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RadioAstron provides the first true full-
polarization capabilities for Space-VLBI.

Our goal is to develop, commission, and 
exploit the unprecedented high angular 
resolution polarization capabilities of 
RadioAstron to probe the innermost 
regions of AGN jets and their magnetic 
fields.

Goal

A KSP for polarimetric Space-VLBI with RadioAstron
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AO-1 and AO-2 Observations
Target Date Band Correlation
BL Lac 29 Sep. 2013 L Prelim.
BL Lac 11 Nov. 2013 K Yes
3C273 18 Jan. 2014 K Yes
3C279 10 March 2014 K No
OJ287 04 April 2014 K No
3C273 13 June 2014 L No

0716+714 3 January 2015 K No
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AO-3 Targets

• Observations proposed for M87 (L and K-
bands), 1633+382/3C345, 3C273/3C279,  
and 4C39.25/OJ287 (K-band).

• Best uv-coverages for spring 2016, 
allowing RM and opacity analyses through 
comparison at 1.3 cm (RadioAstron) and 
3 m m ( G M VA ) a t s i m i l a r a n g u l a r 
resolutions.

A KSP for polarimetric Space-VLBI with RadioAstron



Long term monitoring (7 yrs) of 16 γ-ray 
blazars to identify how the high-energy 
emission relates to moving and stationary 
shocks, bends, and other physical 
structures in the core region.

A key aspect is to probe the polarization of 
the core and inner jet, allowing the study of 
very high Faraday rotation through 
polarization comparison at 1.3 cm 
(RadioAStron), 7 mm (VLBA) and 3 mm 
(GMVA) observations of the sample of 16 
γ-ray blazars.

Goal

PI: A. Marscher

A long-term monitoring of !-ray blazars with the GMVA

GMVA targets
0235+164 3C111 0420-014 3C120

0716+714 OJ248 0836+710 OJ287

3C273 3C279 1510-089 1633+382

3C345 BLLac CTA102 3C454.3



A long-term monitoring of !-ray blazars with the GMVA
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A long-term monitoring of !-ray blazars with the GMVA
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Polarimetric Space-VLBI with RadioAstron and mm-VLBI

First Polarimetric Space-VLBI observations  at 1.3 cm

First polarimetric space-VLBI observations at 
1.3 cm were performed on November 11, 2013.

BL Lac was observed together with 26 
antennas on the ground array: EF, YS, JD2, 
ON, NT, TR, MH, SV, ZC, MC, BD, KVN, SH, 
UR, and the VLBA.

Due to technical problems data was lost at FD, 
SC, YS, JB, TR, KVN (3), SH, and UR. A total 
of 16 antennas correlated, of which MC and 
BD contained bad data and were edited out.

BL Lac  1.3 cm — Nov. 11, 2013



BL Lac  1.3 cm — Nov. 11, 2013

Ground-space baseline detections up to 5 DEarth.

Experiment scheduled to extent up to a 
maximum of 11.5 DEarth, but no fringes have 
been obtained after EF stopped observing.

5 DEarth

First Polarimetric Space-VLBI observations  at 1.3 cm
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UR, and the VLBA.

Due to technical problems data was lost at FD, 
SC, YS, JB, TR, KVN (3), SH, and UR. A total 
of 16 antennas correlated, of which MC and 
BD contained bad data and were edited out.
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Polarimetric Space-VLBI with RadioAstron and mm-VLBI

BL Lac11 Nov. 2013
1.3 cm

Uniform weighting
FWHM: 59 μas

First polarization Space-VLBI image
at 22 GHz



Polarimetric Space-VLBI with RadioAstron and mm-VLBI

BL Lac11 Nov. 2013
1.3 cm

Uniform weighting
FWHM: 59 μas

FWHM: 33 μas

First polarization Space-VLBI image
at 22 GHz

Achieved angular resolution:
   FWHM:  0.296x0.033 mas

u s i n g “ s u p e r ” u n i f o r m 
weighting with no amplitude 
error weighting. Achieved 5σ 
sensitivity of 20 mJy/beam.

Highest angular resolution 
polarization image obtained 
to date: 33 μas
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BL Lac
1.3 cm

11 Nov. 2013

FWHM: 33 μas
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3 mm

18 May 2012

FWHM: 46 μasRadioAstron

GMVA

Core

Bent innermost structure
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BL Lac11 Nov. 2013

1.3 cm

FWHM: 59 μas
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Total Intensity Polarization

Polarimetric Space-VLBI with RadioAstron and mm-VLBI



• Total intensity shows a highly 
b e n t s t r u c t u r e i n t h e 
innermost 0.5 mas.

• Highest resolution in the 
direction of the jet.

Total Intensity Polarization
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• Total intensity shows a highly 
b e n t s t r u c t u r e i n t h e 
innermost 0.5 mas.

• Highest resolution in the 
direction of the jet.

Total Intensity Polarization

• Two components.
• Core EVPAs perpendicular 

to the jet direction.
• Component with aligned 

EVPAs

m=5%

m=13%
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Figure 3. R.A.–Decl. tracks for the components, relative to the core at (0, 0).
The circle at r = 0.25 mas is for convenience. The cluster of black points is
component 7, which we identify as a recollimation shock. The E–W uncertainty
is ±0.1 mas. The dashed line at P.A. = −166.◦6 is an axis that connects the
core and the mean of component 7. The solid black triangles are for the 43 GHz
component S10. See text.

the observing frequency, since it is usually regarded as the
photosphere (i.e., the τ ≈ 1 region in a smoothly varying
jet; see e.g., Sokolovsky et al. 2011; O’Sullivan & Gabuzda
2009b, Kovalev et al. 2008). The measured core shift in BL
Lac, between 8 and 15 GHz, is of order 50 µas (Pushkarev et al.
2012). Further, the core may prove to be a compound structure
when viewed at a shorter wavelength, with more resolution and
less opacity. This is the case for BL Lac, as we now show.

Independent 43 GHz VLBA observations of BL Lac were
made by J05 and by MD05 over partly overlapping intervals
between 1998 and 2003. Jorstad et al. (2005) show that BL
Lac had three permanent components in the inner region: the
43 GHz core itself and two components to the south, labeled
A1 and A2 (see J05, Figure 16). Mutel & Denn (2005) obtain a
similar result; they see the same three components and call them
C1, C2, and C3. S03 call the two northern components C1 and
C2. To avoid confusion we will exclusively use the designations
A0, A1, and A2 for the 43-GHz components, to refer to the core
and the two components labeled A1 and A2 by J05. At 43 GHz
A1 is substantially stronger than A0. We assume that A0 is the
43 GHz core of BL Lac, and A1 and A2 are stationary shocks
in the jet. It is unlikely that A1 is the core and A0 is part of a
counter-jet, because the Lorentz factor of the beam is of order 3
or more, and therefore there is an expected ratio of 103 or more
between the flux densities of the jet and the counter-jet.

Jorstad et al. (2005) list the separations of A1 and A2 from
A0 as 0.10 and 0.29 mas, respectively (J05, Table 5). S03 show
that the P.A. from A0 to A1 is variable, between about −153◦

and −190◦. It was this swing in P.A. that led them to suggest a

Figure 4. Position angle vs. epoch for component 7.

periodicity. At 15 GHz, the angular resolution of the VLBA is
insufficient to separate A0 and A1, and together they form the
core at 15 GHz. The variable P.A. between A0 and A1, however,
does mean that the 15 GHz core moves on the sky. The motion
depends on the 15 GHz flux density ratio between A0 and A1;
this is unknown, but at 43 GHz A1 is substantially stronger than
A0 (J05, MD05). In any event, the position shift will mainly be
in the R.A. direction and the sky motion will be !60 µas y−1.
This is consistent with the proper motion measured at 8 GHz
from 1994 to 1998: 20.4 ± 6.6 µas yr−1, at P.A. = −16 ± 16◦

(Moór et al. 2011). The accuracy of our position measurements
is estimated to be ±0.1 mas, so we ignore the possible shifts in
the apparent core position.

2.2. The Quasi-Stationary Component

At 15 GHz BL Lac contains a quasi-stationary component,
C7, seen in Figure 2 at about 0.26 mas from the core. In Figure 3,
an R.A.–Decl. plot, C7 is seen as the tight cluster of points with
a centroid at r = 0.26 mas and a position angle P.A. = −166.◦6.
This is close to the location of the 43 GHz component A2 from
its core, r = 0.29 mas, P.A. ≈ −166◦. We therefore identify C7
with the 43 GHz component A2. The small difference in radius
at the two frequencies can be attributed to the compound nature
of the core as described above.

The 15 GHz restoring beam of the VLBA for BL Lac,
calculated with naturally weighted data, is roughly 0.9×0.6 mas
(FWHM) at P.A. = −9◦, so that the separation between the
core and C7 is less than the beam size. Such super-resolution
generally leads to a non-unique model, whose utility depends
on the SNR and on the true level of complication in the field. In
our case the SNR is high, and from the 43-GHz observations we
know that there is only a small number of compact components
in the field. Hence we have an apriori case that superresolution
is reasonable. We also justify our superresolution by the good
agreement for the positions of components C7 and A2 at 15 and
43 GHz.

In Figure 4 we show the P.A. of C7 relative to the core as a
function of time. The P.A. is stable after about 2009.5, and the
scatter there is an indication of the noise in the measurements,
which appears to be about ±3◦. There is no periodicity that is
apparent on scales from 1 to 12 yr, but longer periods are not
excluded. MD05 (their Figure 3) show the combined S03 and
MD05 data at 43 GHz for the P.A. close to the core. Their data
closely match ours for the overlap period, 1999.0–2002.0, with a
lag of a few months for the 15 GHz data. This good agreement is
further justification for superresolution, and for using ±0.1 mas
as a conservative estimate of the error in the positions of the
components.

4

Cohen et al. (2014a,b)
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Figure 3. R.A.–Decl. tracks for the components, relative to the core at (0, 0).
The circle at r = 0.25 mas is for convenience. The cluster of black points is
component 7, which we identify as a recollimation shock. The E–W uncertainty
is ±0.1 mas. The dashed line at P.A. = −166.◦6 is an axis that connects the
core and the mean of component 7. The solid black triangles are for the 43 GHz
component S10. See text.
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is estimated to be ±0.1 mas, so we ignore the possible shifts in
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• Comparison with Cohen et al. (2014a,b) 
observations reveals that our component at 
0.3 mas corresponds to their C7.
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Figure 3. R.A.–Decl. tracks for the components, relative to the core at (0, 0).
The circle at r = 0.25 mas is for convenience. The cluster of black points is
component 7, which we identify as a recollimation shock. The E–W uncertainty
is ±0.1 mas. The dashed line at P.A. = −166.◦6 is an axis that connects the
core and the mean of component 7. The solid black triangles are for the 43 GHz
component S10. See text.
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periodicity. At 15 GHz, the angular resolution of the VLBA is
insufficient to separate A0 and A1, and together they form the
core at 15 GHz. The variable P.A. between A0 and A1, however,
does mean that the 15 GHz core moves on the sky. The motion
depends on the 15 GHz flux density ratio between A0 and A1;
this is unknown, but at 43 GHz A1 is substantially stronger than
A0 (J05, MD05). In any event, the position shift will mainly be
in the R.A. direction and the sky motion will be !60 µas y−1.
This is consistent with the proper motion measured at 8 GHz
from 1994 to 1998: 20.4 ± 6.6 µas yr−1, at P.A. = −16 ± 16◦

(Moór et al. 2011). The accuracy of our position measurements
is estimated to be ±0.1 mas, so we ignore the possible shifts in
the apparent core position.
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C7, seen in Figure 2 at about 0.26 mas from the core. In Figure 3,
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a centroid at r = 0.26 mas and a position angle P.A. = −166.◦6.
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know that there is only a small number of compact components
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is reasonable. We also justify our superresolution by the good
agreement for the positions of components C7 and A2 at 15 and
43 GHz.

In Figure 4 we show the P.A. of C7 relative to the core as a
function of time. The P.A. is stable after about 2009.5, and the
scatter there is an indication of the noise in the measurements,
which appears to be about ±3◦. There is no periodicity that is
apparent on scales from 1 to 12 yr, but longer periods are not
excluded. MD05 (their Figure 3) show the combined S03 and
MD05 data at 43 GHz for the P.A. close to the core. Their data
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as a conservative estimate of the error in the positions of the
components.

4

Cohen et al. (2014a,b)

• Comparison with Cohen et al. (2014a,b) 
observations reveals that our component at 
0.3 mas corresponds to their C7.

• C7 is identify by Cohen et al. (2014a,b) as a 
recollimation shock.

Recollimation 
shock
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Figure 3. R.A.–Decl. tracks for the components, relative to the core at (0, 0).
The circle at r = 0.25 mas is for convenience. The cluster of black points is
component 7, which we identify as a recollimation shock. The E–W uncertainty
is ±0.1 mas. The dashed line at P.A. = −166.◦6 is an axis that connects the
core and the mean of component 7. The solid black triangles are for the 43 GHz
component S10. See text.

the observing frequency, since it is usually regarded as the
photosphere (i.e., the τ ≈ 1 region in a smoothly varying
jet; see e.g., Sokolovsky et al. 2011; O’Sullivan & Gabuzda
2009b, Kovalev et al. 2008). The measured core shift in BL
Lac, between 8 and 15 GHz, is of order 50 µas (Pushkarev et al.
2012). Further, the core may prove to be a compound structure
when viewed at a shorter wavelength, with more resolution and
less opacity. This is the case for BL Lac, as we now show.

Independent 43 GHz VLBA observations of BL Lac were
made by J05 and by MD05 over partly overlapping intervals
between 1998 and 2003. Jorstad et al. (2005) show that BL
Lac had three permanent components in the inner region: the
43 GHz core itself and two components to the south, labeled
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similar result; they see the same three components and call them
C1, C2, and C3. S03 call the two northern components C1 and
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A1 is substantially stronger than A0. We assume that A0 is the
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or more, and therefore there is an expected ratio of 103 or more
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periodicity. At 15 GHz, the angular resolution of the VLBA is
insufficient to separate A0 and A1, and together they form the
core at 15 GHz. The variable P.A. between A0 and A1, however,
does mean that the 15 GHz core moves on the sky. The motion
depends on the 15 GHz flux density ratio between A0 and A1;
this is unknown, but at 43 GHz A1 is substantially stronger than
A0 (J05, MD05). In any event, the position shift will mainly be
in the R.A. direction and the sky motion will be !60 µas y−1.
This is consistent with the proper motion measured at 8 GHz
from 1994 to 1998: 20.4 ± 6.6 µas yr−1, at P.A. = −16 ± 16◦

(Moór et al. 2011). The accuracy of our position measurements
is estimated to be ±0.1 mas, so we ignore the possible shifts in
the apparent core position.

2.2. The Quasi-Stationary Component

At 15 GHz BL Lac contains a quasi-stationary component,
C7, seen in Figure 2 at about 0.26 mas from the core. In Figure 3,
an R.A.–Decl. plot, C7 is seen as the tight cluster of points with
a centroid at r = 0.26 mas and a position angle P.A. = −166.◦6.
This is close to the location of the 43 GHz component A2 from
its core, r = 0.29 mas, P.A. ≈ −166◦. We therefore identify C7
with the 43 GHz component A2. The small difference in radius
at the two frequencies can be attributed to the compound nature
of the core as described above.

The 15 GHz restoring beam of the VLBA for BL Lac,
calculated with naturally weighted data, is roughly 0.9×0.6 mas
(FWHM) at P.A. = −9◦, so that the separation between the
core and C7 is less than the beam size. Such super-resolution
generally leads to a non-unique model, whose utility depends
on the SNR and on the true level of complication in the field. In
our case the SNR is high, and from the 43-GHz observations we
know that there is only a small number of compact components
in the field. Hence we have an apriori case that superresolution
is reasonable. We also justify our superresolution by the good
agreement for the positions of components C7 and A2 at 15 and
43 GHz.

In Figure 4 we show the P.A. of C7 relative to the core as a
function of time. The P.A. is stable after about 2009.5, and the
scatter there is an indication of the noise in the measurements,
which appears to be about ±3◦. There is no periodicity that is
apparent on scales from 1 to 12 yr, but longer periods are not
excluded. MD05 (their Figure 3) show the combined S03 and
MD05 data at 43 GHz for the P.A. close to the core. Their data
closely match ours for the overlap period, 1999.0–2002.0, with a
lag of a few months for the 15 GHz data. This good agreement is
further justification for superresolution, and for using ±0.1 mas
as a conservative estimate of the error in the positions of the
components.
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Cohen et al. (2014a,b)

• Comparison with Cohen et al. (2014a,b) 
observations reveals that our component at 
0.3 mas corresponds to their C7.

• C7 is identify by Cohen et al. (2014a,b) as a 
recollimation shock.

Recollimation 
shock

• Our RadioAstron observations reveal that C7 has 
a polarization orthogonal to the core, and aligned 
with the jet direction.
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Figure 3. R.A.–Decl. tracks for the components, relative to the core at (0, 0).
The circle at r = 0.25 mas is for convenience. The cluster of black points is
component 7, which we identify as a recollimation shock. The E–W uncertainty
is ±0.1 mas. The dashed line at P.A. = −166.◦6 is an axis that connects the
core and the mean of component 7. The solid black triangles are for the 43 GHz
component S10. See text.

the observing frequency, since it is usually regarded as the
photosphere (i.e., the τ ≈ 1 region in a smoothly varying
jet; see e.g., Sokolovsky et al. 2011; O’Sullivan & Gabuzda
2009b, Kovalev et al. 2008). The measured core shift in BL
Lac, between 8 and 15 GHz, is of order 50 µas (Pushkarev et al.
2012). Further, the core may prove to be a compound structure
when viewed at a shorter wavelength, with more resolution and
less opacity. This is the case for BL Lac, as we now show.

Independent 43 GHz VLBA observations of BL Lac were
made by J05 and by MD05 over partly overlapping intervals
between 1998 and 2003. Jorstad et al. (2005) show that BL
Lac had three permanent components in the inner region: the
43 GHz core itself and two components to the south, labeled
A1 and A2 (see J05, Figure 16). Mutel & Denn (2005) obtain a
similar result; they see the same three components and call them
C1, C2, and C3. S03 call the two northern components C1 and
C2. To avoid confusion we will exclusively use the designations
A0, A1, and A2 for the 43-GHz components, to refer to the core
and the two components labeled A1 and A2 by J05. At 43 GHz
A1 is substantially stronger than A0. We assume that A0 is the
43 GHz core of BL Lac, and A1 and A2 are stationary shocks
in the jet. It is unlikely that A1 is the core and A0 is part of a
counter-jet, because the Lorentz factor of the beam is of order 3
or more, and therefore there is an expected ratio of 103 or more
between the flux densities of the jet and the counter-jet.

Jorstad et al. (2005) list the separations of A1 and A2 from
A0 as 0.10 and 0.29 mas, respectively (J05, Table 5). S03 show
that the P.A. from A0 to A1 is variable, between about −153◦

and −190◦. It was this swing in P.A. that led them to suggest a

Figure 4. Position angle vs. epoch for component 7.

periodicity. At 15 GHz, the angular resolution of the VLBA is
insufficient to separate A0 and A1, and together they form the
core at 15 GHz. The variable P.A. between A0 and A1, however,
does mean that the 15 GHz core moves on the sky. The motion
depends on the 15 GHz flux density ratio between A0 and A1;
this is unknown, but at 43 GHz A1 is substantially stronger than
A0 (J05, MD05). In any event, the position shift will mainly be
in the R.A. direction and the sky motion will be !60 µas y−1.
This is consistent with the proper motion measured at 8 GHz
from 1994 to 1998: 20.4 ± 6.6 µas yr−1, at P.A. = −16 ± 16◦

(Moór et al. 2011). The accuracy of our position measurements
is estimated to be ±0.1 mas, so we ignore the possible shifts in
the apparent core position.

2.2. The Quasi-Stationary Component

At 15 GHz BL Lac contains a quasi-stationary component,
C7, seen in Figure 2 at about 0.26 mas from the core. In Figure 3,
an R.A.–Decl. plot, C7 is seen as the tight cluster of points with
a centroid at r = 0.26 mas and a position angle P.A. = −166.◦6.
This is close to the location of the 43 GHz component A2 from
its core, r = 0.29 mas, P.A. ≈ −166◦. We therefore identify C7
with the 43 GHz component A2. The small difference in radius
at the two frequencies can be attributed to the compound nature
of the core as described above.

The 15 GHz restoring beam of the VLBA for BL Lac,
calculated with naturally weighted data, is roughly 0.9×0.6 mas
(FWHM) at P.A. = −9◦, so that the separation between the
core and C7 is less than the beam size. Such super-resolution
generally leads to a non-unique model, whose utility depends
on the SNR and on the true level of complication in the field. In
our case the SNR is high, and from the 43-GHz observations we
know that there is only a small number of compact components
in the field. Hence we have an apriori case that superresolution
is reasonable. We also justify our superresolution by the good
agreement for the positions of components C7 and A2 at 15 and
43 GHz.

In Figure 4 we show the P.A. of C7 relative to the core as a
function of time. The P.A. is stable after about 2009.5, and the
scatter there is an indication of the noise in the measurements,
which appears to be about ±3◦. There is no periodicity that is
apparent on scales from 1 to 12 yr, but longer periods are not
excluded. MD05 (their Figure 3) show the combined S03 and
MD05 data at 43 GHz for the P.A. close to the core. Their data
closely match ours for the overlap period, 1999.0–2002.0, with a
lag of a few months for the 15 GHz data. This good agreement is
further justification for superresolution, and for using ±0.1 mas
as a conservative estimate of the error in the positions of the
components.
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Figure 16. Position Angle versus Epoch for the RCS at 15 and 43 GHz, and
for the Ridge Line at r ≈ 1 mas. Epoch a represents the advected start of
Wave D; see text.

of the galaxy. When t ′ = 1 yr the signal from the origin will
have traveled 1 ly down the z axis, towards the observer. Also
at t ′ = 1 the beacon has moved from the origin to the point
(η,ζ) = (βtr,βbeam) where βtr is the transverse speed, and βbeam
is the longitudinal speed of the beam, both in the frame of the
galaxy. At this point the beacon emits a second signal that also
travels at the speed of light. In the z-direction, this signal trails
the first one by (1−βgalbeam cosθ) years. The apparent transverse
speed of the beacon in the direction perpendicular to the jet,
in the galaxy frame, is then

βapp,tr =
βtr

(1−βgalbeamcosθ)
(2)

βapp,tr is to be differentiated from the apparent speed βapp com-
monly used in studies of superluminal motion, which is the
apparent speed along the jet, projected on the sky. Note the
close relation between Equations 1 and 2. Equation 2 can be
inverted to find βtr, a lower limit to the transverse speed.
For Wave A in Figure 7 we estimate a transverse speed

at r ∼ 2 mas by taking the transverse motion as 0.5 mas
and the time interval as (2000.57− 1999.41) yr, giving µtr ≈
0.43 mas yr−1 and βapp,tr = 1.9 and, from Equation 2 with
θ = 6◦ and Γjet = 3.5 (Paper I), βgaltr ∼ 0.09 This is non-
relativistic and consistent with our assumption that we are
dealing with a low-amplitude wave.

5. EXCITATION OF THEWAVES
We suggested in Paper I that Component 7 is a recollima-

tion shock, and that the fast components emanate from it. If
this is correct, then the RCS should be a nozzle and its orien-
tation should dictate the direction of the jet. In this Section
we investigate this possibility. We first note that it is not pos-
sible to make a detailed mapping between the P.A. of the RCS
and the later wave shape, for two reasons. First, the algorithm
for the ridge line smooths over 3 pixels (0.3 mas), and thus
smooths over any sharp features in the advected pattern. The
second reason is more speculative. Our conjecture is that the
wave is launched by plasma flowing through the nozzle and
moving close to ballistically until its direction is changed by a
swing in the P.A. of the nozzle. But tension in the jet continu-
ally pulls it towards the axis, and this means that it will bend,
and that small-scale features will be stretched out and made
smooth.
We start by comparing the P.A. of the RCS with the P.A.

of the downstream ridge line at r = 1 mas. Figure 16 shows
the P.A. of the RCS measured at 15 GHz and at 43 GHz. The
latter is calculated from data kindly provided by the Boston

University VLBI group. We followed the conclusion found in
Paper I, that the 15 GHz core is a blend of the first two 43 GHz
components and that the 15 GHz component 7 is the RCS, as
is the third 43 GHz component. We calculated the centroid of
the first two 43 GHz components, to find an approximate po-
sition for the 15 GHz core, and then calculated the P.A. of the
43 GHz RCS from that centroid. The result is shown in Fig-
ure 16. We eliminated one discrepant point at 43 GHz, which
was separated by about 20◦ from nearby 43 GHz points, and
one discrepant point at 15 GHz. The correspondence between
the two frequencies is generally good, especially after 2005.0
where the agreement is typically within 3◦. This further jus-
tifies our claim (Paper I) that the the location of this compo-
nent is independent of frequency, and that it is a recollimation
shock.
Figure 16 also contains the P.A. of the 15 GHz ridge line,

close to r = 1.0 mas. After 2005.0 the ridge P.A. lags the
RCS P.A., by roughly 0.6 to 1.5 yr. After 2010 the P.A. of
the RCS and the ridge line stabilizes and the variations, with
rms amplitude about 3◦, may mainly be noise. Prior to 2005.0
the variations are faster and stronger and the lag is erratic; in
places there appears to be no lag but in 2003 it is about 0.5 y.
It is clear, however, that the general character of the behavior
of the ridge line is closely coupled to that of the RCS. When
the RCS is swinging rapidly and strongly, as before 2005, then
so also is the ridge at 1 mas, with little or no lag. When the
RCS is swinging more slowly, then the ridge at 1 mas is also
swinging slowly, and after 2010.0 they both are stable, with
only small motions that may be dominated by measurement
errors.
We conjecture that the large transverse waves on the ridge

are excited by the swinging in P.A. of the RCS. Consider
Wave A, seen in Figure 7. Its crest lies close to line B and
moves downstream at 0.92 mas yr−1. In 1999.37 the crest is
at about r = 1.2 mas and at 0.92 mas yr−1 would have been at
the RCS (r = 0.25 mas) around 1998.3. This is in a data gap
at 15 GHz, but at 43 GHz there was a peak in P.A. in mid- or
late-1998. Given that in 1999 the time lag between the RCS
and the ridge at 1 mas apparently was much less than 1 yr,
the association between the peak in the RCS P.A. in 1998 and
the crest of Wave A is plausible. The fall in P.A. in 1999 and
2000 is seen as the arrow C in Figure 7, and it corresponds
to the upstream side of Wave A. The downstream side is the
advected rise in P.A. of the RCS from mid-1997 to the peak in
mid-or late 1998. The P.A. of the RCS fell from mid-1996 to
mid-1997, and we might expect that there was a correspond-
ing crest to the east on Wave A, about 1 mas downstream of
the main crest to the west. In fact several of the earliest ridge
lines in Figure 7 do show a minor crest to the east at about
r = 3.2 mas, which is 2 mas, or 2 years at 0.92 mas y−1 down-
stream of the main crest to the west. A substantial acceleration
in the wave speed would be needed for this to match. In any
event, we cannot speculate usefully on this because it takes
place beyond 3 mas, where there is a general bend to the east
at all epochs. We conclude that a plausible association can
be made between the large swing west then east of the RCS
between 1998.0 and 2000.1, and Wave A that has a large crest
to the west.
A similar connection can be made for Wave D, seen in Fig-

ure 10 in 2005–2006. It can plausibly be attributed to the large
swing to the east of the RCS that started in 2003 or 2004 and
continued into 2005. This wave does not have a crest as Wave
A does, but a crude analysis can be made as follows. Assume
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Figure 6. Coordinate system. The sagittal plane is defined as the plane con-
taining the LOS and the mean jet axis; see text.

Some of the panels in Figure 2 show disturbances that ap-
pear to move down the jet, and at other epochs the jet is fairly
quiet. We now consider several of the disturbances in detail,
starting with the structures seen in Figure 2, panel (b).

4. WAVES ON THE RIDGE LINES
Figure 7 is an expanded view of Figure 2, panel (b). It

includes ridge lines for 14 consecutive epochs over a period of
about 1.6 yr. Beyond 1 mas the early epochs (solid lines) show
the jet bending to the SE. Later epochs show the bend farther
downstream, and at 2000.31 and later the jet bends to the SW
before bending SE. We anticipate a result from Section 4.2
and draw vector A at P.A. = −167◦ across the tracks. The
intersections of vector A with the tracks are shown in the inset
in Figure 7. The velocity implied by the line in the inset is
close to 1 mas yr−1 or βapp ≈ 4.2. The pattern on the ridge
line is moving downstream at nearly constant velocity. We
consider three possible explanations for this.
1) We see the projection of a conical pattern due to a ballis-

tic flow from a swinging nozzle, like water from a hose. The
argument against this is that line B in Figure 7 is parallel to
vector A and approximately tangent to the western crest; this
line is not radial from the core as it would be if it were a bal-
listic flow. In Figure 2 all the panels except (a), (b), and (e)
show clearly that the flow is constrained to lie in a cylinder,
not a cone.
2) The moving pattern is due to a helical kink instability

that is advected downstream with the flow. In the kink the
field is stretched out and becomes irregular and may no longer
be dominated by the toroidal component (Nakamura & Meier
2004; Mizuno, Hardee, & Nishikawa 2014), especially when
averaged over the VLBI resolution beam. This should reduce
the fractional polarization substantially, and could produce an
EVPA normal to the wave crest in Figure 7 rather than lon-
gitudinal. But in BL Lac the fractional polarization remains
high and the field remains longitudinal, along the bend. In
Figure 8 we show the polarization image for one of the epochs
for the large wave shown later in Figure 10. Figure 8 is taken
from the MOJAVE website12; see also O’Sullivan & Gabuzda
(2009). In Figure 8 the linear polarization fraction p is indi-
cated by the color bar, and in the right-hand figure tick marks
show the EVPA corrected for the Galactic Faraday Rotation.

Figure 7. Ridge lines for BL Lac at 15 GHz, for 14 epochs between 1999.37
and 2000.99. Below Dec = −2 mas, the displacement in space corresponds
to a displacement in time, and the inset shows the points where the vector
A crosses the ridge lines – the ordinate is distance along the vector A. The
velocity in the A direction is 0.92 mas yr−1 at P.A. = −167◦; the arrow itself
represents the propagation vector that is derived in the text. The offset straight
line B is parallel to the propagation vector. It is approximately tangent to the
wave crests, and so the wave has constant amplitude as it moves to the SW.
The short arrow C shows a swing of the jet from west to east in early 2000;
see text Section 5. The point b shows the characteristic point on the 2000.57
line where the slope changes; see text Section 4.2. Colors are as in Figure 2.

The EVPA is nearly parallel to the jet out to about 5 mas,
and p is high on the ridge, up to ∼ 30% except near the core
and in a slice at 2 mas where it drops to p = 15%. This drop
presumably is due to the blending of orthogonally polarized
components at the bend in the jet, where the EVPA changes.
We think it likely that the EVPA and fractional polarization
data preclude the identification of the structures seen in Fig-
ure 7 as an advected kink instability.
3) The moving patterns are transverse MHD waves; i.e.,

Alfvén waves. For this to be possible the plasma must be
dynamically dominated by a helical magnetic field. This con-
dition for the jet of a BL Lac has been suggested many times,
see e.g., Gabuzda, Murray & Cronin (2004), Meier (2013).
Note that we implicitly assumed the helical, strong-field case
in discussing the kink instability, in the preceding paragraph,
and we also assumed it in Paper I. Thus, we assume that the
moving pattern under vector A in Figure 7 is an Alfvén wave,
with velocity ∼ 1 mas yr−1.
In Figure 7 a second wave is seen between r = 1 and r = 2

mas, where the ridge lines for epochs 2000.31 and later bend
to the SW. The two waves in Figure 7 can be thought of as
one wave with a crest to the west. This wave is generated by
a swing of the nozzle to the west followed by a swing back to
the east about 2 years later, as discussed below in Section 5.
The 1999-2000wave is displayed in a different form in Fig-

Cohen et al. (2014a,b)

• Comparison with Cohen et al. (2014a,b) 
observations reveals that our component at 
0.3 mas corresponds to their C7.

• C7 is identify by Cohen et al. (2014a,b) as a 
recollimation shock.

Recollimation 
shock

• Our RadioAstron observations reveal that C7 has 
a polarization orthogonal to the core, and aligned 
with the jet direction.

• C7 swings in position angle, triggering Alfvén 
waves in the jet ridge line, like waves on a whip.
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MOJAVE

2 cm15-12-2013

Map comparison across 15, 22, and 43 GHz for RM analysis
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MOJAVE RadioAstron

1.3 cm15-12-2013 11-11-2013

Maps at same resolution

Map comparison across 15, 22, and 43 GHz for RM analysis

Polarimetric Space-VLBI with RadioAstron and mm-VLBI

2 cm



MOJAVE RadioAstron VLBA-BU-BLAZAR

7 mm15-12-2013 11-11-2013 18-11-2013

Map comparison across 15, 22, and 43 GHz for RM analysis
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Preliminar Faraday rotation analysis
• Core region shows a gradient in RM, 

decreasing in the jet direction. Values 
change from ~ - 1800 rad/m2 to -300 rad/m2

• Jet shows RM ~ - 500 rad/m2

• RM to be extended up to 3mm through 
comparison with GMVA observations.

RM ~ -300 rad/m2

RM ~ -500 rad/m2

RM ~ -1800 rad/m2

Preliminary image
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RadioAstron observations of 3C273 at 1.3 cm

3C273 1.3 cm  — Jan 18, 2014

RadioAstron observations of 3C273 at 1.3 cm 
were performed on January 18, 2014.

3C273 was observed together with 22 
antennas on the ground array: AT, CD, HO, 
MP, KL, HH, EF, MC, TR, SV, ZC, GB, and the 
VLBA.
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RadioAstron observations of 3C273 at 1.3 cm

3C273 1.3 cm  — Jan 18, 2014

9 DEarth

RadioAstron observations of 3C273 at 1.3 cm 
were performed on January 18, 2014.

3C273 was observed together with 22 
antennas on the ground array: AT, CD, HO, 
MP, KL, HH, EF, MC, TR, SV, ZC, GB, and the 
VLBA.

Preliminary analysis shows space-ground 
detections up to 9 EEarth. Polarization is 
detected on the ground array, but no cross-
hand fringes have been detected in space-
ground baselines yet.
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RadioAstron λ=1.3 cm
18 Jan. 2014

Polarimetric Space-VLBI with RadioAstron and mm-VLBI

Natural weight total intensity image at 1.3 
cm achieving an angular resolution of 130 
μas.

RadioAstron image of 3C273



RadioAstron λ=1.3 cm
18 Jan. 2014

BU λ=7 mm
20 Jan. 2014

Excellent comparison between RadioAstron 
1.3 cm and VLBA-BU-BLAZAR at 7 mm for 
images taken just 2 days apart.

Comparison between RA and BU

Polarimetric Space-VLBI with RadioAstron and mm-VLBI

Natural weight total intensity image at 1.3 
cm achieving an angular resolution of 130 
μas.

RadioAstron image of 3C273



RadioAstron λ=1.3 cm
18 Jan. 2014

BU λ=7 mm
20 Jan. 2014

Excellent comparison between RadioAstron 
1.3 cm and VLBA-BU-BLAZAR at 7 mm for 
images taken just 2 days apart.

Core appears optically thick at 1.3 cm, and 
shows small core-shift between 22 and 43 
GHz images.

Comparison between RA and BU
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Natural weight total intensity image at 1.3 
cm achieving an angular resolution of 130 
μas.

RadioAstron image of 3C273



RadioAstron λ=1.3 cm
18 Jan. 2014

BU λ=7 mm
20 Jan. 2014

Excellent comparison between RadioAstron 
1.3 cm and VLBA-BU-BLAZAR at 7 mm for 
images taken just 2 days apart.

Core appears optically thick at 1.3 cm, and 
shows small core-shift between 22 and 43 
GHz images.

Weak emission is observed upstream of the 
core. Further analysis to check whether it is 
an artifact or actual emission from the 
counter-jet.

Comparison between RA and BU
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Natural weight total intensity image at 1.3 
cm achieving an angular resolution of 130 
μas.

RadioAstron image of 3C273



RadioAstron λ=1.3 cm
18 Jan. 2014

BU λ=7 mm
20 Jan. 2014
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RadioAstron Jan. 2014

Uniform weighting
FWHM: 50 μas

Core



RadioAstron Jan. 2014
λ=1.3 cm

FWHM: 60 μas

GMVA May 2012
λ=3 mm

Uniform weighting
FWHM: 50 μas

Comparison between RadioAstron and GMVA
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RadioAstron Jan. 2014
λ=1.3 cm

FWHM: 60 μas

GMVA May 2012
λ=3 mm

Uniform weighting
FWHM: 50 μas

Comparison between RadioAstron and GMVA

Elongated emission in the 3mm image
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Summary

• We are carrying out a RadioAstron KSP in polarization, 
as well as a long term GMVA monitoring program (PI 
Marscher) of 16 γ-ray blazars.
• Our project is aimed to probe the innermost regions of 

AGN jets and their magnetic fields, to understand the 
formation mechanisms and establish the location and 
origin of the high-energy emission.
• First successful space-VLBI polarimetric observations 

at 1.3 cm, revealing the innermost magnetic field 
structure in BL Lac with an angular resolution of 33 μas, 
best to date.

RadioAstron allows polarization imaging with angular 
resolutions of ≲30 μas

• Total intensity RadioAstron imaging of 3C273 achieved 
at 50 μas, showing indications for a counter-jet.
• Interpretation of the data through GRMHD simulations 

(Martí et al. 2015, Mizuno et al. 2014) to determine the 
physical parameters of the fluid (velocity field, energy 
density), non-thermal population, and magnetic field.

BL Lac

11 Nov. 2013
22 GHz

FWHM: 33 μas
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