

E4

E1

F2

C0

C1 C2
S9

E9
E8

E6

E4

E1

F2
C0

C1 C2
S9

E9
E8

E6
E4

E1

F2

C0
C1 C2

S9

E9
E8

E6

E4

E1

F2
C0

C1 C2 S9
E9

E8
E6

E4

E1

F2

C0
C1 C2

S9

E9
E8a E8

E6

E1

2008.90

2009.08

2009.23

2009.40

2009.51

2009.63

2012.67

2012.84

2012.91

2012.98

2013.05

2013.16

3C120 – MOJAVE

E4

E4

MOJAVE

(VLBA - 15 GHz)

46 epochs

January 2008 - August 2013

The connection between the radio jet and gamma-ray emission in 3C120

Casadio et al. (2015a)



54500 55000 55500 56000 56500
MJD

0.0

0.5

1.0

1.5

2.0

Fl
ux

 (J
y)

2008 2009 2010 2011 2012 2013
E1 E4 E5 E6 E8 E9

C0
C1
C2
C0+C1
E0

E1
E1a (empty circle)
S2
S3
E4

E4a (empty circle)

E5
E6
S7
E8

E8a (empty circle)
S8
E9
S9

54500 55000 55500 56000 56500
MJD

0

5

10

15

D
is

ta
nc

e 
fro

m
 th

e 
co

re
 (m

as
)

2008 2009 2010 2011 2012 2013
E1 E4 E5 E6 E8 E9

C1
C2
E0
E1
E1a (empty circle)
S2
S3
E4
E4a (empty circle)
E5

E6
S7
E8
E8a (empty circle)

S8
E9
S9

C0
C1

S3 S2
E1

E0

F4

F3

F2

F1 F0

C0
C1 E4

S3
E1S2

E0

F4/F3

F2

F1 F0

C0
C1

E4 S3
S2

E1
E0

F1 F0

C0
C1

E4
E4a

S3
E1

E0

F2

F1 F0
C0

C1
E4a E4 S3

E1

E0

F2

F1 F0
C0

C1
E4a

E4
E1

E0

F2

F1 F0

C0
C1 C2

S9
E9

E8
E6

E4

E1

F2

C0

C1 C2
S9

E9
E8

E6

E4

E1

F2
C0

C1 C2
S9

E9
E8

E6
E4

E1

F2

C0
C1 C2

S9

E9
E8

E6

E4

E1

F2
C0

C1 C2 S9
E9

E8
E6

E4

E1

F2

C0
C1 C2

S9

E9
E8a E8

E6

E1

2008.90

2009.08

2009.23

2009.40

2009.51

2009.63

2012.67

2012.84

2012.91

2012.98

2013.05

2013.16

3C120 – MOJAVE

E4

E4

However, as seen 
for component E4, 
not all ejections 
lead to enhanced 
γ-ray emission.

γ-ray detections 
a r e a l w a y s 
associated with the 
ejection of a new 
component.
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Components show a progressive decrease in 
apparent velocity in a time span of ~6.4 years, 
about half of the precessing period of 12.3 yrs 
estimated by Caproni & Abraham (2004).

Jet precession in 3C120
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Furthermore, components are ejected at 
different position angles, suggesting that the 
variation in apparent velocity is due to a 
change in viewing angle.

Position angles of model-fit components
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From the observed apparent velocities, and 
minimizing the required reorientation of the jet, 
we estimate Γ=6.3, and a change in viewing angle 
from θ=9.2º (component E0) to θ=3.6º, when 
component d11 was ejected and a γ-ray emission 
is detected. 

This implies a change in δ~6.2 (E0) to δ~10.9 
(d11), leading to enhanced γ-ray emission.

γ-rays are observed when a new 
component pass through the core and it is 
oriented at a viewing angle of ≲4 degrees.

Caproni & Abraham (2004)

Components show a progressive decrease in 
apparent velocity in a time span of ~6.4 years, 
about half of the precessing period of 12.3 yrs 
estimated by Caproni & Abraham (2004).

Furthermore, components are ejected at 
different position angles, suggesting that the 
variation in apparent velocity is due to a 
change in viewing angle.
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Multi-wavelength observations have established 
a delay of ~66 days between X-ray dips and the 
ejection of new superluminal components 
(Marscher et al. 2002; Chatterjee et al. 2009).

For a mean vapp~2 mas/yr, this gives a separation 
between the BH and mm-VLBI core of ~0.24 
pc, or ~3.8 pc deprojected with θ=3.6º.
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First γ-ray takes place 34 days (~1.9 pc de-
projected) before component d11 crosses the 
core, or about half the BH-core distance.

Second γ-ray takes place 33 days (~2 pc) after 
component d12 crosses the core.

Estimated size for the BLR is ~0.03 pc (Grier et 
al. 2013; Kollatschny et al. 2014). This limits the 
amount of external photons from the BLR, 
suggesting SSC as the γ-ray emission 
mechanism, in agreement with other estimates 
(e.g., Tanaka et al. 2015).

3.8 pc

BH

Core
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Hence, γ-ray detections took place near 
the core, parsecs away from the BH.
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The blazar CTA102
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2011 and 2013.
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(Orphan flares)
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A MWL study of the blazar CTA102 during a gamma-ray flare in 2012
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longer detected for almost two years. The second core flare
leads to the ejection of component N4, which is significantly
weaker than component N1 and has the slowest proper motion
of the analyzed components (see Figures 7–8 and Table 3).

The values of the variability Doppler factors listed in Table 4
correspond to a progressive increase with time, from 14.6 for
component N1 to 30.3 for component N4. Previous estimations
of the variability Doppler factor in CTA 102 range between
15.6 (Hovatta et al. 2009) and 22.3 ± 4.5 (Jorstad et al. 2005),
making N4 the superluminal knot with the highest Doppler
factor to date. According to our analysis, this unusually large
value is due to a progressive re-orientation in the direction of
ejection of knots, from θvar = 3 9 for component N1 to
θvar = 1 2 for N4, which travels almost directly along the line
of sight. This change in the jet orientation is readily apparent
when analyzing each componentʼs position angle shortly after
the time of ejection, as well as their subsequent trajectories, as
shown in Figure 9.

This smaller viewing angle of the jet with respect to the
observer during the second radio flare, which appears to last
until the end of our VLBA data set (2014 June), is also in
agreement with the significant differences observed between
the ejections of components N1 and N4. While component N1
is clearly identified in the jet as a bright (2 Jy) component
soon after its ejection, most of the increase in the total flux
density during the second radio flare appears to be associated
with the core region (C0+C1), with component N4 represent-
ing only a small fraction of the flare. The smaller viewing angle
of the jet also leads to a more difficult identification of
component N4, which is not clearly discerned from the core
until 2014 May (2014.33). Further support for the re-
orientation of the jet toward the observed is also obtained
from the analysis of the polarization, discussed in Section 6.

5. CROSS-CORRELATION ANALYSIS

To quantify the relationship among the light curves at the
different wavebands, we perform a discrete cross-correlation
analysis. The z-transformed discrete correlation function
(ZDCF) described by Alexander (1997) has been designed
for unevenly sampled light curves, as in our case. We use the
publicly available zdcf_v1.2 and plike_v4.0.f90 programs,22

with a minimum number of 11 points inside each bin, as
recommended for a meaningful statistical interpretation. We
compute the DCF between each pair of light curves, including
data from 100 days before to 100 days after the main γ-ray
outburst. Time sampling of the light curves ranges from one

day for the γ-ray data to tens of days in the case of some other
wavebands (see Figure 2).
Figure 10 displays the ZDCF analysis for the optical-γ

(upper panel) and UV-γ (lower panel) data. We find that the
correlation peaks between the γ-ray light curve and the optical
and UV light curves give a time lag of 0.70 ± 1 and 1.23 4.09

5.00
�
�

days, respectively, where a positive lag means that the γ-ray
variations lead. We therefore conclude that the variations at the
three wavelengths are essentially coincident within the
uncertainties.
The sparser sampling of the X-ray data, as well as its double-

peaked structure, precludes a reliable ZDCF analysis. However,
we note that the first X-ray data peak is coincident with the γ-
ray flare, and the second brighter X-ray flare occurs ∼50 days
later (see Figure 2). The triple-flare structure of the NIR light
curve during the γ-ray flare (see Figure 3) also prevents a
unique interpretation of a cross-correlation analysis. Never-
theless, from inspection of the light curves, we see that the first,
brightest peak in the NIR light curve (56193 MJD) is
simultaneous with the γ-ray outburst within an uncertainty of
one day, corresponding to the time sampling of both light
curves.
We obtain no significant correlation between the millimeter-

wave and γ-ray light curves. This can be due to the different
timescales associated with the emission at these wavebands, as
also suggested for other blazars (e.g., 1156+295; Ramakrish-
nan et al. 2014). The rise time for the millimeter-wave band is
of the order of months, while for the γ-rays it is of the order of
a few days. We note, however, that the 1, 3, and 7 mm light
curves contain a significant flare coincident with the γ-ray
outburst.

6. POLARIZED EMISSION

Figure 11 shows the optical and millimeter-wave linear
polarization between MJD 54000 and 56900, covering the
period of the γ-ray flare. To solve for the ±nπ ambiguity in the
EVPA, we assume the slowest possible variation in time,
applying a ±π rotation between two consecutive measurements
when the magnitude of the EVPA change would otherwise
exceed π/2.
No significant increase in the degree of polarization at

millimeter wavelengths is observed during the γ-ray flare, but
the EVPAs display a progressive rotation starting about one
year prior to the γ-ray flare. Figure 11 shows that between 2007
and mid-2011 the EVPAs at 3 and 1 mm are distributed around
a mean value of ∼100°. After this, the polarization at
millimeter wavelengths starts a slow rotation by almost 80°
in one year (from 2011 July to 2012 August) until the flare
epoch. In coincidence with the γ-ray flare, the rate of EVPA
rotation in the VLBI core and stationary component C1
increases significantly, leading to a rotation of almost 200° in
one year. Subsequently, component N4 appears and the EVPAs
of both C1 and N4 rotate again toward values similar to those at
1 and 3 mm, reaching ∼−100°. It is possible that during the
flare, while the new superluminal component N4 is crossing the
core zone, the EVPAs of the innermost region at 7 mm rotate
due to the passage of the component. After this, when N4 can
be distinguished from C1 and C0, the EVPAs at 7 mm again
follow the general behavior of the EVPAs at shorter millimeter
wavelengths. A similar discrepancy between the 1–3 and 7 mm
EVPAs occurs between mid-2009 and mid-2010, when

Table 4
Physical Parameters of Moving Jet Features

Name tvar� amax
a δvar θvar Γvar

(year) (mas) (°)

N1 0.70 0.14 14.6 3.9 14.9
N2 1.12 0.33 22.4 2.5 19.6
N3 0.28 0.09 26.1 2.2 26.2
N4 0.20 0.08 30.3 1.2 17.3

Note.
a FWHM of the model-fit component calculated at the epoch of maximum flux.

22 http://www.weizmann.ac.il/weizsites/tal/research/software/
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longer detected for almost two years. The second core flare
leads to the ejection of component N4, which is significantly
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of the analyzed components (see Figures 7–8 and Table 3).

The values of the variability Doppler factors listed in Table 4
correspond to a progressive increase with time, from 14.6 for
component N1 to 30.3 for component N4. Previous estimations
of the variability Doppler factor in CTA 102 range between
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~7 pc

BH Core

The mm-VLBI core is located at a de-projected 
distance of ~7 pc from the BH (Fromm et al. 
2015).

De-projected distances

γ
>5 pc

Main γ-ray flare in 2012.73 occurred 47 to 127 
days after component N4 crossed the mm-VLBI 
core in 2012.49±0.11, or at a de-projected 
distance of > 5 pc from the core.

Hence, the γ-ray outburst took place 
more than 12 pc from the BH.

At this location there should be no contribution 
of photons from the disk, BLR, or dusty torus, 
s u g g e s t i n g S S C a s t h e γ- r a y 
production mechanism.
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Summary

• Despite representing very different classes of AGN, the radio galaxy 3C120 
and the blazar CTA102 have very similar properties during γ-ray events.

• The (MWL) γ-ray flares are associated with the passage of a new 
superluminal component through the mm-VLBI core.

• But not all ejections of new knots lead to γ-ray events. 
γ-ray events occurred only when the new components are moving in a 

direction closer to our line of sight. 
(in agreement with MOJAVE’s results - Pushkarev’s talk)

• We locate the γ-ray dissipation zone a short distance from the mm-VLBI 
core, but parsecs away from the central black hole and BLR, suggesting 

SSC as the mechanism for γ-ray production.


